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Summary

Thematerialpropertiesarecharacterizedbyitsstress-straintime

behavior.Insoilmechanicsorgeotec㎞icalengineedng,wemustdeal

withtherate-sensitive,non-elasticmaterialswithdilatancy.Ihorderto

describethesecomplicatedbehaviorofgeotechnicalmaterials

mathematically,elasto-viscoplasticconstitutiveequationshavebeen

proposedandstudied.InPartlofthisdissertation,thetheoretical

structureoftheelasto-viscoplasticconstitutiveequationsareinvestigated

indetail.Discussionwillbefocusedonthedescriptionofundrained

creepnlpturebytheviscid-typeconstitutivemodels.Twodiffbrent

elasto-viscoplasticconstitutivemodelsareexemplified,thatisthe

overstressmodelandthenon-stationaryflowsurfacemodel.The

intr㎞sicstructuresoftheconstitutiveequationsareclearlyref【ectedon

thecalculatedperfo㎜ance。Firstofall,theproblems,thatthe

overstressmodelc㎜otdescribetheundrainedcreepmp加re,willbe

overcome。Afterprovingmathematicallywhyitcannotdescribethe

undrainedcreeprupture,themodelisimprovedbyintroducingthe

eff6ctofdeteriorationofclaystrncture,ortheconceptofthenon-

stationarynowsurface.Secondly,thestressrateeffectwillbe

discussed.Thedif∬erenceinthestructuresoftheabovementionedtwo

typemodelsexistonthispoint.Thee伽ctofthestressratete㎜is,

however,littleonthecalculatedperfo㎜ances,becausetheoverstress

te㎜,山atbothmodelsco㎜onlyhave,ismuchmore囲uentia1,

Detaileddiscussiononthetheoreticalstructureoftheconstitutive

equationsisamatterofgreatacademicinteresttobesure,but,we

shouldpayattentiontothefactdlatthepracticalgeotec㎞icaleventsare

S-1



usua11ymlmagedunderκocondition
.InPa丘2,variousgeotec㎞ical

problemsofclayfoundationswillbenumericallyinvestigatedbythe

elasto-viscoplasticfiniteelementanalysis .Theconstitutivemodelusedin

Pa丘2,thecapabilityofevaluationofdleinitialstressat「est,inte㎜s

ofκo・hadbeenmuchimproved
,comparingwiththepreviousmodels・

Firstly,Assessmentoflateralgroundmovementwillbediscussed・A

newindex,soilvolumeratio
,isproposed.Then,itisshownthatthe

quantitativeevaluationoflateralgroundmovementcanbeperfo㎝ed,

withadueconsiderationofthelocalgeologicalcondition・Secondly,

defo㎜ationanalysisofthemarinefoundationwillbepe㎡o㎜ed,

su切ectedtoreclamationorbreakwaterconstnlction.Emphasisisplaced

onthefollowingfactorsfornumericalanalysis;theexactmodelingof

thefoundationgeometry,reasonabledete㎜inationoftheparameters

forthematerialsandtheexactmodelingofconstmctionsequence・The

calculatedperfo㎜ancewillaccuratelyestimatetheご π5∫ ∫〃ground

defo㎜ationandexcessporewaterpressuregeneration-dissipation

processwhenthesethreefactorscouldbesatisfied.Thevalidityofthe

elasto-viscoplasticalgorithmstatedinthisdisse丘ationisconfi㎜ed

fromastrongsupportofthecomparisonwiththemonitored

perfo㎜mces.
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Introduction

1・1.GeneralDescription

Soilmechanicsandgeotec㎞icalengineeringaresignificantly

entmstedwithlm㎞por侵mtrolethatquImtitativeevaluatiommdprediction

shouldbeper旧Dmedfbrvadousgeotec㎞icalproblems.Attentionmustbe

paidtothefactthatcomparingwithothermaterials,thephysicalresponse

ofageotec㎞icalmatehalismoreinnuencedbythewayofloading,the

rateofloadingandthehistoryofloading,becauseoftheintrinsic

characteristicsofsoils,thatis,isotropiccompression,dilatancyor

mobilizationoffrictionalshearresistance.Therefore,defo㎜ation

characteristicsofsoilsareclearlydistinguishedfromthoseofmetals,

polymersalldsofo曲.hlordertodescdbethesecomplicateddefo㎜ation

characteristicsofthegeotechnicalmaterialsmathematically,various

constitutiveequations(stress-strainrelations)havebeenproposedsince

1950's.Theseconstitutiveequationsfbr血egeotec㎞icalmaterialsare

discussedintheframeworkofcontinuummechanics,assumingthatsoilisa

continuumalthoughitistnlesoilisfundamentallyagranularmaterial.

Forcontinuummechanics,wehavethegeneralphysicallawsto

descnbedefo㎜ationand且owofacontinuumbody,namely,conservation

ofmassandconservationofmomentumthatacontinuumbodymust

㎞plicitlyfollow.Therelationsderivedffomthephysicallawsstatedabove

arecaUed算614ε9砒z∫ ∫oη∫'.

Themasscontainedinadomainyatat㎞e'isexpressedasfblows:

一/ρ4v (1-1)
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whereρ=ρ 剛is山edensityofthecontinu㎜atthelocationκattime'・

ConservationofmassrequiresthatD7η!D∫=0
.Afteralittlecalculation,we

obtainthefbnowingfomlofthelawofconservationofmassthatis

equivalenttothe89κo∫'oη げcoη 励 朗yincontinuummechanics.

窪+ゐ ρ労)=・
(1-2)

H・ ・e・ηd・n・t・ ・aCane・ian…din・t・ 皿dり ・ep・e・ent・av・1・cityvect・ ・

component.

Then,Newton'slawsofmotionstatethatinaninertialframeof

refbrencethematerialrateofchangeoflinearmomentumofabodyis

equaltoresult皿tofapPliedforces,thataredef㎞edbythes㎜ofsu㎡ace

tractionandbody角rceperunitvolume.From血isequilibd㎜oflinear

momentum,weobtainthecelebratedE〃1θr'α η θg配 α∫'oη ρf7πo∫ ∫oηofa

cont㎞u㎜asfoUows:

ρ讐=篶+F・ (1-3)

Here,5ヴdenotesstresstensor,F,isbodyforcecomponent.InEg.r1-3♪,by

settingallverositycomponentsv'equaltozero,wecanobtainthethe

equationofstaticequilibrium.

Applicationofthelawofbalabceofangularmomentumtothe

particularcaseofstaticequilibriumleadstothatstresstensorsare

sy㎜etdctensorsasshown悦10w:

σ方=(秒' (1-4)

Defb㎜ationofacontinuumbodyisgovemedby血eEg・11-2ノ,r1-

3,α η4r1-4,statedabove.Wehavethilteenun㎞ownstobederived,that

is,thedensity,r,threecomponebtsofverosity,サ(equivalenttothoseof

displacement,吻)andninecomponentsofstress,σ す・Byconsideringthe

stresssymmetry,σ ヴ=σ ン,,theunkownsforstressarereducedtosix

一2一



independentcomponents.Sincewehavefourfieldequationsasshownby

Eg.σ 一2♪andEg.r1-3/fortenindependentun㎞owns,moresixequations

areneededtodete㎜inedefo㎜ationofacontinuumbody.Consti加tive

equationsaretheequationsgovem㎞gstressstrainrelationsofamaterial

uniquelywithsixcomponentsofstress皿dstrain.Therfbre,defo㎜ation

ofacontinuumbodyiscompletelyprescribedbythefieldequationsand

COnStltUtlVeequat10nS・

InPartlofthedisse血tion,thetheoreticalstructuresoftheconsti-

tutiveequationsare㎞vestigatedindetail.Discussionw皿befocusedonthe

elasto-viscoplasticmodelswhichcandescribetherate-sensitivebehaviors

suchasthestrain-ratedependencyofstrength,secondarycompresasion,

creepandstressrelaxation,aswellastheplasticbehaviorwithdilatancy.

Thecalculatedpe㎡ormancesoftheconstitutivemodelsarecomparedwith

thelaboratoryexperimantalresults,thatis,undrainedtriaxialcompression

testswiththeconstantrateofstrainorundrainedcreeptestswiththe

constantsustainedload.Basedonthesedata,accuracyofthepredicted

perfo㎜ancesby山econstitutivemodelsiscdticallydiscussed.Then,the

theoreticalstmcturesoftheelasto-viscoplasticmodelsareexplained,in

co可unctionwiththeiref色cton血ecalculatedperfo㎜ance.Themodified

overstresselasto-viscoplasticconstitutivemodelisproposedbyintroducing

thestress-statedependencyoftheviscoplasticparameterinorderto

describetheaccelerationcreepandcreeprupturephenomena.

Furthermore,theratesensitivebehaviorofclaymassisinvestigated,in

te㎝sofelasto-viscoplasticfiniteelementmethod.Applicabilityofthe

constitutivemodelsto血eactualgeotec㎞icalproblemswillbediscussed,

withadetailedinvestigationofstress-straincharacteristicsofclayelements

andwatermigrationeffbcthltheclayfoundation.

1・2.PreviousStudiesonConstitutiveModelsforClay

Ihthissection,criticalreviewwillbedonefbrthepreviousstudies

ontheconstitutivemodelsfbrclay.

一3一



1-2-1.Rate-DependentModels

MurayamaandShibata(1956)proposed蟹 吻0108∫oα1脚481'basedon

th・ ・ate-P・ ・cessth…y,whi・hi・th・leading・tudyin山 ・fi・ld・f

・・n・ti加tiveequ・ti・n・f・ ・vi・cid・ ・ilm・t・d・1・.C㎞ ・t・n・ena・dWu(1964)

・1・・P・ ・P・ ・ed・n・ 血 ・・ 血 ・・1・gicalm・d・1,皿dth・v・lidity・fth・m・d・lhas

been・ ・nfi㎜ ・dby・ ・ee脚d・t・essrel・x・ti・nt・ ・t・p・ ㎡ ・1m・d・Singh・nd

Mitchen(1968),ShibataandKarube(1969)showedempiricalequatlons

9・v・ming血ec・eep・h・ ・act・h・ti…f・1・y.Mu・ay・m・ ・∫α1・(1971)・h・w・d

anempiricalequationdescribingthereductionofstressduringst「ess

relaxationprocess.

1-2-2.InviscidModels(CriticalStateEnergyTheory)

Roscoe8∫ α1.(1963),RoscoeandPoorooshasb(1963)proposedCam

、1・ym・d・1魚rrem・uld・dn・ ㎜ ・lly・ ・n・・lid・t・d・1・yb・ ・ed・nDm・k・ ・'・

P・ ・tul・t・(1960)ass㎜ ㎞9血 ・t・1・yi・aw・ 止 一h・・d・n血9・1・ ・t・-pl・・ti・b・dy・

Themodelhasbeenderivedbyintroducingtheconceptof'cr∫ ∫'cα15翅 ε'

wheresheardefomlationtakesplacewithoutanyvolumetricvariationand

theassumpti・nf・ ・equilibdum・f・n・ ・gydissip・ti・n(・ ・iticalsmteene「gy

th・ ・可).Bu・1・nd(1965),R・ ・c・eandBu・1・nd(1968)P・ ・P・ ・edm・difi・d

C。m・1・ym・d・1with血 ・diH・ ・entassumpti・nf・ ・en・ ・gydissip・ti・n・

Criticalstateenergytheory(Cambridgemodel)hasbeensignificallt

ref6rencefbrfollow㎞gstudiesonconstltutlveequatlons.

1-2-3.Developmentafter1970's

Akai6,01.(1975)experimentallyshowedtheexistenceofunique

stress-strain-timerelationbasedontheass㎜ptionthatclayisarate-

sensitiveelasto.viscoplasticmaterialwithdilatancy.AdachiandOkano

(1974)P・ ・P・ ・ed・n・1・ ・t・-vi・c・pl・ ・ticc・n・titutiv・m・d・lb・ ・ed・nthe

criticalstateenergytheoryandthetheoryofviscoPlasticitypresentedl)y

P。,z"・(1963).Byt盛ing山i・m・d・1㎞t・acc・ 皿t・Adachi・ndOk・(1982)

膿潔e瀦C盤 灘 置濫瑞0識 灘 総
vi、c。pl、 ・ticc・n・titutiv・m・d・1b・ ・ed・nthec・ncept・fn・n-st・tiona琢 且ow
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su㎡ace.Theseelasto-viscoplasticconstitutivemodelscandescribetherate-

sensitivepropertiesofclay,suchastheratedependencyofshearstress,

creep,secondarycompressionandstressrelaxation.Pender(1977)

proposedanelasto-plasticconstitutivemodelforoverconsolidatedclayby

assumingaplasticpotentialf皿nctionandayieldfunctionseparately,and

stressstrainrelationisgovemedbynon-associatedflowmlefbrthemode1.

Afterextendedtodescribecyclicbehavior(1977),thefinalversionhas

beendevelopedtodescribewholebehaviorofno㎜allyconsolidatedclay

aswellasoverconsolidatedclay.Mrozε'σ1.(1978(a),(b))proposedan

elasto-plasticconstitutivemodelbasedontheconceptof罪614{ヅworκ 一

加74ε η'η8〃 ω4〃1∫"(Mroz,1967).Themodelisso-calledtwo-surface

model,theoriginalmulti-su㎡acemodel.Consolidationsu㎡aceandyield

su㎡aceareseparatelydefined,andhardeningmleisprescribedby

controUingthetransitionoftheyieldsurfacemathematically.Development

of山ea魚rementioneds血diesonconstitutiveequationsweres㎜ahzed血

thestate-of-the-artreport(JSS㎜,1985).

1■3.ScopeoftheStudy

Inchapter2,thecalculatedperformancesoftheexistingfive

constitutivemodelsarecomparedwiththeexperimentalresultsfor

undrainedshearundertheconditionoftheconstantrateofstrain.The

selectedmodelsaretheCamclaymodel,themodifiedCamclaymode1,

Pendermodel,AdachiandOkamodelandSekiguchimodel.Thefomler

threearetheinviscidmodelsandthelattertwoaretheviscoplasticmodels.

Descriptiveaccuracyofthesemodelsisalsodiscussedinthischapter.

Chapter3dealswiththeinvestigationofthetheoreticalstructuresof

theelasto-viscoplasticconstitutivemodels.Thetraditionaloverstressmodel

ismathematicallyprovedthatitdoesnotdescribetheaccelerationcreep

andthesubsequentcreepruptureduetoitstheoreticalstmctures.Two

thalsareperfo㎜edfortheoverstressmodeltodescdbe血ecreepmp血re.

Thefirstoneisintroductionofthestressstatedependencyofthe

viscoplasticparameter,basedontheexperimentalfindingsforthe

undrainedcreeptests.Then,themodifiedmodelisproposed.Thesecond
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oneisintroductionoftheconceptofnon-stationarynowsurface・By

ignoringthestressrateeffbct丘omthenon-stationaryflowsu㎡acemodel・

theadaptedoverstressmodelisprovedtobederived .Itisprovedthatboth

derivedoverstressmodelscanclearlydescribetheaccelerationcreepand

creepnlpturephenomena.

Inchapter4,thebehaviorofarate-sensitive,saturatedclayunder

striploadingisanalyzedusingthefiniteelementmethod,withemphasison

assessingtherateeffbctsonthebearingcapacityofsuchaclayfbundation・

Thepotentialundrainedcreepruptureofaclaymassisdiscussed・

consideringtheshearstressreductionduetostressredistributioninthe

clayfoundation,anditisalsoshownthatthepartialdralnageoccumng

evenintheloadingstageexertstheprofbundeffbctonthemobilizationof

bearhlgcapacityoftheclayfbundation.

Inchapter5,themajorconclusionsobtainedffomthepresentstudy

have加ens…izedinitems.
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¢]晦馨碕βてr(詑5二1良2

Ef6ectsofStrainRateonUndrainedStress・stra,in

BehaviorofaNormallyConsolidatedClay

2■1.Introduction

Va「iousconstitutivemodelshavebeenproposedtodescribethe

mechanicalbehaviorofclays.Roscoeetal.(1963),RoscoeandSchofield

(1963)proposedaconstitutivemodelcalledCamclaymodeLIntheir

derivationofthemodel,adissipativeenergyequationwaspostulatedbased

onthecdticalstateconcept.Burland(1965),andRoscoeandBurland

(1968)proposedthemodifiedCamclaymodelffomanotherestimationof

thedissipativeenergy.Theassociatedflowmlewasusedinthederivation

ofabovetwomodels.

Becauseclaysareregardedasstrain-hardeningplastic,rate-sensitive

materialswithdilatancy,theconstitutivemodelmustbeabletodescribe

behaviorproducedbythoseproperties.AdachiandOkano(1974)extended

Camclaymodeltoexplaintime-dependentbehaviorofno㎜ally

consolidatedclaybyusingPerzynalsviscoplastictheory(1963).They

assumedthatclaysreachedtheirstaticequilibriumstateattheendof

primaryconsolidation.Accordingtotheexperimentalfindings,however,

nomlanyconsolidatedclayneverreaches血estaticequilibd㎜stateatthe

endofprimaryconsolidation.Takingintoaccounttheseresults,Oka

(1981)andAdachiandOka(1982)generalizedAdachiandOkanomodelso

thatitcouldexplainnotonlydynamicbehaviorsuchascreep,stress

relaxationandstrainrateeffectofshearstrengthbutsecondary

consolidationaswell.Ontheotherhand,Sekiguchi(1977)proposedan

elasto-viscoPlasticmodelforno㎜allyconsolidatedclaybasedon血e

theoryofnon-stationaryflowsu㎡ace(OlszakandPerzyna,1961)・

Pender(1977)proposedanelasto-plasticmodelfbroverconsolidated

clayinthebasisofC㎜claymodel,whileusingthenon-assoclated且ow
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nlle.Afterthen,heextendedhismodelsothatitcandescribenotonlythe

behaviorundermonotonicloadingbutalsothose㎜dercyclicloadingof

no㎜a皿yconsolidatedasweUasoverconsolidatedclay.

Itisveryimportanttoshowclearlyhowaconstitutivemodelcan

describethebehaviorofsoilsaccurately,however,theevaluationofmodel

hasbeenusualysovagueaspointingoutonlytheresemblancebetweenthe

calculatedstress-straincurvesandtheexperimentalresults.Inthischapter,

weselectedthefiveexistingmodels,'.θ.,Camclaymodel,modifiedCam

claymodel,Pendermodel,Adachi&OkamodelandSekiguchimodel,and

examinetheirdescriptiveaccuracyforsoilbehaviorincomparisonof

calculatedandexperimentalresults.Forthepurpose,standardoedometer

testsandundrainedtriaxialcompressiontestsunderdifferentshearstrain

rateswereconducted.Forsimplicity,however,thediscussionislimitedto

thebehaviorofisotropicallyconsolidatedclayundermonotonicloading

condition.

2-2.ModelsandParameters

2-2-1.CamClayMode1

Roscoeε ∫ α1.(1963)postulatedarelationofextemalenergy

dissipationandintemalenergydissipation.Theextemalenergydissipation

isdef㎞edasfbllows:

覗 ・=・ ㌃4・ 多=・ 場4・ ・+・ヴ4・多 (2-1)

inwhich,σ 〃isthestresstensor,4ε ヂistheplasticstrainincrement,σ 冶'is

themeaneffbctivestress,5なisthedeviatoricstresstensor,4vρistheplastic

volumetricstrainincrementand4θ ヂistheplasticdeviatoricstress

increment.Theintemalenergydissipationwasassumedtobegivenas

鵡 。=M・(瑞4v藪 (2-2)
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inwhi・h・M*i・th・ ・t・ess仰i/・ 塩 ・t・dtical・ 伽t・
,乃=駒/2i・th・ ・ec・nd

lnva「lantofdeviatoricstressand1を 」ρ=8ガ642isthesecondinvariantof

Plasticdeviatoricstrain.FromEg∫.ゼ2-1,andρ 一2,,thenextrelationis

obtained.

4・吻》可=M・.価/砺(2-3)

Assumingthattheyieldfunctionisindependentofbothofthethird

mvanImtofstressandstrain,theno㎜alityruleisexpressedby

副 濡=一 栃 〃・塩(2-4)

FromEg∫.ρ 一3,andr2-4ノ,thenextdif色rentialequationisgiven・

4栃 ノ4(場 一櫛 Σ/(場+ルf*=0(2-5)

Ihtegratingthisequation,theyieldhlgfUnctionisobtainedasfonows:

プ=・場ゆ[傷 綴 ・・塩]=・砺(2.6)

ApplyingthisyieldfunctiontotheassociatednowmlegivesthefoUowing

StlreSS-StrahlrelatiOnS

凋=M。 告繍 。畿+誓]{・ γ栃+(M*一 臨)傷/3]

(2-7)

inwhich,εoistheinitialvoidratio,Ccisthecompressionindex,C5isthe

sweUingindex.Tocompletethisconstitutivemodel,fourparameters,80,

Cc,C5andル1*arenecessarytobegiven.

2-2-2.ModeifiedCamClayModel

Burland(1965)andBurlandandRoscoe(1968)proposedamodified

Camclaymodelbasedonanotherestimationofenergydissipation・The
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intemalenergydissipationwasdefinedfortheisotropicconsolidation

processasfb皿ows:

♂レ11'π=(塩4vρ(2-8)

whUefbrshearprocess,itwasassumedtobeby

4Vl!加=ル1*σ 翫4ε多(2-9)

Generally,theintemalenergydissipationwaspostulatedinthefollowing

equatlon・

'
4臨=・ 瑞(4vρ)2+(M・4・ 多)2(2-10)・

Ihthes㎜ewayasCamclaymodel,thestress-strainrelationisobtainedas

fblows:

4弓=
1籍[∫ がな綴*2一ぼ ロ

(σ劾 一σ翫ノ2)(ろ πy

ロ ロサ

(叶 砺 ・/響鵡}[・ μ ・2一(σ翫 一σ翫y/2)・ 堀,2酬3]

(2-11)

inwhichσmy'isthepreconsolidationpressure.ThemodifiedCamclay

modelhasalsofourmaterialparametersaswellasC㎜claymodel,1.6.,

60,Cc,C5andル1*.Theseparametersareeasilyobtainedffomstandard

oedometerandundrainedtriaxialcompressiontests.

2-2-3.PenderMode1

Pender(1977)extendedCamclaymodelbasedonthenon-associated

Hownllesothatitcandescribethebehaviornotonlyofoverconsolidated

butalsoofno㎜allyconsolidatedclay.Assumingthatplasticyielding

occursonlywhenthestressratiochanges,theyieldwasdefinedasfbllows:

プ=へ/Σ7i一ηご●(場(2-12)
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inwhich,ηjistheinitialvalueofstressratio
,》瓦1σ 涜.Heassumedthatthe

plasticpotentialfmctionwasgivenbyarelationofplasticstrainincrement

ratioandstressratio
,andtheundrainedeff巳ctivestresspathwasparabolic

shape・Onthebasisofabovementionedassumptions
,thestress-strain

relationwasobtained.IhadditiontothematerialparametersofCamclay

model,thismodelneedsaparameterρc5(ameaneffbctivestressmeasu「eat

血ecdticalstate).Heodg血anyass㎜edthatthevalueofρc∫wasa㎞ction

oftheinitialvoidratio,80.

2-2-4.AdachiandOkaModel

AdachiandOka(1982)proposedthefollowingconstitutivemodel

fbrno㎜aUyconsolidatedclaybyextendingCamclaymodeltoexplaimhe

timedependentbehaviorbasedonthetheoryofelasto-viscoplasticity

(Perzyna,1963).

コ ロロ

句=藷+lf,
。・艶+M七 奴F)蕩+ 3Ml煽 ・姻 ・[M*一響]賜

(2-13)

φ(F)=・ ・仰[配'1・((場,1磯 多)] (2-14)

inwhich,Gistheelasticshearmodulus,σmyl(s)isthestrainhardening

parameterandcoandm'arethematerialconstantsrelatingtothetime-

dependentpropertiesofclay.Thereareeightpar㎜etersinthemodel∫.ε.,

Cc,C5,εo,M,G,co,配'and砺y'ぐ5.Ofthese,(恥y'1∫lisdete㎜inedbyCc,

C5andσ}ゆ'ωwhichisthetheinitialvalueofσmy'(s).

hladditiontoCc,C∫,εoandM,fburparameters,G,co,〃 〆andσ 吻f'ω,are

requiredtodete㎜ine.Gcanbedete㎜inedfromtriaxialcompression

tests.In山ecaseofaxisy㎜ethctriaxialcompression,thenextrelationis

obtained丘omthemodelbytakingintoaccountthedifferenceoftwostrah1

,at,、,ε1})mdε ♀.
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1・{1捧〉=詮[9(1)9(2)ロロ
qη σ漉]

(2-15)

Here,q(1)andq(2)denotethedeviatoricstress,σ1㌧ σ3'forthe

・・π・・p・nding、t,ain,at,,ε1})and歪ll).F'8.1i、an。xp。dm。nt。1,e、ultt・

evaluate石g.r2-15,andshowsthatali血earrelationbetweenthelogarithm

ofstrainrate,εllandstressratiorσ7一 σ3〃 σ漉'isvalidasanequi-mean

ef飴ctivestressline』hepar㎜eter配'canbedetemined倉omtheslopeof

straightlines,providedルfvalueisgiven.Todetemlinetheremaining

parameterscOandσmyi'(s),thefbllowingrelationareused.

611=号卵 臆 一λ(1+εo)

κ(λ 一κ)

列ρV (2-16)

Cr轟 叫 配・1η(割 (2-17)

Namely,itissufficientto㎞owtheparameter,Cinsteadofobtahling

individualvaluesofcoandσmyi9(s).Theallparametersfortheconstitutive

modelcanbedete㎜inedfromtheresultsofconsolidation,sweHingmd

strain-ratecontroUedundrainedtriaxialcompressiontests.
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2-2-5.SekiguchiModel

Sekiguchi(1977)proposedanelasto-viscoPlasticconstitutivemodel

whichcandescdbethe血eologicalbehaviorofno㎝allyconsolidatedclay

byestimatingthevolumetricstrainduetomeaneff¢ctivestress,dilatancy

andsecondarycompression.TheviscoPlasticflownllefbrthemodelis

generallyexpressedasfbUows:

∂F
鰐=五 ∂σガ (2-18)

inwhich,FistheviscoPlasticpotential,Aistheproportionalconstant・The

viscoplasticpotential,Fisdef㎞edasfbllows:

F=曲[1+v農 ∫・xp(
α)]=・ ・

(2-19)

血whichαisasecondalycompressionindex,voisare艶rencevo1㎜etdc

strainrate,'istheelapsedtimeandvρrepresentsviscoplasticvolumetric

strain.∫isascalarfmctionofpandgrexpressedasfollows:

プ=結1・ ㈱+D修 一謝 (2-20)

here,D

(1963).

isthecoefficientofdilatancyoriginallyproposedbyShibata

2・3.UndrainedTriaxia夏CompressionTestsundertheCondition

ofConstantRateofStrain

Toevaluatethefiveconstitutivemodels,aseriesofundrained

triaxialcompressiontestswasconductedbyusingundisturbedOsaka

alluvialclay.Todete㎜inetheparameters,CcandC5,consolidation-

swellingtestswereconductedwithaneverydayloading,whiletoobtahlthe

secondarycompressionindex,α,consolidationtestwascarriedoutwithan

intervalloadingofoneweek.Theobtainedvoidratio,θandlogarithrnof
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ofpressure,pcurvesaregiveninF∫8.2andtheaxialdisplacement-

elapsedtimecurvesareshowninF∫8.3.Fromthesefigures,Cc,αandα

2
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weredete㎜ined.Todete㎜ine血eremainingparamete「s・G・M'Pc∫'加'

andC,anotherseriesoftests,∫ .θ.,undrainedconstantstrainrate

comPressiontestswereconductedunderthreediffbrentconstantstram「ate

of1.0,2.1x10-2and7.8x10-4%1min .

Theobtainedstress-stra㎞curves,porepressure-straincurvesand

effbctivestresspathsaregiveninF∫85.4,5,and6。Fromthesetestresults・

remarkabletime-dependentbehaviorofclaycanbeseen.Theelasticshear

modulusGwasdete㎜inedbydleslopeofinitialponionofstress-straln

curvein、F'8.4.Itdoesnotsomuchdependonthestrainrate,butstrongly

ontheconfhlingPressure.Thestressratioatcriticalstate,Mwasobta㎞ed

fromtheresultsinF∫8.6.Theparameter,ρc50fPendermodelwas

dete㎜inedas血evalueofme{mef飴ctivest負essat血ecdticalstate,which

wasgivenbyusingthetestresultswiththesmaHeststrainrateof7.8x10-4

%1min..Theparametersrelatingtotime-dependentpropertiesofclay,配'

andCweredete㎜ined針omFご8.1.Thematerialparametersdete皿ined

arelistedin距 わ18-1.

Table-1MaterialPropertiesofOsakaAnuvialClay

㏄ Cs M D eo

0.856 0.124 1.28 0.109 1.28

α O
・
V G m1 C

O.0044 3.5x10-6 132.1 21.5 4.5x10-8

Obtainedfromthe

σ出e・6.Okgf/・m2

resultof
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24・EvaluationofPerformancesbytheConstitutiveModel

Calculatedcurves,∫.θ.,thestress-strain,porepressure-strainand

effectivestresspaths,fbrCamclaymodel,modifiedCarnclaymodel・

Pendermodelaregivenbycompa血gwiththeexper㎞entalresultswith

thesmaneststrainrateof7.8x10-4%1min.inF'8.7.Becausethe

defb㎜ationofclayshowssuchremarkabletime-dependentbehavlor・m

general,itisnaturalthattheseelasto-inviscidplasticmodelscannot

describethetime-dependentbehaviorofclay.Here,weassumethatthe

behaviorunderthestrahlrateof7.8x10-4・%1min.isalmostequivalentto

血atforstaticequilibdum.Compadng血ecalculatedperfo㎜ancewi血

・xpedment・1・e・ultsp・ ㎡ ・㎜ ・dinth・ ・t・ain・at・ ・f7・8x10-4%加in・ ・th・

modifiedCamclaymodelmaynotbesuitablefortheundrainedbehavior

ofclay.WhilePendermodelissuperiortodescribethebehaviorthanCam

claymodelormodifiedCamclaymodeLThisisbecausePendermodelwas

derivedbasedonthenon-associatedflownlleandhavingonemore

parameter,ρc、inadditiontothoseofothertwomodels.

Asalreadymentioned,anelasto-inviscidplasticmodelcannot

describethetime-dependentbehaviorofclay.Clayshows,however,

rema止kablet㎞e-dependentbehaviorevenunderundrainedcondition.The

calculatedcurvesderivedbytheelasto-viscoplasticconstitutivemode1,

AdachiandOkamodelandSekiguchimodelareshownF'8∫.8andg

t・9・th・ ・withtheexp・hm・ntal・e・ults・B・ 血m・delscan・xp1・inth・time-

dependentbehaviorofclayunderundrainedcondition.AsseenhlEg.r2-

15,andF'8.1,theparameters,配'andCcanbedeterminedbythe

undrainedtriaxialtestresultsobta㎞edbyconductingunderatleasttwo

differentstrainrates.Theparameter醒'wasfoundtobeindependentof

confi血1gpressureaswenastheviscoplasticparameterC.

Asrefbrence,thestressratiog1σ 泌'andstrainrelationsarecompared

inF∫8.10.Pendermodelcanwelldescribetheexperimentalresults

conductedunderthesmalleststrainrateof7.8x10-4%加in.
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Toshowthedescriptiveaccuracyofthefiveconstitutivemodels

quantitatively,comparisonbetweenthecalculatedandexper㎞entalresults

wasmadeinF∫85.11and12.Here,gc4,andg卿denotethecalculatedand

experimentaldeviatoricstress,麗c4,and麗 εκpdenotecalculatedand

exper㎞entalexcessporewaterpressurerespectively・Asで90α'一%写 ρ,/9仰

andr翻cσ ～一配8耳ρノ/配8xprepresentthedescriptiveaccuracyofconstitutive

models.Threeelasto-plasticmodelsoverestimatetheshearstressespeciaUy

intheinitialstageofshearingprocess,whiletheelasto-viscoplasticmodel,

thatis,AdachiandOkamodelandSekiguchimodelcanwelldescribethe

stress-stra㎞behaviorunderundra㎞edcondition.Ontheotherhand,no

modelcanpleciselydescribetheporewaterpressurechangeespeciaUyhl

theinitialstageofshearhlg.
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2-5.Conclusions

Throughthisstudy,thefb皿owingconclusionsmaybedrawn・

(1) Undrainedtriaxialcompressionbehaviorofclayunderthesmallest

strainrateof7.8xlO-4%!㎞incanbedescribedbyCamclaymodel

andPendermodeltosomeextent.

(2) ModifiedCamclaymodeloverestimatestheshearstrengthofthis

particularclay.

(3) Elasto-viscoplasticmodelscanwelldescribethetime-dependent

behaviorofnormallyconsolidatedclay.

(4) Toevaluatethedescriptiveaccuracyofeachmodelquantitatively,

newindices,∫.θ 、,でgo4,-g・仰 ♪!g仰fbrstress-str尋 血relationandで 配c4,一

〃8Ψ,1〃 αpforexcessporewaterpressure-strainrelationwere

introduced.Itmakesclearthatthoseconstitutivemodelsobtainedon

thebasisofCamclaymodelunderestimatethedeviatoricstrain

underundrainedtriaxialcompression.
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¢功豊菊¢¢纂3

PerformanceofUndrainedCreepRupturein

TriaxialCompression

3-1.Introduction

Clayisastrainhardening,ratesensitivematerialthathasremarkable

characteristicssuchasratesensitivityofstrength,secondarycompression,

creepandstressrelaxation.Variouselasto-viscoplasticconstitutivemodels

havebeenproposedtodescribetherheologicalbehaviorofclay.

Muray㎜aandShibata(1956)proposedarheologymodelbasedontherate

processtheory,theleadingstudyinthisfield.AdachiandOkano(1974)

proposedanelasto-viscoplasticconstitutivemodelthatextendsthecritical

stateenergytheory(Roscoeetal.,1958,Schofieldetal.,1968).Forthis

model,Perzyna'stheoryofanelasto-viscoplasticcontinuum(1963)was

introducedtodescdbetheratesensitivebehaviorofno㎜allyconsolidated

clay.AdachiandOka(1982)generalizedAdachiandOkanomodel

followhlgthetheoryofOka(1981),inwhichitisassumedthatno㎜ally

consolidatedclayneverreachesthes田ticequilibd㎜stateevenattheend

ofprhnaryconsolidation.Sekiguchi(1977)proposedanelasto-viscoplastic

constitutivemodelforno㎜allyconsolidatedclaybasedonanon-stationary

且owsu㎡ace.Viscoplasticpotentialhasnowbeenintroducedsothatthis

modelcandescribeuniversallyratesensitivebehaviorofclay,suchas

creepmpture.Mostelasto-viscoplasticconstitutivemodelscanbeclassified

asoverstressmodelsornon-stationaryflowsurfacemodels(Matsuietal.,

1984).TheAdachiandOkanomodel,AdachiandOkamode1,Dafalias

model(1982)andKatonamodel(1984)belongtothefo㎜er,whereas,

Sekiguchimode1,DragonandMrozmodel(1979),Novamodel(1982)and

theMatsuiandAbemodel(1985)belongtothelatterclass.

A㎞ostallthepossibleelasto-viscoplasticmodelsforclayare

thoughttohavebeenproposed.Recently,however,therehasbeenstrong

indicationsthatsuchmodelsshouldbeappliedtothepracticalproblems,

consciousoftheircharacteristicsbyclarifyingthetheoreticalstructureof
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themodels.Manyresearchershavepointedoutthatoverstressmodels

cannotdescribetheaccelerationcreepProcessnorthecreepruptureof

no㎜anyconsolidatedclay.Generally,inordertoovercome血isde飴ctfor

creepdescription,thefollowingtrialscanbethought.(1)introductionof

structuraldeteriorationef6ectand(2)Introductionofthenon-statlonary

flowsurfacemodel.

Inthischapter,weclarifythetheoreticalstructuresfortheAdachi

andOkamodel,atypicaloverstressmode1,anddiscusstheeffectof

stmcturalcharacteristicsofthemodelontheperforrnancesofundrained

creeprupture.Inaddition,wemodifiedtheoverstressmodelby

introducingthestructuraldeteriorationeffect(trial(1))sothatitcan

describetheacceleratiopcreepProcessandundrainedcreepr耳pture

withoutchanging山ehameworkoftheconstitutivemodel.Fur血e㎜o翼e,

an、adaptedmodelintroducedfromthenon-stationaryflowsu㎡acemodel

(trial(2))willbediscussed,withemphasisonthedescriptionofundrained

creepmpture.Then,wewilldiscusstheeffectofthetheoreticalstructures

of、modelsontheperfomlanceofundrainedcreepnlptureintriaxial

compresslon.

3・2.TheoreticalStructureoftheElasto・ViscoplasticModel

3-2-1.GeneralRemarksontheAdachiandOkaModel

Theviscoplasticflowmlefbranoverstresstypeelasto-viscoplastic

constitutivemodelisgeneralyexpressedas

ε5・γ・φ脈吻)一 た(鴫 (3-1)

inwhich,γisthecoefficientofviscosity,んthestatichardeningparameter,

ノth・ ・血ti・yi・ld血n・ti・n,弓 ・nd響thevi・c・pl・ ・ti・ ・t・ain・nd・t・ain・at・,

andΦthefunctionalofoverstress,1((㌃)一 々(弓).ThefunctionalΦis

monotonicincreasingforoverstress;π 吻)一 ん(弓)・TheAdachiandOka
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modelbeingatypicaloverstressmodel,asshownbyEg.r3-1ノ,thestress

StrainrelatiOniS

ロ ロ

砺=曙+6多=2乞 防+3(κ1+
80)・艶+嵐 姻 蕩

+
3点 ・姻[M*一 響]傷

(3-2)

コ

価.1。 ・砺 .1+・ ・v・}]φ(F)=C・M*・ σ翫 ・岬[配'{

娠 λ.κ〃*qん

Here,5ヴand2乃arethedeviatoricstresstensorandthesecondinvariantof

deviatoricstress,δ ウisKronecker冒sdelta,σ 醒'themeaneffbctivestress,

σ掠ε'themeaneffectivestressattheendofconsolidation,Gtheelastic

shearmodulusandル1*∫theeffbctivestressratiointhecriticalstate.The

superscripts,8andpd6notetheelasticandviscoplas‡iccomponents.There

aresixparameterSforthisr血odel:thecompressionandswelling

(recompression)indices,λandκ,thechticalstressratio,M*,theelastic

shearmodulus,G,theparameterthatestimatesthesecondarycompression,

配',andtheviscoplasticparameter,C.Theparametersλ,鴎 ルf*andGcan

bedete㎜inedbyempidcalmethods,byconsolidationswellingtestsandby

strainrate-controlledundrainedcompressiontests.Letusheredete㎜ine

規'andC.Theseparameterscanbefoundfromresultsofundrained

triaxialcompressiontestsforatleasttwodiffbrentconstantratesofstrain.

First,wedetemline配'fromdataonOsakaalluvialclay.Undrained

triaxialcompressiontestswerecarriedoutindiffbrentconstantratesof

strain.TheeffbctivestresspathsforthesetestsareshowninF'8.1.Note

theequi-meaneffbctivestress,〆=p*giveninthefigure.Thefollowing

relationisobtainedffomtheconstitutivemodelbytakingintoaccomtthe

ratedependencyofnormalyconsolidatedclay,

1。{61})}=匪{9(1)9②}

81そ)M ρ*P*
(3-3)

ThereisavalidlinearrelationinF∫8.2betweenthelogarithrnofthestrahl

rateandtheeffbctivestressratioasverifiedbyEg.β 一3♪.Theparameter1η'
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canbedete㎜ined丘omtheslopesofthestraightlinesinthisfigure

providedtheル π ニ`3/2,ルf*ノvalueisgiven.

Next,thedete㎜inationoftheviscoplasticparameterC.Originally,

Chasbeenihtroducedas

c=弁 岬 國1η 塑 ∫]
M*σ 涜 σ"昭

(3-4)

inwhich,σ 吻 〆istheinitialstatichardeningparameterandcothematerial

parameter,but,thestaticequihbriumstatecamotbefbundexpe血1entally.

Becauseitissodifficulttoidentifソ 山evaluesofσ 泌y,'Imdco,㎞owledgeof

parameterCfromtherelationexpressedbyEg.β 一4♪explainedlateris

sufficient.Thus,alltheparameterscanbedetemlined丘omthe

experimentalresults.

3-2。2.DescdptionofUndrailledCleepbyAdachiandOkaModel

Katona(1984),Oka(1985),MimuraandSekiguchi(1985)have

shownthatbecauseofitstheoreticalstructure,theoverstresstypemodel

cannotdescribetheaccelerationcreepprocess.Wehereprovethis

phenomenonmathematically.

Threecharacteristicphases,theprimary,steadyandacceleration

creepphasesappearintheundrainedcreepprocess(Fゴ8.3).Atthesame

t㎞e,therearerelationsbetweenthecreepstrainrateand血etimeelapsed

shownschematicallyinF∫8.4.Clearly,whenthereiscreeprupture,the

creepstrainrate,εf1,divergestoinfinitejustafteritsminimumstage.In

otherwords,theconditionnecessa】ryfortheonsetofaccelerationcreepis

thattherebeasolutionfortheequation,εf1=0,ashasbeenpo㎞tedoutby

Sekiguchi(1984).ThestressstrainrelationfortheAdachiandOkamodel

is

月グ
死

加λ

κ一λ
十9

吻
疑吻塑砺匹

『
.ε (3-5)
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BydifferentiatingEg.r3-5,undertheconditionofundrainedcreep;

9=coη ∫云αη',thenextrelationcanbederived.

ε盈=.(M一 旦)・{8盈}・ 配'(1+・ ・)

(λ 一 κ)1プ

(3-6)

Here,¢f1}2>0,配'μ+εo♪/で λ一κ♪isthepositivedefinite,therefore,the

vadationin蒼 ζ1dependonlyonthevalueof碑 一g勿 り.Becauseμ4-g加 りisa

monotonicdecreasing,positive負mctionthroughtheshearhlgprocess,解1is

alwaysnegativeandthecondition」 段)r解1ニOissatisfiedonlyatfailure,

rg1ρ'=ル の.Thus,theAdachiandOkamodelisprovedtohavethe

characteris亡icsrbfth6creepstrainセatedecfeasinggraduallyinthe

undrahledcreepProρessthatconvergestoacerta㎞valueatcreepmpture・

Asmanyresearchershavepo㎞tedout,thisismathematicalproof血atan

overstresstypeelasto-vi3coplasticconstitutivemodelcannotdescribethe

紋cρelerationcreepProcess・

3・3・b・ ・ゆti・n・fC・eepRuptu・ebyth・M・difi・dM・d・1

Becausetheoverstresstypemodelca㎜otdescdbetheundrained

creeprupturephenomenonthatfollowstheaccelerationcreepI)rocess,we

havemodifiedtheconstitutivemodeltodescribeundrainedcreepmpture,

withoutchangingthestmctureofthetheoreticalffameworkofthemode1.

3-3-1.InterrelationofUndrainedStrengthandtheViscoplasticParameter

First,weintroducethetheoreticalsolutionforundrainedstrength,卯

anddiscussthebackgroundforthemodificationoftheconstitutivemodel

byclarifyingtheinterrelationofthestrainratewiththeviscoplastic

par㎜eter.Thefollowingrelationisderivedffomthebasicequationfbr

themodel,

4=3G[611一 σ・xp喘 ・+h舞 一讐 ・・)}再] (3-7)
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Takingintoaccounttheundrainedcondition,vρ=-vε=一 ん/r1+80♪

1η(ρ'勿o,alldg=0,9=の=ルf1～ プatfailure,Egイ3-7♪canbeexpressedas

811=再 伽[規.{1+1η 鵜1+λ 争
κ)}]

(3-8)

Aftersomecalculations,thenextderivedrelationis

魂1c=蜘')・ 監]篇
(3-9)

Therefbre,theundra辻1edstrength,{〃canbe㎞troducedas

好=吻 ・剛 一(1一κ)λ}}1認C競 (3-10)

Becauseルfpoexp{イ1一 κノλ♪}denotestheundrainedstrengthfbrthe

CamclaymodelinEg.`3-10ノ,theundrainedstrengthfbrtheAdachiand

OkamodeldependsonthestrainrateasintheCamclaymodel.qfalso

b・ing・m・n・t・ni・ 血n・ti・nb・ 山 ・t・m・(6111廊(り,th・ ・eb・ing・u・h

relationsaslim色11→0,qf→Oandlim色11→ 。。,qf→ 。。.Therelationderived

astheanalyticalsolution(Eg.で3-10ノ)isshowninF'8.5Thematerial

parametersusedweredete㎜inedfbrOsakaalluvialclay(Adachiθ ∫α1.,

1985).ExperimentaldataalsoareplottedinF∫8.5forcomparison.

Clearly,calculationsmadewiththemodelpredicttheexperimentaldata

accurately.

Asisevident丘omEg.r3-1の,theeffbctsofthestrainrate,ε11,and

theviscoplasticparameter,C,ontheundrahleds廿ength,{乃 ～areequivalent,

theincreaseinthestrainratecorrespondstothedecreaseoftheviscoPlastic

parameter,andthedecrease㎞thestrainrateisequivalenttotheincrease

ofviscoplasticparameter.TakingintoaccountaUthecharacteristicsgiven

above,theoverstresstypeconstitutivemodelcanbemodifiedtodescribe

undrainedcreeprupture.
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Fig.5TheoreticalSolutionofUndrainedStrengthfbrtheAdachiand

OkaModel

3-3-2.VariationintheViscoplasticParameter

Asstatedearlier,theAdachiandOkamodelaccuratelypredictsthe

undra㎞edstrengthforsheanmderaconstantrateofstra㎞ass㎜ing血at

viscoplasticparameterCisconstant.ButbecauseviscoplasticparameterC

containsuncertainfactors,closerconsiderationmustbegivenforthis

parameter.WeherediscussthevadationinthisviscoplasticparameterC

duringtheundrainedcreepprocess,bycomparingitsvalueswiththoseof

theexperimentalresults.

Thestrainratevariesunderconstantcreepstressduringthe

undrainedcreepprocess.Adecreaseinthemeaneffbctivestresscausedby

excessporewaterpressuregenerationcontributesdecisivelytothe

undrainedcreepnlptureofno㎜allyconsolidatedclay.Therefore,we

checkedtherelationbetweenthestrainrate,ε11,andtheviscoplastic

parameter,C,byestimatingtheeffbctivestressstate,rルf-g勿 り.Sekiguchi

(1984)showedthatundrainedcreepbehavior,includingthecreepruptu.re
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ofno㎜allyconsolidatedclay,canbeexplaineduniversaUybythenon・

stationaryflowsurfacetypeelasto-viscoplasticconstitutivemodelhe

proposed.Therefbre,thecharacteristicsofviscoplasticparamete「,CwiU

beconsideredbasedontheexperimentaldataforUmedaclayreportedin

reference(Sekiguchi,1984).

A1ηC一 でル1-9勿 りrelationfbrsomecreepstresslevelsiss耳ownin

F∫8・6・V陥ereasthevalueofviscoplasticparameterCincreasesslightly㎞

theearlystageoftheundrainedcreepProcess,independentofthe・creep

stress,asthecriticalstatedrawsnear,itincreasesexplosivelyanddiverges

105

1

喝01
〇
三

10-10

10㌔
0.2

Measured

qノ%o.79

0.7-3

0,663

Proposed

O.40.6

(M-q/P')

0.8 1。0

Fig.6Variation㎞theViscoplasticPar㎜eter,CwiththeEf驚ctive

StressState,(ルf-9∠ ρ')

toi㎡inite.ItisevidentffomEg.β 一10ノ,thatthestrainrateimplicitly

contributestothisrelation.F'8.7showstheε11/C一 ε11 .relations,aunique

relationexistsbetweenε11/Candε11exceptintheaccelerationcreepstage

inwhichviscoplasticflowoccurs.Althoughtherelationisslightlyconvex
,
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itcanberegardedasa㎞ostlinearintherangeof血estra血rateno㎜ally

usedforundrainedtriaxialcompressiontests.Therefore,itisnaturalthat

theCvaluedeterminedfromstrain-controlledundrainedtriaxial

compressiontestsshouldbeconstant.But,incasessuchastheacceleration

creepprocess,inwhichthestrainratechangesdrasticaUy,thevalueof

viscoplasticparameterCalsochangesgreatly.
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＼
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1
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Fig.7R・1・ti・nb・tweenC・eepSt・ainR・teandth・Vi・c・pl・ ・ti・

Parameter,C

3-3-3.Fo㎜ulationTak血gintoAccountVadationintheViscoplastic

Parameter

ViscoplasticparameterChasbeenshowntovaryunderconstant

creepstress(F'85.6and7).Here,thechangeoftheviscoplasticparameter,

Cwiththestressstateiscalculatedbysolving石g.β 一4,withC.The

proposedcurveshowninFlg.6issodete㎜inedfromtheexpedme漁l

databyusingthemethodofleastsquares.Intheundrainedcreepprocess,

theeffbctivestressisreducedbecauseofthegenerationofexcesspore

waterpressure.Becausetheclaystructuredeteriorateswiththedecreaseh1
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effbctivestress,thevariationinviscoplasticparameter,Ccanbeconsidered

equivalenttothisdeteriorationoftheclaystructureduringundrained

creep.FromSekiguchi'sexperimentalresults,therelationbetweenthe

viscoplasticparameter,Candthestressratio(ルf-9!ρ つis

c=ε Ψ[δ 一ξ]

c匠 一ψ ロ)

(3-11)

inwhich,δandξarematerialcons寝mtsdeterminedexperimentally・When

thesusminedloadispresc伽d,viscoplasticparameterCisdete㎜inedby

Eg.r3-11),andthestrainrate,εlliscalculatedasthefUnctionofthe

viscoplasticparameterandthemeanefεbctivestress.Ihthecaseofstrain-

controUed㎜drainedshear,Hrst血estrainrateisprescdbed,andoncethis

strainrateisdeteminedtobeconstant,thevalueof血eviscoplastic

parametermustremainconstantthroughouttheprocessofshea血gbecause

oftherelationshowninF∫8.7.Therefore,thefゴamewofkoftheAdachi

andOkamodelfbrstra元nrate-controlledundrainedsheardoesnotchange.

Undrainedcreepmptureaswellasstrain-controlledundrainedtriaxial

compressioncanbesimulatedbyapplyingtheconstitutivemodelaccording

totheflowchartshowninF∫8.8.

Undrainedshearwhen

thereisaconstantrate

ofst面n

¢、、(c。ns七ant) (prescribed)

De七erminationof七he

viscoplasticparame七er

(constant)byEq.(4.)

S七ress-s七rainrelation

Sh・ar・ 七・・ng七h・qf(・u七P・ 七)

Undrainedcleepwhen

then∋isaconstant

sustahledload

(constan七)

De七ermina七ionOf七he

viscoplas七icparame七er

(varied)byEq.(10)

reeps七rain,ε11

reeps七rainra七e,〔 …↓1

reeprup七urelife,

Fig.8TheFlowchartofCalculations」fbrUndra㎞edCreepand

StrainRate-ControlledUndrainedShear
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Themodifiedstressstrain

fb㎜ulatedas

relationforundrainedconditionis

811=6f1+昂 =9+

3G 青c(δ,ξ)・岬 喘 ・+☆1・ 鈴}
(3-12)

3-3-4.Undra㎞edCreep-AccelerationCreepProcess.

Calculationsforundrainedcreepweremadewiththemodified

overstresselasto-viscoplasticconstitutivemodeldefinedbyEg.で3-11♪.The

materialconstantsusedarethoseforUmedaclayreportedbySekiguchi

(1984).TwomorematerialconstantsinEg.β 一11ノ,'.ε.,δandξwhichare

requiredtodescribetheproposedrelationbetweentheviscoplastic

parameter,Candthestressstate,(7レf-g加 りweredetemlinedasO.3and13.0

丘omtheexpe血1entalresultsshowninF∫8.6byusingthemethodofleast

squares.Thecreepstrain-elapsedt㎞erelationsareshowninFl8.9.The

calculatedvaluesshowthatremarkableundrainedcreepnlpturefollows

accelerationcreepindependentofthemagnitudeofthecreepstress.The

valuesforcalculatedcreeprupturelifb,ヶ,areshowninτ αわ1ε.1along

withdleexpedmentalvalues.Calculatedcreepmptureli免is㎞owntobe

extremelysensitivetothesustainedload,therefore,noest㎞ationofthe

modersabilitytopredictundrainedcreepnlpturelifbispossiblewiththe

limitedamountofdataavailable.But,wedidascertainthatthemodified

overstresstypemodelcandescribetheprocessofaccelerationcreepand

canpredictcreeprupturelifbtosomeextent.Thecalculatedcreepstrain

Table-1. ComparisonofCreepRuptureLifb

Creep ・tress(q/P
。)

tf(min・)

Calculated

tf(min・)

Measured

O.790

0.730

0.663

2.53x102

1.84x103

2.07x104

1.54x102

2.21x103

180x104
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Fig.9CalculatedPe㎡o㎜anceofCreepStrainwi山ElapsedTimefor

lhemodifiedModel
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rate-elapsedtimerelationsaresho㎜inF∫8.10.Thisratedecreasesinthe

primarystageand,aftertheminimumrate,itdivergestoinfinite,

independentofcreepstress.Themodifiedconstitutivemodelbasedonthe

assumptionthatviscoplasticparameterCvarieswiththefunctionofthe

stressratiorルf-9∠ ρ つthushasbeenadaptedsothatitcandescribesthe

undrainedcreepProcess,hlcludingaccelerationcreepandcreeprupture.

1σ1

　
Tピ1σ2

ε1σ3

;
●ω

1σ4

1σ

1σ6

O.730.663

10-

1(プ 10210104
t(min.)

0.6

106

Fig.10CalculatedPerfbrmanceofCreepStrahlRateagainstElapsed

TimefortheModifiedModel

3・4.IntroductionofNon・stationaryFlowSurfaceModel

Inthissection,theconceptofnon-stationaryflowsu㎡aceis

introducedinordertodescribetheundrainedcreepmpturebythe

overstressmodel.
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3-4-1.Non-stationaryFlowSu血ceModelandAdaptedOverstressModel

Sekiguchi(1977)proposedanelasto-viscoPlasticconstitutivemodel

basedonthetheoryofnon-stationaryflowsurface血ordertodescribethe

rate-dependentbehaviorofclay,suchastime-dependencyofstrength・

creeP,stressrelaxationetc.Theviscoplasticflowmleisexpressedinthe

fonowingfb㎜:

冴
繭

M曙 (3-13)

where五isaproportionalcoefficientandσij',曙aretheeffbctivestress

tensorandtheviscoplasticcomponentofthestrainraterespectively.Fis

theviscoplasticpotentialdefinedasfonows:

ゾ群
α

畷瑠
万降曲{ (3-14)

Hereαis山esecondaWcompressionindex,voisthere魚rencevol㎜ethc

stra㎞rate,∫istheelapsedtime,∫isascalarfunctioninte㎜softhemean

effectivestress,」 ρ'andthedeviatoricstress,gandvρistheviscoplastic

volumetricstrain.Thefunction/isexpressedasfbllows:

プ=λ 一 κ1。(璽)+D(皇 一璽)1
+80ρo'P曹 ρo'

(3-15)

whereλisthecompressionindex,κistheswellingindexandDisthe

coefficientofdilatancyoriginallyintroducedbyShibata(1963).By

hltroduc㎞gtheconditionforcontinuedviscoplasticnow;

戸=謝'+誓=》 ρ (3-16)

apropo丘ionalcoefficient△canbedete㎜ined.Afteralittlecalculation,

thestressstrainrelationforthemodelisfinalyderivedasfbllows:
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ロ

鍔=驚{{吻(誓)}ノ+・ α・Ψ(撃)] (3-17)

LetushereputA=1一 ゆ1一 ゾ/α1.hEg.13-171,血efirstte㎜oftheロ
bracket,A∫isastressrateterm(ヂisafunctionofstress,ρ'and9)andthe

secondte㎜isanoverstresstem1.Contdbutionofthestressratete㎜Aプ

isoneofthecharacteristicsforthisnon-stationaryflowsu㎡acemodel.By

assumingherethatA=OinEg.で3-1η,wecanderiveanoverstresselasto-

viscoplasticconstitutivemodelexpressedinthefbllowhlgfb㎜:

ロ

ε多=驚 ・[・…塑(建'α)] (3-18)

Inthenextsection,bycomparingthepe㎡o㎜anceofthesetwomodels,

thatis,theoriginalnon-stationarynowsu㎡acemodelandtheadapted

overstressmodel,withemphasisonthestressrateeffbct,diffbrenceinthe

theoreticalstnlcturesofbothmodelswiUbediscussedindetailusingthe

calculatedperfo㎜anceofun(壮ainedcreepandtdaxialcompressiommder

theconditionoftheconstantrateofstrain.

3-4-2.CreepEquationsforBothModels

Undrainedcreepequationsfortheoriginalmodelandtheadapted

overstressmodelaresu㎜arizedin勲 わ1ε一2.Firstofan,creepequation

fbrtheoriginalmodelareexplainedbrieny.Thedeviatoricstrain,ε ω

increaseswiththeeff6ctivestressρ ωundertheconditionoftheconstant

creepstress,grEg.63-19刀.Thechangeoftheeffectivestress」 ρωwithtime

canbeanalyticallyexpressedbyEg.r3-21).Here,Aωandぬ ωaretime-

dependentfunctionsinte㎜sof山emeanef驚ctivestressρ ω.Conside血g

thestressconditionatfailure,、 ρ=∫ ケ ニ9〃 レfinEg・ で3-21ノ,creeprupture

lifb,なcanbeanalyticallyderivedasshownbyEg.で3-2の.Furthemαore,

creepstrainrate£(∫)anditsderivativewithtimeε(∫)aresho㎜byEg.r3-

25/andr3-27/respectively.Here,Bωisalsoatime-dependentfunctionin

te㎜softhemeanef色ctivestressρ ω.
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Table-2UndrainedCreepEquations

Non-StationaryFlowSurfaceMode1

(q-qo)
ε(t)=十

3G

章0.t

α

κ

一A・ ・)・・xp{一

α

M(1+eo)

h(t)

・1・[M'Po

M・P(t)≡1]

}

(3-19}

(3-21}

・・÷A(・ ・)…[h(Pf
α)

・ や・'・xp[h(・)刈
、

]・P・一量

ε(t)自

[M-q/P(t)][1十A(t)B(t)コ

..M(λ 一κ)1十2A(t)・B(t).
ε(t)=・

.α ・κ1十 へ(t) ・B(t)

where・X=[q/P(t)コ/M

。 、1.。。)』 λ

(3-23)

(3-25》

H(XA)=

[ε(t)]2・H(X,A)

〔3-27)

偶 石 一刈し側 ・)㈱・
X一λ

_κ λ

λ一κ+2A(t)9(1-X)

(3-29)

AssumedOverstressModel

=)t(ε

。
P

(q-qo) 十

3G

(1+eo)

κ

κ

P(t)

M(1+eσ)

・…xp{讐1}

・1・[畿
、≡1]

(3-20)

(3-22)

ε(t)=

ε(t)=

・f一盤)・ ・

サo ・・xp[hlt)/α コ

M-q/P(t)

M(λ 一κ)
・[ε(t)コ2・H(X

,0)
α`κ

whereX=[q/P(t)]/M

α(1+eo)

)42一3(

》62轄3(

H(X,0)富
λ_κ

X-(1-X)(

(3-28)

1箒一2⇒

(3-30}

A(・)-1-[・(、)ゆbコ`声(1+e・)

・…一 ≒ κ[1-
M.～ 、、、]

(3-31}

(3-32)

・…-
1轟。欄 ・鵡 、囲

(3-33}
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Secondly,thecreepequationsfortheadaptedoverstressmodelare

explainedbelow.CreepstrainiscalculatedbyEg.`3-20,whichis

completelysameequationthatfortheoriginalmodel(Eg.r3-19ノ).

However,changeofρ ωwithtimetmustbederivedbysolvingthe

di価rentialequationl3-22/n㎜ehcally.As飴rascreepmp加reli琵,ヶis

concemed,itmustalsobenumericallycalculatedbyEg.r3-24ノ.Creep

stra㎞rateε(のanditsderivativewitht㎞eε(∫)areshownbyE〈1イ3-26,and

で3-28/respectively。hthischapter,Runge-Kutta-GiUmethod(RκG)is

usedfornumericalcalculationofをfortheassumedoverstressmode1.

He㈹,accuracyof血en㎜edcalsolution飴rヶshould㎏co㎡i㎜ed.Creep

m脚relife,ケcanlb血natelybeobtainedanalyticallyfortheodginal

modelbyEg。 β 一23ノ.TheanalyticaUyderivedヶwilbethencomparedwith

thenumericaUyderivedヶbyR1(Gfortheoriginalmodel(Toわ18-3).For

allgivencreepstress,山en㎜edcalsolutionsbrケtendtooverestimate山e

analyticaloneswithanerrorof10%.

Table-3AnalyticalCreepRuptureLifbandErrorsduetoNumerical
Calculation(RKG)

CreepStress

(q/わo)

RuptureLife(min)

analytica1

①

R.KG.

②

Error

(② 一①)/①

0,600

0,663

0.7001

0,790

2.273×105

1,841×104

4.780×103

2.300×102

2.490×105

2.020×104

5.280×103

2.520×102

0,095

0,097

0,104

0,085

3-4-3.ConditionoftheOnsetoftheAccelerationCreep

Ithasbeenpointedoutthataccelerationcreepandcreeprupture,

generallycannotbedescribedbytheoverstressmodeLHowever,the
adaptedoverstressmodelexpressedbyEg.r3-18,,aswellastheorigina1
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non-stationaryflowsu㎡acemodelcandescribetheseprocesses・Inthis

section,then,theconditionoftheonsetoftheaccelerationcreepandits

relationwiththetheoreticalst皿ctureoftheadaptedoverstressmodelwill

bediscussedindetai1.

Sekiguchi(1984)alreadyaffordedatheoreticalproofthatthe

originalnon-stationaryflowsu㎡acemodelcandescribetheacceleration

creepandcreeprupture.Descriptivecapabilityoftheadaptedoverstress

modelisthendiscussedhere.Creepmpturetakesplacewithaninfinite

strainrateordeformationdivergencejustafterreachingthestateofthe

minimumstrainrate,ε=ξ 海,,asschematicallyshowninF∫8.4。The

existenceofthe血inimumstrainrate,ξ 油ensuresaccelerationcreep

descriptionbytheconstitutivemodel.Inotherwords,itisnecessaryto

co面 ㎜theconditionthatthetimededvativeofε(∫),ε(りisequaltozero.

InEg.で3-28ノ,theconditionε(∫ 〉=Oissatisfiedonlywhenthevalue6fthe

fm・ti・n雌,0♪i、equ。lt。ze,。 加cau、e(ε ω 戸i・alw・y・p・ ・itivean磁 λ

一 κッ α κisthepositivede且nite .Theconcreteformof11ρ 【,のisexpressed

byEgイ3-3の.Letusprovetheexistenceofthesolution,X=X〃1for

17ρ ぐ,0ノ=Ographically.ThefirsttermofEg.`3-30/isexpressedbyr1:

ylニ α(1+・ ・).Xλ
一 κ

lmd山esecondte㎝isexpressedby}セ:

y2=(1-X)(2λ 一 κ).2X

λ.κ

TheseequationsaredrawnonF'8.11.Thepointofintersectionofthe

aforementionedtwofunctionswiUbethesolutionsfbrHρ 【,0,=0.Asshown

inF∫8.〃,wehavetwosolutionsfor、Eg.で3-30♪,however,sincethestress

statef6rno㎜allyconsolidatedclayislimitedtoX≦1(9加 蜜≦ ムの,X醒

shouldbetheonlysolutionwiththephysicalmeaning.Then,bybeing

provedthatstrainrateε(')willbecomeitsminimum,8雇 πatX=X栩,the

assumedoverstressmodelexpressedbyEgイ3-18,isfoundtobeableto

describetheaccelerationcreepandcreeprupture.
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狛

・禦 ・

Fig.11ExistenceConditionoftheOnsetoftheAccelerationCreep

Althoughmanyresearchershavepointedoutthattheoverstress

modelcamotdescribeaccelerationcreepImdcreepmpturecausedbyits

theoreticalstnlcture,theassumedoverstressmode1(、Eg.β 一18ノ)isproved

todescribethesephenomenainthissection。

3-4-4.CalculatedCreepStrain-ElapsedT㎞eRelations

Calculatedundrainedcreepstra血 一elapsedt㎞erelationsareshown

inF'8∫.13.Thesolidlinesshowtheperfo㎜anceoftheodginalnon-

stationarynowsurfacemodelandthehatchedlinesshowthepe㎡brmance

oftheadaptedoverstressmodel.Inallfigures,gdenotesthecreepstress

sustained,and、 ρorepresentstheeffectiveconfiningstress.Seriesofthe

calculatedcreepnlpturelifeforbothmodelsarealsoshowninthose

figures,thatis,41,and42)representthecreeprupturelifbfortheorighlal

model(model1)andtheadaptedmodel(model2)respectively.Here,we

mustpaymuchattentiontothefactthattheadaptedoverstressmodel

(model2)canclearlydescribetheaccelerationcreepphaseandthe

subsequentcreeprupture,whichhashasbeenpointedoutimpossibletobe

describedbyaso。caledoverstressmode1.
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StationaryFlowSu㎡aceModel(Model1)andtheAdapted
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Seriesofthecreeprupturelifbcalculatedbytheadaptedoverstress

model(model2)thatignoresthestressrateeffectalwaysunderestimate

thoseoftheoriginalmodel(model1),independentofthecreepstresslevel・

Seriesofthecreepmpturelifb,ケcalculatedbythesemodelsarecompared

in7励1θ 一4・Thevaluesofケbytheadaptedoverstressmodel(model2)are

17to20%smaUerthanthosebythenon-stationaryflowsu㎡acemodel

(model1).Withtheseresults,thes甘essratete㎜,Aプisfoundtoprolong

themomentofcreepruptureoccurrenceinthefでameworkoftheelasto-

viscoplasticmodel.Therefore,theoriginalnon-stationaryflowsu㎡ace

modelw皿lalwayspredictalittleIargercreepnlpturelifethantheadaμed

overstressmodelduetostressrateeffbct.

Table-4ComparisonofCreepRuptureLifeCalculatedbytheNon-

StationaryFlowSu㎡acemodelandtheAdaptedOverstress

Model

q/PO tf(1)tf(2)tf(2)/tf(1)

0,790

0,700

0,663

0,600

2.30xlO21.86x1020.81

4.78x1033.99x1030.83

5.87x1044.90x1040.83

2.27x1051.90x1050.84

3・5.Conclusions

Perfo㎜anceofundrainedcreeprup加reinatriaxialcompressionis

investigated.Anoverstresstypeelasto-viscoplasticconstitutivemode1
,has

beenmodifiedsothatitdescribesundrainedcreepphenomena
,including

accelerationcreepandcreepmp缶re .hs㎜a琢:

(1)FortheAdachiandOkamodel,typicaloverstressmodel,atheoretical

solutionofundrainedstrength
,%hasbeenintroduced,inte㎜sof

stralnrateandtheviscoplasticparameter
,C.Therelationofthe
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strainratetotheviscoplasticpararneterhasbeenclarifiedthroughthe

analyticalsolutionforundrainedstrength.Fu曲e㎜ore,variationin

thestressratiorM-g加 りcontributestotheviscoplasticparameter.

Tak㎞gthesefactors血toaccount,therelationbetweenthestressratio

andtheviscoplasticparameterhasbeenformulatedfrom

experimentalresults.

(2) Theoverstresselasto-viscoplasticconstitutivemodelhasbeenproved

capableofdescribingtheacceIerationcreepProcessandundrained

creeprupturebyintroducingtheeffbctofstructuraldeterioration,

thatistosay,thevariations㎞theviscoplasticparametershownasa

functionofthedecreaseinthemeaneffbctivestressandthevariation

inthecreepstra㎞rate.

(3) Theoverstressmodelcanbeintroducedf止omthenon。stationaryflow

surfacemodelbyignoringthestressrateeffect.Thisadapted

overstressmodelisprovedtobeabletodescribetheacceleration

creepandcreepruptureunderundrainedtriaxialcondition,aswellas

thenon-stationaryflowsu㎡acemode1.

(4)Creepmpturelif6numericallycalculatedbytheadaptedoverstress
modelissmallerthanthatbythenon-stationaryflowsurfacemodel.
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Be劉ringCapacityandPlasticFlowofaRate・

SensitiveClayunderStripLoading

4■1.Introduction

Thebearingcapacityofloadedclaymassvariessignificantlywiththe

passageoft㎞e.Underu㎡avorableconditions,出eclaymasscammdergo

eventualfailureafter血eactionofembankingorexcavationiscompleted.

Suchdelayedfailureobviouslymeritsadueconsiderationinthe

constructioncontrolfbremban㎞lentsonclayfbundationsaswellasinthe

designofcutslopesinclay.However,itseemsthatthegoveming

mechanismhasnotbeenfuUyclarifiedonthequantitativebasis.

Thisstateoftheartwillbeunderstandableinviewofthefactthat

theprocessofdelayedfailureisaffbctedbyanumberoffactorswhich

includethemodeandspeedofloading,theconsolidationhistoryoftheclay

depositsaswellasthephysicalnatuleoftheconstituentsoil.Inthecaseof

embanking,forexample,partialconsolidationmaybeexpectedtooccur㎞

thefoundationclayalongwithcontainedplasticflow.However,itshould

berecognizedherethattheoccuπenceofpartialconsolidationdoesnot

automatica皿ymeantheincreaseinbearingcapacityofthefbundationclay,

becausethepartialconsolidationisoftenaccompaniedbyabrupt

breakdowninstructureofthatfoundationclay.Thisaspectisparticularly

tmeofhighlysensitive,naturalclaydeposits(Leroueilθ ∫α1.,1979).The

problemofdelayedfailurebecomesevenmorecomplicatedbythewell一

㎞ownfactthattheclayskeletonitselfhasamarkedrate-sensitivity(or

intrinsictimeeffect),asexemplifiedbycreeprupturephenomena

(CasagrandeandWilson,1951).

Particularemphasiswillbeplacedontheclarifyingthetime-

dependentbearingcapacityofarate-sensitive,saturatedclayunderstrip

loading,withdueconsiderationofitstwo-phasenatureaswell.Inthis
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chapter,forthispurpose,afterabriefreviewofthenon-stationarynow

su㎡aceelasto-viscoplasticconstitutivemodel,coupledstress-Howanalyses

willsubsequentlybemadeforthehomogeneousmodelclayf6undation

usingthemethodoffiniteelements.Then,theprimarycharacteristicsof

therate-sensitivebehaviorofno㎜allyconsolidatedclaymasswillbe

numericallyinvestigated.

4・2.APIane・strainViscoplasticConsti加tiveMode1

4-2-1.IntroductoryRemafks

AviscoplasticconstitutivemodelproposedbySekiguchi(1977,

1982)isusedheretodescribetherate-sensitive,Plasticbehaviorofthe

foundationclay,alongwiththeplane-strainversionsuggestedbySekiguchi

ε∫α1.,1982).Notethattheplan-strainviscoplasticmodeliscapableof

evaluationofκovalueatrest(sekiguchi,1983).Thisissosignificant

becausethecalculatedpe㎡o㎜ancefbrgeotec㎞icaleventscanbemuch

in且uencedbytheinitialstresscondition.Takingthispredictivityof、Ko

valueintoconsidertation,theplane-starinversionoftheelasto-viscoplastic

modelwiUbeusedfbr山eHniteelementanalysisperfb㎜ed.Its琵atureof

reproducingtheprocessofundrainedcreepruptureisparticularly

importantherein,becausetheaimofthischapterliesincritically

examiningthecontributionofsuchintrinsictime-effbcttotheso-called

delayedfailureofclaymass.Ihthenextsection,thepredictedpe㎡b㎜ance

ofundrainedcreeprupturewiUbeoutlined.Themathematicalstmctureof

theplane-strainversionoftlleviscoplasticconstitutivemodelisshown血

距 わ1ε一1togetherwiththeoriginalmodel.Here,thesuperscript,p,isused

heretoidentifソtheviscoplasticcomponentofanyphysicalquantity.Note

thatthedilatancyfunction,8rξ ♪intheplane-strainversionhasbeen

specifiedinthefoUowingequation.

8(ξ)=2(1
+80)

(λ 一κ)1η[ξ2一 ξ+μ]+

ξ8一 ξo+μ
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2((λ 一ゆ[徽 。{ξ 一112ト 。,伽{ξ ・-1/21+θo)原[π・師 原[π}]
(4-1)

whereξdenotes1血estressratio,5!7andξostandsfbritshlitialvalue.Itis

evidentfromTα わ1ε一1thatthemathematicalstmctureofeachmodelis

essentiallylhesame.Apdncipaldifferenceliesinthat,asitsname㎞plies,

theplane-strainversionisbasedonthetwo-dimensionalstressparameters,

アand3,insteadoftheircounterpart,pandg.Anotherpointtobemade

hereisthattheplane-strainversionleadstogenera皿ybetterpredictionsfbr

Kovalues;thatisadirectconsequenceofthespecificrelationbetween

ゲ11「レρandξ で=∫17,indicatedinT召 わ18-1.

4-2-2.TheoreticalFeaturesofUndrainedCreepRuptule

Letusconside士thesituationwhereaκoconsolidatedclayelementis

su切ectedtocreeploadingunderundrainedplane-stratncondition.Here,1(o

denotesthecoe缶cientofea血pressureatrest.㎞ag㎞e血atthemaxim㎜

shearstress,∫=rσ1'一 σ3り/2r=rσ1一 σ3メ2♪,is㎞stantaneouslyincreasedto

aprescribedvalueandthenmaintainedexactlyconstantwithtime.Here,

の'andσ3'arethemaximumandmin㎞ump血cipalstressesintermsof

effbctivestress,whereasσ1andσ3denotethemaximumandminimum

principalstressesinte㎜softotals仕ess.Then,theplane-strainviscoplastic

modelpredictsthatcreepstrainingisaccomplishedbythegradual

reductioninmeaneffbctivestress,7=rσ1'+的 り12.Notethatthisinteresting

aspectofundrainedcreepisadirectconsequenceofcontractancy(or

negativedilatancy)oftheclayconsidered.

Ihdeed,theimposed,undrainedconditionfbrthecontractantclay

requiresthemeaneffbctivestress,r=rσ1'+σ3り12,tovarywithtime,∫,hl

thefonowingf6㎜:

A(・(∫)剛'聖(∫))]=話 》
。

(4-2)

Here,Arrω ノand酬7ω)arefunctionsofthemeaneffbctivestressrω,

bothofwhichwillbedefinedsubsequently.Theconstantsαandvo
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Table-1FeaturesofTwoElasto-viscoplasticModel

S呵 ㏄t Sekiguchi(1977)

.

Plane-strainVersion

(1982)

ViscOPlasdc

FlowRule

幽

∂F
ε5一 逃

∂・房

Viscoplasdc

Potential

「膠

●

F一 α・1・
.1+v義'・ 塑(表1-・ ・

Consistency

Condidon
戸 一.∂ζ.δ 毒+坐=ψP

∂傷 ∂∫

S凱dcYield

Function

冒

ノー吉 器・1・㈱

・D・修 一舞}

w1昭rε

ρ一去¢・

9-v易 ・り・り

(',ノ=1,3)

!=森 器'・㈲

・8・(亙
r)

w1昭7ε

・・麦4

・-v麦 駒

(らノ=1,2)

Strain-rate

Parameters

Z=1

ψρ ルf-9!ρ

w舵r8

*ερ=釜 ¢f一 右ξ)

ψρ=εf+鰐+ε ξ

デ5/r
-==・

1アsinφ ㌧ ∫1r

w1昭rε

ア=εf一 曙

ψ・=乙f+貿

煽ForthepurposeofillusUationtheparticularexpressionvalidfbr

axisymmetricstrainconditionsislistedhere.
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appearinginEg.で4-2,representthesecondarycompressionindexandthe

refbrencevolumetricstrainraterespectively.

Thefailurecriterionassociateddgorouslywiththeplane-strain

viscoplasticmodel,isexpressedasfbUows:

∫〆η=5∫ ηφ' (4-3)

whereφ'istheangleofintemalfdctionintermsofeffbctivestressandis

constantfbragivenclay.Inthecreeptest㎞9,thevalueofshearstress,s=

(σ1'一σ3曹)12=(σ1一 σ3)12,ismaintainedconstantwithtime.Thus,thevalue

ofthemeaneffbctivestress,郁atcreepruptureisexpressedasfoUows:

η=∫f15'η φ'=∫f1μ (4-4)

wheleμstandsfbr∫ ∫η φ'.][nviewofthisrelation,thecreeprupturelifb,躰

canbeexpressedintheibllowingfb㎜:

∫f=(α1ψo)・A(rか ε些ρ[-h㊥/α 】 (4-5)

wherethevaluesofArη ジand解 ηジarespeci且edby

ズ
A㊥=1-[η ノ70]伝1.,。) (4-6)

h(の=-
1轟。1η(編 鵠)1〃(ξ8岩+μ)・

ξ・-1/2}](λ一κ) μ一112}.。燃{[ακ纏{

緬師2(1+60)研不
(4-7)

Here,KisthesweIlingindex,λisthecompressionindex,θoistheinitial

voidratio,70istheinitialmeaneffbctivestressandξoistheinitialvalueof

theeffbctivestressratio,ξ=∫/r.Thefbaturesofthederivedrelationr4-5,

areexemplifiedinF∫8.1,forthreedifferentvaluesofthelumped

parameter:α σ+εo♪/λ.Thespecificvalueofα で1+60♪/λ=0.0217isselected
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hereforFujinomoriclay,incombinationwiththevaluesofothe止

par皐metersgiveninTα わ16-2.Theperfo㎜ancesofthecasehaving

αr1+60,1λ=0.04andO.06areillustratedfbrpurposeofcomparison.It

maybeappropriateheretomentionthatthedev壁lopme耳toftheshear

creepstrain,γ=ε1一 ε3,iscle盆rlyrelatedtotheevolutionofrωwithtime.

Table-2ValuesofMaterialParameters層forF可inomoriClay

Compressionihdex

Swellingindex

S七ressra七ioa七cri七icals七a七e

Seconda治ycompressionindex

Referencevolume七rics七rainra七e

Elas七icshearmodu=Lus

Conso].ida七ionpressure

2=1.Okgf/c皿工ni七ialvoidra七io(forσ 冒

VC

Coefficien七 〇fear七hpressurea七res七

Permeabili七ycoefficienta七reference

Ra七eofpermeabili七ychangeagains七e

λ=0.115

K=0.0117

s■nφ1=0.567

α=0。0013

・。・1・3・1。 騨7…"1

2G
=120.Okgf/cm

2
・↓

。・σ↓。・1・Okgf/・m

eo呂0・927

Ko=0・539

・。・8・67・1・-7・m/一

λk=0・238
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Indeed,thefollow㎞grelationcanbederivedfbragivenconstantvalueof

shearstress,5.

恢 の 一(3-50)+κ1。[μ 一・/・]1
+60G μ 一∫17(∫)

(4-8)

Here,∫oisthevalueofshearstressattheκ θ一consolidatedphasepriortothe

undrainedcreepconsidered,andGisthemodulusofshearrigidity.

Letusnowrememberthatthevalueofrα,foragiventime,∫,can

bedete㎜inedffomEg.`4-2,.Actually,thisequationisatranscendental

equationregarding7rの 、Therefore,inthepresentstudy,thevalueof7rの

fbranygivenvalueof'isobtainednumericanybymeansofthemethodof

bisection.Bysubstitut㎞gτhusobtainedvaluesof7ω ㎞toEg.r4-8,,wecan

constmctashear-creepcurveforanygivenstresssystemforagivensetof

materialparameters.InF'8.2,twosuchcreepcurvesareindicated.The

basiccreepmpturecharacteristicsoutlinedabovewillserveasarefbrence

ofdiscussioninthenextsection.

誤20

》

λ

魍
λ

10002000300040005000

日apsedtime(min)

Fig.2RelationsbetweenC姶epStrainandElapsedTime
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4・3.Co叩ledStress・FlowAnalysisinTermsofFiniteElements

4-3-1.FeaturesofFiniteElementAnalysis

Theviscoplasticconstitutiverelationsareimplementedintothefinite

elementanalysisprocedurethroughthefbllowingincrementalfom1:

μ(ガ='仰1μ 毎 一μ(訳 ノ (4-9)

Here,{ム ぴ}and{ム ε}aretheassociatedsetsofeffectlvestresslncrements

andstrainincrements,and[C¢P]standsfbrtheelasto-viscoplasticcoefficient

matrix.Thete㎜{σR}representsasetof'rε1α 纏 ∫oη ∫∫r8∫5'which

increaseswithtimewhenstrainisheldconstant.Thepore-waterflowis

assumedheretoobeyisotropicDarcy'slaw.Ihthisconnection,itisfurther

ass㎜ed血atthecoefficientofpe㎜eability,ん,dependsondlevoidratio,

θ,inthefbnowingfb㎜:

ん=刷 θ究差0) (4-10)

inwhich,たoistheinitialvalueofんat8=80andλ んisamaterialconstant

govemingtherateofchangeinpe㎜eabilitysu切ectedto血echangein

voidratio.

Thegeometryoftheproblemtobeanalyzedinthissectionisshown

inF∫8.3,togetherwiththefiniteelementmeshused.Notethateach

quadrilateralelementconsistsoffburconstant-straintriangles.andalso,

notethatthenodaldisplacementincrementsandtheelementpore-water

pressurearetakenastheprimaryun㎞ownsoftheproblem.Thefinite

elementequationsgovemingthoseun㎞ownsareestablishedonthebasisof

Biot'sfo㎜ulation(Chdstim,1968,AkaiandTamura,1976,Shibatamd

Sekiguchi,1980),andaresolvedbyusingthesemi-bandmethodof

Gaussianelimination.Thewidthoftheloadingstrip,B,ischosentobe

equaltoB=10c配.Thethic㎞essofthefoundationclay,H,isselectedtobe

equalto2B,whereasthedistancefromthecenterlineoftheloadedareato

血elateralbounda琢,L,ist誼enas3B.Itisass㎜edthatthefoundation
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OD

81

.5B

〆NodeNo.1

Element
No.39

Fig.3FiniteElementMeshwithDescriptionofBoundary

ConditionImposed

clayhasbeenno㎜allyconsolidatedunderκoconditionsatave丘ical

consolidationpressureofσVc'=1.0ん8〃c規2r98んPのforlO4minutes,prior

tothesubsequentloadingstage.Thevaluesofthematerialconstantsaswen

astheinitialstatevadables飴r血efoundationclay,aresu㎜adzedin

rα わ1ε一2.Threetypesofload㎞gtestsaresubsequentlyanalyzed,asshown

inT励1ε 一3.Here,9denotestheloadingrateemployedattheconstant-rate-

Table-3FiniteElementAnalysisPerfomled

Drainagccondi重ion Loadirlgmodc

Undrained

CRL*

CREEP

Rcmarks

41σ5`=1.25xlo-2nlhL-1

[
LO4×103n1量n.一 且

1.04×10-4min∴1

Ψ1σ5,-L800

[ 1.725

L650

PartiallvDrained cR.L*4!σ ち、=1.25×lo-2mln.-1

*CRL=ConstantRateofLoadingtests

of-loadingstage.Notethatinthecaseofpartiallydrainedloading,the

drainageisallowedtooccurbothfromtheupperandlowerboundariesof
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th。f。und。ti。n、1、y,wh・ ・ea・intheca・e・fund・ain・d1・ading・the

、。e鉦i、i,nt。fp。 ㎜eabilityisset・qu・1t・ze・ ・intheenti・e・egi・n・fthe

foundationclayfbrcomputationalpurpose.

4-3-2.ResultsandDiscussion

4-3-2-(1).Eff6ctofLoadingRateonUndra㎞edBearingCapacity

Theloadsettlementcurvesobtainedatthreediffbrentloadingrates

underundrainedconditions,areshowninF∫8.4,togetherwiththeload

0

0.5

1.0令

♂
)

朽の
＼
α

2D

2.5

3.O

Q5

　

q/σVC

1.015 20

ミ餐

Partially④

drained

}Un　 ned

1=二i雛i{ill;n}Und・ained
④0…'…q/σ ◇c=1.25x162・ ・PartlaUydraine・d

Fig.4CalculatedLoadSettlementCurves
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settlementcurveunderpartiallydrainedcondition.Itisseenthat,ineach

ofthreeundrainedcases,thefoundationclaypracticallyreachesthe

ultimatestatewhenthedimensionlesssettlement,ρ/B,becomesequalto3

%.Thevaluesofthedimensionlessload,g/σyc',attheultimatestateare

respectivelyequalto1.95,1.875and1.8,attheloadingratesof

9/σyc'ニ1.25x10-2min-1,1.04x10-3min-land1.04x10-4min-1.This

meansthatforthisparticularproblem,theten-foldchangeinloadingrate

givesriseto4%changeofthebearingcapacity,91(恥c'.

Theeffbctivestresspathsfollowedbyaparticularelement,1>o.39

indicatedon・F'8.3,areshownin」F∫8.5.Itisseenthatthevaluesofthe

d㎞ensionlessshearstress,σ/σ ワσ',attheult㎞atestateareequaltoO.346,

0.330andO.316respectivelyattheloadingrateof91σyc'=1.25x10-2min-

1
,1.04x10-3min-1and1.04x10-4min・1.Itisofinterestheretomention

thatthebearingcapacityfactor,・IVc,isequalto5.67inthisparticular

problem,irrespectiveoftheloadingrates㎞posed.

'り
〉
◎
N

罰

O.5

0!1

0.3

愛～ψ

熟 。V、"e

0.2Q50
.6α70.80.9 繋

1==i驚iiillin}U・d・ained
④ ………・q/σ ◇c=1.25x1σ2"PartiaUydrained

Fig.5C・1・u1・t・dE伽 ・tiveSt・essp・ 血 ・F・ 皿・w・dbya

RepresentativeSoilElement
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4-3-2-(2).Ef艶ctofStressRedistributiononUndrailledCreepRate

Letusconsidertheperfo㎜anceofundrainedcreepa丘erthe

stoPPageoftheconstantrateofIoading .Theloadingspeedpriortothe

creepPhaseisselectedheretobeequalto4!σyc'=1.25xlO-2min-1.The

timesettlementcurvesforsuchcreeptestsatthreediffbrentvaluesof

sustahledloadsareshown㎞F∫8 .6.AIineofyb∫1μ7ε ∫επ16η18η ガgivenby

ρ"ヲ=3%,isalsodra㎜fbrpu甲oseofcomparison.ItisseenthathlcaseC

wi助1σ レc'=1.65,thedevelopmentsetdementwithtimeisvery1㎞ited.h

caseBwithg!σ 》c'=1.725,theset且ementisseentodevelopatgreaterrates
,

ascomparedwithcaseC.Atthehighestcreepstressofg/σ 防c'=1 .8σ.θ.,ill

caseA),thesettlementisseentodevelopabruptlyandexceedsthelilleof

failuresettlementin900minutes .Itshouldbenoted,however,thatevenhl

caseAwiththehighestcreepstresslevel
,asignofso-calledaccelerating

creepisnotclea】dydetected .

0

「
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ミノ2
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oo

＼
Q.
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の
E【apsedtime(min)

10002000300040005000600070008000

B-一 一q/σ4=t725

C-・-q/(刃 ヒ=1.650

Constantrateofloading

Fig.6TimeSettlementCurvesforSustainedLoadingunderUndrained
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constant-rate-oHoadingtestsarealsoPlotted,togetherwiththetheoretica1

町vεr5〃 ∫1ケcurvebasedonEg.r4-5,.Itisseenthattheresultsoffinite

elementanalysisfortheconstant-rate-of-loadingtestsareingood

accordancewiththetheoreticalrelation.Itisalsoseenthatthereductionin

shearstressobservedineachoftheconstant-loadcreeptestshasa

remafkableconsequenceupontheoccurrenceofeventualfailure』10rder

toseethismoreclearly,letushereimaginethesituationwheretheshear

stressismaintainedatitsinitialvalue.Then,thecreeprupturelifb,弘is

abletobecalculatedbyEg.14-51,ass㎜anzedin肋 わ16-4.

Table-4VariationstnShearstressdu血gSustainedLoadingand

theAssociatedVariationsinCreepRuptureLifb

Sustained

LoadingTest
∫1σ㌔c

ケ 伽fη ・,

A

B

C

0.345→0.327

0.344→0.318

0.343→0,311

138→1600

142→6500

175→20000

4-3-3-(3).Ef色ctofPartialConsolidationontheClayBehavior

Theloadsettlementcurveandatypicaleffbctivestresspathfor

partiallydrainedconditionhavebeenshowninF∫8.5and6,withthe

dottedlines.Itisseenf止omF∫8.6thattheincreaseinshearstressis

accompaniedbyagradualincreaseinmeaneffbctivestress .Thisbehavior

isnotedtobequitediffbrentf止omthoseobservedfortheundrainedcases

wherethemeaneffbctivestressesarereducedmarkedlyduringtheloading

stages.Theeffbctofthepartialconsolidationontheloadsettlement

behaviorcanbeseenbycomparingcurve(4)withcurves(1)through(3)
,

allofwhicharedrawnonF'8.4.Itisseenthatthepartialconsolidation

leadst・a・1・w・ ・d・ve1・pment・fbea・ingcapacitywithinc・ea・ing

・ettl・m・nt・ ・nd・tρ 昭=3%,th・p・ 覚i・llyd・ain・dbea血gcapacityba・ely

reachesthelevelsoftheundrainedbearingcapacity
.Theoverall

displacementfields,atρ/B=3%
,underpartiallydrainedandundrained

conditionsarecomparedinF∫8 .9.Thecomparisonindicatesthatthe

P・ 丘i・1・ ・n・・1id・ti・nt・nd・t・supP・essth・heaving・ ・lat・ ・aldi・placem・nt・

outsidetheIoadedarεa .Thissuggeststhatthepartialconsolidationis
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血vorabletothestabilityofthefoundationclay.Inthisrespect・remember

theincreasedef飴ctivestressesduetothepartialconsolidation(see」F∫8・5)・

Itisalsoremarkedherethatacloserexaminationoftheloadsettlement

curvefbrthepartiallydrainedcaseindicatesareducedbearlngcapacltyat

agivenvalueofρ1B(seeF'8.4).Ihviewoftheresultsstatedabove,itmay

beconcludedthatcareshouldbetakeninassessingtheeffbctofpartial

consolidation,asfaras血eoverallperfo㎜anceofthestructure-fbmdation

systemisconcemed.Detailedstudyontheassessmentoftheeffbctof

pa蛇ialconsolidationonthedefomabilityoftheclayfoundationis

explainedinChapter8withemphasisonthelateralgromdmovement.

4.4.Conclusions

Asedesofcoupledstress-aowanalysisfor血ebea血gcapacityand

plasticflowofarate-sensitive,saturatedclayhavebeenmadeusingthe

methodoffiniteelements.Theprincipalconclusionsdrawnffomthese

㎝alysesaresu㎜adzedas鉛 皿ows.

(1)Themdrainedbea血gcapacityoftheclayfbundationincreaseswith

increasingloadingrate,inaccordancewiththeassociatedincreasein

theshearstrengthoftheclayelement.Ihdeed,thebearingcapacity

factor,1>c,remainsatapracticallyconstantvalueirrespectiveofthe

loadingrate.

(2)Remarkableredistdbutionofstressoccurswithinthefb㎜dationclay

undergoingcreepunderconstantloads.Thisphenomenonprolongs

themomentofpossiblefailureofthefbundationclaymuchmore,as

comparedthefictitiouscasewheretheshearstressinthesoilmass

wouldhavebeenmaintainedconstantduringthecreepprocess.

(3) Occurrenceofthepartialconsolidationduringtheloadingstageis

favorabletothestabilityofthefoundationclayitself.However,it

shouldbekept㎞mindthatsuchpartialconsolidationisaccompanied

byaremarkableincreaseinsettlementatagivenload,ascompared

withtheundrainedloading。Therefbre,theassessmentoftheeffbctof
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partialconsolidationshouldbemaderegardingthe

pe㎡b㎜anceofthes血c加re-folmdationsystem.

overal1
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Conclusions

Themajorconclusionsobtainedfromthepresentresearchis

s㎜adzedasbllows:.

Inchapter2,predictivecapabilityoftheexistingconstitutivemodels

arediscussed.Ihtrinsiccharacteristicsofthenaturalclayundera㎞ost

staticconditionarewelldescribedbyCamclaymodelandPendermode1,

whereasmodifiedCamclaymodeltendstooverest㎞atetheshearstrength.

Thenitcanbeconcludedthatundrainedstaticbehaviorofclaycanbe

describedbytheexistingelasto-plasticconstitutivemodelstosomeextent.

BothAdachiandOkamodelandSekiguchimodelcandescribethestrain

ratedependencyofstrengthofthenaturalclayundertheundrainedtriaxial

condition.Andaddingthat,stressstra㎞relationsandeffectivestresspaths

arewellpredictedbythesemodels.Therefore,itcanbeconcludedthatthe

rate-sensitivepropertiesofnaturalclaycanbeestimatedbytheexisting

elasto-viscoplasticconstitutivemodels.

Inchapter3,theoreticalstructuresoftheelasto-viscoplastic

constitutivemodelsareinvestigated,withemphasisonthedescriptionof

undrainedcreepmpture.Firstofall,itismathematicallyprovedthatthe

overstressmodelcannotdescribetheaccelerationcreepandthesubsequent

undrainedcreepnlptureduetoitstheoreticalstructure.Then,twokindsof

trialsareintroducedtoovercomethesedeficiencies;(1)introductionofthe

deteriorationeffbctoftheclaystmctureand(2)introductionoftheconcept

ofthenon-stationaryflowsu㎡ace.

Consideringthedeteriorationef侮ctofclay,AdachiandOkamodel,

atypicaloverstresselasto-viscoplasticconstitutivemodel,hasbeen

modifiedtodescribeaccelerationcreepandcreepmpturephenomena.

Analyticalsolutionofundrainedstrength,《 窃fbrthemodelisderivedasa
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functionofstrainrate,ε,andtheviscoplasticparameter,C・Sincethe

viscoplasticpar㎜eter,C,山atisodgina皿yass㎜edtobeconstant,vanes

withdecreasinginthemeaneffbctivestressdu血gtheundrainedcreep・the

relationbetweentheviscoplasticparameter,C,andthestressratio,(1レ1一

ψ りisfb㎜ulatedbasedontheexpe丘mentalfindings・Byintroducingthis

relation,theoverstresselasto.viscoplasticconstitutivemodelhasbeen

modifiedtobeabletodescribetheaccelerationcreepandcreepnlpture

phenomena.

Thestructuresofthenon-stationaryflowsu㎡acemodelare

characterizedbythestressrateeffbct.Theoverstressmodelcanbederived

fromthenon-stationaryflowsu㎡acemodel,byignoringthestressrate

te㎜.Then,numericallycalculatedcreeprupturelifebytheadapted

overstressmodelunderestimatesthatbytheoriginalnon-stationaryflow

su㎡acemodel.Theef艶ctofthestressrate,f,isli枕leontheperfo㎜ance

oftheconstitutiveequations,becausethecontributionoftheoverstress

temlispredominant.FinaUy,itisshownthatthesetwotypesofmodels,

non-stationaryflowsu㎡acemodelandoverstressmode1,havecommon

山eoreticalstruc血resas飴rastheoverstresste㎜isconcemed.

Inchapter4,theplane-strainversionofthenon-stationaryflow

surfaceelasto-viscoplasticconstitutiveequationsarefbrmulatedtothefinite

elementanalysis,andappliedtothecoupledstressflowanalysisfbrthe

bearingcapacityandplasticnowofaratesensitive,saturatedmodelclay

foundation.Itisinvestigatedthatthebear㎞gcapacityfactor,1Vc,isa㎞ost

constantandindependentofloadingrate,wherea5thebeahngcapacityof

clayfoundationbecomeslargerwithhlcreasingrateofloading.

Partialconsolidationtakesplaceevenduringtheloadhlgstagewitha

appreciableincreaseinsettlementcomparingwithundrainedloading.

Thoughthediscussiononthee」 晩ctofthepartialconsolidationonthe

defo㎜ationcharacteristicsofclayfoundationbasedontheintrinsic

characteristicsoftheconstitutiveequationsareofacademicinterest,

nonetheless,inpracticethisef飴ctshouldbegivendueconsideration..
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Introdnction

6-1.GeneralRemarks

Defo㎜ationofthefoundationgroundisstronglyinfluencedbythe

followingthreefactors;thatistosay,geometricalconditionofthe

fbundation,thephysicalpropertiesofthematerialsandloadingsequence.

Whilethetheoreticalstructuresoftheconstitutivemodelsarediscussedin

Part1,withemphasisonthebasiccharacteristicsofthemodelswhich

govemthebehaviorofsoilelement,inPart2,universalevaluationofthe

defo㎜ationofthethefoundationgroundwillbediscussed,su切ectedto

constructionoftheembankment,revetment,reclaimedlandand

breakwater.Generally,defomlationandstabilityofsoftclaylayers

sedimentedshallowinthefoundationgroundbecomeanissue.Itis

completelyreasonable,consideringthemagnitudeandloadinglevelofthe

structures.Forasmall-scalestmcture,thefbundationgroundcanbe

maintainedsa琵bymakingthesheardefo㎜ationkeepinha㎜onywi血a

gaininstrengthduetoconsolidation.However,withthedevelopmentof

coastalareas,o鉦shore㎞enserecl㎜ationorbre欲waterconstmction㎞

thedeepseahavebeenincreased.Forsuchlarge-scalestmctures,notonly

increaseinstress血thealluvialclaylayer,butalsostresspropagation㎞to

deeplysedimentedlayerswillcausetheseriousproblems.Besidehavingan

eyeonthebearingcapacityorsheardefo㎜ationofthefoundationas

usual,attentionshouldbepaidto山edelayeddefo㎜ationsu切ectedto

occurringoftheplasticyieldingofdeepoverconsolidatedclay・

Verticaldrainmethodsareprevailingtopromoteconsolidationfbr

thethickalluvialclaylayer.Fu曲e㎜ore,wheni㎜ensestmctureis

constructedwithastrictcontrolofdefo㎜ation,soilimprovementsfor

clayfoundationshouldbepe㎡omled.Forexample,colu㎜ofdensely

compactedsand(∫CP),deepmixingmethod(D〃 ルf)orpilesareequipped
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inordertoavoidtheunfavorabledefo㎜ation.Soilimprovementsa「e

usuallyequipPedasacounterpartfbrthesuperstructureload・ 価en・stress

conditionoftlBfbundationgromdand血einduceddefb㎜ationcannot

avoidbeinginhomogeneousandcomplicated.Thetraditionalmethodfbr

thedefb㎜ationpredictionis,however,mainlybasedomhetheoryofone-

dimensionalconsolidation.Therefore,itisalmosthelplesstotheproblems,

containinglateralgroundmovement,stressconcentrationduetosoil

improvement,multi-dimensionaldrainageeffbctandsoforth.Therefbre,

thesophisticatedmethodmustbeestablishedinordertoevaluatethese

aforementionedcompoundgeotec㎞icalproblems.

IhPart2,variousgeotec㎞icalproblemsofclayfbundationwilbe

investigatedbyusingthefiniteelementmethod,intowhichtheelasto-

viscoplasticconstitutiveequationsareincorporated.InPart1,the

theoreticalstmcturesoftheelasto-viscoplasticmodelsarediscussedwithin

theff㎜eworkofisotropicallyconsolidatedtriaxialcompression.Itisa

matterofgreatacademicinteresttobesure,butweshouldpayattentionto

theねctthatdlepracticalgeotec㎞icaleventsareusualymImagedunderKo

condition.Exactevaluationoftheinitialstressstateofthefoundation,in

te㎜sofκovalue,directlyleadstodlereliableassessmentforground

defo㎜ation.Then,inPa丘2,becauseofitspredictingcapabilityforκo

valueatrest,theplane-stra㎞versionoftheelasto-viscoplasticconstitutive

modelwillbeusedtoanalyzedlegrounddefomation,withoutchanging

thef士ameworkofitsviscoplasticfeatures(refbrtochapter4inPart1).

Emphasisispaidon山eestablis㎞entof血erationalme血odtopredict血e

defo㎜ationofthefoundationground,withbeingconsciousofthe

afbrementionedthreefactors,thatis,thegeometryofthefoundation,the

materialpropertiesandtheloadingsequence.

6-2.ScopeoftheStudy

Inchapter7,evaluationoflateralgroundmovementofaclay

foundationisdiscussed,keepingtheef驚ctofthepartialdrainageinmind .

Consideringthesignificanceofdelayedlateralgroundmovementwhich

takesplacewithsettlement,anewindex,soilvolumeratio;Vδ1yρis
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introducedtoassessthelateralgroundmovementquantitatively.Then,itis

alsostatedthatthelocalgeologicalcharacteristicsofthefoundationshave

muchi㎡luenceonthedefo㎜ationpattem,bycompadngtheactualresults

ofthelateralgroundmovementintheworld.

Inchapter8,deformationanalysisofthereclaimedmarine

foundationisperfo㎜ed,exemplifyingtheKoshienreclaimedland

constmctedinOsakaBay.Sanddrainsweredrivenbeneaththenlbble

revetmentandalarge㎜ountofsandwasdumpedonthealluvialclay

deposit.Settlementandlateraldisplacementofthediluviallayersaswellas

theseofthealluvialclaylayerarenumericallyanalyzed,andthe

generation/dissipationprocessoftheexcessporewaterpressuredueto

fillingisalsocalculated.Then,comparingthesecalculatedpe㎡omances

withthelη ∫伽observedresults,theaccuracyofthedefo㎜ation

predictionbytheproposedme山odinte㎜sof山eelasto-viscoplasticfinite

elementme出odisco㎡i㎜ed.

Inchapter9,defo㎜ationandstabilityofthemadnefoundation

su切ectedtothecompositebreakwaterconstructionareanalyzedusingthe

elasto-viscoplasticfiniteelementmethod.TheSouthBreakwaterofthe

NewNagasakiFishingPort,damagedbythetyphoonin1987is

exemplifiedhere。FirstofaU,discussionsarepe㎡bmledforthecontrolof

defbmlationbythesoi1㎞provement(∫CP),equippedbeneaththecaisson

walls.Then,thestabilitycontrolofthebreakwaterfoundationismanaged

bycalculatingandmonitoringthesettlementandlateraldisplacement

profilesd面ng血ebreakwaterconstmction,becauselargedefo㎜ationhas

beenpredictedtooccur,duetothewavedissipatingblockssetting.The

calculatedperfo㎜ancesarefoundtodescdbequalitativelytheobserved

defb㎜ations.However,atthesametime,difficultyof血eobservationfbr

offshoreconstructionwasbroughtinrelief.

Inchapter10,themajorconclusionsobtainedf止omthepresentstudy

havebeensummarized.
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EffbctsofPartialDrainageontheLateral

DeformationofClayFoundations

7國1.Introduction

Theproblemoflateraldefomationofsoftfoundationsunder

embankmentsandcoastalfillshashadincreasingattention.Aullique

飴atureoftheproblemliesinthatitrelatesnotonlytotheproblemof

containedplasticfloworgroundfailure,butalsototheproblemofmulti-

dimensionalconsolidation.Thismeansthatclassicalsoil-mechanics

approaches,inte㎜softheme血odoflimitequilibriumor山eoedometdc

me山odofconsolidationarea㎞ostinvalidfortheproblemofpredicting

lateralsoilmovements.Anotherinterestingfeatureoftheproblemstems

fromthegeologicalbackgroundofalluvialdeposits.Thatistosay,the

layerednatureofsuchsoildepositsexertsaprofoundinfluenceonthe

pattemandevenmagnitudeof山elateraldefo㎜ation山atdevelopswhen

thedepositisloadedbyanemban㎞1entoracoastalfill.

Finiteelementanalysishasbeenintroducedtoestimatethelateral

groundmovementnumericaUyandhaveproducedresultstosomeextent.

However,consideringthemodelingofthefoundationground,serious

discrepancyexistsbetween山emodelfoundationgro㎜dconciselyassumed

fornumericalanalysisandthenaturaldepositsthatpotentiallyhave

inclinedorundulatedbeddingstrata,sandseamorsandlenseinsidethick

claylayers.Unfortunately,thisheterogeneityhasremafkableeffbctonthe

pattemImdthemagnitudeoflateralgroundmovement.Withthesereasons,

aswellasdifficultyofestimationofthephysicalpropertiesoftheground

materialsandmodellingofactualloadingprocess
,lateralground

movementissohardtobequantitativelypredictedevenbyusingthe

detailednumericalanalysis.
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Inthischapter,arationalframeworkforassessinglateral

defb㎜ationsofembankmentfbundationsisinvestigated.Forthispurpose,

resultsfromelasto-viscoplasticconsolidationanalysesintemlsofthe

methodoffiniteelementswinbepresentedinchartfbrm.Emphasiswillbe

placedonquantifyingtheeffbctsofembankingspeedorpartialdrainage

uponthelateralsoilmovements.Thentheeffbctofstratificationofnatural

soildepositsonlateralgroundmovementcharacteristicsissubstantiatedby

systematicallycompletingthe'η5'伽performancesforthetest

embankments,andthelateraldefo㎜abilityoftheclaydepositsisalso

discussed.

7・2.Elasto・ViscopasticFiniteElementAnalysis

Theelasto-viscoplasticconstitutivemodelusedinthispaperwas

proposedbySekiguchi(1977).Sekiguchiα αZ.(1982)modifiedthemodel

toaplane-strainversion.Theviscoplasticflowmleforthemodelis

generalyexpressedas

∂F
留=五 ∂σガ (7-1)

inwhichFistheviscoplasticpotentialandAistheproportionalconstant.

ViscoplasticpotentialFisdefinedasfbllows:

F=曲[1+ψ 妥 ・xp(を]=・ ・ (7-2)

inwhichaisαsecondarycompressionindex,voisthereference

volumetdcstrainrate,ノisthefmctioninte㎜softheef色ctivestressand

四istheviscoplasticvo1㎜etricstrain.㎜econcretefo㎜ofthemodelis

showninthepreviouschapter.Theresultingconstitutiverelationsare

implementedintothefiniteelementanalysisprocedurethroughthe

followingincrementalfo㎜:

μ σ7=κ ・P1μ ε}一μ σRノ (7-3)
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Where{ム σ'}and{ム ε}aretheassociatedsetsoftheeffbctivestress

incrementsandthestrainincrementsrespectively,and[C明standsforthe

elasto-viscoplasticcoefficientmatrix.Theterm{ぴ}representsasetof

冒relaxationstress'whichincreaseswithtimewhenthestrainisheld

constant.TheporewaterflowisassumedtoobeyisotropicDarcy'slaw・h

relationtothis,itisfu曲erass㎜ed血at血ecoeHicientofpe㎜eability,ん,

dependsonthevoidratio,8,inthefbllowingb㎜:

ん=緬 ・ex艦fO) (7-4)

inwhichんoistheinitialvalueofんatε=εoandλkisamaterialconstant

govemingtherateofchangeinpermeabilitysu切ectedtoachangeinthe

voidratio.

7・3.FrameworkforAssessingLateralSoilMovements

7-3-1.BasicParameters

Consideralongemban㎞lentconstnlctedonthebedofsoftclay

(F∫8.1ω).Thebasewidthofthefillanditsheightfromtheground

su㎡acearedenotedbyBandh.Thethic㎞essoftheso丘foundationis

denotedby11.Duetotheweightofthefill,thefoundationblock

immediatelybelowthefillwilldefo㎜inamannersuchasshownin

F'8.1rの.Here,ρcLrepresentsthesu㎡acesettlementatthecenterofthe

emban㎞1ent,V戸representsthevolumelostinsettlementandVδstandsfor

thevolumegainedinlateraldisplacement.Thelateraldisplacement,δwill

hereafterbetakenaspositivewhenitisdirectedawayfromthe

embankment.Thenetreductioninthevolumeofthefoundationblockmay

beexpressedasVη6∫=防)-VδThismayalsobeexpressedinthefbllowing

dimensionlessfo㎜:

v。,,=随
yoyo

(7-5)
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Here,Voisthevolumeofthefomdationblockpermnningmeter.Note

thatthosevolumetricparametersdefinedabovewinbeusedbelowto

quantifytheoveralldegreeofpartialdrainageofsoftfbundations.

Itisalsoconvenientfbrlaterdiscussiontodefinethemaximumvalue

inagiven,verticalprofileoflateraldisplacementatorverynear血etoeof

山eemb血ent(seeFl8.11わ1).h血ispapersuchalocalmax㎞ ㎜ofthe

lateraldisplacementsisdenotedby砺.
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Fig.1Cross-sectionofanEmban㎞lentFoundationSystemtogether

withPrincipalSymbolsIhdicated

7-3-2.DistributionofLateralDisplacements

Thedistributionoflateraldisplacementswithinanemban㎞1entf6undation

atagiventimeisbestillustratedinthefo㎜ofcontoursofequallateral

displacement.Suchanex㎜pleisgiveninF∫8.2.Theresultsarebasedon

acoupledstress-flowanalysisusingthemethodoffiniteelements,inwhich

aplane-strainversion(Sekiguchi6∫ α1.,1982)oftheelasto-viscoPlastic

constitutivemodelfbrclay(Sekiguchi,1977,Sekiguchiθ ∫01.,1981)stated

intheprevioussection,isimplemented.Onlytheright-handsideofthe

embankment-foundationsystemisshowninF'8.2,inviewofthe

symmetryofthesystemconsidered.Notethatthelargestlateral

displacementoccursatpointA,belowtheapproximatelymidsideofthe

slope.ConsidernextaverticalIinethroughpointB,runninginclose

proximitytothetoeoftheembankment.Inthisparticularprofile,the

lateraldisplacementstakealocalmaxim㎜,妬,atapointjustexemplified

bypointB.Itisnoteworthythatsuchaparticularmaximum,δ 濡,
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apProximatesnumerically

exhibitedatpointA.

tothelargestlateraldisplacement suchas

4.6

9.8

ぞ
　 しヨ　む

言

峯

17.0

20.8

25.9

」6(m)

100.0

Fig.2CalculatedContoursofEqualLateralDisplacement

InFl8.2itshouldalsobenoted山atalocalmaxim㎜ofanother

k㎞disrealizedatpointC.Thatistosay,thefbllow㎞grelationholdsat

pointC:

翻÷ ・ (7-6)

Here,ε 海isthehorizontalstrainandκdenotesthehorizontalco-ordinate.

Thusthelinesjoiningsuchpointsas・AandCrepresentthelociofzero

lateralstrain,insidewhichthelateralstrainsareexpansiveandoutside

whichthelateralstrainsarecompressive.Aseriesofrelatedfinite-element

analysessuggestthataworkableexpressionforthelociofzerolateral

strainisasfbllows:

κ=(α2+わ2)1!2 (7-7)
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whereαisthehalfofthecrestwidthoftheembankmentandわisthehahl

widthattheemban㎞1entbase.

ItshouldbementionedherethattheEg.r7-7/isobtainedbyref6r血1gto

thecorrespondingexpressionfbrthesemi-infinite,undrained,elasticbody

subjectedtoemban㎞entloading.Namely,thelociinthecaseofan

undrainedelasticgroundtakethefoUowinganalyticalfo㎜:

x2.z2=産
2

(7-8)

whereαandわaretheshapeparametersfortheemban㎞1entloading(see

F∫8.3).TherearesomefactorsinvalidatingEg.r7-8パbrmorerealistic

groundconditions.Thesesincludethepresenceofadgidbaseorfi㎜

stratabelowtheclaybedasweUastheoccurrenceofpartialdrainageeven

duringconstmctionstage.Notethatthejustmentionedisthebackground

ofsuggestingEg.r7-7♪forIrealisticsoilconditions.
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7-3-3.PartialDrainageasAff6ctedbyEmbankingSpeed

Thepurposeofthissectionistorelatethepartialdrainageofaclay

foundationtotheembankingspeedaswellastheconsolidationcapabihtyof

1heclayfb㎜dation.

Considerthatanembankmentisconstmctedonahomogeneousbed

ofclayataconstantrateofloading,9,toaprescribedintensityofloading,

9εc,andthereafteritislefttostandatthatconstantloadintensity・In

general,thedegreeofpartialdrahlagewithhltheclayfoundationdepends

ontherateofloadhlgrelativetoitsconsolidationordra㎞agecapability・It

isa加ropriatehereintointroduceatimefactor,Tθc,asbeingsucharate

parameter.Thatistosay,

Cv・ ∫ε`

Lc= (7-9)

where∫ θcistheelapsedtimetotheendofconstnlctionoftheembankment

fromitscommencementofembanking,cvisthecoefficientof(one-

d㎞ensional)consolidationoftheclayfoundationand114isthemaximum

lengthofdrahlageoftheclayfoundation.

Thenextthingtodoistodefinetheoveralldegreeofdra㎞ageofthe

clayfoundationinte㎜sofarelevantmeasure。Forthispurpose,we

introducethefbllowingparameter:

vπ ε,(∫)σ
。(∫)=v

π8げ
(7-10)

Here,σvωstandsforthedegreeofconsolidationatanyinstantoftime,∫,

inte㎜softhenetvolume-changesofthefoundationblockdiscussedin

Fl8.11α1,and/レ πε∫左denotesthef㎞al,netvo1㎜e-changes血atarereached

iftheintensityofloadingismaintainedatg=gεcaftertheendof

constmctionThephysicalmeaningofthenewparameterσvcanclearlybe

seenfromF'8.4.Here,thenormalizedvolume-changesgainedinlateral

defo㎜ationaredrawnagainstthenonnalizedvolume-changeslostin
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settlementafterthestoppageoffburdiffbrentratesofembanking.TheB/H

ratioinvolvedisequalto2,andtheloadleveladoptedisequalto

g8c1σ 》c'=1.8,whereσ レc'istheverticalconsolidationpressure.Thebroken

linesonthisfigureschematicallyshowthebehaviordu血gtheconstmction

stage.Notethattheperfo㎜ancewithT8c=Bstandsfortheper琵ctly

drainedpe㎡omlance,andthisiscomputationallyrealizedhereby

renderingthecoefficientofpe㎜eability,ん,ofthefoundationclay

infinitelylargeinvalue.Itisseenthatinthisparticularexample,allthe

finalpointsfaUonthelineofyπ8/Vo=5%,irrespectiveoftheTecvalue.

Thisisadirectconsequenceofthepresentconstitutivemodelandis

compatiblewithwhathasbeenobservedformanyclays(Schofieldand

Wroth,1968).Itisthuslogicaltodefinethedegreeofconsolidationin

te㎜softhenetvolume-changesinthefb㎜ofEg.17-1の.Indeed,血el㎞es

ofequalσvinF∫8.4aredrawnonthebasisoftheabovereasoning.

(
訳
)

母

＼
.

(%)

冗,

0.02

0。2

0.7

%/Vb(%)

Fig.4CalculatedPer丘D㎜anceofDisplacementVol㎜es

Letで σv,εcbethedegreeofelasto-viscoPlasticconsolidationattheend

ofconstruction,inthesensestatedabove.Thecalculatedrelationship

between`σv/8candthecorrespondingtimefactor,T8c,fbrthe、B!Hratioof
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2isshownhlF'8.5.NotethatcalculationsatotherB/11ratiosof3,4and6

yieldcurvesessentiallythesameasin血ecaseofB/11=2,althoughtheyare

omittedonF'8.5forbrevity .Instead,thetheoreticalrelationshipbetween

theend-of-constnlctiondegreeofconsolidationandthetimefactor

obta血edbyL㎜b(1963)within血e丘 皿1ewo止ofone-d㎞ensionalelastic

consolidationispresented元nF∫8.5.Itisofinteresttonotethatbothcurves

areremarkablysimilardespite山eirtotallydii琵rentsetsofass㎜ptions .
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Fig.5CalculatedRelationshipbetweentheDegreeofConsolidationand

theT㎞eFactor

7-3-4.EffectsofPartialDrainageonLateralSoilMovements
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degrees ・f・ ・n・・lid・ti・nint・ ㎜ ・ ・fth・n・tv・1ume -ch・ng・ ・ 。fth,

foundationblockswithB/」 厚ratiosof2
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givenBIHratio,thelateraldefo㎜ationdevelopsmorerapidlyasthe

d・g・ee・f・ ・n・・1id・ti・n㎞telm・ ・f血 ・n・t・ ・lume-chmg・ ・
,rひ 。,㌶i・less

than30%.

(
α
〉

＼
の
〉

)

1.0

0,8

σ6

O.4

0.2

0020406080100

DegreeofConsolidation,(Uv)㏄(%)

Fig.6RatioofDisplacementVol㎜ePlo枕edaga㎞st

1血eDegreeofConsolidation

FromF∫8.6itisalsonotedthatfbragivenvalueofrσv♪8c,the

lateraldefb㎜ationtendstobesuppressedwi山increasingBIHratio,except

fortheundrainedcasewherethevalueofyδ/Vρisalwaysunityby

def㎞ition.

7・4.PerformancesofLateralDeformationinNatllralSoilDeposits

7-4-1.IhtroductoryRemarks

Theperfo㎜ancesoflateraldefo㎜ationinnaturalsoildepositsare

discussedinthischapter.Theunderlyingideaisthatthevarietyofsoil一
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fom1㎞9Processesiswellreflectedinthestratificatiollofeachdepositas

wellasinthenatureoftheconstituentsoils.

Letusfirstmakeabriefreviewofthecasehistoriescompiledby

Tavenasθ ∫01.(1979).From{heinfo㎜ationgivenin血eir励161,we田ke

upthelateraldeformabilityfactors,で δ配/」ω8c,foratotalof21

emban㎞entsanddepicttheminthefonnofFl8.7.Here,δ 配isthe

maximumlateraldisplacementinaverticalprofilethroughthetoeofa

givenembankment,11isthethic㎞essoftheso丘foundationsandthe

subscript,εc,meanstheendofconstmction,asdefinedbefore.Weclassi旬

thestatusofeachembankmentasfbllows:'℃onstmctedtofailure"or

"Veryclosetofailure'冒or"Stable"
,onthebasisofthedescriptionby

Tavenasε ∫01.(1979)andtherelatedrefbrences・Al50,wearrangeallthe
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embankmentsinfivegroups,inviewoftheconstmctionsitesonaglobal

scale.Itisthenclearthatthecasehistoriescoveredareconcemedwith

ratherrestrictedregionsintheworld.Careshouldbetakenillthisregard,

however,thattheapparenttrendwouldbeowingprincipallytothe

availabilityofthepublishedcasehistories.Inotherwords,thetrend

encouragesustocollectmoreinfo㎜ationfromsourcesef琵ctivein山e

otherregionsaswell.

AnotheraspecttobenotedinF∫8.7isthescopeindefb㎜abiliW.At

theoneextreme,thekodatestembankment(5"ε7)exhibitsthelateral

defo㎜abilityfactorashighas7%.Incontrast,thePoπsmouthtest

embankment(∫1∫611)has山elateraldefo㎜ability魚ctoraslowasO.17%,

althoughitwasbroughttoeventualfailure.Sucharemarkabledifference

inthelateraldefo㎜abilityseemsto 、comepdmahly仕omthedif飴rencein

thenatureofthesoildeposits.Inthefollowingsectionsthisinteresting

aspectwinbediscussedfuUy.

7-4-2.TheDepositsofSoftSoilsSelected

Atotalofninedepositsofsoftsoilsareselectedfbrthepresent

discussion.Theirsourcesofinfo㎜ationaresummarizedinTα わ1ε1,

togetherwiththeprincipaldataontheemban㎞1entsconstmctedonthe

deposits.Thecolu㎜arsectionsbelo舳egroundlevelaresho㎜inFl8.

8,relativetothemeansealeve1(ルf.3.L.).Colu㎜arsectionlrepresentsa

Table-1SummaryoftheNineDepositsofSo丘SoilsSelected

Column.

Sec.No.

Site NaUonB
(m) )

H

m(

SourceofData

1

2

3

4

5

6

7

8

9

Koda

Ebetsu

AtchafalayaLevee

RiodeJaneko

RiverThames

Cubzac-les-Ponts

Portsmouth

Boston

Kanda

瑠
蹴
鳳謙
蹴

4

3

2

0

7

3

1

1

2

2

6

7

4

4

4

7

7

6

6.0

28.9

36.0

11.3

12.0

9.0

13.4

45.6

23.3

Muromachi&Wa伽abe(7)

工H.P.C.(8)

Kauf㎞an&Weaver(9)

Ramalho-0虹tigaoetal.(10)

M訂sland&Powe11(11)

MagnanetaL(12)

Ladd(13)

Lambe(14)

J.H.P.C.(15)
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Fig.8StratificationoftheSoilDepositsSelected

boreholelogthatwastakenfromasmall-scaledepositofpeatlocated

betweenhills.Colu㎜arsections2and3bo山fea血rethelarge-scale

lowlands,inwhichthereexistthethickbedsofsoftclaysoverlainbythe

highlycompressiblepeats.Columnarsections4,5and6indicatethe

depositsofs面,slightlyorganicclays,wi血claycmstsCol㎜arsection7

isdrawnfbrthedepositofthehighlysensitiveclaythatwaspresumably

su切ectedtoleaching.Colu㎜arsection8飴a缶restheve理 山ickl児dof

Bostonblueclay(Lambe,1973,D蜜Appoloniaε'α1.,1971).Notethatthe

upPerhalfoftheblueclayisoverconsolidatedtounusuallyhighextents,

comparedwithanordinarydepositofalluvialclay(」F'8.9).Indeed,the

presenceofthesandyglacialtillbelowtheblueclayisrevealing

concem血gtheprocessoffo㎜ationofthispa丘iculardeposit.Col㎜nar

sectiongin」F'8.8depictsaboreholelogthatwastakenfromapast

drownedvalley(markedConF'8.10),intheKmtodistrict,Japan(The

JapanHighwayPublicCorporation,1981,Endoε ∫α1.,1983)。Notethatin

thisdepositthethickbedofmarineclayisoverlainbythenaturally
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sed㎞entedsand.Itwin血usbeevident出atdlesoildepositsselectedhere

coveracomprehensiverangeofanuvialdepositsofclaysandpeats・

7-4-3.TheS仕ess-Defb㎜abilityPe㎡bnnancesandDiscussion

7-4-3-(1).Pressure-Defb㎜abilityCurves

Theperfo㎜ancesoftheeightdepositsloadedbytheembankments

aresho㎜inF∫8.11.Here,theobservedmaximumlateraldisplacementhl

averticalprofilethroughthetoeofeachembahkmentisplottedagainstthe

appliedloadintensityfortheconstructionphase.FortheEbetsutest

emban㎞1ent,thepe㎡omlanceduringtheholdingperiodandthesecond

fillingstageisalsoindicated.Thepe㎡omlanceoftheAtchafalayaleveeis

notshowninF'8.11,becauseitwasconcemedsolelywiththetestraising

oftheexistingbankandtheprecedinglateralsoilmovementsduetothe

20

宕ど

ぎ40

`
き

9

§

i60

≦

80

0 50
9=r・ ん(kPa)

100150 200 250

Fig.11Load-Max㎞ ㎜LateralDisplacementCulves飴rEightDeposits
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existingbankwerenotreportedintheliterature(Kau丘nanandWeaver,

1967).Bycloselyexaminingthepressure-defo㎜abilitycurvesinFl8.11

inthelightofthesoilprofilesshowninF'8.8,wecancometoa

conclusionthatthosepressure-defo㎜abilitycun7eswellre且ect血enature

ofthesoildepositsconcemed.

7-4-3-(2).PracticalImplications

Thepressure-defo㎜abilitycurvesshowninFl8.11includethose

血omthefburtestemban㎞1entsthatwereactuallybroughttofailure:Rio

deJaneiro(Ramalho-Ortigaoε'α1.,1983);RiverTh㎜es(Marslandand

Powell,1977);Cubzac-les-Ponts(A)(Magnanε ∫ α1.,1983);and

Portsmouth(Ladd,1972).InthecaseoftheRiodeJaneirotest

embankmentaswellastheRiverThamestestbank,thestiffhessfactor,

ムg!ム 傷,tendstodecreaseremarkablywithincreasingintensityofloading,

g㎜tiltheeventualfailureoftheembankmentisreached.This㎞mediately

suggeststhatfortheseparticularkindsofsoftdeposits,themonitoringof

lateralsoilmovementsisaneffbctivemeansforidentifソingtheimpending

飴ilureoftheemban㎞ent-foundationsystem.

TheabovestatementcanberehlforcedfromF∫8.12,whichindicates

thereporteddegradationinoveraUstiffhessofthesoftfoundationsbelow

theRiverThamestestbank(MarslandandPowell,1977,Shibataand

Sekiguchi,1980).Noteherethatthetestbahkwasbroughttofailureby

regularlyplacingO.33meter-thickliftsatone-dayintervals(Marslandand

Powell,1977).Theresultingincrementinlateraldisplacement,ム δ,over

(
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thatone-day㎞tervalisindicated㎞F'8.12rα ノasafunctionoftheheightof

thebank,ぬ,f士omtheoriginalgroundlevel.Theassociatedrelationship

between山estifhessfactor,ム 〃 ム δ,andthefinheight,ぬ,issho㎜inFl8・

12で わ,,afterShibataandSekiguchi(1980).Itisseenthatathigherlevelsof

loadingthestiffhessfactor,ム 〃 ム δ,tendstodecreaselinearlywith

increasingheightofthebank,h,thusenablingonetoassessthefailure

height,伽hladvanceoftheeventualfailure(ShibataandSekiguchi・1980)・

Suchanobservationalprocedureoffailurepredictiond㏄snotseem

tobeapPlicable,however,todepositsofbrittlenature.Acase-history

㎞plyingthisiswiththePo茸smouthtestembankmentthatwasbuiltonthe

止丘ghlysensitiveclay.Indeed,Ladd(1972)reportsthatthetestemban㎞1ent

underwenteventualrupture,withoutanynoticeablesignsoffailure.The

pressure-defo㎜abilitycurvegiveninF'8.11alsoiscompatiblewiththe

statementmadebyLaddandisonlybarelyindicativeofthedegradationill

stiffnessbefbrefailure.

Theperfo㎜anceoftheCubzac-les-Ponts(A)testembankmentis

alsoworthdiscussing.Thedepositisfeaturedbya8meter-thick,slightly

overconsolidated,softorganicclaythathasanaturalwatercontentashigh

as200%atitsweakestportion(Magnan8'α1.,1983).Thepressure-

defo㎜abilitycurvedepictedinFl8.11,however,suggeststhat山eoveraH

stiffnessofthedepositismoderate.Inthisregard,itisimportantto

recognizethatthesoftorganicclayactuallyiscoveredwitha1.8meter-

thick,overconsolidatedclaycmst,andthattheemban㎞1entwasbroughtto

failureratherrapidlyin8days(Leroueilε'α1。,1985).∬theloadingwere

perfb㎜edmoreslowly,thenthepassageofthefoundationsoilsffomthe

overconsolidatedtothenormallyconsolidatedstatewouldhavebeenmore

dominant,thuscausingmoreremafkablereductionintheoverallstiffness.

Itmaynowbeinstmctivetosetaref6rencebearingcapacity,insuch

awaythatasoildeposithavingalowerbea血gcapacityexhibitsthehighly

ductilebehavior,whereasasoildeposithavingalargerbearingcapacity

undergoestheratherbdttle悦havior.職eresultssu㎜adzedinFl8.11

suggestthatsuchaIrefbrencebearingcapacitycanbetakenataround100

んPα.
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Inessence,theabovediscussionemphasizestheimportanceof

anowingforthedefo㎜abilityorthenatureofthesoildepositaspa鷲of

thestrategyfbrmonitoringtheembankmentstability.

7-4-4.Pe㎡b㎜ancesofPanialDrainageandDiscussion

Themeasuredrelationshipsbetweenthevolumegainedinlateral

de飴 ㎜ationandthevo1㎜elostinsettlementaresho隅 舳Fl8 .13飴r血e

peatdeposit(Koda)andforthedepositsofsoftclaysoverlainbypeats

(EbetsuandAtchafalayalevee).hF'8.13ω,thepe㎡b㎜{mcesdu血gthe

constmctionstage(orthefirstfillingstage)aredepicted,whereasinF∫8.

131わ1,thepe㎡b㎜Imcesaftertheendofconstmction(ortheendofthe

firstfillhlgstage)arealsoindicated.SymbolsEand30nF'8.13rわ ノstand,

respectively,fortheendofthefirstfillingPhaseandthestartofthesecond

fiUingphase.WhatismostnotableffomF'8.13isthatthebehaviorofthe

softfbundationsisfarfromundrained,orisochoricinamorerigorous

sense,evendur㎞gtheload㎞gstages.
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Theratiosofthevo1㎜egained㎞1ateraldefo㎜ationto山evolume

lostinsettlementattheendofconstmction,orattheendofthefirstfilHng

stage,areplottedinF'8.14againsttheBIHratiosofthefiveembankments

indicated.Forpu荘)osesofcomparison,thetheoreticalresultsdiscussedill

F∫8.6arealsoindicatedonF'8.14.

1£tus丘rstdiscussthepe㎡o㎜ancesoftheEbetsutestemban㎞ent.

Theselectionofthethicknessofsoftfoundations,11,fbrthistestsite

deservesattention,becausethelreexisttheintercalatedsandsintheclaybed

(seecolu㎜arsection2inFl8.8).Insho質,wehaveadoptedthe山ic㎞ess

(11*=11.37η)ffomthegroundsurfacetothetheuppersandlayerat

ル1.∫.L.-3.6m,inviewoftheinc1㎞ometerreadingsavailable,insteadofthe

totalthic㎞essofdleso負fbundations,H=29.5〃20naverage.Itshouldalso

bementionedregardingthetestsection(RF)thatthesanddrainswere

installeddowntotheleveloftheuppersandlayer,andthatthe

reinfbrcementofthefillitselfwasmadeusingsteelstrips.Acomparison

betweenthefieldperfo㎜anceda即lottedonFl8.14clearlyshowsthatin
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血isparticularsite,{heslmd-draintreatmentofthesoftfo㎜dationscoupled

wi血thefillreinforcementwashighlyeffbctiveinsuppressingthelateral

刊ow.Inthisregard,itmaybeappropriatetomentionthatinthetest

sectionmarkedRF,thefillwassuccessfullyconstmcted,intwostages,to

theheightof8.01η,whereasintheuntreatedsection(1VF3)thefinwas

raisedtotheheightof35〃 ～withmuchdifficulty(TheJapanHighway

PublicCorporation,1979).

111thecaseoftheKodatestsite,however,nobeneficialeffectsof

instaUingsanddrainscanbeseenffomthefieldperfomlancedataplotted

onF∫8.14.Thismaybeascribedtothefactthattheemban㎞lentwidth

relativetothethic㎞essofthepeatlayeτwasrathernarrowatdleKoda

testsite,ascomparedwiththeEbetsutestsite.

The且eldperfo㎜ancedataofthetestsection20f血eAtchafalaya

leveeplottedonFl8.14,suggests血atsigni丘cantnetvol㎜e-changeswere

accompaniedbythegrounddefo㎜ation.Thissuggestionwouldbe

interesting,inviewoftherepoltedfact(Kaufh1ImImdWeaver,1967)dlat

thetestsectionwasdesignedatafactorofsafbtyequaltol.1andwas

actuallymarginalinstabilityatthefinalstageofthefillingwork.Aclue

forre-examiningtheabovesuggestioninthefuturewouldbetoassessthe

degreeofsaturationofthefoundationsoils(inparticular,ofthepeaty

soils),andtomakeclearhowmuchtheporewaterwasreallysqueezedout

ofthefbundationsoils.

7・5.Conclusions

Aframeworkforassessingthelateralsoilmovementshasbeen

developed,basedonthecoupledstress-flowanalysesusingthemethodof

fhliteelementsandbasedonadetailedstudyofthefieldperformancedata・

Thef止ameworkfacilitatesageneralunderstandingoftheproblemof

Iateralsoilmovements,beforeconductingindividualnumericalanalyses

forspecificconfigurationsofembankmentsonspecifickindsofsoftsoils・

atspecificsites.Thisperspectivebecomespaπicularly㎞po丘ant,inview

ofthefollowingmainfindingsofthepresentresearch:
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(1)Degreeofpartialdrainageofemban㎞1entfbundationisgovemedby

therateoffillingandtherateofconsolidation,anditcanbeesthnated

byus㎞gthet㎞efactorproposedhere.

(2) Theratioofdisplacementvolumes,y∂r%isintroduced.Itisdefined

as血eratioof血evol㎜egained血1ateraldeb㎜ationtothevolume

lostinsettlement,andgovemedbythedegreeofpartialdrainageand

β/11ratio.

(3) Thenatureorstratificationofthesoftsoildepositsiswellreflectedin

theirpressure-1ateraldeformabilityperformances,thatis,

deteriorationofthefoundationrigidityisremarkablefbr'weaksoft

foundations'thatmainlyconsistofpeatororganicclay,whereas,

almostnoreductionintherigiditytakesplacefor'stiffclay

foundations'formedinthepost-91acialarea.

(4)Inmanycases,asignificantdrainageisaccompaniedbythelateral

groundmovementtakingplaceevenduringtheloadingstage.
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DeformationAnalysisofaReclaimedMarine

FoundationSubjectedtoLandConstruction

8-1.Introduction

Theoutstandingdevelopmentofcoastalareashasrecentlybeen

accomplishedhereinJapan.AsshowninF'8.1,wealreadyhavehuge

reclaimedislands,alongtheOsakaBay,suchasPortIsland,RokkoIsland

andtheOsakaNankoIslands.Furlhermore,KansaiIhtemationalAilportis

underconstructionintheoffingofsouthemOsaka.Withtheconstruction

ofoffshorestructures,thedefb㎜ationandstabilityofthealluvialclay

sedimentedinclosevicinitytotheseabedhavebecomeanissuebecauseof

itslowstrength.hordertoovercometheseproblems,theaUuvialdeposits

justbeneaththerevetmentsareoftentreatedwithdenselycompactedsand

(3CP)tocontrolthesettlementofthefbundationgromd.Inaddition,sand

窃

N蝕 。/蓬
工slands

伽 。ai/ダ
エnternational

Airport

Yα ヨO

River

Osakacity

★Koshien

Reclaimed

Land

Fig.1DistributionofReclamationDevelopmentintheOsakaBayArea
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drainsaredrivenintotheclayfoundationtopromotedrainageand

consolidation,especiallyinthereclaimedareas.Ihthisway,goodresults

havebeenobtainedfordefo㎜ationandstabilitycontrolofalluvial

depositsbysoi1㎞provement.

Asoff曲orestmctureshavebeengrowinglarger,however,deepand

thickdiluvialclaylayerssedimentedbeneaththealluvialdepositshave

beguntobeaffected.Therefore,theplasticyieldingandlong-term

characteristicsofthediluvialclayhavebecomeaproblem.Sinceitis

a㎞ostimpossibletoimprovediluvialclaylayers,becauseoftheir

stratigraphicposition,consolidationtakesmuchtimeandcorresponding

long-te㎜defo㎜ationwillcontinue.When血efoundationisbuilt,asand

gravelstratumsituatedbetweenthealluvialanddiluvialclaydepositsis

usuallyselectedasabearingstratum.Therefore,thelong-te皿settlement

ofthediuvialclaylayershasanegativeeffbctonthesuperstruct皿res;the

dif驚rentialse虻1ementispa丘icularlyha㎜fultodleconsistentoperation.

Inthischapter,defomlationallalysisofareclaimedmarine

foundationisperfo㎜edinte㎜softheelasto-viscoplasticfiniteelement

method,inwhichtheconstmctionprocessofreclaimedgroundhasbeen

modenedexactly.TheKoshienrecla㎞edland,whichisunderconstmction

isexemplifiedhere.Firstly,thestabilityofthereclaimedmarine

foundationisinvestigatedthroughanelaborateconsiderationof

numericallyderivedsettlementandlateraldisplacementprofilesandthe

generating/dissipatingprocessofexcessporewaterpressuresuhjectedto

rec1㎜ation.Specialattentionisthenpaidtotheestimationoftheplastic

yieldingphenomenaofthediluvialclaylayers,whichhasaseriouseffbct

onthelong-temdefo㎜ationofthereclaimedmarinefoundation.

Secondly,thesettlementofthegroundsu㎡aceandthediluvialclay

deposits,lateraldisplacementprofilesandexcessporewaterpressurewith

depthwereobservedforthereclamationperfbrmedduringfiscal1988.

Thecalculatedperfo㎜ancebyFEMiscomparedwiththeselη ∫枷

measuredresults.Thevalidityoftheelasto-viscoplasticalgodt㎞used

hereisthendiscussed鉛rdefb㎜ationpredictionof山erecla㎞edmahne

foundation.Finally,anumericalanalysisisperfo㎜edtoinvestigatethe

ha㎜fule仔bctsoftheresidualdefo㎜ationoccurringa丘ercommencement
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oftheoperationontheHanshinExpresswayBayroute,whichwillbe

constnlctedonthisreclaimedland.Theconsistentoperationofthe

expresswayisalsothendiscussed.

8-2.Elasto・Viscopl3sticFiniteElementAnalysis

8-2-1.Elasto-ViscoplasticConstitutiveModel

Theelasto-viscoplasticconstitutivemodelusedinthispaperwasproposed

bySekiguchi(1977).Sekiguchietal.(1982)modifiedthemodeltoaplane-

strainversion.Theviscoplasticflownllef6rthemodelisgenerally

expressedasfbllows:

旅
賜

話鍔 (8-1)

inwhichFistheviscoplasticpotentialandAistheproportionalconstant.

ViscoplasticpotentialFisdefinedasfbllows:

F=αh[1+v岩 ∫exp(
α)]=・ ・

(8-2)

inwhichαisasecondarycompressionindex,ψoisthereference

volumetricstrainrate,ノisthefunctioninte㎜softheeffbctivestressand

vPis血eviscoplasticvo1㎜etricstrain.Theconcrete鉛 ㎜of山emodelis

showninrefbrence4(MimuraandSekiguchi,1986).Theresulting

constitutiverelationsareimplementedintothefiniteelementanalysis

procedurethroughthefbUowingincrementalfb㎜:

rム(θ=∠cゆ1∠ ム毎 一∠ムσRノ (8-3)

Whereμ σ7andμ ξノaretheassociatedsetsoftheef艶ctivestress

incrementsandthestrainincrementsrespectively,md'C勿standsforthe

elasto-viscoplasticcoefficientmatdx.Thete㎜rσR/representsasetof

'rε1ακα∫∫oη ∫∫rε∬7whichincreaseswithtimewhenthestrainisheld
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constant.TheporewaterflowisassumedtoobeyisotropicDarcy'slaw・hl

relationtothis,itis血 曲erass㎜edthat血ecoe仔icientofpe㎜eabiity,ん,

dependsonthevoidratio,εinthefoUowingfo皿:

ん二妬・ex鰐0) (8-4)

inwhichんoistheinitialvalueofんatε=80andλ 鳶isamaterialconstant

govemingtherateofchangeinpe㎜eabilitys呵ectedtoachangein血e

voidratio.Thedrainageeffectofsanddrainsdrivenintoalluvialclay

depositsisfo㎜ulatedbythemacro-elementmethod(Sekiguchiε ∫ α1。,

1986).

8-2-2.GeneralConditionofKoshienReclaimedLand

TheplanfortheKoshienreclaimedlandisshowninF∫8.2.The

chain-dottedlhlewiUbethecenteroftheHansh㎞ExpresswayBayroute.hl

thispaper,coupledstress-nowanalysisinte㎜sof血eelasto-viscoplastic

＼ 964m

Fig.2PlanViewofKoshienRecla㎞edLand
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finiteelementmethodispe㎡b㎜edalongthesectionshownby舶'
,ata

rightangletotheexpressway.

Thesoilprofileforthe」FEanalysisisdeterminedonthebasisofthe

soilboringlogshowninF∫8.3.Asubsoilinvestigationwascarriedoutat

thepointrepresentedbyPinF'8.2.Theoriginalfoundationglroundis

O
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Distribution

modelledasshowninF'8.4.TheregionselectedfbrtheFEanalysisis470

meterslongand83metersdeepintoadiluvialsandlayer.Thefoundation

assumedhereisdividedinto231ayers.AcrepresentstheaUuvialclay

Iayer,andthediluvialclaydepositsaredividedhltotwolayers(ル1α12and

ルfα11)byathickgravelsandlayer(Dg).Thethickgravelsandlayer

(D8),betweentheanuvialanddiluvialclaylayers,hasusuallybeenselected

asabearingstratumfbrsuperstmctures.Inthispaper,sandandgravel

bedsareassumedtobecomposedofpe㎡bctlydrainedelasticmaterialwith

noexcessporewaterpressuregenerationsutjectedtoloadhlg.Sanddra㎞s,

50cmindiameterandat2mregularintervals,aredriveninarectangular

arrangementjustbeneaththemoundrevetmenttopromoteconsolidation.
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Inregardstoreclamation,finiteelementscorrespondingtotheactual

constructionprocessaregenerated.Asaresult,wehave968nodesand909

finiteelementsforthecompletedcross-sectionoftheKoshienrecla㎞ed

land.

¢

o.P.-7.-7m Ac へ 呈 〆 qp+5m 〆=FILL
一

一go

露 準1
Dg SD

1
Ma12 i
D9.

1

Ma11 1
190m 280m

` 一 畷 融

A一 パsedi㎝

Fig.4FiniteElementModeloftheFoundation

8-2-3.Dete㎜inationofSoilParameters

Thephysicalpropertiesofthe

detemined{mdexplainedasfollows:

foundationclayandsandare

(a)CompressionIhdexλ

Thedefinitionofcompressionindexλis

ノし=-4ε/41nrσ レ'♪=0.434Cc (8-5)

Here,Ccisacompression㎞dexinte㎜sof山eco㎜onlogarit㎞sof

overburdenσv',thevalueofwhichcanbederivedbyconventional

oedometertests.
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(b)SweUingIndexK

Thedef㎞itionofswel血gindexκis

κ=一 ね1ε14hlrσψっ=0.434C∫ (8-6)

Here,C∫isalsoaswellingindexinte㎜sof山eco㎜onloga伽sof

ovefburdenσ り',thevalueofwhichcanbederivedbyoedometertests.

(c)CriticalStressRatioM

Concemingthecriticaleffbctivestressratio,M,wecannotdirectly

dete㎜inethevalueofM,sincenotriaxialcompressiontestswere

conducted.AvalueofMequalto1.4isadoptedasatypicalvaluefor

Osakaclayafterthef㎞d㎞gsbyTsuchidaε ∫α1.,(1984)andAdachiε'α1.,

(1985).Thecriticalstressratio,5'η φ',requiredfortheplane-strain

versionmodelusedhere,canbecalculatedbythefbllowingrelation:

・inφ冒=
6鷺

(8-7)

(d)SecondaryCompressionIhdexα

Secondarycompressionindex,αshouldbedete㎜inedbylong-te㎜

consolidationtests.However,sincenolong-te㎜consolidationtestswere

carriedout,weassumetheuniquerelationshipbetweenCα8andCchere

onthebasisof血eexper㎞entalfindings(Ishiiε ∫α乙,1984),thatis,

Cα ε=0.05Cc (8-8)

inwhichCα6denotesthesecondarycompressionindexintemlsofvoid

ratioε.Wethendete㎜inethevalueofαbythefollowingdeHnition:

α=
4霊 、=・ ・434(

C億

1+εo } (8-9)

●
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(e)Re琵renceVol㎜e面cS曾ainRatevo

Theratioofsecondarycompressionindexαtothereference

volumetricstrainrateウo,(α/寸o)meanscharacteristictimerelatedtothe

completionoftheprimaryconsolidation.Weadopt103daysforthe

alluvialclaylayerand104daysfbrthediluvialclaylayers(Sekig【1chiθ ∫α乙

1988).

(f)CoefficientsofEarthPressureatRestKo(Nc)andKo(㏄)

Thec㏄fficientofea曲pressureatrest,κo醐,underano㎜ally

consolidatedcondition,canbeintroduced丘omtheplane-strainelasto-

viscoplasticconstitutivemodel(Sekiguchi,1983)usedhere.Itisexpressed

asfoUows:

κダの一鑑 譜 (8-10)

Laddε'α1.(1977)s㎜arized山erelation加tween血ecoe雌cientofea血

pressureatrestandtheoverconsolidationratio(OCR)fbrvariousclays,㎞

termsoftheplasticityindexofclay.Thecoefficientofearthpressureat

restf6roverconsolidatedclayκoroのcanbedete㎜ine面om山efollowing

relation:

Kびoc♪=K6醐roα ～♪醒 (8-11)

Thesuperscript,〃z,canbederived血te】 ㎜softheplasticityindexofclay.

Andforordinarynaturalclaywhoseplasticityindexisaround40to80%,

由evalueofmisexpedmentallydete㎜inedasO.3.hlthisstudy,therefore,

thecoefficientofearthpressureatrestintheoverconsolidatedrange,

κ0/0の,isdete㎜inedasfoUows:

κo「oc♪=K∂ 個のrOCR,o・3 (8-12)

●
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(g)Poisson。sRatioinTe㎜sofEf飴ctiveStressv'

Poisson'sratiointe㎜sofef色ctivestressゾcanbeexpressedas:

ゾ=ぜ の
1+ぜ の

(8-13)

(h)ElasticRigidityGo

ElasticshearmodulusGoforoverconsolidatedclayiscalculatedby

thefbllowingequation:

1+・ ・,ぴvcGoニ1-2ゾ

2(1一 ゾ)κ
(8-14)

inwhichσV(メistheverticalpre-consolidationstress.Accordingtothe

data,thealluvialclaydepositisnomlallyconsolidated,whileonthe

contrary,thediluvialclaylayersremainoverconsolidated.The

overconsolidationratio,OCRfbrルfα11andルfα12adoptedhereare1・44

and1.5,respectively.Pre-consolidationstresscanbederivedffominitial

overburdenpressureσ 噛o'andtheOCRasfollows:

σκ'=(OCR,σ 》o' (8-15)

Ontheotherhand,theelasticshearmodulusforsanddepositsis

dete㎜inedbythefollowingempidcalrelationshipinte㎜softhe3PT-N

value(Yosinaka,1967)

70・1>G
o=2(1

+ゾ)
(8-16)

Valuesofthepdncipalsoilparametersares㎜adzed曲 わ18-1.
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8-2-4.ProcessofRevetmentConstructionandReclamation

TheconstmctionsequenceisshowninF'8.5andthecompleted

cross-sectionofthereclaimedlandisshowninF∫8.6withtheprocessof

therevetmentconstnlctionandreclamation.Firstofan,sanddrains(3D)

weredrivenintothealluvialdepositjustbeneaththemoundrevetmentto

promoteconsolidation,subsequently,arubblemoundhasbeenfo㎜edin

1985.Themoundrevetmentwasconstnlctedin1986.Reclamationwas
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initiated㎞1987,andtheareawheretheHanshinExpresswaywillbebuilt

wascompletedin1988withanO.P.5.Ometershigh.Reclamationofthe

islandwinbecompletedby1993whenoperationoftheexpresswaywill

co㎜ence,exceptthe且nalrais血gupto血eheightofanO.P.5.Ometers

plannedtobeperfbnnedinsideoftherecla㎞edlandin1997・

hst㎜entshave加ensetuptoobsewegroundmovementandthe

generationldissipationofexcessporewaterpressuresubjectedto

reclamations㎞cethebeg㎞ ㎞gof1988.Se賃lementplateshavel光enseton

thesu㎡aceofthereclaimedgroundalongthecross-sectionA-A',and

differentialsettlementgaugeshavebeeninstaHedinthefoundationground

togetherwithporewaterpressurecellstocheckthegeneration/dissipation

processoftheexcessporewaterpressure.Inaddition,inclinometershave

beeninstalledatthecenterlineoftheexpresswaytomeasurethelateral

displacementprofilesoftherecla㎞edma血efomdation.

8・3.C訊1culatedPerformanceoftheRecl紐imedMarineFoundation

8-3-1.SettlementProfiles

ThesettlementprofileoftheseabedalongcrosssectionA-A'

su切ectedtorevetmentconstructionandrec1㎜ationissho㎜inF∫8.7.A
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largesettlementoccurredbeneaththerevetmentbecausewaterdissipation

andconsolidationwerepromotedinthis5Dtreatedareaandconsiderably

heavylocalizedloadingwasapPliedattherevetmentconstmction.The

seabedheavedduetorapidconstmctionoftherevetmentattheedgeofthis

Iocalizedloadingarea,ashldicatedbythearrowsinF'8.7.Subsequent

extensivereclamationinitiatedin1987hasbeenperformedunifbrmly,such

thatthecorrespondingsettlementoftheseabedadvancedequaUy.Asa

result,anunevenshapeoftheseabedhasremained.Thecalculated

maximumsettlementof3.3meterswilltakeplace45metersinsidethe

recla㎞edgroundfromthereve㎞entcenterlineby血eendof五scal1998.

Thesettlementprofileatthecrestofthediluvialclaydepositsis

showninF∫8.8.Boththeshapeoftheprofileandthelocationofthe

maximumsettlementwhichoccurredarediffbrentfromthoseofthe

seabed.Thisisl)ecausestressdeepinthefoundationground(diluvial

layers)mustbewhatreflectstheloadingmagnitudeontheseabed,dueto

stressdispersionandredistribution.1£tustakealookattheprofilesofthe

totalverticalstressincrement,(ム σy),su切ectedtoreclamationatthestart

ofoperationoftheHanshinExpresswayrepresentedbythesolidlinesでA♪

hlF'85.grα,andrZり.Theef色ctsoftheconstructionprocessisoutstanding

forthealluvialclaydepositssituatedatashallowdepth㎞thefoundation

ground.Inotherwords,theverticalstressincrementbecomeslargest

beneaththerubblemoundoftherevetment,45metersffomthecenterline

oftherevetment.Ontheotherhand,thestressstateforthediluviallayer

o
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(ルfα12)isin且uencedmorebythemagnitudeofthefilling.Recl㎜ation

wiUbepe㎡o㎜edat血ebackoftheexpresswaya負eroperationhasbeg皿.

TheheightreachesO.P.5.Ometers,whichisequivalenttothatofthe

existingcompletedarea.Stressincrementprofilesshownbythehatched

linesIBIin血osetwoHguresrenectthesephenomenawel1.Unifomstress

profilesarededvedinsidetherecla㎞edlImdfbrbothanuviahmddiluvial

claydeposits.Asmentionedabove,however,theunevenshapeofthe

settlementprofilesremains.Thisismainlyduetotheoccurrenceofplastic

defo㎜ationattheearlystageofconstruction.AgaininFl8.8,the

calculatedmaximumsettlementofthediluvialclaydepositswiUbe30cm

atmostbytheendoffiscal1998,althoughwehavepotentialplastic

yieldingintheupperMα121ayer.Sincetheresidualsettlementffomthe

first5yearsffomthestartofoperationoftheHanshinExpressway(1993

to1998)islimitedtoafbwcentimeters,ha㎜fuleffbctstosuperstructures

maybenlledout.

Stressdistributionwithdepthatthecenterlineoftheexpressway,80

metersffomtherevetmentcenterline,isshowninF'83.10`の,で わノandで の,

atthecompletionofthereclamation,atthestartofoperation(1993),and5

yearsafterthestartofoperation(1998),respectively.Thetotalstressdue

toreclamationisexpressedbythesolidlines.Thepre-consolidation

pressure,σvc',andtheinitialeffbctiveovefburdenareexpressedbythe

hatchedandchain-dottedlines.hltheno㎝allyconsolidatedclaylayer,

largeamountsofexcessporewaterpressurewithamax㎞umvalueof15

tonf/m2(147kN/m2)aregenerated.Asthedrainageadvances,thisexcess

porewaterpressuregraduallydissipates.Itremainsatabout7.Oton〔 σm2

(69kN/m2)atthestartoftheexpresswayoperationandbecomesonly1.O

tonf/m2(9.8kN/m2)bytheendof1998,5yearsafterthestartofoperation.

Afterdissipatingtheexcessporewaterpressure,wemustpayattentlonto

thelong-te㎜settlementduetosecond町consolidationfbrthealluvial

claylayer.Ontheotherhand,sinceplasticyieldingoccursonlyinthe

upPerpartofthediluvialclaylayer(ル1α12),noseriouslong-term

settlementwilltakeplaceforthediluviallayers.
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8-3-2.T㎞e。SettlementRelations

Time-settlementperfomlanceclearlyreflectstheprocessofexcess

porewaterdissipation.Thecalculatedtime-settlementrelationofthe

seabedandthecrestofthediluviallayersatthecenterlineofthe

expresswayareshownin刑g乱11and12,respectively.Inboth且gures,
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symbolsで αノ,rわ♪andrc/correspondtothoseinFゴ8.10,thatistosay,ωat

thecompletionofreclamation,で わノatthestartofoperationofthe

expresswayandrの5yearsafterthestartofoperationoftheexpressway.

Asindicatedbyでc♪,thetotalsettlementoftheseabedandthediluvialclay

layershallreach3.3mandO.3m,respectively,by1998,5yearsafter

co㎜encementof血eexpresswayoperation.Because由e圃orpa質of血e

diluvialclaydepositsremainsinanon-yieldingstate,evenaftercompletion

ofthereclamation,90%ofthetotalsettlementisgovemedbythe

settlementthatoccumedinthealluvialclaylayerinthisparticularcase.

8-3-3.LateralDisplacementProfiles

Thelateraldisplacementprofilewithdepthatthecenterlineofthe

moundrevetmentisshowninF∫8.13.Remarkable
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Fig.13LateralDisplacementProfileswithDepth

beneaththeRevetment
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movementtakesplaceuponconstmctionofthemoundrevetmentffom

1985to1987,withamaximumseawarddisplacementofO.25minthe

alluvialclaylayer.Thislargeamountofdisplacementismainlyduetoa

rapidlocalizedgravelmoundfo㎜ationontheveryso負seabed.Atthe

sametime,thecrestofthemoundrevetmentmovedtowardstherecla㎞ed

landbecauseofthepredominantsettlementofthereclaimedareadu血g

construction.Thelateraldisplacementofthealuvialclaylayercausedby

subsequentreclamationwasnotaslarge,althoughthatofthediluviallayers

stillcontinued.Asawhole,however,thelargelateraldisplacementmainly

occupiedthealuvialclaylayer,andmovementofthediluviallayerswas

restrainedbythethicksandgravelstratumbeneaththea11uvialclay

deposit.

Thelateraldisplacementprofileat80metersfromtherevetment

centerline(centerlineoftheexpressway)isshowninF'8.14.LateraI
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displacementfirstoccurredtowardsthereclaimedlandduetomound

revetmentconstruction.Withadvancedreclamation,however,thelateral

displacementpredominantlyoccurredseawards.Comparedwiththe

pe㎡o㎜anceatthecenterlineoftherevetment,themarinefbundation

defb㎜edunifo㎜lywithoutaremarkablepeaklateraldisplacement.This

isbecausetheareawasreclaimedunifo皿lyandremainedunaffbctedby

therapidconstmctionofthemoundrevetment.Forthesereasons,we

observeastablelateraldisplacementprofileatthecenterlineofthe

exp「essway・

8-3-4.Ef驚ctiveStressPa山

Effbctivestresspathsofthealluvialclaylayersubjectedto

reclamationareshownin、F∫8.15.Theselectedpointsare:で α,beneaththe

moundrevetment,で わ,40metersffomtherevetmentcenterlineinthe

reclaimedlandandrc,80metersfromtherevetmentcenterlineinthe

reclaimedland.AllselectedelementsarelocatedatadepthofO.P.-10.6to

-12 .4meters,whichisinthemiddleofthealluvialclaylayer.Here,r

denotes血emeanef驚ctivestressinte㎜sofl(ガ+の'♪/2and∫denotes山e

deviatoricstressinte㎜soflσ1'一 σ3り/2.hFl8.151の,onlyasmall

changeinstresscanbeseenfbrtheelementbeneaththemoundrevetment

duetoareductioninstresstransmittedtothemarinefoundationsu切ected

toanhlclinationoftheslopeandbuoyancy.Inregardstotheelement40

metersffomtherevetmentcenterline(F∫8.15rわ ♪),thestresspathonce

approachesthefailurelinebytherapidrevetmentconstnlctionin1986.

Wemustpayattentionto血eundrainedresponseofthefb㎜dationground,

especiallyunderthelowstresslevel,becauseitdirectlyleadstofailure.Ih

thisparticularcase,however,thestateofthefoundationgroundhasbeen

restoredbysubsequentconsolidation,andthestresspathmovesalongthe

κoline.Thus,themarinefbundationisthoughttoremainsteady .Asteady

stressstatehasalsobeenconfi㎜edfortheelementjustbeneaththe

centerlineoftheexpressway(F∫8.15rcノ).Throughtheconstruction

process,thestresspathmovesalongtheκ01ine.Accordingtothese

findings,thealluvialclaydepositsarefarfromfailureduringtheprocess

ofrevetmentconstmctionandreclamation .
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(b)45m・t… 丘・m血 ・C・nt…f血 ・R・v・tm,nt ,(
c)attheCenteroftheExpressway

Theef驚ctivestresspathsofthediluvialclaylayersareshownin17∫8.

16.Thelocationoftheselectedelementsisthes㎜easthatofthealluvial

claylayershowninF'8.15.AUelementsarechosenfromtheルfα121ayer

atadepthofO.P.-44to-47meters,whichisinthemiddleofthislayer.

Asmentionedabove,theOCRoftheルfα121ayerisassumedtobe1.5

丘omtheoedometertestresultsinthisstudy.Thechangeinstressisrather

smallfbrtheelementbeneaththerevetment,で αノ,inthesamewayasthat

forthealluvialclaylayer.Incontrast,fortheelementsbeneaththe

reclaimedland,で わノandでcノ,deviatoricstressesincreaseduringthepr㎞ary

stageand血estresspathsmovealongtheno㎜allyconsolidatedKoline

becauseplasticyieldingpartianyoccursduetoreclamation.Asawhole,

however,thediluvialclaylayersalsokeepaverysteadystressstateduring

theprocessofrevetmentconstmctionandreclamation.
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8・4.ComparisonofmeasuredResultsandCalcu塁atedPerformance

Settlementplates,difゼerentialsettlementgauges,inclinometersand

porewaterpressurecellshavebeenequippedintherecla㎞edlandsince

1988tomonitorthegroundmovementandwaterpressure

generation/dissipationsubjectedtoreclamation.Inthissection,weshau

comparethecalculatedperb㎜ancewi血 血emeasuredresultsalongcross-

section、A一 ハ!.

Aftersettingupthesedevicesforobservation,reclamationtoa

heightofO.P.+5.Ometerswasinitiated.And,theelevationofthe

reclaimedlandhasbeenincreasedtoO.P.+5.Ometersatthecenterlineof

theexpressway.TheobservationperiodwasfromeitherAprilorJuneof

1988totheendof1988,dependingontheobservation.Settlement,lateral

displacementandexcessporewaterpressureweremeasuredforabout

eightmonths.F∫8.17showsacomparisonofthecalculatedperformance

andmeasuredresultsforthesettlementprofileofthereclaimedground

surface.Thecalculatedperformanceaccuratelypredictsthe∫ η ∫伽

measuredsettlementprofile.
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fbrtheSettlementoftheSeabed

Acomparisonofthecalculatedpe㎡b㎜Imceandmeasuredresults

forthesettlementprofileofthecrestofthediluviallayersisshowninF'8.

18.Undergroundsettlementsweremeasuredbythediffbrentialsettlement

gaugesinstalledintheground.Althoughwehaveonlytwoitemsofdata

measuredforthesettlementofthediluviallayers,calculatedperfo㎜ance

canpredictthemeasuredresultsexactly.Asfbrthesettlementwhichtook

placedu血gthereclamationin1988,thedefo㎜ationofthealluvialclay

depositismuchmorepredominantthanthatofthediluviallayers.
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Acomparisonofthecalculatedpe㎡b㎜anceandmeasuredresults

forthelateraldisplacementprofilewithdepthatthecenterlineofthe

expresswayisshowninF∫8.19.Wecanseealittlediscrepancyfbrthe

lateraldisplacementprofileinthefin,thatis,血ecalculatedperfo㎜ance

showsatypicalprofiletowardthesideofthereclaimedland,whereasthe

measuredlateraldisplacementsarerestrainedtosomeextent.Asawhole,

thecalculatedpe㎡b㎜ancequalitativelypredicts血emeasuredlateral

displacementprofileduringthereclamationinl988.

LATERALDISPLACEM三NT

里al聖

室

国
」
ω

Qρ.

(m)O

一70

Fig.19Compansonof血eCalculatedPerfb㎜anceandMeasuredResults

fortheLateralDisplacementProfileswithDepthattheCenterof

theExpressway

Fl8.20showsacompadsonofthecalculatedpelfo㎜anceand

measuredresultsfbrtheexcessporewaterpressuregeneration/dissipation

profileswithdepthduetothereclamationin1988.Thewaterpressure

cellshavebeenembeddedinboththeaHuvialandthediluvialclaylayers
,

45metersffomtherevetmentcenterline .Forthealluvialclaylayer,the

calculatedperfbmlancecanaccuratelypredicttheexcessporewater
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inthediluvialclayIayeragreewell.Inaddition,themajorpartofthe

defomlationofthereclaimedmarinefoundationgroundduetothe

reclamationin1988tookplaceinthealluvialclaylayer,andtheplastic

yieldingofthediluvialclayisalmostnegligible.Therefore,theslight
differencebetweenthecalculatedandmeasuredexcessporewater

pressureswillnotposeanyproblems.

Thefoundationgroundshallkeepdefb㎜ingevena丘eroperationof

theexpresswaysubjectedtodelayedconsolidation,delayedlateral

defo㎜ationorsecondaryconsolidation.Theref6re,wemustinvestigate

theha㎜fuleffectsofthedelayeddefo㎜ationofthegroundonthe

existingsuperstmcturesandtheirfoundations.Acalculatedlateral

displacementprofileatthecenterlineoftheexpresswayisshowninF'8.

21.Thelateraldisplacementsexpressedinthisfigureoccurduringthe5-

yearperiodffomthestartoftheexpresswayoperationffom1993to1998.

Becausethemaximumlateraldisplacementisatmost5cmandthe
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Fig.21EffbctsofDelayedLateralGro㎜ldMovement

ontheExpresswayFoundation
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foundationgrounddefo㎜salmostunifo㎜lyinthealluvialclayand

gravellayers,theeffbctsofthedelayedlateralgroundmovementtaking

placeafteroperationoftheexpresswayhasbegunonthesuperstructures

andtheirfoundationsdonotbecomeaseriousissue .

8・5.Conclusions

Coupledstress-flowanalysisofareclaimedmarinefoundation

su切ectedtotheconstmctio戸ofKoshienreclaimedlandisconductedusing

themethodoffiniteelementsbasedonthetheoryofviscoplasticity .The

foUowhlgconclusionsaredrawn:

(1)Uponrevetmentconstnlction,theaUuvialclaylayeronceapproached

failureduetoitssu切ectiontorapidlocalizedloadingondleverysoft

seabed.Becauseofsubsequentconsolidation,however,theKoshien

recla㎞edma血efoundationgroundisconsideredtodefb㎜s血bly.

(2)Compressionoftheanuvialclaylayercontributestothem勾orpartof

thesettlementsu切ectedtoreclamation.Thecalculatedmaximum

settlementamountsto3.3meters,3.Ometersofwhichisoccupiedby

thesettlementofthealluvialclaylayer.

(3)Long-te㎜settlementof血ediluvialclaylayersisanissue.Al血ough

theupPerpartofthediluvialclaydepositsyieldspartially,the

calculatedsettlementof由ediluviallayersisl㎞itedtoO.3m.

(4) Lateraldisplacementstakeplacemainlyinthealluvialclaylayerwith

amaximumvalueofO.3mseawardsattherevetmentcenterline,a

majorpartofwhichoccursduringtherevetmentconstruction.

Lateraldisplacementsofthediluviallayersarenotsoserious,and

therebre,long-te㎜lateralgroundmovementdoesnothaveany

ha㎜fule甑tson血esuperstmcturesandtheirfoundations.

(5)Ihstnlmentshavebeeninstanedtomonitorgroundmovementandthe

generation/dissipationofexcessporewaterpressure.Themeasured
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resultsarecomparedwiththecalculatedpe㎡b㎜ance.Thecalculated

performancecanaccuratelypredictthesettlementprofiles,lateral

displacementprofilewithdepthandthegeneration/dissipationprocess

ofexcessporewaterpressuresu切ectedtoreclamation.
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¢功魁菊¢(舩9

NumericalInvestigationonthe】)efbrmationofa

MarineFoundationSubjectedtoC紐isson・Composite

BreakwaterConstruction

9・1。Introduction

Abreakwaterisindispensabletothesecurityofhafborfacilitiesand

山emchorageofvessels,becauseitmaintainsca㎞essintheharborby

weakening/reflectingthewaveenergyffomtheopensea.Serenitycanbe

confirmedforasmall-scaleharborbyafewhundredmetersof

bre欲water,whereasan㎞ensebre欲water,extend㎞gover1000meters,

mustbeconstmctedforharborswherelargevesselsdropanchors.Failure

ofthebreakwaterhassuchahamlfuleffectonharborfacilities,anddaily

humanlifbingenera1,thatitisofgreatsignificancethatthestabilityofthe

breakwateranditsfoundationgroundbeconfirmed.Inregardsto

breakwaterfailure,casesexistwherethecompositebreakwaterwith

caissonsatNiigataFishingPortinJapanwasdestroyedbyabillowcaused

bya1976typhoon,andthemoundbreakwateratSinesPortinPortugal

wasalsodamagedbyabillowbroughtaboutbyanearthquakeandasto㎜

in1978.Bothbreakwatersweredamagednotonlybywaveforces,butalso

becausetheclayfoundationgroundsremainedpoorwithoutanysoil

reinforcement,wherethembblemoundwasfo㎜ed,thecaissonwalls

weresetandthewavedissipatingblockswereconstnlcted.

hordertograspthemechanismofgrounddefomlation,aseriesof

observationalmethodshasbeenintroducedtofieldconstructionandhas

producedremafkableresults.However,itisobviouslydifficulttoconstmct

offshorestructureswhilemonitodng山edefo㎜ationofthefoundation

ground,becauseinstrumentssuchassettlementplates,inclinometersand

porewaterpressurecellsaresoveryhardtoequiporinstallintoamarine

foundationgroundandbecausemuchdifficultyexistseveninthe
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observationitself.And,inadditiontotheaboveproblems,these

instrumentspotentiaUyobstmcttheactualconstmction.Forthesereasons,

almostnodataexistsonmonitoringthedefo㎜ationofbreakwater

foundationgroundatthebeginningofconstruction,andtherefore,the

defb㎜ationcharactehsticsofama血efoundationsu句ectedtobreakwater

constnlctionhavenotbeenmadeclearthusfar.

Inthischapter,theSouthBreakwaterattheNewNagasakiFi串hing

Port,whichwasdamagedbyTyphoonNo.12in1987,comesinto

question.Coupledstress-nowanalysesarepe㎡onnedinte㎜sof血e

elasto-viscoplasticHniteelementmethodtoinvestigate血edefo㎜ationof

thebreakwaterfoundationgroundsuhlectedtorestorationofthedamaged

breakwater.Theconstmctionprocessesaremodeledfortheanalysesas

accuratelyaspossible.Observationsofthesettlementandlateral

displacementarealsocarriedoutusingsettlementplatesandinclinometers

equippedduringtherestoration.Thestabilityandstress-strain

characteristicsofthebreakwaterfoundationarediscussedindetailby

comparingthecalculatedperfomlancewiththemeasuredresultsforboth

thesettlementandthelateraldisplacement.

9・2.GeneralRemarksontheSouthBreakwateroftheNew

NagasakiFishingPort

9-2-1.LocationanddisasteroftheSouthBreakwater

TheSouthBreakwateroftheNewNagasakiFishingPortislocated

intheMiedistrictofNagasakiCityfacingtheSeaofGoto
,inthesouthem

partoftheNishisonogiPenhlsulainNagasakiPrefbcture.Theplanofthe

SouthBreakwaterisshowninF∫g.1.Thisbreakwaterisoneofthelargest

inJapan,extendingtoalengthof1090meters .AccordingtotheAugust

31stmomingeditionoftheAsahiNewspaper,thewavescausedbythe

typhoonsurgedandupsetthecaissons
,whichwerefil[edwithanamountof

sandequaling9100tonsofforce
,bybeatingagainstthebreakwater

repeatedlywithunforeseenmagnitude .ItwasalsoreportedthattheSouth

BreakwatersuffbredfromacatastrophicdisasterbecausetheNewNagasaki
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FishingPortopensuptotheSeaofGoto,andthus ,therearefbwislandsor

peninsulasprotectingtheharborffomtheoceanwaves.
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Fig.1LayoutoftheSouthBreakwaterattheNewNagasakiFishingPort

Thisbreakwaterwasoriginallydesignedtomaintainasafetyfactor

of1.2,byconsideringthedesignwaveheighttobe4.1to5.5meters.

Accordingtothemeteorologicalobservatory,however,themaximum

recordedwaveheightintheEastChinaSeaduetothetyphoonwas7.5

meters.Therefore,itmaybeassumedthatthewaveheightintheSeaof

Gotowasprobablya㎞ostequivalenttotheheightwhichwasobservedin

theEastChinaSea.

ThedisasterchartfortheSouthBreakwaterisshowninF∫g.2.

A㎞ostallthecaissonwa皿swereupsetinSectionBforwhich血erewere

nowavedissipatingblocksontheseaside.Ontheotherhand,caissonwaUs

numbers31through34inSectionBandlthrough4and16through18in

SectionCwerenotdestroyed.Thecaissonwallswhichremainedstable

havewavedissipatingblocksontheseaside.
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Fig.2AffbctedPositionoftheCaissonafterthel987Typhoon

9-2-2.GeologicalConditions

Aseriesofsoilexplorationswascarriedoutjustafterthedestmction

ofthebreakwaterin1987.Assho㎜ 血F∫8.3,therearesevenboreholesin

SectionBandfourboreholesinSectionC.Inthiss加dy,coupledstress-

nowanalysesareperformedalongtheB-21ine(investigationNo.6)and

theC-21ine(investigationNo.26).Thesoilboringlogsfor1血eabove-

mentionedtwositesareshowninF'8.4.Bothfoundationgroundsmainly

consistofsoftaUuvialsiltandhaveacoupleofmetersofloosesandlayers

attheseabed.Thereisalsoathinsandseambetweenthethicksiltlayers.

Thebearingstrata,consistingofmicaschistappearatadepthofaround

C.D.L.-40metersandhavenodiluvialclaydeposits.
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Fig.3PlanofRestorationfortheAffectedAreaaswellastheFEM

ProfilesandBoreholes
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9-2-3.Defo㎜ationMonitohngoftheFoundation

RestorationoftheSouthBreakwaterhadtobecarriedoutinashort

timeandthecross-sectionoftherestoredbreakwaterwasdesignedtobe

largerthantheoriginaloneinordertostandupagainstwavefbrceswhich

repeatedlyattacktheharbor.Forthispu叩ose,alargeamountofmbble

moundandwavedissipatingblocksweresetupontheunreinfbrcedsoft

seabed.Natura11y,attentionmustbepaidtothefailureofthefbundation

groundwhichmightbecausedbythisrapidandlarge-scalebreakwater

constmction.Therefore,therestorationwasconductedbymonitoringthe

defo㎜ationofthefoundationgroundsubjectedtothebreakwater

construction.Settlementsoftheseabedweremeasuredbythesettlement

platesinstalledbeneaththembblemoundsandamlorblocks,andlateral

displacementprofileswereobservedbytheinclinometers.
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9・3.Elasto・ViscoplasticFiniteElementAnalysis

9-3-1.Elasto-ViscoplasticConstitutiveModel

Theelasto-viscoplasticconstitutivemodelusedinthispaperwas

proposedbySekiguchi(1977).Sekiguchiε ∫.α1.(1982)modifiedthemodel

toaplane-strainversion.Theviscoplasticflownlleforthemodelis

generaUyexpressedasfbllows:

∂F
弓=五 ∂σガ (9-1)

inwhichFistheviscoplasticpotentialandAistheproportionalconstant.

ViscoplasticpotentialFisdefhledasfbllows:

F=αh[1+v岩'・xp(か]=・ ・ (9-2)

inwhichaisasecondarycompressionindex,ウoisthereferencevolumetric

strainrate,∫isthefunctioninte㎜sofef琵ctivestressandvPisthe

viscoplasticvol㎜etricstrain.Aconcretefo㎜ofthemodelisshownin

theref6rence(MimuraandSekiguchi,1986).Theresultingconstitutive

relationsareimplementedintothefiniteelementanalysisprocedure

throughthefollowingincrementalfo㎜:

μ σ7='@1μ 尋 一μ σRノ (9-3)

Here,{ム(プ}and{ム ε}aretheassociatedsetsofeffbctivestressincrements

andstrainincrements,respectively,and[C6ρ]standsfortheelasto-

viscoplasticcoefficientmatrix.Thetem1{σR}representsasetof

'rel
axationstress'whichincreaseswithtimewhenthestrainisheld

constamt.

Thepore-waterflowisassumedheretoobeyisotropicDarcy'slaw .

Inrelationto血is,itisf岨herass㎜edthatthecoe鉦icientofpe㎜eability
,

ん,dependsonthevoidratio,ε,inthefbUowingfbrm:

一140一



ん=剛 θえfO) (9-4)

inwhichんoistheinitialvalueofんatε=80andλ たisamaterialconstant

govemingtherateofchangeinpermeabilitys呵ectedtoachangeinvoid

ratio・Thedrainageeff6ctofsanddra㎞sdrivenintoaUuvialclaydepositsis

fo㎜ulatedbythemacro-elementmethod(Sekiguchi6'α1.,1986).

Thenodaldisplacementincrementsandelementporewaterpressure

aretakenasthephmaryun㎞ownsoftheproblem.The且niteelement

equationsgovemingtheseun㎞ownsareestablishedonthebasisofBiot's

fo㎜ulationandaresolvednumedcallywiththesemi-bandmethodof

Gaussianelimination。

9-3-2.FiniteElementModelingandSoilParameters

Theregionsselectingforthe」FEanalysisare300meterslongand23

metersdeepintothebeartngstratumatadepthofC。D.L.-42.5metersfbr

SectionBand370metersIongand23。5metersdeepintothebearing

strat㎜atadepthofC.D.L.-43.1metersforSectionC,basedon血esoiI

boringlogsshowninF'8.4.TheorighlalfomdationgroundsforSections

BandCarethenmodeledasshowninF'8.5and6,respectively.Forboth

sections,themarinefoundationisdividedinto151ayers.Thesandlayer

existinginsidethealluvialsiltIayerisassumedtobeaperfbctlydrained

elasticmaterialinwhichnoexcessporewaterpressurecanbegenerated

whensublectedtoloading.Intheanalyseshere,theareareinforcedby

denselycompactedsand(∫CP)isalsomodeledintofiniteelements.

Conside血gthereductioninsettlement,thesettlementreductionfactor,b

(Aboshiε'01.,1982),isintroduced.Thecompressionindex,swellingindex

andsecondarycompressionindexarechangedrespectivelywiththe

followingempiricalrelations.

λ=β λ,κ ニ β κ,α=β α

一141一



尾

⊆
」
O
.O

.←里Al ▽/
HARBOR

一
で

■ 邑亀 レ 、 ■ ■ ●難馨艦 §葡b韻 薫
・

、.● ・ 鱗顯瀦.●

雛:=1:;に 一馨

i:～ 乙 ・
凌揮

:

::::

:・:

.、鎌 写1'"一

...藩幾SANDYS工 王∬

醗iiSエLT
＼

罫…ii芝

≒:弾
・::::=:=::=:・:i: 潮

一

:;:
へ

【:・:・='

==.,

、謡;撒r慧 ガ磯
、

i菱

ミ…ii♂

::5

:i毛
●

●2,・

●

:::

:::
●●● 難慧野

-

雛::=:,:・㌦' 塵 ;

GRA▽EL

1
190m 110m

Fig.5Cross-sectionoftheFoundationatSectionB

¢SEA
← 一 ▽/-P

〒/
十

HARBOR

覧 、 →ノ ＼ ＼

灘i塗鋸 耀三解 澱 ミ麟:i羅盤雛繍 蕪枷 鞭騰 懸
9㌔・●●噸

;:
'.

SCP(As=O.7)1
o

覇SエL・Y・AND

叢 ・AND・ANDY
●

/"

S工LT,1
＼9、""'り' r・ 、 ・ 、r・ ・軍1・ 軸r、r》 1'B臨 ノr,儀

D

S工]しT
震覇●'螂 望LAYGRA▽EL

● 一GRA▽EL
,

『 7

「「

l
I180m190m i

Fig;6Cross-sectionoflheFoundationatSectionC

一142一



Here,βisassumedtol)ethefunctionofthereplacementratio,α5.

Therefbre,thevalueofβcanthenbedete㎜inedbythefb皿owingrelation.

β 篇1一 α5

InSectionB,thealluvialdepositjustbeneaththecaissonis㎞proved

by5CPwithanα5valueof70%andbothsidesofthisareaarealso

improvedinthesamewaywithanα3valueof30%.InSectionC,onthe

otherhand,onlythealluvialdepositbenea血thecaissonisrei㎡orごedby

5CPwithanα5valueof70%.Thedrainagee飾ectofthese5「CPreinfbrced

areasisalsoformulatedbythemacro-elementmethod(Sekiguchiε'α1.,

1986).

Thevaluesofthesoilparalnetersofthefoundationgroundusedin

thisstudyaresu㎜arizedinTα わ165-1and2forbothsections.㎜e

specifiedwaytodeterminethephysicalpropertiesisexpla㎞edindetail㎞

therefbrences(Sekiguchiε8α1.,1988;Mimuraε ∫α1.,1989).

Table-1Valuesof血eP血cipalSoilPa㎜etersAdopted魚 曲eGro皿d

under1血eOdginalSeabed(SectionB)(
tm.d、v)

MTYP λ κ M α
ウ0

(daジ1)
レ〆

Go
(tf/n2) (,捌 ・)

KO(nc) eo
瞳o

(m/day)
λk

15 一 一 一 『 一 0.33 158 0.60 0.47 1.00 0.86 0,012

14 0,012 0,006 1.3 1.8×10-4 1.8×10-5 0.33 158 L35 0.47 1.00 0.86 0,012

13 0,189 0,019 1.3 2.1×10-3 2.1×10-6 0.36 136 3.10 0.56 i.68 L3×10-3 0,120

12 0,189 0,019
1

L3 2.1×1『3 2.1×10-6 0.36 189 4.31 0.56 1.68 L3×10-3 0,120

ll 0・18gl…19 1.3 2.1×1〔 「3 2ユ ×10-6 0.36 242 5.52 0.56 1.68 L3×10卿3 0,120

10 α189 0,019 L3 2.1×1(r3 2.1×10}6 0.36 294 6.72 0.56 L68 1.3×10-3 0,120

9 0,240 0,024 1.3 2.7×1r3 2.7×10-5 0.36 173 7.93 0.56 1.68 L3XIO-3 0,270

8 0,240 0,024 L3 2.7×1σ 一3 2.7×10-6 0.36 199 9.10 0.56 1.68 1.3×10-3 0,270

7 一 一 『 一 一 0.33 316 10.0 0.50 1.00 0.86 0,032

6 0,280 0,028 L3 32×1σ 幽33.2×10-6 0.36 204 10.9 0.56 1.64 4.9×10-4 0,310

5 0,280 0,028 L3 3.2×1『3 3.2×10-6 0.36 227 12.1 0.56 L64 4.9×10-4 0,310

4 0,280 0,028 1.3 32×10-3 3.2×10-6 0.36 249 13.3 0.56 1.64 3.5×10願4 0,300

3 α280 0,028 1.3 3.2×1『3 3.2×10-6 0.36 272 145 0.56 1.64 3.5×10-4 0,300

2 一 一 一 一 一 0.33 824 15.9 0.50 LOO 0.86 一

1 一 一 一 一 一 0.33 824 17.3 0.50 1.00 0.86 一
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Table-2Valuesof血eP血cipalSoilPa㎜etersAdopted鉛r血eGro㎜d

undertheOrig血alSeabed(SectionC)

(tm・day)

MTYP' λ κ M α
ウo

(day-1)
μノ

Go

(tf/伽2)

σVO'

(tf/m2)
Ko(nc) eo

ko
Gn/day)

λk

15 一 一 一 一 二 0.33 182 0.75 0.47 1.00 0.86 0,012

14 0,012 0,006 1.3 1.8×10-4 L8×10-5 0.33 182 2.80 α47 1.00 0.86 0,012

13 0,217 α022 1.3 2.3×10-3 2.3×10}6 0.36 220 4.72 0.56 1.56 1.3×10-3 0,120

12 0,217 0,022 1.3 2.3×10-3 2.3×10-6 0.36 266 5.71 0.56 L56 1.3×10-3 0,120

11 0,240 0,024 1.3 2.8×10-3 2.8×10-6 0.36 155 6.65 0.56 1.56 3.0×104 0,240

10 0,240 0,024 L3 2.8×10-3 2.8×10-6 0.36 186 7.96 0.56 1.56 3.0×10-4 0,240

9 0,240 0,024 L3 2.8×10-3 2.8×10-6 0.36 217 9.30 0.56 L56 3,6×10-4 0,230

8 0,240 0,024 1.3 2.8×10-3 2.8×10-6 0.36 264 11.2 0.56 L56 3.6×10-4 0,230

7 『 一 一 一 一一 0.33 316 12.6 0.50 1.00 0.86 0,032

6 0,250 0,025 1.3 3.2×10-3 3.0×10-6 0.36 296 13.4 0.56 1.52 8.2×10-4 0,180

5 0,250 α025 1.3 3.2×10-3 3.0×10}6 0.36 326 14.8 0.56 1.52 8.2×10-4 0,180

4 0,280 0,028 1.3 3.2×10-3 3.3×10-5 0.36 319 16.2 0.56 L52 3.5×10-4 0,180

3 0,280 0,028 1.3 3.2x10-3 3.3×10-6 0.36 349 17.7 0.56 1.52 3.5×10-4 0,180

2 一 一 一 一 一 0.33 824 19.2 0.50 1.00 0.86 一

1 一 一 一 一 一 0.33 824 20.2 0.50 1.00 0.86 一

Asfarasthebreakwaterconstructiollisconcemed,finiteelements

correspondingtothedesignedconstructionsequencearegenerated

accordingtocircumstances.Asaresult,wehave745nodesand679

elementsforSectionB,and826nodesand759elementsforSectionC.

TheconstructionsequencesforSectionsBandCareshowninF'8.7

and8,respectively.Theloadingprocessesforthefiniteelementanalyses

aremodeledwiththeseconstmctionsequencesasaccuratelyaspossible .

Thecompletedcross-sectionsforbothsectionsaresho㎜inF'85 .9and10.
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Fig.7SequenceofBreakwaterConstnlctionatSectionB
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Fig.8SequenceofBreakwaterConstnlctionatSectionC
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Fig.10Cross-sectionoftheBreakwater(SectionC)
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9・4.CalculatedPerformanceoftheBre紛kwaterFoundation

9-4-1.SettlementProfilesoftheSeabed

CalculatedsettlementprofilesoftheseabedforSectionsBandCare

shown㎞F∫85.11and12,respectively.InF'8.11,thesolidcurveshows

thesettlementprofileoftheseabedduetotherubblemo㎜dconstructed12

yearsago,andthus,itrepresentstheshapeofthefbundationgroundjust

beforetheinitiationofthebreakwaterrestoration.Thehatchedline

representsthecompletionofthepavement,thechain-dottedlineisforthe

completionofthebreakwaterconstnlctionandthechaindouble-dottedlhle

⊆

ー

0

05

官

o
)

国

国100

国
OQ

150

=
「

嶋
●・

①
②
③
④

㌦

＼

、

、

。
、

、

300.Orh

Fig.11CalculatedSettlementProfilesoftheSeabed(SectionB);
1:ExistingRubbleMound,2:Pavement,3:Completionof
Construction,4:AYearafterCompletionofConstmction

showstheprofileayearafterthebreakwaterconstruction.In」F∫8.12,the

solid,chain-dottedandchaindouble-dottedlinesdenotethesettlement

profilesforthesamepointsasthoseinF∫g.11.Thehatchedlhle,however,

showstheprofileatthecompletionofthecoveringontheseaside.Because

thefbundationgroundshavebeenreinfbrcedby・ ∫CPbeneaththecaissons
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forbothsectionsandfbrthea(巧acentareainSectionB,settlementinthe

reinforcedareaiscontrolled,whereasthattakingPlaceattheboundary

betweenthereinforcedandunreinforcedareasispredominant・The

calculatedmaximumsettlementonbothsitesalsooccurshere,andit

reachesl55metersfbrSectionBand1.54metersfbrSectionC,ayear

afterthecompletionofthebreakwaterconstmctlon.

C

」
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0

(日
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)

0

0
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国
Σ
国
目
白
白
国
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・＼

＼
一
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岬

一

一

一
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一

①
②
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④

Fig.12CalculatedSettlementProfilesoftheSeabed(SectionC);

1:ExistingRubbleMound,2:Cove血gontheSeaSide,

3:CompletionofConstruction,4:AYearafterCompletionof

Constmction

9-4-2.Time-SetdementPe㎡b㎜anceoftheSeabed

Calculatedtime-settlementrelationsoftheseabedbeneaththe

caissonsareshowninF∫85.13で のand`わ,.Theinitiationofthebreakwater

restorationisadoptedhereastherefbrencetimefortheserelations.A

remarkablesettlementoccursjusta丘erthecaissonsinbothsectionshave

beensetImdfined.Themarinefoundationgromdbeginstosubsideagain

withthepavementandconstructionoftheamlorunits(wavedissipating

blocks).ForSectionB(F'8.13ω),afterthesettlementincreasesduetoa
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raisingofthea㎜orunits(wavedissipatingblocks),themadnefolmdation

becomesstableasconsolidationispromoted.Thecalculatedsettlementof

theseabedsψjectedtobreakwaterrestorationisO.56metersatthe

completionoftheconstmction.Ontheotherhand,thecalculatedsettlement

oftheseabedforSectionCisO.66metersatthecompletionofthe

construction(F'8.13で わ,).

(a)

(
厨
Q
)
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05

日
Z
国
Σ
国
日
白
白
国
匂Q

100

ELAPSEDT工ME(DAY)

100200 300

㏄mple七ionof

Constru(丈 」.on

(b)

(貨

u
)

口
呂
国
口
臼
臼
国
oり

0

50

100

ELAPSEDTIME(DAY)

100200 300

C㎝Pletionof

Constnlcしion

Fig.13CalculatedTime-SettlementPerfb㎜anceoftheSeabedbenea血the

CaissonWaU;(a):SectionB,(b):SectionC

9-4-3.Long-Te㎜SettlementoftheFolmdation

Calculatedexcessporewaterpressureprofileswithdepthfor

SectionsBandCareshowninF∫g5.14で のandで ω,respectively.Both

placesselect・d・ ・eunt・eat・d・ ・ea・wh・ ・emu・htim・i・requi・edf・ ・th・

excessporewaterpressuretodissipate,because血elong-te㎜settlementis
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mainlygovemedbythisprocessofexcessporewaterpressuredissipation.

ThepointselectedfbrSectionBis70metersseawardffomthecenterline

ofthebreakwaterandthatforSectionCis55metersseawardfromthe

centerlineofthebreakwater.InF'8.14,thesolidlinesで1♪denotethe

(
日
)

乞
O
H
B
〈
〉
国
』
[口

　　　　　　 　　　　 　　　　　

PRESSURE(tf/m2)

0246

-20

①
日
)

諸

O
H
臼
く
〉
国
口
国

　　　　　　 　　　　 　ム　　　

PRESSURE(tf/m2)

0246

-20

一25

一30

一35

一40

①

(a)(b)

Fig.14CalculatedExcessPoreWaterPressureDissipationbeneaththe
RubbleMound;(a):SectionB,(b):SectionC
(1:attheCompletionofConstmction,2:AYearafter
CompletionofConstnlction)

profilesatthecompletionofthebreakwaterconstnlctiOnandthehatched

linesr2,denotetheprofilesayearafterthecompletionofthebreakwater

constnlction.Asaresultofthegenerationanddissipationoftheporewater

pressureduringtheconstructionprocess,thecalculatedexcessporewater

pressureprofilesareobtainedasshowninF∫8.14.Althoughthemaximum

valuesoftheexcessporewaterpressures,5.1tonfγm2forSectionBand

3.9tonflm2forSectionC,arereachedatthecompletionofthebreakwater

constmction,theyarea㎞ostentirelydissipatedbyayearafterthe

completionofthebreakwaterconstructionJudgingffomtheexcesspore

waterpressuredistribution,theprimaryconsolidationofthemarine

foundationisnearlyfinishedayearafterthecompletionofthebreakwater

constmction.And,ascanbeobservedf士omtheboringlogsshowninF'8.

4,thefoundationgroundconsistsofthicksiltdeposits.Comparedwith
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clay,siltischaracterizedbyhavingalargerpe㎜eabilityandasmaller

secondarycompression.Forthesereasons,deformationsofthemarine

foundationgroundforbothsectionsarea㎞ostcompletedbyayearafU∋r

finishingthebreakwaterconstruction,andalarge,long-te㎜settlement

canberuledoutfortheSouthBreakwater.

9-4-4.LateralDisplacementProfiles

LateraldisplacementprofilesareinvestigatedatpointsPand(2in

SectionB,asshowninF'8.15`の,andatpointsX,yandZforSectionC,

asshowninF∫8.15で わ,.Theplacesselectedhereforthe㎞vestigationof

thecalculatedperfo㎜ancecorrespondtothosewhere山einclinometers

wereinstalledtomonitorthe'η ∫枷lateraldisplacement.Themonitored

datawilbecomparedwiththecalculatedperfo㎜anceanddiscussedlater.

(a) (b)
亀

Fig.151nvestigatedPointforLateralDisplacement;(a):SectionB,

Φ):SectionC

LateraldisplacementprofileswithdepthfbrSectionBareshownhl

F∫8∫.16rのandrわ ♪.Inthesefigures,thesolidcurvesshowthelateral

displacementprofilesduetoarubblemoundconstructed12yearsago.

Thus,theyrepresenttheshapeofthefoundationgroundjustbeforethe

initiationofthebreakwaterrestoration.Thehatchedlinesrepresentthe

completionofthepavement,thechain-dottedlinesareforthecompletion

ofthebreakwaterconst】ructionandthechaindouble-dottedl㎞esshowthe

profilesayearafterthebreakwaterconstruction,Lateralground

movementinaseawarddirectiontakesplaceasthecaissonissetandthe

a㎜orunits(wavedissipationblocks)arecons血ctedontheseaside.The

profilespeakattheboundarybetweentheal匡uvialsiltdepositandthesand

layerontheseabed,anddefo㎜ationisrestra㎞edinthesandlayerbythe
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restrictioneffbctofthesandlayer.Thecalculatedtotalmaximumlateral

displacementayearafterthecompletionofthebreakwaterconstructionis

O.23meters.

Atthepoint,ρinF∫8.16rわ,,alargerlateraldisplacementoccursat

thecompletionofthebreakwaterconstmctionthanatpointCinF'8,16

ω,becausetheef琵ctof山ea㎜orunits(wavedissipatingblocks)

constmctionissevererandthede飴 ㎜ationin血edirectionofthecaisson

issupPlressedbythe∫CPreinforcedfoundation.Thecalculatedtotal

maximumlateraldisplacementayearafterthecompletionofthe

breakwaterconstructionisO.34metersattheboundarybetweenthealluvial

siltdepositandthesandlayeroftheseabed,whichisthesameaspointP

shown㎞F'8.16rの.
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Fig.16CalculatedProfilesofLateralDisplacementwithDepth

(SectionB);(a):at血eToeoftheCover血g,(b):beneaththe

RubbleMound,(1:ExistingRubbleMo皿d,2:Pavement,

3:CompletionofConstmction,4:AYearafterCompletionof

Constmction)
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Next,forSectionC,lateraldisplacementprofileswithdepthare

showninF∫8・ ∫.17rの,で わノandrc,.]㎞thesefigures,thesolid,chain-dotted

andchaindouble-dottedlinesdenotethelateraldisplacementprofUesfor

thesamepointsasthoseinF∫8.16.Thehatchedl元nesshowtheprofileat

thecompletionofthecoveringontheseaside.Largelateraldisplacements

takeplaceduetothembblemoundfo㎜ationanda㎜orunits(wave

dissipatingblocks)constructionatpointX,asshownin・F∫9.17rα,.The

lateralmovementofthemarinefoundationisalsorestrainedbythesand

layeroftheseabed,andthemaximumlateraldisplacementoccursatthe

boundarybetweenthealluvialdepositandthesandlayeroftheseabedwith

avalueofO.31metersayearafterthecompletionofthebreakwater

constmctlon.
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Fig.17CalculatedProfilesofLateralDisplacementwithDepth

(sectionC);(a):beneaththeRubbleMoundon血eSeaSide,

(b):beneaththeRubbleMoundontheHafborSide,

(c):beneaththeRubbleMoundontheHarborSide,

(1:E又istingRubbleMound,2:Pavement,3:Completionof

Constmction,4:AYearafterCompletionofConstnlction)

一153一



InF'8∫.17で わ♪andrc,,theshapesofthelateraldisplacementprofiles

withdepthforpointsγandZshowacloseresemblanceandarerestrained

bythesandlayerswithpeaksattheboundarybetweenthealluvialsilt

depositsandthesandlayersof血esea加d.Themaxim㎜valuesareO・18

metersfbrpointyandO.21metersforpointZ.

9-4-5.Ef色ctiveStressPa血

Thestabilityofthemarinefoundationgroundduringthebreakwater

constructionis㎞vestigatedbypursu㎞9血etransitionofeffbctivestressof

thefoundationduetothebreakwaterconstructioninthissection.For

SectionB,theselectedelementsarelocatedinthemiddleofthesiltdeposits

atadepthofC.D.L.-25.4to-27.1meters.Theeffbctivestresspathsare

showninFご8.1&で αノ70metersseawardfromthecenterlineofthe

breakwater,で ω36metersharborsidefromthecenterlineofthe

breakwater,lc/l光neaththecaisson.Inthese且gures,n㎜bersltlmugh5

represent血econstnlctionstages;thatis,1:nlbblemolmdfb㎜ationon

theseaside,2:caissonsetting,3:a㎜orunits(wavedissipatingblocks)

constmction,4:coveringand5:completionoftheconstnlction.InF∫8.

18で α,,theef驚ctivestresspathapProachesthefailurelinebydroPPinga

largeamountofrubbleontothemarinefoundationtofo㎝arubble

mound,asshownby1。Carefulattentionmustbepaidtothisundrained

responsebecauseitoftenleadsdirectlytofailure.Thestressstatebecomes

stable,however,bymeansofsubsequentconsolidation.Atemporary

reductionintheeffectivestresscanbeseenagainwhenthea㎜orunits

(wavedissipatingblocks)areconstructed4,butingeneral,theeff6ctive

stresspathmovesalongtheκOlinestably.Thevariationinstressisnotso

remarkableinF∫8.18rわ,althoughthelateralstressonceincreasesdueto

thesettingandfillingofthecaisson2fortheelementonthehafborside.

Themarinefoundationgroundbeneaththecaissonhasbeen

reinforcedby∫CP.Therigidityofthistreatedareahasincreased.InF∫8.

18rの,botheffectivestressandshearstressgrowlargerduetoa

concentrationofstress㎞ducedbythis㎞creaseinrigidityofthefoundation

ground.Thebreakwaterhasbeenstablyconstmcted5,however,andthere

arenoindicationsoffailure.
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Fig.18E驚ctiveStressPathsfbrSiltLayeratSectionB;

(a):beneaththeRubbleMoundontheSeaSide,

(b):beneadldleRubbleMo㎜dontheHafborSide,

(c):beneaththeCaissonWal1,

(1:ExistingRubbleMound,2:CaissonSetting,3:A㎜or

Constmction,4:Covering,5:CompletionofConstruction)
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Withtheseresultsfromtheef飴ctivestresspathsforSectionB,itis

concludedthatthebreakwaterfoundationhasdefo㎜edstablyduringthe

wholeprocessofrestoration.

ForSectionC,theselectedelementsarelocatedatadepthofC.D.L.

-25 .Oto-26.5metersandarealsointhemiddleofthesiltdeposits.The

effbctivestresspathsareshowninF∫8.19,namely,rα,50metersseaward

fromthecenterlineofthebreakwater,rわ,60metersharborsideffomthe

centerlineofthebreakwaterandゼc/beneaththecaisson.Inthesefigures,

numberslthrough3representtheconstnlctionstages,thatis,1:mbble

moundfo㎜ationontheseaside,2:caissonsettingand3:completionof

construction.Stressstatesarestableonboththeseasideandtheharborside

(F'8∫.19`α,andrわ,),whileaslight・increaseinlateralstressduetothe

caissonsetting2isseenontheharborside(・F∫8.1grα ♪).In」F∫8.1grcノ,廿1e

stabilityofthefoundationgroundbenbaththecaisson,whichisrei㎡orced

by∫ α),isalsoconfi㎜edwithrelativelylargeref琵ctiveandshearstresses

producedbyanincreaseinrigiditybythe∫CP.Constructionprogressed

stablyandthebreakwaterwascompleted3underasaf6conditionofstress,
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Fig.19Ef飴ctiveStressPathsfbrSiltLayeratSectionC;

(a):beneaththeRubbleMomdontheSeaSide,

(b):beneaththeRubbleMoundontheHarborSide,

(c):beneaththeCaissonWall,

(1:ExistingRubbleMound,2:CaissonSetting,

3:CompletionofConstmction)
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9・5.ComparisonoftheCalculatedandMonitoredPerformance

Thesettlementoftheseabedandthelateraldisplacementwithdepth

havebeenmonitoredfortheSouthBreakwaterbythesettlementplatesand

inclinometersequippedinMarchof1988whentherestorationofthis

breakwaterwasinitiated.hthissection,thecalculatedperfb㎜ancesare

comparedwiththemonitoredsettlementandlateraldisplacement・The

locationsofthesettlem6ntplatesandinclinometersareshowninF∫8,20

forSectionBandhlF'8.21forSectionC.
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Fig.21LayoutofInstnlmentshlSectionC

ForSectionB,3P1(SettlementplateNo.1)md刀>1(Inclinometer

No.1)havebeenequippedatthetoeofthecovering,113metersseaward

fromthethecenterlineofthebreakwater,εP2and刀>2havebeeninstalled

beneaththerubblemound,65metersseawardand3P3hasbeenset37

metersharborsidefromthecenterlineofthebreakwater,asshowninF∫8.

20.ForSectionC,∫PIandノ η》1havebeenequipPedbeneaththerubble

mound,66metersseawardfromthecenterlineofthebreakwater,3P2has

beensetbeneaththecovering,45metersseaward,31)3andZ1>2havebeen
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installed37metersharborsideand5P4md刀V3havebeenequipped90

metersharborsidefromthecenterlineofthebreakwater,asshowninF∫8.

21.

9-5-1.T㎞e-SettlementRelations

Aseriesofcomparisonsofthetime-settlementrelationsforSection

BareshowninFl85.221α1,1伽dlの.M8.22ω,thei㎜ediate

settlementwasmonitoredfor∫P1,althoughnoloadwasappliedhere.The

calculatedpe㎡o㎜anceshowsnosettlementrenectingthisconstnlction

sequence.AlsoinF'8.22rわ,,amuchlargersettlementwasmonitoredfor

∫P2,andthecalculatedpe㎡omlanceshowsacompletelydiff6renttime-

settlementrelation.Immediatesettlementsduetoanlbblemound

fo㎜ationorcoveringcanbedescribedby朋M,asindicatedinthis

figure.However,thelargesettlementswhichweremonitoredtakeplacehl

theprimarystageandcannotberationallyexplained.Thereasonsforthis

discrepancywillbediscussedlater.InF∫8.22rc,,thereislittlesettlement

ontheharborsideofthebreakwaterbecausenostructureswerebuilton

themarinefoundationthere.Thusthecalculatedandmonitored

perfo㎜ancesareingoodagreement.

Aseriesofcomparisonsoftime-settlementrelationsfbrSectionC

areshowninFlg.23.Firstly,weinvestigatethepe㎡b㎜anceonthesea

side(seeFl8∫.23ωand/わ1).Thecalculatedpe㎡o㎜ancesshowa

remarkablesubsidenceduetotherubblemoundfo㎜ation,covering

equipmentanda㎜orunits(wavedissipatingblocks)constmction.The

monitoredrelationsshowalargerdefo㎜ationthanthosecalculatedinthe

primarystage,beforethea㎜orunits(wavedissipationblocks)

constnlction,butagoodagreementcanbeseeninthesubsequent

constmctionprocess.Ontheotherhand,amuchlargersettlementtakes

placeontheharborsideascomparedwiththecalculatedpe㎡o㎜ance,as

shown㎞F∫85,23でc,andrの.

Letusdiscussthereasonsforthisdiscrepancywhicharethesameas

thosewhichalsoappearforSectionB(F∫8.22で わ,).Thesettlementplates

havebeenfixedbythedroPPingofrubbleontotheseabedinorderto
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avoidbeingbadlya伽ctedbywavesortides.㎞ediate㎝dsubsequent

settlementoccursduetothislocalizedloadingandinduceddisturbanceof

血eseabedmatehals,whicharea㎞ost㎞possibletoevaluatequantitatively

bythenumericalanalysisperformedhere.Accordingtoprivate

co㎜ 皿icationwi山theengineerwhodealtwi舳eac加alconst皿ctionof

thebreakwater(Hamada,1989),somesettlementplatesweresetby

excavatingtheoriginalmarinefbundationgroundandredumpingrubbIe

ontheseabedtofixthem,andotherswerefixedbydroppingnlbbleafter

settingthemontotheoriginalmarinefoundationgroundwithoutany

excavation.Consideringthesefactsandthee脆ctsofwavesandtides,itis

concludethatthecalculatedperfo㎜ancecanwellevaluatetheactual

defbrmationofamarinefoundationsu切ectedtobreakwaterconstnlction.

9-5-2.LateralDisplacementProfileswithDepth

Acomparisonofthecalculatedandmonitoredlateraldisplacement

profileswithdepthforSectionBareshown㎞F∫8∫.24rのandrわ ノ.Inthese
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Fig.24ProfilesofLateralDisplacementwithDepth(SectionB);
(a):IhclinometerNo.1,(b):IhclinometerNo.2,
(1:Covering,2:CompletionofConstmction)
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figures,1indicatesthet㎞eduringwhichthecove血gon山eseasidewas

constructedand2indicatesthet㎞ewhenthebreakwaterconstnlctionwas

completed.Themonitoredlateraldisplacementprofilemeasuredby1刑,

113metersseawardffomthecenterlineofthebreakwater,isshownin

、F'8.24rのtogetherwiththecalculatedpe㎡omlance.Thecalculated

perfo㎜ancecanevaluatethemonitoredresultsatthetimethecovedng

wasequippedtosomeextent.However,theshapeoftheprofilesis

completelydifferentatthecompletionofthebreakwaterconstruction;that

is,themonitoredlateraldisplacementisrestrahledattheseabedpeakingat

adep山ofC。 肌.-27.3meters,whereas血ecalculatedpe㎡o㎜anceshows

acomparativelylargelateraldisplacementattheseabed.IhF'8.24rわ,,the

calculatedandmonitoredlateraldisplacementprofilesfor12>2,55meters

seawardfromthecenterlineofthebreakwater,bothshowagood

agreementforwhenthecoveringwasequippedandatthecompletionof

thebreakwaterconstruction.Acomparisonofthecalculatedandmonitored

lateraldisplacementprofileswithdepthforSectionCareshowin」F∫85.25

での,rわ,andで の.Inthesefigures,1indicatesthetimewhenthenlbble
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moundwasfo㎜edontheharborsideand2indicatesthetimethe

breakwaterconstmctionwascompleted.Assho㎜inF∫8∫.25ωandrわ ノ,

thecalculatedperfbmlancecanqualitativelypredictthemonitoredprofiles

withaslightoverestimationof刀>10ntheseaside,andincontrast,witha

slightunderestimationof刀V20ntheharborside.Themonitoredlateral

displacementprofileherediffbrsffomthatofthecalculationfbrZ〈13,90

metersharborsidefromthecenterlineofthebreakwater.Accordingto

themonitoredresults,therestrictionef驚ctofthenlbblemoundonthe

lateralgro㎜dmovementisstrongerthan山atevaluatedbyFEル1.Fu曲er

studiesshouldbeconductedonthisrestrictioneffectwhichalsoappears㎞

theresultsforSectionB(F∫8.24ω)inordertoclarifythemechanismof

lateralgroundmovementduetoof殆horeconstmction.

9-5-3.MaximumSettlement-LateralDisplacementRelations

Thestab丑ityofthema血efoundationisinvestigatedinthissection,

inte㎜softhemaximumsettlement-lateraldisplacementrelations

proposedbyTominagaandHashimoto(1974).Themax㎞umsettlement

measuredby∫P2andthema翼im㎜1ateraldisplacementmeasuredby1醐

inSectionBareplottedwiththecorrespondingcalculatedperfo㎜ancein

、F'8.26.Firstly,thesettlementtookplacewithoutanylateraldisplacement.

Then,lateraldisplacementbegantooccurwithsubsequentadvancementof

thesettlement,andthedegreeofsettlementtolateraldisplacement

increasedasthebreakwaterconstnlctionadvanced.Thismeansthatthe
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marinefoundationbecamestable.Withthesemonitoredresults,wecan

concludethatthemarinefoundationgroundhassafelydefbmledduringthe

breakwaterconstnlction.

Comparingthemonitoredresultswiththecorrespondingcalculated

pe㎡o㎜ance,themonitoredandcalculatedratiosofthemaximumlateral

displacementtosettlementhavecometoagoodagreement,exceptinthe

primarystagewhenthemonitoredsettlementoccurredwithoutany

monitoredlateraldisplacement.Asexplainedinaprevioussection(4-5),

thecalculatedperformanceconfi㎜sthefactthatthebreakwater

fo㎜dationhasstablydeformedwithoutImyindicationoffailure,according

totheeffbctivestresspathsfortheelementsofthemarinefoundation.In

、F∫8.26,themonitoredrelationsshowasaferdeformationthanthe

calculatedones;thatis,themonitoredsettlementtolateraldisplacement

ratioexceedsthatofthecalculation.Therefore,thestabilityofthemarine

foundationduringthebreakwaterrestorationhasbeenconfi㎜edbythe

strongsuppomhecalculatedpe㎡o㎜anceprovides.

ForSectionC,themaximumsettlementmeasuredby8P2andthe

maxim㎜lateraldisplacementmeasuredbyIMontheseasideareplotted

inF'8.27ro/withthecorrespondingcalculatedpe㎡ormance,andthe

maximumsettlementmeasuredby∫P3andthemaximumlateral

displacementmeasuredby刀>30ntheharborsideareplottedinF'8.27
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rわ1,撮sowi山thecorrespondingcalculatedp曲 ㎜ance.hl血esefigures,

山estabilityof山ema血efoundationinSectionCisalsoco㎡i㎜edbythe

calculatedpe㎡o㎜allce,inthesamewayas山at鉛rSectionBexplained

above.

9・6.Conclusions

Coupledstress-nowanalysesinte㎜sof血eelasto-viscoplasticfinite

elementmethodarepe㎡onned.Thedefo㎜ationofama血efoundation

groundsu切ectedtobreakwaterconstnlctionisnumericallyinvestigated,

andthecalculatedresultsarecomparedwiththemonitoredsettlementand

lateraldisplacements.ThefoUowingconclusionscanthenbemade:

(1)Thecalculatedsettlementofthefbundationbeneaththecaissondueto

breakwaterconstnlctioniscontrolledbythereinforcementeffbctof

∫CP,whereasapredominantsettlementtakesplaceattheboundary

betweentherei㎡orcedandunrei㎡orcedareas.

(2)Accordingtothecalculatedperformance,theexcessporewater

pressureisa㎞ostfullydissipatedbyayeara丘er血ecompletionof

thebreakwaterconstnlctionbecauseof血ehighpe㎜eabilityof山e

siltlayers.Inadditiontotheseresults,sincethesecondary

consolidationofsiltisnotsoremarkable,thelong-te㎜settlementof

thismarinefoundationwillnotbecomeaseriousissue.

(3)Lateralgroundmovementmainlyoccursduetothesettingandfilling
ofthecaisson,andtotheconstnlctionoftheamlorunitswithapeak

valueattheboundarybetweenthesandlayeroftheseabedandthe

aUuvialsiltdeposit.

(4) Thestabilityofthemarinefoundationgroundisnumerically

investigatedbytheeffectivestresspathsofthesiltlayers.Thestress

stateofthefbundationgroundduringthebreakwaterconstmctionis

stableandshowsnoindicationsoffailure.
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(5) Thecalculatedperfo㎜anceofthesettlementcanpredictthe

monitoredsettlementwithaslighttendencytowardunderestimation,

consideringthedifficultyofmeasurement.Inregardstothelateral

groundmovement,adiffbrencecanbeseenintherestrictioneffbctof

thesandlayers.However,thecalculatedandmonitoredresultsare

qualitativelyingoodagreement.

(6) Themonitoredmax㎞umsettlement-lateraldisplacementrelations

confirmthestabilityofthemarinefoundationgroundduring

breakwaterconstructionwithsignificantsupportfromthecalculated

perfo㎜ance.
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Conclusions

ThemajorconclusionsobtainedinPart2aresummarizedasfbllows:

Inchapter7,aframeworkofassessingthelateralgroundmovement

isproposedbasedontheelasto-viscoplasticfiniteelementanalysis.Firstly,

degreeofpartialdrainageisdefinedbytimefactor,intermsoftherateof

loadingandtherateofconsolidation.Secondly,theratioofthevolume

gainedinlateraldefb㎜ationto山atlostinsettlement,y謁isintroduced.

Thereafter,ithasbeenshownthatthelateralgroundmovementcanbe

est㎞atedbythet㎞efactor,VダVρand血eratioofthewidthofloadingto

出ethic㎞essofdefo㎜edso丘claylayer,BIH.

Basedontheassessmentproposedinthischapter,theload-lateral

displacementperfo㎝ancesdataaroundtheworldaregatheredfor

discussion.Itisshownthatthenatureorstratificationoftheso食soilhas

clearimpactonthedefo㎜ationbehavior,i.e.,thatis,detedorationof

foundationrigidityissignificantf6rweaksoftfoundations,consistingof

peatororganicclay,ontheotherhand,forstiffclayfoundation,no

reductioninthefbundationrigidityoccursevenduringtheloadingPeriod.

Inchapter8,defo㎜ationanalysisofreclaimedmarinefoundationis

perfo㎜ed.Koshienreclaimedlandhasbeenconstmctedinthis5yearsby

dumpingsandandgravel.Theprocessofdefo㎜ationofthemarine

foundationsu切ectedtothisreclamationworkisnumericallyinvestigated

by血ecoupledstressnowanalysisinte㎜softheelasto-viscoplasticfinite

elementmethod.Emphasisisplacedonthefollowingthreefactors;(1)

geometricalconditionofthefoundation;(2)materialpropertiesofthe

foundation;and(3)theexactmodelingoftheconstructionsequence.

Reliablenumericalanalysiscanbepe㎡b㎜edonlywhenthesethreefactors

aresatisfactorilymodeled.Inthischapter,afterexplainingindetailhowto
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detemlinetheparametersconstitutivemodelrequires,thecalculated

perfb㎜anceisdiscussedandtheobservedsettlement,1ateraldisplacement

profilesofthefoundationandthegeneration/dissipationprocessofexcess

porewaterpressurearecomparedwiththecalculatedresults.

Thedefo㎜ationofthemadnefoundationwascalculatedbytaking

intoaccounttheeffectivestresspathofclayelementsofthefoundation.It

hasbeenshownthatthiscalculatedpe㎡b㎜ancecanpredicttheobserved

settlementprofilesoftheseabedandthecrestofthediluviallayersand

lateraldisplacementprofileswithdepthexactly.However,the

characteristicsofthediluvialclaywhichushaUyremainsoverconsolidated,

thatis,estimationofplasticyielding(pcevaluation),secondary

compressioninoverconsolidatedregionandthegeneration/dissipation

processofexcessporewaterpressure,shouldbefurtherinvestigated.

Illchapter9,defo㎜ationof出ema血efoundationsubjectedtothe

breakwaterconstnlctionisanalyzedbytheelasto-viscoplasticfiniteelement

method.Thecalculatedperfo㎜anceconfi㎜thatthestressstateofthe

foundationkeepsstableandthereinfbrcementeff6ctofdenselycompacted

sand(5CP)iseff6ctiveoncontrollingthesettlementofthebreakwater

foundation.Compadngthecalculatedpe㎡o㎜anceswiththeobserved

settlementandlateraldisplacementprofiles,bothresultsarequalitativelyhl

goodagreement,consideringthedifficultyofdirectmeasurementof

de鉛 ㎜ationinthesea.Finally,itshouldbeemphasizedthatthemonitored

maximumsettlement-1ateraldisplacementrelationsconfi㎜thestability

ofthebreakwaterfoundationattheconstnlctionsite,withastrongsupport

丘omthecalculatedperfo㎜{mce.

一171一




