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CHAPTER

ONE

Introduction

1.1GENERALISSUES

Aノ0"r〃eyげβ∽≠〃わ〃∽混5

S加fs乱,離f如βr5f5坤

Confucius

ThedeterminationoffbrcesactlngOngeOteChnicalenglneerlngStruCtureS,Whicharein

indirectordirectconnectionwithearthmasses,isofparamountimportanceinappliedsoil

mechanics.Asoundknowledgeoftheseforces(boththestaticanddynamic)isessentialfbr

thesaftandeconomicaldesignofsuchstruCtureSaSretainlngWalls,fbotlngS,tunnelsetc･

AretainlngWallisastructuredesignedtomaintainadifftrenceintheelevationsofthe

groundsurfacesoneachsideofthestructure･RetainlngWa11sareextensivelyusedin

connectionwithrailways,highways,bridges,CanalsandmanyotherenglneerlngWOrks･

SomeofthemorecommonusesareillustratedinFig･l･l･TheexamplesglVeninthefigure

glVeaninsightastohowtheretainlngWallsascivilenglneerlngStruCtureSareintimately

invoIvedinthedaytodayliftofhumanbeings･Hence,PrOperanalysISanddesignofthese

structures assume utmostimportance･The stability analysIS Ofthe retaining walls

necessitatesthedeterminationofearthpressuresactlngagalnStthewal1s･Fig･1･2showsthe

variousparametersinvoIvedintheanalysISanddesignofaretainlngWall-backfillsystem

whenthewallmovesinactivemode･Thefigureisfbrthesolepurposeofillustration,Since

retainlngWallsofsimpletrapezoidalsectionarerarelyconstruCted･Theresultantactivefbrce

PAaCtSatanangle8tothebackofthewall･Thewallfrictionangle8ismoreoften

expressedastan8,thecoefficientofwallfriction･Thepointofapplicationoftheresultant

fbrceisconvenientlyexpressedasadimensionlessquantity(h/H),Calledtherelativeheight

OfpolntOfapplication･

TheClassicalearthpressuretheory,enunCiatedbyCoulomb,iswidelyusedintheearth

pressureanalysISanddesignoftheretainlngStruCtureSWithinthevalidityoftheassumptlOnS

ofthattheory･Thetheory,however,Paidnoattentionwhatsoevertothemodesofmovement
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ofthewall(Translation,Rotationaboutthebase,Rotationaboutthetop,Rotationaboutthe

baseaswellasTranslationetc.)andassumedthelateralearthpressuredistributiontobe

simplyhydrostatic･Mononobe-Okabe,sdynamicearthpressuretheorytoohassimilar

drawbackasitisbasedonCoulomb'sstaticearthpressuretheory･

Fig･1･2Mainparametersofinterestsinearthpressurecalculations

EversinceTerzaghi(1936)pointedoutthefallaciesinCoulombrstheory,theattentionof

theresearchcommunltylntheneldofearthpressurehasbeenfocusedontheearthpressure

dependentonthewallmovementmodes･Experimentalobservationsbyvariousresearchers

(Roscoe(1970),IchiharaandMatsuzawa(1973),Sherifet･al(1982),Sherifet･al(1984),

SherifandFang(1984),FangandIshibashi(1986),IshibashiandFang(1987),Kawamura

etal(1983),Ohara(1970))haveledtotheconclusionthatthemagnitudeandthedistribution

oftheearthpressureaswellasthepolntOfapplicationoftheresultantareinfluencedbythe

kindsofmovementthewallexperiencesinvarioussituations･Analyticalexpressionshave

beenproposed(Dubrova(1962),SaranandPrakash(1977),Dimarogona(1983),Bang

(1985))explainingthenonlineardistributionoftheearthpressurefordifftrentmodesofwall

displacementunderstaticaswellasdynamicloading･

However,theanalyticalmethodscannotexplaintherealphenomenonassociated,aSthey

areunabletotrulycapturetheprogressivedeformationcharacteristicsofthebackfill,and

hence,itsconsequencesontheactiveorpassivestateparameters･Nevertheless,thebasisof

thesemethodsistheclassicalCoulombtheorywhichgivesonlytheupperboundsolution･

Ontheotherhand,developmentofanefficientnumericalmodeltotreatthisdependencyof

earthpressureonthewa11movementmodes(thusenablingthepracticingengineersto

translatetheresultsintothedesign)isstillatitsinfancy･Thisresearchisastepfbrwardin

thedirectiontowardsthedevelopmentofanumericalmodel･

Fig･l･3showsthevariouscomponentswhicharepartandparcelofthenumerical

modelingofaretainingwall,namely:(l)thebackfilland(2)theinterfacebetweenthewall

andthebackfill.Inthisdissertation,theemphasisisglVentOthemodelingofthesetwo

components,Withspecialconsiderationtothewa11deformationmodes,Whichwillbe

discussedindetailinsubsequentchapters･
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Fig･1･3ComponentsinvoIvedinthemodelingofaretainlngWa11-back丘11system

Fig･l･4showsthedifftrentapproachesusuallyadoptedfbrthecomputationalmodeling

OfaretainlngWa11-backfillsystem･ThetopICSWithshadedblocksconnectedbythickarrows

areofspecialinteresttothisresearch,andmuchattentionisfocusedonthesetopICS･The

threemainissuesofinterestsextensivelyconsideredinthisthesisare:

(l)ModelingoftheBackfi11

(2)ModelingoftheInterface

(3)How the Earth Pressure(both Static and Dynamic)isinfluenced by the Wall

DisplacementModes?

1.2 0BJECTIVESANDSCOPEOFTHISRESEARCH

1.2.10vervieⅥ7

Asmentionedearlier,theanalytlCalmethodsbasedontheclassicaltheoryandothertheories

Withrigid-PlasticassumptlOn,arenOtSufficienttocapturetheprogressivedeformation

Phenomenon such as earth pressure development agalnSt a retainlng Wall･Hence,

researchersresorttonumericalmethods.Researchesgalorecanbefbundrelatingtothe

numericalcomputationsofthestaticanddynamicearthpressure,uSlngdifferentapproaches･

However,theseworksseemtolgnOretheprogressivedeformationcharacteristicsofthe

backfillsoilsuchaslocalization.WhendefbrmedsufficientlylntOtheplasticrange,the

deformationwithinthegranularmaterialstendstolocalizealongconcentratedbands,named

ShearBands,reSultinglnnOn-unifbrmstressstatewithinanelement･Themodelingofthis

localizationphenomenonisofimmensepracticalimportancesincethefailureofmany

englneerlngStruCtureSisindeedcharacterizedbythefbrmationandpropagationofshear

bands･Inparticular,failureandposトfailureanalysesareimportantinearthquake,minlng

andpetroleumenglneerlngdesignproblems,WhereoneistypICallylntereStedintheultimate



Fig･l･4VariousapproachesofmodelingtheretainlngWall-backfillsystem

andresidualbearlngCaPaCitiesofthevariousanalyzedstructures･Inprocessofearth

pressuregeneration,theinitiationoftheactiveorthepassivestatefromtheat-reStStateisa

phenomenonwhichinvoIvesprogressivefailure･Thus,thesimultaneousmobilizationofthe

peakstrengthatvariouslocationsalongtheslipsurface,aSaSSumedinmostoftheanalyses,
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isnotencounteredfrequently･HencethenumericalanalysISOftheearthpressurecallsfbrthe

COnSiderationoftheefftctsoftheinceptedshearbands･

MostofthenumericalworksonseismicearthpressureuseequlValentlinearstress-Strain

relationfbrdefiningtheconstitutivepropertiesoftheback丘11･Theseresearchespaidattention

Onlytothedynamiccomponentoftheearthpressure,nOtthetotalearthpressure･Thelion's

shareofthisresearchwasdevotedtothedevelopmentoftheconstitutiverelationofthe

backfill,formodelingthestaticandthedynamicearthpressure,COnSideringthelocalized

defbrmations.Thedevelopedmodelcanbeappliedtoanalyzeboththeearthpressures(total

Staticandtotaldynamic)･

ThemodelingoftheinterfaceisanintegralpartoftheearthpressureanalysISaSit

invoIvestheinteractionoftheretainlngStruCtureSandthebackfillsoil･Variousinterface

modelswithvarylngdegreeofcomplexltyareaVailableintheliteraturetodate･Anew

Simplifiedinterfacemodel,fromthepolntOfviewoftheearthpressureanalysIS,isalso

PreSentedinthisthesis.

1.2.20bjectives

TheprlnCIPalelementsofthepresentstudyarealreadyillustratedinFig･l･4･Thepurposeof

thisstudyistotreatthepreviouslymentionedthreetopicsofinterest(i･e･backfi11modeling,

interface modelingandhowtheearthpressureisinfluencedbythewalldisplacement

modes).Accordingly,theo叫ectivesofthisresearchareinthreefolds:(l)Todevelopa

numericalmodelforthe analysisofaretainingwall-backfillsystem;(2)To applythe

developed modelto analyze the active earthpressure generation agalnSt arigid wall

SuPPOrtingdrybackfillsandfbrvariousmodesofdefbrmationofthewalland(3)Tobring

tolightthevariousgovern1ngmeChanismsinvoIvedintheback丘11defbrmations･

The firsto句ectiveinvoIves the modelingofthe backfillas wellas theinterface･

Consequently,the development ofa new constitutivelaw for the backfillmaterial

COnSideringthelocalizeddeformation,andtheidealizationoftheinterface,Whichfitswell

thephysicalmechanisminvoIvedinthewall-backfillinteraction,fbrmthefbundationofthis

research.

1.2.3Scope

Asofthepresent,theapplicationofthedevelopedmethodologylSreStrictedonlytothe

experimentalmodel･Asafirststep,ifafundamentalmethodologycanbedevelopedthrough

Simulationoftheexperimentalmodels,infuturethismethodologycanberefinedandusedin

PraCticalproblemsinsteadofdirectlyapplyinglttOtheneldproblemswhichhavenoreliable

data.Nevertheless,itisassumedthattheinftrencesderivedfromthisresearchcanbeeasily

CaJTiedovertootherretainlngWallproblems.



1.3 0RGANIZATIONOFTHETHESIS

ThischapterglVeSageneralviewoftheissuesrelatedtotheearthpressureresearch･The

scopeandtheoqectivesoftheresearcharealsoindicated･TheorganizationalstruCtureOfthe

thesisisschematicallyshowninFig･1･5･

証二]｡bjectives証ニコproposedMode-s

旺二]LiteratureReview 匿ニコApplications

Fig･l･5Thesisorganization
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InChapter2,areViewoftheearthpressureresearch(experimental,analyticaland

numerical)todateispresented.Thelimitationsoftheexistingmethodsoftheearthpressure

analysISarediscussed･Theinfluenceofthewalldisplacementmodesontheearthpressure

agalnStarigidretainlngWall,WaSglVenparticularattention,andtheneedofthepresent

researchishighlighted.

Chapter3presents two constitutivelaws for modeling the backfill･Oneis the

COnVentionalformulationuslngDrucker-Pragermodelwithahyperbolicstrainhardenlng

function.The otheris anewconstitutiveformulationwhichis
derivedbasedonsmeared

Shearbandtechniqueutilizingtwoshearbands(namedhere
as CoupledShearBand

Method)inordertocapturetheprogressivenatureofdefbrmationofthebackfillmass･In

contrast to the conventionalshear band analyses,the Coupled Shear Band Method

considerstwoshearbandsinsidealocalizedelement.Theconstitutiverelation,Whichis

fbrmulatedbycouplingthetwobands,incorporatesthewidthoftheshearbandsinorderto

representthe'一geometricsoftenlng'一･

Chapter4isdevotedtotheinterfacebetweenthesoilandthestructure･Theinterface

modelsdevelopedbytheresearchersfbrvariousapplicationshavebeenreviewed･Anew

interfacemodelispresentedthatcantakecareoftheproblemofcrosslngandseparation･The

meritofthismodelliesinitssimplicityandminimumparametersinvoIvedinitsapplication･

ThesimulationcapabilityofthemodelbecomesapparentinChapter5andChapter6,Where

themodelisappliedintheanalysISOftwoearthpressureproblems･

InChapter5thenumericalmodelspresentedinChapter3(BackfillModel)andin

Chapter4(InterfaceModel)havebeenappliedtoanalyzethestaticearthpressureagainsta

rigidretainlngWallsu句ectedtovariousmodesofitsmovement･Anexperimentalmodelhas
beensimulatedintheanalyses.Theprogressivefailuremodesofthebackfillareobserved

foreachwalldisplacementmode,andtheactivestateisdefinedbasedonthefailurezone

PrOgreSSions･Comparisonsofthenumericalresultshavebeenmadewithexperimental

results,Classicaltheories,analytlCalmethods,andwithnumericalresultsobtaineduslngthe

StrainhardenlngtheoriesofplastlClty･

Chapter6dealswiththeseismicearthpressureproblems･Thebackfillhasbeenmodeled

basedonthefbrmulationdescribedinChapter3.Underseismicloadingconditions,When

thewallmovesawayfromthebackfill,andtheinertiaforceactsawayfromthebackfill,

momentaryseparationofthewallandthebackfillisimminent･Hence,theinterfacemodel

PreSentedinChapter4ismodifiedtoallowfbrtherelativemotionsoftheinterface･The

PrOgreSSivedebrmationofthebackfillmassaswellthevariousearthpressureparameters

arenumericallyevaluatedforamodelretainlngWa11･Inaddition,Wall-mOVemenトmode

dependent seismic activeearth pressure problems are also addressed･A comparative

discussionofthenumericalresultsismadewithMononobe-Okabe'stheory,Logarithmic

SpiralMethod(seeAppendixAfordetail)andDimarogona'sanalyticalmethod,andthe

drawbacksofthesemethodsarepolntedout･



Concludingremarksaremadeattheendofeachchapter･Asummaryandtheoverall

COnClusionsofthisresearcharepresentedinChapter7･
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2.1INTRODUCTION

Earthpressure,inthebroadestsenseoftheword,denotesfbrcesorstressesthatoccureither

intheinteriorofanearthmassoronthecontactsurfaceofsoilandstruCture.Itsmagnitude

willbedeterminedbythephysicalinteractionbetweensoilandstruCture,thevalueaswellas

characterofabsoluteandrelative displacementsanddefbrmations･

Takingthisgeneraldefinitionintoconsideration,OnemayStatethattheproblemofearth

pressureisoneofthebasicandessentialtopICSOfCivilEnglneerlng･KarlTerzaghi,the

fatherofSoilMechanics,hascontributedtremendouslytothefieldofearthpressure･His

experimentalaswe11astheoreticalcontributiontotheearthpressureproblemsisarealeye

openertotheresearchers･FollowlngTerzaghi,sfootstepenormousresearchhasalready

beendone.Therefore,insteadofgolngtOthepre-Terzaghiera,hereanattemptismadeto

reviewtheexistlngreSearChesontheearthpressurefromthepolntWhereTerzaghihasleft

behind.

Earlierinvestlgationsinthefieldofearthpressurecanbebroadlydividedintotwom叫Or

areas,i)Analytical/Numericalandii)Experimental･ThepresentresearchinvoIvesonlythe

computational(numerical)aspect ofthe earth pressure･However,for the sake of

completeness,thepertinentworksdonebyvariousinvestlgatOrSinalltheareasarereviewed

herein.
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2.2 ANALYTICALSTUDIES

Practicallyeveryknownmethodofearthpressurecalculationbelongstooneoranotherof

thefbllowingfivegroups(Kezdi,1974)･

(1)Theoriesofelasticity:Inthismethodthree stresses andtwodisplacements are

determinedbytwoequationsofequilibriumandthecompatibilityequationassumlngthe

validityofHooke,slaw･Theultimatefailurecannotbedetectedbythismethod･

Boussinesq,smethodcomesunderthisgroup･

(2)Theoriesofplasticity:Thismethodisbasedontheassumptionthattheconditionof

plasticfailureisfu1filledateverypolntOfthemassoralongspecifiedsurfaces･Two

equationsofequilibriumplusthefailureconditionisusedtodeterminethethreestresses･

Rankine,searthpressuretheorybelongstothisgroup･

(3)Equilibriummethod:Inthismethod,Slipsurfacesareassumedtodevelopintheearth

mass;alongthesesurfaces,ateVeryPOlnt,theconditionoffailureisfulfilled･Asingle

equationisfbrmedbycombiningthetwoequationsofequilibriumandtheconditionof

failure,Whichexplainsthevariationofstressalonganyruptureplane･Anadditional

requlrementisthatthesolutionmustbekinematicallyadmissible･Ohde'stheorylSa

Classicexampleofthismethod･

(4)Extrememethod:Inthismethod,OnePartOftheearthmassbehindthewallis

COnSidered･Theconditionsofequilibriumandthefailureconditions,inthiscase,arenOt

Sufficienttodeterminetheearthpressure;themisslngequationswillbefumishedbyan

extremecondition‥thevalueoftheearthpressurehastobeaminimumoramaximum･It

is essentialthat the stresses actlng On the sliding surfaces do not enterinto the

Calculations･Thisgroupcontainse･g･thewidelyusedearthpressuretheoryofCoulomb,

assumlngaPlanesurfaceofslidingandthemethodsofRendulic,Felleniusandothers･

(5)Empiricalmethod:Themodelstestsandexperiencescomeunderthisgroup･

2.2.1StaticEarthPressureResearch

Allthecustomarymethodstoearthpressurecomputationcanbetracedbackeitherto

Coulomb,sortoRankine,stheoryofearthpressure･Itisworthmentionlngatthispolntthat

Rankine,searthpressuretheorylSaClassiconeasfarasthemechanismofearthpressure

generationisconcerned･However,thetheoryfailstoclaimmuchpracticalmeritsincein

PraCticeitisalmostimpossibletoencounteraretainlngWallthatissmooth･Coulomb's

methodgiveswhatisnowtermedan仰erbound solution(equilibriumplusamechanism

Offailure)whereastheRankinemethodgivesalowerbound solution(equilibriumplus

failurecriterion).Underspecificcircumstancesthecorrectsolutionliesbetweenthesetwo

boundsolutions.

12



Inthepost-Terzaghiera,manymOdelsbasedonthetheoryofplasticltyWeredeveloped

forsoIvingthestaticearthpressureproblems･NotablecontributioncamefromHansen

(1958),Sokolovski(1960),Rowe(1963)andDavis(1968)･Asummaryoftheapplication

oftheconceptstoearthpressureproblemswasgivenbyRoscoe(1970)inhisRankine

lecture･Roscoegaveanotherdimensiontotheearthpressureresearchthroughhismethodof

associatedfields.Basedonthetestresults atCambridge,JamesandBransby(1970)

proposedasimplezeroextensionlinefieldfbrpredictlngpaSSivedisplacementsinsands

behindaretainingwall･HabibagahiandGhahramani(1979)extendedthezeroextensionline

theorytopredictstresspatternsinthebackfillbehindaverticalwall･Alternativeapproaches

havebeendevelopedbyLeeandHerington(1972)byusingthetheoryofplasticity･The

applicabilityofvarioustheoriesofearthpressurebasedonthetheoryofplasticltyhasbeen

discussedextensivelybyLee(1975)･

Itisevidentthattheaccuracyofthevaluespredictedbytheplasticltytheory are

determinedbytheefftctivenessoftheparticularsoilmodel･Lee(1975)hasshownthatthe

numericalvaluesfbractiveorpassiveparametersdeterminedbyalternativemethodsare

commonlyveryclose,andtherefbre,OneCannOtClaimthattheCoulombmethodiswidely

inaccurate･Useofplasticltytheoryhas,however,aSWellastakinglntOaCCOuntthetypeof

wallmovement,reSOIvedsomebasicissues･Oneofthemostslgnificantcontributionsisthe

predictionofthevaluesofwall-SOiladhesionandfrictiontobeusedintheCoulomb

analysIS･ItwasshownthatthecommonassumptlOnOfthewallfrictionangleastwothirds

ofthesoilvaluesleadstoagoodapproximationtotheoreticalvaluesderivedbytheuseof

plasticltytheory･

2･2･2DynamicEarthPressureResearch

Mononobe-Okabe,stheorylSaStepplngStOneintheanalyticalresearchofdynamicearth

pressure･ThetheorylSaneXtenSionofCoulomb,s slidingwedgetheorylnWhich

earthquakeeffectsaretakenintoaccountbytheadditionofhorizontalandverticalinertia

terms.Mononobe-OkabeanalysISglVeSSatisfactoryresultsonlyifthewa11displacementsare

sufficienttofu11ymobilizetheshearstrength･DesplteSOmeadvancementinthefieldof

dynamicearthpressureinthelastseventyyears,thestate-Of-the-arttOdaylSnOtinastage

wherereasonablyaccuratepredictionsofdynamiclateralearthpressurescanbemade･

Nevertheless,itisbecomlnglnCreaSlnglyimportanttopredictaccuratelythedynamiclateral

soilpressuresonessentialstruCtureS,SuChasbasementwallsofnuclearpowerfacilitiesand

quaywalls･Areview,howthestudyhasprogressedovertheseyears,follows･

MatsuoandOhara(1960)havefbundanapproximateelasticsolutionforthedynamicsoil

pressureonarigidwallfbrtranslationalmotionsuslngatWO-dimensionalanalyticalmodel･

ThebasicequationswerederiveduslngClassicalwavetheory,aSSumlngthatthewallwas

stationary,WiththewavetravelinglnthesoilmediaandimplnglngOnthesurfaceofthe
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wall･Acomprehensivereviewonthestate-Of-artOfdynamicearthpressurewasglVenby

SeedandWhitman(1970).

Scott(1973)treatedthesoilasaone-dimensionalshearbeamattachedtothewa11by

sprlngSrePreSentlngthesoil-Wallinteractionandarrivedattheconclusionthatthepressures

andmomentsareslgnificantlyhigherthanthosecalculatedbyMononobe-Okabe'sMethod･

ThepolntSOfapplicationoftheearthpressuresare,ingeneral,fbundtobearoundtwothirds

ofthewa11heightabovethebase･DetailsofScott,smodelillustratlngtherigidwallsystem

areshowninFig.2･l･

y

WinklerSpring RigidFoundation

Fig.2.1Scott's(1973)analyticalmodel

Tajimi(1973)usedtwo-dimensionalwavepropagationtheoryinhomogeneouselastic

bodytodeterminethedynamicearthpressureonwallsdisplacedeitherintranslationor

rotation.Themathematicalmodelconsistsofaquarter-infinite丘eld,Whoseverticalboundary

undergoeslateraldisplacementduetomovementofthebasementwall･Thedistributionof

earthpressureonthewallisexpressedbytherealandimaglnaryCOmPOnentSVarylngWith

frequency･

Jakovlev(1977)derivedseveralexpressionsfbrtheactiveandthepassiveearthpressures

underearthquakeconditions-Twoapproaches,OnebasedonCoulomb-stheoryandthe

otherbasedonthesafe-StreSSStatictheoryofSokolovski(1960),Weredescribedincluding

thesurchargeefftcts･

HavlngreCOgnlZedthatwa11movementsareexpectedduringearthquakes,Richardsand

Elms(1979)suggestedaproceduretocalculatethetotaldisplacementofthewal1･Thewall

undergoesadisplacementrelativetothesoilwheneverarelativevelocltyeXistsbetweenthe

wallandthesoil.

Prakash(1981)surrmarizedpertinentliteratureregardingtheanalyticalandexperimental

worksondynamicearthpressure･Theproblemsofearthpressurevariationduetothe

6arthquakemotion,thepolntOfapplicationofthedynamicincrementandthedisplacementof

thewallhavebeenhighlightedinthatstate-Of-artrePOrt･
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Prakash(1981)describesasingledegreeoffreedom(SDOF)modeltoinvestigatethe

behaviorofretainingwallintranslation(Fig･2･2)･Thedeformationofthesoilandthe

relativedisplacementbetweenthewallandthe soilwere notconsideredseparately･

However,thetotaldisplacementfromtheorlglnalequilibriumpositionofthewallis

computedusingthespring-maSS-dashpotsystem(Fig･2･2a)■Theequivalentspringconstant

representsbackfillsoilresistanceandbasefriction･TheequlValentmassincludesthe

retainlngWallmassandO･8timesthemassofthesoilcontainedinaRankinefailurewedge･

Thefbrce-displacementrelationiselasto-Plastic,Withhi望hervaluesofstiffnessandyieldon

thecompressionside･Itisstatedthat,fbraselectedamplitudeandnaturalperiod,largerslip

occurswhenthenaturalperiodofthewall-SOilsystemcoincideswiththeperiodof

excltatlOn.

y=Ysinot Z= X-y

(a)Mathematicalmodel

(b)Force-displacementrelationship

Fig.2.2SDOFmodelfordynamicanalysisofretainingwalls(4βerPraksh,1981)
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NadimandWhitman(1984)computedtheamountofpermanenttiltingandslidingofa

gravltyretainlngWallduetotheearthquakeloading･Limitingaccelerations,Wherethewall

beglnStOtiltorslide,WereeValuatedbyconsideringthedynamicequilibriumofthewall.

TheequilibriumandcontinultyCOnditionsofthewallandthebacknllwerewritten.Thetotal

fbrceonthewallanditslineofactionwereevaluatedbyconsideringtheequilibriumofa

Sliceofthebacknllandintegratlngtheforceincrementalongthewal1-backfillinterface･

Siddarthanetal(1990)proposedananalyticalmodelbasedonthemodelofNadimand

Whitman(1984)わrpredictingtheseismicdisplacementsofrigidretainingwallssupporting

drybackfill.Theslidingandtiltingwerecoupledincalculatingtheresponse･Byperfbrmlng

aparametricstudyonthepositionofcenterofrotationalongwallbase,theyconcludethat

Whenthecenterofrotationisawayfromthewalltoe,aCOuPledmodeofdefbrmationoccurs

andthetotalhorizontalmovementcanbeasmuchas78%higherthanthoseglVenby

COnSideringslidingalone.

2.3 EFFECTOFTHEWALLDISPLACEMENTルIODES

2.3.1Fal1acies ofthe ClassicalTheories

Coulomb'stheoryprovidednoanalytlCalbasisforthedistributionofearthpressure.He

Simplyassumedthepressuredistributiontobequasi-hydrostaticandconsideredtheresultant

earthforcetoapplyatone-thirdtheheightofthewall.SameisthecasefbrMononobe-

Okabe'stheoryfbrthedynamicearthpressure.However,aretainlngWallcanundergo

Various kinds ofmovement depending on the situations as mentionedelsewhere.For

instance,Whenrelativelydeepfillsora句acentstruCtureSeXistinfrontofthetoesectionofa

retainlngWall,thepassiveearthpressurefromthe丘11sortheaqjacentstruCtureSPreVentthe

movementofthewallatitslowerpart.Inthiscasethewallundergoesrotationalmovement

aboutthebase(RB).Ontheotherhand,fbrbridgeabutments,Onlythelowerportioncan

movesincetheoutermovementatthetopISreStrainedbytherelativelyrigidsuperstruCtureS･

Insuchsituations,themodeofdisplacementisrotationaboutthetop(RT).Otherprobable

modesthatawa11maybesubjectedtoareTranslation(T),Rotationaboutthecenter(RC)

andcombinationofRotationabouttheBaseaswellasTranslation(RB-T).InFigs.2.3(a)-

(e),theaねrementionedmodesareshownfbrtheactivedisplacementofthewall.Resultsof

large-SCalemodeltestsbyTerzaghiandTschebotarioff(inChapter50fRef.[26])have

demonstratedthatfbrveryrigidretainingwallsexperiencingrotationaboutthebase(RB),

theearthpressure(Sandybackfill)distributionismoreorlesshydrostatic.However,fbrthe

Othermodesofmotion,thetestresultsindicateaparabolictypedistributionoftheearth

PreSSure･Thus,incontrasttoCoulomb'stheory(Static Case)andMononobe-Okabe's

theory(DynamicCase),theearthpressuredistributionpattern(Figs.2･3(b)-(e))isnonlinear
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andthedistributionpatterndependsonthemodesofdisplacementofthewall,reSultingln

difftrencesinthevaluesoftheresultantthruStanditspolntOfapplication･

(a)Rotationaboutbase(RB)

∩
〓
〓
〓
〓
〓

=

→トロ
(C)Transiation(T)

′
二
.
サ

S

｣

一

朝

一

0 ∃壬 Ceローero′斤0ね〟0∩

(e)Rotationaboutbase+Translation(RB･T)

(b)Rotationabouttop(RT)

(d)Rotationaboutcenter(RC)

DistributionAssumedby

CIassicalTheories

ProbableDistribution

Fig･2･3Variouswalldisplacementmodes
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2.3.2ExperimentalInvestigations

2.j.2.ノ∫JαJ∠c丘t(汀JゐPre∫∫乙げe

ManyResearchersintherecentpasthaveconductedsmall-SCaleaswellaslarge-SCalemodel

testsaimlngat丘ndingoutthedistributionofearthpressure,theresultantearthpressureatthe

criticalstate(ActiveorPassive)anditspointofapplicationfordifferentwallmovement

modes.TheextensiveworkbyRoscoe(1970),forthepassivecase,hasdemonstratedthat

themagnitude,thedirectionandthepositionoftheappliedpolntOftheresultantfbrceof

earthpressurearegenerallydependentonthemodeofmovementofthewall･

IchiharaandMatsuzawa(1973)conductedmodeltestsonawalltranslatingaswellas

rotatlngaboutapolntlocated20cmbelowthebaseofa55cmhighwall･Theirexperiments

haveshownthatthepolntOfapplicationoftheresultantandthemobilizedangleofwall

frictionarefunctionsofthemeanwalldisplacement･

TheexperimentalworkbyFangandIshibashi(1986)forvariouswalldisplacement

modessuggeststhatthelateralearthpressuredistributionpatterndifftrsdependingonthe

Wallmovementmodes;COnSequently,thepolntOfapplicationofthetotalactivethruSthasno

unlqueValue,anditincreaseswithincreaslngSOildenslty･

2.j.2.2上)γ乃〟∽fcgαr〟‡Prg∫∫lげe

Ohara(1970)conductedshakingtabletestsonretainingwallfbrfourdifftrenttypesofwall

movement,namely,RB,RT,TandRB-E(Rotationaboutthebasewithelasticsupported

Wal1).Boththeseismicactiveandpassivepressuresweremeasured･Itwasconcludedthat

theverticaldistributionoftheseismicearthpressureactlngOnthewal1dependsonthemode

Ofwallmovementanditissimilartothestaticone.Theangleofinternalfrictionofthedry

SandlayerwasfbundtodecreasewithincreaslngSeismiccoemcient･

IchiharaandMatsuzawa(1973)usedalargescalevibratingsoilbintoestimatetheactive

earthpressureaswellastheat-reStPreSSureduringvibration･Thefrequencyofexcitation

WaS3･3Hzwith600galsofaccelerationamplitude･Themodeofmovementofthewa11was

RB-T･TheyconcludedfromthetestresultsthatthepolntOfapplicationoftheresultantactive

thrustmovesupwardwithincreaslngaCCelerationandtheMononobe-Okabetheorycanbe

usedtopredictearthpressureuslngthestaticangleofinternalfriction･Itisstatedthatthe

activestatedevelopswhentheangleoffrictionbetweenthewallandthebackfillreachesits

maximumvalue.

Sherifetal(1982)usedshakingtableteststofindtheneutral,aCtivestaticaswe11as

dynamicstressesandtheirpolntSOfapplicationfbrrigidretainlngWallssupportlngdry

亨andybackfill･TheUniversltyOfWashington,sshakingtableandretainlngWallassembly

WaSuSed･Thewallcouldmoveinthreemodes:T,RBandRT･Theypresentedanequation
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basedonthetestresultstocalculatethedisplacementnecessarytoinitiateactiveearth

pressureasafunctionofthewallheightandtheback丘11soilstrength･

Matsuzawaetal(1985)revieweddifferentdynamicearthpressureandwaterpressure

theoriesaswe11asavailableexperimentalinvestlgations･TheyconcludedthatthepolntOf

applicationofthelateralearthpressuredependsonthemodeofwallmovement･They

proposedageneralizedapparentangleofseismiccoefficienttocalculatethedynamiclateral

earthpressureandthewaterpressure･

IshibashiandFang(1987)investigatedthedynamicactiveearthpressuredeveloped

agalnStrigidretainlngStruCtureSWithdrycohesionlessbackfillbasedontheobservationsof

theshakingtablemodelexperimentwithdifftrentwallmovementmodes･Itwasfoundthat

thedynamicactiveearthpressuredistributionisstronglyinfluencedbythewallmovement

modesparticularlyatalowlevelofhorizontalacceleration,Whileinertialbodyeffect

becomesdominantatahigheraccelerationlevel･

Kawamuraetal(1987)conductedshakingtableinvestigationsonagravitywa11with

sandybackfilltoBndtheefftctofthewalldisplacementsondynamicactiveearthpressure

actlngagalnStthewallof50cminheight･Itwasconcludedthatthemagnitudeandthepolnt

ofapplicationoftheresultantfbrcearedependentonthemodeofwallmovement,Whichisa

functionofthewallheightandtheback丘11denslty･

2.3･3AnalyticalApproach

2.j.j.ノ∫Jαfよcgαr才力Prピ∫∫〃rピ

Dubrova(1963)proposedanalyticalexpressionsforthenonlineardistributionofearth

pressurefordifferentmodesofthewallmovementusingthemethodQfredistributionQf

pressure,abriefdiscussionofwhichfollows･Fordetaileddiscussionofthemethodthe

readersarereftrredtoHarr(1966).

Fig･2･4ashowsaconditionrepresentlngarigidwallthatrotatesaboutthemiddleheight

(POintO)･Fig･2･4bshowsamechanisticmodeloftheinteractionofthesoilandthewall･

Dubrovasimplyassumedthat(fbrthiscase)thelimitingpassiveconditionexistsonlyatthe

verytopofthewall,thelimltlngaCtivestateonlyatthebottomandthatbothoccur

simultaneously･Denotingtheanglebetweentheforceandthenormalonanylinev

(boundedbytwovalues-¢and+¢),Dubrovaassumedthatthevariationofthisanglewith

z,islinearandisglVenby:

リ=芋-OH
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(a) (b)

Fig.2.4Dubrova'smethodofredistributionofpressure(4fterHarr,1966)

DubrovathenassumedthevalidityofCoulomb'ssolution･Hence,thean望1ethatthe

quasi-ruPturelinemakeswiththehorizontalbranyzwillbe

0=空_全+聖
4 2 H

UsingCoulomb,sequation,theわrceagalnStthewallatanyzisglVenby

P=

2cos8 (1/cos8)十 tan-v+tanVtan8

へ
′
】

]
ThedistributionofthepressureagalnStthewallisglVenby:

p(Z)=芸=志[
zcos2v 2z2¢cosv

(1+mSinv)2 H(1+msinv)3

(2.2)

(2.3)

(sinv･憲)](2･4)
wherem=[1+(tan8/tanv)】1′2

Dubrovafurthersimplifiedtheequationbytakingmtobeconstant;hencethemodified

equationtakesthebrm,

p(z)=
zcos2v 2z2¢cosv

(l+msinv)2 H(l+mSinv)3 (sinv+m)]
(2･5)

wherem=[l+(tan8/tan¢)]1′2.ThedevelopmentfollowedinEq･(2･5)providethebasis
forDubrova's method;thatis,foranymodesofdisplacementofthe wal1,OnCeVIS
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specified,P(z)canbedetermined･Forthecaseofawallrotatingaboutitstop(RTmode),

DubrovafbundthefollowlngeXPreSSionfbrthedistribution･

p(Z)RT=
zcos2v z2¢cosv

(l+msinv)2 H(1+mSinv)3 (sinv･m)];V=晋(2･6)
Forthecaseofthewa11rotatingaboutthebase(RBmode),DubrovafbundtheCoulomb

solutionfbrtheactivecasetobecorrect,thus

p(Z)RB=
COS¢ ]2;V=¢一昔 (2･7)

Forpuretranslation(Tmode),DubrovatreatedthecaseastheaverageofRBandRTmode

andthusmathematicallycanbeexpressedas‥

P(Z)T=0･5[p(Z)RB+P(Z)RT】
(2.8)

Dubrova,smethodprovidesnomeansofassesslngthepressuredistributionforany

arbritarysurfacesotherthantheassumedstraightsurfaces･AsRoscoe(1970)haspointed

out,thismethodofpredictlngthestressdistributionatfailureinthecaseofatranslatingwall

isopenfbrcriticism･

Bang(1985)extendedDubrova,smethodbyintroducingtheconceptofIntermediate

ActiveState,andproposedexpressionforthedistributionofearthpressureforawall

undergolngrOtationaboutbase,Whichcanexpresstheeffectofboththemagnitudesofthe

walldisplacementandthemodesofdisplacement･

2.j.2.2上)γ〃α∽fcgβrJゐPre∫∫〟re

SaranandPrakash(1977)usingthesamephilosophyofDubrova,developedananalytical

fbrmulationfbrageneralcaseofaninclinedwallsupportlnglnClinedcohesionlessbackfill･

Solutionswereobtainedforboththeactiveandpassivecasesfbrallthepossiblemodesof

wallmovement,namely,RB,RTandT･

Dimarogona(1983)proposedananalyticalmethodforthedistributionofearthpressure

agalnStaretainlngWallcausedbyanearthquakeloadingforanymodeofwallmovement,

basedonDubrova'smethodofredistributionQfpressure･

Fig･2･5showsthemechanicalmodelusedbyDimarogona(1983)withinfinitenumber

offailurelines.Consideringoneofthefailuresurface,theforcesactlngOnit,durlng

earthquake,areShowninFig･2･6･Inthefigure,αistheseismiccoefficient,and入i

expressesthedirectionofearthquake･Thetotalforce,㌔iaCtlngOnthewallisglVenby‥
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nli=Wdi
Sin(Odi-Vdi+入i)

COS(Odi-Vdi-8di)

WhereWdiand入iaregivenbythefbllowingequations･

Wdi=Ⅶi(1+α2+2αCOS(入i))1/2
t I

入i=tan

(1+cos入i)

(2.9)

(2.10)

(`2.11)

Fig.2.5Mechanicalmodelofsoil-Wallinteractionduringanearthquake㈲erDimarogona,

1983)

Fig･2･6Forcesactingonawallduringearthquake(ノ伊erDimarogona,1983)
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Thepressuredistributionalongthewalliscomputedas

p｡i=警=VR一′2BC･‡v2R-1/2トαSiniiidv〕BC･‡v2Rl/2芸c
･;碑′2B芸

(2.12)

inwhich,

R=1+α2+2αCOS九i

∂B dv

豆2[co控)+Sin(9]2

(2.13a)

(2.13b)

(2.13c)

(2.13d)

芸=[-;dvcos(8di･入)･dL(sin(警-Li･8di)+COS(8di･九i))

-d8(cos(8｡i･入i)-Sin(竿一Li･8di)〉】′〈cos(竿+8di)･Sin(聖･8di)‡2
(2.13e)

＼

瓜=‡dv
α(COS入i+α)

1+α2+2αCOS入i

(2.13り

ThedistributionofvalongthewallisthesameastheoneassumedbyDubrovafbrdifftrent

modesofmovementofthewa11;OdiisassumedtobeglVenbythefbllowlngequation･
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odi=空+也
4 4

(2.14)

TherotationofthefailingretainlngWallaboutanypolntWaSCOnSidered･Forsuchcases

Ofthefailuremode,theslopeofthefailurelinewasdetermined,tOgetherwiththepolntOf

applicationofthetotalfbrce･Moreover,thepressuredistributionandthecriticaldirectionof

theearthquakeloadingwerecomputed･

2.4 NUMERICALSTUDIES

2.4.1StaticEarthPressure

Plasticltybasedmodelshavebeenusedextensivelyinrecentyearstodescribethebehavior

Ofsoils.Themodelsbasedonthetheoryofplasticlty,ingeneral,describethesoilasan

elastic-Perfectlyplastic,OrtOaCCOuntfbrthehardenlng-SOftenlngbehavioruptotheultimate

OrreSidualstrength,aSanelasticstrainhardening-SOftenlngPlasticmaterial･

Clough and Duncan(1971)analyzedthe soil-StruCtureinteraction problemby the

nonlinearfiniteelementmethod.TheyusedhyperbolicemplrlCalequationswithmaterial

ParameterSdeterminedfromexperimentstoaccountfbrthenonlinearbehaviorofboththe

interfaceelementsaswellasthesoilelements,andperfbrmedincrementalanalysisfbrawall

undergoingtwomodes(TandRB)ofmovement.However,theirmodelstillsuffersfrom

thefactthatitcannotdescribethemobilizationofthewa11frictionalongthewall-back員11

interfaceineachincrementofthedisplacement･Apre-aSSlgnedvalueoftheangleofwall

friction,8,isrequiredtoperformtheincrementalanalysis･Inotherwords,theirmodeltook

8asaninputvariable.AnotherdrawbackoftheirmethodisthatthegeneralizedHooke's

law,Whichfbrmthebasisofsimplehyperbolicstress-Strainrelationshiptakessoilasnon-

dilatantmaterial.

OzawaandDuncan(1976)modi缶edthemodelofCloughandDuncan(1971)toaccount

fbrtheelasto-PlasticbehaviorinsteadofhyperbolicbehaviorbyextendingLade-stheoryand

applieditbrthecalculationofthepassiveearthpressure･However,theyappliedthemodel

toanalyzeonlysmoothwalls,andnoattemptwasmadebythemtoincorporatewallfriction･

Griffith(1981)used simple numericalmodels to examine theinfluence ofvarious

StreSS/strainpaths(bothpre-andposトPeak)withrefbrencetotheultimateearthpressure

COnditions.

Nakai(1985)usedelasto-plasticsoilelementaswellaselasto-plasticjointelementinthe

earthpressureanalysisfbrdifftrentwallmovementmodes･Theconstitutiveequationusedin

hisanalysISWaSbasedontheconceptofSbatialMobilizedPlane proposedbyNakaiand

Matsuoka(1983).Themodelhastheaddedadvantageofconsideringtheefftctofthe
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intermediateprlnClpalstress,andthesmoothenlngOfthecornersoftheMohr-Coulomb's

hexagon･However,theabsenceoftheconceptofthework-hardenlngOnOnehand,andthe

assumpt10nOfthecoincidenceoftheprlnCIPalstrainincrementaxeswiththeprlnCIPalaxes

ofstressontheother,bringlttOthecategoryoftheperfectplasticltymOdel･Noexplanations

werealsofoundregardingtheassumpt10nSandthephysICalsignificanceofthedifferent

parametersthatappearedinthematerialpropertymatrixofthejolntelementusedinthe

analysIS･

Manyotherresearchers(e･g･SimpsonandWroth,1972;BhatiaandBakeer,1989etc･),

inthelasttwodecades,COntributedtothefieldofnumericalcomputationsofearthpressure

understaticloadingconditions-

2.4.2SeismicEarthPressure

NumericalanalysISOfearthpressureunderseismicloadingconditionsinvoIvesmore

complication･Withtheadventofcomputer,theFiniteElementMethod(FEM)becamea

powerfu1toolinanalyzlngSeismicearthpressureproblems･Inthelastdecades,Slgnificant

advancementshavebeenachievedintheanalysISOfthebehaviorofearthretainlngWalls

underseismicconditions.

AggourandBrown(1973)usednniteelementmodelofawall-back丘11systemexcitedby

sinusoidalgroundmotion･Theyconcludedthatinflexiblewall,thepressurenearthetopIS

smallerthanonrigidwalls,andthatthedynamicpressuresdependverymuchonthestatic

ones･Theyalsoconcludedthatifthelengthofthebackfi11isgreaterthanlOtimestheheight

ofthewall,thedynamicwallpressureapproachesthatofaninnnitebacknll･

NazarianandHaqjian(1979)emphasizetheneedfbranumericalmodelthatincludesa

no-tenSionwall-SOilinterface,Simultaneousrotationandtranslationofthewallbaseandthe

radiationdamplngefftcts･

AubryandChouvet(1981)proposedamixedimplicit-eXPlicitnonlineartechniqueto

analyzethesoil-Wallinteractionwhileaccountlngforthewallinertiaandtherelative

displacementbetweenthewallandthesoil･Thebehaviorofthebackfillsandwasdescribed

bytheDrucker-Pragerelasto-Plasticlawwithassociatedflowru1e･Theinitialstateofstress

assumedtobeintheactivestatethroughoutthemesh･Specialinterfaceelements,takinglntO

accountcoulomb,slawoffriction,WereuSedbetweenthesoilandthewall･Inviewofthe

extremelysmalldurationoftheimparteddynamicexcitation,thepresentedwall-SOilanalysIS

isnotclearenoughtodrawanyusefulconclusion･

NadimandWhitman(1983)assumedthatallirreversibledistortionsinthebackfilloccur

inthinfailuresurfaces,thelocationandorientationofwhichwereassumedinadvance･

ThesesurfacesweremodeledbyverythinjointelementsofGoodmantyPe(1968)thathave

limitedshearstrength･Thebehaviorofsoilinthenon-failingportionoftheproblemwas

assumedtobeelastic･EqulValentlinearsoilpropertieswereemployed･Theconclusions
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were:(l)Theamplincationofthebacknllmotionisimportantwhentheratioofthedominant

frequencyofthegroundmotionandthefundamentalfrequencyofthebacknllisgreaterthan

O.3and(2)Duetoseismicallyinducedstressredistribution,theresidualfbrcesonthewall

maybegreaterthanthestaticactivefbrces･

BakeerandBhatia(1985)usedfiniteelementmethodinthedynamic analysisofa

retainlngWallsu叫ectedtodifferentmodesofmovement･TheanalysISShowedthatthe

magnitudeandthedistributionoftheearthpressuredependonthemodeofthewall

displacement･ItwasalsoconfirmedthatthecoefBcientofearthpressurebecomesmaximum

whenthefundamentalfrequencyofthewall-Wedgesystemapproachesthefrequencyofthe

lnPutmOtion･Theeffectofthefundamentalfrequencyofthewall-Wedgesystemonthe

locationoftheearthpressurewasfbundtobeextremelysmall･

Siddharthanet al(1989)investigatedthe seismicresponseofrigidretainingwalls

SuPPOrtlngdrysandybackfi11･Slipelementswereincorporatedatthewalトsoilinterface,at

thebaseofthewallaswellasalongapre-Selectedfailureplaneinthebackfill(at620tothe

horizontalandpassingthroughthetoeofthewall)･Thepropertiesoftheslipelementswere

assumedelastic-perftctlyplastic,WithfailureglVenbytheMohr-Coulombfailurecriterion･

Theyshowedthattherotationaldefbrmation(OfthewallstruCture)mightbeverysignificant

insomecasesandshouldbeaccountedfbrinanalysISPrOCedures.

StamatopoulosandWhitman(1990)investigatedthepermanenttiltbehaviorofretaining

walls.Aresidualstrainmethodwasimplemented,inwhichthecalculationofthetransient

andtheresidualresponsewasuncoupledovereachcycleofloading･Ahyperbolicmodel,

fbrthesandbackfi11,WithshearmodulusdecreaslngWithincreaslngShearstresswasused･

ElgamalandAllampa11i(1992)developedasimplinedwall-SOilcomputationalmodelto

investlgatethepermanentslidingandrotationalresponseofcantileverandgravltyretainlng

walls.

2.5 CLOSURE

Inthischapter,1iteratureontheexistlngPhilosophiesofearthpressurefromtheanalytlCal,

theexperimentalaswellasthenumericalpolntSOfviewhavebeenreviewed･Similaritiesas

wellasdiversitiesintheapproacheshavebeenseen･Eventhough,tremendousprogresshas

beenmadeingeneralinthefieldofearthpressure,however･theprogressforthedynamic

earthpressurehasbeenremarkablyuneven･Theaccuracyofthevaluesofearthpressure

predictedbytheplastlCltytheoryisdeterminedbytheparticularmodeladoptedfbrsoil･

AretainlngWallcanundergovariousmodesofdisplacementdependingonthesituations･

Thedistributionoftheearthpressureishighlynonlineardependingonthesemodes･The

classicaltheoryofCoulomborMononobe-OkabeprovidednoanalytlCalbasisforthe
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distributionofearthpressure･TheresultantactiveorthepassivethrustandthepolntOf

applicationoftheresultantthruStaregOVernedbythemodesofdisplacementofthewall･

AnalytlCalsolutionsareavailableforexpresslngthedistributionofearthpressurefor

variousmodesofdisplacement･However,theycannotexplaintheactualphenomenonas

theyareunabletotrulycapturetheprogressivedefbrmationcharacteristicsofthebackfill

soil.Numericalanalysisbasedonthefiniteelementmethod(FEM)orthediscreteelement

method(DEM)hasbeenincreasinglygettingpopularinanalyzingearthpressureproblems･

However,mOStOftheexistlngnumericalmodelsdonotconsiderthelocalizeddeformation

insidethebackfill.Inaddition,anadequateinterfacedescrlPt10nisalsofoundtobelacking

TheinceptlOnandpropagationofshearbands,insidethebackfi11,needtobeconsidered

whileanalyzlngtheprogressivedeformationphenomenonsuchasearthpressure･Hence,a

newconstitutivemodelisdevelopedforthebackfillbasedonsmearedshearbandmethod,

whichisdiscussedinChapter3･HavlngreCOgnlZedtheimportanceofinterfacemodelingln

thesoil-StruCtureinteractionphenomenonassociatedwiththeretainlngWallbehaviora

simpleinterfacemodelisdevelopedanddescribedinChapter4･
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3.1mTRODUCTION

Thehistoryofsoilmechanicscanbeviewedasasearchfortherelationsdescribingthe

behaviorofsoilasamaterialresponsivetothelawsofmechanics･PerhapsTerzaghi's

greatestcontributioninestablishingthemechanicsofsoilasadisciplinewastoorganizethe

diffuseliteratureoftheachievementsinthesu句ectintoarationalentlty･Inrecentyearsmuch

researcheffbrthasbeendevotedtothedevelopmentofrealisticconstitutivemodelsofsoil

behavior,aCOnSiderableproportionofwhicharebasedontheunderlyingassumptlOnSOf

ClassicalplastlCltytheory･

Whiletodaytherearepracticallynolimitsonthecapabilityofcomputationaltechniques,

serioushandicapsstillexistwithexpresslngmaterialbehaviorbytheproperconstitutivelaw･

Limitationsinuslngthetechniquespnmarilyderivefromourinabilitytodescribeapproprlate

constitutivebehaviorforsoilandtodeterminetheparametersneededfortheconstitutive

models.

Advancesinunderstandingthebehaviorsofgranularmaterials,SuChassand,depend

uponbothexperimentalandtheoreticalworks･Experimentalstudiesshowwhattypesof

constitutiverelationsarevalidforlaboratoryconditions;theoreticalstudiesindicatethe

consequencesofuslngVariousproposedconstitutiverelationsforsoIvingboundaryvalue

problems･Avarietyofquasilinearornonlinearelasticandelasto-Plasticmodelshavebeen

proposedforcharacterizlngthestress-deformationbehaviorofsuchmaterials･Sincethe

behavioriscomplexowlngtOtheeffectoffactorssuchastheinitialstateofstress,StreSS

path,Changeinphysicalstate(VOlume)andthetypeofloading,itisnecessarytomodifyor
improvethemodelsbasedonclassicalplasticltytheories･
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Inthischaptertwotypesofconstitutiverelationsarederived･Oneisderivedassumlng

COntinulty Ofstress throughouttheentiredeformation field,Whichis nothingbutthe

COnVentionalelasto-plastic strain hardenlngrelationship uslng Drucker-Pragerfailure

Criterion.However,failure ofthe soilstructures and foundationsis very frequently

accompaniedbythedevelopmentofsurfacesorbandsatwhichhighgradientsofstrainsare

present･Capture offailure surfacesby standard finite element techniquesis stillnot

Satisfactoryasthedefbrmationissmearedoveracertainnumberofelements･Inrecentyears,

COnSiderableattentionhasbeenpaidtotheshearbandlocalizationproblem･Untilnow,these

Shear bandlocalization analyses considered only one shear bandinside an element･

However,thetheoreticalandexperimentalinvestlgationsprovedtheexistenceoftwobands

CrOSSlngeaChother･Therefbre,aneWCOnStitutiverelation,fbrgranularmaterials,isderived

byconsideringtwoshearbandsfortheelementsundergolnglocalization･Thisconstitutive

lawisderivedbycouplingthetwobands,andisnamedCoupledShearBandMethod･

3.2 CONVENTIONALELASTO･PLASTICCONSTITUTIVERELATION

Thegeneralfbrmoftheelasto-plasticconstitutiveequationsfbrperftctlyplastic,isotropIC

Strain-hardeningandanisotropICStrain-hardeningmaterialscanbewrittenas,

(De宝)⑳(De芸)
h･旦･(De霊)∂¢

d£ (3.1)

inwhichoisthestresstensor,Deistheelasticltymatrix,fistheyieldfunction,glSthe

Plasticpotentialfunction,eisthestraintensorandhisthehardenlngmOdulus･Introduclng

the dilatancy factor,β(RudnickiandRice,1975)into the aboveequation yields the

fbllowlngeXPreSSionfbrtheconstitutiverelations.

(3.2)

Here m and n are the unit tensorsin the directions ofdeviatoric and volumetric stress

nspectively;h′=吉isthehNdeningpNameterandcanbederivedas,京
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h′=芸･嗟
(3.3)

hereKisthehardenlngfunctionofthematerialduringtheplasticdeformation･Thedilatancy

factor,β,isdefinedbythefollowingequations:

β=芸
d豆P= devPdevpI deP= dePdeP (3.4)

inwhichdePanddevPreftrstodeviatoricandvolumetricpartoftheplasticstraindeP

respectively･Thetensileforceistakenaspositivehereandwi11bethesamethroughoutthe

discussionofthisthesis.

TheDruCker-Pragercriterionofperfectplasticltyhasbeenmodifiedtoaccountforthe

strainhardenlngPrOPertiesofthebackfillsoilinwhichtheyieldfunctioncanbewrittenin

theform,

f(¢,Kl(£P))=α百+S-KI (3.5)

whereKl=Kin+K,andtcinistheinitialvalueofthehardeningfunction,呑andsdenotes

thevolumetricandthedeviatoriccomponentofthestresstensorrespectively･Thematerial

parametersαandKin,WhicharederiveduslngMohrlsdiagramunderplanestrain

condition,areCOmPutedbyemploylngthefb1lowlngequations･

｢~イ~~~
Kin=1′

(3.6)

(3.7)

Here¢iistheangleofinternalfrictionofthebackfillsoilattheinitialyield(Fig･3･1),

whichcanbedeterminedfromexperimentaldataforthematerial;Cdenotesthecohesion･

Usingtheaboveyieldfunction(Eq･3･5)wecanobtainthefb1lowingequation･

∂f
-=m+αn
∂c
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Fig.3.1De丘nitionoftheangleofinternalfrictionatinitialyield,¢i

Hencetheelasto-PlasticconstitutiverelationscanbeobtainedasinEq･(3･9)bysubstituting

thevaluesfromEq.(3.3)andEq.(3･8)intoEq･(3･2)･

d弓De-
(De(m+βn))⑳(De(m+αn))

h′+(m+αn)･De(m+βn)
dE (3.9)

Ahyperbolic formofthehardenlngfunction,K,isassumed,WhichisglVenbythe

fb1lowlngequation:

(a十bち)
(3.10)

inwhichdち=IdePl;aandbarethematerialparameters,Whichcanbedeterminedfromthe
experimentalresults･UsingEqs･(3･3)and(3･10),thehardeningparameter

h′canbe

derivedas,

(3.11)
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Thedilatancyfactorβhasbeenassumedtobeoftheform,

β=ale-bl呑 (3.12)

wherealandblarethematerialparametersdeterminedfromtheexperimentalresultsby

least-SquareSCurve-nttingtechnique･

3.3 LOCALIZEDDEFORMATIONANALYSIS-ANINTRODUCTION

Inthequestfordeterminlngthecollapseloads,itisoftenfoundthattheappliedordrivlng

forcesneededtocausefailureinasoilmassismuchlessthanthoseapparentlyneededto

mobilizethemaximumshearstrengthofthesoileverywherealonganyassumefailure

surface･ThisphenomenoncalledprogressivefailureinvoIvesnon-unifbrmspatialstressand

straindistributions.Inordertoobtainthesolutionofaprogressivefailureproblem,itis

necessarytointroduceintheanalysIStheexplicitstress-Strainorconstitutiverelationship

whichdescribestheelasto-plastictranSitionfromtheinitialelasticstatetotheultimatefailure･

Progressivefailureandlocalizationofinelasticdeformationarephenomenawhichare

delicatelylntertWined･Thewell-defineddefbrmationpatterninthefbrmofashearbandto

emergefromastateofprevioushomogeneltylSindeedaveryfascinatlngPhenomenon･

3.3.1BriefReviewonLocalizationResearch

Theshearbandlocalizationisknowntobeafactorresponsibleforstrainsoftenlngbehavior

ofthegranularmaterials･Manyresearchers(e･g･Mandel(1966),Rice(1976),Riceand

Rudniki(1980),AnandandSpitzig(1980),Vardoulakis(1981),Ortizetal(1987),Yatomi

etal(1989))inthelastthreedecadeshavebeentryingtomodelthelocalizeddeformation

phenomenontreatlngltaSamaterialinstability･Allthesetreatmentsexhibitnumerical

deficienciesastheyprecludethepost-localizationanalysIS･Inotherwords,thestudieswere

con丘nedtotheinitiationofthelocalization.

DeBorst(1988)includedthepostbifurcationbehaviorintohistreatment,however,the

solutioncouldnotescapethepathologicalmeshdependence･Desrues(1990)gave
a

comprehensivetreatmentonthesubjectofshearbandfromboththenumericaland

experimentalpolntSOfview･SincethetrlggerlngOftheshearbandleadstosoftenlng,the

postlocalizationanalysisinvoIvesmodelingofthesofteningregime･Okaetal(1994)

developedavisco-PlasticstrainsoftenlngmOdelfbrclay,uSlngthestrainlocalizationtheory,

whichiscapableofdescribingtheplasticinstability･
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However,mOStOftheexistlngStrainsoftenlngmOdelsdonotconsiderthegeometrical

effect,inthesensethattheshearbandinglSentirelyattributedtothematerialinstability.

ThesemodelsshowsensitivltytOdifferentfactorssuchasthediscretizationofthesystem,

therateofstrainsofteningetc.PietruszczakandMroz(1981)introducedtheplasticshear

bandtheorytoanalyzethebehaviorofstrainsoftenlngmaterialfromadifftrentperspective･

Theyshowedthatthewidthoftheshearbandcanberelatedtothetypeofthematerial;hence

therateofstrainsoftenlnglSSlgnificantlyaffectedbythegeometryofthespecimen,Which

WaStermedgeometricalsQftening.Inthefbrmulation,thesmearingtechniquewasapplied

toincludeafactor(thewidthoftheshearband)intheconstitutivedescriptionrepresenting

thegeometricalsoftenlng.Theselectionof theapproprlateValueforthethicknessofthe

Shearbandhasbeenshowntorendertheanalysesessentia11ylnSenSitivetothedetailsof

discretization.

PietruSZCZakandStolle(1987)extendedthesmearedshearbandapproachofPietruSZCZak

andMroz(1981)toincludemorecomplexstrainsofteningmodelthataccountsfbrthe丘nite

StrainandrotationswithintheshearbanduslngnOn-aSSOCiatedflowrule.Theapproach

ViewstheinceptlOnOfsoftenlngaSabifurcationfromaninitialunifbrmdeformationtoa

non-unifbrmdefbrmationinsideaplanarbandunderconditionsofcontinulngequilibrium

andcontinuedhomogenousdefbrmationoutsidetheshearband.Thehardenlngfunction

employedinthefbrmulationallowsatransitionfromhardeningtosoftenlngattheinstantof

strainlocalization.

3.3.2SmearedShearBandApproach

AnelementundergolngShearbandbifurcationcanbeschematicallyrepresentedasshownin

Fig.3.2withtwosub-elements,OneWithelasticresponseandtheotherwithshearband

responseengulfingtheshearband,Wherethestrainislocalized.
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Jnc｢emenf

Fundamental ShearBand

Response

Fig.3.2Conceptofshearbandlocalizationproblem

Ifdisthestrainrateinsidetheshearband,thestrainratefbrthewholeelementisglVen

bysme∬1ngthestraininsidethebandtotheentireelement.Sincethethicknessofthebandis
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smallcomparedtothedimensionoftheelement,1argedeformationgeneratesinsidetheband･

However,Whensmearedovertheentireelementthestraincanbeassumedtobesma11,and

isglVenby:

色P=ち古

Hereちisthesmearingfactordefinedtobe

∈=
AreaofShearBand(Ab)

AreaofElement(Ae)

ThetotalstraininthelocalizedelementisglVenby:

£=色e+とP

(3.13)

(3.14)

(3.15)

ThisisknownassmearedshearbandapproachandwasinitiallyproposedbyPietruSZCZak

andMroz(1981).

Untilnow,a11theshearbandanalysesconsideredonlyoneshearbandinsideanelement･

Inthisresearch,theconstitutiverelationsforthepost-bifurcationbehavioraredeveloped

uslngtWO Shearbandsbasedontheconceptofsmearedshearbandapproach･The

constitutivemodel,namedCoLFPledShearBandMethod(C･S･B･Method),isformulated

bycouplingthetwoshearbandsthedescrlPt10nOfwhichfbllows･

3.4 ESSENTIALSOFTHECOUPLEDSHEARBANDMETHOD

Localizedshearlngleadstobifurcationfromauniformdeformationtoanon-uniformmode

invoIvingtheincept10nOfshearbands･Oncelocalizationtakesplace,thepostbifurcation

behaviorcanbeidealizedaspseudo-uniformdeformationuslngSmearedshearband

approachwithsinglebandinitia11yproposedbyPietruszczakandMroz(1981)andlater

modifiedbyPietruSZCZakandStolle(1987).However,theoreticalevidencesupportsthe

existenceoftwobandsalongwhichthestrainislocalized･Experimentallytooitisconfirmed

thatifco-aXialityoftheendsofthesampleisimposedbytheapparatusgenerallytwoshear

bandswillbeobservedcrossingeachother(Desrues,1990)･Thetwobandsdevelop

simultaneouslyoralternatelylnloosesands;indensesandstheBrstbanddominatesfbra

while,butnnallythesecondbandappears･Aboveall,Mohr,sdiagramglVeStWOdirections

ofthefai1ureplanesalongwhichfailureoccurswithinclinationsasshowninFig･3･3･

AlthoughlocalizationispossibleeveninthehardenlngreglmeJuStbeforethepeak,in

thisresearch,itisassumedthatthelocalizedshearingtakesplaceonlyatthepeakload(i･e･at
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failure),Whichleadstosoftening.InordertosimulatethetwofailureplanesofMohr's

diagram,COnSideration ofboth the bandsin the analysISisindispensable,Since the

COnCentratedstrainsintwodifftrentdirectionsultimatelycontributetothesoftenlngOfthe

material.Theconsiderationofsingleshearband,ingeneral,mightleadtounderestimationof

thestrainsoftenlngreSPOnSe･Hence,fbranelementundergolngthelocalizedshearlng,the

efftctofboththeshearbandsneedstobeincorporatedinitsconstitutiverelation･

Fig･3･3･Mohr,sdiagramforcohesionlesssoilshowlngthedirectionsofthebands

3.4.10rientationsoftheBands

Asmentionedearlier,thebasicassumptlOnmadehereisthatthelocalizedshearlnglnitiatesat

theinstantoffailure.Hence,Whentheyieldsurfacereachesthefailuresurface,theelement

Canbe assumed to have crackedengulfing the two shearbands･At thatinstant,the

COnStitutiverelationfbrthecrackedelementsneedstobemodi丘edtakinglntOtheaccountthe

efftctoftheinceptedbands･

Atthelocalizedstate,theelementcanbeassumedtobecomposedofthreesub-elements

asshown(COnSideringatriangularelement)schematicallyinFig･3･4･Suchanelement,

COntainlngtheshearband,hasbeennamedasI■crackedtriangularelement"byKawamoto
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andTakeda(1979).Sub-elementIbehaves elasticallyundertheappliedload･Sub-elements

IIandIIIentraptheshearbands,Whichareinclinedatangles OlandOっto the X axis

respectively･Theplasticstrainsaccumulateinsidethetwobands･

≡㌧ヾtllLocaIized State Sub-elementl Sub-element= Sub-element川

色e + 色F + とヲ

yトx
Fig･3･4Crackedtriangularelementwithtwoshearbands

AssumlngCO-aXialityofthestressandstrainratetensors,theinclinationsofthetwo

bandsareglVenbythefbllowlngequations･

01=Om-(言･号)

02=Om-(晋一号)

(3.16)

(3.17)

whereOmistheanglefromtheXaxistothemqiorprincipalaxisintheMohrdiagram(Fig･

3.3);¢beingtheangleofinternalfrictionofthematerial･

TheCoulomborientations,givenbytheaboveequations(Eqs･3･16&3･17),arenOtthe

sole shearbandorientationsexistlngln theliterature･In factdiffering oplnions exist

regardingtheorientationsofthebands･Thequestionoftheorientationoftheshearbandsis

animportantonefromboththepracticalandthetheoreticalpolntOfview,Sinceacritical

orientationfortheinitiationoflocalizationisoneoftheresultsofthebifurcationanalysIS

appliedtoshearbandmodeofbifurcation･Iftheshearbandisseenasareg10nOfintensely

shearlngmaterialwherethestrainsareconsiderablygreaterthanthoseinthesurrounding

reglOnS,Whichcanthenbeassumedtobecomparativelyrigid,thenthecompatibility

indicates the coincidence ofthe shearbands with zero extensionlines and thisled to
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Roscoe-s(1970)orientation,0=Om±(冗′4一号),Vbeingtheangleofdilation･Afurther
possibilitylStOregardtheformationoftheshearbandasaninstabilitylntheconstitutive

relationship that the materialis fo1lowlnglmmediately before therupture forms･This

approachleadstotheintermediateorientation,0=Om拍/4-‡(¢+V)](Arthuret･al
(1977),Vardoulakis(1981),Vermeer(1982)).Thus,Coulomborientations andRoscoe

Orientationsprovidetheupperandthelowerboundrespectively･Itcanbeexpectedthatthe

boundaryconditionsappliedtoanyparticularsituationwillinfluencethedirectioninwhich

theshearbandschoosetoform.ScarpelliandWood(1982)suggestedthatthedegreeof

COnStraintperceivedby the sandwouldinfluencetheparticularbifurcation(Coulomb,

RoscoeorIntermediateOrientations)thatitadoptsatanyparticularlocation.Whenthesand

getsthefreedomofmovementitmayadopttheintermediateorientations･Whentheimposed

COnditionisgreater(i.e.inasimplesheartestwherethethicknessofthesampleisonly

abouttwicetheexpectedshearbandthickness),thentheshearbandsmayhavenochoicebut

to follow the Roscoe orientations.However,in the formulations that follow the

afbrementionedCoulomborientations(Eqs.3.16&3･17)willbeadopted･

3.4.2ConstitutiveRelationshrtheCrackedElements

Thelargedefbrmationtheorygivestherelations(3･18)and(3･19),Whichconnectstherate

ofdeformationtensor d andtheJaumannrateofstress tensor6inside the twobands

undertheplanestrainconditioninwhich fbistheyieldfunctionand gblStheplastic

POtentialfunction.

ForbandI:Relativetothe(nl,tl)co-Ordinatesystemtheconstitutiverelationtakesthe

fbrmglVenbelow.

一
d
n
-
d
t
一
d
n

⊥
H
S

ニ 0

0

Theaboverelationinthe(x,y)co-Ordinatesystemtakesthefbrm

dl=吉和1
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For bandII:Relative to the(n2,t2)co-Ordinatesystemtheconstitutiverelationis

glVenby,
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Relativetothe(x,y)co-Ordinatesystemtheaboveequationtakesthebrm･

二=ょこ百二‥d二
瓦=

(3.19a)

(3.19b)

Here[Cl】and[C2]arethecompliancematrices(Vermeer,1982)intheglobalco-Ordinate

SyStemanddefinedbythefb1lowlngequations:

[C.]=[Tl]T【e;][Tl]

【C2]=[T,]T【e;】【Tっ]

(3.20)

(3.21)

Inwhich[C.]and【己;】representthecompliancematricesinthelocalco-Ordinatesystems
(n,,tl)and(n2,t,)respectivelyandcanbeevaluatedbythebracketedtermsintheEqs･

(3.18a)and(3.19a).Thematrices[TI]and[T2]arethetransfbrmationmatricesdefinedby

theshearbandorientationanglesOlandOっrespectively,WhileHsisthesoftenlngmOdulus･

Eqs.(3.18a)and(3.19a)indicatethattherateofdeformationacrosstheshearbandvanishes･

ExpresslngGland6,intermsofCauchy-sstressrate6andthensometransfbrmations

renderthefbllowlngequations

dI=か卜主軸T)~l【叩

-か卜古向β82T)~l[e21古
瓦=

inwhichIistheunittensorandβisgivenbytheexpression

β=(-2Gx,,2Gx,,(Gx-Gy))T
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8)and82arethetransfbrmationmatricesdefinedbytheorientationanglesOlandO2and

CanbeobtainedbysubstitutlngthevaluesofolntheexpressionglVenbelow

8={-SC,SC,‡(C2-S2)}T
(3･25)

where s=Sin(-0);C=COS(-0).Introducingthe smearing factor∈,theinfinitesimal

Plasticstrainsinthetwosub-elementscanbeexpressedas

(3.26)

(3.27)

AsshowninFig･3･4,thetotalstraininthecrackedelementcanbewrittenas,

E=とe+色F+とヲ (3.28)

where色eistheelasticstrainrategeneratedinsidethesub-elementI.SubstitutlngtheEqs･

(3.22),(3.23),(3.26)and(3.27)intotheEq.(3.28)theconstitutiveequationtakesthe

轍【Ⅰ]音戸l]β畔【el】+(【Ⅰ卜吉【百三]β82T)鳩】･号【Ce]}吉d(3･29)
inwhichtheelasticpartofthecompliancematrixCeisglVenbythefbllowlngequation･

[Ce]=言

(トV2)-V(1+V) 0

-V(1十V)(1-V2)
Lo

O O 2(1+V)

(3.30)

EandvaretheYounglsmodulusandPoissontsratiorespectively.Eq.(3･29)representsthe

constitutiverelationfbrthecrackedelementswithlocalizedstrain.

3.4.3Hardeming,LocalizedStateandSoftening

j.4.j.ノ〃αr(ね〃`乃g尺egJ∽e

TheconstitutiverelationfbrthenonlocalizedelementsisglVenbytheconventionalrelation

fbrelasto-Plasticstrainhardeningmaterial(Eq.3.12)inwhichcasetheyieldfunctionfand
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theplasticpotentialfunctiongareassumedtobeglVenbythefollowlngMohr-Coulomb

criterionwiththem叫OrPrlnCIPalstress,GlandtheminorprlnCIPalstress,G3

f=(Gl-G3)+(GI+ロ3)K; g=(Gt-G3)+(Gl+G3川 (3.31)

whereKandTlarethehardenlngfunctionandthedilatancyparameterrespectivelywhichare

assumedas

K=Sin¢｡=浩町=Sinvm=
K-Kc

1-KKc
(3.32)

Here,¢misthemobilizedangleofinternalfriction,KF=Sin¢f,¢fbeingthepeakfriction

angle,Aisthematerialconstantandちistheplasticdistortion･V｡ISthemobilizeddilatancy
angle,Kc=Sin¢cvISaCOnStantdenningthezerodilatancystate･¢cvbeingthefrictionangle

atconstantvolume.TheconsistencyconditionyieldsthehardenlngmOdulusHas

H=一(ロー+G3)
KfA

(A+ち)2
(3.33)

j.4.j.2∫rJⅥ～〝エoc(‡Jized∫Jdre

Itisgenera11ybelievedthatlocalizationcanoccureveninthehardenlngreglmebeforethe

peak･However,inthisformulationitisassumedthatfailureprecedesthelocalizedshearlng･

Whentheyieldsurfhcereachesthefailuresurface,thatinstanttheconstitutiverelationfbrthe

elementsisgivenbyEq･(3･29)･Thefailuresurface,F,isassumedtobeofMohr-Coulomb

typeglVenbythefo1lowlngequation･

F=(Gl-G3)+(Gl+G3)sin¢f (3.34)

j.4.j.j尺g岬0〃∫e∫乃∫(折ピ〃i〝g鮎g∠∽e

Onspontaneouslossofhomogenelty,theirreversibledeformationisassumedtobe

localizedinthetwoshearbands･Progressiveflowwithinthebandsgeneratesplasticstrains

offinitemagnitudes･However,theaveragenon-homogenousstrainsremainin血itesimal･At

theinstantoflocalization,theyieldfunctionfbandtheplasticpotentialfunctiongblnSide

thebandsinthe(n,t)coordinatesystemareassumedas

fb=Gnt+KsGn; gb=Gnt+TIsG｡ (3.35)

whereTCsisthesofteningfunctionassumedtobegivenby(PietruSZCZakandStolle,1987)･
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Ks=TIs(l+eXp卜R(†P-†｡)】) (3.36)

where¶sISthedilatancyparameter,Risthematerialconstantthatdeterminestherateof

softenlng,†PistheplasticshearstrainthataccumulateswithinthebandafteritsinceptlOn

and†oISthevalueofshearstrainwhen†P=0･Usingtheaboveyieldandplasticpotential

functions,thesoftenlngmOdulus,Hscanbeobtainedfromtheconsistencyconditionas

Hs=RG.1(Ks-¶s)

3.4.4MaterialParameters

(3.37)

Inordertoidentifythemodel,thefo1lowlngmaterialparametersneedtobespecified･The

various materialconstants appearedin the C･S･B･Method described above can be

deteminedfromtheconventionaltriaxialtestsorplanestraintests･

(1)ElasticmoduliEandv

(2)ThedefbrmationparameterSWhichinclude:

(a)ParameteridentifyingthefailurelinedenotedbyKt･=Sin¢f･

(b)TheconstantAgivenbyA=Kf元,WhereGistheelasticshearmodulusandPfbr

COnVentionaltriaxialtestisglVenby

P=(町2G%亨
(C)TheconstantR,Whichistheslopeofthestrainsofteningportionofthestressstrain

curveandcanbedeterminedbyperfbrmlngParametricstudy･

(3)ThedilatanCyParameterSthatincludes:

(a)ThedilatancyconstantKc=Sin¢c,,Where¢cvcanbedeterminedfromthedilatancy

Curve･Asaru1eofthumb,therelation¢cv=0･7¢fCanbeused･

(b)Thedilatancyconstantinthesofteningregimeisgivenby‥TIs=tan¢｡V

(4)Thesmearingparameter(canbedeterminedfromaparametricstudyfbrtheproblem,

whichisexplainedinthechapterabouttheapplicationofthisconstitutivemodel･

3.5 SUMMARYANDCONCLUDINGREMARKS

Inthischapter,tWOCOnStitutiverelationsfbrmodelingthebackfillmassofaretainlngWall

aredescribed･Thefirstoneistheconventionalelasto-Plasticconstitutiverelationwiththe

DruCker-Pragerfailurecriterion･Init,thehardenlngisdefinedbyahyperbolicfunction,the

parametersofwhichcanbedeteminedfromtheconventionaltriaxialtestlng･Theotherone,
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anewformulationnamedasCoupledShearbandMethod,isbasedonthesmearedshear

bandapproachanditconsidersthelocalizeddefbrmationinsidetheback丘11･

EarthpressurephenomenoninvoIvesprogressivedeformation･Thus,theassumptlOnOf

simultaneous mobilizationofthepeakstrengthalongthe slip surfaceis notaneasily

acceptablefact･Thisnecessitatestheuseofshearbandlocalizationinmodelingthebackfill

constitutivelaws･SincethetnggerlngOfshearbandleadstostrainsoftenlng,theconstitutive

relationshouldinvoIvethemodelingofthesoftenlngreglme･Thus,theconstitutiverelation

assumlngCOntinultyOfstressthroughouttheentiredeformationfield,aSinthecaseofthe

firstconstitutivedescrlPtlOn,doesnotsufficetocapturetheprogressivefailureinthe

backfill.

InmostoftheexistlngStrainlocalizationmodelsshearbandinglSentirelyattributedtothe

materialinstability･These models show sensitivlty tO different factors such as the

discretizationofthesystem,therateofstrainsoftenlngetC･Inclusionofthewidthofthe

shearbandintheconstitutivefbrmula,thustakingcareofthegeometricsoftenlng,has

ShowntorendertheanalysISinsensitivetotheabovefactors･

ThepostlocalizationreglmeShouldbemodeledbyuslngtWOShearbands,andthe

constitutiverelationcanbefbrmulatedbycouplingthetwobands･Theorientationsofthe

bands can be glVen by Coulomb,Roscoe orIntermediate orientation･The material

parameters appearedin the newconstitutivelaw can be easily determined fromthe

COnVentionaltriaxialorplanestraintests･
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ModelingtheInterface

4.1INTRODUCTION

Theinteracti｡nbetweenthestruCtureandthegeologicmedia(e･g･SOil)isanimportantaSPeCt

ofanyretainlngWallanalysISandtheresponsemaybeafftctedsignificantlybytheinterface

betweenthewallandthebackfill(Fig･4･1b)･WhitmanandBielak(1980)definethesoil-

struCtureinteractioninthefollowlngWay:

仰山血附加机血相減Ⅷ紬畑肋血ゆ削柳可加減

∽｡如〃J如けWO〟Jdocc〟rαJr旭ク0血よ〃J如♪egβeJdげ〟ほ∫rr〟CれげelVere

J‡OJクrg∫弼血re～∫∫0∫才一∫加Cf〟re血rdCわ肌げ血血ゆcピノ胴Ve∫Or

あg力dVg∫瑚邑re坤血乃血corr叩0〃dわg∫〟㊥cef〃血♪ggβeJ4r力grg～∫

∫〃Jer(‡CJJO〃.

鎚O10gicMedium

(a) (b)

Fig･4･lTypicalsoil-StruCtureinteractionproblems(4fierZamanetal,1984)

Itisnowwellestablishedthatforanyrealisticevaluationofthebehaviorofastructural-

soilsystem,SuqeCtedtostaticordynamicloads,itisessentialtoallowfortheinteractionor
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COuplingbetweenthestructuralandthegeologlCmedia･Anumberofconstitutiveorstress-

Strainmodelshavebeenproposedinordertosimulatetheinterfacebehavior,Particularly払r

Staticloadingcondition･Nomodelhasyetprovedtobesuitableforgeneralapplication･

Theimportanceofinteractionphenomenoninstaticanddynamicsoil-StruCtureinteraction

hasbeenrecognlZedandstudiedbymanylnVeStlgatOrS･Itisnotintendedtopresenta

detailed review herein;COmprehensive reviews on various aspects of soil-StruCture

interactionarepresentedbyDesai(1977),WhitmanandBielak(1980)･Inthischaptersome

Ofthewe11-knowninterfacemodels,WhicharewidelyinuseintheGeotechnicalEnglneerlng

field,arebrieflyreviewed･Finally,aneWinterfacemodel,particularlyfbrretainlngWall

problems,hasbeenpresented,theapplicationofwhichcanbereferredinthesubsequent

Chapters.

4.2 THEORETICALBACKGROUNDINMODELINGTHEINTERFACE

TheinterfacemodelinglSuSuallybasedonthefbllowlngCOnStitutiverelationshipfbratwo-

dimensionalbody:

〈G‡=【Kj】‡u.‡ (4.1)

where(G)T=[Gn｡Gss】isthevectorofnormalandshearstresses,‡ur‡T=【unrusr]isthe
VeCtOrOfrelativedisplacements(Strains)inthenormalandshearmodes,reSPeCtivelyand

[Kj]=matrixcontainingthestifhessoftheinterfaceelement,Whichcanbeexpressedas

【Kj]=[…:ご…:;]
Veryoften,thecrossstiffness KnsandKsnareassumedtobezero,then

【Kj]=[㌔n芸s]

(4.2)

(4.3)

Insoil-StruCtureinteractionproblems,itisusuallyassumedthatthestruCturalandthe

geologlCmediamaynotpenetrateeachotherandhenceduringthetranslationalmodel,the

Valueofnormalstiffhessisassumedtobeveryhigh.Itisdifficulttoarriveatanapproprlate
highvalueofKnnthatwouldyieldconsistentandreliableresults･Mostly,1tisarrivedatby

perfbrmlngaParametricstudyfbrtheproblemathand･
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4.3 PROPERTIESOFTHEJOINTSANDINTERFACES

Thepropertiesthatmaybeasslgnedtothejointsorinterfaces,aretheshearlngandthe

normalstiffnessoftheelement･TheyareclassifiedasdilatantiftheshearlngPrOducesJOlnt

expansionorcontractionandnondilatantiftheshearlngandnormaldisplacementare

uncoupled･

4.3.1NondilatantJointsorInterfaces

ThisclassofjolntSisthesimplesttomodelmathematicallysincethereisnovolumechange

duetotheshearingstrains,andthereforetheshearandthenormalcomponentsof

debrmationareuncoupled･Thestress-StrainrelationsareglVenby‥

〈結[㌢ごs]〈;:) (4･4)

Inrelatingthestresstothedeformationinthedirectionnormaltothejolnt,threedistinct

stagesaredefined(Fig･4･2)‥(1)separationordebondingKnn=Kss=0,Whenen≧0;(2)

compressionK｡n=E｡,Whenen<Oand(3)contact,K｡n=Ef･

Fig.4.2Normalstress-Strainrelationship(4βerGhaboussietal,1973)

Thetangentialstress-StrainrelationshipISaSSumedtobeelastic-Perfectlyplasticuslng

Mohr-Coulombyieldcriterion･
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4.3.2DilatantJointsorInterfaces

Dilatancyatthejointsorinterfacesismorecomplicated･Onemethodofrepresentlng

dilatancybeglnSbydefiningnondilatantpropertiesofthejointintermsofp-qCOOrdinate

SyStemShowninFig･4･3･Bytransfbrmationofcoordinates,theconstitutivepropertiesmay

thenbeexpressedintermSOfthen-SSyStemaSfb1lows‥

〈結紆畿詫深衆〉 (4･5)

inwhichc=COSγ;S=Sin†;Kq=nOrmalstiffnessintheqdirection,Perpendiculartothe

localjolntplane;andKp=Shearstiffnessinthepdirection･Theamountofdilatancy,

accordingtothismethod,thusdependsontheintrinsicpropertiesofKqandKpaswellas

Onthenormalstress.

Fig.4.3Dilatantjointmodel(ノ伊erGhaboussietal,1973)

4.4 CLASSIFICATIONSOFINTERFACE

Tatsuoka(1985)pointedoutthattheinterfacefriction8betweencohesionlesssoiland

anothermaterialisupperboundedbytwodifftrentvalues(80and8:≠)dependingonthetwo

Classesofinterface:thefirstisthecasewhentheinterfaceisavelocltydiscontinulty,andthe

SeCOndisthecasewhentheinterfaceisnotavelocltydiscontinulty･

When theinterfaceis a veloclty discontinulty,the cohesionless soilmassin the

immediatevicinltyOftheinterfacemayormaynotbeatthelimltlngStreSSCOndition･The

valueofthefrictionanglemaynotbedirectfunctionofthemechanicalpropertiesofthesoil

mass,butmaybeafunctionofthemechanicalpropertiesoftheparticlesandmaterialsin
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COntaCtandtheroughnessofthesurfaceofthematerial･Fig4･4isthecasewhenthe

interfaceisavelocltydiscontinulty･

Fig･4･4Interfacewithvelocltydiscontinulty

60

Fig･4･5Relationshipamongst8,80and8*(4PerTatsuoka,1985)

Whentheinterfaceisnotavelocltydiscontinulty,themassofsoilmovessolelydueto

itsdefbrmationalongtheinterfacewithoutproduclngaVelocltydiscontinulty･Thevalueof

thefrictionangleisafunctionofthestrengthanddeねrmationpropertiesofthecohesionless

SOilandthedeformabilityofthematerialincontactwiththesoil.

Therelationshipbetween8,80and8*isi11ustratedinFig･4･5･Therangefbrpossible

Valuesof8isupperboundedbytwolinesOA(8=60)andAB(8=8*).Itistobenoted

that8mayormaynotbemobilizedatthefailureoftheaqjacentsoilmass.
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4.5INTERFACEMODELS-AREVIEW

JunctionsorinterfacesbetweentwodissimilarmediahavlngWidely difftring strength

PrOPertiesposeadifftrentproblemthanthedefbrmationofacontinuousmedium･Inthecase

ofthelater,tWOadjacentpolntS-defbrminsuchawaythatthecontinultyOfdisplacementsat

thepolntSismaintained･However,fbrtheinterfaces,COntinultymaybemaintainedonlyup

toacertainloadlevel.Athigherloads,relativeslipanddebonding(lossofcontact)canoccur

andthetwoinitiallya4jacentpolntSmaynOlongerhavecontinuousdisplacements･Under

certaintypesofloading,theinterfacemayalsoexperienceseparationoropenlngandthen

mayclose･Thus,thebehaviorattheinterfacerendersthestructural-SOilsystemtodeviate

frombeingcontinuous･

AvarietyofeffortshavebeenmadetoaccountapproximatelyfbrthefbregolngSPeCial

behavioratinterfaces.ThesehaveincludedcharacterizationofbehaviorofjolntSinrocksand

interfacesinstruCture-SOilsystems･Mostofthestudiestowardsdevelopmentandapplication

ofmodelsfbrinterfacesandjolntShaveinvoIvedstaticloadinganduseofsuchmodelsfor

cyclicloadinglSOfratherrecentorlgln･HencefbrthesakeofloglCaldevelopmentand

COmPleteness,areViewofthemodelsfbrstaticanalysISispresented･

4.5.1LinkageElementModel

NgoandScordelis(1967)presentedalinkageelementfbrsimulatingthecracksinconcrete,

anddescribedthebehaviorofacrackinthetwo-dimensionalmassbyuslngSPrlngSfor

normalandshearresponsesasshowninFig･4･6･

∨

Fig.4.6.Linkageelement(NgoandScordelis,1967)
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Thelinkageelementcanbeconceptual1ythoughtofasconsistlngOftwolinearsprlngS

ParalleltoasetoforthogonalaxesHandV(Fig･4･6)･Forgenerality,thelinkageelement

Canbeorientedatanarbritaryangleowiththehorizontalaxis･Thistypeofelementissimi1ar

tothenon-dilatanttyPeOfjointelement.

Toincorporatethelinkageelementintothefiniteelementcomputerprogram,itis

necessarytodevelopthestifhessmatrixofthelinkageelement･LetthesprlngSintheHand

VdirectionshavestifhessesKhandKvrespectively･Thestress-Strainrelationshipwillbe

glVenby:

‡:月毛h描) (4･6)

WhereehandevaretherelativedisplacementbetweenthepolntSIandJintheHandV

directionsrespectively･Thestrainsandthedisplacementsarerelatedthroughthe

displacementtranshrmationmatrixT.

‡E)=【T】‡8‡
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(4.7)

(4.8)

Wherec=COSOands=SlnO･Hencethestiffnessmatrixofthelinkageelementcanbe

expressedas:

【k]=[T]T[K][T]=

-C S

-S -C

C -S

S C

4.5.2JointElementModel

(4.9)

Goodmanetal(1968)presentedarockjointelementbyexpressingtherelativedisplacement

betweenthetwodimensionalintactrockmasses,andbrmulatedthestiffnessmatrixfbrthe

jointintermsofthenormalandshearstifhesses(Fig･4･7)･Therelativedisplacementvector

fbrthejointelement(Fig･4･7b)isgivenby:
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{w}=[:旨:二詳:::]

Two Dimensional

E厄ment

｢
Interface

(a)Interfacebetweentwoelements

Fig.4.7JointelementofGoodmanetal(1968)

(4.10)

ThevectorP(fbrceperunitlength)maybeexpressedintermsoftheproductofthejoint

unitstiffnessinnormal(K｡)andtangential(Ks)directionsandthedisplacement:

〈結[篭s芸]に三〉 (4･11)

Consideringtheenergystoredintheelementthenleadstothefb1lowlnglocaljolntelement

Stifhessmatrix

2Ks O IKs O
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GoodmantypeJOlntelementsareusednotonlyintheRockMechanicsproblems,butalso

inGeotechnicalEnglneerlngPrOblems,manyOfwhichincluderetainlngWallanalysis･-With

Goodmantypeofjolntelement,a句acentblocksofcontinuouselementscanpenetrateinto
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eachother.Zienkiewiczetal(1970)advocatetheuseofcontinuousisoparametricelement

Withsimplenonlinearmaterialpropertiesforshearandnormalstresses,aSSumlnguniform

Straininthethicknessdirection.NumericaldimcultiesmayarisefromillconditionlngOfthe

Stiffnessmatrixduetoverylargeoff-diagonaltermsorverysmal1diagonalterms,Whichare

generatedbythiselementincertaincases.

Ghaboussietal(1973)putforwardamodelsimilartoabove,butusedthe relative

displacementasanindependentdegreeoffreedom(Fig･4･8)･Theyalsodefinedthebehavior

intermsofthenormalandshearstiffness.

Fig.4.8Geometryofjointelement(Ghaboussietal,1973)

Herrman(1978)presented an algorithm forinterface element similar to the

aforementionedconceptswithcertainimprovementsthroughconstraintconditions.The

Various modes oftheinterface behaviorsuch as the sliding and the debonding were

discussed,andanumericalalgorithmthatcanprovideconvergentsolutionswasproposed.

However,Stillthe normaland shear stiffnesses during various modes were chosen

arbitrarily.

ThecomputedbehaviorofaninterfaceunderthefbrgolngPrOCeduresandassumptlOnS

mayworksatisfactorilyfbrtranslationuptotherelativeslip,butthereappearsnophysical

basisfbradoptlngarbitraryvaluesfbrthenormalandshearstifhess,Whenrelativeslipand

debonding(lossofcontact)occur･Becauseofthis,VeryOften,theaboveinterfacemodels

invoIveconsiderablecomputationaldifficultiesandtheresultsobtainedcannotbealways

reliedupon.
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4.5.3Constraint-InterfaceModel

Katona(1981)hasdevelopedacontacトfrictioninterfacemodelbasedonthevirtualwork

Principlemodifiedbyaspecialconstraintcondition(Fig･4･9)･Thiselementcanprovide

improvedconditionsattheinterfaceasafftctedbythestateofstressinducedduringvarious

modes(SeeChapter6forvariousmodesofaninterface),andcanbeconsideredtobean

improvementovertheotherpreviousmodels･

Fig.4.9Constrainトinterfacemodel(Katona,1981)

4.5.4Thin-1ayerInterfaceModel

Desaietal(1984)proposedtheideaofusingathinsolidelementattheinterface,Calleda

thin-laverelemen(,insoiトstruCtureinteractionandrockjolntS.ThebasicassumptlOnmade

isthatthebehaviorneartheinterfaceinvoIvesaBnitethinzone(Fig.4.10)ratherthanazero

thicknessasassumedinpreviousmodelsdescribedsofar･Accordingtothisnewconcept,

Sincetheinterfaceis surroundedbythestructuralandgeologlCalmaterials,itsnormal

PrOPertiesduringthedefbrmationprocessmustdependuponthecharacteristicsofthethin

interfacezoneaswellasthestateofstressandpropertiesofthesurroundingelements･Based

Ontheseconsiderations,itwasproposedtoexpressthenormalstifhessas:

[K｡】i=【K｡(α…｡,眠,γ荒)]
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whereαL,能,γ荒(m=1,2,….)denotetheproperties oftheinterface,geOlogicaland

StruCturalelements,reSPeCtively.Theaboveequationcanbewrittenas

[更｡】i=入Ⅰ[K｡い九2[Kか入3[K訂] (4.14)

where[更｡]idenotesnormalbehaviorofthethininterfaceelementand九.,入,and入,arethe
ParticIPationfactorsvarylngfromOtol.Oneofthesimplificationswouldbetoassume

入っ=九3=Oand入l=1,implyingthatthe normalcomponentis basedonthe normal

behaviorofthethinlayerelementevaluatedjustastheaqjacentsoilelement.

B=(aver?ge)contact
djmensJOn

Fig.4.10Thin-1ayerinterfaceelement(Desaietal,1984)

Theshearcomponent[Ks]iisassumedtobecomposedofashearmodulusGiforthe
interface.TheexpressionusedbrtangentGi(Fig4･11)isgivenby:

Gi(o｡,て,ur)=
∂[て(Gr,ur)]

∂ur ×中｡ (4.15)

Thequalityofsimulationoftheinterfacebehaviorwilldependuponanumberoffactors

SuChasphysicalandgeometricalpropertiesofthesurroundingmedia,nOn-1inearmaterial

behaviorand the thickness ofthe thinlayerelement･Ifthe thicknessis toolargein

COmparisonwiththedimensionB,Ofthesurroundingelement(Fig･4･10),thethinlayer

elementwillbehaveessentiallyasasolidelement.Ifitistoosmall,COmputationaldi伍culties

mayarise.Thechoiceofthicknesscan,therefore,beanimportantquestionandcanbe

resoIvedbyperfbrmlngparametricstudiesinwhichthepredictionsfromvariousthicknesses

arecomparedwithobservations･Thechoiceofthicknesscanbecomeparticularlyimportant

fordynamicanalyseswherethemassanddamplngPrOPertiesneedtobeconsidered.The
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developedmodelwasappliedtoaretainlngWallproblem･Anal望Orithmforcheckingthe

interpenetrationofthenodeswasalsoglVenbytheauthors･

Gn

(a)Schematicofdirectsheartest

-うト叫山トー

(b)Defbrmationsattheinterface

Fig.4.11Behavioratinterface

4.6 DEVELOPMENTOFANEWINTERFACEMODEL

TheinterfacehasbeenmodeleduntilnowundertwobroadassumptlOnS:OneaSSumlngtO

havecertainthicknessandtheotherassumlngZerOthickness･Fortheapplicationoftosoil-

StruCtureinteractionproblems,thethicknessoftheelementisoftenassumedtobezero･The

jointelementproposedbyGoodmanetal(1968)wasparticularlydevelopedfbrrockjoints･

ThistypeofelementwasusedbyCloughandDuncan(1971),BhatiaandBakeer(1989)fbr

theretainingwallproblems.Nakai(1985)developedanelasto-Plasticjointelementbasedon

Goodmantypeelementthatcantakecareofthestickornoslipaswellastheslipatthe

interfacebetweenaretainlngWallandtheback丘1lsoil.However,nOeXplanationswereglVen

regardingtheassumptlOnSandthephysicalsignificanceofthedifftrentparametersappeared

inthematerialprope托ymatrixofthejointelement･

4.6.1IdealizationoftheInterface

One of the drawbacks of the Goodman type elementis the problem of crossing

(interpenetration)undercompressiveloadandseparationordebondingundertensileloading･

Inmostoftheinterfacemodels,ahighvalueisasslgnedforthenormalstiffnessbasedon

theassumptlOnthatthestruCturalandthegeologlCalmediadonotoverlaporseparate･There

isnologlCalbasisfbradoptlOnOfsuchvalues･Themin LayerElement developedby

Desaietal(1984)usuallydoesnotexhibittheproblemsofseparationorcrossing･Ifthe

PrOblemoccurs,itcanbegottenridofbyseparatlngtheelementsbyanarbitraryfractionof

thethickness.However,eXtraCalculationtimeduetoiterationisrequiredfbrthispurpose･

Added to that,the modelitselfinvoIves complexlty due to the presence ofvarious
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ParameterS,forwhichparametricstudiesneedtobedone･TherealchallengeistoconstruCt

mechanisticmodelsthatbehavesomethingliketherealworld;Whileatthesametimestriking

abalancebetweenrlgOrOuSmeChanicsandenglneerlngSimplicity･Thus,Whatweneedisa

Simplifiedmodelwithfewestparametersandatthesametimeareasonableonetosimulate

theinterface.IntheearthpressureanalysIS,theneedforthejolntelementswiththicknessis

notofpracticalsignificance･FromthephysICalpolntOfview,tOSimulatethefrictional

behaviorattheinterfacebetweenthewallandthesoil,jointswithzerothicknessaremore

apprOPrlate･

AnidealizedinterfacemodelshowninFig.4.12isdevelopedforthe soil-StruCture

interactionproblemssuchastheretainlngWall-backfillsysteminteraction･Themodelis

basedontheconceptoflinkageelementofNgoandScordelis(1967)asdiscussedbefore･

TheelementhasashearsprlnglnthetangentialdirectionandaslidertorepresentCoulomb

friction.

Slider

Fig.4.12Idealizationoftheinterface

4.6.2ElementConnection

Theelementsareassumedtohaveanefftctivelengthlwiththicknesszero(Fig･4･13a)･The

elementsareintroducedconnectlngthecornernOdesofthesoilelementsandthewallas

showninFig･4･13a･TheinterfaceistakentobeoneproduclngnOVelocltydiscontinulty

(Tatsuoka,1985).Inviewofthefactthat,thefrictionbetweenthewallandthebackfill

representsCoulomb,sfrictionbetweentwomaterialsurfaceswithoutanydilatancy,1nterface

Ofnon-dilatanttypeisassumed･
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(a)Element'sconnection (b)Stress-displacementrelation

Fig.4.13Interfaceelementwithzerothickness

4.6.3ConstitutiveRelationandComputationalTechnique

Roscoe'sexperiment(1970)demonstratedthattheinterfacefrictionvarieswiththedepth

alongtheinterface･However,eXtenSiveresearchtoexplainthisvariationissti111acking･In

theabsenceofexperimentalstudiestoestablishthisvariationnmiyaswellasforthesakeof

Simplicity,thesamevalueoffrictioncanbeassumedtobemaintainedbyalltheinterface

elementsatalldepths･Thestrengthcharacteristicsoftheinterfaceforthecohesionless

back丘11canbeexpressedintermsofthemaximumvalueoftheangleofwallfriction,8f,aS

てf=一口｡tan8r (4.16)

WhereてflStheshearstrengthinanelementand GnlSthenormalstressactlngOnthat

element･Thestress-displacementrelationshipfortheinterfaceelementsisassumedtobe

bilinearwithelastic-PerftctlyplasticasshowninFig.4.13b･Themobilizedvalueofthe

friction coefficient,tan8 at eachincrementaldisplacement can be calculated by

tan8=P./Pn･Thetangentialforce Ptiscalculatedusingtheshearstiffness Kv,the

efftctivelengthlandtherelativedisplacement(Vr)oftheinterfaceelementinthetangential

direction･Thenormalfbrce PnisglVenbytheequlValentnodalfbrcefbrthesoilelement

associatedwiththatinterfaceelement.

IntheearthpressureanalysIS,uSageOftheconventionalinterfaceelementsleadsto

OPenlnguPOfthegapbetweenthewallandthesoilelements,Whenthewallisinactive

mode･Inthepassivemodeofthewall,theproblemofinterpenetrationoftheelements

arises･Inthedevelopedmodel,inordertoavoidtheseparation,equalfbrceddisplacements
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areglVentOboththewa11nodesaswellastothesoilelementnodesthuskeeplngtherelative

displacementinthenormaldirectionbetweenthewallandthebackfi11alwayszero･This

techniquerestrictsthebackfillmasstoslidingmovementalonealongthewall,atthesame

timekeeplngltSCOntaCtWiththewallandthusalleviatlngthenecessltyOfassumlngarbitrary

Valuesfbrthenormalstiffnessoftheinterfaceelement･Theonlyparameterneededisthe

Shearstifhess,Whichcaneasilybeobtainedfromtheresultsofthedirectsheartest.

4.6.4DeterminationofModelParameters

Theshearstiffnessofaninterfaceisusuallydeterminedbyperfbrmlngdirectsheartests,

Wherethegeologicmaterial(e.g.soil)andthematerialofthestruCtureareuSedintheshear

box･However,thistypeofconventionaltestdoesnottru1yrepresenttheactualstiffnessor

frictionbetweenthetwomaterials,aSthedefbrmationcharacteristicsorthedilatancyofthe

SOilafftctstheultimateresults.Inordertominimizetheefftctofthesoildefbrmationor

dilatancy,thetestsneedtobeperfbrmedwiththeminimumpossiblethicknessofthesoil

Sampleinthelowerbox,SOmethingwhichisqultedi伍culttoconduct･Anotheralternativeis

toconductthedirectsheartestswithvariousthicknessesandthenextrapolatetheresultstoa

lowerthickness.

However,inthepresentresearchtheshearstiffnessvalueoftheinterfacebetweenthe

dryToyourasandandthewallisdeterminedtobe22xlO4kN/m2fromthetestresultsofthe

COnVentionaldirectsheartestbymakingbilinearassumpt10naSShowninFig･4･14･
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Fig.4.14Deteminationofshearstifhessvaluefbrtheinterface
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4.7 CLOSINGREMARKS

Inthischaptertheinterfacemodelsdevelopedfbrvariousapplicationshavebeenreviewed.

Thereviewindicatestheneedfbrimprovedandrationalmodelstoaccountfbrtheinteraction

ef托ct.

Goodmanetal'sJOlntelementiswidelyusedinearthpressurecalculation.However,this

typeofelementexhibitstheproblemofseparationand/orcrosslngOftwoaqjacentelements.

Mostoftheotherinterfacemodelsassumeahighvalueofnormalstiffnessarbritarilyln

Ordertopreventseparationorcrosslng,WhichhasnologlCalbasis.Thethin-layerelement

developedbyDesaietal(1984)advocatedtheneedtodeterminethenormalstifhessmaking

itafunctionoftheotherinterfacecharacteristics･ThisinvoIvesaddedcomplexltylnan

alreadycomplexphenomenonoftheinterfaceinteraction.

Theinclusionofrelativedeformation,SuChas slip,isessentialtosimulatethereal

behaviorattheinterface･Anewinterfacemodelispresented,basedontheconceptoflinkage

elementofNgoandScordelis(1967),Whichcantakecareoftheproblemofseparation

duringtheactivemovementofaretainlngWall･Slipalongtheinterfacecanbeallowed

WithoutopenlnguPOfagaporinterpenetrationofthewallandthebackfillelements.The

ParameterSOfthemodelcanbedeteminedfromtheconventionaldirecttest･Theapplication

Ofthissimpleinterfacemodelcanbeわundinchapter5andchapter6･
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CHAPTER

FIVE

AnalysesofStaticEarthPressure
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5.1INTRODUCTION

MostnumericalanalysIStOOIsfbrretainlngStruCtureSareOfrecentorlgln;however,theearly

WOrkofmanyresearchersinthefieldofGeotechnicalEnglneerlngprOVidedthebasic

infbrmation,Whichisusefu1inmodernanalytlCaltooIs.ThemethodsofCoulomband

Rankineweretheforerunnersofthelimitapproach,Whichisthebasisofseveralmodern

analysISteChniques.Limitanalysishasbeenusedwithsuccesstopredictcollapseloadsfbr

earthretainlngStruCtureS,butitcannotpredictdefbrmationsassociatedwiththelimitloads

andcannotyieldinformationbefbrethelimltlngState.

NewernumericalmethodsareorientedtowardpredictlngnOtOnlytheearthpressuresbut

alsothedeformationsofthebackfi11massandretainlngStruCtureS.ThisisinrecognltlOnOf

thefactthatinmanyretainlngStruCturePrOblemsitismoreimportanttofbrmareasonable

Predictionofthedefbrmationsthatoccurinthesoilbehindthestructurethanoftheearth

PreSSurealoneactlngOnthestruCtureS.

NumericaltooIs,SuChasthefiniteelementmethod(FEM),areStillnotassociatedby

manypracticlngGeotechnicalEnglneerSWithprohibitivetimeand/orcosteffbrt,insplteOf

theirfrequentapplicationsintheareaofGeotechnicalEnglneenng･Inthepast,theincreaslng

COmplexltyOfcomputercodesinvoIvedwithnumericalmethodsalsotendedtodiscourage

manyventuresbeyondconventionalanalysesinvoIvingclosedfbrmanalyticalsolutionsor

Simplifiedlimitequilibriummethods.However,inthelasttwodecades,eCOnOmicfinite

elementcomputercodeshavebeendeveloped,andtestedsothoroughlythatutilizingthem

evenonalimitedbudgethavebecomefbasible.

TheadvantageoftheFEMintheanalysISOfearthretainlngStruCtureSliesinitsabilityto

Predictboth theearthpressures andthe defbrmations withaminimumofsimplifying
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assumptlOnS･Inthischapter,thenumericalmodelcomprlSlngOftheconstitutiverelation

describedinChapter3andtheinterfacemodeldevelopedinChapter4isappliedtoanalyze

theactiveearthpressureactlngagalnStamOdelretainlngWallundergolngVariousmodesof

displacement･Asofthepresent,theapplicationisrestrictedtoamodelwall,Sincetheideais

todevelopafundamentalmethodthroughsimulationofthemodeltesttoexaminethe

efnciencyofthemodel･

5.2 MODELSIMULATION

5.2.1FiniteElementDiscretizationandBoundaryConditions

UniversityofWashington'sshakingtableandretainingwallassembly(FangandIshibashi,

1986)issimulatedintheanalyses.TheFEdiscretizationoftheexperimentalmodelunder

planestrainconditionusingconstantstraintriangular(CST)elementsisshowninFig･5･l･

Thewallcanundergothreekindsofmovement(RB,RTandT)asshowninFig･5･2･

Asfbrtheboundaryconditions,aSageneralru1ethenodesalongthelateralboundaries

werea1lowedtohavemovementsonlylntheverticaldirection,Whilethenodesalongthe

bottomboundarieswererestrainedagalnStboththehorizontalandtheverticalmovements,

withtheonlyexceptlOninthecaseoftheRTmodewheretheboundaryconditionchanges･
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Fig･5･1Finiteelementdiscretizationoftheexperimentalmodel
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5.2.2Inter払ceModel

IntheanalysISOfaroughretainlngWall,mOdelingtheinterfacebetweentheback丘11andthe

Wa11isanintegralpartoftheanalysIS･InthisanalysIS,aneWlydevelopedinterfacemodel

reportedinChapter4isusedtosimulatethewallfriction.Theinterfaceelements are

introducedintheboundarybetweenthewallandthebackfill.Inlaboratorycondition,

frictionfbrcesexistbetweentheback丘11andthelateralaswellasthebottomsidesofthesoil

bin･HencetosimulatetheexperimentalconditionitisapproprlatetOintroduceinterface

elementsintheseboundariestoo.However,tOmakethemodelversatiletotherealsituation

thisloglCalviewhasbeenlgnOredintheanalyses.

Theinterfacefrictionisassumedtobethesameirrespectiveofthedepthalongthe

interface･Themaximumvalueofthewal1frictionangle,8f,isassumedtobe290fbrtheT

modeand250fbrtheRBandtheRTmode.

5.2.3ConstitutiveModelsandMaterialParameters

AnalysesarecompleteduslngtWOCOnStitutivemodels,OneuSlngtheconventionalmethod

andtheotheruslngtheC･S･B･Method,bothofwhicharediscussedinChapter3･

Samevaluesoftheangleofinternalfriction,¢reportedintheexperimentalconditionare

usedintheanalyses･ThevaluesofKrdependontheparticular¢;andtherefore,thefriction

angle atconstantvolume,¢｡V,also differs･The value ofRis determinedby making

parametricstudiesfortheOttawasand,Whichfbrmsthebackfillmass･Although,itis

advisabletonndthevalueofthickness,doftheshearbandffomthecompressiontest,in

thisstudyanumericaltechniqueisadoptedtodeterminethevalue.Fig.5.3showstheFE

meshusedfbrthecalculation･Table5.1showsthevaluesofmaterialparametersusedinthe

Calculation.Inordertosimplifythecalculation,aSmOOthwallwasconsidered,aWallthat
doesnotneedtheinterfaceelement.Thewallwasmovedinpassivetranslation.ThethruSt

againstitwascalculatedfbrdiffbrentvaluesof(.Itisassumedthatthecorrectvalueof∈is
theone,fbrwhichthepeakvalueofthruStOnthewal1approximatelycoincideswiththe
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Rankinevalue･For'=0･4×10-4thepeakvalueofthethrustcoincidedwiththeRankine

value,anditwasusedintheanalyses･

Fig.5.3FEMmeshusedfbrdeteminationofthesmearingparameter,∈

Table5.1Materialparametersofthebacknllusedfbrdeteminationof∈

Parameters Values

ElasticParameters

21000YounglsModulus,E(kN/m2)

Poisson'sRatio,V 0.3

DeformationParameters

400Angleo=nterna]Friction,¢

A 0.0037

R 0.05

田 0.糾2

DiIatancyParameters

0.491Kc

¶s 0.563

TheMaterialparameterSOfthebacknllusedintheremainlnganalysesareshowninTable

5.2.Thecoefficientofearthpressureatrest(K｡)isassumedtobeO･6,aValueclosertothat

oftheexperiments･Hydrostaticdistributionisassumedfbrtheinitialstressinthebackfill･

Thevalueoftheshearstiffnessfbrtheinterfaceelementistakenas22x104kN/m2･This

assumptlOnisaconservativeoneinviewofthefactthattheinterfacestiffnesshasbeen
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Obtainedbasedon thetestresultsofToyourasand,Whereasthe backfillmassin the

experimentalmodelsimulatedisOttawasand･However,duetotheabsenceofexperimental

results,thesamevalueofstifhessisusedintheanalyses･Thematerialparametersfbrthe

backfillhavebeencalculatedbasedontheexperimentalresultsofOttawasand.reportedby

KoandScott(1967,1968).

Table5･2MaterialparametersofthebacknllusedintheanalysIS

Parameters Values

ElasticParameters

21000Young.sModuJus,E(kN/m2)

Poisson'sRatio,V 0.3

DeformationParameters

VariesAngJeof[ntemalFriction,¢

A 0.0037

R 0.05

Kf Variesdependingon¢

DilatancyParameters

Variesdependingon¢Kc

¶s Variesdependingon¢

SmearIngParameter

0.4xlO-4同

5･2.4ComputationalProcedure

Analysesareperfbrmedinanincremental-Cum-iterativeschemeuslngmOdifiedNewton-

Raphsonmethod･InthestaticearthpressureanalysIS,theconventionalinterfaceelements

Sufftrfromthefactthatduringtheactivemodethewallandthebackfi11separateaway,

1eavlngagaPbetweenthewallandthebackfillelements,Whichintroducesnumerical

anomaly･Inordertoavoidthis,equalforceddisplacementsareglVentOboththewallnodes

aswellastothesoilelementnodes,thuskeeplngtherelativedisplacementinthenormal

directionbetweenthewallandthebackmlalwayszero･Asmentionedearlier,thistechnique

alleviatesthenecessltyOfassumlngarbitraryvaluesfbrthenormalstiffnessoftheinterface

element･Duringtheanalyses,Whenevertheshearstrengthinanylnterfaceelementexceeds

itsmaximumvalue,itisbroughtdowntothatvaluebyreduclngtheshearstiffnessofthe

interfaceelementinaniterativeschemeuntilconvergenceisachieved･
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5.3 NUMERICALRESULTSANDDISCUSSION

The results obtained from the Coupled Shear Band Method(C･S･B･Method)based

numericalanalyses,arepreSentedinthissection･Comparisonshavebeenmadewiththe

experimentalresults,Coulomb.stheory,Dubrova-smethodandwiththenumericalresults

obtainedfromtheconventionalstrainhardenlngtheoryuslngtheDrucker-Pragermodel

discussedinChapter3･

5.3.1EffbctoftheWal1DisplacementontheEarthPressureParameterS

Thethreeimportantparametersactivelyassociatedwiththeearthpressurecalculationsare,

(l)thecoemcientoftheearthpressure,K,(2)thewallfrictioncoef丘cient,tan8,and(3)the

relativeheightofthepolntOfapplication,h/H,Hbeingtheheightofthewall･Figs･5･4-5･6

showthevariationsofthethreeparameterswithincreaslngmeanWalldisplacements,fbrthe

three modes ofthe walldisplacement(Fig･5･2)considered,Where the mean wall

displacement,S,refbrstothedisplacementatthemid-height(H/2)ofthewall･

Itcanbeobservedthatthemagnitudeandthenatureofvariationsoftheparameters

dependonthewallmovementmodes･Thedifftrentstressconditionsthatprevailinthe

backfillresultingfromthedifferencesintheboundaryconditionsfbreachmodecanbe

attributedfbrthesekindsofbehaviors.ThenumericalresultsuslngtheC.S･B･Methodare

showlngabettersimulationcapabilityascomparedtotheconventionalanalysIS･
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Fig･5･4Variationofthecoefncientofearthpressurewithwal1displacement
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Fig･5･4showsthattheexperimentaltendenciesaredisplayedbythevariationsofK.The

noticeablevariationofKamongthethreemodes,istheRBmode,inwhichthedecreaslng

trendiscontinuedevenatlargerdisplacementsofthewall･Thisisduetothefactthatthe

COmPleteactivestateisdimculttoattain,althoughnotimpossible,inthisparticularmodeof

movementbecauseoftheexistenceoftheextrahighstressatthebaseofthewall,aSWillbe

evidentinthedistributionoftheactiveearthpressurediscussedinthenextsubsection.

Thevariationofthemagnitudeoftherelativeheight,h/H(Fig.5.5),isastrikingftature

asitdifftrsfromCoulombTsvalueofO･333･Anothernoticeablepolntisthedependencyof

thevariationofhmonthewallmovementmodes･InthecaseoftheTandtheRTmode,the

Valuesofhmincreasegradual1yfromtheinitialvalueofO･333tosomeparticularvalue,and

remainalmostconstantaftercertaindisplacement･Thennalvalueisgreaterthanthatofthe

Coulombvalue･InthecaseoftheRBmode,thevalueinitiallydecreases,andthenstartsto

increasetoattaintheconstantvalue,however,thefinalvalueremainslessthanCoulomb▼s

Value･Thesedifftrencesareduetothedifftrentpatternsoftheearthpressuredistribution

discussedinasubsequentsection･Itistobenotedthat,duetotheassumptlOnOfhydrostatic

distribution払rtheimitialstress,thepolntOfapplicationremainsatl/30fthewallheightfbr

thenonyieldingwal1ineachmodeofdisplacement･
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Fig･5･5VariationofthepolntOfapplicationofearthpressurewithwalldisplacement

Thevariationoftan8(Fig･5･6)isalsofbundtobedependentonthewal1movement

modes･ThegeneraltendencylStOincreasegraduallywithwalldisplacement,andthenattain

thepeakvalue･Incontrasttotheexperiments,thenumericalresultsshowadroplnthevalue

af[erattainlngthepeakvalue･Thismaybeduetotheassumpt10nOfequalvaluesofshear
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stiffnessforalltheinterfaceelementsirrespectiveofdepths･Aslightdeviationofthe

numericalresultsfromthoseoftheexperimentshasbeenobserved･Thedisagreementcanbe

attributedtotheassumptlOnOfthevaluesofshearstifhessfbrtheinterface･
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Fig･5･6Variationofthecoefncientofwallfrictionwithwal1displacement

5･3･2ProgressiveFailurePatternandtheActiveStressDistribution

Figs･5･7(a)-5･7(C)showtheprogressionofthefailurezoneatdifftrentstagesofwall

displacementsforeachmodeofmovement･Thefailurezoneofthebackfi11sandunfblds

someremarkablepolntSregardingtheactivestateandthedistributionofearthpressure･In

thecaseoftheTmode(Fig.5.7a),thefailuredevelopssimultaneouslyfromthetopaswell

asfromthebottom,andultimatelyJOlnStOreaChthefinalstate･IntheRBmodeof

movement(Fig.5.7b)thefailurestartsfromthetopandadvancestowardsthebottom,While

intheRTmode(Fig･5･7c)itinitiatesatthebottom,andstartsmovingtowardsthetopofthe

backfill･Theprogressivefailureeventuallyculminatesinfbrmlngtheactivewedge･Itisthis

pattemofthefailurezoneprogressions,Whichdeterminestheshapeofthedistributioncurve

fbrtheactiveearthpressurebehindthewalldiscussedinthefbllowlngParagraPh･Onecan

alsoobservefromthefailurezonesthattheRBandtheRT modesresembletheRankine

statefbrmlngaClearactivewedge,WhiletheTmodedoesnotseemtoresembletheRankine

statewherethefai1edelementsareconcentratlnglnabandedzone･
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Fig･5,7Progressivefailurepatternsoftheback丘11foreachmodeofmovementofthewal1
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ThefbrmationofbandedzoneinthecaseofTmode,isduetothefactthat,inthismode

thewalldisplacement,theactivewedgesuddenlylosesitssupportalongthewallsurface,

Slidesdown,andformsaweakarchwithinthebackfillsoil.Developmentofanarrower

localizedzonecanbeexpected,aSCOmParedtotheresultsshownhere･Thewiderbandmay

be the results ofthe effectofthe boundarycondition,Since nointerface elements are

introducedatthebottomboundariesofthebackfilltosimulatethefrictionwiththesoilbin,

andthewallismovedinparallelglVlngeXtrafreedomtothesoilelementatthebase.The

discretizationoftheFEMmeshwillnothaveastrongeffect,Sincetheuseofapproprlate

Valueofthesmearingfactor∈isexpectedtorendertheanalysisinsensitivetothedetailsof
discretizationin thelocalization analysis that considers the geometricalsqftening

(PietruSZCZakandMroz,1981).

InthecaseoftheRTmode,itcanalsobeobservedthattheelementsatthetopnever

failed･ThisexceptlOnCanbeattributedtotheroleofarchingfbrthismodeofdisplacementof

thewall･Whenthebackfillsoilformseitheraclearfailurewedgeorabandedzone,that

StageCanbeconsideredtobeactivestate･Thecoefficientsoftheearthpressurereachthe

lowestlevelofthemagnitudesatthisstage,andremainnearlyconstant,implyingthe

attainmentoftheactivestate･ThefailuresurfacepredictedbyCoulomb-stheorylSalso

Showninthefigurefbrcomparison･Themobilizationofthefrictionangle,¢alongthe

Coulombsurfaceisdifferent･Thisphenomenonoftheprogressivemobilizationofthe

frictionanglewillbediscussedindetailinChapter6,Whichrelatestothedynamicearth

PreSSureagalnStarigidretainlngWall.

Figs･5･8-5･10showthedistributionoftheearthpressureattheactivestateobtained

uslngtheC.S.B.Method.Inthesamefigures,thedistributionobtainedfromDubrovats

methodandCoulomblstheoryarealsoplottedfbrthepurposeofcomparisons･Theeffectof

theprogressionofthefailurezonesfbrdifftrentmodesisclear1yreflectedinthedistributions

Oftheactiveearthpressure･Forexample,inthecaseoftheRTmode(Fig.5.8),theupper

PartOfthedistributioncurveneVerreaChedtheCoulombline,Whichisduetothefactthatthe

elementsattheupperpartofthebacknllneverfailedfbrthismode(Fig.5.7c).

Similarlyin the RB mode(Fig.5.9),because ofthe concentration ofthelocalized

elementsattheupperpartofthebackfill(Fig.5.7b),thedistributioncurveatthatpartcomes

belowtheCoulombline･Theextrahigherstressatthebaseofthewallkeepsthedistribution

atthelowerpartabovetheCoulombline･Thisistheexactlythereasonthatthemagnitudeof

therelativeheightfbrtheRBmodeislowerthantheCoulombvalueasobservedinFig･5･5･
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Fig.5.9ActivestressdistributionfbrtheRBmode

IntheTmode(Fig･5･10),theabsenceofthefailedelementattheupperpartinthe

Vicinityofthewall(Fig･5･7a)iskeepingthedistributioncurveawayfromtheCoulombline.

Fromthesefiguresitisseenthatthedistributionpatternoftheactiveearthpressuredepends

Onthemodesofwalldisplacementduetodifftrentmechanismsofthefailure･Consequently,
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thecoemcientoftheresultantaCtivethruStandthepolntOfapplicationdifftrinmagnitudes,

thediscussionsofwhicharemadelater.
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Fig･5･10ActivestressdistributionfbrtheTmode

5.3.3EffbctoftheBackfillStrengthontheActiveStressDistribution

InordertoexaminetheefftctofthesoilstrengthonthedistributionpatternOfearthpressure,

thevariationoftheactivelateralearthpressurebehindthewallisplottedasshowninFig･

5.11fbrtwoparticularmodes,namelyTandRT,fbrdifftrentstrengths(angleofinternal

friction)oftheback丘11.

ItcanbeobservedfromFig･5･1lathatfbrthetranslationalmovementthedensltyOfthe

SOildoesnotefftctthepatternofdistribution･However,theefftctofdensltylSprOnOunCed

inthecaseoftheRTmode(Fig.5.11b).Thearchingeffectattheupperportionofthe

backfillisknowntoberesponsiblefbrthis･Thedensebackfillismorevulnerabletoarching

COmparedtothelessdenseone･Asaresult,thedensebacknllshowsexistenceofhigher

StreSSattheupperpart･
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5.3.4CoemcientoftheActiveStressandItsPointofApplication

Thecomputationswereperfbrmedfbrvariousvaluesoftheinternalfriction,¢ofthebackn11

Sand.ThecoefficientofthehorizontalactivethruSt,KA,hasbeenplottedasafunctionof¢

forthedifferentmodesasshowninFigs.5.12-5･14･Itcanbeseenthattheresultsfromthe

C･S･B･Methodaremoreclosetotheexperimentalvaluesascomparedtotheresultsfromthe

conventionalmethod.

IntheTmode,theresultsshowacloseagreementwiththevaluesglVenbyCoulomb-s

equationasseeninFig.5.12.However,intheRBmode(Fig･5･13)andtheRTmode(Fig･

5.14)thevaluesarehigherthantheCoulombvalue,WhichimpliesthatthetotalactivethruSt

dependsonthewalldisplacementmodes･Aremarkableobservationfromthethreefiguresis

thatthevaluesglVenbyDubrova-sanalyticalsolutioncoincidewiththeCoulombvalues,and

remainunalteredfbrallthemodes.ThisisduetothefactthatDubrovaassumedthevalidity

OftheCoulombsolution(Coulomb'stheoryconsidersonlytheequilibriumconditionandthe

failuremechanism,butnotthefailurestatealongtheboundary,glVlngOnlyan仰erbound

∫0ん′Jわ〃).
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Figs･5･15-5･17showthevariationoftherelativeheightofthepolntOfapplication ofthe

horizontalactivethrust,(h/H)A,forthevarious modes as a function ofthe backfill

Strength･Itcanbe seen that otherthanthe RB mode,both the numericalresults and

Dubrova,ssolutionagreewiththeexperimentaltrend･DifferenceinthecaseofRBmodeis

duetoproximltyOfDubrovalsdistributiontoCoulomb'shydrostaticdistribution･Boththe

magnitudeandvariationof(h/H)Adifftrdependingonthewallmovementmodes･Forthe

SameValueof¢,theRTmodegivesthehighestvaluefor(h/H)A andtheRBmodegives

thelowestvalue,WhilethevaluesglVenbytheTmodelyinglntermediate.Withincreaslng

Valuesof¢,the(h/H)AOftheRBmodefbllowsadecreasingtrend,Whilethoseofothers

areshowlnganincreaslngtrendwithonlyexceptlOnthattheRTmodehasasteepergradient･

TheexceptlOnOftheRTmodeisduetotheeffectofarching･Thedensebackfillexhibits

higherarchingstressthanthatofthelooseormediumdensebackfill･Asaresult,fordense

Sand,theupperpartoftheactivedistributioncurvemovesfurtherawayfromtheCoulomb

line,Whilethelowerpartshowsslgnificantreductionofthestressduetofreemovementof

thesandelementsnearthebaseofthewall(SeeFig.5.11b).Thismechanismofthestress

redistributioncontributestotheupwardmovementoftherelativeheightwithsteepslope･
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5.3.5InfluenceoftheModesofWallDisplacement

RegressionanalysISOftheresultsobtainedfromC･S･B･MethodrendersthefollowlngtWO

equationsfbrKAand(h/H)AeXpreSSingtheirwallmovementmodesdependentcharacter

fbrvariousvaluesofthebackfillstrength,¢.

KA=-0･20+(¢-176･3)Mc-9667Mc2

(h/H)A=0･36+(¢-20)Mp-396Mp2

(5.1)

(5.2)

Where,Mcand Mparetheparameterswhichtakedifferentvaluesdependingonthewall

displacementmodesasshowninTable5.3

Table5･3ValuesoftheparametersMcandMpfbreachmode

Modes of WalJMovement VaIuesofMcandMp

Mc Mp

TMode
-0.0104

0.0043

RBMode
-0.005 -0.0051

RTMode
-0.01

0.0123

Acomparisonis made forthe valuesofthecoefficientofthe active thrustandthe

COrreSPOndingrelativeheightat¢=40O,foreachwalldisplacementmodeasshownin

Table5.4.ItcanbeseenthatinthecaseoftheRB modeaslgnificantdifferenceexists

betweenthenumericalvaluesandDubrova'svalues.TheTablealsoshowsthateventhough

Dubrova'smethodgivesdifferentvaluesoftherelativeheightfbrwal1displacementmodes

thetotalactivethrustsareindependentofthemodes.Thus,directapplicationofDubrova-s

methodfbrtheretainlngWallproblemsmayleadtoconservativedesign.

Table5.4Comparativevaluesoftheactivestateparameters

Modes KA (h/H)A

C.S.B,

Method

Conven.

Method

Co山Omb Dubrova C.S.B

Method

Conven.

Method

Cou10mb Dubrova

丁 0.158 0.168 0.179 0.178 0.440 0.460 0.333 0.447

RB 0.238 0.212 0.179 0.177 0.250 0.270 0.333 0.333

RT 0.214 0.194 0.179 0.179 0.550 0.544 0.333 0.555
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5.4 DESIGNPⅢILOSOPHY

MostoftheretainlngWalls aretypICallydeslgnedbasedonthe activeearthpressure

distribution.Matsuoetal(1978),basedonthefieldtestsofalOmhighwall,emPhasized

theimportanceoftheat-reStpreSSureindesignlngaretainlngWall･TwotyPeSOfbackfill

materialwereusedintheinvestlgations:Siltysandandslagsfromindustrialproduction･

Afterthecompletionofthebackfill,theretainlngWal1waskeptlntheat-reStStatefbrabout

twomonths,andthenthewallwasrotatedaboutthebase(RBMode).Afterthewallreaches

theactivestate,thisstatewasheldfbrtwentydays,andthechangeofearthpressurewas

investlgatedduringthisperiod･Itwasobservedthattheearthpressuregradua11yrecovered

Withtime,althoughthewallwasleftasitwas･Theexperimentalresultsreportedareshown

inFig.5.18.
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Fig.5.18Changeofresultantfbrceofearthpressure(4fierMatsuoetal,1978)

ItcanbeobservedfromFig.5.18that,fromthecompletionoftheback丘11tothestartof

displacementofthewall,thereisagradualincreaseofearthpressure･Thisisduetothe

gradualcompactionofthebackfillduetoitsownweightandtheinfluenceofthevehicles

runnlngarOundit･ThenotablepolntOfthengureisthatthereisagradualrecoveryofthe

earthpressurewithtimeafterthewallreachestheactivestate･Byobservlngthetotal

horizontalearthpressureonthewal1,thecoefficientoftheearthpressureat-reSt(Ko)was

reportedasO･35～0･45fbrthesiltysand,0･30～0･40forslagAandO･45～0･55fbrslagB･

IchiharaandMatsuzawa(1970)basedonthelaboratorymodeltestswithabackfi1lofclean

Sandreportedthe K｡ValuetobeO･4-0･8･ThefieldtestsbyMatsuoetal(1978)also
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indicatedthattheshapeofthedistributionoftheat-reStPreSSureisnonlinear,andtheshape

isnotsodifftrentfromthatoftheactivestate.

Therecoveryoftheearthpressureaftertheactivestatemaybeduetotheeffectof

rainfall,Whichgeneratesseepageflowinthebackfill･However,intheanalysISOfthis

research,aSimplifyingassumptlOnOfthehydrostaticdistributionoftheearthpressureat-reSt
WaS made･Since dry sand was used asthe backfill,and the simulatedmodelwas a

laboratorymodel,theassumptlOnmadewasaJuStifyingone･

ThefundamentalphilosophyofthepresentdesignofretainlngWallisthatitcansupport

theactiveearthpressure･Expresslngthiswiththemathematicalterms,Weget‥

㌔=㌔×R (5.3)

Where,F;isthefactorofsafety,㌔isthedesignearthpressureand㌔istheactiveearth

PreSSure･However,inpractice,aretainlngWallisnotintendedtoserveashortperiod･With

time,aSObservedinFig･5･18,thewa11comestoat-reStStateagaln･Hence,Matsuoetal's

recommendationcanbeexpressedinthefb1lowlngねrm:

㌔=PrxR (5.4)

Where,Pris theearthpressure at-reStand F;is the corresponding factorofsafety･

ObservingEqs.(5.3)and(5.4),itcanbesaidthat,forthesamedesignpressure㌔,F;in

Eq.(5.4)canbemadealmostequaltol･0,however,inEq･(5･3)F;willremainashighas

2.0～3.0.Hence,aSadesignphilosophytherecommendationbyMatsuoetalisaJuStifying

COnCePt･However,inordertomakesuchadesignpossiblethecharacteristicsoftheat-reSt

PreSSureneedtobestudiedindetail,andwiththepresentstateofresearchinthisfield

nothingconcretecanbesaidaboutit･

Ontheotherhand,thevalueof Ko tobeusedisstillacontroversialtopIC･Jaky's

equation(トSin¢′)isvalidonlyfbrthenormallyconsolidatedsoilwithhorizontalground

Surface.Itisnotvalidfbrtheoverconsolidatedsoilandcompactedsand.Italsodependson

thenatureofthebackfillandretainlngWall.Foraninfinitehorizontalbackfillwithvertical

Wa11face,thevalueofKoisfoundtobeO･5uslngMohr-sdiagram･However,forinclined

back丘IlandinclinedretainlngWall,the K｡Valueisdifferent･Thus,thedesignbasedonthe

at-reStStateinvoIvessomeuncertainties.

Inearthquakepronezones,allretainlngWa11saredesignedagalnStPOSSiblecollapse

duringearthquake･InthedesigncodeofJapan,designaccelerationsof150-200galsare

used･Thecorrespondingactiveearthpressureわrthisrangeofaccelerationwillbecloseto

thestaticat-reStpreSSure(adetaileddiscussionofdynamicearthpressureismadeinChapter
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6)･Thus,Wallsdeslgnedforearthquakeloadingcondition,andwallsdesignedonthebasis

Oftheat-reStPreSSureWillhavealmostthesamefactorofsaftty.

5.5 SUMMARYANDCONCLUDINGREMARKS

Inthischapteranumericalmethodispresentedfbrtheanalysesoftheactiveearthpressure

agalnSt a rigid rough retainlng Wall,Which can adequately capture the progressive

deformationofthebackfill･TheCo岬IedShear.BandMe(hodbasedanalysISisseentohave

anedgeovertheconventionalstrainhardenlnganalysesespeciallyinregardtoitspowerof

CaPturlngtheprogressivefailure,althoughthecapabilityoftheconventionalanalysISin

CaPturlngthesamecannotbeentirelyruledout.

Theactivestatecanbedefinedasthatstatewhenthebackfillformsaclearfailurewedge

OraSlipsurface･Thepresentstudyshowsthattheprogressivefailurepatternofthebackfill

isinfluencedbythemodesofdisplacementofthewa11,WhichinturninfluencesthepatternS

Oftheearthpressuredistributions･Consequently,thecoefficientoftheactiveearthpressure

andthepolntOfapplicationoftheresultantactivethrustdependonthemodesofmovement

Ofthewall.

ThestrengthofthebackⅢ1hasapronouncedefftctonthedistributionoflateralearth

pressureonlyinthecaseofawallundergoingrotationaboutitstop(RTmode),Whichisdue

tothearchingefftctforthismodeofthewalldisplacement.

Dubrova'sanalytlCalsolutionsareabletoexpressthedifftrentnonlineardistributionsof

theactivestressfbrvariousmodes･However,theresultantactivethrustsglVenbythat

methodcoincidewithCoulomb-ssolution(i･e･irrespectiveofthewalldisplacementmodes).

EmplrlCalequationsexpresslngthecoefficientofactiveearthpressureandthepolntOf

applicationoftheresultantactivethrustasfunctionsofwalldisplacementmodes,havebeen

Putfbrwardforvariousvaluesofthebacknllstrength.Sincethetwoequationsarebasedon

thesmallscalemodeltestanalyses,thedirectapplicationofthemtothe丘eldproblemsmay

Culminateinconservativedesign.However,theapplicabilityofthetwoasapreliminary

testlngmeChanismcannotberu1edout･

Interfaceelementswithzerothickness,aSidealizedinthisresearch,CanSimulatethewal1

frictionsatisfactorily,WhentheapproprlateParameterSaredeterminedsuitablyfromthe

experiments.Theassumptionofequalvaluesoftan8fbral1theinterfaceelementsatdifftrent

depthsmaybeagrossapproximationleadingtovariationsinthebehaviorofthefriction

COefncientintheanalyses.
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CHAPTER

SIX

SeismicAnalysesofEarthPressure

ゲyol`C〟7-me〟S"reぴ′血y仙βre

5Pビαたf"gβわotffα〃dビガPre55ffわー

〃〃汀血r5′yO〃た〃0ぴ50∽ビ渥ngαわ0〃fif

Lord Kelvin

`.1INTRODUCTION

Intheearthquakepronezones,PrOPereStimationoftheseismicearthpressureagalnSt

retainlngStruCtureSaSSumeSSlgnificantimportance,eSPeCiallylnthevicinltyOfport

facilities,WherehighintensltyearthquakescancausedamagetotheretainlngStruCtureS,

resultinglnCataStrOPhetotheaqjoinlnginfrastruCtureSandconsequentlytohumanlives･The

GreatHanshinEarthquake(inJapan)on17January,1995,inwhichKobeportwasbadly

damaged,SerVeSaSaStarkremindertoboththeresearchandtheplannlngCOmmunltythe

enormltyOfthedamagecausedbyadevastatlngearthquake,anditsrepercussionsonsocial

andeconomic front.Thus,the zones frequentedby seismic activities need adequate

earthquakeresistantdesign･

RetainlngWa11saredamagedinalmosteveryearthquake･Thepredominantdamage

occursinbridgeabutments,quayWalls,freewaystruCtureSetC･SeedandWhitman(1970)

gaveabriefaccount(Table6.1)ofthedamagesinretainingwa11sduringsomeofthe

devastatlngearthquake･Mostofthesereporteddamagesareduetotheincreasedlateral

pressuresduringearthquakeloading,Whichinturnleadtosliding,OVerturnlngandtiltingof

thestruCtureS(NazarianandHadjian,1979).

ThehugedamagestotheretainlngWallsduringtheGreatKantoEarthquakeinJapan,

1923gaveawakeupcalltotheresearchcommunltylnthefieldofearthpressure,1eadingto

thewellknownMononobe-Okabetheorywhichisextensivelyusedtilldatefbrtheseismic

designoftheretainlngStruCtureS･However,Mononobe-Okabe'sanalytlCalmethodisa

quasi-Staticoneanditconsidersonlytheinputaccelerationoftheground･AstruCtureunder
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Table6･1Failureandmovementsofretainingwallsindifftrentearthquake(Seedand

Whitman,1970)

Earthquake Date Magnitude Harbor Epicentral

Distance

Damage Approx.

Movement

Kitaizu Nov.25,

1930

7.10 Shjmizu 30MiIes Fai(ureofGravityWa=s 26Feet

Shizuoka Julyll,

1935

Shimizu RetainIngWaIICo=apse 16Feet

Tonankai Dec.7,

1944

8.2 Shimizu

Nagoya

Yokkaichi

110Miles

80Miles

90miles

S]idingofRetainlngWaJl

OutwardMovementof

Bu(kheadwithRelievTng

Platform

Outwardmovementofpi]e

SuPPOrteddeck

10to13

feet

12feet

Nankai Dec.21,

1946

8.1 Nagoya

Osaka

Yokkaichi

Uno

125miles

190miles

OutwardMovementof

BuJkheadwithRelievlng

PJatform

Faj(ureofretainingwaJl

abovereJiev[ngPlatform

Outwardmovementof

gravitywa"

13feet

14feet

2feet

Tokachioki March4,

1952

7.80 Kushiro 90miles Outwardmovementof

gravitywaIIs

18feet

Ch‖e May22, 8.40 Puerto 70miIes CompleteoverturnlngOf 15feet

2to3

feet

1960 Montt gravitywa=s

Outwardmovementof

anchoredbuIkhead

Niigata June16, 7.50 Niigata 32miles Ti[tingofgravitywalL 10feet

1964 Outwardmovementof

anchoredbuJkhead

1to7

feet
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dynamicloadingexperiencestotalacceleration(ut)whichisthesumoftheinputacceleration

(ug)andtheresponse(u)asshowninFig･6･l･Thus,earthpressureagainstretainingwall

needtobeanalyzednumericallytakinglntOaCCOunttheefftctoftheresponsecomponent･

m,k

く)
l

1

1
で市ゝ プu｡+∪=ニヲ
!一;ゝ…

‡

1

1 >l
ug+u

lnput

Response

TotaIAcceleration

Fig･6･lResponseofastruCtureunderdynamicloading

ThecomputationoftheearthpressuresagalnStretainlngWallsduringearthquakesisnot

sowelldevelopedasinthestaticcase,inwhichcasetheenglneermayuSealotofmoreor

lesssophisticatedtheories･TheearthpressureonretainlngWallsduringearthquakeisa

function of manylmPOrtant ParameterS SuCh as soil-StruCtureinteraction,backfill

characteristics,fbundationstability,earthquakemotioncharacteristics,StruCturalproperties

ofthewallandtheboundaryconditions(Prakash,1981)･Forincreasingmagnitudesofthe

displacements,thesoilstressesinthebackfillcanprogressivelyadvancefromelasticto

elasto-Plasticandfinallytoultimatestate･Inaddition,nOn-1inearsoil-StruCtureinteractionis

qulteimportantandshouldbeconsideredinthenumericalmodeling･Mostoftheexistlng

numericalmethodsfordynamicearthpressureanalysISlimitedtheirattentiononlytothe

dynamiccomponentoftheearthpressure,WhereasthepressureactlngOntheretaining

structures during seismicloadingis the totalpressure(Static+dynamic)･A proper

constitutivedescrlPt10nfbrthebackfillisalsofoundtobelackinglnthesemodels･In

earthquakeenglneerlngdesignproblems,failureandpost-failureanalysISareVerylmpOrtant,

andforthispurposeconsiderationoftheshearbandlocalizationinthebackfillassumes

importance.

Inthischapter,anumericalmodelisdescribedfbrtheseismicanalysesofearthpressure･

ThemodelisbasedontheCoupledShearBandMethoddescribedinChapter3,Which

considerstheprogressivedefbrmationcharacteristicsofthebackfill･Italsotakescareofthe

interactionbetweenthewa11andthebackfillattheinterfaceduringdynamicloading.Since

thesoil-StruCtureinteractionduringdynamicloadingplayaprominentroleinthenumerical

results,thedynamicsoil-StruCtureinteractionhasalsobeenreviewedherefollowedbyits

influenceontheseismicearthpressureanalysIS･Thevalidityofthenumericalmodelis
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demonstratedthroughsimulationofamodelretainlngWalltest･Inaddition,thedependency

Oftheseismicearthpressureonthewalldisplacementmodesisalsostudied･

6.2INTERFACEMODELINDYNAMICINTERACTION

Thecharacteristicsofthesoil-StruCtureinteractionareaffectednotonlybythemechanical

PrOpertiesoftheconstituentsbutalsobythegeometricalfbrmandconditionoftheinterface･

Often,analysISunderdynamicloadinglSPerfbrmedbyassumlngCOmPletebondingatthe

interfaceatallstagesofloading･AlthoughthatassumptlOnuSuallysimplifiesananalysIS

PrOCedureslgnificantly,ltCanaCCOuntfbrthesoil-StruCtureinteractionefftctonlytoalimited

extent,becausetherelativemotionsarenotincludedintheanalysIS･

Aninterfacecanexperiencerelativemotionsunderdynamicloading(Fig･6･2)･Inthe

actualsystem,debondingresultsattheinterfaceespeciallyatthehigheraccelerationlevels

わrtheactivemovementofthewal1whentheminimuminertiafbrceactsawayfromthewall,

inwhichcasetheassumptlOnOfperftctbondinginducestensilestressesonthecontact

Surface･ThusfbrarealisticanalysIS,itmaybenecessarytoincorporatetherelativemotions

oftheinterface.

Interface

(C)Debonding (d)Rebonding

て:Shearstress

Gn:Norma[Stress

Fig.6.2Modesofdefbrmationattheinterface
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Tokietal(1981)developedamodelforthedynamicinteractionbyconsideringthe

separationandtheslidingbetweensoilandstruCture･Thejointelementsusedinthecontact

surfacehaveapropertysuchthattensileforcesarenottransmittedbetweentheplanes

representlngthestructureandthesoil･Thedynamicpropertiesgovernlngtheslidingwere

determinedbytheMohr-Coulombfailurelawdeterminedfromthecohesionandthefriction

anglebetweensoilandstruCture･Themethodwasappliedto:(1)amodelnuclearreactor

buildingrestingonthesurfaceofalayeredsoilmedium;and(2)apartiallyembeddedpier

fbundationstruCtureSuqeCtedtodynamicexcitations･Itwasobservedthat,aSSumlngPerftct

bondingatthecontactsurfacebetweensoilandstructure,thestructure,smotionwas

restrictedbythesurroundingsubsoil,thusunderestimatlngtheactualresponseofthe

Zamanetal(1984)usedthethinlayerelementofDesaietal(1984)forsimulationof

variousmodesofdefbrmationindynamicsoil-StruCtureinteraction･Thenumericalprocedure

wasusedtopredictthebehaviorofamodelstructuretestedinthefield,andtheinfluenceof

interfacebehaviorondisplacements,Velocitiesandaccelerationswasdelineated･

Desaietal(1985)describedamodifiedRamberg-Osgoodmodeltosimulateloading,

unloadingandreloadingresponseconsideringtheslipmodeattheinterface･Drummand

Desai(1986)described the cyclic stress-deformation response ofdry sand-COnCrete

interfacesuslngamOdifiedRamberg-Osgoodmodel･ThemodelpermitsthedescrlptlOnOf

theinterfacesecantstiffnessasafunctionofthenormalstress,Shearstress,Sanddensltyand

numberofloadingcycles･

AcomprehensivereviewinthisgeneraltopicisprovidedbyDesai(1981)･Inrecent

years,theeffectsoftherelativeslip,debondingandrebondinghavebeenidentifiedand

analyzed･ApproprlateteStSareneededtodennetheconstitutivemodelfbrtheinterface,and

thereappearstobeagenerallackoftestingdevices(Desai,1981)･

6.3A NUMERICAL MODEL FOR ANALYSIS OF SEISMIC EARTH

PRESSURE

6.3.1ConstitutiveRelationn)rtheBackfi11Mass

Theconstitutiveequations,Whichareusedfrequentlyfbrsoil-StruCtureinteractionproblems,

aregenerallyofthevisco-elastictypewithhystericdamplngSOthatnoconstraintisimposed

onthestresslevel(yield).Itisoftenrecognizedthatintheareaofearthpressurethese

constitutiveequationsareinadequate,eSPeCiallyifthedistributionofinitialearthpressureis

closetotheactivestate,andthisiscertainlythereasonthattheanalystusuallyresortstoa

Simpli丘edtheorysuchasMononobe-Okabetheory･
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Inmostofthecasesofearthpressureanalyses,theshearmodulusanddamplngratioof

thebackfi11areadjustedaccordingtoFig･6･3a･NadimandWhitman(1983)usedthis

relationshipfbrcertaincasesintheiranalysis･Thestress-Strainrelationshipわrthebackfillis

○
焉
∝
ぎ
己
∈
占
■
×
2
望
ロ

ShearStrain,†

(a)Strain-dependentshearmodulusanddampingratio

(b)Conventional1yassumedstress-Strainrelationship

Fig.6.3Stress-StrainrelationsnormallyusedindynamicanalysIS
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assumedasshowninFig･6･3busingequivalentshearmodulus(GequivaJent)･However,the

aboverelationsaretrueOnlyforthepurevibrationproblems･Inthecaseofseismicearth

pressuregeneration,thestress-StrainrelationshiptakestheformshowninFig･6･4･The

envelopeoftheresponseissomewhatsimilartothestaticstress-Strainrelation･Hence,the

sameconstitutiverelation,aSfbrthestaticanalysIS,Canbeappliedforthedynamicearth

PreSSureCalculation.

P
■
s
s
聖
l
S
L
再
¢
工
S

ShearStrain,†

Fig･6･4Stress-Strainrelationshipusedinthisresearch

TheCoLq,ledShearBandMethoddescribedinChapter3,WaSderivedforthestatic

loadingconditions.Needleman(1989)showedthatthekeyfeaturesofthephenomenology

ofshearbanddevelopmentunderthedynamicloadingconditionsarethesameasunder

quasi-Staticloadingconditions,andadelaylnShearbanddevelopmentarisesduetothe

inertialeffects.Thevisco-PlasticapproachhasbeenusedbyPrevostandLoret(1990)for

dynamiclocalizationproblemsbyintroducingtheartincialviscosltylntOtherate-independent

materials.Inthisresearch,theCoupledShearBandMethodisappliedtoanalyzemodel

retainlngWal1sunderseismicloading･ItisrecognizedthattheconceptofmixedhardenlnglS

moreapproprlatefortheproblemsinvoIvingdynamicloading,however,forsimplicity,

isotropichardeninglSaSSumedintheanalyses･
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6.3.2InterfaceModel

TheassumptlOnOfperftctbondingworkssatisfactorilyforthestaticloadingcondition･

However,therelativemovements,SuChasseparation,Shouldbeconsideredfbrthedynamic

SOil-StruCtureinteractionproblemsaspolntedoutearlier･Theinterfacemodeldevelopedin

Chapter4canbeappliedtoseismicearthpressureanalysesbyconsideringthedebondingof

thewallandthebackfill,Whentheinertiaforceactsawayfromthewallandthewallitself

movesawayfromthebackfill,aPhenomenonmorelikelytodevelopwhenthewallisin

activemode･DebondingcanbeidentifiedbyacriterionbasedontheslgnOftheinduced

force.It can be assumed to occur when the forceis tensile.The stress-displacement

relationshipfortheinterfaceelementisassumedasshowninFig･6･5･

Fig･6･5Stress-displacementrelationshipfbrtheinterface

6.4 MODELOFANALYSISANDCOMPUTATIONALPROCEDURE

6.4.1FEMModelandMethodofAnalysis

TheexperimentalmodeldevelopedatNagoyaUniverslty,searthpressurelaboratory

(IchiharaandMatsuzawa,1973)hasbeensimulatedintheFEanalyses,thediscretizationof

whichisshowninFig･6･6a･Thewallundergoesthecombinationofrotationaboutbaseand

translation(RB-T),andthecenterofrotationis20cmbelowthewallbaseasshowninFig･

6･6b･Inthisfigure,SrePreSentSthemeanwalldisplacementofthewallwhichisthe

displacementatthemid-height(H/2)ofthewall･
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(a)Finiteelementdiscretization
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(b)Walldisplacementmode

Fig･6･6FEMmodeloftheanalysISandthemodeofwalldisplacement

TheanalysesareperfbrmedintimedomainusingWilson-sthetamethod(fordetailssee

AppendixB)tocalculatetheapplieddynamicincrementonthemodelretainingwall･This

in9rementhasbeenaddedtothestaticincrementduetothedisplacementofthewall･The

updatedLagranglanfbrmulationisusedinthestress-Straincalculation･

6.4.2DeterminationofMaterialParameters

IchiharaandMatsuzawa(1973)reportedthattheplanestraintestgivesthepeakvalueofthe

angleofinternalfriction¢fOfthebackfi11(dryToyouraSand)as420･However,Sincethe
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COnfiningpressureoftheexperimentalmodelisqultelow,thevariousmaterialparameters

appearedintheconstitutiverelationsneedtobedeteminedfromtheexperimentaldataatlow

COnfiningpressures･Thematerialparametersaredeterminedfromthetestresultsofthe

COnVentionaltriaxialcompression tests orplane straintests･Due tolimitations ofthe

experimentalsetup,theexperimentsforconfiningpressurelessthanlOkN/m2couldnotbe

performed･Therefore,theparametersareplottedasafunctionoftheconfiningpressures,

and the obtained curveis extrapolated
to thelow confining zones to determine the

ParameterS.Fig.6.7showsthevariationoftheangleofinternalfrictionatpeak¢fWiththe

COnfiningpressures.Byextrapolation,thevalueof¢fCOrreSPOndingtheconfiningpressure

Oftheexperimentalsetupisfbundtobe510andthisvalueof¢Fisusedintheanalyses･
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Fig.6.7Deteminationofangleofinternalfriction

Similarly the constantA(Eq･3.32,Chap■3)is
determinedas shownin Fig･6･8･

Materialparametervaluesofthebackfillsoil(Toyourasand)used/assumedintheanalyses

aretabulatedinTable6.2.Thecoefficientoftheearthpressureat-reStisassumedtobeO･8,

anditisassumedtobedistributedhydrostatically.Thesameshearstiffnessvalue,aSinthe

staticanalysis,fortheinterfacebetweenthedryToyourasandandthewallisused(22x104

kN/m2)･
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Fig･6･8DeterminationofconstantAinEq･3･32(Chapter3)

Table6.2MaterialparametersofToyourasandusedintheanalyses

Parameters Values

EIasticParameters

22000
YounglsModuIus,E(kN/m2)

Poisson■sRatio,V 0.3

DeformationParameters

0.0029A

R 0.05

Kr 0.m

PeakFrictionAngle,¢f 510

DiLatancyParameters

0.5糾l屯

¶s 0.719

SmearingParameter,∈
0.32xlO-5
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6.5INFLUENCEOFINTERFACEMODESONSEISMICANALYSIS

Asdiscussedintheprecedingsection,theassumptlOnOfperftctbondingattheinterface

duringdynamicloadingleadstounderestimationoftheproperresponseinthesoil-StruCture

interactionsystem･Inthissection,theinfluenceofthedynamicinteractionontheearth

PreSSureanalysISisdiscussed.

TheFEMmodelshowninFig.6.6aissimulateduslngtWOinterfacemodelstoexamine

theinfluenceofinterfacebehavioronthenumericalsimulation.Inone(WithoutDebonding),

Onlythestickingandtheslidingmodesoftheinterfaceareconsidered,Whileintheother

(WithDebonding),the separationaspectofthewallandthebackfillisalsotakeninto

COnSideration.Wheneverdebondingoccurs,theshearstressisnottransmittedthroughthe

interface.Therefore,duringtheanalysesattheinstantofseparation,theparticularinterface

elementhasbeendiscardedfromthefiniteelementassemblybyequatlngthenormalstress

actlngOn the element to zero.The equlValentloadis addedto theelementequations.

Rebondingcanbeassumedtooccur,Whentheぬrcebecomescompressiveagaln.

Thenumericalcalculation,includingtheseparationandslidingphenomena,Shows

StrOngnOn-1inearltyandthustheequationofmotionmustbesoIvedbythestep-by-SteP

integrationmethodinthetimedomain.Thestiffnessmatrixiskeptconstantduringthe

COmputation and only the externalforceis modified so as to satisfythe equilibrium

COndition.

6.5.1InfluenceonEarthPressureParameters

Figs.6.9(a)-(C)showthevariationofthecoefficientofearthpressure,K,therelativeheight

OfthepolntOfapplicationoftheresultant,hⅢ,andthecoefficientofwallfrictionangle,

tan8,aSafunctionofmeanwalldisplacement,Sfortheaccelerationof180galsatthe

maximuminertiafbrce.Itcanbeobservedthatinitia11y,theresultsfromboththeinterface

modelscoincide.However,WithincreaslngWa11displacementsthedifftrencesgetincreased,

Withtheresultsfromthemodelconsideringthedebondingaspectattheinterfacecomlng

moreclosetheexperimentalvalues.

Figs.6.10a-fshowthesamevariationsfbrtheaccelerationof360galsatthemaximum

andtheminimuminertiafbrce.ComparlngFigs.6.9andFigs.6.10,itcanbeobservedthat

わrthehigheraccelerationlevelstheresultsfromthetwomodelsdifftrevenatthesmallwall

displacement,andasthewalldisplacementincreases,thedifferencesoftheresultsobtained

uslng Without debonding and the experimentalresultsincrease･Thisimplies that the

Separationmodeoftheinterfaceplaysanactiveroleinthecalculationofseismicearth

pressure.Theinfluence of the separation becomes crystalclearif we observe the

PerfbrmanceofthetwomodelsinthecaseofminimumforceasshowninFigs.6.10(b),(d)

and(f)･Theusageofdebondingmodeattheinterfacepredictstheexperimentaltrends
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satisfactorily,Whereasassumpt10nOfperfectbondingresultsinweirdvariationsoftheearth

pressureparametersK,h/Handtan8･
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6.5.2InfluenceonMeanEarthPressure

Fig6･llshowsthevariationofthemeanearthpressureattwodifferentaccelerations･This

figuretoodivulgesthemeritofincludingthedebondingmodeanddemonstratesthatthe

effectofdebondingbecomesmorepronouncedwhentheaccelerationlevelincreases･Atthe

accelerationof84gals,theresultsfromboththeinterfaceconditionsdonotexhibit

slgnificantdifferences,however,attheaccelerationof480gals,thereexistsaslgnificant

difftrencebetweentheexperimentalvaluesandthenumericalvaluesfbrtheinterfacemodel

withoutconsiderationofdebonding･Infact,itwasobservedduringtheanalysesthatat180

galsofaccelerationdebondingoccursonlyatthetopinterfaceelement(0･09H),Whereasat

theaccelerationof360galsdebondingspreadstillthethirdelementfromthetop(0･27H)･
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Fig･6･llInfluenceofinterfaceinteractiononthemeanearthpressurevariation

6.6 VALIDATIONOFTHENUMERICALMODEL

InthefollowlngSubsections,theresultsobtainedfromtheanalysesarediscussedwith

reftrencetotheexperimentalresults･FortheretainlngWallsandsimilarstruCtureS,theaction

oftheearthquakeismostdangerouswhenthehorizontalaccelerationisdirectedtowards

them･Hence,PraCtically,ltissufficienttoconsideronlytheeffectofthemaximuminertia

force.Heretoo,thediscussionswi11belimitedtothecaseofmaximuminertiaforce･The

resultsoftheanalysesarealsocomparedwiththeclassicalMononobe-Okabetheoryand

LogarithmicSpiralMethod(SeeAppendixA)･Theseparationbetweenthewa11andthe
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backfillisallowedwhentheminimuminertiaforceactsawayfromthewall･Inotherwords,

theinterfacemodelpermitsdebondingattheinterface･

6.6.1TheEarthPressureParameters

Theefftctsofthewalldisplacementontheseismicearthpressureparameterswereobserved

in Figs.6.9-6.10.The numericalresults exhibit higher
values(around10%)ofthe

COefficientoftheseismicearthpressureascomparedwiththeexperiments.Ichiharaand

Matsuzawa(1970)bundthatduetothefrictionbetweenthesidewal1softhesoilbinandthe

backfi11sandtheearthpressureagalnStthewallgetsreducedbyabout10%.

ThenonlinearltyOftheearthpressuredistribution,Whichwillbe discussedina

Subsequentsection,isresponsiblefbrthepeculiarvariationoftherelativeheightasobserved

inthesefigures.Thedistributioncurvechangesitsshapewithdisplacementofthewall

resultinglnthecharacteristicvariation.

6.6.2ProgressiveFailureoftheBack611andtheActiveState

The classicalMononobe-Okabe theory based on rigid plastic assumpt10n aSSumeS

SimultaneousfbrmationofthefailurewedgeintheimmediatevicinltyOftheretainlngWall･

However,OneShouldkeeplnmindthattheattainmentoftheactiveorthepassivestate

invoIvesprogressivedeformationofthebackfill.ThelocalizeddeformationanalysISis

COnSideredtobeoneoftheversatiletooltocapturetheprogressionofthedeformation

Pattern,althoughthecapabilityoftheconventionalmethodbasedonstresscontinultyln

CaPturlngtheprogressivefailurephenomenoncannotbeentirelyru1edout.

Fig･6･12(a)showstheprogressionofthefailurezoneinthebacknllatdifftrentstagesof

thewalldisplacementfbrtheaccelerationof180gals.Thefailureinitiatesfromthetopofthe

backfillandspreadsdownwardwithdisplacement.Withfurtherdisplacementofwallthe

bottombackfillelementsnearthewal1alsostarttofail,althoughthedominantfailuresare

Stillexhibitedbythetopelements.Finally,aCOmPletefailurewedgeisformed･Thisisthe

Characteristicfailuremodefbrthismodeofwalldisplacement,WhichisRB-T(Fig.6･6b)･

Oncethefhilurewedgeiscompleted,eVenWithfurthermovementofthewalltheprogression

Ofthefailurezoneceases,implyingtheattainmentoftheactivestate.Thefailuresurface

Predictedby the Mononobe-Okabe theory(¢=5lO)isalsoshowninthesamefigure･

Simi1arobservationhasalsobeenpredictedR)rtheaccelerationof360galsasshowninFig･

6･12(b)･ComparingFig.6.12(a)andFig･6･12(b)itcanbeseenthatthedomainofthe

fai1urezoneincreasesastheaccelerationlevelincreases.
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(a)AcceIeration=180gals

(b)Acceleration=360gals

Fig･6･12Progressionofthefailurezoneattwodifferentaccelerations

6･6･3Mobi)ized Angle ofFriction and Angle ofWallFriclio-l

Theclassicaltheoryassumessimultaneousmobilizationofthefrictionanglealongthefailure

lineateverylocation,AL(Fig.6.13)･However,theprogressivefai1ureoftheback丘1l･aS

alreadydiscussed,doesnotJuStifytheassumptlOl-aStheelementsinterceptedbytheM-O
failuresurfaceareinadifferentstateofaffairsataparticularwa11displacement･

△LノL=1.0

Fig･6･13Failuresurfaceintheback創1
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Figs･6･14(a)and6.14(b)showthemobilizedvaluesoftheangleofinternalfriction,

¢m,intheelementswhichareinterceptedbyMononobe-Okabe'sfailuresurface,atVarious

meanwalldisplacementsfortwodifferentaccelerationlevels.Thefigurerevealsthat,ata

Particularwa11displacement,thevariouslocationsofthefailuresurfaceexhibitdifferent

mobilizedvalueof¢.Thussimultaneousmobilizationof¢doesnottakeplaceinthefailure

surface.
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Fig.6.15showsthemeanvaluesofthemobilizedfrictionangle,(¢m)me｡n,atVarious

meanwalldisplacementsfbrthetwoaccelerationlevels･Itcanbeobservedfromthisfigure

thatatthesmallwalldisplacementsthemobilizedfrictionangledifftrsdependingonthe

accelerations,however,aSthewalldisplacementincreasesthedifferencesgetreduced･The

trendofthevariationisthesameforthetwoaccelerationlevels(i･e･initia11yincreasesto

reachthemaximumvalueandthendecreases).
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Fig･6･15Meanmobilizedvalueofthefrictionanglefbrtwoparticularaccelerationlevels

Fig･6･16showsthemobilizedvaluesofthewallfrictioncoefficient,tan8asafunction

ofthemeanWalldisplacement･Althoughthetrendofthevariationisthesameirrespectiveof

theaccelerations,themaximummobilizedvaluesdiffer･Higheraccelerationcontributesto

thelessmobilizationofthewa11friction.ThisisreasonablefromthepolntOfviewofthe

interfacebehavior,aSatthehigherlevelofaccelerationthewal1tendstoseparateawayfrom

thewallresultinglnthereducedshearstrength･Thenumericalresultsdemonstratethe

capabilityofthepresentinterfacemodel(Whichcantakecareoftheefftctsofseparation)in

simulatlngthewallfriction,eVenthoughthemeanwalldisplacementrequiredtoreachthe

peakisdifftrentfromtheexperimentalones(Figs･6･9and6･10)･IchiharaandMatsuzawa

(1973),basedontheirexperimentalobservation,definedtheactivestateasthestagewhen

thewallfrictioncoefficienttan8attainsitsmaximumvalue･ComparingFig･6･15andFigs･

6.9-6.10,itcanbeseenthatthemeanwalldisplacement,S,requiredintheexperimentsto

reachthemaximumvalueofthemobilizedtan8isalmostthesameasthatatwhichthemean
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Ofthemobilized¢reachesitsmaximumvalue,andthevalueisnotsignificantlyafftctedby

theaccelerationlevels.
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Fig･6･16Mobilizedangleofwallfrictionwithdisplacementattwodifftrentaccelerations

6.6.4Distribution of the LateralActive Thrust

Fig.6.17(a)andFig.6.17(b)showthelateralactiveearthpressuredistributionbehindthe

wallattheaccelerationof180galsand360galsrespectivelyobtainedfromtheanalyses･In

thesamefiguresthehydrostaticdistributionsgivenbytheLogarithmicSpiralMethod(¢=

5lO)andMononobe-Okabe'sformula(¢=490;themaximumvalueofthemeanmobilized

frictionanglegivenbytheanalyses(Fig.6･15))arealsoplotted･Theefftctofthenatureof

progressionofthefailurezonediscussedinFigs･6･12isclearlyrenectedinthedistribution･

Thepresenceoftheearlyfailedelementatthetopandthebottomofthebackfillcontributes

tothehighreductionofstressatthetopandthebottom･ThenonlinearltyOfthedistribution

curveresultsinthecharacteristicvariationoftherelativeheight,(hm),Whichwasobserved

inFigs･6･9and6･10･Thedistributioncurvechangesitsshapewithaccelerationresultingln

thedifferentvaluesofthepolntOfapplicationoftheactivethruStaSWillbediscussedinthe

nextsub-SeCtion.
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6.6.5Resultant Active Thrust andIts Point ofApplication

Figs･6･18a-bshowthevariationofthecoefficientofthelateralactivethrust,KAE,aSa

functionofacceleration･AcomparisonalsoismadewiththeLogarithmicSpiralMethodand

theConventionalStrain-hardeningMethod(Chapter3)･Thenumericalresults,Obtainedfbrm
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theC･S･B･Method,Showfairlygoodagreementwiththeexperimentaltrend(nonlinear

increaseofKAE)ascomparedtotheconventionalmethod･Thisisbecausetheconventional

methodisunabletocapturethemobilizedfrictionanglealongthefailuresurfaceefficiently･

TheMononobe-Okabevaluesfbrthetwovaluesof¢,discussedintheprecedingparagraph,

Showthattheuseofthemaximummeanmobilizedfrictionangleyieldsresultthatiscloseto

theexperimentalaswellasthenumericalone(Fig.6･18b).
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Therelativeheightofthepointofapplicationoftheresultantactivethrust,(h/H)AE,is

plottedasafunctionofaccelerationlevelasshowninFig･6･19･Thenumericalresultsuslng

theC.S.B.MethodareshowlngagOOdagreementwiththeexperimentalobservationsas

comparedtotheconventionalmethodofanalyses･WithincreaslngaCCelerationtheactive

distributioncurvegetsbulged(Fig･6･17b)inthemiddleresultingintheliftingupof

(h/H)AE･

山く(〓主ビ○葛Uニdd<-01U歪

Fig･6･19VariationofthepolntOfapplicationoftheresultantactivethruStWithacceleration

6.6.6IncrementofSeismicActiveForceandItsPointofApplication

Theissue oftheincrementalseismic
force andits polntOfapplication stillremains

controversialinthefieldofdynamicearthpressure･AccordingtoSeedandWhitman(1970),

theincrementalseismicforceactsattheheightofO･6Hfromthebaseofthewa11･Ichihara

andMatsuzawa(1973)assumedthatthedynamicincrementofactivethruStCanbegivenby

anequlValentsurchargewhosepolntOfapplicationactsatthemid-heightofthewal1･Onthe

otherhand,Sherifetal(1982)fbundfromtheirexperimentsthatthedynamicincrementacts

ato.48Hfromthebaseofthewall.Therefore,itisfeltnecessarytoelucidatethereality

behindthiscontroversybymakinguseofthenumericalvaluesobtainedfromtheanalyses･

Fig･6･20showsaconceptualdrawlnguSedtocalculatethetotalseismicactiveearth

pressure･Generally,theincrementalseismicactivethruSt,APAE,iscalculatedbyuslngthe

theoryofelasticlty,WhichisnotaJuSti丘edconceptfbrtheearthpressurecalculations･The

seismicincrementanditspolntOfapplicationneedtobejudgedbasedonthecalculations

uslngthetheoriesofplastlClty･
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TotalSeismjcActiveForce = TotalStaticActiveForce + Seismiclncrement

Fig.6.20Illustrationoftheseismicincrement

Fig･6･2lshowstherelationshipbetweenthecalculatedincrementalcoefficientofthe

lateralactivethrust,KIAE,andtheacceleration･Therelationshipshowsthattheincremental

COefficientincreasesnonlinearly.Asshowninthefigure,Similarvariationshavebeen

ObservedexperimentallybySherifetal(1982)forthetranslationalmodeoftheretaining

wall.

TherelationshipbetweentherelativeheightoftheincrementalactivethruSt,(h/H)一AE,

andtheaccelerationlevel(Fig.6.22)divulgesthatthepointofapplicationoftheseismic

incrementfluctuatesbetweenO.5HandO.55H.TheexperimentalobservationofSherifetal

(1982L)isalsoshowninthesamengure.Itcanbeinftrredfromthenumericalresultsthatthe

accelerationlevelsdonothaveaslgnificantinfluenceonthepolntOfapplicationofthe

incrementalseismicearthpressure,eVenthoughitscounterpartdoeshaveaneffect･
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6.7 ANALYSISCONSIDERINGTHEWALLDISPLACEMENTMODES

Theefftctofthewalldisplacementmodesonearthpressurehasalreadybeendiscussedin

detailfbrthestaticloadingconditioninChapter5･Inthissection,thesameisdiscussedfor

theearthquakeloadingconditionuslngthenumericalmodeldescribedsofar･

The wellknown Mononobe-Okabe theory for earth pressure calculation during

earthquakeloadingisbasedontheclassicalCoulombtheorywhichitselfhasintrinsic

fallaciesbroughttolightbyTerzaghiin1936･Inaddition,theMononobe-Okabetheorydoes

notincludetheefftctofthedynamicinteractionbetweenthewa11andthebackfi11･Itisa

theorythatconsidersonlythequasi-StaticforceactingonretainlngWa11s,nOtthepure

dynamicloading･Experimentalresearchesonthewallmovementmodesdependentseismic

earthpressurewereperformedbyvariousresearchers(Sub-SeCtion2･3･2inChapter2)･

Analyticalexpressionshavealsobeenputforward(Sub-SeCtion2･3･3inChapter2)to

explainthenonlineardistributionfbrvariouswallmovementmodes･However,theanalytical

methodscannotexplaintheexactnatureofdistribution,Particularlybecause,theyseemto

lgnOretheimportanceofthewallbackfillinteractionattheinterface･Hence,thenumerical

methodthatcantakecareoftheefftctofinteractionwasusedtoanalyzetheinfluenceofthe

Walldisplacementmodesontheseismicearthpressure･
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6･7･1FEMModelandtheModesofWallDisplacement

Twowallmovementmodes(RBandRT)areconsideredintheanalyses.ThesameFE

model,Whichwasadoptedforthestaticearthpressureanalyses(Fig.5.l,Chapter5),is

usedhere･Comparisonsalsohavebeenmadewiththeexperimentalresultsreportedby

IshibashiandFang(1987).Thematerialparametervaluesofthebackfillsandused/assumed

intheanalysesareglVeninTable6･3･

Table6.3.MaterialParametersofBackBll

Parameters Values

ElasticParameters

21000Young.sModuJus,E(kN/m2)

PoissonlsRatio,V 0.3

DeformationParameters

0.0037A

R 0.05

Kf 0.643

PeakFrictionAngle,¢r 400

DilatancyParameters

0.4911屯

¶s 0.三裕3

SmearingParameter,∈ 0.40xlO-4

6.7.2EarthPressureDistribution andtheActiveState

Figs･6･23(a)and6･23(b)showthedistributionsofthehorizontalearthpressure withdepth

Z,atdifftrentwallrotationsfortheRBmodeandtheRTmoderespectivelylnthecaseof

maximuminertiafbrce･Fromtheresults,itcanbeobservedthatthedistributionpattern

dependsonthemodeofmovementofthewa11andishighlynonlinear･ThenoticeablepolntS

inthefiguresaretheearthpressureatthetopandthebaseofthewall･InthecaseoftheRB

mode,theearthpressuredecreases fasteratthetop,While fortheRTmode,theearth

PreSSureShowsanincreaseinvaluewithincreaslngdeformation.Ontheotherhand,atthe

baseportionofthewall,WhiletheRBmodeshowsexistenceofhigherstress,theRTmode

exhibitsrapidreductionofstress.Thisisduetothedifferentmechanismofdeformation

resulting丘･Omdifftrencesinstressconditionsfbreachcase･Theprogressivenatureofthe
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Fig･6･23DistributionofhorizontalearthPressurewiththewallrotations

failurepatternofthebacknllelementsisresponsibleforthisdifftrenceinthemechanismof

defbrmations.

Figs･6･24(a)and6･24(b)showtheprogressionofthelocalizedzoneconsistingofthe

crackedelementsatvariousvaluesofthewal1rotationwhensu句ectedtoanaccelerationof
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200gals･Thebehaviorissomewhatsimilartothestaticcasediscussedinsub-SeCtion5･3･2

0fChapter5･InthecaseoftheRBmode,aSCanbeseeninFig･6･24a,thefailurestarts

fromthetopandadvancestowardsthebaseofthewall,finallyformlngaClearactivewedge

ofRankinelype.However,fortheRTmode(Fig･6･24b),thefailureinitiatesatthebaseand

movestowardsthebacknllsurface･Thesetwofiguresexplainthephenomenonobservedin

Figs･6･23aand6･23b;theearlyfaiJedbacknllelementscontributetothereductionofstress

forboththemodes,Whilethearchingphenomenoncontributestothehigherstressatthetop

fbrtheRTmode.TheextrahigherstressatthebasefortheRBmodecomesfromthe

restrictionofthemovementoftheback丘11atthebase.Mononobe-Okabelsfailuresurface

usingconstantangleofinternalfriction¢isalsoshowninthefigures･Itistobenotedthat

theelementstouchedbytheMononobe-Okabelssurfacearehavingdifferent mobilized

anglesofintemalfrictionatthats(ageasalreadydiscussedinsub-SeCtion6･6･3fortheRB-T

mode.

(a)Rotationaboutthebase(RB)Mode

l

(b)Rotationaboutthetop(RT)Mode

Fig.6.24Progressivefailurepattemofthcbackfillelements(Acceleration=200gals)
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6.7.3ActiveEarthPressureDistribution

Figs.6.25(a)and6.25(b)show thedistributionsofthehorizontalthrustattheactivestate

forthetwomodes-Thepatternofthedistributioncurvesobtainedfromtheanalysesshows

reasonable agreement with the experimentaltrend･For comparison,the active state

distributionobtainedfromDimarogona.sanalytlCalexpressionisalsoplottedinthefigures

alongwiththehydrostaticdistributionobtaineduslngtheLogarithmicSpiralMethod･

Dimarogona,smethodcanonlyqualitativelyexpressthenonlinearcharacteristicsofthe

activethruStdistribution,anditsdependencyonthewallmovementmodes･
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Fig･6･25Seismicactiveearthpressuredistributionfbreachmodeofmovement
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6.7.4CoemcientoftheSeismicActiveThrust

Fig･6･26showsthevariationsofthehorizontalcomponentofthecoefficientofseismic

activethruSt,KAE,aSafunction ofhorizontalacceleration,α,alongwiththevaluesglVen

byDimarogona-smethodandLogarithmicSpiralMethod･ItcanbeseenthattheRBmode

glVeSthehighest,andtheRTgivesthelowestvalueofKAE･Incidentally,thevaluesglVen

bytheRTmodecoincidewiththevaluesfromLogarithmicSpiralMethod･Whilethe

analyses could explain the experimentaltrend(nonlinearincrease withincreasing

acceleration)satisfactorily,Dimarogonarsmethodfailstocarryanyweightquantitatively,

whichmaybeduetothefactthatthemethodcannottru1ycapturetheprogressivefailureof

thebacknll,andcannotsimulatethesoil-Wa11interaction.
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Fig･6･26CoemcientoftheseismicearthpressurefbreachmodeatvariousAccelerations

6.7.5PointofApplicationoftheResultantActiveThrust

Fig･6･27shows therelationbetweentherelativeheightofpolntOfapplicationofthe

resultantactivethruSt,(h/H)AE,andthehorizontalacceleration,α･Atrendsimilartothe

experimentalresults can be observed;for the RB
mode,(h/H)AEincreaseswith

鱒CCeleration,While fbrtheRTmode,itdecreases･Dimarogona'smethodforRB mode

Showsnegligibleincreaseofthevaluewithaccelerations･
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Fig･6･27Pointofapplicationoftheseismicactivethrustfbreachmodeasafunctionofthe

horizontalacceleration

6.7.6E恥ctontheIncrementalSeismicThrust

ThediscussionoftheseismicincrementoftheactivethruStisalreadymadeinsection6･6fbr

RB-Tmodeofthewalldisplacement･Inthissub-SeCtion,theefftctofthewalldisplacement

modesontheincrementalseismicactivethrustisdiscussedwithrespecttotheRBandthe

RTmode.

Fig･6･28showstherelationsbetweenthecalculatedincrementalhorizontalcoefficientof

seismicactivethruSt,AKIAE,andthehorizontalacceleration,α,forthetwomodes･The

relationshipsexhibitanonlinearpattern(asinthecaseofRB-Tmode)forboththemodes･
Forthesamevalueofacceleration,theRBmodeglVeSthehighestvalueofAKTAE･

Similarrelationships(Fig.6.29)fbrtherelativeheightoftheincrementalactivethrust,

A(h/H).AE,reVealthattheRBmoderesultsinalowervalueandtheRTmoderesultsina

highervalueof△(h/H)lAEatloweraccelerationlevels･However,athigherlevelof

acceleration,thevaluesclusteraroundO･5,afigurethatcoincideswiththerecommendation

ofIchihara and Matsuzawa(1973).It can beinferred from this observation ofthe

numericallycalculatedvaluesthatatthehigheraccelerationlevelsthewallmovementmodes

donotefftctthepolntOfapplicationofthedynamicincrement･
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ThefollowlngemPlrlCalequationcanbeobtainedforthevariationoftheincremental

coefficientwithacceleration,α,basedontheresultspresentedinFig･6･28:

KIAE=Mα(0･542M+0･791) (6.1)

inwhichMisparameterwhichtakesdifferentvaluesdependingonthewalldisplacement

modesasshowninTable6.4.

Table6.4ValuesoftheparameterM

ModesofWallMovement MValue

RB-TMode 0.98

RBMode 1.45

RTMode 1.3

TMode 1.1

6.8 MERITSOFDYNAMICANALYSIS

As mentionedearlier,mOStOftheresearchers analyzed thedynamic earthpressurein

frequencydomainbyuslngtheequlValentlinearstress-Strainrelationshipforthebackfill

soil.However,theirresultsrelatetotheamplitudeofthedynamiccomponentoftheearth

pressureandcannotexpresstheactualearthpressure(SumOfthestaticcomponentandthe

dynamicone)alongthebackfaceofthewall･

Inthisresearch,eXPerimentalmodelsaresimulatedforexplainlngthemechanismofthe

dynamicearthpressuregenerationagalnStarigidretainlngWallsupportlngdrybackfillsand･

DynamicfbrcessimilartothoseappliedinthelaboratorytestswereusedaslnPutmOtionin

the numericalanalyses･However,in actualcases,Seismic motionis a random one

comprlSlngOflowfrequencymotionofsmal1amplitude,andhighfrequencymotionoflarge

amplitude･Inthepresentanalysesapuresinusoidalmotionwithafrequencyof3･3Hzwas

used,Whichisalowfrequencymotion.Thegeometricalscaleratio,(modeltoprototype)

入L,Canbedefinedas,

九L=(吾)2
(6･2)

Where,Tmand Tp aretheperiodsofvibrationinthemodelandintheprototype･

respectively･Sincetheperiodofearthquakevibrationisinarangeoflsecond,thevalueof
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入Lbecomesl/10.89forthefrequencyusedintheanalyses･Thus,thenumericalresultscan

beexpectedtobevalidfbrawallofapproximatelylOmheight･Nevertheless,thepurpose

Ofthisresearchistodevelopafundamentalmethodology,throughmodeltestsimulation,fbr

thedynamicearthpressureanalysIS･

Ontheotherhand,Mononobe-Okabe'sanalytlCalmethodfordynamicearthpressure

Calculationisaquasi-Static methodinthesensethatthedynamiceffectistakeninto

COnSiderationbyuslngthehorizontalseismiccoefficient kh aS aratioofthe maximum

acceleration(αm｡X)toaccelerationduetogravity(g)･Untilnow,Mononobe-Okabe'stheory

istheonlymethodfbrdesignlngretainlngWa11sunderdynamicloading･InsplteOfthefact

that the method makes many simplifying assumptlOnS the results glVen bylt Show

Satisfactoryagreementwiththeexperimentalresults(IchiharaandMatsuzawa(1973),Sherif

etal(1982),IshibashiandFang(1987),Kawamuraetal(1987)),inthecaseofmaximum

inertiafbrce.However,inthecaseofminimuminertiaforce,theMononobe-Okabe'stheory

underestimatesthedynamicearthpressure･Therefbre,manyreSearChersrecommendedthata

reducedvalueoftheangleofinternalfriction¢shouldbeusedforcalculatingtheearth

PreSSureattheminimuminertiaforce･Inthisresearchapuresinusoidalwavewasusedasan

lnPutmOtion･Hence,adirectcomparisonisnotexpectedtoglVemuChfruitfu1conclusions･

However,COnSideringthefactthatMononobe-Okabe'squasi-Staticmethodisstillusedin

designofficesofmanycountriesintheworld,thenumericalresultswerecomparedwiththe

methodanddrawbacksofthemethodwasbroughttothelight.

TheMononobe-OkabetheoryassumesalinearincreaseofkhWithincreaslngmaXimum

acceleration.Nodaetal(1975)proposedthatfbrlowlevelofacceleration(acceleration<200

gals)therelationisacceptable,however,athigherlevelsthecoefficientincreasesnon

linearly.Thus,

kh= 』;αm｡X≦200gals

g

kh=;(警)3;αmax≧200gals

(6.3)

(6.4)

MatsuoandItabashi(1984),basedoninverseanalysis丘･Omthedataofmaximumground

accelerationofactualearthquakes,prOpOSedthefbllowlngequation:

kh=0･072+0･332(』)
(J
亡〉

(6.5)

Fig･6･30showstherelationshipconnectlngthe seismiccoefficientandthe maximum

accelerationgivenbyEqs.(6.3)-(6.5).Nodaetal■sproposalshowsthatafter200galsof
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accelerationEq.(6.3)overestimatestheseismiccoefficient･MatsuoandItabashi'sproposal

Showsthatbeyond100galsofacceleration,theseismiccoefficientdecreasescomparedto

Mononobe-Okabe-sassumpt10nandtherelationshipislinear･

IchiharaandYamada(1982),basedontheresponseanalysisusingSHAKEfbrthecity

OfTokyo durlng the Great Kanto earthquake,PrOPOSed expression for the seismic

coefBcients,Whicharefunctionsof望竿,Ca11edthepseudovelocity･Theexpressiontakes
thefbllowlngmathematicalfbrm:

kh=Ax(里芋)B
(6･6)

Where,AandBareconstantdependingonthecharacteristicsofthesoildeposit(alluviumor

djlluvium),andfisthenaturalfrequencyofvibration･

ThepresentdesigncodeinJapanusesrelations(6･3)and(6･4)fbrcalculating the

dynamicearthpressureuslngMononobe-Okabe'stheory･However,inthestrictsenseofthe

Seismicmotion,thiscoemcientdoesnotexpressthemagnitudeofacceleration;ratheritisa

COefficientwhichconvertsthedynamicefftcttoaquasi-StaticloadonthestruCtureS.

0 100 200 300 400 500

MaximumGroundAcceleration･αmax(gals)

Fig･6･30RelationbetweentheseismiccoefBcientandthemaximumacceleration
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AnotherdrawbackofMononobe-Okabe'stheorylSthatitdoesnotconsidertheefftctof

interactionofthesoilandthestruCture.Inordertoanalyzeasoil-StruCtureSyStem,underthe

dynamicloadingwithinputacceleration軋(t),thefbllowingdifftrentialequationneedsto

besoIved.

MG(t)+Cd(t)+Ku(t)=-Mdg(t)

<Response> <Input>

(6.7)

whereM,CandKarethemass,dampingandstiffnessmatrices,andu(t),tl(t)andii(t)are

theresponsedisplacement,Velocltyandaccelerationvectorsrespectively･AsshowninEq･

6.7,thelefthandsideoftheequationrepresentstheresponseofthestructure,andtheright

handsiderepresentstheinputmotion･However,Mononobe-Okabe-stheoryconsidersonly

theinputorcausesuslngOnlythemaximumaccelerationactlngOnthestructure,regardless

oftheresponsethatisalsoaffectedbythesoil-StruCtureinteraction･Inaddition,thetheory

assumesthatthedisplacementissufncienttomobilizethefu11shearstrengthalongthefailure

surface,andtheearthpressureisdistributedhydrostatically･Allthesedrawbackscouldbe

dealtapproprlatelybyperfbrmlngdynamicanalyses,Whichwasoneoftheoqectivesofthis

research.

6.9 SUMMARYANDCONCLUDINGREMARKS

AnewmethodologylSpreSented,inthischapter,fortheseismicanalysISOfearthpressure

againstrigidretainingwalls･ItusestheconstitutivemodeldiscussedinChapter3(CoLq,led

ShearBandMethod),andaninterfacemodelthatallowsdebondingofthewallandbackfill

whentheinertiafbrceactsawayfromthewall･ThemethodologylSaPPliedtosimulatean

experimentalresearchontheseismicearthpressure･Thevariousparametersrelatlngthe

seismicearthpressuresarecalculatedatdifferentaccelerations,andthevalidityofthe

developedmethodologyisdescribedthroughthecomparativediscussion･TheCoLipled

ShearBandMethoddemonstratesitsefficacybyitspowerofcapturlngtheprogressive

defbrmationcharacteristicsofthesandybackfillmoreefficientlythantheconventionalFE

analysIS･

TheassumptlOnOfperfbctbondingattheinterfacecannotsimulatetheactualresponseof

theretainlngWall-backfi11systemduringdynamicloading･Theperfbrmanceoftheinterface

modelinsimulatlngthewallfrictioncouldbeenhancedbyconsideringthedebondingmode

?ttheinterfaceascomparedtothatwhereonlythestickingandtheslidingmodeofthe

interfacewereconsidered.
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Theprogressivefailureofthebackfillculminatesinformngtheactivewedge,andthe

failurepatterndeterminestheshapeofthedistributioncurveattheactivestate,Whichis

nonlinear.Thedomainofthefailurezoneincreasesastheaccelerationlevelincreases.Asin

thestaticcase,theprogressivefailurepatternofthebackfillisfoundtodependonthewall

displacement modes･

Themobilizationofthefrictionanglealongthefailuresurfaceisprogressive,nOt

simultaneous.Attheactivestate,themobilizedfrictionanglesatthevariouslocationsofthe

failuresurfacearedifftrent.ThecoefficientoftheseismicactivethruStglVenbyMononobe-

Okabe･stheoryagreesreasonablywiththeexperimentalaswellasnumericalvalues,ifthe

averagevalueofthemaximummeanfrictionangleisusedforthevalueofO･
TheseismicincrementoftheactivethruStVariesnonlinearlywithincreaslngaCCeleration,

andthemagnitudedependsonthe walldisplacementmodes･However,itspolntOf

applicationisnotslgnificantlyafftctedbytheaccelerationandthewalldisplacementmodes･

Atthehighaccelerationlevels,thevaluefluctuatesaroundO･5Hfbrallthemodes,Whichis

inagreementwiththeexperimentalfindingsofotherresearchers･
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CHAPTER

SEVEN

SummaryandConclusions

7.1SYNOPSIS

T加po血/5′70f fo pocた〟

fカビれJれわ〃fわCわβ5ビ7f

Elio Vittorini

TheanalytlCalmethodsfbrearthpressurecalculation,basedontheclassicaltheoryandthe

Otherswith rigid-Plastic assumptlOn,Can nOt CaPture the progressive deformation

PhenomenonsuchasearthpressuredevelopmentagalnStaretainlngWal1･Hence,reSearChers

resorttonumericalmethods･Inthisdissertation,anumericalmethodispresentedforthe

analysISOfaretainlngWalトbackfillsystemthatconsiderstheprogressivedeformation

Characteristicsofthebacknllsuchaslocalization.

Thethreemainissuesofinterests,inthisdissertation,Were:

(1)ModelingoftheBack貞11ConsideringtheLocalizedDefbrmation

(2)DevelopmentofaSimpleInterhceModel

(3)TheWal1DisplacementModesDependentEarthPressure(bothstaticanddynamic)

Anewconstitutivefbrmulationwasderived,basedonsmearedshearbandtechnique,

utilizingtwoshearbands(namedCoupledShearBandMethod),inordertocapturethe

progressivedeformationofthebackfillmass.Incontrasttotheconventionalshearband

fbrmulation,theCo岬IedShearBandMethodconsiderstwoshearbandsinsidealocalized

element･Theconstitutiverelationwasわrmulatedbycouplingthetwobands･Itcontainsthe

Widthoftheshearbands,Whichrepresentsthe"geometricsoftenlng".

VariousinterfacemodelswithvarylngdegreeofcomplexltyareaVailableintheliterature

tilldate･AnewsimplifiedinterfacemodelfromthepolntOfviewoftheearthpressure

analysIS WaS alsopresentedin this thesis.The meritofthisinterface mode11iesinits

Simplicltyandminimummaterialparameterstodescribeit.

Earthpressure(boththestaticandthedynamic)actingagainstmodelretainingwallswas

analyzeduslngthedescribedcomputationalmodel･Theinfluenceofthewalldisplacement
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modesonthestaticaswe11asthedynamicearthpressurewasdiscussedindetail･Basedon

theresultsofthenumericalanalyses,emPlricalequationswereputforwardexpresslngthe

Wal1displacementmodesdependentcharacteroftheearthpressure,Whicharefunctionsof

thebackfillstrength(¢)andtheacceleration(α)･Thus,thetotalseismicactiveearthpressure

(KAE)canbecalculatedfromthetotalstaticactiveearthpressure(KA)andtheseismic

increment(KIAE)fbreachmode,Whichcanbeexpressedinthefbllowingway:

KAE=KA(¢,Ml)+KIAE(α,M2) (7.1)

Where,Mland Mっaretheparametersthattakedifferentvaluesdependingonthewall

displacementmodes･

7.2 CONCLUSIONSOFTHISRESEARCH

Thekeyfindingsofthisresearchcanbesummarizedasfbllows‥

(l)TheearthpressuredevelopmentagainstretainingstruCtureSinvoIvesthephenomenonof

PrOgreSSivedefbrmation･Hence,numericalanalysISOfretainlngStruCtureSShouldadopt

COnStitutivedescrlptlOnthatcanadequatelyexpressthedeformationthattakesplace

PrOgreSSivelylnthebackfill･Theconstitutiverelationbasedonthelocalizeddeformation

CanCaPturetheprogressivedeformationmoreefficientlythanthatoftheconventional

Strain-hardenlngCOnStitutiverelation･

(2)The progressive failure patterns ofthe backfillareinfluenced by the modes of

displacementofthewall,Whichinturninfluencethepatternsoftheearthpressure

distributions･Inearthquakeloadingcondition,thedomainofthefailurezoneincreases

astheaccelerationlevelincreases.

(3)Theactivestatecanbedefinedasthatstateofthebackfillwhenitfbrmsaclearfailure

Wedgeoraslipsurねce.

(4)Themobilizationofthe friction angle alongthe failure surfaceis progressive,nOt

Simultaneous.Attheactivestate,themobilizedfrictionanglesatthevariouslocationsof

thefailuresurfacearedifftrent.Themeanvaluesofthemobilizedfrictionanglearenot

Slgnificantlyafftctedbytheaccelerationlevels･

(5)Thecoefficientoftheactivcearthpressureandthepointofapplicationoftheresultant

activethrustdependonthemodesofmovementofthewall･

(6)Dubrova.sanalyticalsolutions(Staticearthpressure)areabletoexpressthedifferent

nonlineardistribution ofthe active stress forvarious modes.Howe.ver,the resultant

activethruStSgivenbythatmethodcoincidewithCoulomb'ssolution(i･e･irrespective

Ofthewalldisplacementmodes).Dimarogona'sanalyticalmethodfbrtheseismicearth
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pressurecalculationhassimilardrawbackstoo･Itcanexpressthenonlineardistribution

Oftheearthpressure,わrvariousmodesofwallmovement,Onlyqualitatively･

(7)The seismicincrement ofthe active thrust varies nonlinearly withincreasing

acceleration,andthemagnitudedependsonthewa11displacementmodes･However,its

polntOfapplicationisnotstronglyafftctedbytheaccelerationandthewalldisplacement

modes;thevalueconvergestowardsthemid-heightofthewallforallthemodesatthe

highaccelerationlevel･

(8)Interfaceelementswithzerothicknessasidealizedinthisresearch,CanSimulatethewall

frictionsatisfactorilywhentheapproprlateParameterSaredeterminedsuitablyfromthe

experiments.Theassumptionofequalvalu占softan8foralltheinterfaceelementsat

differentdepthsmavbeagrossapproximationleadingtovariationinthebehaviorofthe

frictioncoefficientintheanalyses･Anexperimentalstudyinthisregardwillbeabig

boontothisfieldofresearch.

7.3 FINALE

ThepresentstudyrelatestotheactivemovementoftheretainlngWall･Theefficacyofthe

computationalmodelshouldbemorepronouncedifappliedforthepassiveconditionin

whichcasetheshearbandconsiderationwouldbeindispensableasthecontinultyOfthe

stress field within the backfill,under no circumstances would prevaildue tolarge

displacementsinvoIved･

ComplexltyWaSSaCrificedinfavorofsimplicltylnCertaincases･However,thisshould

notalwaysbecase,aSA･N･Whiteheadsaid,=TheonlysimplicltytObetrustedisthe

Simplicityonthefarsideofthecomplexlty"･

Considering the factthatmanylmPOrtantretaining structures are constructedon

waterfronts,themodelcanbeextendedtoincludesaturatedbackfi11(Submergedsoil)･In

addition,theapplicationofthedescribedmodeltopracticalretainlngWallproblemwill

continuetoofftrinsightintotheimportanceandrelevanceofvariousgovernlngmeChanisms

ofbackfi11deformations.Newideaswilldefinitelymakeroomfortheimprovementofthe

presentmodel･ToputitintothewordsoftheGreekphilosopherHeraclitus-Tα7CaVてα

Pet(Everythingflows)･
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APPENDIX

A

LogarithmicSpiralMethod

AIEARTHPRESSURECALCULATIONBASEDONCURVEDFAILURE

SURflACE

Mononobe-Okabe,stheoryforthedynamicearthpressurecalculationassumestheruPture

surfaceofthefailurewedgeasaplanesurface･However,eXPerimentsandtheoretical

investlgationsestablishedthefactthattheslidingsurfaceiscomposedofacurvedpartinthe

lowersectionandofaplanepartwhichcorrespondstotheRankinestate･Theexactequation

ofthecurvedparthasnotyetbeentbund-itislikelythattherespectivedifftrentialequations

cannotbesoIvedinaclosedform･Therefore,inpractice,therealcurveisreplacedby

simplecurve･TwotypesofslipcurvesaremainlylnuSe:thecircleandthelogarithmic

SPlral･

Ichiharaetal(1973)analyticallyderivedexpressionsfbrcalculationofthepassiveearth

pressurecoefficiel-tduringearthquakebyassumlngtheslipsurfacetobecomposedofa

logarithmicsplralandastraightline･lthasbeenprovedthattheactivecoefficientforthe

staticearthpressureuslngCurVedslipsurfacedoesnotdifferslgnificantlyfromthatofthe

straightlinesurfaceeventhoughtheircounterpart(thepassivecoefficient)doesdifftr･The

samecannotbetruefbrthedynamicactiveearthpressurecalculation,Wheretheefftctofthe

inertiafbrceentersintothegovernlngequations･TheLogarithmicSpiralMethodproposed

byIchiharaetal(1973)isextendedtocomputethedynamicactiveearthpressurecoefficient,

thedetailsofwhichfbllow.
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A2 LOGARITHMIC SPIRAL METHOD FOR CALCULATING THE

ACTIVEEARTHPRESSURE

AnInclinedretainlngWallwithverticalheightHisshowninFig･Al･Theslidingsurfaceis

approximatedtobeconsistingofalogarithmicspiralBD(COnVeXSPiral)andastraightline

DC.WithinthesoilmassADC,thestateofstressissameastheRankineactivepressure.

ThedynamicfbrceactlngOnthe､′erticalsectionFDarePDNand PDSaSShowninFig･Al･

ThecenterofthelogarithmicspiralisatO･

12

1< >l

Fig･AIBacknllwithcompositeslidingsurface

Fromthemomentequilibrium,thefbllowlngequationcanbeobtained･

PAEl()=-Ml+Ml+M3+M4 (Al)

Here,1()=Armlengthoftheresultantactiveearthpressure･PAE

Ml=MomentaboutOoftheassumedsoilmassof△OBAincludingtheseismicefftct

Mっ.=MomentaboutOoftheassumedsoilmassofsectorOBDincludingtheseismicefftct

M3=MomentaboutOoftheassumedsoilmassofAADFincludingtheseismiceffect

M4=MomentaboutOoftheactiveRankineearthpressureincludingtheseismiceffect

actlngupOntheverticalsectionFD･
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MomentMl

AssumlngOnlythehorizontalcomponentoftheinputacceleration,α,Weget‥

Ml=SoBA(XGlkh+yGl) (A2)

wherekh=tanOo=望,gbeingtheaccelerationduetogravlty･TheareaSoBAandthe
(}

CenterOfgravity(XGl,yGl)of△OBAcanbeobtainedfromthesimplegeometry･

Moment Mっ

Fig･A2IllustrationofcalculatingthemomentMっ

TheequationoftheslidingsurfaceisglVenby,

r=r()e-utan¢ (A3)

here,Ois the angle of vector r from ro andis considered positiveif measured

COunterClockwise･ThemomentM2isglVenby:

Ml=Mx+My
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WhereMxandMxarederivedtobe,

Mx=葦[eCIO(CISino-COS哺
My=

与r｡3tano｡
1+C12

[eC.o(CICOS(0+sino)]3子

(A5)

(A6)

Cl=-3sin¢,¢istheangleofinternalfrictionofthebacknll･Thevectorrocanbederived

aS,

ro=

MomentM3

COS(β-iユーα1)
Sln(叫)

ThemomentM3isglVenby,

Hle(号-(冊iユー帥n¢

M3=SADF(khXG3+yG3)

(A7)

(A8)

Where(XG3,yG3)isthecenterofgravityofAADF(Fig･Al)andSADFrePreSentSthearea

Of△ADF.

MomentMヰ

ThefbrcesactlngOnthesoilmassintheactiveRankinezoneduringearthquakeisshownin

Fig･Al･TheMohrcirclefortheplasticequilibriumstateisshowninFig･A3･Usingthis

figure,Thenormalresultantfbrce,PDN andthe shearforce,PDS(boththefbrcesare

COnSideredpositiveintheshowndirection)arecalculatedtobe,

PDN=

PDS=

γFD~cosβ
2cos2¢cosO｡

†FD~cosβ

2cos2¢cosO｡

【1-Sin¢cos(A｡+0｡-β)]C2

Sin¢sin(A｡+00-β)C2

where,SinAo=慧;C2=COSβ0-

(A9)

(AlO)

(COS2β｡-COS2¢)andβ｡=β+0｡(β｡≦¢).
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Fig.A3CalculationofthemomentM4

ThearmlengthsllandlっareglVenby

lI=6i5sin(i2-β)一与FD

12=ODcos(iユーβ)

Hencethemoment M41SglVenbv
ヨ

M4=11P()N+12PDS

ArmLengthlo

ThearmlengthloofPAECanbeobtainedasfbllows･

1｡=OBsin(8+O｡+i2+α.-β)一号HICOS8
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AnglebetweentheBackfillSurfaceandtheSlidingSurfaces

ConsideringtheMohrdiagram(Fig.A3)andfromgeometryweget,

〓H

i2=‡･…+

(β0+△｡)

(β｡+△())

AnglebetweentheXAxisandtheSlidingSurfaceAD

TheangleαっbetweentheX-aXisandtheslidingsurhceADcanbeobtainedas

ー…-¢+β-△0-00
2αっ=

(A15)

(A16)

(A17)

The clockwise moments are considered positive throughout the formulations･

SubstitutlngthevaluesofMI,Mっ,M3,M4andloglVenbytheaboveequationsinEq･

Al,theresultantfbrceofactiveearthpressurecanbeobtainedfromthemaximumvalueof

PAEfbrvariousvaluesofooshowninFig･Al･Ifthewallisfbrceddownwithreftrenceto

thebackfill,fbrinstancebytheactionofaheavyloadonitscrest,thevalueof8becomes

negativeandthecurvatureofthelowerpartofthefailuresurfaceisreversed(i･e･COnCaVe

SPiral).ln that case the above equations need tobe reformulatedusing the concave

logarithmicspiral,thedetailsofwhichisnotdiscussedhere･
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APPENDJX

B

SolutionofEquilibriumEquationin

DynamicAnalysIS
●

BINONLINEARDYNAMICANALYSIS

The伽iteelementequationforadynamicsystemisrepresentedby‥

Md(t)+Cd(t,)+Ku(t)=R(t) (Bl)

WhereM,CandKarethemass,damplngandstiffnessmatrices;Ristheexternalload

VeCtOr;andu(t),tl(t)andd(t)arethedisplacement,Velocityandaccelerationvectorsofthe

丘niteelementassemblage･

TheWilsonOmethodrendersthefollowlngequationofmotionforthefiniteelement

M(志Åu(t)一志d(tト3d(t))+C〈孟Au(t)-3叫)一芋d(t))･KAu(t)=AR(t)
(B2)

Au(t)=u(t+0△t)-u(t)

△R(t)=R(t+0△tトR(t)

Where,

Onrearranglngtheterms,Eq･B2takestheわ1lowlngform:
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K(t)Au(t)=AR(t)

K(t)=E+M
両『+Cエ

6

0△t

Å哀(t)=ÅR(t)十M(志d(t)+3日(t)〉+C(3叫)+竿d(t)〉

Where,

InthefbrmulationsdescribedaboveO=l.4and△tisasuitablvchosentimeincrement.

(B5)

(B6)

(B7)

B2 SOLUTIONOFNONLINEAREQUATIONS

ThesolutionofEq.B5givesthevaluesofAu(t)attimet+0△t･Inordertocalculatethe

Variables u(t),d(t)andd(t)attimet+At,thefbllowingprocedureisadopted･

(l)FromthesolutionofEq.B5,CalculateAd(t),emPloyingEq･B8whichisofthefbrm:

血(t)=志Åu(t)一志d(t周(t)
′ヽ

(2)Calculate△d(t)usingtheequation

△d(t)=去Åd(t)
(3)Calculate△d(t)andAu(t)employingthefb1lowingequations･

加(t)瑚)△t･△d(t)号

△u(t)=叫)△t･d(t)害･A"t)害
(3)Calculatethevaluesattimet+△tbyemployingtheわ1lowingequations

u(t+△t)=u(t)+△u(t)
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両t+△t)=叫)+△山H)

ti(t+△t)=G(t)+△Li(t)

(B13)

(B14)

TheequilibriumequationtobesoIved,innonlinearanalysIS,attimet+Atuslng

modifiedNewton-Raphsonmethod(k=1,2,3…･)canbewritten(neglectingthedamping

matrixC)inthefbllowingわrm.

M(k)u([+△t)+K(k)△u(t)=R(t+At)-(k-りF(t+△t)

(k)u(t+△t)=(k■l)u(t+△t)+(k込u(t)

B3 LOADINGANDUNLOADINGCRITERIA

For BackfillEIement:

エ0α〟∫〃gCo〃加わ〃

When(GJ-G3)=(G[-G3)m｡Xand

d(G】-G3)>O

U〃わ〟d∫〃gCO〃血わ〃

When(GJ-G3)≦(Gl-G3).,一｡X

d(Gl-ロコ)<0

ForInterfaee Element:

⊥り仇〟〃∫C′川(/高′椚

Whenて=てmaxanddて>0

こ加わ(‡〟∫〃gC(フ〃d～fわ〃

Whenて≦てmaxanddて<0
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