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Abstract

Elasto-Plasticandpost-bucklinganalysISWaSPerfbrmedtotracethecyclic

behaviorofconcrete一缶11edsteeltubular(CFr)beam-COlumns,Whichhadbeen

testedpreviously･AnalyticalmodeltosoIvethedeflectionsofthebeam-COlumn

WaSdividedintoanumberofelements,andthesolution satisfyingthe

equilibriumateachsubdivisionpolntWaSSearChedbytheproposedwayof

COmbiningthedegradingtypemoment-CurVaturerelationwiththenumerical

integrationscheme･Theefftctoflocalbucklingofsteeltubewastakeninto

accountbyemploylngthedegradingtypeofstress-Stainrelation･Thepaper

nrstpresentshowtohandlethedeflectionanalysISOfamemberwhosemoment-

CurVaturerelationpossessesthedescendingpart,Whichisnotpossiblebythe

COnVentionalnumericalintegration,anddiscussestheaccuracyofthesolution

COmParedwiththetestresults･
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1.Introduction

Thebuildingframeconsistingofconcrete-filledsteeltubular(CFT)columnsisoneofthe

hybrid-StruCtureSWhichhavebeen developedrecently.ThenumberofconstruCtionofCFTsystem

hasbeenincreaslngbecauseofitsearthquakeresistancecapacltyandlowcostofconstruction.The

researchofCFTsystemhasbeencoveringthebehaviorofshortcolumns(Fujimoto,et al.,1997a,

b),beam-COlumns(Inai,etal.,1993,Matsui,etal.,1998,Fujimoto,etal.,1998),COnneCtions

(Yoshioka,etal.,1998)andframes(Kawaguchi,etal.,1997).Thedesignrecommendationsfor
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CFTstructures(1997)hasbeenpublishedbyArchitecturalInstituteofJapan(AIJ)basedonthe

resultofresearchactivlty･Accordingtotheinvestlgationontheelastic-PlasticbehaviorofCFT

beam-COlumns,thelimitofthewidth-tO-thicknessration(D/t)wasrelaxedtothevalueequalto

l･5timesthatforthebaresteeltube,COuntlngtherestrainlngeffectofthefilled-COnCreteOnthe

localbucklingofthetubeinAIJrecommendations(1997).Inaddition,thefilled-COnCreteCan

Carrytheaxialload,bendingmomentandtheshearforce,andthustheCFrwithlargeD/tmaybe

moreeffectivelyusedintherealpractice.Insuchacase,thelocalbucklingcannotbeavoided

underthesevereearthquake.Theauthors(Kawaguchi,etal.,1991,1992)havebeencarriedout

theexperimentalinvestlgationonthepost-localbucklingbehaviorofCFTbeam-COlumnswith

theexperimentparametersofD/t,aXialloadanddisplacementamplitude,andestimatedthestrength

deteriorationandtheenergydissipationcapacity.ThelimitsofD/t,aXia1loadanddisplacement

amplitudewereproposedbasedonthestrengthdeteriorationafterthelocalbuckling,buthowever,

ithasbeenimpossibletocoverthewiderangeoftheexperinientalparameters,andthusthe

Simulationbythenumericalanalysishasbeendone(Kawaguchi,etal.,1995).
TheanalysISOftheload-displacementbehaviorofastructuralmemberisusuallyperformedby

thenumericalintegrationschemebydividingthememberintoanumberofelements.Thebeam-

COlumnisdividedintosmallelementsalongthelongitudinalaxis,andthehorizontaldeflectionatthe

topofthecolumniscomputedbynumericalintegrationofthecurvaturewhichisunifbrmlydistributed

ineachelement.Inthismethod,aCertainmoment-CurVaturerelationofthecrosssectionisused,

Whichiscalculatedfromthestress-Strainrelationofmaterial.However,thismethodofanalysISis

notappl'icabletoacertainmemberconsistlngOfamaterialwith unstablestress-Strainrelationwhich

CauSeSdegradingtypeofmoment-Curvaturerelation.Whenthenumericalintegrationschemeexplained

aboveisusedfortheanalysISOftheload-displacementrelationofacantileverhavingadegrading

typeofmoment-Curvaturerelation,thesolutiondependsonthenumberofsubdivideelements.Figure

l(a)showssampleresultsfbrCFTbeam-COlumnsofロー100xlOOx4.5withthelengthlOOOmmand

′
~
､
､
､
･
･
､
･
∴

(a)H-Arelation

も 軋
(d)

(b)

つ
ん
1
0

(e) (rl

Fig.1Prob[emoftheconventiona[numerica=ntegrationscheme



Analysis ofBehavior ofCFTBeam-Columns

theratioofaxialloadtothesquashloadwas15%･Consideracantileversubiectedtoalatera1loadH

atthetipasshowninFig･1(b),Whichhasthemoment-CurVaturerelationconsistingofalinearelastic

partandalineardegradingpartforsimplicityasshowninFig･1(C)･Inthecourseofthenumerical
integration,itisassumedthatthecurvatureuniformlydistributesineachofsubdividedelements･

whenthebendingmomentatthecriticalelementadjacenttothefixedend,i･e･,theelementlinFig･

1(b),reaChesthemaximumvalueindicatedbythepointAonthemoment-CurVaturerelationinFig･l

(C),theloadHbecomesthemaximum,andthentheunloadingstarts･Supposethatthecurvatureinthe

elementlincreasestothepointBinthesubsequentloadingprocess･Sincethebendingmomentalong

theentirelengthofthecantileverisreduced,theelasticcurvaturereVerSalmustoccurinalltheelements

excepttheelementl,andthecurvaturedistributionbecomesasshowninFig･1(d)･Thetipdeflection

Aatthisstageiscomposedofthreecomponents;(i)thedenectionoftheelementl,(ii)thetipdenection

causedbytheslopeoftheelementl,and(iii)thetipdeflectioncausedbytheelasticdefbrmationofa11

theelementsexcepttheelementl,aSShowninFig･1(e)･Numerically-Calculatedvaluesofthesethree

componentschange,dependingonthenumberofthesubdividedelementsn･Asfarasnissufficiently

large,thevalueofthecomponent(i)isnegligible,andthecomponent(iii)isnearlyequaltotheexact

s｡1｡ti｡n.H｡WeVer,thevalueofthecomponent(ii),Whichisapproximatelygivenby¢l2h,SenSitively
dependsonn,anditbecomessmallerasnincreases･Thesearetheexplanationstothecontradiction

observedinFig･1(a):thesolutiondependsonthevalueofn,andtheslopeoftheunloadingcurve
becomessteeperasthevalueofnincreases･

Thisproblemhasbeennotifiedforalongtlme,butanefncientmethodofanalysishasnotyet

beenfound,andasimplemethodwasoftentakenwhichassumedauniformdistributionofthe

curvatureinaplasticzonewithafinitelengthinthevicinltyOfthecriticalelement･Kawaguchi,

Morino,AtsumiandYamamoto(1991)assumedthatthedeformationoccurredonlyatthebase

portionofaconstantlengthwherethecurvatureCOrreSPOndingtothebendingmomentgeneratedat

thebasedistributeduniformly,andtherestportionwasrigid,aSShowninFig■1(f)･Inai,Iidaand

Shimazaki(1993)proposedthemodelwiththeplasticzonewhichtookintoaccountoftheelaste

curvaturedistributionalongthebeam-COlumn･However,thesecurvaturedistributionalongthe

longitudinalaxisintheanalysISWerequltedifferentfromtherealone,andtheresultsofanalysIS

werechangedaccordingtothelengthoftheplasticzone･Morino,KawaguchiandFukao(1995)

proposedamethodofcombiningthedegradingtypeofmoment-CurVaturerelationwiththe

conventionalnumericalintegrationscheme･However,theproposedmethodwasonlyapplicableto

thebehaviorunderthemonotonicloading,andtherewasacontradictionthatevenanelasticportion

ofthebeam-COlumnbehavedasifitwasintheinelasticrange,Sinceitwasassumedthattheincrease

inthecurvatureoccurredineveryportionafterthedeteriorationstartedatthecriticalelement･This

paperproposesanimprovedthemethodofcombiningthedegradingtypeofmoment-CurVature

relationwiththeconventionalnumericalintegrationscheme,mOdifiesitforthecyclicanalysIS,and

comparestheresultofanalysISWiththetestresultofCFTbeam-COlumnsunderthecyclicloading･

2･AnalysISOfCFTbeam-COlumns

2.1Stress-Strainrelations

41

Figure2(a)showsadegradingtypeofstress-Strainrelationwhichdealswiththestrength

deteriorationduetotheeffectlocalbuckling･ThepolntSP,Y,andUindicateproportiona11imit,
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StartOfstrain-hardeninglntenSionandoccurrenceoflocalbucklinglnCOmPreSSion,reSpeCtively･

ThecurveCOnSistsoflinearelastic(POintPttoPc),CurVilinearelasto-Plastictransition(PttoY

andPctoU),Strain-hardening(YtoT)andstrengthdeterioration(UtoC)paths･Theyaregiven
bythefbllowlngmathematicalexpressions:

Elasticpart

G(e)=且×E

Transitionpart

咋)=Gノ(E)+G2(e)

Where

う(e)=

㌔(E)=

(E-㌔｡)×(q-%｡)/(むち｡)

【1+((E-㌔J′(e〟-㌔｡)}た]1化

G`′-G!E‖･)

(Ecr一己pc)

賠0,0･01,0･02,0･03,0.04,0.05 ¢

払m也ebo仕Om

(c)

+ロ
グC

×(E-ち｡)

(1)

(2)

(3)

Fig･2Stress-Strajnre[ations(Stee[)
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Hardeningpart

G(e)=g∫JX(E一己∫J)+GY

Deteriorationpart

G(E)=( ･F(E)+1)-

Where

F(E)=

2入･F(E))×G〟

2×(E一己｡r)+(e-e｡r)

(4)

(5)

(6)

九=N(D/t) D/t:Width-thicknessratio

Equation(3)iswrittenfbrthecurveincompression,andsubscriptpeshouldreadpt,uShouldread

y,andcrshouldreadst,forthecurveintension.Thevaluesofkshouldbedifftrentfbrcompression

andtension.Equations(2)and(3)arederivedbymodifyinganequationproposedbyRichard

accordingtoSmith(1972),inwhichtheparameterkdeterminestheshapeofthecurve:thecurve

approachestheidealelasto-Plastictypewiththeincreaseofk,andthecurvatureOfthecurvebecomes

largeraskbecomessmaller,aSShowninFig.2(b).Ontheotherhand,theparameterNdetermines

theshapeofthedeteriorationcurveShowninFig.2(C)fbrcompression.Equation(5)isderivedin

Viewofatechniquetoreplacealocally-buckledplatebyanumberofbuckledbarsshownbyMorino

etal.(1986).Notethatthestress-Strainrelationshownaboveincludestheefftctoflocalbucklingin

amacroscopICWay.Itisnotforaninfinitesimalelement,butitshouldbedefinedastheforce-

deformationrelationofabarelementwithunitareaandunitlength.Thecyclicpathofthestress

POintinasteelsegmentisshowninFig.2(d),Startingfromcompression.Ittumsatpointlafterthe
localbucklingoccursatU,andthestresspolntfollowsthelinearunloadingpathandreachesthe

tumlngPOint2passlngPt'andY一･TYleStreSSlevelsatPt'andYTarede缶ned,basedonthecompressive

StraineminatPOintl,Whichistheminimumstrainexperiencedsofar,aSgivenbyequation(7).

When emin<e｡,andlG(emin)l<G(Y):

G(Y･)=-G(emin)and G(Ptl)=(G(Y･)/O(Y))×G(Pt)(7)

when emin≧ec,Or fG(emin)l≧G(Y):
G(Yt)=G(Y)and G(Ptr)=G(Pt)

Thetensilestress-StrainrelationbetweenPt'andY'isgeneratedfromequations(2),(3)and(7)

byreplacing?ptandqybyG(Pt')ando(Y'),reSPeCtively,andbyshiRingthevalueofthestrain

bytheamountofG(emin)げ-emin･NewproportionallimitP｡'andlocalbucklingstrengthU'in

thesecondcycleofthecompressionsidearesimilarlydetermineddependingonthemaximum

tensilestrainemaxexperiencedattheturnlngPOlnt2asfbllows‥

ズ= ロ(E∽｡ズ)/g一己′乃｡ズ

whenx<0:G(UT)=1･4X/ecrxG(U)and G(Pご)={G(U一)/G(U)}×G(Pc)(8)
When X≧0‥ G(UT)=G(U)and G(Pご)=G(Pc)

Thestress-StrainrelationproposedbyPopovics(1971)wasemployedfbrtheskeletoncurveof

43
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thefilled-COnCreteuptOthemaximumstrength,anditwasassumedthatthemaximumstrength

WaSSuStainedbytheconfiningefftctofthesteeltube,aSgivenbyequation(9)･

when O≦e≦e,n:O(e)=
F･肋
C

肋-1･(E/E∽㍗ E∽

When em<e
G(e)=G(em)=F

Where 肋=0･00571･㌔+1 ㌔:Cylinderstrength

(9)

Thetensilestresswasneglectedintheskeletoncurve･Thecyclicrulesfortheconcretehasbeen

constructedbasedonthemodelproposedbyFujii,etal.(1973)asshowninFig-3,inwhichthree

typesofthestress-Strainpathsareshown:pathI(A→B→C→D→C→A),pathII(A'→Bl→C一

→D'→E),andpathIII(A一'→B"→C''→A'')･Generalrulesareasfollows:i)Ifthestrainatthe
firstturmngpOlntislargerthaneE,thepathcomesbacktothe丘rstturn1ngPOlnt,aSinthecaseofthe

pathsIandIII.ThevalueofeEisgivenbyFc/Ec,WhereF｡andEcdenotethecylinderstrengthand

theelasticmodulusofconcrete;ii)IfthestrainatthefirsttumingpointissmallerthaneE,thepath

COmeSbacktothepointEatwhichthevalueofstrainisequaltoeE,aSinthecaseofthepathII;iii)
Intheprocessofstrainreversal,thestressdecreaseslinearlywiththemodulusEcuntilthestresslevel

becomesequaltol/40fthestressattherespectivetumingpoint,andthentheslopechangestoEcA,

asinthepathA→B→C;andiv)Theconcretedoesnotcarrythetensilestress,aSinthepathC→
D.

5
g =2.1×10

×

E
=F/且
E C 〔-

D- C･OEE
E椚

C

Fig.3Stress-Strainrelations(Concrete)

F
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2.2AnalysISOfload-displacementrelations

Theload-displacementrelationofacantileverwasanalyzedbythenumericalintegration

scheme.ThemodelcantileveroflengthlisshowninFig･4(a),Whichissubjectedtothe

constantvertica1loadPandthehorizontalloadHatthetop･Itwasdividedintonelementsof

equallengtha･Asdiscussedindetailbelow,aCOnVentionalnumericalintegrationscheme

cannotbedirectlyappliedtoanalyzetheload-displacementrelationofacantileverhavlnga

degradingtypeofmoment-CurVaturerelation･Therefbre,inthepresentanalysIS,thecantilever

wasdividedintoanumberofelementsandmodiBedmoment-CurVaturerelationwasasslgnedto

eachelement,Ofwhichdetailsarediscussedinthenextsection.Thesolutionsatisfyingthe

equilibriumateachsubdivisionpolntWaSSearChednumerica11y,basedontheassumptlOnthat

thecurvaturewasuniformlydistributedineachofsubdivide.delements･Intheproce$SOf
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determinlngthedeflectedshapeofthecantilever,atrial-and-errOrPrOCedurewasrequired,Since

theequilibriumofthebendingmomentinvoIvedPAmoment･Inordertoavoidthistediousness,

thePAm｡mentWaSaSSumedtodistributelinearlyalongthememberaxisasshowninFig･4(b)

2.3Monotonicmoment-CurvaturePath

MainftatureofthepresentanalysismethodisbasedontheassumptlOnthateachsubdivided

elementofthecantileverfbllowsitsownmoment-CurVaturepathwhichisdifftrentfromothers･

Considerthemoment(M)-Curvature(¢)relationconsistingofalinearelasticpart(OP),Curvilinear

inelastic(PB)anddegrading(BC)partsasshowninFig･5(a)･Whenthebendingmomentatthe

criticalelementadjacenttothe丘xedend,i･e･,theelementlinFig･4(a),reaChesthemaximum

valueindicatedbythepointBonthemoment-CurvaturerelationinFig･5(b),theloadHbecomes

themaximum,andthentheunloadingstarts.WhentheM-¢pointofthecriticalelementmoves

fromthepointBtoCinFig■5(b),theM-¢pointsinotherelementsareassumedtomovefrom

thepolntB･toC･,B･ttoC=,andsoforth,OnthelinesconnectlngthepolntSAandB.orB=,

respectively･ThepointAistheintersectionofthelinesBCandOP(P:elasticlimit)･Sincethe

bendingmomentdiagramshouldbelinearasshowninFig･4(b),thevaluesofthebending

momentatthepointsCandC-tareuniquelydeterminedfromthatatthepointC･TbeM-¢point

oftheelementatthepolntPalsomovestothepolntP一･Notethattheelasticstrainreversal

occursintheelementwhichremainedelasticwhenthestrengthdeteriorationoccurredinthe

criticalelement,andallotherinelasticelementsfb1lowdifferentM-Opaths･

(b)

Fig･4Ana.yticatmodel Fig･5Monotonicmoment-CurVaturePath
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2･4Cyclicmoment-CurVaturepath

Themoment-CurVaturerelationofthecriticalelementunderthecyclicloadingcanbe

calculatedfromthestress-StrainrelationsofmaterialsshowninFig.2andFig･3byaconventional

procedure,andletuscallthisrelationasthe‖0riginalM-¢‖relation･TTleCyClicmoment-Curvature

pathsofotherelementsareshowninFig･4･WhentheM-¢pointofthecriticalelementreaches

thepointC,theM-¢pointsofothertwoelementsareatthepointsC-andC‖,ingeneral,andthey

movetothepointsD,andD=,reSPeCtively,aStheM-¢pointofthecriticalelementmovesfrom

thepointCtoDaccordingtotheoriginalM-Orelation･Themovement.oftheM-Opointofa
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generalelementwasde丘nedasfbllows:

1)Iftheelementisintheelasticrange(pointC''inFig.6(a))whentheM-Opointofthecritical

elementreachesthetumingpointC,theM-¢pointofthiselementmovesontheelasticline(C=

→D't),Wherethevalueofthebendingmomentisdeterminedbythelinearbendingmoment

diagrambasedonthevalueatthepointD･ThemathematicalexpressionsoftheM-¢pointof

thiscaseareglVenaSfollows:

¢D一一=忘(Mc･lX葦),MD‖=Mc"×昔
(10)

WhichmeansthattheelasticelementremainselasticfrombeginnlngtOendofthecyclicloading･

2)Iftheelementisintheinelasticrange(pointC'inFig,6(b))whentheM-¢pointofthe

CriticalelementreachesthetumingpointC,themovementoftheM-¢pointofthiselementis

assumedtobecontrolledbythepositionsof丘ctitiouspolntSXandX一,bothofwhichareonthe

elasticlineOP,anddeterminedinthefb1lowlngmanner･First,thepolntXisde丘nedasthe

intersectionoftheelasticlineOPandthelineCC一･ThepositionofthepolntX-isdeterminedso

thatthe払1lowlngPrOpOrtionalitylSSatis丘ed:

Ml‥M2=Ml':M2'
(11)

WhereMl,M2,M17andM2'arethedifftrencebetweenthemomentvaluesatthepolntCandX,

atthepolntXandPT,atthepolntDandX一,andatthepolntXlandP-T,reSPeCtively･ThepointP-

isintheelasticrange,andthusthepositionofP'一isalreadydeterminedinthestepl)above,

dependingonthemovementofthepolntCtoD･Theexpressionsfbrthebendingmomentand

thecurvatureatthepolntX'areglVenaSfbllows:

¢Ⅹ･=
α･¢c-〟c､ノ叫)

×

α-gJ
〃c

Where α=

, 叫ぐ=即●

A屯 一〟c･

¢c-¢c･

α･¢c-〟c､′〟D
×

α一旦J
〟c

(12)

ThepolntDTisassumedtobeonthelineDX一,andthevalueofthebendingmomentatthepolnt

DlisalsodeterminedbythelinearbendingmomentdiagrambasedonthevalueatthepolntD･

(a) (b)

Fig.6Cyclicmoment-CurVaturePath
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TheexpressionsfbrthebendingmomentandthecurvatureatthepolntD-areglVenaSfbllows‥

¢｡-=(唯･-〟｡)･

3.Resultsanddiscussion

¢｡-¢x･M｡.人
.X

一.X 〉M｡
×ニチ+¢｡,叫〕-=〟c･×

叫〕-MxT Mc
'D

7 U し

Mc
(13)

Thepostlocalbucklingbehaviorofcantileverbeam-COlumnswithCFTorsquarehollowsections

wasexperimenta11yinvestigatedbytheauthors(1992).Thecross-SeCtionwasロー100xlOOx3with
OrWithoutnlled-COnCrete,andthelengthlwaslOOcm.Theratioofaxia1loadtothesquashloadwas

15%･Tencyclesofloadingwiththeconstantdisplacementamplitudewereappliedtothespecimen･

Themonotonicandcyclicanalyseswereperformedforthetestedspecimens,uSlngthematerial

PrOpertiesshowninlbbtel,Whichdefinedthestress-StrainrelationsoftheanalytlCalmodel.

Fjgure7showstheresultsofthemonotonicanalysistoverifytheuniquenessofthe

SOlution.ItisobservedinFig.7(a)thatthesolutionsdonotdependonthenumberofelements

n,ifthevalueofnissufficientlylarge.TheM-¢pathsoflst,3rdand50thelementsfromthe

TablelMaterialproperie$

CFr Squarehollow

g(助川2) 171 200

ちノg 0.01 0.01

隼パ肋∽2) 196 196

%c(肋椚2) -196 -196

αッ(肋∽2) 324.4 398.9

J〟(州∽椚2) -413.6 -386.1

g∫∫(%) 1.6 1.6

g｡r(%) 3.6 2.5

た(tens.) 1.5 1.5

た(COmp.) 1.3 1.1

〃 0.04 0.06

ち(州椚椚2) 22.6

gm(%) 0.2

〝【明 〟[血Ⅴ●椚]

100

(a)Load-deflectionrelation

200 0

(乃=100)

¢【〟加椚】

0.003 0.006

(b)MomenトCurvaturerelation

Fig.7Resu[tsofana]ysIS:Monotonicloading
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baseinthecaseofn=100areshowninFig.7(b),WhichindicatesthattheM-¢pathisall

differentforeachoftheinelasticelements,andtheelasticreversaloccursinthe50thelement

(midheightelement)atthepointmarkedbyatriangle･

Figure8showstheload-displacementrelationsinthenrstloadingcycle,andthemomenト

CurVaturePathsofthelst,3rdand50thelementsfromthebaseinthefirstloadingcycle,bothof

WhichwereobtainedfromtheanalysisforthetestedCFTspecimen･Itisobservedthatthe

analytlCalresultsdonotdependonthenumberofelementsn,andthe50thelementbehaves

elastically,aSinthecaseofthemonotonicloadingshowninFig.7.Figure9showsthe

COmParisonoftheload-displacementrelationsobtainedfromthetestandtheanalysIS.The

analytlCalresultsshowmorerectangularshapeofthehysteresisloopscomparedwiththetest

〃[たⅣ]

(a)H-Arelation

〟[たⅣ･∽]

(乃=100)

P15

20

0･OP

た50

た3

た0

¢[J

-20

(b)M-¢relation

Fig.8ResuItsofanalysLS:Cyc[ic[oading
●

(a)Analysis(CFT)

(C)Analysis(Squarehollow)

(b)Experiment(CFT)

(d)Experiment(Squarehollow)

Fig.9Comparisonof10ad･disp]acementre]ations
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results,SincetheBauschingerlseffectonthestress-Strainrelationofsteelwasnotproperly

considered･However,Strengthdeteriorationbehaviorduetothecyclicloading,andtheplnChing

ofthehysteresisloopsinthecaseofCFTduetofi11edconcretewerewellreproducedbythe

analysIS･ThehysteresisloopsseemtoconvergeinthecaseoftheCFTspecimen,Whilethey

Shrinkcontinuouslylnthecaseofthespecimenwithahollowsection,andthisconvergence-

divergencephenomenawerealsocapturedbytheanalysis･FigurelOshowsthechangeofthe

CurVaturedistributionalongthebeam-COlumninthefirstloadingcycle･Theverticalaxisand

thehorizontalaxisshowthememberaxisandthecurvature,reSPeCtively.FigurelO(a)shows

thecurvaturedistributionatthenrsttumingpointofloading,i･e･,thepoint(a)onthemoment-

CurVatureCurVe.FigurelO(b)showsthezeromomentpointat(b),Wheretheresidualcurvature

appears.FigurelO(C)showsthestatewhenthecurvatureatthebaseelementbecomesequal

tozeroatpoint(C),thecurvatureofotherpartsenterintothepositiveside･Thesecurvature

distributionseemsverysimilartotherealone･

〟

(b)

ノC)(

田

a)

MヰrelationatLhebaseelement

血山efirs110ad血gcycle

(a)

⇒

ptO

s
-
窯
J
ぷ
∈
U
∈

0 ¢ 0 0 ¢ 0

(b) (C)

Fig.10ChangeofCurvatureDistribution

(d)

4.Concludingremarks

Elasto-PlasticbehaviorofCFTbeam-COlumnsfailinginlocalbucklingunderthecyclicloading

WaSanalyzed,andtheresultswerecomparedwithtestresultspreviouslyobtained.Themethodof

CyClicanalysIS,Whichusedthenumericalintegrationschemetogetherwithaproposedwayofallowlng

differentcyclicmomenトCurVaturepathineachofthesubdividedelements,WaSaPPlicabletoa

beam-COlumnwithadegradingtypeofmoment-Curvaturerelation,andthesolutionwas.independent

Ofthenumberofsubdividedelements.neanalysISWelltracedthecharacteristicsofthetestresults,

SuChasthestrengthdeteriorationduetothecyclicloading,thepinchingofthehysteresisloopsdue

tofilled-COnCrete,andtheconvergence-divergenceofthehysteresisloops,buttheanalyticalresults

Showedmorerectangularshapeofthehysteresisloopscomparedwiththetestresults.

Reftrences

[1]S.Popovics,FbctoTT僻ctingtheElasticDqfbmlationsQfCbncTde,Proc.oftheInternational

ConftrenceonMechanicalBehaviorofMaterials,Kyoto,IV,pP.172-183,1971.

【2]J.H.Smith,NonlinearBeamandPlateElements,Proc.ofASCE,JournalofStructural

Division,Vol･98,No.ST3,PP.555-571,1972.

[3]S･Fujii,H･AoyamaandK.Umemura,Moment-CurvatuT?RelationQfReiJそわ7redConcrete

49



50 Akira TSUIKI,Jun KAWAGUCHIand Shosuke MORINO

CTVSSSectionBasedonMaterialCharacteristics,SummariesofTechnicalPapersofAnnual

Convention,ArchitecturalInstituteofJapan,Pp･1261-1262,Oct･,1973.

[4]S･Morino,C･Matsui,andS･Yoshikai,LocalBucklingQfSteelElementsinConcreteEncased

Columns,Proc･OfPaci丘cStructuralSteelConftrenceI,Auckland,Vol･2,PP･319-335,Aug･,1986･

[5]J･Kawaguchi,S･Morino,H･AtsumiandS･Yamamoto,StrengthDeteriorationBehaviorqf

Co〝C′℃fピー苗JJed∫′eeJ乃み〟Jαrβeα∽-CoJ〟∽那U〝der尺甲gα′ed助r≠zo血圧0αd玩g,Proc･Of

3rdIntemationalConftrenceonSteel-ConcreteCompositeStructures,PP･119-124,Fukuoka,

Japan,Sep.,1991.

【6]J･Kawaguchi,S･Morino,H･AtsumiandS･Yamamoto,StrengthDeterioTWionBehaviorQf

ConcTete-FuledSteeu7ibularBeam-Columns,Proc･OfanEngineenngFoundationConftrence

OnCompositeConstructioninSteelandConcreteII,Potosi,ASCE,pP･825-839,Jun･,1992.

[7]E･Inai,T･IidaandK･Shimazaki,Ana&ticalStu4yontheElasto-PlasticBehaviorQfConcTete

FilledSteelThbularColumns,SummariesofTechnicalPapersofAnnualConvention,

ArchitecturalInstituteofJapan,PP･1769-1770,Sep･,1993･

[8]S･Morino,J･KawaguchiandH･Fukao,Anab,SisQfElasto-PlasticBehaviorQfBeam-Cblumns

FbilinginL10CalBuckling,Proc･OfInternationalConferenceonStructuralStabilityandDesign,

Sydney,PP.181-186,Oct.,1995.

[9]J･Kawaguchi,S･MorinoandT･Machida,St7mg〟lDeterio7WionBehaviorQfLDCal&Buckling
CFTBeam-Columns,Proc･Ofthe3rdSymposiumonResearchandApplicationofComposite

Constructions,Nagoya,Japan,pP･125-130,Nov･,1995.

[10]T･Fujimoto,A･Mukai,I･Nishiyama,E･Inai,M･Kai,Y･Tanaka,H.Tokinoya,T.Noguchi,

T･Baba,N･Fukumoto,Y･Murata,K･SakinoandS･Morino,AxialConq,reSSionBehaviorQf
ConcletenlledStee171ibularStubColumnsUfingHighStTmgdlMaterials,JournalofStructural

andConstructionEngineering(TransactionsofAIJ),No.498,PP.161-168,Aug.,1997a.

[11]T･Fujimoto,A･Mukai,I･Nishiyama,T.Noguchi,T.Baba,K.SakinoandS.Morino,Ebcentric

Co叩柁∫∫わ乃乃ぷfげCo〝C′℃fe苗JJed∫ヴ〟α柁∫feeJ乃あ〟Jαr∫J〟あαJ〟∽乃∫仇玩g〟王gゐ∫加嘲ゐ

Materials,JoumalofStructuralandConstructionEngineering(TransactionsofAIJ),No.501,

PP･173-180,Nov.,1997b.

【12]J･Kawaguchi,S･Morino,T･SugimotoandJ･Shirai,Stu4yonElasto-PlasticBehaviorqf

助rtal伽mesConsistingQfSquaTt,CFTColumns,JournalofConstructionalSteel,Vol.5,PP.

101-108,Nov.,1997.

【13]ArchitecturalInstituteofJapan,RecommendationsjbrDesignandConstructionQfConcTete

苗JJed∫JegJ九あ〟Jαr∫け〟CJ〟作∫,1997.

[14]C･Matsui,K･Tsuda,Y･Yam可iandT.Fujinaga,StructuTd蕗dbnnanceandAxialLoad

LimitQfConcretenlledSteelSqua7t777ibularColumns,JournalofStructuralandConstruction

Engineering(TransactionsofAIJ),No.504,PP.103-110,Feb.,1998.

【15]T･Fujimoto,A･Mukai,I･Nishiyama,E.Inai,M.Kai,H.Tokinoya,T.Baba,T.Fukumoto,

K･Mori,K･SakinoandS･Morino,Shear-FlexunllBehaviorQfConcTt7tenlledStee177ibular
Beam-ColumnsUsingHighStrengthMaterials,JournalofStructuralandConstruction

Engineering(TransactionsofAIJ),No.509,PP.167-174,Jul.,1998.

[16]Yoshioka,etal･,US･一句anCoqperativeStructundReseaTrhPTqjectonCoTTPOSiteand

均血相助Ⅶ血閻一旦甲eわ∽e〃JげCFrCoJ〟∽〃-∫JeeJβeα∽Co〝〝eCfわ〃∫一,Cダr25-CF7二j2,
SummariesofTechnicalPapersofAnnualConvention,ArchitecturalInstituteofJapan,pP･

1209-1224,Sep.,1998.


