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Abs臨虻t

Effectsofloadingpathontheultimatestrengthandthemoment-CurVattmrelationofcom-

POSitecrosssectionssuQjectedtoaxialloadandbiaxialtxndingwereinvestigatedbyanalyz-

1ngfburkindsofαOSSSeCtion:Steelwide-WidthH-Shape,Steelsquadetube,COnCrete-filled

SteelsquaretutX:andSRCcontainingsteelwide-WidthH-Shape.ThreetyPeSOfloadingpath

WereCOnSidered:i)monotonicallyincreasingbendingmoment隼WithconstBult彗,ii)pro-
POrtionalloadingwithaconstantrati00fbendingmoments･M;/隼,andiii)proportional
defbrmationwithacons伽trati00fbiaxialcurvatureS,¢y/9x･Itwasfbundthatthesame
POintontheultimatestrengthinteractionwasreachedregardlessoftheloadingpaths,the

maximumvaluesofbendingmomentsmaybedi飴rentffomthoseattheultimatestrength

POintontheinteraction,inthecaseofthecrosssectionofwhichflexuralstrengthsabouttwo

PrlnCipalaxeswerelargelydi飴rent,anddleStrengthdeteriorationabrthemaximtmstrengdl

attainedappearsmostseverelyinthecaseofloadingtypewithcons伽ItMy･

Keywords:Biaxialbending,Ultimatestrength,Numericalanalysis,Moment-CtlrVature

relations,Be2Lm-COlumn,Steel-Concretecompositecrosssection

1.InけOdnction

Reinforcedconcretecolumnwithawide-flangeSteelencasedis丘equentlyencounteredinthe10WerStOries

Ofthehighrisebuilding,andthiscypeOfcolumnisregardedassteclreinfbrcedconcretecoltlmn･htheprevious
days,enCaSlngStruCturalsteelcolumnsinconcretewasawidespreadpracticefbrfireprotec也onpurposeonly,and

theincreaseinsti仇IeSSandsb'engdlOfthecolumnreSulting丘omtheencasementwasnottakenintoconsideradon

untilsomeyearSlater･Withthedevelopmentofthetheoryonthestrengthofreinfbrcedconcretecolumnsection

undertheaxial10adanduniaxialbendingmoment,theultimatestrengthofconcreteencasedsteelcolumnunder

SuChloadingcondidonhasbeeninvestlgated.Ittx:Cameknownthatdleultimatestrengthofarelativelyshortsteel
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reinfbrcedconcretecoltmnunderuniaxialcompressionwasequaltothesimplesumofthestrengdlSOfsteeland

effectivereinfbrcedconcretesections-Itwasalsoconnrmedbyexperimentalworksthattheapplicationofthe

ultimatestrength山eoryonasteelreinforcedconcretesectionundercombinedaxial10adanduniaxialbending

WOuldestimatewelltherealstrengthofsuchasection.

WhenabuildinglSSuqeCtedtothehorizontal10adsinanarbiuarydirection,biaxialbendingmomentsas

Wellas血eaxial10adactonthecol皿nSeCtion･Insuchacase,theuldmatestrengthofsecdonisexpressedasan

interactionsurfaceinthegeneralfbrcespace,andtheultimatestrength山eorydevelopedfortheuniaxialbending

maybeextended,althoughthefbrmulationofdlePrOblemisqulteCOmPlicated.

In1956,ACI-ASSEJointCommittee327publishedareportsummar1ilngtheme也odofuldmatestrengdl

designofreinfbrcedconcretememtx3rS,Where也eproblemofbiaxialbendingwasnotmentioned･LatenWhitney

andCohen(1956)showedthedetailofanalysisanddesignofreinforcedconcretecolumnsunderuniaxialbnding

basedontheultimatestrength,andbrieflyindicatedhowtosoIve也eproblemofthebiaxialbending.AU(1958)

SeemStOtX,theonethat血stpublished山edetailoftheR)rmuladonoftheinterachonreladonshipbetween也eaxial

loadandbiaxialbendingmoments･Whenarectulgularreinfbrcedconcretecrosssectionofsubiectedtoaxialfo,Ce

Nandbendingmoments,MxandMy,aboutitspnncipalaxes!Xandy･reSPeChvely,theinteractionrelationglVlng

theul血ateloadcarrylngCaPaCltymaybepresentedasasurfaceintheN-M;Mycoordinatesystem･Bresler

(1960)triedto叩PrOXimate山einteractioncurvebetweenultimatevaluesofMvandM..atconstantvalue｡fNin
∫ ~ γ

也efb皿

(蓋)α･(竃)α=1･0 (1)

Where%andMparetheuldmatemomentsof山esecdonunderuleaXialloadNanduniaxialbendingaboutx
andy-aXis,reSpeCtively,andαisaJleXPOnentdependingoncolumndimensions,amOuntanddistributionofsteel

reinforcemenLstress-StrainchamcteristicsofsteelaJldconcrete,amOuntOfconcretecover,andarrangementand

Sizeoflateraltiesorspiral･Numerical1ycomputedvaluesofαWereCOmParedwidleXperlmentalresults.Bresler,s

WOrkwasquotedinCommentaryonBuildingCodeRequirementsforReinfbrcedConcrete-ACI318-63(1963).

SimilarworkswerepresentedbyFurlong(1961)andPannel(1963),andthelattershowedtheresultsof也epara-

metricstudyonthefactorsaffectingthevalueofα･Oneoffbwexperimentalresultsoftheultimatestreng山of

reinR)rCedconcretesectionunderbiaxialbendingwasprovidedbyMeek(1963),姐dWeber(1966)preparedde-

SlgnChartsforthecaseofdiagonalbendingofsquarereinfbrcedconcretesectionswi山symunetricallyarranged

reinforclngbarsinfourfaces,WithamOuntandarrangementOfreinforclngbarstxingchosenasparameterS.

Researchworksmentionedaboveal1dealtwi也thereinforcedconcretesecdonsunderbiaxialbending,and

aSSumedWhitneytypestressdistributioninconcrete,i･e･,reCtangularstressblockwithO･85キ',Whereキ'is也e
Cylinderstrengthofconcrete･Unfortunately,Verylittleworkhastxendoneon也ebiaxialbendingproblemofsteel

reinfbrcedconcretesection.Brettle(1971,1973)presentednumericalresultsfor也einteractionsurfaceof山ecase

Wherewide-flangesteelwasencasedinrectangularorcircularreinforcedconcretesection,aSSumlngthestress-

Strainrelationofconcretetobeelastic-Perfectlyplastic･Designchartswerefumishedinhisworksin也eわrmOf

relationsbetweentheultimateaxial10adandeccentrlCltyWith血erationofuleSteelareatouleCOnCreteareaaSa

Parameter･BiaxialinteractioncurveshavebeennumericallyinvestigatedbyMatsui,MorinoandUeda(1984),

KawaguchiandMorino(1992),andTsutsuiandSera(1992)fbrSRCsecdonscontainingH-andcrossH-Steeland

COnCrete-filledsteeltubular(CFT)section,andthevalueoftheparameterainEq.(1)wasdiscussed.Astothe

experimentalinvestlgationofthebiaxialinteractioncurves,Veryftwworkhasbeendoneexceptfor也eworkby

Morino,MatsuiandWatanabe(1984)andMorino,UchidaandOzaki(1987).Thoroughreviewsof也egeneral

researchworksconceminguleSteelreinforcedconcretemembersweregivenbyMcdevittandViest(1972,aandb)

andWakabayashi,NakaaJldKato(1972).
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AsrevealedinthecourseoftheliterattlreSurVey,nOreSearChwasfoundwhichmentionedtheeffectof

loadingprocedtwe,althoughsometestsandanalysisaboutthecoltmnsubjectedtobiaxialbendinghavebeen

camiedout,aJldthetx:ne丘cialdatahavebenobtained,aSdescritxxlabove･Thepurposeofthisinvestigationisto

clarifytheeffectoftheloadingprocedtmontheultimatestrengthby numericalanalysiswhichisbasedonthe

momenトCtmturerelationconsideringthestrainreversalandthelocalbucklingofsteelelements･

2.MethodofAnalysis

2.1Analyticalmodel

Thewideflange,thesquarehol10WSeCtion,theconcrete-nlledsteeltubeandthewideflangesectionen-

casedin也econcretewereinvestigated.TheshapeSandthedimensionsofthecrosssecdonsareshowninFig･1･

Thecrosssectionswereassumedtobefbrmedbythestraightplateelements,andnoctmedpartexisted･The

stress-Stminrelationsofsteel,reinfbrcementsandconcretewereassumedasshowninFig.2.Thereladonofthe

SteelcontainsthestressreducdonpartcausedbythelKalbucklingonthecompressiveside,Whichwasexpressed

bytheauthors(1991)indetail,andthoseofthereinfbrcementandtheconcretewereexpressedbythebilinear

shape･Thestrainhardemingofthereinfbrcementwereconsidered･Thetensilestresswasneglectedandtheul
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StrainweresetequaltoO･40rO･6%inuleCaSeOftheconcrete･MaterialsassumedherewereSM490class(

F=323･4肋m2)fbrsteel,SD40class(た211･6N/mm2)fbrreinfbrcement,andthe300kgPcm2fbrcylinderstrength

COnCrete.Otherparameters丘)rthestress-Strainrelationsareshownin-Tbblel.

TabIelParameters

tβ脚W山川2)
205.8

rんE担W加肌2)
205.8

.-∫¢｡｡(肋椚2)
196

.-r恥′(叩加椚2)
-196

.で一口J肋椚2)
-323.4

でrα,′(肋〝‡2)
288.6

∫晶(%)
0.14

.,rらr(%)
∩_占7

c川£〟(%)
0.6(CFST)

0.4rSRCl

2.2Moment-CurVaturerelations

Tbemoment-CurVaturerelationsabouteachm叫OraXiswerecalculatedfbrdleCrOSS-SeCtionsu句ectedtothe

axial10adandthebiaxialbending.Ontheassumpt10ndlat山eplainofthecross-SeCtionremainsplain,thestrain

distributioninthecross-SeCtionsubjectedtotheaxialloadNandthebiaxialbendingmomentsMxandMyareas

ShowninFig･3･SupposethatthestrainatthecenterofgravityofdleCrOSS-SeCtionisdenotedbyeo,thecurvature

aboutthebendingaxisby¢,andtheinclinationangleofthebendingaxisagainstthex-aXisby?fthenthecurva-
tures¢xand～aboutx-andy-aXisaregivenas

(毎,¢γ)=(¢co∫0′,¢∫吉和0′)

Tbus,thestmine･atarefbrencepointinthecross-SeCtionq,yi)isgivenas

ef=Eo+¢γズ∫ ¢∫)な

Fig.3Straindistrhution
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wherethevectorsofmomentsandcurvatureSarepOSitivewhentheyaredirectedtothepositive

directionsofx-andy-aXeS,andthecompressivestrainistakenpositive･neStreSSdistribudoncan

bedirectlyobtainedfromthestraindistribution･First,thecross-SeCtionisdividedintosmal1elementsandthe

stressisassumedtobunifbnnlydistributedineachelement･Then,theaxialloadNandthebendingmomentabout

X-andy-aXis(Mx,My)c訂=光Calculatedbynumericalintegrationasfb110WS:

〃=∑αiGi

叫=∑αfG`乃
〟y= ∑αiGiズ′

wherea.:thecross-SeCtionalareaOfelement;
′

(4)

ThemomenトCurVaturerelationsabouteachaxisofthefourkindsofcross-SeCtionarecalculatedaccordin望

to也efollowlng山reeloadingprocedures･

A‥keep也emomentabouty-aXistoconstanLandgraduallyincreasethemomentaboutx-aj'is･

B:keep山edebrmadond血ction(㌢=㌔/¢x)to也evaluewhichisobtainedattheultimatepointin也e
PrOCedureA,andgraduallyincreasemoment･

Ana吋SbA,C

基

AnaレSbB

ForÅna吋SisC
*InputAxialLoai(N)&BendingAngle(Om)¢ost･)

**M)′/Mx=ね′沌m`?

Fig.4FIowchartsofanalysIS
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C:keepthetx,ndingdirection(叫=隼/隼)tothevaluewhichisdbtainedatdleultimatepointinthe
PrOCedtueA,andgradual1yincreasemoment.

ThefLowchartsoftheanalysisareShowninFig･4･IntheprocedureA,dleaXial10adNand山emoment

abouty-aKisM;werekq)ttOthecertainvaluebycontJdingthesuainatthecenbrofthegravity(e｡)ofdleCrOSS-
SeCtionandthecurvatureabouty-aXis～,Whnethemomentincreas6d･A肋eoand～weredekmine4thestrain
andsけessdistributionwerecompucd･Then,themoment隼and隼WereCdculated･Thetrialanderrorproce-
durebetweenNandeo,andbetweenりand?γWereSOIvedbyusingdleNewton-Rqphsonmethd･InanalysisC,
thevalueom(=り/隼)wastakeninthetrialanderrorprocedureinsbadofM;intheanalysisA･

IntheanalysisB,if山ecurvatureaboutx-ahsqrisgiven,山ecurVatureabouty-ads～issimplydetermined
bythefbllowlngequation:

盟･圃場冨｡
Then,theonlyconditiontosatisfyistheequilibriumof山eaxial10ad.

Fig･5Flowchartforuftimatestrongthcurve

(5)
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Inal1analysis,thecalculahonwasproceededbyincreaslng也ecurvatureaboutx-aj'is･ThevalueofMy

whichhadbecnkeptconstantwaSSettOthevalueequaltodlelong-termallowablebendingmomentcalculatedby

St2uldardsfbrsteelstruCtureS(1973)orSRCstruCtureS(1987).

2.3UltimateStrength

TheultimatestrengdlWaSCalculatedundertheconditionthatuleCurvatureaboutthebendingaxisincreased

untildleanyelementofcompressivesidereachedtothestrainof山elocalbucklingofthesteelorthesquashstrain

oftheconcrete･Then,therelationtx3tWeCnMxandM;wasObt血edbychanglngthebendingaxis･Theflowchart
ofthisprocedureisshowninFig･5･

Figure6showstheMx-Myrelationsofcross-SeCtionobtainedffompreviousanalysis･TheanalysisAin

whichMykeptconstant･andtheanalysisCinwhichthebendingdirectionkepttotheconstantshowthelinear

relationfromthetx3ginningtotheul血atestrengthon血einteractioncurve･Ontheotherhand,analysisBshows

thecurvedreladon.However,血eultimatepolntSOfallanalysisme=血eexactlysamePlntOntheinteractioncurve

fortheul血atestrengthofthecross-SeCtionsubjectedtotheaxial10adandbiaxialbending･
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ThemaximumvaluesofM;andM;ofthewide伽geandthewide肋gesectionencasedinconcreteare
differentfbmtheultimatestrengthsgivenbytheinteractioncLmeS･Thisisbemusethesecrosssecdonshave

unequalstrengthatx)uteaChmqoraxis.

Figure7showsthemoment-Ctmturerelationsabouteach叫OraXisobtainedfromtheanalysesA,Band

C･Tbeblacktriangless如wthepolntSWherethestrengthofthecross-SeCdonreachedtheinteracdoncuvefbrthe

ultilrLateStrength･Romthese負gures,thefouowingfhctswereobserved:Tbepeakpointsofallmoment-Cu

relationsobtainedffomtheseanalysismetattheidenticalpoint;theinitialsdfhessof隼-qrrelationsofthe
analysisCwasthelargescandthestrengthdeteriorationafterthepeekpintoftheanalysisAwasthelargest.As

mentionedtx:fbre,theⅡはⅩimumvaluesofM
∫

interactioncurve,reSpeCtivelyintheaJlalysisBofthesectionhavingunequalstrength.
andM;q)PearedafterandbefbretheultimatestrengthpolntOnthe
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Fig.7Moment-CurVaturerelations

4.Conclusion

l)Theidenticalpointontheinteractioncurvefbrtheultimatestrengthofthecross-SeCtionsubiectedtothea血

loadandthebiaxialbendingmomentwasreachedregardlessoftheloadingprocedure.

2)Themoment-CurVatureCurVeSObtainedffomthreedifferentanalysesmetatonepoint,andthevalueofthe

momentatthisplntisontheinteractioncurvefbrtheultimatestrength.

3)neultimacsuengdlPOintontheinteractioncurvewasnotthesameasthemaximumPOintof隼andM;inthe
CaSeOftheanalysisofdefbrmadonanglekeptconstant(AnalysisA)brthesectionhavingunequalstrengthabout

eachm叫OraXis.
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