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ABSTRACT

Inordertoclarifytheelasto-Plasticbehavioroftheframeconsistingofconcrete一丘Iledsteel

tubular(CFT)columnsandH-ShapedsteelbeamSunderseismicloading,pOrtalframeSpeCi-

mensweretestedunderconstantVerticalloadsoncolurrmsandalternatelyrepeatedhorizontal

load･ExperimentalparameterSWere:aXialloadratio,andwidth-tO-thicknessratio,andyield

mode･Dsfactorswerecalculatedfromtheload-denectioncurvesofallspecimens･Itwas

Observedthatal1speClmenSShowedfhirlystablehysteresisloops,andtheearthquakeresistant

CaPaCltyOftheCFTframewasbetterthanthesimi1arsteelframe.

Keywords‥ CFT,POrtalframe,elasto-plasticbehavior,StruCturalcharacteristicfactor

1.Introduction

CFTframeSCOnSistofconcrete-fi11edsteeltubular(CFT)columnsandpuresteelbeams,andtheyhavebecome

VerypOPularthesedays,SinceithasbeenverifiedbymanylnVeStlgationssincethe1970,sthatCFTcolurrmshave

morebene丘tcomparedwithordinarysteelcolumns,thatis,CFTcolumnshavemoreloadc訂rylngCapaCitythan

hollowsteeltubularcolumnsduetotheinteractiveefftctsbetweensteelandconcrete;theconBningeffectofthe

Steeltubeontheconcrete,andtherestralnlngefftctoffi11ed-COnCreteOnthelocalbucklingofthesteeltube.The

behaviorofthebeam-tO-COlumnconnections,includingnewtypesofdiaphragmsystem,Werealsoinvestlgated

expenmentally･However,VeryfbwframeteStShavebeendone.MatsuilcarriedouttestsoftheCFTframeSOfthe

COlumnyieldingtypewithchanglngWidth-tO-thicknessratioofthecolumntube,diaphragmtype,andloading

histories･HeconcludedthattheCFrframeshowedexcellenthorizontalloadcarrylngCapaCltyandthelimitvalue

Ofthewidth-tO-thicknessratiooftheCFTcolumncouldberelaxedtoaboutl.5timesthatfbrho1lowtubesdueto

theefftctsof丘11ed-COnCreteOnthelocalbucklingstrengthandpostbucklingbehaviorofthetube.F7rsttwo

authorT2carriedoutanexperimentalstudyontheelasto-Plasticbehaviorofthree-dimensionalsubassemblages

COnSistlngOfCFrcolumnsandsteelbeams,andconcludedthatspecimenswhichyieldedinconnectionshowed

moreenergydissipationcapacltythanspecimensofyieldinglnCOlumns,andthree-dimensionalloadingcaused

StrengthdeteriorationonlyinspeClmenSOfyieldinglnCOlumns･ThispaperpresentsthetestresultsofCFTportal

frames,Whichwereconductedtoclarifytheelasto-PlasticbehaviorofCFTframes,andobtainDsvaluesforthe

efncientdesignpractice.
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2.Expedment

2.10utlineofTbsts

l七stedinthisresearchweretheportalffamespecimensconsistlngOftheconcrete一名11edsteelsquaretubular

(CFr)columnsandapuresteelbeam,Su句ectedtotheconstantVerticalloadPonthecolumnsandthealternately

repeatedhorizontalloadH,ShowninFig.1.ExperimentalparameterSincludedthewidth-tO-thickness ratioofthe

COlumntube(助=21,39and54),yieldmode(column-yieldingtypeandpanel-yieldingtype),andappliedaxial

loadratiorelativetotheyieldloadofthecolurrm(Nn=0･15andO･3),WhereN=P/2,N;=AcFb+Asり,andAc
andAsdenotethecross-SeCtionalareasofconcreteandsteel,reSpeCtively,andFcandGvthecylinderstrengthof

COnCreteandyieldstressofsteel,reSpeCtively.Thesevaluesofwidth-tO-thicknessratiocorrespondtoFA,FBand

FDranksaccordingtoBCJRequlrementS3･Thespecimenidenti丘cationandtheexperimentalparametersare

Showninlもblel.Thefirstandthelasttwodigitsofthespecimennameindicatetheverticalloadratioandthe

Width-tO-thicknessratio,reSpeCtively,andthelettersSCCandSCPdenotethecolumn-yieldingandpanel-yielding

SpeClmenS,reSpeCtively.

Fig.1Schematicviewofte$t

TablelSpecimensandparameter$

Spo¢imon$ β/r Failingtype 〃/坤(%)

21SCC15 21 C01umn 15

21SCC30 21 ¢Olumn 30

21SCP15 21 ¢OnnO¢tion 15

21SCP30 21 ¢OnnOCtion 30

39SCC15 39 ¢01umn 15

39SCC30 39 C01umn 30

54SCC15 54 C01umn 15

54SCC15 54 ¢01umn 30

2.2ShapeandDimensionsofSpeClmenS

Figure2showstheshapeanddimensionsofaspeCimen,WhichconsistsofCFTcolumns(ロー125x125xtc)and

abuilt-uPH-Shapedsteelbeam･Atotalofeightspecimenswerepreparedwiththreedifferentwidth-tO-thickness

rati00fthecolumntubes.Thebeam1ength(distancebetweencolurrmcenterlines)wasl,500mm,andthecolumn

height(distanCebetweenthebeamCenterlineandthesurfaceofthecolumnbasestub)wasl,000mm･Thebeam

wasconnectedbyweldingtothecolurrmswiththrough-typediaphragmswhichhadholesfbrconcretecastlng･The

beamWaSeXtendedoutsidethecolurrmtoapplythehorizontalload,anditwasalsoextendedattheothersideto
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maketherestrainlngCOnditiononthebeam-tO-COlumnconnectionthesameastheloadingside,eXCeptforthe

speClmenSWith以=21whichweretestedattheearliesttime･Thecolumnswerealsoextendedupwardfromthe

beamtOaPPlytheverticalload,andthisportionwasmadeofthesameSteeltubeasusedforthetestedportion･The

thicknessofthediaphragmplatewasthesameaSthatofthebeamnange･Thespecimensweredesignedtoyieldin

column(SCC)orinconnectionpanel(SCP),andthebeamWaSdesignedtobehaveelastical1yuntiltheendofthe

test.Thethicknessofsteeltubeusedfbrtheconnectionpanelofthecolumn-yieldingspecimenisthesaneaSthat

ofthecolumn･ThespeClmenSOfthepanel-yieldingtypeWerePreparedonlyfbrthespeClmenSWithLM=21,Where

thethicknessofthecolumntubewas6mm,andthatofthepaneltubewas3･2mm･Itisalmostimpossibleto

proportionthepaneltubeforthecolumn-yieldingspeClmenSWith以･=390r54･Columntubeswereconnectedto

thediaphragmplatesbybuttweldingexceptfbrthespecimenswithLM=21,inwhichfi11etweldingwasacciden-

tal1yused･Atthecolumnbase,thecolumntubewasinsertedintoabasestubconsistlngOfanH-150x260x12x16,

andfi11etweldingwasusedattheconnectionbetweenthecolumntubeandupperandlowerflangeSOfthebasestub,

asshowninthe丘gure･Tbble2showsthemeasureddimensionsofthespeClmenS･ThedefinitionsofsymboIsused

inrrhble2areglVeninFig･3･
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2.3 Materials

ThecolurrmtubesofthespecimenswithLM=21and39werecoldfbrmedsquaresectionsmadeofSTKR400

gradesteelasperJapaneSeIndustrialStandards,and ThoseofthespeClmenSWith以=54weremadebyseamlng

twocoldfbrmedchannelsofSS400gradesteelbybuttwelding･ThebeamsweremadeofSS400gradesteel･Any

partsofthespeClmenWerenOtannealedtoremovetheresidualstresses･Thestress-Strainrelationsofsteelobtained

fromthetestsofcouponstakenfromtheflatportionofthecolumntubeandtheplatesusedfbrthebeamfabrication

areshowninFig.4,andthemechanicalpropertiesaregiveninrTbble3･Twokindsofロー125x125x3･2,markedA
andBinThble3,WereuSed;theportionsofthespeClmenSfabricatedbyuslngthesematerialsareindicatedinrrhble

2.ThemixtureofconcreteandthepropertiesofconcreteobtainedfromthecylindertestsareshowninThbles4and

5.

2.4ProcedureoftheTbst

Figure5showsthetestsetup･First,aCOnStantVerticalloadonthecolumnwasappliedbya980kNhydraulic

jackthroughtheupperloadingbeam･Then,aCyClichorizontalloadwasappliedbya490kNhorizontalhydraulic

jackconnectedtothelowerbasebeam.A490kNservopulserwassetatthecolumntoptoaqjustthehorizontal
displacementatthecolurrmtoptobezero,i･e･,theonginalposition･Theout-Of-planedefbrmationofthebeamWaS

preventedattwopoints(atthecenterinthecaseofthespeCimenswithM=21)bythecateq)illartypedeflection

StOPper･
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Table2Mea$ureddimen$ion$(mm)

SPeCimens β′ ロ
′

d〃 β〝 Jク 功 仁和 f占f rあw ん 円
21■SCC15 125_35 5.gO 122▲92 125_15 5_gO 125_92 14畠 024も41500 9979 1499

21SCC30 125.23 5.80 124.61 125.15 580 12552 14920 2457 1500 9991 1499

21SCP21 125▲44 5.80 125.32 125.32 2.99B 125 2480 1500 9975 1500

21SCP30

39SCC15
.60

5.80 123_55 125_49 2▲99B 125fi 910 2481 1500 9964 1500

125.57 3.03A 141.33 124.11 3.03A 12497 15腹1ま 879 584 10026 149

39SCC30 125.57 1_03A 140.65 123_6g 3_03A 12(i17 14949 1884 584 10031 1500

54SCC15

54SCC30
126.32 2.29 143.83 124▲84 2.29 124_98 15052 598 429 1002l 1498

125_只1 2▲2q 144▲54 124▲2q 2▲2q 125_1只 14q_71 5_qO 4▲2q 1001▲2 14qR

Dc:Width/depthofcolumntubeDp‥WidthAepthofsteelconnectiontubeDb:depthofbeam

Jc:thicknessofcolumnpaneltp:thicknessofsteelconnectionpanelBb:Widthof

忽:£;禁£::器慧㌫慧,㍑慧憲崇i≡チ号,3)t好‥flwgethicknessofbeamtbw:Webthicknessofbeam

beam

Fig.3Dimention$Of$PeCimen

TherelativehorizontaldisplacementAbetweenthecenteroftheconnectionpanelandthebasebeamwas

measuredbytwodisplacementmeters,aSShowninFig･6･ThelongitudinalstrainsatseveralpolntSOnthecoト

umns,andthree-directionalstrainsoftheconnectionpanelweremeasuredbyuniaxial-androsette-typethree-

directionalwirestraingauges,aSShowninFig.7.

Figure8showstheloadingruleusedinthetests･The丘rstcycleofloadingwasappliedbycontrollingthe

amplitudeofthecolumnchordrotationangleequalto±0･5/100radian,Wherechordrotationangleistherelative
horizontaldisplacementAdividedbythecolumnlengthh･Thesecondandthethirdcyclewereappliedatthe

amplitudeequalto±1/100rtzdian･Fromthefbrthcycle,tWOCyClesofloadingwereappliedateachamplitude,

Whichwasincreasedby±1/100radian.
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(a)columnandpanel OfD/t=2lseries (b)columnofD/t=39,54series

(C)beam

Fig.4Stre$$･$traincurve

Table3Mo¢hani¢a暮PrOP ○代iosofsteel

TestpleCe
田 G〟 e g∫

e∫J/㍉ちr/g∫
Gc

脚研削2】【州別椚2]【%] [州椚m2] 【州別m2】

ロー125x125x2.3
(COlumn,panel)

328.19 382.30 22.92 208569 8.0 0.01 191.29

製蕊豊野A255.21 390.47 26.39 207157 5.0 0.02 300.40

□_125x125x3.2B
(panel)

342.50 430.22 27.55 202740 2.5 0.01 315.65

品濫笹惑 403.32 493.27 21.67 208054 2.0 0.01 487.41

BH-15%封15x6316.38 410.77 27.32 211200

BH_150x125x6x9
BH_150Ⅹ125x4.5x6

(bam)
306.85 402.72 28.63 208000

BH-150x125x6x9
(kam)

252.10 397.27 31.88 207600

雛慧慧gth
e:elongation

Gc:COmpreSSivestrength

ち:elasticmodulusofsteel
昂t:mOdulusofstrainhardeningzone
est:StrainatstatlngPOlntOfstrainhardening

ev:Yieldstrain

2.5r托stResults

Figure9showstherelationsbetweenthehorizontalload(H)andthecolumnchordrotationangle(R=Am)of

al1specimens.Theloadandangleweretakenpositivewhenthehorizontaljackpushedthebasebeamtotheleft･
Thesolidanddottedordash-dottedlinesindicatethecalculatedelasticstiffrleSSlineandsimpleplasticmechanism

lineincludingPAeffbct,reSpeCtively.ThemechanismlinewasbasedonamechaJlismstatewiththeplastichinges

formlngatCertainpositionswhicharediscussedin2.5.2.Thecalculationsofultimateflexuralstrengthofthe

83
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Tab暮e4 Mixtureofconcrete

Gm Sl a W/C S/A W AE C S G

[椚血】 [c〝り [%] [%】 [%] 悔/椚3】 晦/m3】 侮/椚3]【たg血3】腹/椚3]

15 18 2 66 50 184 277 903 920

Gm:maXimumdimensionofcoarseaggregate Sl‥Slump a:aircontent

W:WaterCOntentPerunitvolumeofconcrete

AE:Weightofairentralmngagentperunitvolumeofconcrete W/C:Water-Cementratio

C:CementCOntentPerunitvolumeofconcrete S/A:Sandpercentage

S:Weightof丘neaggregateperunitvolumeofconcrete

G:Weightofcoarseaggregateperunitvolumeofconcrete

Table5MechanicaJpropertiesofconcrete

Spo¢imon
キ E

Jn αgg E〟

[州別椚2】 【州椚椚2】 [ゐγ∫】 【%]

21SCC15 18.55 20022 43 0.02

21SCC30 17.82 20010 61 0.02

ク1朱亡Pl⊆ 1穴く1 1q′くつ占 4q nnフ

21SCP30 18.79 20150 63 0.02

39SCC15 13.72 17218 117 0.02

39SCC30 15.91 18522 1羽 0_02

54SCC15 16.19 1穴占ql 146 nn7

54SCC30 20.82 21188 148 0.02

ち:Cylinderstrengthofconcrete
Ec:elasticmodulusofconcrete

eu:yieldstrain



Concrete-Filled Tubular Frames 85

Schematicviewofdeflecction DetailsofmeasurlngequlPmentS

Fig.6Mea$UnngequlPment$

Fig･7Locationofwire$traingauges(W.S.G.)
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COlumnwerebasedontheformulasspecifiedinAL]StandardJ"SRCslructuTej･4,ignoringtheeffectoflocal
buckling･Thesolidcirclesshowthepoin(SatWhlChlocalbuckIingofthecolumnwasobserved,肌dtheXmarks

ShowthepolntOfthefrac(uIeOrCraCkobservedinthesteeltube,Whichwillbeexplainedlaterindetail.

FigurelOshowstheload-Strainrelations･WhereeTOO,e-08ande-38indicatethestrainsmeasuredbythestrain

gauge5〃仇0,8弧d38showninFig.7.

2.5.1HysteretlCbehaviorandfai1uremodes

A11specimensofcoluJTnqyieldingtypeshoweddleSt且blehysteresisloops■hthecaseof21SCC15and21SCP15

WhichweresubJeCted(OSmal1eraxlalloadwithLM=21,thefractureatlheweldedpartbetweenthecolumntube
anddiaphragmplateoccurredrathereadier,andcausedtheseverestrengLhdeterioradon,becausethe丘Iletweldlng

WaSuSed･ThisphenomenawasobservedonlyinthesetwospeclmenSandnotintJleCaSeOf21SCC30and21SCP30

Whichweres叫ectedtothelargeraxia1load･1nspecimensof以=39arLd54,Whosecolumntubeanddiaphragm
platewereconnectedbybtJttWelding,thefracturedldnotoccura皿dthestab)e]00PSWereObtained,

ThehysteresisloopsofthespeClmenSSu叫ectedtosmalleraj(ialloadwith助=39and54,i.e.,39SCC15aJld
54SCC15,Showedaslightlypinchedshapeasseeninreinforcedconcretecolumns･Inthesespecimens,thetensi]e

CraCklngOCCurredinconcretesiJICetheaxialcompressionloadwassmall,aLldthebehaviorofconcreteismore

PrOnOunCedsincetheamountofsteclissmall･ThesearethereasonswhypinchiJlgbehaviorwasobserved･The

CraCkofthesteeltubewasobser∀edattheexpandedportlOnduetolocalbucklinginthespecimen54SCC15atthe

amplitudeeqtlalto+5/100rTZd･,Whichwassub]eCtedtosmalleraxialloadwiththelargest.However,thlSdidno(
CauSeanySeVereStTengthdeterioration.

nehysteresisloopsofthespeclmenSOfpanel-yieldingtypewerealsostableaJldspindle-Shaped,aJthough(he

EractuTeattheweldedpartsimilartoLheoneobservedinthespeclmen21SCC150CCurredagain-TheshapeOfthe

looplSqulteSimi1artothatofthecorrespondingspeCImenOfco】urm,yieldingtype†butitseemsthatBaushinger

effectisJuStalittlemorepronouncedinthespecimensofpamel-yieldlngtype･

At也eendofthetest,thebeamsreminedelastlC･Thestrainda【ashowninFig･10indicatesthaltheconnect.on

PanelofthespeClmenSpfcolt)mLl-yieldingtypeSllghtlyyielded;thepaneldjagonalstraine-38remainedwithinO･5

Phot01Specjmenaftertest(54$CC30) Photo2LocaJbucklingatcoILJmntube(54SCC30)
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Fig.10H-erelation$(COntinued)
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thisspecimenisnotclear,Sinceotherdiagonalstrainse-41,e-44ande-47(SeeFig･7)werelessthanO.25%.Inthe

CaSeOfthespecimensofpanelyieldingtype,21SCP15and21SCP30,thepanels(e-38)andthelowerendofthe

COlurrms(e-08)wellyielded,andthetopendofthecolumns(e-00)remainedelastic.
Tbelocalbucklingwasobservedatthebottompartofthecolumnfirst,andatthetoppartnextinallspecimens

asshowninPhotosland2.

2･5･2Maximumstrength

Rigidplasticcollapsemechanismstrengthofthespecimenofcolurrm-yieldingtypewascalculatedassumlng

thatfburplastichingeswiththefu1l-PlasticmomentcMufbrmedintwocolumnsatthedistanceofhalfthewidth

Ofthecolumntubepartingfromthesurfacesofthebeamandthecolumnbasestub,aSShowninFig.11(a).The

CalculatedcollapsemechanismhorizontalstrengthHca10fthespecimenofcolumn-yieldingtypeisthenglVenby

4竹

∂C
･%す

ゎ (1)

Ontheotherhand,inthecaseofthespeClmenSOfpanelyieldingtype,itwasassumedthatthebendingmoment

attheintersectionofthecenterlinesofthebeamandcolumnreachedMuatthemechanismstate,aSShowninFig･

11(b),Whichisthebendingmomentgeneratedwhentheconnectionpanelfailsinshear･Then,牲alisgivenby

卑｡J=
2略+2叫′

q･
カ ーー

2
(2)

MuisrelatedtothebendingmomentinthebeamMBatthecolumnsurfaceasfbllows:

▼′一2

(3)

ThevaluesofcMuandMbwerecalculatedaccordingtothefbrmulasgiveninAL[Stan血rdjbrSRCStructulYS4.

(a)eo】umn一ねiling

Fig･11Momentdjagram

(b)connection-faiJing
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Themechanismlinesshownbydash-dottedanddottedlinesinFig.9aredrawnincludingthePAe鮎ct,based

OnthevaluesofHcalgivenbyEqs.(1)and(2),reSPeCtively.ItisobservedfromFig.9thatthemaximumstrength

Ofal1specimens,eXCePtforthespeClmen21SCC15inwhichthefractureoccurredintheear1ystageofloadingand

thespecimenswithLm=54,Wellexceededthemechanismlineeventhoughthelocalbucklingoccurred,because

Ofthestrainhardeningofsteel.Inthecaseofthespecimen21SCC30,thestrengthdeteriorationduetothelocal

bucklinglSratherlarger,Sincethepercentageofthestrengthprovidedbythesteeltubetothetotalstrengthishigher

than0therspecimenswithlarger ratio,andtherestrainlngOfconcreteonthegrowthofthelocalbucklingdefbrma-

tionisnotsoe晩ctive.Themaximumstrengthofthespecimenswith助=54couldnotreachthemechanismline,

becauseofthestrengthreductionduetolocalbuckling,butthestrengthdeteriorationafterthelocalbucklingwas
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notsolargeduetotherestralnlngeffbctofconcreteonthegrowthoflocalbucklingdeformation.

ItisquiteinterestlngtOnOtethatthestrengthofthespecimensofpanel-failingtype,21SCP15and21SCP30,

exceededthemechanismlinecalculatedonthebasisoftheultimateshearstrengthoftheconnectionpanel,and

reachedorevenexceededthemechanismlinesbasedonthecollapsemechanisminwhichfourplastichinges

fbrmedatbothendsoftwocolurrms.Thisismainlyduetothestrain-hardeningofthepaneltubeandthestrength

riseinthepanelconcretewhichwashighlyconfinedbythesteeltubesandbeamflangeandweb.

Figure12showstheultimatestrengthinteractioncurveSbetweentheaxialfbrceNandthebendingmomentM,

Calculatedforthecolumnsofal1specimensaccordingtotheprocedureshowninRげ5),ignoringthee飴ctoflocal
buckling･TheplotsmarkedbysolidandopensquareSindicatetheflexuralstrengthsofthecolumndeducedffom

thestrengthsoftheframespecimendetectedinthepositiveandnegativeloadingsides,reSpeCtively,Wherethe

COlumnstrengthwasdeducedbysubstitutlngtherrnximumhorizontalstrengthobtainedinthetestsintoHcalinEq･

(1)andsoIvingitforcMu･Thesametreatmentwastakenfbrthespecimensofpanel-yieldingtype,Sincetheir

Strengthsalsoreachedthemechamismlinescalculatedbasedonthecolumnstrength.Thestrengthsof21SCC15and

21SCP15wereJuStOntheinteractioncurve,Sincethefractureoccurred,Otherwisetheirstrengthsmayhavewell

exceededtheinteractioncurve,aSObservedinthecaseofotherspecimenswith助=21and39.Thedifftrence

betweenthestrengthdeducedfromthetestresultsandthoseglVenbytheinteractioncurveSislargerinthespeci-

menswithLm=39thaninthespecimenswithLm=21,andthusitmaybesaidthattheeffectsoffi11ed-COnCrete

WaSmOrePrOnOunCedinthefbrmer.InthecaseofthespecimenswithLM=54,thestrengthsweremuchsmaller

thanthoseglVenbytheinteractioncurveS,duetothelocalbuckling.

3.Discussions

TheDsfactorisafactorusedintheseismicdesignpracticeinJapan,andequivalenttoRwfactorintheU.S.and

q拘CtOrinEurope.Thisis todeteminetherequiredhorizontalstrengthoftheframeunderaverysevereseismic

loading,andisrelatedtotheductilityofthe丘ame.AccordingtotheBuildingStandafdLawQfJ卸an6,thedesign

horizontalloadoftheelasticframemustbetakenequaltotheverticalloadW,thatis,theshearcoe伍cientQ/Wis

Setequaltounity.Ontheotherhand,therequiredhorizontalstrengthfbrtheductileframeCanbereducedtoQ=
DsWaccordingtotheductilityoftheframe.T山sreductionfactorDsiscalledstruCturalcharaCteristicfactor,andis

expressedbyusingtheplasticdefbrmationcapacity(P)asfb1lows:

(4)

Inthecaseofmonotonicloading,thevalueoftheplasticdefbrmationcapacltymiso魚encalculatedinreftrence

tothehorizontaldisplacementoftheframeatthemaximumstrengthoratthestrengthreducedto90%ofthe

maximumstrength.However,inthecaseofthecyclicloadingasshowninFig.13(a),equivalentplasticdefbrma-

tionc叩aCltymuStbederived･Kato7showedthatthemonotonicload-defbrmationcurveofaCFrmembercanbe

approximatedbyacurvewhichenvelopeSaSeriesofcurveSObtainedbyconnectlngthepositivehalfofthehyster-

esisloopineachcycleofloadingasshowninFig.13(b).Inthepresentderivationofm,aSeriesofcurveSSimi1ar

tothoseshowninFig.13(b)arePreParedfromthetestdata.Then,thebilinearload-deformationrelationofthe

idealelastic-per鈷ctlyplastictypeiscomposedinsuchawaythattheareaScoveredbythisrelationshowninFig･

13(c)isequaltothetotalsumoftheareasScoveredbyeachpositivehalfofthehysteresisloopshowninFig･13

(b),Whichisde丘nedastheareawithin90%ofthemaximumstrength.TheultimatestrengthHca10ftheideal

relationshowninFig.13(C)istherigidplasticcollapsemechanismstrengthbasedonthemechanismstatewith
fburplastichingesforrrunglnCOlumns.ThesametreatmentWaStakenfbrthespecimensofpanel-yieldingtype,

Sincetheirstrengthsalsoreachedthemechanismlinescalculatedbasedontheco11apsemechanismwithfburplastic

hingesfbrmlnglnCOlurrms.Finally,theequivalentplasticdefbrmationcapacltyPiscalculatedas p=Ru/Rv-1,aS

ShowninFig.13(C).

AquestionoftenariseswhetherornotDsfactorshouldbecalculatedfromtheload-deflectioncurveshownin

Fig.13(a)and(b)inwhichtheloadHincludesthereductionbyPAeffbct.Inordertocheckthispoint,anOtherset

OfDsfactorwascalculatedfromtherelationbetweenH'andR,WhereH'=H+PA,Pbeingthetotalvertica1load

Ontheframe.
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ThevaluesofDscalculatedbythemethodexplainedaboveareplottedagainstthevaluesof8〟inFig･14(a),

wherethesolidhorizontallinesindicatetherelationsspeci丘edbyBC]RequilmentS3forpuresteelframes･The

numbershownateachplotisderivedfromH,-Rrelation,andthenumberintheparenthesisftomH-Rrelation,the

latterincludingthereductionofthehorizontalloadduetoPAeffect･ItisobservedfromFig･14(a)thatthevalues

ofDsofCFTframesaremuchsma11erthanthosespeci丘edforthepuresteelframes,andthustheearthquake

resistantcqpacltyOfCFTframeisquitehigh,eXCePtfbr21SCC15inwhichthefractureattheweldingoccurred･

ThedifftrencebetweenthevalueofDsobtainedfortheCFTframeandthatspeCi丘edforthesteelframebecomes

thelargeStinthespeClmenSWith以=39･Asexplainedbefbre,thestrengthdeteriorationa魚erthelocalbuckling

wasratherlargeinthespeClmenWith以=21,andthemaximumstrengthwasreducedbythelocalbucklinginthe

speCimenswithLm=54･Therefbre,the丘Iled-COnCreteismoste鮎ctivelyutilizedinthespecimenswithLm=39･

ComparisonofthevaluesofDscalculatedbytakingoutthePAefftctwiththoseincludingPAe鮎ctshowsthattheL

formerisalittlesmaller,andthedifferenceissmallsinceCFTcolumnsofthetestedframeswerestocky.The

difftrencebecomeslargerinthespeClmenSWiththeaxialloadratioequaltoO･3･ThevalueofDsofthespeClmenOf

panel-yieldingtypeisslightlylargerthanthatofthecorrespondingspecimenofcolumn-yieldingtype･Thisis

becausetheareaSinFig.13(C)wasevaluatedusingthevalueofHc｡IdeterminedbyEq･(1),i･e･,basedonthe

COllapsemechanismwithfburplastichingesfomingincolumns･IfthevalueofHca]determinedbyEq･(2)which

wasforthepanel-yieldingmechanismwasused,thevalueofDswouldbemuchlowerthanthepresentvalue･

TYleValuesofDsshowninFig.14(b)areobtainedfromtheenvelopcurveOfH'-Rrelation,aSOftendoneinthe

evaluationofthedefbrmationcapacltyOfreinforcedconcretemembers,andtheyarehigherthanthecorresponding

valuesinFig.14(a).Thus,thevalueofDsbasedonthecumulativeplasticdeformationissmallerthanthatbased

ontheenvelopecurve･ThiscomparisonclearlyshowsthatthevalueofDshighlydependsontheloadinghistory

andthenumberofloadingcycles･ThemostsuitableloadinghistorytakeninthetesttoevaluateDsstillremainsin

question･Thisproblemmustbediscussedinrelationtothedynamicresponseanalysisuslngtherealisticrestorlng-

brcecharacteristics･ThereasonwhythevalueofDsof21SCC30exceedsthevaluefbrthepuresteelframeisthat

thestrengthdeteriorationafterthelocalbucklingwaslargeinthisspecimen,aSmentionedbefore･
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Thee飴ctofthebeamremainlngelasticisnotclearSincethedataoftheframeinwhichbothsteelbeamand

CFrcolurrmyieldarenotavai1able･However,itcouldbeatleastconcludedthattheperfbrmanCeOftheframeWith

inelasticsteelbeamandCFTcolumnwouldbestillbetterthanthepuresteelframe,ifthebeamisproperlypropor-

tionedagalnStlateralbucklingandlocalbuckling･

4.Conclusions

FromthecyclicloadingtestofframesconsistlngOfCFTcolumns,thefbllowlngObservationsweremade.

1)Intwoofthespecimenssubjectedtothesmallervertica1load,thefractureoccurredintheweldedpartatthe

COlumnend,becausethe丘11etweldingwasaccidentallyused･Itcausedseriousstrengthreduction.

2)AllspeCimensexceptthosehavingfai1edinthefractureshowedfairlystablehysteresisloops,althoughthelocal

bucklingoccurredinthesteeltube･InthecaseofthespecimenswithLm=54,thebehaviorofconcretewas

morepronouncedsincetheamountofsteelwassmal1,andthehysteresisloopswerealittlepinched.Itseems

thatBaushingereffbctisalittlemorepronouncedinthespecimenofpanel-yieldingtypethaninthecorrespond-

1ngSpeClmenOfcolumn-yieldingtype.

3)Themaximumstrengthofal1speCimens,eXCeptfbrthespeCimen21SCC15inwhichthefractureoccurredinthe

earlystageofloadingandthespeClmenSWithLM=54,Wellexceededthemechanismlineeventhoughthelocal

bucklingoccurred,becauseofthestrainhardeningofsteel･ThemaximumstrengthofthespeClmenSWith以=

54couldnotreachthemechanismline,duetothestrengthreductioncausedbylocalbuckling･

4)Themaximumstrengthofthespecimensofpanel-failingtypeexceededthemechnismlinecalculatedonthe

basisoftheultimateshearstrengthoftheconnectionpanel,andreachedorevenexceededthemechanismline

basedonthecollapsemechanisminwhichfburplastichingesformedatbothendsoftwocolumns.Thisis

mainlyduetothestrain-hardeningofthepaneltubeandthestrengthriseinthepanelconcretewhichwashighly

COnfinedbythesteeltubesandbeamflangeandweb･

5)ThestrengthdeteriorationaaerthelocalbucklingisratherlargeinthecaseofthespeCimenwith以=21,Since

thelargepercentageofthestrengthwasprovidedbythesteeltube,andtherestrainlngefftctofconcreteonthe

growthofthelocalbucklingdefbrmationwasnotmuchexpected･Ontheotherhand,inthecaseofthespeci-

menwith助=54,thestrengthdeteriorationwassmallsincetheconcrete,srestrainlngWaSeffbctive.

6)ThevaluesofDsderivedfromthetestdatahighlydependontheloadinghistoryandthenumberofloading

CyCles･ThoseobtainedfromthecumulativeplasticdeformationcapacltyWerequlteSmal1erthanthevalues

usedforthepuresteelframeinrealpractice,andthemaximumdifftrencewasobservedinthespeClmenWithLy

J=39.
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