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Abstract

InorderLoclarifythemechanicalcharacleristicsofconcrete一色11edsteelsquaretubular(CFr)

COlumnssubjectedtothelong-termload,CreePteStSOfCFrcompressionmembersandaCFT
flexuralmemberhavebeenperfbrmed･Thepaper丘rstpresentsthetestresultsofthecreepstrainof

thecompressionmembers,andcomparesthemwiththepredictionsbytheanalysisbasedona

Visco-elasticm'odelR)raCreeplngmaterial.Thedecreaseintheconcretestressandtheincrea洗in

thecreepstraillareCleadyshown･Then,itshowsthebucklinganalysisofslenderCFrcompression

members,anddiscussesthel℃ductionofthebucklingstrengthduetothecl℃epandthestresstransftr

behaviorfromtheconcrete tothesteeltube.Finally,thetestresultsofaCFTflexuralmemberare

presentedwiththeanalysisofthecreepcoemcientbasedontheage-aquStedequivalentcoefficient

lnethod.
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l.Introduction

Ithasbeenknownthatthecreepe脆ctunderthelong-termloadmustbeconsideredtoevaluate

thedeformationandthebucklingstrengthofordinaryreinfbrcedconcretebeamsandcolumns.

However･itisnotknownwhetherornotasimilarCOnSiderationisneededinthedesignofaconcrete-

filledsteeltubular(abbreviatedasCFThereafter)member,Sincetherehavebeenveryfew
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experimentalworkdoneinthepast･

ThecreepefftctofCFrmembersmaybeseparatedintotwoparts･Tbeoneisthereduction

ofYoung,smodulusofconcrete,Whichiswellknownftomtheresearchofordinaryreinfbrced

concretemembers.TheotheristhestresstranSftrffomconcretetosteeltube,Whichmayleadthe

steelstressintotheinelasticrange･Thesetwotypesofcreepefftctsarecombinedandcausethe

increaseindisplacementofabeamandthedecreaseinbucklingstrengthofacompressionmember

asthetimepasses･Thepaperdealswiththeexperimentalinvestlgationonthecreepbehaviorof

CFrcompressionandflexuralmemberssubjectedtothelong-termloadsinordertoclarifythe

cre印COefncientquantitatively,andwiththebucklinganalysisofCFrcompressionmemberstaking

thecreepefftctsintoconsideration･

2.CreepBehaviorofCFrCompressionMember

2.1Experiment

ThecreepofCFrcompressionmemberswasinvestigatedunderthelog-termCOmPreSSion

load,Whichweremadeofcold-fbrmedsquaretubefmedwithconcrete･Thecrosssectionsoftubes

wereロー100xlOOx3.2andロー100xlOOx4.5,andthelengthswere40and80cm･Totalthree

specimenswereprepared･Tablelindicatesthecorrespondencebetweenthespecimennameand

TabIelListofspecimens

Specimenname
bngth Tubethickness Tubewidth

(〝〝乃) (〝〝乃) (〝‡椚)

CR-40-4.5 396.0 4.36 100.12

CR-40-3.2 396.6 3.12 100.12

CR-80-3.2 796.5 3.12 99.96

Table2Materialpropertiesofsteeltube

Tubesection Yieldstress Tensilestrength Younglsmodulus Elongation

(STKR400) (Ⅳ研削2) (N血mう 匪N/〝刑2) (%)

[コー100×100×4.5 312.07 ■380二8P 184.96 29.95`

ロー100×100×3.2 368.15 429.70 191.61 17.53

Table3Materialpropertiesofconcrete

Age Compressivestrength Young-smodulus

(day) (N/仰㌦) (kN血椚2)

28 13.57 17.12
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experimentalvariables･Table2and3showthematerialpropertiesofsteeltubeandconcrete･

Figurelshowsatestset-uP.Thespecimen,tOgetherwitha20toldhydraulicjackandaload

cell,WaSinsertedintoaloadingapparatusconsistlngOftwoend-Platesof60mmthickand4PC

strandsofdiameter12mm.PCstrandsplayedaroleofaspnngtopreventtoomuchloadrelease

duetothecreep･Twosetsof10adingapparatuswereprepared･TwospeCimensoflength40cm

connectedtogetherweretestesintheoneapparatuS,andthespecimenoflength80cmintheother･

AconstantaxialloadoflO3.9kNwasappliedbythehydraulicjack,Whichwastheaverageofthe

loadscauslngthestressinconcreteequaltoF/3･Calculatedfbrthe3specimensbasedonYoung

modulusratiooflO;Ftdenotesthecylinderstrengthofconcrete･Axialstrainsweremeasuredby
wirestmingaugesmountedonthesurfaceofthesteeltube,eVerydaybeforeandaftertheaxial

loadwasa4justedtoaprescribedvalue.ThelocationsofgaugesareshowninFig･2･
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2.2Testresults

Thetime-historyofaxialstminsof3specimensareShowninFig.3.ThespecimensCR-40-

3･2andCR-80-3.2havingthesameWallthicknessoftubeshowverysim止arbehavior,andthusthe

lengthofcompressionmembermaynotaffbctthecreepbehavior.Figure4showsthetime-history
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ofaxialloadscamiedbyconcreteandsteeltubetogetherwiththetotalapplied10admeasuredby

theloadcell.Notchesappeanngonthelinefortotalloadareduetothemeasurementstakenbefore

andaftertheaxialloadwasaqustedtoaprescribedvalue･Theloadcarriedbythesteeltubeis

calculatedffomthemeasureddataoftheaxialstmin,andthisissubtractedffomthetota1loadto

obtaintheloadcarriedbytheconcrete･Itisobservedthatthemoreloadiscarriedbythesteeltube

Withtimeduetothecreep.

2.3Analysisofcreepcoefficient

The血ne-historyofcreepstrainisanalyzedbytheprocedureshowninRd:[1],Whichassums

avisco-elasticmodeltoexpressthestress-Strainrelationsofacreeplngmaterial･First,thetime-

historyofconcretestressmaybeexpressedby

G｡(り=¢0〈α+(ト用恒~†り=¢oV(り
(1)

whereq｡(t)denotestheconcretestresswhichisafunctionofthetimet(dby),O｡theinstantaneOuS

concretestressrightaftertheapplicationofaxialload,andconstantSαandγWeredeterminedby
thecurve一色ttingfromtheexperimentaldata.Figure5comparesthetestresultswiththecurves

givenbyEq.(1)withthevaluesofαand†listedinTabIe4･Thedataofconcretestresswere

obtainedbydividingtheloaddataofconcreteshowninFjg･4bytheconcretearea･Equation(1)

VeryWell丘tsthetestdata.

Thevisco-elasticmodelisexpressedby

両(り+g｡e(J)=¢｡(f) (2)

Wheree(t)ande(t)denoteconcretestrainanditsrate,reSPeCtively,ちYoung'smodulusofconcrete,

andTICOefficientofviscosity.Theeffbctofshrinkageisnotconsidered.SubstitutingE4.(1)into

E4.(2)leadstoadifftren丘alequation

巾(り+且｡∈(J卜句V(り=0

ThesolutionisglVenaS

(3)

e(り=買ぃα(トピーβり十(1一項叩イβ叫一昔))(4)

Whereβ=印･SubtractinginstantaneOuSStraino｡/ちhm句･(4)leadstotheexpressionforthe
Cr班pS血nE｡r,･aSfbllows‥
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Table4ValuesofmaterialconstantS

Specimenname α γ Ec(kⅣ研削2) ¶匪N･day/〝肌2) β(day-1)

CR-40-4.5 0.54 0.0265 17.12 1740.2 0.0098

CR-40-3.2 0.6
_
0.0237 17.12 2177.9 0.0079

CR-80-3.2 0.6 0.0192 17.12 2601.3 0.0066
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E｡r(嘩(α(1-β一βり+(1一項1f一雄′(1一昔))(5)
ThevalueofTIWhichbest丘ttedthetestdatawassought･Thecomparisonbetweenthetime-history

ofcreepstminedObtainedfromthetestandE4･(5)isshowninFig･6･ThevaluesofちandTllisted
inTab(es4areusedforthecalculationofec,byEq･(5)･Equation(5)wellestimatesthetest
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results,butshowsatendencytooverestimatethecreepstminasthedayproceeds･E4uation(4)can

bewritteninthefbrmof

e(り=買〈1+中(カ)
(6)

WhichindicatesthatYoung'smodulusofconcrete卑isreducedto卑(1+¢(t)1･Thevalueof¢(i)
isplottedfbrthecaseofCR-40-4.5inFig.7.
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3.BucklingAnalysisofCFrCompressionMemberAfftctedbyCreep

3.1Modelfbranalysis

BucklinganalysisisperformedforamodelofaCFrcompressionmemberoflengthlsubiected

toacompressionloadP,Whichconsistsofasteeltubeロー100xlOOx4.5and丘1ledconcrete.Table

5showsmaterialpropertiesandthevaluesofparameterSappearinginEq.(4),Whichareassigned

tothemodel.Itisassumedthattheconcretefbllowstherelationbetweenstmineandtimet(dby)

asgivenbyE4.(4),andtherelationbetweenstressGandstraineasgivenbyE4.(2).Thesteeltube
isassumedtofo1lowthestress-StrainrelationglVenaS

when醐≦0･5¢γ;¢脚∫e(f)ore(り=馨
wben醐>0加y;G∫(f)=Gγト竺謡〉ore(り=

0･25Eγ (7)

Whereqdenotessteelstresswhichisafunctionoftimet(勾y),O;yieldstressofsteel,F,Young's
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modulusofstecl,ande=G店.Inthestress-Stminrelationabove,theproportional1imitstressis

takenequaltoO･5?,,andahyperbolictypecurveisusedtoexpresstherelationintheinelastic

range.netangentmOdulusE,isderivedfromE4･(7)asfb1lows:

When G∫(り≦0･5¢y;ち=ち

wben¢ぷ(り>0加γ;g∫=4瑚1-¢川/¢y)2

Table5ValuesofmaterialconstantSfbranalysis

(8)

Specimenname α γ Ec【kN血椚2】 ¶【kN･day′〝肌2] Es【kN′仰乃2】勺【N′珊2】

CR-40-4.5 0.54 0.0265 17.12 1740.2 184.96 312.07

3.2Bucklinganalysis

ThenominalvalueofYoung,smodulusofconcretetdaysaftertheapplicationofaconstaJlt

axialcompressionload,reducedduetothecreep,isgivenby町(1+¢(t)1,aCCOrdingtoEq･(6),
andtheflexuralrigidityLUofaCFrmemberisgivenasfollows:

釘=(叫∫+(且りc=gfい丘｡ち (9)

whereIandIdenotethesecondmomentsofinertiaofsteelandconcretecrosssections,reSPeCtively.

Then,thebucklingstrengthofaCFTcompressionmtmbertdays血rtheapplicationofcompression

loadisglVenby

ちr(り=苧=酎捏現〉
(10)

Ontheotherhand,thebucklingstrengthcanbeexpressedbythestressgeneratedinsteeland

COnCreteCrOSSSeCtions,aSfo1lows:

ちr(J)=A∫q(f)+Ac¢c(り (11)

WhereAandA denotethecross-SeCtionalareasofsteelandconcretesections,reSpeCdvely.Suppose

nowthatthesteelstressreachesto?∫(t)attdaysandthebucklingoftheCFTmemberoflengthl

OCCurS,thenthestraine(t)intheCFTmembercanbedeterminedffomEq.(7).Basedonthe

assumpt10nthattheplaneremainsplanea氏erthedefbrmationtakesplace,theinstantaneOuSCOnC

StreSSO｡isdeterminedfromE4･(4)andthevalueofe(t),andthentheconcretestressoc(t)is
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determinedfromEq.(1).ThevalueofO(t)isindependendydeterminegfromE4･(6)･Thebuckling

strengthPc,(i)isthendeterminedfromE4･(11),andnnallysubstitutingthevalueofPcr(t)intoEq･

(10)leadstothedeterminationotmemberlengthl.

3.3Resultsofanalysis

Whenthedaytatwhichthebucklingoccursisasslgned,thecolumnbucklingcurvecanbe

drawnbyrepeatlngtheprocedureexplainedabovetodeterminethememberlengthlforaglVen

valueofthesteelstressGs(t)･Figure8showsseveralcolumncurvesfbrassigneddaysofthe

bucklingoccurrence.Intheordinate,Pc,isnon-dimensionalizedbyAsq,andLintheabscissa

denotesthenormalizedslendemessrati00fsteeltubeandequalto(uis)(Je!n),Whereisdenotesthe
radiusofgyrationofsteelsection･Eachcurveconsistsoftwoparts;theoneisforthebuckling

occumngintheinelasticrangeofthesteel,andtheotherisfortheelasticbuckling,bothcurves

showlnghypetbolicshapes･Sinceitisassumedthattheconcreteiselastic,andthecomibutionof

theconcretetothetota1loadcarrylngCapaCltyislarge,theshapeofthecurvefbrtheinelasticrange

ofsteelbecomessimilartothecurvefortheelasticbuckling･Dashedlineindic?teSthepolntOnthe

columncurveatwhichthebucklingoccurswiththeconcretestrainequalthevalueshown･Inthe

rangeOfsmallslenderneSSrati0,theconcretestressgoesupveryhigh(whenebecomesO･5%･Gc

becomes85.6州mm2),andthecurveinthisrangeisunrealistic.Itisobservedfromthecolumn

curvethatwhenthebucklingoccursmorethan50daysaftertheapplicationoftheload,thecreep

showsrathersma11efftctonthebucklingstrength,andalmostnoefftctonthecolumnbuckling

CurVeintheelasticrange.

Figure9showsthechangeinthebucklingstrengthandthesteelstresswiththe血et(ddy)

forthecompressionmemberswithuD=15and30,WhereDdenotesthewidthofsquaresteeltube･

Fig･8Columbucklingcurves



Creep Behavior of Concrete⊥Filled Tubular Memtx!rS
93

ChainlineanddashedlineindicatethebucklingstrengthP仏OandthestecIstresso/GOfthe

compressionmemberwhichbucklestdaysaftertheapplicationoftheload,reSpeCtively･Onthe

otherhand,SOlidlineindicatesthechangeinthesteelstressofthecompressionmembers叫ected

tothebucklingloadwhichiscalculatedontheassumptionthatthebucklingoccurs50(Or100)

daysaftertheapplicationoftheload･Solidlinethusintersectswiththedashedlineatthedayof50

(orlOO).ItisobservedfromFig･9thatthebucklingload(Chainline)doesnotvarymuChinthe

regionofmorethan50days,thecurveOfthesteelstressisveryflatandthechangeissmal1(dashed

line),andtheslopeofthesolidlineisstecperintheshortermember,butthediffbrenceinthecurve

forthebucklingoccurrenceat50daysandlOOdaysISrathersmall･
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4･CreepBehaviorofCFTFlexuralMember

4.1Experiment

ThecreepofaCFrflexuralmemberwasinvestlgatedunderlong-termflexura1load･The

crosssectionofacold-formedsquaretubewasロー100xlOOx3.2.DimensionsofabeamSpeCimen
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andmechanicalpropertiesofsteelandconcreteareShowninTables6and7,reSpeCtively･The

SPeCimenoflength300cmwassimplysupportedwiththespanOf260cm,andtwoconcentrated

lateralloadswereappliedbyweightsatthelocation95cmapart丘omthesuppqrts,aSShownin

Fig･10･TheweightoflO77･6kgcausedtheconcretestressnearlyequaltothehalfthedesign

Standardstrengthof20･6〃mm2･Measuredeverydaywerethedisplacementatthemid-pOlntOf

thespecimenrelativetothesupports,andthelongitudinalstminsontheupperandlowersurfaces

Ofsteeltubeat5locations;mid-pOlntandpolntS15and30cmapartfromthemid-POlnt･

Table6Dimensionsofspecimen

Specimenname
Spanl血gtb Tubethickness Tubewidth

(〝∽l) (椚椚) (研削)

BR-260-3.2 2600 3.02 99.98

Tab]e7Materialpropertiesofsteelandconcrete

Steeltube Concrete

Yieldstress Tbnsilestrength Younglsmodulus Elonga也on Compressivestrength

(抑∽椚2) (抑肌用2) (蛤〃研削2) (%) (N血椚2)【Age‥28days】

426.95 494.57 195.15 15.5 24.39
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4.2Testresults

Figurellshowsthetime-historyoflongitudinalstfainsarthetensipnandthecompression

extreme丘bersobtainedfrom5wirestraingauges.Thecreepstminsatthecompression丘bersare
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ShowninFig.12.Notethatthetensilestrainsgraduallydecreasewhilethecompressivestrains

increase,Whichindicatesthatthelocationofneutralaxismovesdownasthetimepasses.The

time-historyofdisplacementafrthemid-pOintofthebeamisshowninFig.13,.Whereagradual

increaseisobserved.
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Fig.13Time-historyofmid-POintdisplacement

4.3Analysisofcreepcoe爪cient

Therehavebeennoinformationaboutthecreepcoe爪cientofaCFTflexuralmember,and

thusitisanalyzedbytheage-a句ustedefftctivemodulusmethod[2],basedonthefbllowing

mathematicalexpressionofthetime-historycurveOfthemid-pOintdisplacementshowninFig.13,

8=臥798-(盲了も)0･255 (12)

Whichwasdeterminedbytheleastsquare丘ttingtotheexperimentaldata.Supposethatthestrain

distributiontdaysaftertheapplicationoftheloadisgivenasshownbythewhitetrianglesinFig.

14(a),andthestminandtcurvatureincreaseduetothecreepbythenextdaybytheamOuntOfeO

and叫,Withoutchangingthelocationoftheneutralaxis々｡,aSShownbythehatchedtrianglesin

Fig.14(a),Where中denotesthecreepcoefncient.Accordingtothestrainchange,thestress

ChangeFf中inthesteclandEieO/(l(1+LO)･*･坤econ?r鱒aregeneratedinthecrosssection,andthe

StreSSeSarenOtintheequilibrium.Unbala鳴edbendingmomentAMandaxialthruStANare

generated.ThenegativevalueoftheseunbalanCedresultantforcesareaPPliedtothecrosssection,

asshowninFig.14(C),inordertofulmltheequilibriumcondition,andthestressandstrain
distributionsareanalyzed,WhicharesuperPOSedonthecorrespondingstressandstraindistributions

ShowninFjg.14(a)and(b),tOObtainthesolutionfbrthe(t+1)thday.Theneutralaxiswhichis

newlydeterminedshi鮎downasshowninFig.14(d).Inthisanalysis,itisassumedthatthelinear

relationholdsbetweenthestressandthestrainafterthecreepoccurnng,thustheprlnCipleof
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superpositionholds,Young'smodulusofconcreteisreducedbytherati00fl/(1+¢),andthe

tensionstressinconcretelSlgnOred･TheefftctofshrinkageofconcretelSlgnOred･
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Fig.14Strainandstressdistributionsincrosssection

Oncethecurvaturedistributionisdeterminedf(Omtheprocedureabove,thedisplacementis

ObtainedbytheMohr'sprincipleasafunctionof¢.Thevalueof¢atthedaytisdeterminedby

equatlngthedisplacementtheoretical1ydeterminedinthepresentanalysistothetestdata,andthe

resultsareshowninFig.15.Itisobservedfromthe丘gurethatthevalueof¢att=100daysis

aboutO.08whichismuchsma11erthanthevaluefbranordinaryreinforcedconcretebeam.
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5.Conclusions

CreeptestsofCFTcompressionandflexuralmembersandthebucklinganalysisofCFT

COmPreSSionmembersafftctedbythecreepwereperfbrmed,andthefb1lowlngObservati0nsWere

made.
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TestsofCFrcompressionmembers:

1)Theamountofaxialcreepstrainisnotafftctedbythelengthofspecimen.

2)Thetime-historyofcreepstmincanbetracedbytheanalysisbasedonthevisco-elasticmodel

givenbyE4s.(1)through(5).
3)Thevalueofcreepcoefncient中Obtainedbytheanalysisismuchsmallerthanthatindicatedfbr

anOrdinaryreinforcedconcretememberintheliterature.

BucklinganalysisofCFTcompressionmembers:

4)Thebucklingstrengthcalculatedontheassumptionthatthebucklingoccurstdaysafterthe

applicationoftheloaddoesnotvarymuChifthedaytissetmorethan50days.

5)TheamountofaxialstresscarriedbythesteeltubedoesnotvarymuChregardlessofthedayof

thebucklingoccurrence.

TestofaCFrflexuralmember:

6)Theextreme丘berstrainsintensionandcompressionmeasuredatthesurfaceofthestecltube

gradual1ydecreaseandincrease,reSPeCtively,andtheneutralaxisshiftsdown,aSthetimepasses,

duetothecreep.

7)Thevalueofcreepcoemcient¢obtainedbytheanalysisbasedontheage-aqjustedeffective

modulusmethodismuchsma11erthanthatforanordinaryreinforcedconcretebeam.
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