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Anon-IinearfiniteeIementmethodofanalysiswasusedtopredictthebehaviou「ofreinforcedcon･
cretebeams・Specialconsiderationwaspaidtotheassumptionsonchangeinstiffnessofconcrete
duetocrackingandbond,TheresuItswerecomparedwithIestresultsThemethodofanaIysisused
appearedtopredictthebehaviourofthebeamssubjectedtoshearandbendingintermsofpattern
andp｢opagationofcracks,ｍｏｄｅｏｆｆａｉＩｕｒｅａｎｄｔｈｅｓｈｅａｒａｔｔｈｅｆaiIure

ＲＥＳＵＭＥ

Ｌ'6tudeducomportementdespoutresenb6tonarm6estfaitearaided,uneanalysenonIin6airepar
lom6thodedes616mentsfinis､Leshypoth6sesconcernantIeschangementsdeIarigidit6dub6ton
duesa1afissurationetaradh6rencesontconsid6r6esavecsoin、Lesr6suItatsanalytiquesetexp6ri‐
mentauxsontcompar6s､EnappIiquantIam6thoded6crite`onpeutpr6direIecompo｢tementd'une
poutresoumise3IafIexionetaucisaiIlemenLOnpeutpredirelaformationetIapropagationdes
fissuresainsiqueIemodede「uine．

ＺＵＳＡＭＭＥＮＦＡＳＳＵＮＧ

ＥｉｎｅｎｉｃｈｔｌｉｎｅａｒeFiniteEIementeBerechnungwirddurchgefDhrt,umdasVerhaItenvonStahlbeton‐
baIkenzuunte厩uchen.、enAnnahmenOberSteifigkeitsiinderungeninfolgeReissendesBetonssowie
VerbundwirdbesondereBeachtunggeschenkt.、enErgebnissenwerdenVersuchsresuItategegenDber･
gesteIIt･DieverwendeteMethodegestattetdieVoraussagedesVerhaItensvonBaIkenumerBiegung
undOuerkraft･Insbesonderek6nnendasRissbiIdunddieRissentwickIungsowiedieArtdesVersagens
verfolgtwerden．
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1．INTRODUCTION

１．１Natureoftheproblem

Theplasticbehaviordemonstratedbybeamsfailingunderthelnfluenceofbending
andsheariscomplexanddiverse，becauseitisaffectedbyabroadvariationin
9eometFyofbeams，dist7ibutionofrelnforcingsteelandboundaryconditions・
ForconfidentapplicationofplastictheoWinforlnatlonlsdesirablｅｆｏｒｔｈｅｂｅ－
ｈａｖｉｏｒｏｆｂｅａｍｓａｔｖａｒｉｏｕｓｓｔａｇｅｓｏｆｌｏａｄｉｎ９・Thefiniteelementanalysesare
onewayofprovidm9usefulinformation、However，theideallzatlonfortheknown
lnelasticbehaviorofconcreteandagradualdestructionofbondbetweensteel
andconcretetobｅｕｓｅｄｉｎｓｕｃｈｍｅｔｈｏｄｓｏｆａｎａｌｙｓｉｓｉｓstillintheprocessof
development、

１．２Scope

AnattemptwasmadebyaparallelstudyofanalysesandtestsforT･efinelnentfor
themethodofanalysisandbetterunderstandingofthebehaviorofthebeams･A
non-1inearfimteelementmethodofanalysiswithseveralassumptionswasusedto
predictthebehaWorofbeamswithrectangularcrosssection，containingflexural
reinforcementonlyandsubjectedtobendingandshear・Thepredictedresults
werecompareｄｗｉｔｈｔｅｓｔｒｅｓｕｌｔｓ．

2．FINITEELEHENTNODEL

2､１Non-1inearanalysis

Thefiniteelementprogramusedforthisstudywasatwodimensionalprogram
whichwasapaT･tofageneralnon-1inearanalysisprogramreferredasCOHPOSITE
IIIanddevelopedbyKokubu，YamadaandSakurai(1)．Inthistwodimensional
analysisprogramconventionalconstantstraintriangularelementsandtruss
elementsareused･Non-1inearbehav10risidealizedbypiece-wiselmearanaly-
sisandmodificationofstiffnessofelementsaccordin9tostressorstraincon-
ditionsasappropriate･Theinclrementsforappliedloadscanbeprescribedto
anyrequiredmagnitudeincludin9zero･Ｎｈｅｎｔｈｅｌｏｓｓｅｓｏｆｓｔｒｅｓｓｅｓｏｃｃｕｒｉｎan
elementduetocrackin90rcrushIngofconcrete，theelementstressesaretrans-
fonｎｅｄｉｎｔｏｎｏｄａｌｆｏｒｃｅｓｆｏｒｔｈｅｎｏｄＢsconnectedtothatelement・Ｉｎｔｈｅｎｅｘｔ
ｌｏａｄｌｎｃｒｅｍｅｎｔ，after、odificationofthestiffnessofthatelementasrequired，
thecalculatedsetofthenodalforcesisappliedtothestructure･Ｔｈｕｓｔｈｅ
ｒｅｌｉｅｆｏｆｓｔｒｅｓｓｅｓｉｎｔｈａｔｅlementandredistributionofthosestressestothe
neighborlngelementsareapproximated･

Fourassumptonsweremadeforthisstudy・Thoseａssumptionsconcemed：
(1)stlffnessofconcrete，（２）failu7ecriterionforconcrete，（３）changein
stiffnessduetocracking，ａｎｄ（４）bondbetweensteelandconcrete．

2.2Stiffnessofconcrete

ThematerialstiffnessmatrixisdefinｅｄｂｙａｓｈｅａｒｍｏｄｕｌｕｓＧａｎｄａｂｕｌｋｍｏｄｕlus
Kinthlsflniteelementpro9ram・Ｔｈｅｔｗｏｍｏｄｕｌｉｕｓｅｄｆｏｒｔｈｉｓｓｔｕｄｙwere
fdenticaltothetangentmodulｉ９１ｖｅｎｂｙＫｕｐｆｅｒｅｔａｌ･ｆｏｒｅａｃｈｌｏａｄｉｎｃｒｅｍｅｎｔ・
IfthemoduliGandKaretransformedｉｎｔｏｔｈｅｍｏｄｕｌｕｓｏｆｅｌａｓｔｉｃｉｔｙＥｆＯｒａ

ｃaseofuniaxialcompression，theresultingstressstrainrelationshipisas
indicatedinFi９．１．１fcrackingoccurintheconcreteelement，ｔｈｅｐｒｏcedure
ofthissectionisover-riddｅｎｂｙｔｈｅｐｒｏｖｉｓｉｏｎｇｉｖｅｎｉｎＳｅｃｔｉｏｎ２．３．
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2.6Structuralmodel

Thestructuralmodelusedforthisaｎａｌｙｓｉｓｉｓａｎｉｄｅａｌｌｚａｔｉｏｎｏｆａｂｅａｍwith
Vでｃｔａｎｇｕｌａｒｃｒｏｓｓｓｅｃｔｉｏｎｌ５ｃｍｉｎｗｌｄｔｈ，２５ｃｍｉｎｄｅｐｔｈａｎｄ２１０ｃｍｉｎｌｅｎｇｔｈ、
ThedIstancebetweenthecompressiｏｎｓｕｒｆａｃｅａｎｄｔｈｅｃｅｎｔｍｉｄｏｆｔｈｅｆｌｅxural
relnforcement，oreffectivedepth，ｗａｓ２２ｑｎ･Thebeamwassimplysupportedand
subjectedtotwosynunetricalconcentratedloads・Thedlstancebetweenthepoint
ofapｐｌｉｃａｔｉｏｎｏｆｔｈｅｌｏａｄａｎｄｔｈｅｓｕｐｐｏｒｔ９ｏｒｓｈｅａｒｓｐａｎ，ｗａｓ６６ｃｍＴｈｅｆｉｎｌｔｅ
ｅｌｅｍｅｎｔｍｅｓｈｌａｙoutandtheboundaYycondltlonsareshownlnFi９．３．

Ｖ

ＦＩＧ､３FINITEELEHENTIDEALIZATION

3．CONPARISONOFPREDICTEDANDOBSERVEDBEHAVIOR

3.1Ｌｏａｄｉｎｇ

Ｔｈｅｌｏａｄｌｅｖｅｌ，oraPPliedshearwasexPressedasfractionsofVflex，whereVflex
lsacalculatedshearwhichwouldcauSeflexuralfailure・Nhentheconcrete
stren9thwas27Npａａｎｄｔｈｅｙｉｅｌｄｐｏ１ｎｔｏｆｔｈｅｆｌｅｘｕｒａｌreinforcementwasequal
to400Npa，ａｎｄｗｌｔｈｔｈｅａｍｏｕｎｔｏｆｆｌｅｘｕｒａｌｒｅｉｎforcemeｎｔｅｑｕａｌｔｏｌ１．６cm2con-
sistingof3-022mbars（３percentofsteelratio)，ｔｈｅｓｈｅａｒＷＩｏｘｗａｓｌｌ５ＫＮ・
Ｔｈｅｌｏａｄｓｗｅｒｅａｐｐｌｌｅｄｌｎｌ６ｓｔｅｐｓ，ｏｒｗｉｔｈａｎｉｎｃｒｅｍｅｎｔｏｆｑＯ４４Ｖｆｌｅｘ・

Theprogressivepropagationofcraｃｋｓｍａｙｎｏｔｂｅｐｒｅｄｌｃｔｅｄｉｆｔｈｅｅｘｔｅｒｎａｌｌｏａｄｓ
ａｒｅｋｅｐｔｔｏｉｎｃｒｅａｓｅａｔｅａｃhincrementofanalysis，becauseoftheprovisionused
forthisanalysｉｓｌｎｏｒｄｅｒｔｏｔａｋｅｉｎｔｏａｃｃｏｕｎｔofredlstributionofstressesdue
tocrushingandcrackingofconcreteａｓｓｔａｔｅｄｉｎＳｅｃｔｌｏｎ２､１．Aparticular
analysisconcerningthisproblemlstobereportedinSect１０，３．７．

３．２Cracking

Develop噸ｎｔｏｆｃｒａｃｋｓｗｉｔｈｉｎｃｒｅａｓｉｎｇｌｏａｄｉｓｓｈｏｗｎｉｎＦｉ9.4fortheapplled
sheaT・equalｔｏ０．１８，０．４４ａｎｄｏ､５３ＶｊＩoｘ、Cracksaredenotedbyoutlinin9the
triangulareleInentswher宅ｃｒａｃｋｉｎｇｗａｓｐｒｅｄｉｃｔｅｄＤａｎｄｂｙｌｌｎｅsrepresentingthe
directionsofthecrackslnthosedlagrams･F1exuralcracksinthetensionsur-
ｆａｃｅｏｆｔｈｅｂｅａｍｗｅｒｅａｌｌｏｗｅｄｔｏｏｃｃｕratonlyprescrlbedlocationsasexplained
inSection２．５．ＡｔａｓｈｅａｒｅｑｕａｌｔｏＯ､４４ＶfIexinclinedcracksappearedabove
theflexuralcracksinasectionaboutthebeameffectWedepthawayfromｔｈｅ
ｐｏｉｎｔｏｆａｐｐｌｌｃａｔｌｏｎｏｆｔｈｅｌｏａｄ，ａｔａｂｏｕｔｔｈｅｍｉｄｄｌｅｏｆｔｈｅｓｈｅａｒｓｐａｎ，ａｎｄｉｎ
ａｓｅｃｔｉｏｎａｂｏｕｔｔｈｅｅｆｆｅｃｔｉｖｅｄｅｐｔｈａｗａｙｆｒｏｍｔｈｅｓｕｐｐｏｒｔａｎｄａｔａｌevelabout
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ｏｎｅｔｈｉｒｄｔｈｅｂｅａｍｄｅｐｔｈｆｒｏｍｔｈｅｔｅｎsionsideofthebeam･Thosecrackswereto
increaseinnumｂｅｒａｔｈｉｇｈｅｒｌｏａｄｓＤｂｕｔｔｈｏｓｅｉｎｃｌinedcracksremaineddisconnect-
edfromeachother･Longinclinedcracksobservedinbeamtestswelnenotpre-
dictedbythisanalysis・ＡｔａｓｈｅａｒｅｑｕａｌｔｏＯ､５３VJIGx，crackin9werepredicted
inextenｓＷｅｐｏｒｔｉｏｎｏｆｔｈｅｔｏｐｓｕｒｆａｃｅｏｆｔｈｅbeam･Ａｔａｓｅｃｔｉｏｎａｂｏｕｔｔｈｅｂｅａｍ
effectivedEpthawayfromthepoiｎｔｏｆａｐｐｌｉｃａｔｉｏｎｏｆｔｈｅｌｏａｄｔｈｅｕｎｃracked
portionofconcretewassignificantlyreducedduetodevelopmentofinclined
cracksdevelopingfｒｏｍｔｈｅｆｌｅｘｕｒａｌｃｒａｃｋｓａｓｗｅｌｌａｓｃｒacksdevelopedontop
surfaceoftheｂｅａｍ．

Ｖ＝０．１８Ｖｆｌｅｘ
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3.3StresstrajectoTy

ＡｔａｓｈｅａｒｅｑｕａｌｔｏＯ､１８V3Iercrackin9was1ocallycontainedintheregionof
maxmummoment，ａｎｄｔｈｅｍｏｓｔｐｏｒｔｉｏｎｏｆｔｈｅｂｅａｍｒｅｍａinedelastic･Thecomp-
ressiveandtensilestresstrajectoriesindicatBdinFi９．４followedsmoothcuwes
whichresembledarchesandhan9ingarches・ＡｔａｓｈｅａｒｅｑｕａｌｔｏＯ､４４賂IQxthe
compressivestresstrajectoriesdomlnatedinthemiddlｅｏｆｔｈｅｓｈｅａｒｓｐａｎａｎｄｉｎ
ｔｈｅｃｏｍｐｒｅｓsionzonelnmidspansections･Ａｔａｈｉｇｈｅｒｌｏａｄｄｉｒｅｃｔｉｏｎｓｏｆｔｈｅ
ｔｒajectoriesflattenedinboththeupｐｅｒａｎｄｌｏｗｅｒｐｏｒｔｉｏｎｓｏｆｔｈｅｂｅａｍａｓ
apparentinthediagramfor０．５３Vflex，

３．４Crushingofconcrete

Thepredictedcrushingofconcreteｉｓｄｅｎｏｔｅｄｂｙａｍａｒｋｗｈｉｃｈｈａｓａshapeof
smallrhombusinFi９．４ｆｏｒａｓｈｅａｒｅｑｕａｌｔｏＯ､５３VCrushingwaspredicted
intwosectionsinthebeam，Thefirstsectionwaslocatedadjaｃｅｎｔｔｏｔｈｅ
ｌｏａｄｉｎｇｐｌａｔｅａｎｄｉｎｔｈｅｒｅ９ｉｏｎｏｆｔｈｅｍａｘｉｍｕｍｂｅｎｄｉｎｇｌｍｍｅｎｔ･Thesecondsect-
ionwassituatedaboutabeameffectivedeｐｔｈａｗａｙｆｒｏｍｔｈｅｌｏａｄｉｎｇｐｌａｔｅａｎｄｉn
thedirectionofthereducedmoment・Inthissectioncrushingwaspredictedin
thenarrowestpathforthecompressivestresstrajectories、

３．５Effectofbond

lfthegradualbreakageofbondbetweenreinforcingsteelandconcreteｗａｓｎｏｔ
ｔａｋｅｎｉｎｔｏａｃｃｏｕｎｔｉｎｔｈｉｓｍｅthodofanalysis，thepredictedcrackingandtra-
jectoriesareasindicatedinFig､５．Sincethereinforcingbarswererigldly
connectedtothesurroundingconcreteelements，ａｌｌoftheseconcreteelements
cracked．

Ｖ＝ｑ５３Ｖｆｌｅｘ

鍵諄鼠一・ ＝

FIG,５BEAMNITHCRACKINGALLONEDFORALLELENENTS

3.6Compressiveprincipalstress

Foramorequantitativerepresentaｔｉｏｎｏｆｔｈｅｓｔｒesstrajectoriesplotwasmade
inFi９．６forthedistributionofthecompressiveprincipalstressalongtheverti-
calcrosssectｉｏｎｏｆｔｈｅｂｅａｍｌｏｃａｔｅｄａｔ０．５４，１．１８，１．８２ａｎｄ２．７４ｔｉｍｅsthebeam
effectivedepthapartfroｍｔｈｅｐｏｓｉｔｉｏｎｏｆｌｏａｄｉｎｇａｎｄｆｏｒａsectionwithout
shear･Threecurvesineachsectionrepresentstressesforappliedshearsequal

to0.18,0.44ａｎｄ0.53VFlexresspectively・Atthelowestshearthedistributioｎ
ｏｆｔｈｉｓｓｔｒｅｓｓｗａｓａｓｅｘｐｅｃｔｅｄｂｙｅｌementarybeamtheor､y･However，ａｔｈｉｇｈｅｒ
ｌｏａｄｓｔｈｅｄｉｓｔｒｉｂｕｔｉｏｎｂｅcamemarkedlydifferent、Atthesectionclosesttothe
positiｏｎｏｆｔｈｅｌｏａｄａｃｏｎｃｅｎｔｒａｔｉｏｎｏｆｔｈｅstressoccurrednearthetopsurfacｅ
ｏｆｔｈｅｂｅａｍ・Incontrast，atthenextsectionmovedtowardthesupportthepeak
valueforthestressoccurredsomedistanceapartfromｔｈｅｔｏｐｏｆｔｈｅｂｅａｍ･Ａｔ
ｔｈｅｓｅｃｔｉｏｎｓｃｌｏｓｅｒｔｏｔｈｅsupportｔｈｅｄｉｓｔｒｉｂｕｔｉｏｎｉｓｍｏｒｅｕｎｉｆｏｒｍａｎｄｔｈｅｐｅａｋ
gradualyshifteddownward、Themannerinwhichthosestressesaredistributedis
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understandablebyreferringthepatternofcracking、

３．７Progressivepropagationofcracks

Ｓｏｆａｒｒｅｐｏｒｔｈａｓｂｅｅｎｍａｄｅｆｏｒｔｈｅａｎalyseswheretheexternalloadswere
increasedinincrementsateachincrementofanalysis･Ｉｎｏｒｄｅｒｔｏｐｒｅｄｉｃｔｔｈｅ
ｐｏｓｓｉｂｌｅｐｒｏgressivepropagationofcracks，ｏｎｅｓｅｒｉｅｓｏｆａｎａｌｙｓｉｓｗａｓｍａｄｅｗｈｅｒe
theexterna11oadwasnotincreasedafteritreached0.44ＶﾁIe汁Ｆｏｒｔhefollow-
in9incrementsofanalysistheloadsapp1iedtothestructurewereonlythose
resultingfromstressredistribution、Theresultsafterthreerepetitionsof
suchanalysesaremdicatedlnFi9.7．Theresultsdemonstratedthatacrack
propagatedalongtheflexuralreinforcementfromthebottｏｍｅｎｄｏｆａｎｉｎｃｌｉｎｅｄ
ｃｒａｃｋｔｏｔｈｅｅｎｄｏｆｔｈｅｂｅａｍｗｉｔｈｏｕｔａｎｉｎｃｒｅａｓｅｉｎｔｈeexternalloadwhenthe

app1iedshearreached0.44VPIeX．

Ｐ

FIG､６PREDICTEDDISTRIBUTIONOFCOMPRESSIVEPRINCIPALSTRESSESFOR

SHEAR０．１８，０．４４ＡＮＤｑ５３Ｖｆｌｅｘ
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FIG､７pREDICTEDpROGRESSIVEPROPAGATIOＮＯＦＣＲＡＣＫＳＡＬONGREINFORCING

BARSATASHEAR０．４４Ｖｆｌｅｘ
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3.8Ｆａｉｌｕｒｅｏｆｂｅａｍ

Ｉｎｔｈｅｂｅａｍｆａｉｌｅｄｉｎｔｅｓｔｔｈｅｉｎｃｌｉｎedcrackpropagatedalongthereinforcing
barsandattheseeminglysameinstancecrushingoccurredintheupperportionof
thisinclinedcracｋａｓｗｅｌｌａｓｃｒａｃｋｓｉｎｔｈｅｔｏｐｓｕｒｆａｃｅｏｆｔｈｅｂｅａｍ･Theshear
atfailurewasO､３９Vflex･Ｔｈｅmodeoffailul-eappearedtocoinci｡ewiththe
predictiondescribedinSectio、３．７ａｎｄｌｎｄｉｃａｔｅｄｂｙＦｉｇ､７．Thepredictioｎｆｏｒ
ｔｈｅｓｈｅａｒａｔｆａｉｌｕｒｅｗａｓ０．４４Ｖ子Iex，ｏｒl2percenthi9herthanthemeasured．

Theresultspredictedwithmonotonicallymcreasin9shearhigherthan０．４４VfIe〆
andreportedinSectio、３．２through３．６ａｒｅｐｒｏｂａｂｌｙｍｏｒｅｉｎｄｉｃａｔｉｖｅｆｏｒｔｈe
caseswherethepropagationofcrackalongflexuralreinforcementwasprevented
bysomemeasure･Ｆｏｒｔｈｅｌａｔｔｅｒｃａｓｅｓｆａｌｌｕｒｅｃｏｕｌｄｏcｃｕｒｄｕｅｔocrushin9of
concreteinthecompressionzoneatcrosssectionssomedistanceapartfromthe
pointofapp1iｃａｔｉｏｎｏｆｔｈｅｌｏａｄ･Thiscrushingmaybeattributedtothereduct-
ionindimensionofthepathforcompressivestresstrajectoriesduetodevelop-
Inentofflexuralandinclinedcracksandcracksｉｎｔｈｅｔｏｐｓｕｒｆａｃｅｏｆｔｈｅｂｅａｍ．

4．CONCLUSIONS

Theanalyticalandexperimentalstudyreportedherewasconcernedwitｈｔｈｅｓｈｅａｒ
ｆａｉｌｕｒｅｏｆｔｈｅｂｅａｍｓｗｉｔｈarectangularcrosssection，withoutwebreinforcement
andwherｅｔｈｅｒａｔｉｏｏｆｓｈｅａｒｓｐａｎａｎｄｂｅａｍｅｆｆectivedepthwasequaltothree･
IIithinthescopeofthisstudythefo11owin9conclusionsappearedrelevant、

１．Thefiniteelementmethodofanalysisusedhereappearedtopredicttheｂｅｈａｖ－
ｉｏｒｏｆｔｈｅｂｅａｍｓｆａｉｌｉｎｇｕｎｄｅrtheinfluenceofshearandbendinginteYmsof
crackpattern，ｍｏｄｅｏｆｆａｉｌｕｒｅａｎｄｔｈｅｓｈｅａｒａｔｆａｉｌｕｒｅ，ifadequateconsiderat-
ionsaremadeforbondbetweenflexuralreinforcementandconcrete，criterionfOr
crushingandcrackingofconcrete，andpro9ressivepropagationofcracksbythe
proceduregiveninthisstudy，
２．Thesuppressionofoccurrenceofflexuralcracksatprescribedlocationsused
inthisstudyisaconvenientpracticetosubstituteadifficulｔｂｕｔｖｅＩ９ｙｉｍｐｏｒｔ－
ａｎｔｐｒｏｂｌｅｍｏｆｉｄｅａｌｉｚｉｎｇｔhenon-uniformbondbetweensteelandconcrete、
３．Ｔｈｅｆｉｎｉｔｅｅｌｅｍｅｎｔｍｅｔｈｏｄｏｆａｎａｌｙｓisusedinthisstudyenabledpredictionof
progressivedevelopmentofcracksalongtheflexuralreinforcｅＩｎｅｎｔｎｅａｒｔｈｅｆａｉｌ－
ｕｒｅｌｏａｄｂｙａｆｅｗｉｎcrementsofanalysiswheretheexｔｅｒｎａｌｌｏａｄｗａｓｓｅｔｅｑｕａｌｔｏ
ｚｅｒｏａｎｄｏｎｌｙｔｈｅｆｏｒｃｅｓｒｅｓｕｌｔｉｎ９ｆｒｏｍｔｈｅｓtressesreliEvedfromconcrete
elementswhichfailedwereconsidere｡．
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