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SIZE EFFECT ANALYSIS FOR SHEAR STRENGTH OF CONCRETE
BEAMS BASED ON FRACTURE MECHANICS
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Diagonal tension failure of concrete beams without web reinforcement is one of the most important
issues in concrete mechanics. The size effect in shear strength has been confirmed experimentally. In
the JSCE's standard specifications for the design and construction of concrete structures, a design
equation which takes into account the size effect is specified. However, with the increasing size of
modern concrete structures, the future will see huge concrete structures which exceed the range of
applicability of the specifications, and experimental verification will be substantially impossible. In
this paper, the size effect on the shear strength of concrete beams is predicted numerically by fracture
mechanics.
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1. NTRODUCTION

To predict the resistance to diagonal tension failure of reinforcedconcrete beams without web
reinforcement,numerousexperimentalinvestigationshavebeencarriedout aroundtheworld. Shear
failure is completelydifferentfrom flexuralfailure, in which a ductilefailuremode is exhibited.
shear failure is characterizedby a sudden andbrittle failureimmediatelyafter the propagationof a
diagonalcrack. Thisis the reasonwhyit hascaughttheinterestandconcernofnumerousresearchers
and engineers. However, it still appearsvery difficultto dealwith shear failureproblemspurely
theoretically.

In 1980, Okamuraand Higaiproposedthe macroscopicshear strength equation[1], that is now
knownas Okamuraand Higai.sequation. Theyproposedthis equationbased ona qualitativeand
elaborateconsiderationof the shear resistingmechanism. Consideringa free body of a reinforced
concretebeamwitha diagonalcrack,they dividedtheshearresistingmechanismjust beforethe shear
failureinto three components:(1)the aggregateinterlockingalongthe diagonalcrack;(2)the dowel
actionof longitudinalbars; and (3) the directshearresistanceofconcretein the flexuralcompression
zoneabovethe diagonalcrack. The remarkablefeatureof this equationis thatthe sizeeffect, thatis
thenominalshearstrengthis decreasingwithincreasingbeamsize,is incorporated.

with demandfor largeconcretestructuresgrowing,Shioyaet al.latercamiedout anexperimenton3-
meter-highreinforcedconcretebeamswithout webreinforcementand subjectedto uniformloading
[2]. Furthermore,Yokozawaet al. did experimentson 2-meter-highreinforcedconcretebeams
without web reinforcementand subjected to concentrated loading [3]. Based on these new
experimentalresults, Okamuraand HigaiTsequationwas updatedto incorporatethe size effectmore
directly[3]. This revisedequationis the basisfor thedesignequationstipulatedin thecurrentJSCE
StandardSpecifications.

In the ACI BuildingCode Requirements(ACI318),no attentionis paid to the size effectin shear
strengtheven in the 1989version [4]. Onthe otherhand,the CEB-PIPModelCodes,both in 1978
andin 1990,considerthesize effectin shearstrengthveryclearly[5][6].

Towhatextentdoes thesize affecttheshearstrengthin the case ofreinforcedconcretebeamshigher
than 3 meters without web reinforcement? Does the size effect in shear strength still remain
unhmitedly?Can currentdesignequadonsbe extrapolatedwithoutproblem? Whenwe considerthe
likelysize of concretestructuresin the future, it is virtuallyimpossibleto comeup with answersto
thesequestionsexperimentally.It maybe consideredthatany problemsrelatedto thesize effectcan
be coveredby includingsafetyfactors at the designstage. However, if the size effectcannotbe
evaluatedcorrectly,thesafetymarginmayproveinadequateasconcretestructuresgoon increasingin
size.

Ananalyticalapproach,ratherthanan experimentalmethod,is stronglydesired. Amongthe several
possibleapproaches,fracturemechanicsof concreteis consideredto be the mostpromisingway to
carryoutsizeeffectanalysis. Basedon thefictitiouscrackmodel,whichwasoriginallyproposedby
Hillerborg[7], the authorshavecarriedout sizeeffect analysisfor the shear strengthof reinforced
concrete beams. In this analysis, nonlinear rod elementsrepresentingthe concrete.s fracture
propertiesareincorporatedalongthefictitiouscrack surface. Accordingto the analyticalresults, it
has been found that the sizeeffectin shearstrengthrapidlydisappearsin hugereinforcedconcrete
beamshigherthan3 meters.
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2. APPLICATION OF FRACTURE MECHjNICS

2

i&In usual finiteelementanalysisto investigatethe formationof cracks, crackingis normallyjudged
basedon thestrengthcriterion. However,as a result ofdetailedinvestigationsof crackformation,it
hasbeendemonstratedthat theinitiationofmicrocracksin thefractureprocesszonein front ofa crack
tipandthe processof growthinto a macroscopiccrackmustbemodeledadequatelyand incorporated
intothe analysis. This meansthat thetensionsofteningbehaviorandthe fractureenergyof concrete
shouldbe consideredin the analysis.

The modelingof cracksin fracturemechamicstakestwo majorforms: thePctitious crackmodel and
thecrackband model.In thejictitiouscrackmodel,the sequenceofcrackformationis representedby
a local and macroscopicfictitiouscrack. The locationof the fictitiouscrackis predeterminedin the
analysis. In the crackband model, the locationof the crack does not need to be predetermined.
Duringthe crack formationprocess, thetension s.ofteningbehaviorand thefractureenergy of the
concreteareconsidered.

These two models have their own characteristics.Thefictitious crack modeltreats the crack as a
single discontinuitysurface. Althoughthis conceptis quite clear, pre-processingis requiredto
suitablydeterminethelocationof thefictitiouscrack. Ontheotherhand,in thecrackband model,the
crackis assumedto form uniformlywithintheelement. In this model,the locationof thecrackdoes
not needto be predetermined,but thereladonshipbetweenthe localizedvolumeof concretein which
cracking takes place and the fracture energy of the concrete must be consideredsystematically
throughouttheconcretestructurein question.

In this research,thePctitiouscrackmodelwasadopted. AlthoughthePctitiouscrackmodelassumes
that the actual crack formationprocess is very simple, the concept is clear and can easily be
incorporatedinto theanalysis.

2.2 FictitiousCrackModel

Thefictitious crack model was originallyproposedby Hillerbol.g[7]. The sequenceof crack
formationfromtheinitiationofmicrocracksin concreteundertensionthroughgrowthto development
into majormacroscopiccracks is modeledaccordingto tensionsofteningbehavior. The tension
softemingbehaviormeansthat,oncethetensilestressreachesthetensilestrengthofthe concrete,the
stressdecreasesas the fictitiouscrackincreasesin width. This behavioris representedby a tension
softeningcurve. Theareaenclosedbythe tensionsofteningcurvecorrespondsto thefractureenergy
of theconcrete(Fig. 1). Thefractureenergyis definedas theenergyrequiredto createa fullycracked
unit surfaceof concreteacrosswhichthetensilestresscannotbetransferred(Eq.(1)).

GF- I.wo
6dw

2.3 Use of Nonlinear RodElement

(1)

In applyingthejictitious crackmodel, the relationshipbetweenstressand crack width is generally
utilized. For example, in the analyticalmethoddescribedby JCIresearchcommitteeon fracture
mechanics[8],twonodesareprovidedalongthelocationof thefictitiouscrackandsecantstiffness
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analysisis carriedoutusingthelocationofthe cracktip as theinputdata. However,a moregeneral
formulationisconvemientfornormalincrementalfiniteelementanalysis.

In this analysis,a nonlinearrodelementrepresentingthe tensionsofteningbehaviorand the fracture
energyof theconcreteisinsertedbetweentwo nodesplacedat thelocationofthe fictitiouscrack[9].
using this rod element,it is possible to carry out normalincrementalanalysis. Furthermore,this
analyticalmethodcanbeextendedto thecasewhereaflexuralcrackanda shearcrackcoexist.

The tensionsofteningcurvehas been obtainedexperimentallybyvariousmethods[10]. There are
alsovariousproposalsfor numericalmodelsofthetensionsofteningcurve. In this analysis,the one-
fourth bilinearmodel (Fig. 2) is adoptedbecauseit is widely acceptedas the standard tension
softeningmodel.

Sincethe crackwidthw in thefictitiouscrackmodelcanbe convertedintoastrain(e=wn)by means
ofthelengthof therodelementl, thestress-crackwidthrelationshipcanbetransformedintoa stress-
strainrelationshipas follows:

- 60 -



(1)05;E <ep

J=ER.e

Et-2-ER

(2)Eps;E <e1

6 =ft-
0.75ft(E -ep)

g1-Ep

Et - 5E- - 9iZ3-ig1-ep

(3)Elf;e <Eo

6 =0.25ft
0.25ft(8- e1)

Eo-E1

Et-5g--9ueo-e1

(4)8o5; 8

cT=El=0

(2)

(3)

(4)

(5)

(6)

(7)

(8)

where, 81-9iZ5h, Eo=5h
ft.l ft.l

The length I of the rod element is assumed to be unity (l=1) in the analysis (Fig. 3). In theelastic
regionbeforethe tensnestrengthis exceeded(6<ft, E<gp), no crackis initiated. In this region, to
restrainelongationof therod element(correspondingto the crackwidth),an extremelyhighstiffness
is deliberatelysetfor therodelementCR =100E c ;E c is theelasticmodulusof the concrete).
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Fig.3 Stress-StrainRelationshipof aRodElement

- 61-



slipoccursalongthecrackpath V

i

(a) onlyrod elementsperpendicularto thecrackpath
areprovided

slipdoesnotoccuralongthe crackpathv

(b) rodelementsperpendicularandparallel
to the crackpathareprovided

Fig.4 TheOccurrenceof Slipalongthe FictitiousCrack
Pathand its Prevention

Numericalanalysisis executedbyincorporatingthe tangentialstiffnessof this rod elementinto the
totalstiffnessmatrix.2i4#
A shear crack which causes diagonal tension failure is chosenas the subject of this research.
Althougha shearcrackis supposedto haveModeII fracturepropertiesandto differfroma flexural
crackwith ModeI fractureproperties,it has beenreportedthatshearcrackscanbe treatedasModeI
cracksif the locationis properlychosen[11]. Thisis becauseevenshearcrackscannotsliderelative
to eachotherwithoutexhibitinganyopeming.Therefore,in thisanalysis.thefracturepropertiesofthe
shearcrackareassumedtobe equalto thoseofaflexuralcrack.

Accordingto analyticalresultswith onlyperpendicularrod elementsalongthepredeterminedcrack
path,slip occursalongthe assumedshearcrackpathfromthe verybeginmingof loading(Fig.4(a)).
Thedeformationshapeshownin Fig. 4 correspondsto the firstloadingincrementinthe analysisand
theappliedshearforceis lessthan 10%ofthe ultimateshearcapacity.Tomakethesituationclearer,
thenodaldisplacementsin Fig.4 areintentionallyamplified.

Becauseshear stiffnessalongthe cracksurfaceis completelyneglected,slip alongthe crackpath
occursas shownin Fig. 4(a). To preventslipoccurringas soon asthe loadingbegins,the stiffness
mustbeprovidedparallelto thecrackdirectionas wellasintheperpendiculardirection.

Thisstiffnessparallelto thecrackdirectionshouldreflectthefracturepropertyofconcrete
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Fig. 5 SchematicDiagramof OrthogonalRod
ElementsalongtheFictitiousCrackSurface

correspondingto the slip. At present, however, experimentalinformadonregardingslip failureis
qulte insufficient. In this analysis,therefore,anotherrod elementparauelto the crackdirectionis
placedin additionto the perpendicularrod element. The stiffnessof this parallelrod elementis
assumedto beequalto theelasdcshearmodulusoftheconcretebeforecrackopeningandis assumed
to becomecompletelyzeroafter crackopening. Theaimhereis to modelthe stiffnessas simplyas
possible.WhenexperimentalknowledgeonModeIIcrackinghasbeenaccumulatedandthe behavior
is fullyformulated,this simpleanalyticalmodelcanbereplacedbyamoreaccurateone.

Afteran, alongthe assumedshearcrackpath,perpendicularandalso parauelrod elementsare placed
(Fig. 5). By makinguse of theseorthogonalrod elementsalongthe shearcrackpath,slip alongthe
crackpathin the earlystagesofloadingcanbe completelyprevented(Fig.4(b)).

3--QgnIHEi2fBQA4BREbii&
2iJAnabtiGAiBfQ9SdBrE

The reinforcedconcretebeamschosenas thesubjectof this analysishaven. shear,einf.,cement. In
the analysis,the beamsareassumedto be simplysupportedand subjectedto two-pointconcentrated
loading, Taking advantageof symmetrywith respectto thecenterline, only half of the beam is
analyzed. In the finite elementanalysis,all concreteelementsexcept rod elementson the crack
surface are assumed to be linear elastic and are modeledby a three-node triangularelement.
Longitudinalreinforcingbarsareassumedto beelasto-plasticandarerepresentedby a two-nodetruss
elementloncrete nonlinearityis consideredonlyin the rod elements. Incrementalanalysisusing
enforceddisplacementat theloadingpoint asan input is executed. The Newton-Raphsonmethodis
usedto updatethetangentialstiffnessfortherodelementsat everyiteration.u*
In reinforcedconcrete beams which exhibitdiagonaltensionfailure when subjectedto shear force,
one large diagonalcrack is observed at failure. Actually,in additionto this large diagonalcrack
whichcauses shear failure, a numberof flexuralcracks alsooccurin thebeam. Therefore,to make
the analysis more realistic, we have to consider an analyticalmodel in which a shear crack and
flexuralcrackscoexist.
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Althoughit is not impossibleto placemultiplefictitiouscracksin the analyticalmodel,the opening
and closingbehaviorof thecrackshasto be representedanalytically.Forexample,the analysishasto
modela situationwhere,althoughtheopeningofa flexuralcrackprecedestheshear crack,the width
of theflexuralcrackdecreaseswith opemingand propagationof theshear crack To representsuch
openingand closingbehaviorof cracks, unloadingand reloadingpaths must beformulatedin the
softeningmodelof the concrete. Figure6 shows the unloadingand reloadingpaths adoptedin this
analysis. The tangentialstiffnessfor unloadingand reloadingis assumedto be equalto the elastic

stiffness of the concrete. Therefore,if the stress and strainat the unloadingpoint are 6i and 8i,
respectively,the stress-strainrelationshipin the unloadingand reloadingpaths can be written as
follows:

cT=Ui+Ec(E -ei) (9)

E t-2-Ec

4. NUMERICAL ANALYSIS FOR SHEAR STRENGTH

4 .1 Basic Procedure

(10)

The most importantpoint in applyingthefictitious crackmodelis to determinethelocationof the
crackadequately.The locationof actualcracksvariesremarkablydependingon variousfactorssuch
as loadingconditions(distributedloadorconcentratedload),supportconditions,bond characteristics
of the longitudinalbars, degree of anchorage,concretestrength,and so on. Ultimately,a non-
reproduciblecrackwill causeexperimentalscatterin the shear strength. Althoughit is veryhardto
predictthe loc.ationof cracksaccurately,it is notvery difficultto roughlyevaluatea rangefor the
location,theinchnationangle,andthecrackshapeif experimentalresultsareusedforreference.

Wedeterminethe locationand inclinationangleof the shearcrack as follows. Withinthe roughly
evaluatedrange,thelocationandinclinationanglearevaried. Thelocationandinclinationangleat
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which the shear resistance is a minimumare selected. The shape of the shear crackis basically
assumedto be asinglestraightline. However,to simulateactualbehaviormoreclosely,i.e. theshear
crackbecomingflatterwhen it approachesthe loadingpoint, a bilinearstraight linemodel for the
shear crackis alsoexamined. Furthermore,to makethe analysismore realisticin the bilinearshear
crackmodel,a flexuralcrackis alsotakeninto accountaccordingto 3.2. In thiscase, thelocationof
the flexuralcrack is assumed to be at the span centerand the crack surface is considered to be
perpendicularto thebeamaxis. The shapeof thisflexuralcrackis fixedthroughouttheanalysis.4i2*
The finite element mesh discretizationused in the analysis is shown in Fig. 7. The shear span -
effectivedepth ratio, a/i, is fixed at 3.0. The width of the beamis 10cm,and the height and effective
depth of the beamare 12.5 cm and 10 cm, respectively. The reinforcementratiois set to 2.0 %. The
tensile strength, Young's modulus, and fractureenergy of the conc1.eteare 3.0 MPa, 0.3 x 105MPa,
and 100 N/m, respectively. The yield strength and Young's modulus of the reinforcingbars a1.e400
MPa and 2.Ox105 MPa, respectively. These valuesare not changed throughoutthe analysis. The
dimensions of the reinforcedconcretebeams, the diagonalcrack parameters, and the results obtained
are shown in Table 1.

Table1 Dimensionsof Beams,Parametersof DiagonalCracks,
andAnalyticalResults

bw= 10cm,h= 12.5c7nd= 10cnW=3.OMPa, GF= 100Nm

Ec = 0.3x105MPa, vc= 0.2,pw=2.0 %jy =400MPa

Es = 2.0 x105MPa
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Fig. 8 Changein ShearStrengthwith
AssumptionsabouttheDiagonalCrack

Whenmodehg a diagonalcrackby a singlestraightline, theparametersin the analysisare only the
locationand inclinationangle of the assumeddiagonal crack. The locationof the crack can be
representedby the distancefrom thesupport point to the point wherethe crack intersectsthe lower
surfaceof the beam. The ratioof thisdistancex to theeffectivedepthd (x^d) is variedfrom0.5 to
1.5. As for the inclinationangleof the assumedcrack, the angle betweenthecrack and the beam
axis, 0, is variedfrom 35 to 45 degrees.

The variation in beam shear strength obtained from this analysis is shown in Fig. 8 (a) and (b).
Accordingto Fig. 8, it can be seen thatthe case ofx^d = 1.0 and 0 = 40degrees gives the minimum
shear strength, vc.
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Fig.9 RelationshipbetweenAppliedShear
StressandDisplacement

Figure9 showsthe relationshipbetweenappliedshearstress(= thenominalshearstress= V^(bwd))
anddisplacementoftheloadingpointfor thecaseofxJld= 1.0and 0 = 40 degrees. In this case,it is
foundthata stablesofteningpath is followedin thepostpeakregionbecauseof the relativelysmall
effective depth; i.e. 10 cm.

The nominalshear stresscorrespondingto the ultimateflexuralcapacityof the beam selectedfor
parametricstudyis 2.28MPa. Theuldmateflexuralcapacityis obtainedfroma calculationbasedon
the assumptionof an equivalentstress block. Thus, the failuremode of beams impliedby this
analysisis shearfailurepriorto yieldingofthe longitudinalbars,exceptin the caseofxJld= 1.0 and 0
- 45 degrees.

Althoughobtainedshear strengthfor x^d= 1.0 and 0 = 40 degreesis 1.62MPa,the valuepredicted
by the macroscopicshearstrengthequation(Eq. (ll)) is 1.48MPa, Thenumericalanalysisthus
gives a slightlygreatershear strength(= l.09 times) thanthe macroscopicshear strengthequation.
Thisis dueto certainsimplificationsin theanalysis,such astakingonlythe shearcrackintoaccount
andmodelingit as a singlestraightline. However,it is worthpointingout thatthe resultis not that
farfromthe predictionby themacroscopicequation. Althoughthe analyticalresultspresentedhere
areobtainedfroma simplifiedprocedurein whichmaterialnonlinearityistakenintoaccountonly on
the assumedcracksurface, this analyticalprocedureis applicableto predictionsofdiagonaltension
failureinwhichtheinitiadonand propagationofonepredominantdiagonalcrackcontrolthe failureof
the wholestructure.

4i3_JAB4dGdBBSBh*
As described,aslightlygreatershearstrengththanpredictedbythemacroscopicequationis obtained
whena singlestraightline crack is assumed. It is also known thatan actual shearcrack becomes
curvedand flatteras it propagatesinto the nexuralcompressionzoneof a beam. Thus,to makethe
analyticalprocedure more realistic, a bilinear crack is now adopted as the assumed crack.
Furthermore,for thesamereasons,a flexuralcrackat thespancenteris alsoadded.
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Fig. 10 Model ofBilinear Diagonal Crack

Table2 Parametersof DiagonalCracksandAnalyticalResults

Asshown in Fig. 10, for thestraightportionfrom thelower surfaceof the beamthe assumptionof
x^d= 1.0 and 0 = 40 degrees is applied. However,for the flexuralcompressionzone of the beam
abovethis straightportion,anotherstraightline is adopted. The parametersfor this secondstraight
line are theinitiadonpointof theline ( as representedby the heighty from thelower surfaceof the
beam ) and the inclinationangleof the line 02. The initiationpointof the second line, y, is varied
from 0.5 d to 0.9 d. The inclinationangle, 02,is alsovariedfrom 20 to 40 degrees.

The results are shown in Table 2 and Fig. I 1. These resultsshow that an initiationpoint of 0.7 d
and aninclinationangleof 30 degreesfor the secondstraightlinegive the minimumshear strength.
The shearstrengthwith thesevaluesis 1.37MPa. The shearstrengthis 15 %lowerin this analysis
thanin the case of a singlestraightline crackandno flexuralcrack. Sincethe shearstrengthis now
almost93 % of the valuepredictedby the macroscopicequation(1.48MPa ), theresult is closerto
theaverageof themacroscopicequation.

In conclusion, the accuracy of the shear strengthpredictioncan be improved by adoptingmore
realisticassumptionsfor thelocation,inclinationangle,andshapeof thefictitiouscrackandby using
bothashearcrackanda flexuralcrack. Figure12showstheopeningandclosingbehaviorofflexural
and shearcracks.
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Fig. ll Changein ShearStrengthwith
Assumptionsabout theDiagonalCrack

The analyticalnodaldisplacementsareintentionallyamplifiedin Fig. 12 to makecrackopeningand
closingbehaviormorevisible. The appliedshearforcecorrespondsto about50 % and95 % of the
maximumshearcapacity(i.e. the peakresistanceobtainedfrom analysis),respectively. Figure 12
alsomakesclearthat, at theshearforcecorrespondingto 50% ofthepeakresistance,onlytheflexural
crack opens and the shear crack is closed, while at the shear force correspondingto the peak
resistance,the shear crackdevelopsand propagatesbut theflexuralcrackwidthbecomesrelatively
smaller.

5R

Thenumericalanalysiscarriedout in Chapter4 givesa rough meansofdeterminingthe location,
inclinationangle,andshapeofadiagonalcrack. Thus,basedonthis informationaboutdiagonal
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Fig. 12 Opening and Closing Behaviol. OfCl-aCks
DependingonShearForce

cracking,thesizeeffectin shearstrengthis nowevaluatednumericany.Theresultingsizeeffectwin
be comparedwith the shear strengthequationsstipulatedin the JSCEStandardSpecificationsand
CEB-PIP Model Code 1990.

The shape and dimensionsof the reinforcedconcretebeamschosenas the subjectof thisnumerical
studyare shown inTable3 alongwiththe calculatedresults. Thesebeamsare geometricanySimnar
in twodimensions.Thesize of thefiniteelementsis alsoincreasedin a geometricallysimilarmanner.
Theheight of thebeamh is variedfrom10 cmto 10m. Figure 13is a comparisonof the analytical
resultswiththeshearstrengthequationsstipulatedin theJSCEStandardSpecifications(Eq.(11))and
CEB-PIP Model Code 1990 (Eq. (12)).

vc.JSCE = 0.20 (100pw.fc.)1/3 d-1/4 (1l)

vc.CEB = 0.15 (100pw.fc,)1/3 (1 +-) (12)

where, in theseequations, the shear strength, vc,and the compressivestrengthof concrete,j{ , are in
MPa unitsand the effectivedepth, d, is in m units. Sincethe compressivestrengthof concrete,fc I ,
is requiredinthese equations,it is calculatedfrom Eq. (l3) usingthe tensile strength,ft.
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Table3 DimensionsofBeamsandAnalydcalResults

bw= 10 cm,&= 3.OMPa, GF = 100Nm, Et=0.3x105MPa

fcr= 37MPa, pw=2.0 %,I,=400MPa, Es= 2.Ox105MPa

O=40 degrees, 02 = 30 degrees,x^4= 1.0, JVd= 0.7

shearstrength(MPa)
2 .0

i.6

1.2

0.8

0.4

0
0 2 4 6 8 10

effectivedepthof beam d (m)

Fig. l3 Size Effect in ShearStrength

i-o.27 Vc.)2/3 :MPa (i-0.58 Vcf)2/3 : kgf/cm2) (13)

As shown in Fig. l3, the analyticalresultsagreeverywell withthe JSCEequationin the regionof
effectivedepthd lessthan 1 m and agreewiththe CEBequationin theregionwhered is morethan
1 m. In Eq. (11), theshear strengthdecreasesmonotonicallywithincreasingeffectivedepth. On the
otherhand,in Eq. (12),the shearstrengthconvergesto a constantvalue. Thisis the majordifference
betweenthesetwodesignequadons.

Data to experimentallysupport the shear strengthequation stipulatedin the JSCE Standard
Specificationsare limitedto effectivedepthsup to 3 m, Wherethe effectivedepth, d, is morethan 3
m,thereisnoexperimentalsupportfortheequation.Asfarastheanalyticalresultsobtainedhereare
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N o . h (cm ) d (c m ) a (cm )
Vc.cal

Od P a)

V c. JSCE

P a)

V c. CE B

P ap a)

1 10 9 2 7 1.4 0 1 1 .5 2 3 1 ,5 5 9

2 50 4 5 l3 5 0 .9 4 0 1.0 1 9 1 .0 4 3

3 100 9 0 2 7 0 0 .83 7 0 .8 57 0 .9 2 1

4 30 0 2 7 0 8 10 0 .7 8 8 0 .6 5 1 0 .7 9 6

5 50 0 4 5 0 13 5 0 0 .7 6 1 0 .5 7 3 0 .7 5 8

6 10 0 0 9 0 0 2 7 0 0 0 .7 2 5 0 .4 8 2 0 .7 19
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concemed,it can be concludedthat the applicationof the JSCFs shear strengthequationto huge
reinforcedconcretebeamswith an effectivedepthof more than 3 m gives a conservativeresult land
theJSCETsshearstrengthequationvirtuallyunderestimatestheactualshearstrength.

Figure l4 shows the obtainedstress distribution in perpendicularrod elements at peakresistance
alongthe assumeddiagonalcrack. To makethe comparisoneasy, the locationof the rodelementsis
normalizedby the heightof the beam. Accordingto Fig. 14, withinthe regiolmf theeffectivedepth
up to 1 m, the rod elgmentin which thestress reachesthe tensilestrengthof the concreteis located
fromthethird to the fifthlayerabovethelowersurfaceof thebeam, androd elementsbelowthis rod
elementare in the tension softeningregion. However,the stressdistributionamongperpendicular
rodelementsin reinforcedconcretebeamswithan effectivedepth greaterthan3 m is almostsimilar;
when the stress in the lowest rod element reaches the tensile strength of the concrete, the beam
exhibitspeakresistance. Thissuggeststhedisappearanceof thesize effect.

In the diagonaltensionfailureof reinforcedconcretebeamswithoutweb reinforcement,as wellas in
the flexural failureof plainconcretebeams,suddenand brittlefailure occul.SWhenthestol'edstrain
energy in the beamat the peakexceedstheenergy requiredLocause shear failul.e.In this case, the
decl.easein shearstrengthdueto theincreasein beamsi7Jedocsnot becomesignificant.

6. CONCLUSIONS

In this research wol.k,the size effect in the shear sLl.CngLhof rcinlbl.CCdconcl.CLcbeams without web
reinforcement has been numel.icallyevaluated using an app1.Ouchbased on fractu1.Cmechanics of
concl.eta. The conclusions reached can be summarized as fouows:
(1) By p1.OVidingrod elements pal.allel to the fictitious cl.aCkdi1.eCtionil-ddiLion LOI.OdelcmenLS
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perpendicularto the fictitiouscrackdirectionincorporatingthefracturepropeItiesoftheconcrete,slip
alongthefictitiouscrackcanbepreventedasloadingbegins.
(2) Changingthe location and inclinationangleof the diagonalcrackallowsan analyticalmodel
correspondingto the minimumshear resistanceto be determined. Furthermore, assuming the
coexistenceofa flexuralcrackanda diagonalcrackmakestheanalysismorerealistic;in thiscase, the
diagonalcrackis changedfromasinglestraightlinetoa bilinearline.
(3) Aparamedicstudyconfirmsthatthe coexistenceof a flexuralcrackand adiagonalcrackand the
bilineardiagonalcrackmodelgivea morerealisticanalyticalresult.
(4) On the basis of this analyticalmodel,a parametricanalysisfor geometricallysimilarbeamsfor
sizeeffectshowsthatwhentheheightof thebeamis lessthan l m,theobtainedshear strengthagrees
well with predictions by the design equation stipulated in the JSCE Standard Specifications.
However,for huge beamsof heightmore than 3 m,the size effectpredictedby the JSCEequation
disappearsandthesizeeffectismorelikethatpredictedbythe designequationin theCEB-FP Model
Code.

(5) From aninvestigationof stressdistributionin theperpendicularrod elementsat peakresistance,
hugebeamsof heightmorethan3 mare observedto failin shearbeforetensionsofteningof concrete
alongthediagonalcrackoccurs.
(6) Considering these findings, it can be concludedthat the sizeeffect in the shear strengthof
reinforcedconcretebeamswithoutweb reinforcementgraduallydisappearsas beamheightincreases.
Sincethedesignequationstipulatedin the JSCEStandardSpecificationshas sufficientexperimental
backing,the accuracyofits predictionsis goodwithintherangeof theexperimentaldata. However,
the designequationmay underestimatethe shear strengthwhenthe heightof a beamis outsidethe
rangeofexistingexperimentaldata.

In this researchwork, theprobleminvestigatedwas restrictedtoreinforcedconcretebeamssubjected
to concentratedloading. However, it is also possible to extend the analysis to more reahstic
problems, such as reinforcedconcretebeamssubjectedto uniformloadingor axial loading, by
changingthe analyticalboundaryconditions. Extensionof theanalysisto suchproblemsis planned
as future work.
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