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During the Hanshin-Awaji Earthquake, catastrophic shear failure accompanying plenty of diagonal shear
cracks was experienced in RC structures and bridge piers serving transportation facilities. In this paper, shear
capacity and ductility of RC columns in the post-yield range of longitudinal reinforcement are discussed for
seismic-resistant-design. First, the shew failure of large-scale RC columns is computationally simulated for
an understanding of the mechanism of shear collapse of bridge piers. FEM computational results on ductility
are compared with the experiments and a parametric study is conducted concerning factors that affect the
post-yield deformability of RC columns. Finally, a simple formula for ductility is presented for summarizing
the sensitivity of influential factors.
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a
mrough the irNeStigationof RC columns for bridge piers that failed in the Hanshin-Awaji
Earthquake",two kindsof typicaldamageswerefound to have occurredin columnswith different
dimensionalfeatures. For colurrmswith a smaller sectionand a large span-to-depthratio, large
defomation is thoughtto followtheyieldingof mainreinforcementaccompanyingresidualnexurai
crack opening(Fig. ia). But no catastrophiccollapse occurredin his kind of RC colurrm.me
colurrmswereable to supportthe super structureand continuedto serve as bridge piers. This is an
importantPOintin view of he maintainingtransportationcapabilities.7be repair of RC columns
damagedinnexural modewas not verydifficultin practice.

The other kind of damagewas unstableand britde catastrophicshear failure. Thereare manyRC
pierswih comparativelysmallershearSPan-tO-depthratio,largersections,smallmainreinforcement
ratios and much small web reinforcementratios. After die eWhquake, shear cracks were clearly
observedin hese columns(Figoib). It seemsthat theseRCcolumnswih diagonalshearcTaCk$lose
heir load-carryingcapabilityirr-ediately upon8heaTfailureandsuddenlystop actinga8bridgepiers.
This kind of collapse is generallydangerousand should be avoided eve=lin he case of S&ong
eaThquakesthatexceedexpectations.a dlispaper,die ShearCOllapsemechamimanddtaetilityof RC
colurrmin &e post-yieldrarlge Ofreinforcementare discussedaEldnumericanysimulated'for aEi
understandingof he reducdonin intrinsicshearcapacityasSoeiatedwih deformation.

Fig.1a Flexuraldamageafteryieldingofmainreinforcement

AR

Fig. 1b Damagedcolurrnwidldiagonalshearcracking

Constitutivemodelshave been proposedfor simulationof RC memberbehaviorusing the finite
elementmethodfor engineeringpurposes2),based on the smearedcrack approachappliedto finite
control domains including distributed fixed multi-direcdonal cracks. Here, ali stress-Swain
relationshipsare indicatedin terms of the spatial averagestress and averageswainof concreteas
definedin fhite elements. This chaptersimply surf-arizes the model used in the Shearanalysis,
sincereference(2) offershll details.

a) crackedconcretemodelinRCzone3)

ne reinforcedconcretemodelis constructedby combiningtheconstitutivelaw forconcrete.andthat
forreinforcingbars (Fig.2).Theconstitutivelaw adoptedfor thecrackedconcreteconSistSof tension
stifhess, compression,and sheartransfermodels.
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Once cracks are generatedin the concrete,
anisotropybecomessignificant,so the stress-
strain relationship takes on an orthogonal
anisotropyalong the crack direction. The
stress-strainrelations are modeledby being
decomposedin directionsparallel to, along
andnormaltocracks,respectively.

Owing to bonding action betweenconcrete
andreinforcingbars, theconcretecontinuesto
supportsomeof the tensile force even after
dispersedcracksoccurin reinforcedconcrete
zones.Totakeintoaccounttheeffectsofbond
on RC deformation,the relation between
averagestressand averagestrainof concrete
is given as a macroscopictensionmodel for
cracked concrete. This tension model
mechanicallydescribeshowthe tensilestress
is transferredfrom steelbars to the concrete
beyondhe cracksby bond.
Thisconstitutivelaw for reinforcedconcrete,
which derives from a control volume
consisting of a 30-50 cm sized concrete
element with disbibuted cracks, is
independentof crackspacingowingto the
trade-off mechanism between bond
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Fig. 2 Crackedconcrete model in RC zone4)

deterioration zones and their developed
length5).It is verifiedthat in thecaseof normalconcreteandtwo-wayreinforcementwitha ratioover
0.1%to 2%, this consdtutivelaw is independentof the size of thecontrolvolume,unliketheplain
concretecase.Thiscrackedconcretemodelis rathersimple,as themeanbehaviorofcrackedconcrete
is unrelatedto thecrackspacing,theorientationof reinforcingbars, andreinforcementrado andhas
no size sensitivity5).

ThesheartransfermodelofcrackedconcreteinRCisbasedonthecontactdensityidealization6).

It wasmathemadcal1yandexperimentallyprovedthattheshearstifhessof thecrackedconcretezone
is not affectedby thecrackspacingand density3),5).Thismeansthereis anelement-sizeinsensidvity
of shearbehavioralongcracksin RCzones.

b) Effecdvesize of RCzone

We cannot expect a mean stress transfer via bonding zmund certain parts which contain no
reinforcementand which are not reachedby the tensionstifhess mechanism.It is proposedto
separatethe wholestructuralvolumeinto RC zone andplain one andthe effectivesizeof RC zone
wasdiscussedasoneof influentialfactorsforsizeeffectcompuadon2).The sizeof theRCzonein the
analysisdomainhas an effectnot only on the stifhess of a memberaftercracking,but alsoon the
failuremode, whichmay changefrom shear to flexureas the size of the RC zone increases.The
mechanicalfeatures of reinforced/plainconcretezomingas they relate to the volume of crack
propagationstabilitywas investigatedby the authorswith respectto the size effectin the shear
capacityofRC membersbeforeyieldingof the longitudinalreinforcement2).Thispaperaimsat the
samediscussioninviewof thepost-yieldbehaviorofRCmembersinshear.
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Weproposethatsizeof theRCzoneisassociatedwiththetensionstresstransfermechanismresulting
from bondingcharacterisdcs,as mendonedin theprevioussection.h the criticalcaseas shownin
Fig.3,if areinforcedconcretemembersubjectedtotensioncontainsa smallamountof reinforcement,
the reinforcingbars czlOSSingthe crackmay9eld just aftercrackingand mostinelasticdeformation
willbe rootedin the solecrack. Thisis a criticalissuecan adequatecrackcontrolbe assuredwhen
thereare severalcracksbe obtained. For a certainsteelbar, the ma3dmumsizeof the reinforced
concretezonewithinwhichstablecrackscandevelopis,

(1)

yielding

Acmax =
As.I,

I,

where, As : area of steel bar, ^cw : maximum area of bond effective zone in concrete,fy
strengthofsteelbar. h a two-dimensionalcomputation2),it wasproposedusingtherelahonforRe
zonedepthgivenin Figs andthefollowingsteelbardiameter:

hw-f.db. I ,

i (2)

where,h maxis the depthof the RC zone and we haveAcnw- hmar2,dbaSthe diameterof reinforcing
bar.

Thisformuladescribesthecasewheretheconcretecoveris thickenoughtoavoidsplittingfailure7).If
not, the abilityof a deformedbar to transferits loadintothe surroundingconcreteis considerably
limitedby splithg alongthe bar axis. Experimentalstudiesto conflrmthe effectsOfcover on
longitudinalsplittingcrackformationhavebeenconducted8).some resultsof the relationbetween
bondstrengthandspecificcoverareshowninFig.4.Bondcapacitydecreasesas theconcretecoveris
reduced.Whenthereis insufficientcover,weproposethattheformulainEq.(2)tobefactorizedbyan
empiricalfunctionK basedonthesetestresults2),

K

- (i#)o'75 (3)

where,K: modificationfactor for cover thickness, (K-0 when tc<0.5dbandK-1 whentc>7db) and tc:
thicknessof concretecover.

In two-dimensionalfiniteelementcomputations,thedepthof theRC zonefor steelbarswitha wide
varietyof arrangementsmustbe determined.Theproposedbasic ru1e2)is that the depthof the RC
zone is determinedby the diameterof eachbar. If bars of largerdiameterare used, the RC zone
becomeslargerPig.5a).

Anotherextremecaseto beconsideredis whenthesteelbarsareplacedat a greatdistancefromeach
other.The sizeof theRCzonemaythenbe smallerthanthatcomputedbyEq.(2),as the steelbars
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cannotcontrolthe crackdistributionin the wholevolumeof concretebetweenthem (Fig.5b). Thus,
the depthof RCzoneused incomputationwasproposedas,

h
n .hms,2

E b

where, he : modified depth of RC zone, a.' number of steel bars, b : thickness of RC member.

(4)

Whenthebarsareverysmallorplacedfarapart,a situationwhereoneelementcontainsbothRC
andplainconcrete(PL)zonesmustbeconsidered.Thestress-straincurveofthiselementwithmixed
zones can be decided by solvingEq.(5), the fhcture energy balance2),in terms of cmas,

(le - he)io,Lde,. heioRCdet
0 0

i
't'.'''' I leio,(e,'cmpet - (5)

where, ORC- 0,(e,.,0.4v 0.2) in Eq.(2) ando,i - Ot(e,;COL)in Which CPLis definedlater; and le: height

ofthefiniteelement.
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Fig. 5 RC zoningmethod

c) CrackedconcretemodelinPLzone

Crackedplain concreteshowsstrain-softeningcharacteristicsin tensionand shear,unlikeconcrete
confined by reinforcingbars. Here, the mean stress-strainrelation turns out to be element-size
dependentand is formulatedwith respect to the fractureenergy9).Based on the fractureenergy
balance;theaveragestress-straincurvedefinedin an elementis adjustedaccordingto thereference
lengthi,whichis the squareroot of theelementareaas showninFig.6.
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In the modelproposedby the authors2),the tension factordenotedby "c" is inverselyrelated to the
elementsize such that fractureenergyremainsconstant. Figure6 gives the seriesof tensile stress-
straincurves used for the followinganalysis. llere we use the samereason for shear mode.The
Bujadhammode126)describescontactsofteningin sheartransfer.A simplifiedsofteningmodelwhich
is equivalentto theoriginaloneis proposed,that is, whentheshearstrainreachestheultimatevalue,
shear softeningbegins Pig.7). Sincethe shear transfermechanismis highly fhctional, no unique
shear softeningenergyis available,ratherit is dependenton the confinementnormal to the cracks.
Theproposedmodelof crackshearis alsodevelopedas acombinationofthecrackedconcretemodels
in theRCzone andPL zone,basedon theRC zomingmethod.

Table 1Speci{1edpropertiesof RC beams4)

The FEM code WCOMD-SJ, in which the
proposed models ape installed, provides
computationsfor sizeeffectexperiments4)as
shownin Fig.8. Thissizeeffectexperiment
consistsof large RC beamswithout shear
reinforcementand with differenteffective
depthfrom 10cmto 300cm.The specified
propertiesaz'elisted in Table 1. The main
reinforcementratio in the vicinityof the
support points, where shew failure is
designedto occur,is takento be 0.4%.The
beams are loaded by unifomiy disbibuted
hydraulicpressureuntilfailure.Theobserved
failuremodes are flexural failure for beams
No.1,2 andshearfailure for the other beams.

The shear strength estimated by the
equation10) given in JSCE code is also
shown in Fig. 8 for comparison. It can bc
seen that the proposedmodelpredictsthe
shearstrengthwiththesizeeffectandhasfair
agreementwith the JSCEcode.The crack
pattem in Fig. 8 also shows that the
computation can simulate the crack
developmentand failure mode correcdy2).

For verificadon with respect to
reinforcement ratio p and compressive
strengthfc', computationalresultsfor beams
withvarying p andfc' areplottedin Fig. 9.
Thepredictedshearstrengthis proportional
to pl/3andfc' I/3,similartothe sensitivityof
the JSCE equation.Since the JSCE shear
strengthequationis capableof predictingthe
actualbehaviorwithina 10%coefficientof
variation, it may be used for indirect
experimental verification of the FEM
computations.
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As discussed in the previous section, concrete in RC zone exhibits different post-cracking
nonlinearityfromplaceto placeinbothtensionandshear,andshowsbritdenesswhenlocatedapart
from reinforcement. To deal with crackedconcretein differentparts of structures,the proposed
modelsinsection(1) areadoptedin studyinglarger-scaleRCcolurms, too.
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In consideringlarge-scaleRC columnswithwebreinforcement,the three-dimensionalarrangement
of webbarsmustbeconsidered. Itsmechanicalconversionto two-dimensionalanalysisis shownin
Fig. 10.h section2.1, a mixedelementwasproposedforFEMelementsincludingbothRCandplain
zones,aimingto simulatetheeffectof well-separatedlongitudinalsteelbars inbeamanalysis.Here,
the authorsadopta similarconceptfor webportionsincludinglateralbarswithlarge spacing(Fig.
10).

Letn andmdenote,respectively,the thicknessof theRCskinlayercreatedbywebreinforcement,as
shown in Fig. 10, and the size of the plain core of the colurrmin the thicknessdirecdonof a 2D
projection.The diagonalshearcrack-basedenergy releaseis expectedto be the sumof the energy
absorbby both the RC skin layersand the plain volume.Then, similarto Eq.(5),we can have a
fractureenergyconservationas,

iot(e,'cmyet -
0

mio,Lde,. nioRCde,
0 0

(n+m)
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By solvingEq.(6),we obtaincmfor the elementsallocatedto the webzonesofthe colurrmsconcemed.

An existingRC bridge pier is selectedfor verification.It has a 2mx2m square section with a main
reinforcementratio of 0.4%and a web ratioof 0.05%.The computationalresult is shown in Fig. ll.
The computednominalshearcapacityis 5.3kgf/cm2.FromFig. llb, the shearcrackband at the last
unstable failure step is identical.Accordingto the JSCE code, the estimatedshear strength of this
columnis 5.2kgucm2. TheFEM simulationhas reasonableagreementwith the JSCEprediction.
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Fig. ll Shearfailure of RCcolum withwebreinforcements

Table 2 Experimentsof shearmodefailureafteryieldingof longitudinalreinforcement

Note: Yc: shearcarryingcapacityof concreteevaluatedbasedonJSCE specificadon;Vs..shearcarryingcapacityof web
steelbasedon yielding(JSCEspecification);Py: shearfTorceat whichyieldingof mainreinforcementoccurs;p : ductility
ratio (-8J8y; 8u: ultimatedisplacementwhendiagonalshearfailureoccurs;8y,yielddisplacement)SeeEq.(1I)

It is well known that the ductilityof an RC colurrmis associatedwith its shearcarryingcapacity.
Normally,anincreaseinwebreinforcementraisesthehigherductilityofa colurrm,as is clearlyshown
by experimentsl1),12).Here, threeexperimentsbased on FEMsimulationsare reported.Thefirst and

-106-

S eri es N o . I 1 I 2 2 3

R e f. [1 l ] [1 l] [ l1 ] [l2 ] [12 ] [l2 ]

W id th B (cm ) 80 8 0 80 40 40 40

E ff ec tiv e d e p th d (c m ) 35 3 5 3 5 3 5 3 5 3 5

S he ar sp an to d ep th ratio a/d 4 .0 4 .0 4 .0 4 .0 4 .0 4 .0

ju ial stre ss (k gu c m 2) lO 1 0 lO lO 10 0

M ai n rein fo rcem e n t ratio (% ) 0 .8 6 0 .86 0 .8 6 1 .6 6 I .6 6 2 .4 8

W eb re in force m e n t ra ti o (% ) 0 .0 8 0 .16 0 .0 4 0 .2 7 0 .4 2 0 .5 8
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second cases are with joint elements placed between footing and columns. The third one is a
reinforcedconcretecolurrmwith sidereinforcement.

Theexperimentaldetailsare shownin Table 2. ne calculatedshearcapacitiesare listedin the table
accordingto the JSCE code prediction,and are larger than the shear force when yieldingof main
reinforcement occurs. Thus, brittle shear failure before yielding is avoided. However the shear
carryingcapacityof each specimenis not so high as to exceedtwice the shear force at yield.
According to criteria newly proposed by the JSCE13),these specimens would be expected to fail in
shearmodeafteryieldingof themainreinforcement.

The FEM simulationof ductilityassociatedwith shearfailureis verifiedusingthe testdata. Fig. 12
showsthe targetof the verificationfromRef.[11],and Fig. 16 that fromRef.[12]. The computed
resultsareshownin Fig.13andFig.17,respectively.Thecomputationalloopstopsat thepointwhere
theshearstrainincreasessharplyandbecomeslargerthana criticalvalue(setas 1%inthis work).me
displacementat this point is takenas the ultimatevalue,whiletheductilityat this point is used for
comparisonwiththat at the pointof maximumload in theexperimentalloop,whichcontinuesafter
the loadpeak and thenbecomessmallerand smaller. It can be seenthat FEMcomputedresults have
fairagreementwithexperimentalones.Boththeexperimentalandcomputationalresultsindicatethat
an increaseinweb reinforcementratio in the RCcolumnyieldshigherductility. h orderto confirm
the failure mode in the computation,the crack pattem for a specimenis shown in Fig. 14, in
comparisonwiththeobservedshearcracksin theexperiment.Adiagonalcrackpattemis seeninboth
experimentandanalysis.
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Fig. 15hll-out displacementfromcomputation

h orderto conf1rmthebehaviorpfthejointelement,thecomputedpull-outdisplacementforCase1is
comparedwiththeobserveddatain Fig.15. Thetotaldisplacementincreasesby about30%because
of this pull-outeffect.

ThenM simuladonforanRCcolumnwithsidereinforcement12)undermonotonicloadingis shown
in Fig. 1S. It is reportedthat sidereinforcementmisesshearcauPg capacityprior to yieldingof
mainsteel bar1S).ne ductnityof RC colurrmswith side reinforcementafteryieldingof the mAm
reinforcementcan alsobe simulatedby FEMcomputation.All theseresultssupportthehypothesis
thatthe shearfailureand theductilitylevelof RCcolumnsafteryieldingof themainreinforcement
canbe estimatedbyFEManalysisproposedinChapter2.

h all experiments,the secdonalsize is less than 1 meter.h this section,the shearfailurebefore
longitudinalreinforcementyieldingina 2m x2m RCcolurrmis simulatedbyFEM. h ordertocheck
theeffectof webreinforcementonfailuremodeandductility,additionalwebreinforcementisusedin
thereferencecasefor sensitivityanalysisas listedin Tab)e3. Thefailuremodechangesaccordingto
thewebreinforcementratioas calculatedin Tab)e 3. First,the webreinforcementratiois specified
0.15%.The total shearcapacityis higherthan the shear loadwhen yieldingoccursbut the shear
camyingcapacityestimatedbytheJSCEcodeismuchsmallerthantwicetheshearloadwhenyielding
occurs. Thus,the columnmayfailin shearmodeafteryieldingof mainlongitudinalreinforcement,
resultingin lessducdlity.
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If the webreinforcementis increasedto 0.2%by volume,the shearcapacityis increasedbut is still
lowerthantwotimesthe shearforceatyield. Then,thiscasestin bringsshearfailure,buthigher
ductilityratiocanbeexpected.Whenthewebreinforcementis increasedto0.35%,theshearcapacity
exceedstwotimestheshearforceat yield.h thiscase,brittleshearfailuremaybeavoidableand the
RC columnmay fail in flexure with highductility.

All thesecasesaresimulatedusingnonlinearFEM as proposed in Chapter 2. The analytical
resultsundermonotonicloadingareshovminFig. 19. Thefailuremodeis showninthesamefigure
withrespectto thecrackpatternsat thelastcomputationalstep;thatis, theunstablefailurepoint
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where progressivecracking occursin the iterative computation2).From the crack patterns, it can be
seen that the RC columnsNo.2 and No.3 fail in shearmode afteryieldingof main bars, but for No.4,
thecomputationterminatesin compressionfailureof theconcreteat theextremefiberclosestto the
maximummomentsection.

10

Table 3 Failure mode predictionfTorlarge-scaleRC columns A

Cq
E
a 8
O

.3L•`
W

S; 6
i

l-
u}
L

_=g 4
W

IEi

¥E2
0

Z

0

Shear faiJure
Shear faiJure

Pw z,o.15%

No.2

.1.
I JP-

S

Pw ;o.20%

FIexuralcompressionfaifure
1

Pw ]o,35%

No.4

ear fail red tor ieldi

I-
h

Compressionfailur

0 1 2 3 4 5 6 7

DispJacement(cm)

Fig. 19 Effectof webreinforcementrado on ductilityof large
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If the RC columnis heavilyreinforcedwith web steel and the concreteis wellconfinedby the web
reinforcement,compressionfailureof the concreteis almostnon-existent. Fig. 20a showsan RC
beamwithahighwebreinforcementratioof 1%. Here,the coreconcreteis fairlywellconfined. The
experimentalresultshowsthatonlythecoverconcreteis crushed,butthe testcancontinuewithout
furthercompressionfailure of the coreconcrete(Fig.20b).
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As describedin the previoussection,the FEManalysismethodmaybe usedto estimatethe ductihty
of RCcolurrmswithreasonableaccuracywhenthe failuremode is shear.Now,FEManalysisis used
for a parametricstudyon factors that influencedeformability. h the computation,no iterationis
camiedout ineachcyclicloadstepandspal1ingis notyet be includedin the constitutivemodelof RC.
The main factorsrelatingtoductilityare empiricallyknown;that is, the main andwebreinforcement
ratios, axial force,andshear span-to-depthratio (a/d)of the column. The sensitivityof thesefactors
can be numerical1yexamined,andsomeexperimentalresults24)willbe employedto reversecheckfor
versatility. Therangesof the parametersdiscussedare shownin Table 4.

Table 4 Rangesof parametersthataffectductility
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Fig. 21 Effectofmainreinforcementratioon ductility

All thecomputationsarecarriedout undermonotomicloading. Detailsof computationaltargetsand
theresultsareshowninFig. 21 to Fig.24.h computingthe ductilityfactor,thedefinitionof
yield displacementis rather differentamongteclmicalreports and there is vaguenessregarding
sectionswith side reinforcement.Within the scopeof this study, the authorsintentional1yselect
specimenswithoutsidereinforcement.h thiscase,thedefinitionof yielddisplacementas whenbars
starttoyieldis quiteexplicit,becausethemainreinforcementbecomesplasticatthe sametimeunder
flexure. We can then consistentlyadopt the experimentallyreported ductility from different
investigators. From these results, some tendencies are clearly identified as follows.

lO

8

O

I-a 6
I.I

>-
l-

S 4a

2

0

+ FEManalysis

JI EJ:Perimentt25]

Web ratio :0.08%-0.36%
Main ratio =l.06%
AxiaJstress ;0
a/d t4

0.00 0.1 0 0.20 0.30 0.40

Webreinforcementratio(%)

Fig. 22Effectof webreinforcementratioonductility

7

6

5
.9-
g 4
>-

'B 3
3a

2

1

0

+ FEManalysis

JI Experiment[25]

Web ratio I.O.l2%
Main ratio A.06%
Axial stress :0 - 20kg/cm2
a/d :4

0.0 5.0 1 0.0 15.0 20.0 25.0

Axiarstress(compression)(kgf/cm2)

Fig. 23Effectof axialstresson ductility

-111 -

P aram e ter F E M T e st [2 4 ]

M ai n re in f. ratio (% ) 0 . 9 -2 .1 0 .8 9 --1 .6 6

W e b re in f. ratio (% ) 0 .0 8 --0 .3 6 0 .0 8 --0 .2 3

A x ia l c o m p . s tre ss(k g f/c m 2) 0 - 2 0 0 -2 0

a/d 3 -6 3 -6



+ Asthemainreinforcementratioincreases,ductilitydecreases.

+ Anincreasein webreinforcementratioelevatestheductilityof RC columns.

' Theductilitytendsto decreasewhenhighera3dalcompressiveforceisapplied.

+ Astheshearspanto depth(a/d)ratioincreases,theductilityalsoincreases.
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Computedductilityradosare surrmarizedin
Fig.25, in comparison with experimental
results.ItcanbeseenthattheFEMsimulation
may give good predictions.The ductility
associatedwith flexuralactionis outsidethe
scopeof this study,andfurtherresearchon
the bucklingof bars and spal1ingof cover
concretewillbe needed.
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5iLGeneral

It has been determinedthat nonlinearresponseof RC linearmemberscanbe tracedup to unstable
shearfailurebeforeandafteryieldingof thelongitudinalreinforcement.Consequently,thecomputed
overall response to seismic motions can form the basis for examining the required seismic
performances.Fig.27 showsapossibleflowchartforseismicperformanceevaluadon.h thisscheme,
nonlineardynamicFEM analysisplays a substantialrole by simulatingthe nonlinearbehavioron
whichthe seismicperformanceis verified.

If planed structuraldimensioningand detailingare not acceptedaftercheckingthe performance,
someor all of the designdecisionson whichthe decisionwasmade at the designstagehave to be
modified(there-designstageinFig.26). Atthisstage,simplebutreasonablyaccurateformulawould
beusefulforpractitionerswhohaveto find solutionswhichsatisfytheperformancerequirements.

h there-designstage,apromptjudgmenton thefailuremodeof RCmembersis valuable.Aproposal
for identifyingthe inherentfailure mode of membersis shownin Fig. 26. lf the estimatedshear
capacityis larger than the shearforce when the main reinforcementyields, shearfailure before
yieldingcanbeavoided.Muchresearch14),l5)hasshownthatshearfailureoccursevenafteryieldingof
the steeloccurs. It is nowunderstoodthattheshearcarryingcapacityof concretemaydecreaseafter
plasticdeformationof mainreinforcement16),l7).Asa result,shearfailureafter*elding mayoccurif
thereduceddecreasedshearcapacityisbelowtheultimateloadcorrespondingtotheultimatestrength
of the main reinforcement, as shown in Fig. 28. nis kind of failure mode is also unwanted, since
ratherbrittlefailurewithsmalldisplacementaccompaniesit.
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Fig. 28Idealizedshearload-displacementrelationshipof RCcolurm

h thissection,a simpleevaluationofshearcapacityin thepost-yieldrangeis sought.h theprevious
chapter,the predictedductilitywas foundto be closeto reality,andthe factorsinfluencingwere
clearlyidentifiedfor sectionswithoutsidereinforcement,withinwhichtheauthorslimitedthescope
of theirdiscussions.h thisdiscussion,the analyticallyobtainedsensitivitywillbe usedto forma
degeneratedsimpleformulawith a re-designorientationin the schemeof seismicperformance
design.
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Theshearcapacityat the pointwhenyieldingof thewebreinforcementoccurscan beformulatedas
thesumof the shearforcecarriedbytheconcreteandthatcarriedbythewebreinforcement.Wethus
have,

V-Vc+Vs (7)

where, V I total Shearcapacityof a RC member(yieldcapacityof webreinforcement);Vc: shear
carryingcapacityof concrete;and Vs: shearcanyingcapacityof websteelbasedon *eld.

Uthe shearcapacityis largerthanthe shearforcewhenyieldingbegins,shear failureprioreyielding
can be avoided. Here, we have,

V> Py (8)

where, Py: shearforcethatbringsaboutyieldingof longitudinalreinforcement.

Astheshearforcecarriedbytheconcretemayfallafterthemainreinforcementreachestheplasticity
limit, the post-yieldshearcapacitycan be formulatedas,

v-v{+vS

where, VJ : reducedshearcarryingcapacityof concrete.

(9)

Thereductionin shearcapacityrelatedto deformationand crackpropagationis indirectlytakeninto
accountbyincludingthereinforcementratiointhecodeequationswhenthepre-yieldshearfailureof
RC beamsis discussed.Similarly,theshearcauyingcapacityof concretedecreasesafteryieldingof
mainreinforcementand thetotalshearpotentialalsodecreases.Thismayresultin a capacitylower
thantheappliedshearforce,andfinallycauselowerductility.ne decreaseinshearcarryingcapacity
of concreteis an importantfactorthataffectsthe defomationalbehaviorof RC columns.

Reference[17]discussestheshearforcecamiedby concreteand websteel. For severalRC colurrms,
the relationbetweentotal shearforce and averagedstressin web steelwasrecordedand the shear
forcecarriedbythewebandconcretewas investigatedas showninFig.29.

It canbe seenin Fig. 29 thatthe shearstressin theweb increasesas the shearforcerises. Andthe
shearforcecarriedbytheconcreteremainsalmostconstantbeforethemainreinforcementyields.But
afteryieldingof themainreinforcement(FLp1; p isdefinedas theductilityindex),theshearbecomes
smallerand smallerastheshearstressin webcontinuesrise. Thisphenomenoncanbeexplainedbya
decreaseintheshearforcecarriedbytheconcreteafterthemainreinforcementbecomesplastic.This
decreaseisalso shownin Fig.30.
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Basedon this understandingthatthe shearcapacityfalls off,the post-yieldshearfailuremechanism
canbedescribedas illustratedinFig.31. As theshearcarryingmechanismis not fullyunderstood,a
quantitativeanalyticalapproachisusefulfordescribingthedecreaseinnominalshearforcecarriedby
the concrete.

h orderto discernthis decreasein the shearcapacityof concrete,about200 experimentaldatapoints
forRCcolurrmsreferences[15,18,19,20,21,22,23,and 24]werecheckedofthese53specimensfailed
in post-yieldshearfailuremode. nese specimenshad main reinforcementratios variesh,om0.51%
to 1.89%,webreinforcementratio from 0 to 0.23%,axial compressionstressfrom 0 to 30kgf/cm2,
and shearspan-to-depthratios from 3 to 6. Sinceall specimenswere squaresectionswithout side
reinforcement,the yield forces can be clearly calculatedand were easily determined from the
experiments. Here, two definitions of ultimate deformation may be used, one is to take the
deformationcorrespondingto 80%of the maximumload after peak as the ultimatevalue, and the
otherwayis to indicatethedeformationwhenthe loaddecreasesto the initialyieldloadafterthepeak.
Reference [24] shows that these two definition lead to similar results when there is no side
reinforcement.

FromFig.31,it canbe shownthat the lowershearcapacityis closeto the shearload atthe yieldpoint
whenshearfailure takesplace. Thusthe reducedshearcarryingcapacityof concreteat shear failure
can be inversely calculated by,

vc' -p, - vs (10)

Thislossin shearcapacitymaybe affectedby severalfactors,suchas thereinforcementarrangement,
the shear span-to-depthratio, the axial force, and the concretestrength. All these factors also
influencetheductilityratioof RCcolumns. Theductilityratioisgenerallydefinedas,

p-a (ll)

where, FL:ductilityratio; A: displacementat yieldpoint of main reinforcement;and 8u:ultimate
displacementwhenunstablediagonalcrackpropagationoccurs.

TheJSCEcodegivestheformulafor shearcapacitycarriedby concreteas,

Vc -0.9Bp(pt).B2(fcr).Bd(d) (l2)

wherept is themainreinforcementratio.It canbe assumedthattheeffectof thegreaterdeformation
causedby plasticdeformationof the mainreinforcementmaybe implicitlyconsideredin theshear
capacityformulaas,

vc' - o.9Bp(peq).B2(fc').Bd(d) (13)
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where,pegis theequivalentmainreinforcementafteryieldingandpeq-peq(p).Then,wehave,

%-q(I)
(14)

Here,the reducedshearcarryingcapacityat the failurepoint is describedas a funcdonof ductility
ratio.Fromtheexperimentdata,the reladonshipbetweenlossin shearcarryingcapacityof concrete
andductilityratio(specimenswith shearspan-to-depthratiobeingequalto 4) is shownin Fig. 32.
Fromthis figure,two maintendenciescanberecognized.Oneis thatthe shearcarrhg capacityof
concretealwaysfallsas the ducdlityrado increases. Anotheris that therelationbetweenductility
ratioandshearcarryingcapacityof concreteat fdure iscloseto a stmightline,as shownin Rg. 32.

Theexperimentalresultsfor differentshearspantodepthratioare shownin Fig. 33. It is be found
thatfor specimenswitha largershearspan-to-depthrado,the shearcarryingcapacityof theconcrete
fallsmorethanfor thosewitha smallershearspanto depthratio.

Consideringthe experimentalresultsshown in Rg. 32 and Flg. 33, a sigle simplecurve-fitting
formulais empiricallydevelopedfor describingthe relationshipbetweenshear capacityand the
ductilityradoas,

f-(1-k(I-1))
where, Yc' -Yc when FL<1;andVJ 4 when p>1+1/k

k =

2(9-%)
From Eq.14 and Eq.15, the ductility rado of a designedcolurrmwhen shear failureoccurs is,

I-1.i(1-T,

(15)

(16)

where, p<1 when V,+Vs< Py;p>1+1/k when Vi2Py. The ranges of application for this formula azc
shovm in Fig32 and Fig33.

Thepredictedductilityratiosofthe53RCcolumnsarecomparedwiththeactualexperimentalresults
inFig.34. Eventhroughtheresultsamsomewhatscattered,theoveralltrend.meansthattheductility
ratio can be predictedroughlyby this simplifiedmethod. The curve drawnhere is just for RC
columnswith no any side reinforcement. For a moreversatileprediction,the 3D effectsof the
presenceof Sidereinforcementshouldbe incorporatedinthe future. Andalso in thefuture,Eq.(16)
willbccomparedwith someexistingformulasforductilitypredicdon.
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6.a

A nonlinearfailureanalysisbasedon the spatial1yaveragedconsdtutivelaws for concreteandRC
demonstratedthatexistinglargescaleRC columnswithlitdewebreinforcementtendtofail in shear
mode,as the shearcapacityis less thanthe shearload at yieldpointof the main reinforcement.
Seismic-resistantdesignrequiresthat sufficientshearcapacityandductilityis maintainedto avoid
suddenshearfdure andtoensureseismicenergyabsorption.

Shearfailurecanoccurevenafteryieldingofmainreinforcement,becausetheshearcarryingcapacity
of concretemayfallwithplasticdeformationof thereinforcement.AnFEMcodewasproposedfor
simulatingthe shear failure and ductilityof RC colurrms,and as being in fair agreementwith
experimentalresultsevenfor large-scalesections.Sinceexperimentalevidenceindicatesthatmain
reinforcement,web reinforcementratio, shear span-to-depthratio, and axial forcemay affect the
ductilityofRCcolumns,FEMwasusedto examinehowrationallythesensitivityoftheseinfluences
wouldbepredicted.

TheFEMcodecanbeusedto exanhe theseismic-resistantperformanceof structuresdesignedinthe
past. With the aim of developinga simplemethodof guidancefor the re-designprocedure,the
relationshipbetweenthereductionin shearcarryingcapacityandductilityratioat shearfailurewas
evaluated,anda simpleformulawasproposedforroughlyestimatetheductilityratioof RCcolumns
in the design loop.

The simpleformulaused to describethe decreasein shearcamyingcapacityof concreteis rather
rough,andfurtherresearchneedsto bedoneto takeintoaccounttheeffectssuchas thepresenceof
sidemainreinforcementandaxialforce.
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