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NumericalmodelingofflangedRCshearwallsconsideringshear
deformationandcoupledflexural-sheareffects

ZHANGPinle,HEYaoqiong,ZHANGGan,LIUJunxiong,ZHANGZhiji
(DepartmentofCivilEngineering,KunmingUniversityofScienceandTechnology,Kunming650500,P.R.China)

Abstract:Anewflexibility-basednonlinearfiniteelementmodelthatconsiderssheardeformationand
coupledflexural-sheareffectsisproposedinthisarticle.CyclicloadingtestsofT-shapedandL-shaped
shearwallspecimenswereconductedtoverifythevalidityoftheproposedmodel.Allspecimensexhibiteda
flexuralfailuremodecharacterizedbythecrushingoftheconcreteandthebucklingofthereinforcementat
thefreewebboundary.Closerstirrupsandlongerconfinedboundaryelementsshouldbeusedinthefree
webendtopreventprematurefailurewhencompressed.Theseismicdesignoftheboundaryelementatthe
web-flangejunctioncouldberelaxed,asnoconcretespallingwasobservedattheweb-flangejunction.The
ductilitydecreasedastheshearspanratiodecreased.Thespecimensexhibitedhigherstrengthandstiffness
butlowerductilitywhentheflangewasintension.NumericalsimulationofthecyclicloadingtestoftheRC
flangedshearwallwasconductedbasedontheproposedmodel,demonstratingthatthemodelefficiently
simulatesthenonlinearresponseofRCflangedshearwalls,asprovedbysatisfactoryagreementbetween
theanalyticalresultsandthetestresults.
Keywords:shearwall;quasi-statictest;fibermodel;sheardeformation;coupledflexural-sheareffects

考虑剪切变形和弯剪相互作用的带翼缘剪力墙数值模型
张品乐,何尧琼,张淦,刘俊雄,张智吉

(昆明理工大学 建筑工程学院,昆明650500)

摘 要:提出了一种基于柔度法的考虑剪切变形和弯剪耦合效应的有限元模型,通过T形和L形

剪力墙试件拟静力试验验证了模型的正确性。结果表明,所有试件的破坏形态为无翼缘腹板端部

混凝土压碎、纵筋压曲的弯曲破坏;增强无翼缘腹板端部约束和边缘构件约束,可以防止其发生受

压过早破坏;腹板和翼缘相交处未观察到明显的混凝土剥落现象,腹板和翼缘相交处的约束边缘构

件抗震设计可以适当放宽;随着剪跨比的减小,试件延性明显降低;当翼缘处于受拉时,试件表现出

较高的强度、刚度和较低的延性。基于模型对钢筋混凝土带翼缘剪力墙的拟静力试验进行了非线

性数值模拟分析,分析结果与试验结果吻合较好,表明模型能较好地模拟钢筋混凝土带翼缘剪力墙

的非线性性能。
关键词:剪力墙;拟静力试验;纤维模型;剪切变形;弯剪相互作用
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1 Introduction
Reinforcedconcrete wallsare effectivein

resisting lateral loads placed on high-rise
buildings[1].Theyprovideenoughstrengthand
deformationcapacitytomeetthedemandsofstrong
earthquakeground motions[2-4] A greatdealof
researchhasbeenperformedtoinvestigatethe
seismicbehaviorofRCwalls[5-8].Previoustests
havebeenconductedoneitherrectangularshear
wallsorflangedshearwallswithordinarystrength
reinforcement.However,thispaperfocusesonthe
experimentalstudyoftheseismicbehaviorof
flangeRCshearwallswithhighstrengthstirrups.
SixflangedRCshearwallspecimenswithhigh
strengthstirrupsweretestedtofailureundercyclic
loading.Theeffectsoftheaxialloadratio,aspect
ratio,and confinement on thefailure mode,

ductilitycapacity,hystereticbehavior,andenergy
dissipatingcapacitywereinvestigated.

SimulationofthenonlinearresponseofRC
shear walls requires the use of a reliable
computationalmodel.Two-dimensionalcontinuum
planestressorshellelementsareusuallyusedfor
this purpose, but such elements are
computationallyexpensive.Previousstudieshave
shownthatbeam-columnelementscanbeusedto
simulatethe nonlinear behavior of RC shear
walls[9-10]Inregardstothis,muchresearchhas
emergedinrecentdecadesinthefieldofstiffness-
basedfiberbeam-columnelements[11-12].Sofar,

moststiffness-basedelementmodelsbecomeless
accurateinhighlynonlinearsituations,sincethe
displacementfieldisapproximatedthroughthe
assignment of the displacement interpolation
function. In most cases, cubic Hermitian
polynomials are used for the displacement
interpolationfunctions.Simplenumericalexamples
presented indicate that the conventional
displacementformulationisunabletoestablish
solutionsassociatedwithsofteningbehavior,when

usedatthesectionormemberlevel.Thisproblem
canbesolvedwiththeuseofmoreelementsper
member;however,this leads to much less
efficiency.Mosteffortsinthenonlinearanalysisof
RCstructureshavedemonstratedthatflexibility-
basedelementmethodsoffergreateraccuracyand
computationalefficiency[13],since the element
formulationssatisfytheequilibriumofthebending
moment,theaxialforceandtheshearforcealong
theelement[14-15].

Sheardeformationaccountsforalargeportion
ofthetotaldeformationofflangedRCshearwalls
under lateral loading. Flexibility-based finite
element methods ignore the effect of shear
deformation,whichissuitableforslender RC
membersbutlessapplicabletoshearwallswith
small slenderness ratios. A flexibility-based
nonlinearfiniteelementmodelthatconsidersshear
deformationandcoupledflexural-sheareffects,

whichoffersgreateraccuracyandcomputational
efficiency,sincefewerelementsareneededalong
thelengthofthemember,isproposedinthis
study.Furthermore,cyclicloadingtestsofflanged
shearwallspecimensarecarriedouttovalidatethe
analyticalresults.Lastly,seismicbehaviorsof
flangedRCwallsaresummarized,andkeyissues
relatedtoseismicdesignarediscussed.

2 Fiberelementmodel
ThefiberelementmodelisshowninFig.1.

TheRCshearwallisdividedinto manycross
sectionsalongtheverticaldirection,andevery
crosssectionisdividedintomanyreinforcement
andconcretefibersalongthehorizontaldirection.
Eachfiberischaracterizedbyitscross-sectionarea
and its basic uniaxial nonlinear stress-strain
relationship for concrete and reinforcement.
Elementdegreesoffreedom(DOFs)areshownin
Fig.2.

Theelementforcevectoranddisplacement
vectoraredenotedbythefirsttwoequations
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Fig.1 Fiberelementmodel
 

Fig.2 Elementdegreeoffreedomwithoutrigid-bodymodes
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  Thesectionforceandthecorresponding
sectiondeformationarerespectivelydenotedas
{F(x)}s=My(x)Mz(x)Fy(x)Fz(x)Nx(x)]T

(3)

{d(x)}s=[φy(x)φz(x)γy(x)γz(x)εx(x)]T

(4)

whereMy(x)andMz(x)arethebendingmoment
aboutthey-axisandthez-axis,respectively;

Fy(x)andFz(x)aretheshearforceintheyandz

direction,respectively;Nx(x)isthesectionalaxial

force;φy(x)andφz(x)arethecurvatureaboutthe

y-axisandz-axis,respectively;γy(x)andγz(x)

arethesheardeformationintheyandzdirection,

respectively;εx(x)istheaxialdeformation.

Thesectionforce{F(x)}scanbeinterpolated

fromtheelementnodalforce{F-}eaccordingtothe
followingequation,

{F(x)}s=Nf(x)F
-
  e (5)

WhereNf(x)istheforceinterpolation matrix

givenby
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  Thesectionconstitutiverelation can be
denotedas

d d(x)  s= f(x)  sd F(x)  s (7)

where{f(x)}sisthesectiontangentflexibility
matrix.

Usingtheprincipleofvirtualforce,Eq.(5)

andEq.(7)give
f  ed F  e=d d  e (8)

where f  eistheelementflexibilitymatrix.

f  e=∫L
[Nf(x)]T[f(x)]s[Nf(x)]dx (9)

  Elementstiffnessmatrix k  ecanbeobtained
bytheinversionoftheelementflexibilitymatrix

k  e=[[f]e]-1 (10)

3 Constitutiverelationoffibermaterial
3.1 Axialconstitutiverelationoffiber

Nonlinearcharacteristicsofthefiberelement
modelare mainlygovernedbytheconstitutive
relation of the fiber material. The uniaxial
constitutiverelationofmaterialsisusedforthe
axialconstitutiverelationofthefiber.Inthis
paper, the reinforcement constitutive model
proposedbyHoehlerandStanton[16],isselected,

asshowninFig.3.Theconcreteconstitutivemodel
proposedbyHoshikuma[17]isused.Theconcrete
hystereticruleproposedbyMander[18]isselected,

asshowninFig.4.
3.2 Shearstiffnessoffiber
Itis assumed thatthe reinforcementis

dispersedintotheconcrete,andthetwomaterials
acttogethertoresisttheshearforce.Thus,only
the shear stiffness of the concrete fiber is
considered and the shear stiffness of the
reinforcementfiberisnotconsidered.Foreach
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Fig.3 Reinforcementconstitutivemodel
 

Fig.4 Concretehystereticrule
 

concretefiber,theshearstiffnessisdeterminedby
its different axialstress state. The detailed
calculationmethodsarelistedbelow:

1)Itisassumedthattheelasticshearstiffness
ofthefiberisGe,whenthefiberiscompressed.
Theshearstiffnessofthefiberisr1Ge,whenthe
compressivestrainofthefiberreachestheyield
strainofthereinforcement.Theshearstiffnessof
thefiberisr2Ge,whenthecompressivestrainof
thefiberreachesorexceedsthepeakstrainofthe
concrete.

2)Theshearstiffnessofthefiberisr3Ge,

whenthetensilestrainofthefiberreachesthe
crackingstrainoftheconcrete.Theshearstiffness
isr4Ge,whenthetensilestrainofthefiberreaches
theyieldstrainofthereinforcement.Theshear
stiffnessisr5Ge,whenthetensilestrainofthe
fiberreachesorexceedstheultimatetensilestrain
ofthereinforcement.

Theshearstiffnessofthefiberbetweenthe
twostatescan be obtained byinterpolation.
Accordingtothelatestresearch,r1=0.5,r2=
0.02,r3=0.5,r4=0.15andr5=0.02[19].

4 Experimentdetails

4.1 Specimendesignandloadingprogram
Inordertoverifythefiberelementmodelof

flangedRCshearwallsproposedinthisstudy,sixRC
flangedshearwallspecimens,namedL500,L650,

L800,T500,T650andT800respectively,weretested
undercyclicloading.Theverticalheightofthewalls
was1400mm,andtheircross-sectionthicknesswas
100mm.Thedesignstrengthgradeoftheconcrete
wasC40(nominalcubiccompressivestrengthfcu,k=40
MPa).Thetestaveragecubiccompressivestrengthfcu
oftheconcretemeasuredoncubesof150mmsizewas
47.2 MPa. The mechanical properties of the
reinforcementareshowninTable1.Specimendetails
andpropertiesaresummarizedinTable2,wherethe
steelratioρsofthelongitudinalreinforcementisdefined
astheratio ofthecrosssectionalareaofthe
longitudinalreinforcementtothetotalwallcross
sectionalarea,andthevolumetricsteelratioρvofthe
boundaryelementatthenon-flangeendisdefinedas
theratioofthevolumeofthestirrupstothatofthe
wall(ChineseGB50010-2010code)[20].Dimensions
andreinforcementdetailsofthespecimensareshownin
Fig.5.

Table1 Yieldandultimatestressesofthe

reinforcementoftheshearwall

Steel

type

Yield

stress/

(N·mm-2)

Ultimate

stress/

(N·mm-2)

Elongation/

%

Elastic

modulus/

(N·mm-2)

#4Rebar 730 985 08 205000

#8Rebar 295 510 28 210000

#12Rebar 345 600 31 216000

Table2 Propertiesofspecimens

Specimens

Cross-section

heightto

widthratio

ρv/

%
ρs/

%

Aspect

ratio

Axial

load/kN

L500 5.0 0.62 1.95 2.80 554.4

L650 6.5 1.25 1.71 2.15 739.2

L800 8.0 0.58 1.74 1.75 924.0

T500 5.0 0.81 1.95 2.80 554.4

T650 6.5 0.81 1.71 2.15 739.2

T800 8.0 0.58 1.74 1.75 924.0

Theaxialloadwasfirstappliedtothecenterof
theshear wallbytheverticaljack,andkept
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Fig.5 DimensionsandreinforcementdetailsofRCshear

wallspecimens(mm)
 

constantduringthetest.Fig.6showsthetest
setupincludingloadingdevices.Theschemeofthe
loadingprogramisshowninFig.7.Theloading
history wasstarted byapplyingtwoidentical
displacementcycleswithincrementsof±2mmup
to10mm,followedbyincrementsof±5mmupto
failure.Eachtestcontinueduntilthespecimens
droppedto85%ofthepeaklateralload.
4.2 Damagedevelopmentandfailuremode
Inthisexperiment,allspecimensexhibiteda

flexuralmodelcharacterizedbythecrushingofthe
concreteandthebucklingofthereinforcementat
thefreewebboundary,asshowninFig.8.During
thetest,flexuralcrackswerefirstobservedatthe
bottomofthewebwhenthespecimenswereloaded
toapproximatelyhalfthepeaklateralload.Shear
cracksbegantoformatadriftlevelof0.4%.As

Fig.6 Testsetup
 

Fig.7 Loadinghistory
 

theloadingdisplacementincreasedtoadriftlevelof
1.3%,verticalsplittingofthefreewebwasquite
extensive,andseverecrushingandspallingofthe
concretecover wereobserved.Astheloading
displacementincreasedtoadriftlevelof3.0%,
majorcrushingoftheconcreteoccurred,andthe
outermostlongitudinalreinforcingbarsstartedto
buckle.Thelateralforcedroppedto85%ofthe
peaklateralload.Thefailuremechanismsuggested
thatcloselyspacedstirrupsandlongerconfined
boundaryelementsshouldbeusedinthefreeweb
end, preventing premature failure under
compression.Noobviousconcretespalling was
observedattheweb-flangejunction,suggesting
thattheseismicdesignoftheboundaryelementat
theweb-flangejunctionshouldberelaxed.

Fig.8 Crackpatternsandfailureofspecimens 
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4.3 Loadingcapacityandductility
The loading capacity and displacement

ductilityoftheshearwallspecimensareshownin
Table3.Asshown,thespecimensexhibitedbigger
loadingcapacitybutlowerductilitycapacitywhen
theflangewasintension.Withthedecreaseofthe
shear span ratio,the displacement ductility
decreased.Thesmallertheshearspanratio,the
closerthestirrupsandthelongertheconfined
boundaryelementsshouldbeusedinthefreeweb
endtoachievethegoalofthedisplacementductility
coefficientof3.0.Forexample,specimensT800,

L800.Theductilityinthenegativepositionof

T800, L800 were, 2.2, 1.9,respectively,

meaningthatthevolumetricsteelratioofthe
boundaryelement(0.60%)wasnotenoughfor
specimensT800andL800withtheaspectratioof
1.75.Theuseofhighstrengthstirrupscould
restrainthecompressedconcreteandpostponethe
bucklingofthelongitudinalrebarsinthefreeweb
boundary,preventingprematurefailurewhenthe
webwascompressed.Theultimatedriftratioofall
specimensgreatlyexceededtheallowableinter-
storydriftratiovalue(1/120)oftheRCshearwall
accordingtothedesignprovisionsoftheChinese
GB50011-2010code[21].

Table3 Loadingcapacityandductility

Specimen Δc/mm Fc/kN Δy/mm Fy/kN Δm/mm Fm/kN Δu/mm Fu/kN μ θu

T500
3.2 60.2 8.4 93.5 27.7 117.5 35.1 111.2 4.2 1/39.9

-2.5 -84.3 -4.7 -133.5 -12.5 -193.6 -18.3 -163.9 3.9 1/76.5

T650
1.9 80.0 5.5 120.0 17.8 161.1 37.9 153.4 6.9 1/37.0

-2.5 -124.8 -3.5 -140.0 -16.3 -266.6 -22.5 -239.3 6.4 1/62.2

T800
1.8 160.5 7.5 280.9 21.0 319.5 29.0 312.0 3.9 1/48.3

-1.8 -207.8 -5.8 -322.4 -11.3 -367.5 -12.8 -312.3 2.2 1/109.4

L500
3.5 82.8 7.3 113.6 19.8 148.5 42.5 131.8 5.8 1/32.9

-3.9 -80.5 -6.6 -105.7 -21.7 -138.7 -30.1 -122.7 4.6 1/46.5

L650
3.8 120.6 7.1 160.5 22.3 194.5 28.1 184.2 4.0 1/49.8

-3.9 -140.3 -7.2 -180.5 -20.3 -231.1 -20.1 -231.1 2.8 1/69.7

L800
3.4 163.6 7.6 220.9 12.9 258.1 19.8 228.8 1.9 1/96.6

-3.2 -180.8 -6.8 -227.6 -8.9 -251.3 -15.6 -215.5 1.9 1/111.1

Note:Δcisthelateraldisplacementwhenthewebconcretefirstcracked;Fcisthelateralforcewhenthewebconcretefirstcracked;Fyisthe

yieldlateralforce;Δyistheyieldlateraldisplacement;Fmisthemaximumlateralforce;Δmisthelateraldisplacementatthemaximum

lateralforce;Fuistheultimatelateralforce;Δuistheultimatetopdisplacement;μisthedisplacementductilitycoefficient;θuisthe

ultimatedriftratio.

4.4 Strainanalysis
Fig.9showsthearrangementsofthestraingauges

ofthereinforcementoftheshearwallspecimens.Fig.
10andFig.11showthestrainevolutionprocessof
thelongitudinalreinforcementsandthestirrupsof
theshearwallspecimens,respectively.Aswecan
seefrom Fig.10,thestraindistributionofthe
longitudinalreinforcement at the peak point
remainedapproximatelylinear,sotheplanecross-
sectionassumptioncanbeusedforthedesignofthe
flangedRCshearwall.Thecompressionstrainsof

thelongitudinalreinforcementattheintersectionof
the web and flange were extremely small,

comparedwiththetensilestrainsatthefreeweb
boundary,indicatingthatitisnotnecessarytoadd
specialconfinementreinforcementtothe web-
flangeintersection.Asshownin Fig.11,the
stirrupsthatyieldedweremainlyconcentratedin
themiddleandlowerpartsoftheweb,meaning
thatthesheardamagewasmainlyconcentratedin
themiddleandlowerpartsoftheweb.Allofthe
high-strengthstirrupsatthefreewebboundary
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yielded,showingthattheuseofhighstrength
stirrupsatthefreewebboundarycouldconfinethe
transversedeformationofthespecimens,thus
preventingprematurefailurewhenthewebwas
compressed.

Fig.9 Arrangementofsteelstraingauge
 

Fig.10 Strainevolutionofthelongitudinalreinforcement
intheweboftheshearwallspecimens

 

4.5 Hystereticbehavior
AsshowninFig.12,thehysteresisloopsof

specimensinthepositivedirectionexhibitedamuch

Fig.11 Strainevolutionofthestirrupsinthewebofthe
shearwallspecimens

 

widerandthickershape,showingthathigher
energy dissipation capacity could be achieved
compared with in the negative direction. A

pinchingeffectcouldbefoundfromthehysteresis
loopsofspecimensinthenegativedirectionforthe
effectofsheardeformation.Thehysteresiscurves
ofspecimenswithacross-sectionheight-to-width
ratioof6.5wereveryplump,andtheirenergy
dissipationwasverygood.Thebearingcapacityof
theT-shapedspecimenswasgreaterthanthatof
the L-shapedspecimens,becausetheeffective
flangewidthoftheT-shapedspecimenswasbigger
thanthatofL-shapedspecimens.Consideringthe
uncertaintyoftheseismicdirection,theseismic

performanceoftheL-shapedshearwallshouldbe
farinferiortothatoftheT-shapedshearwall.
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Fig.12 Forceversusdisplacementhysteresis

curvesofshearwallspecimens
 

5 Modelvalidation
Shearwallsectionsarecomposedofthree

parts:Coverconcrete,coreconcreteandrebar.
DiscretizationofsectionfiberisshowninFig.13.
SectiondiscretizationschemesareshowninTable4.
Usingafiniteanalysisprogram basedonthe
flexibility-basedelementmodelthatconsidersshear
deformationandcoupledflexural-sheareffectsthis
paperproposed,numericalanalysisofshearwall
specimenswascarriedouttoobtaintheforce-
displacementenvelopes.

Satisfactoryagreementbetweentheanalytical
resultsandtheexperimentalresultscanbeseenin
Fig.14.Itshouldbenotedthatincalculatingthe
ultimate load, the proposed method is
approximately95%ofthetestresults,becausethe
boundaryconditiononthetopofthespecimensis
fullyfreeinthesimulativeanalysis,butinthe
test,theverticaljackexertsfrictiononthetopof
thespecimens.Furthermore,asseeninFig.14,

thesectiondiscretizationofvariousnumbersof
fibers has little effect on the computational

efficiency,sincetheelementformulationsstrictly
enforceforceequilibrium.

Fig.13 Discretizationofsectionfiber
 

Table4 Sectiondiscretizationofdifferentnumbers
ofrebarfibersandconcretefibers

Section

discretization

schemes

m n r p q s
Totalfiber

numbers

SCR1 10 10 2 6 4 2 112

SCR2 40 32 5 8 6 4 581

Fig.14 Force-displacementcurvesofspecimens
withdifferentdiscretizationsofsectionfibers

 

6 Conclusions
Inthispaper,anewflexibility-basednonlinear

finite element model which considers shear
deformationandcoupledflexural-sheareffectsis
proposed,andcyclicloadingtestsofT-shapedand
L-shapedshearwallspecimensarecarriedoutto
verify the proposed model. The following
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conclusionscanbedrawn:

1)Allshear wallspecimensexhibited a
flexuralfailuremodelcharacterizedbythecrushing
ofconcreteandthebucklingofsteelatthefreeweb
boundary.
2)Theuseofhighstrengthstirrupscould

effectivelyrestrainthecompressedconcreteand
postponethebucklingofthelongitudinalrebarsin
thefree web boundary,preventing premature
failure when the web was compressed. The
ultimate drift ratio of all specimens greatly
exceededtheallowableinter-storydriftratiovalue
(1/120)ofRCshearwallsaccordingtothedesign
provisionsoftheChineseGB50011-2010code.
3)Noobviousconcretespallingwasobserved

attheweb-flangejunction,andthecompression
strainsofthelongitudinalreinforcementatthe
intersectionofthewebandflangewereextremely
small,comparedwiththetensilestrainsatthefree
webboundary,indicatingthatitisnotnecessaryto
addspecialconfinementreinforcementtotheweb-
flangeintersection.

4)Thespecimensexhibitedhigherstrength
andstiffnessbutlowerductilitycapacitywhenthe
flangewasintension.Thedisplacementductility
decreasedwhentheshearspanratiodecreased.
Thevolumetricsteelratiooftheboundaryelement
(0.60%)wasnotenoughforspecimenswithan
aspectratiounder2.0toachievethegoalofthe
displacementductilitycoefficientof3.0.
5)Thestraindistributionofthelongitudinal

reinforcement at the peak point remained
approximatelylinear,sotheplanecross-section
assumptioncanbeusedforthedesignofflanged
RCshearwalls.
6)Anewflexibility-basedfiberelementmodel

thatconsideredsheardeformationandcoupled
flexural-sheareffectswasproposedforsimulating
thenonlinearresponseofspecialshapedshear
walls,dominatedbyflexuralfailurewithasmall
slendernessratio.Therewasagoodagreement
between analytical and experimental results,

demonstratingthatthe modeloffers excellent
accuracyandrequiresfewelementspermember,

offering a more efficient alternative to the
traditionalflexibility-basedfiberelementmodelin
thenonlinearanalysisofspecial-shapedRCshear
walls.
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