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A gradual spread inelasticitymodel for R/C beamcolumns,

accounting for flexure, shear andanchorage slip

Panagiotis E. Mergos, Andreas J. Kappos

Laboratory of Concrete and Masonry Structures, Department of Civil Engineering, Aristotle

University of Tessaloniki, Thessaloniki 54124, Greece

Abstract. A newbeamcolumnmodelis developed for the seismic analysisr@hforced concrete
(R/Q structures. This finite element consists of two interacting, gradual spread inelasticity sub
elements remsentinginelastic flexural and shear response and two rotational springs at the ends of
the member to model anchorage slip effects. The flexuraklsatent is able to gaure gradual
spread of flexural yielding in plastic hinge regions of R/C members. The slealesnent interacts
throughout the analysis with the flexural sellement, in the location of the plastic hinge regions, in
order to capture gradual spread of inelastic shear de#tions as well as degradation of shear
strength with curvature ductilityesmand based on an anadbl procedure proposetierein The
skeleton curves and hysteretic behaviwuall three deformation mechanisms are determined on the
basis of analytical procedures anddsretic models found to match adequately the experimental
results. Empirical formlae are proposed for the shear distortion at onset of stirrup yielding and
onset of shear failure. The proposed element is implemented in the general finite element code for
damage analysis of R/C structures IR@ and is validated gainst experimental results involving
R/C cdumn and frame specimefaling in shearsubsequent tgielding in flexure. It is shown that

the model can capture well the hystereisponse and predict reliably thgpe of failure of these

specimens.

Keywords: Reinforced concrete; finite elementbeamcolumn element;gradual spread; shear

flexure interaction; bondglip.

1 Introduction

Seismic response analysis of reinforced concrete structures requires realistic analytical models
that can predict strengthtiffness and ductility characteristics of members ungeliccloading. The
current state of the artn mathematical modelling of reinforced concretehdviour permits

reasonably accurate predictions of hysteretic response in fledomever, nelastic @formations
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generated during seismic response are by no means limiteduoefld&Experimental investigations
have indicated that inelastic shear distortions can be igigntfin local areas, such as hinging
regions, even when thaverall behaviour is gosrned by flexure [#4]. Moreover, it has been well
documentedq-7] that an R/C member may fail in shear due to intgi@n with flexure despite the
fact that it has been provideditially with shear capacity greater than ttwe corresponding to
yieldingin flexure.

Severalresearchers have attempted to explicitly include inelastic shear respossessnzent of
R/C structuresg-13]. Typically, in these studiesshear rigidity is assumed to be constant along the
concrete member or shear deformationsettged along thentire element are lumped in inelastic
rotational or translational springs placed at the ends of the member. The former approach cannot be
exad due to interetion of shear and flexural deformations occurring in the plastic hinge redibes
latter gproach can be accurate only in the special case where the moment distribution along the
member is already known and the pointohtraflexuraemains fixed throughout the aysis.

Additionally, a number of fibre elements have been develapsatporatingthe shear flexiblity
effect. In these models, shear deformations are either uncoddlear [coupled 12] with axial and
bending effects at the section levdeverthelessthe computational efforhvolved, especially in the
latter caselimits their feasibility for response history analgsof complete mulstorey structures.
Furthermore, the Gauss or Galsbatto integration techniquased inthese elements does not
represent, in an exact manner, the actughpimenon, whe inelastic déormations tend to spread
gradually from the member ends to the midspan.

To capturethe gradual spreadinghenomenon, a spread inelasticity formulation has to be
developed. A nmber of researchers haugroducedflexural, spreadnelasticityelements 9,14,15].

The writers[16-18] have developed a shear spread inelasticity element for the case where shear force
varies along the member duedistributed loding. No model has been developed so far to reproduce
gradual spread of inelastic shear deformatifmi®wing progressivegrowth of the plastic hinge
towards the midspan.

In most cases, sheflexure interaction effect is taken into consideration adopting advanced
analytical procedures like the modified compression field theory (MCEN) These methds, albeit
conceptually attractive, have not yet beaterded to cope successfully with degradation of shear
strength in plastic hingeand cyclic loading effects2[)]. Additionally, the computational effort
requiredhinderstheir application in seismiaalysis of complex KC structures.

A number ofanalytical models [Q,13], applied shear strengthodels (e.g. Priestley et §b]) to
capture degradation of shear strength with increasing flexural ductility demand. While these models
are able to predicthear failure with a reasonable accuracy, they have notdeeefoped with aiew
to reproduing rapiddevelopmenof shear deformationsollowing flexural yielding Hence, the need
arisesfor a simple analytical procedure which will provide reasonabbtueate predictions of shear

strength and deformationsspecially in the yielded encegions of RC members.



Existingbeamcolumn elementsonsidering separateghear deformationsyith the exception of
the analytical models presented B1fl], do not @count foranchorage sligeffects in anexplicit
manner. Fixeeend rotations caused by anchorage slip mayénite significantly the stiffness and
deformation capacity of R/C members, while they have not yet been related experimentally
degradation of leear strengthMoreover, fixed end rotations ateeatedonly asa function of the
moments acting at the ends of the memler not of the bending moment diagram distribution,
which determines variation of flexural deformations along the mentbemce, i is evidentthat
ignoring bondslip effects olumping themtogetherwith flexural deformationsnside a single end
rotational springnay lead an analytical model to erroneous results.

The goal of tle presentstudy is to develop a&ostefficient beamcolumn model, suitable for
seismic analysis of compleX® frame structures, whicltthe same timewill be capable otaking
into account rather complex mechanismssuch asgradual spread of inelastic flexural and shear
deformations from the member endstb@ midspan, degradation of shear strength with curvature
ductility demand, coupling between inelastic flexural and shefarrdations in the plastic hinges
and fixedend rotations caused by anchorage. slip

With the objective to verify the capabilities dhe proposed model to reproduce the
aforementionedmechanisms the results of the analytical model are compared with those
expermentally obtained rbm a number of wellocumentedtests of R/C column and frame
specimensexhibiting rather complex behaviodre. failing in shear dér yielding in flexure.
Whenever possiblethe comparisons are not restricted talt response parameters, baiso
encompassgndividual deformation components (curvatures, distortions, anchorage slip-dnabd

rotations), with aview to verifying individual features of the model.

2 Finite element formulation

The proposedmembeitype, finite elementis basedon the flexibility approach force-based
element)and belongs to the class phenonenological models. It consists of threebelements
representing flexural, shear, and besligp response (Fig. 1). The total flexibilitynatrix (F) is
calculated as the sum of the flexibilities of its s@léments and can be inverted to produce the
element stifness matriXK). Hence

F Ffl Fsh Fsl (1)
K F! )

Where,F, F", F" F* arethe basic total, flexural, shear and anchorage slip, respectiveggnta
flexibility matrices. K is the basic tangent stiffness matrix of the elemeslating increnental
momentsd ; O gand rotationsd , O yat the end and Bof the flexible part of the element

(Fig. 1) througtthe following eqgation
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The local stiffness matrix, relating displacements and forces at the element joints, esgten
determined following standard structural analysis procedures. The components of the aforementioned

finite element, as well as their interaction, are described in the followitigrse

3 Flexural sub-element

This subelement(Fig. Ic) is used for mdelling the flexural behaviour of an R/C member
subjected to cyclic loading before, as well as after, yielding of longitudinal reinforcement. It consists
of a set of rules governing the dtgretic momenturvature (M3 UHVSRQVH RI WKH PHPE
sections, and a spread inelasticity model describing flexural stiffness distribution along the entire

member.

- 3relationship formemberend-sections

The M3 UHODWLRQVKLS Dfithe lrhBrivtér id Qe€criad ByWHeR@ndRy curve and the
rules determining its hysteretic behaviour. The primanBMUHODWLRQV Kh& standa@HUL Y H G
flexural analysisand appropriate bilinearizatiasi the resulting curve

Loading response is assumedfollow the blinear envelope curve. Unloading is based on the
respective Sivaselvan & Reinhorn [21] dwretic rule adjusted for mild stiffness degradation
charactening flexural responsé&his is achieved by setting the unloading paranwdténis hysteretic
model equal tal5. Reloading aims at thpreviouspoint of maxmum excursion in the opposite
direction [22].

3.2 Flexural spread inelasticity model

The flexural spread inelasticity model presented herein is basedrjy on the respective one by
Soleimani et al.14]. The stiffness distribution along the member is assumed to have the shape shown
in Fig. 2, where:L is the length of the membeEl, andElg are the current flexural rigidities of the
sections at the ends A and B, respectivEly;is the stiffnes®f the intermediate part of theesient;

.a and .g are the yield penetration coefficients. The flexural rigidiids and Elg are determined
fromthe M3 K\ VWHUHWLF UHODWLRQVKLS RI Whpktitl, Rthis tMdyRQGLQJ H
is assumed that the state (loading, unloadirigadeng) and the stiffness of the spreadsjptazone is

controlled by the state and stiffness of the section at the end of the member.

The yield penetration coefficients specify the proportion of the element where the acting moment
exceedghe endsecton yield moment. Thesepefficients are first calculated for the current moment
distribution from Egs. (4)}(5), whereM,, and Mg are the respective flexural yielding moments of
end sections A and B.HEn they arecompared with the previous maximum peion lengths; the

yield penetration lengths cannot be smaller than their previousmaaxvalues.
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Having established the stiffness distribution along the R/C member at each step of the #malysis,
coefficients of the flexibility matrix of the flexural stddlement can be derived from closkam

analytical expressiorj44], by applying the principle of virtuatork.

4 Shear subelement

The shear sublement (Fig. 1d) represents the hysterdigas behaviour of the R/C member prior
and subsequent to shear cracking, flexural yieldangl yielding of theshearreinforcementHerein,
this subelement has been designed in a similar way to the flexural elerasoiibeéd above. It
consists of a setfaules determiningV VKHDU | R U Ftiairy Mystereéficilizhaviour of the
member end and intermediate regions, and a speaadnelasticiy model determining distribution
of shear stiffness along the R/C member.
Shear hysteresis is determineglthe ¥ VNHOHWRQ FXUYH DQG Despoddd RI UXO
during unloading and reloading. The primary curve is fiesivedwithout consilering sheaflexure
interaction effed Then, by applying an appropriate procedure proposed in this shalghear

flexure interaction effect is taken into consideratthe locations of plastic hinges.

4.1V- envelope curve without shedlexure interaction

The initial V- S UL P D U \Fig.X3Yi¥ iHdependent fronilexure and isusedto model shear
hysteesisoutside the plastic hinge regions for members that have yielded in flexure espbese
of the entire element for members that have not yielded in flexure.

TheV- SULPDU\ FXUYH FRQVLYV Wagory tHreexdife et BIGpEsK a$ \daip&dX W
later on. The first branch, with uncracked stiffn€,, connects the origin and the shear cracking
point, which is defined as the point where the nominal principal tensile stress exceeds the tensile
strength of concreteéShear force at cracking,, is calculated by doptingan analyticalprocedure
suggested by Sezen and MoefTg [

The second and third branches of the initial primary curve have the same slope and connect the
shear cracking poinith the point corresponding to the onset of yieldiigransverse reforcement,
or else the point of attainment of maximum shear strength ¢). Thesebranches are separated at
the point corresponding to flexural yielding,( ). This approacls adopted in order to distinguish
hysteretic shear bakiour before and after fterral yielding H].

To estimateshear strength,, the approach proposed by Priestley etHliq invoked According

to this gproach,V, is given by
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whereinAg, is the area of transverse reirdement oriented parallel to shear forf;ds the concrete

compressive strengtlf,,, is the yield strength of transverse reinforcemay' is the dstance

measured parallel to the applied shear between centres of longitudinal regfotceis the pacing

of transverse reinforcement; is the angle defined by the column axis and the direction of the

diagonal compression strutsjs a parameter depending on the curvatuiility demand as shown

in Fig. 4, and . is the angldormed bythe column axs and the line joining the centres of the flexural

compression zones at the top and bottom of the column. For the initial primary\¢yneederived

by settingin Eq.§ WKH YDOXH RI N RRUUHYV SRR @ WEkdYRW K GHJUDG
The stiffnessof the second and third brared)GAy, whichrepresenshear déformation ¢ caused

by shear forcé/sin a cracked member, ebe estimated biq. (7) derived bythe truss adagy

approach23]
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whereb is thesectionwidth; !, is thevolumetric ratio oftransverse reinforcemerf; is the modulus
of elasticity of steeln=EJE. is the modular raticandE_ is theconcretemodulus of elasticity
Shear distortion at onset of stirrup yieldingcan be easily determined byttsgg 0 =V, where
V. is the shear strength contributed by the transverse reinforceAlthdugh the aforementioned
procedure is based on a rational approach, calibration studies by the writers showed that it does not
account accurately enough for thdieince of axial load and member aspect ratio,on
Regression analysgserformed by thewriters showed that best correlation with exjpeental
resultsis achieved when, in calculating by the truss analogy approach, the angle taken equal to
45° (unless limited to larger angles by the potential cortecorner crack) and the derived valise
then multiplied by two modification factors. The first modification factalakes into ecount the
influence of thenormalisedaxial loadv and is given byeqg. (8), while the second modification factor
represents the influence of the aspect r@i®ar span,s, divided by column deptin) and is given
by Eq. ©).
N1 1.07v (8)
O 5.37 1.59 min 2_§3§ 9)
he
Hence, if 4uss iS the sheadistortion at onset of stirrup yielding derived by the truss analogy

approach, it is proposed herein thgis given by the following equation.

‘!t N Q’US§ (10)



The regression analysae based on the experimental resfits16 R/C olumns (Table 1)The
experimental results involvedverage shear distortions along the length of pure shear critical R/C
specimen®r flexureshear critical elements failing in shear immediately after flexural yieldihg
valuesfollowed by aseriskwere derived indirectly, using threspectiveprocedure described in [16]
The meanmedian and coefficient of variatiof the ratios of the experimental over the predicted
values ard.99, 0.97 and 019 respectively The coefficient of determination’s 0.82.

Experimental studied1, 24] have shown that R/C members critical in shear do not lose
immediately their lateral strength after yielding of transverse reinforcementofi$ervation leagio
the conclusion that shear strajcorresponding to onsef shear failuranay considerablyexceed .

For this reasaona horizontal branch is added to the enveldpecurve,for >  to model response
after yielding of trasverse reinforcement

On the basis of experimental resuits 25 R/C specimengTable1) failing in shear, the writers
have developed an empirical formula correlatipgvith the level of the applied axial load, the
amount of transverse reinforcement and the member -shaaratio LJ/h. Conservatively, itis
assumed in this study that sinefailure coincides withthe onset of signicant lateral strength
degradation. The experimental results involved either measured shear strains in the vicinity of the
plastic hinge regions for flexwghear critical R/C members overage shear distortismalong the
length of pure shear critical R/C specimamsmembers failing in shear immediately after flexural
yielding. For the average shear distortions along the member lengthvaluesfollowed by an
asterisk in Table 1vere derived indirectlyusing the respectiveprocedure described iri§]. The

proposed relationship is

4 0.0, Q & (11.7)

, 1.0 2.5"min 0.4Q (11.2

© min 250 h*° (11.3)

, 031 17.8 mir0, ,0.0¢ (11.4)
A&W nyw

11.5

Y bst (11.5)

According to Eq.(11), the difference between, and  increasesas the amount of transverse
reinforcement and shear span ratio increasel thenormalisedaxial load decrease3he mean,
median and coefficient of variatiof the ratios of the experimental over the predicted values are
1.00, 1.00and 034. The coefficient of determination’fs 0.96.

It is important tonotethat the empirical formulae proposed herein for bgthnd , are based on a
set of data (Table 1) satisfying the following criteria: "L K" v DQG
0.47%" & "8.13% hence, they caonly be appliedwith confidencefor RC membershat satisfythe

aforementioned criteria.
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Several studies5f7] have demonstrated that shear strength degrades due to daioteof the
plastic hinge zones caused by inelastic flexural deformatiBnghermore it has been shown
experimentally [34] that shear distortions in the plastic hinge regions may increase rapia
flexural yielding ") subsequent tflexural yieding, despite the fact that shear force demand remains
almost constantas it is controlled by flexural yielding. The combination of these phenorisena
defined in this study as shefl@xure interaction effectt is shownherethat both of these phenomena
can be represented simultaneouslycbynbiningthe shear strength model of Priestley et %ll.ahd
the truss analogy approacs].

Fig. 5a illustrateshe variation ofthe forcecarried byshearesisting mechanisn{soncreteV, and
trussVy) in the phstic hinge region of a single R/C column following the Priestley ebpkHear
strength approactior clarity of the figure the contribution of axial load is lumped ink). It can be
seen thatimmediatelyafter shear crackinghe truss contributia Vs increasesto meet additional
shear force demand@ 9 This is the case even after flexural yielding and befgreaches the value of
3. However, after =3, Vs increases to accommodate bait8andadditionaldeterioration ofV,; this
means thatfor the same( 9 V; increases now at a higher rate. Oyreading the value of 15, the
concrete shear resisting mechaniggreaches its residual strength and consequéfitimcreases
againsolely de to 0 9

Sincethe shear straing subsequent tehear craking is correlated wittvs via Eq. (), variation of
s With increasing ; can be easily extracted (Fig. 5b). From this figure, it can be seen that
immediatelyafter flexural yielding s increases at a slow rate with increasingNevertheless, after

+3, increase ofs accelerates. After &7, scontinues to increase marapidy than when <3 but
less rapidly than when” 3" . Finally, when 15, ¢ continues to increase, but at the slow rate that
initiated Z K H € 3.

Generalising the above, the ahatrain incrementl s caused by a shear force incremén when
sheasflexure interaction effect is taken into account, can be estimated fromBgwiere O 9is the
increment of the shear force resisted by the truss mechanism causedrayetmentof the applied
shear forcell 9and the additional drop of the shear capacity of the concrete shear resisting mechanism
GGHJO9
'V, 'V ' degV.
GA GA

If GAy is the tangentstiffness of the shear primary curigcluding sheaflexure interacion

" d (11)

effect then ityields the same increment of shear distortiofig only for the applied shear force

increment 0 Ywithout 0 G H)] 8s illustrated in Fig. 6. Hence

'V
! GAyq

(12)



Combining Egs. (1) and (2) and solving foiGA., thefollowing equation isbtaired
GAy o GA 13
'V ' degV,

Eq. (13) shows thatGA; can only be either equéd, or smaller thanGA;. Equality holds only
when the degradation of the concrete shear resisting mechanisms is negligible. Morepwteait i
that GAs becomes a function of the shear force incremér® But if it is to be applied in the
analytical procedure{l 9will be influenced byGAs as well, since the latter will affect the flexibility
matrix of the elemenfas shown in 84.4)To resolvehis issugan iterative analytical scherepplied
attherespective load step of nonlinear analysigroposed herein

According to this schemeaninitial value of GA«is assumed. Based on this shegidity, shear
force increment( 9and additional drop of the concrete shear resisting mechanism capa@ity.J 9
for the examind member are evaluated. By applythgse vales inEq. (13), a new value 06 A is
calculated. The iterativerocedurderminates, when the values®#; converge with a prepecified
tolerance.Applying this procedure, it was tmd that numerical convergence almost immediate.
The number of iterationsiay increasas the influence of shear deformations on element flexibility
increass, but the additional computational cost is justified by the saite of calculating

accuragly shear response in this case.

43V- K\VWHUHWLF PRGHO

Shear hysteresis éharacterisetby significant pinching effectstiffness and strength deterioration.
This behaviouis modelled using the proposals by Ozcebe and Saatcéjgis p basis, with several
modifications and improvemesntAlthough that hysteretic modelvascalibrated against experimental
results and was found to yield a reasonable match, it has not been designed with a view to being
incorporated in a dynamic nonlinear analysis feark. With this in mind, the writers hAve
proposed specific modifications regarding both the unloading and reloading branches that can be

foundin their previous publicatiofi ).

4.4 Shear spread inelasticity model

In 84.2 rapid increase of inelastic shear deformations inside plastic hegiens has been
explained Following gradual growthof plastic hinge regions, inelastic shear strains tenekpand
gradually from the member ends to the midsp@a. capture this phenomenoan innovative
approach i@dopted hereirbased on the concegdtgradual spread inelasticity models.

More specifically a shear spreathelagicity model is proposed, having the shear stiffness
distribution of Fig. €, where . y\and . g\are thesheasflexural \LHOG SHQHWUDWLRQ ™ FRHIIL
FRHIILFLHQWY VSHFLI\ WKH SURSR UiuRQ\ LRHIOWK®JH KIDRHG MY AR
triggered by flexural yieldingis described in 84.26 L Q F H JleXdndlyiglding” developsinside

plastic hinge regionst is reasonabléo assume that



As D A ; Bs D B (14)

In Fig. 76 GA, andGAg are the current shear rigidities of timelasticregions at the ends A and
B, respectively These values can beerived from the V K\VWHUHWLF UHODWLRQV
corresponding end sections, where the skeleton curves are determined includinfiesinear
interaction effect GA¢ in 84.2), based on theelastic curvature demand of the respective end of the
flexural subelementln the case of constant shear force examined here, theofeagtingshear force
and theloading state (loading, unloading and reloadiragke the same for all sectionsithin the
inelastic shear zones. Consequently, it can be assumed, with reasonalaleyaticat shear stiffness
distribution remains uniform within thesegions

Shear stiffnes§&Ay occurs in the intermediateléstig part of the element. It can be determined
again by the YV K\VWHUHWLF P RtthddaDprirBaxiVéurize wdHBR &ssigning shélaxure
interaction effect, as described in §4.1. Similarly, it can be considered as uniform in the specific part
of the element.

After determining the distribution @A along theR/C member at each step of the analgsid by
applying the principle of virtual workthe coefficients of the flexibility matrix of the shear sub

element are given kthe following equation

. -2 A oA (15)
Based on the above, aia coupling effect between the flexural and the shearekrbent is
achieved. This effect determines both the length and stiffness of the inelastic zones of the shear sub
element allowing for constant monitoring of the gradual spread of inelastic dheas $rom the

member ends to the mgpan with the minimum possible compational cost.

5 Anchorage slipsub-element

The bondslip subelement accounts for the fixeohd rotations which arise at the interfaces of
adjacent R/C members due to bond detation andthe ensuingslippage of the reinforcement
anchoragen the joint regions. The proposed model consistsmaf concentrated rotational sprisig
located athe memberends; the two(uncoupledl springs are connected by an infinitely rigid bar (Fig.
1e). Fdlowing this formulation, the coefficients of the beslip flexibility matrix F*' are given by
Eq. (16), wheref, andfg® are the flexibilities of the concentrated rotational springs at the ends A and
B respectively. These flexibilities depend themoment- fixed end rotationN1- ;) envelope curve
and the model used to repent hysteretic behaviour of each rotational spring.

e 1200

0 5

(16)

The M- g, skeleton curve is derived on the basis of a simplified proce®4;85 assuming

uniform bond stress ahg different segments of the anchored rebar @igThese sgments are the

10



elastic region L, the strairhardening region 4, and thepullout cone regior.,.. The average elastic
ERQG VW.ddd@pding tAQI 408 [36] is adopted here for the elasti&gion, while the frictional
E R QGaclording tothe CEB Model Coded/] is assumed to apply within the stralmardening
region. In thepullout cone regionit is assumed that the acting bond is negligible.

For various levels of the applied end momemi asing the results of M DQDO\VLYV 1 WKH VWL
and strainQof the reinforcing bar at the loaded end are first determined. Tioamequilibrium and
applyingtheaVXPHG ERQG GLVWULEXWLRQ YD X &lohd tRe@nidédidéthL QI RUF L
length is defined as shown in Figh,8vhere 1 is the yield strength of steel arilis the stress at the
end of the straight part of the rebar anchoragen by assigning an appropriate constitutive material
law for steel[38], strain distribution@(x) is detémined, as shown in Figc8where Qand @, are the
steel strains at the onset of yielding and strainldi@ng respectivelyand Qis the steel strain at the
end of the straight part of the anchorage. It is important to notgdsayield nonlinearity ofthe
material constitutive law, i.estrain hardeningshould be taken intocaount because itffects
significantly the final results H].

Once Q) is determined, slip of the reinforcemefy, can be calculated by integration along th
anchoagelength of the bar. In the case of hooked baxsallslip of the hook should be added. This
can be evaluated by the force acting on the HRgid, A, whereA, is the area of the anchored bar,
and an appropriate hook fores. hook slip relatiaship B9].

8SRQ GHWHU Rl G®&réspdrtiye Rdednd rotation can be calculated by Edi)(Where
(d-xc) is the dstance between the bar and the neutral &tis. envelopéM- i, curve constructed by
the various points of the afeoescribednethodology is then idealized by a bilinear relationship for

the purposes of analysis.
G
d x

After establishing theenvelope curve, dndslip hysteretic behaviour ideterminedby adopting

Gip (17)

therespective phenomenological modélSaatcioglu and Alsiwat40]. Additional features have been
introduced by the writers to prevent numerical instabilities resulting in the implementation of the

specific model in the framework of nonlinear analy$gj.

6 Correlations with Experimental Resuts

The analytical model described in previous sections has been incorporated in the general finite
element program for inelastic damage analysis of R/C structures IDARC2D

(http://civil.eng.buffalo.edlidarc2d50/). In the following, the proposed bearulumn model is

calibrated against experimental détam R/C column and framepecimens, which developed shear
failures after yielding in flexure. Validation is extended, néwerpossible, to individuadleformation

components in order teerify as thoroughly as feasible, all features of the model

11
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6.1 R/C bridge pier specimen HS2 by Ram& Priestley (2001)

Ranzo & Priestley 33] tested three thiwalled circular hollow columns. Herein, the specimen
desgnated as HS2 is examineghichwas designed to fail in shear after yielding in flexureoliter
diameterwas 1524mm and wall thickness 139mm. The ratio of the column shear span to the section
outer diameter was equal to 2.9'he normalised applied compessive axial load was 0.05.
Longitudinal reinforcement ratio was 2.3% and the volumetric ratio of transverse reinforcement
0.35%. Concrete strength was 40MPa and vyield strengths of longitudinal and transverse
reinforcement were 450MPa and 635N Respectiely. Lateral actions were applied in the push and
pull direction of the column for increasing levels of displacement ductilitwith three repeated
cycles at each For this specimen, initial shear strength is predicted equal to 1930kN.

Fig. 9 shows the experimental and analytical lateral load vs. total displacement response of the
specimen. The analytical model captures aately the initial stiffness, lateral strengthd hysteretic
responsef the R/C member. More importantly, theposed model is able to predict reasonably well
the tip displacement at which onset of shear failure andeqoaatstrength degradation is deloped.

This can be seen also in Fida, which compares shear strength given by Bpatdacting shear
forceas a fuition of the end section curvature demand. Initiadlyear capacity exceeds significantly
shear demand. Kwever, due to inelastic cumture developmentat the end of the analysis shear
demand reaches sheaapacity marking the onset dtirrup yielding It is worth reporting that
maximumcurvature predictedby the analytical modd0.019rad/mand 0.025rad/m in positive and
negative beding respectively correlatesufficiently with the measured osénside the plastic hinge
region(approx. 0.02rad/m)33].

Fig. 10b illustratesshear strain distributioof the R/C column as predicted by the proposeear
subelementfor various levels ofncreasing ¢ For =1.0, shear strains remain constant along the
height of the member. After,+1.5, a double #ect isnoted:First, shear strains in the inelastic zone
increasemore rapidly andtend todiffer sibstantially from the ones in thatermeliate part of the
element due to shedlexure interaction effecand consequent yielding of transverse reinforcement
Secondthelength of thanelastic zonencreases following expansion of flexural yielding towards the
mid-span. By this combined effeagradual spread of inelastic shear deformatiorspjgropriately
captured by thenodel.

Figs 11a and 1b present shear hysteretic resporesultingby the proposed model inside and
outside the plastic hinge region. It can be seen that while actingreheainsthe same in both parts
of the element, shear strains become significantly higher inside the inelasticAtdahe.onset of
shear failureoccurringinsidethe plastic hingeshear deformations are predicted equd).8% and
1.3% outsideand insile the inelastic zonerespectively. Both of these values are in good agreement

with the experimental resulfapprox. 0.3% and 1.2% respectivelg}].
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6.2R/C beam pecimen R5 by Ma et al. (18y

Ma et al. [1] tested nine cantilever beams, representifgshale models of the lower story of a
20-storey ductilemomentresisting R/C office buildingHerein, the specimen designatedRisis
examined.Shear span ratio wasjual t02.41. Longitudinal reinforcement consisted of 4 top ahd
bottom 19mm bars, wWle volumetric ratio of transverse reinforcemeamas set equal t®.31%.
Concrete strength wal.SMPa and yield strengths of longitudinal and transverse reinforcement were
452MPa andd13VIPa, respectively.The specimen was subjected to a cyclic concemtiatd at the
free endFor this specimen, initial shear strength is predicted equal to 314kN.

Fig. 12 presents lateral load vs. lateral displacement responderi@sdby the poposed model
and as recorded experimentally. It can be seen that the aalalyticlel reproduces sufficiently the
experimental initial stiffness, lateral load capaciand unloading stihess. Reloading stiffness is
predicted well during the early phases of inelastic response. However, as displacement demand
increases, the pinchineffect is underestimated leading to a small overestimation of the energy
dissipation capacity of the member. ljpiginted outhat the displacement level at which shear failure
is predicted by the analytical model a#ates sufficiently well with the mset of serious shear
strength degradatidn the experimentalesponsg 8

Fig. 13a compares shear strength given by Eq. (6) and acting shear force atianfahthe end
section curvature demand. Initially, shear capacity exceeds significantly shear demaeadetidue
to inelastic curvature development, at the endhefanalysis shear demand reaches shegacity
marking the onset of stirrup yieldinglaximum curvature demand igell predicted(experiment
0.11rad/m and prediction1®2rad/m).

Fig. 13b shows moments. fixed-end rotatiorhysteretic responsgusedy anchorage slippage as
derived by theanalytical model described ithis study. Maximum rotation is predicted equal to
0.007rad in both directionsThis hystereticrelationshipis not reported in [1] for the specimen under
examination.

Fig. 13c illustrates kear hysteretic response inside the plastic hinge region as predicted by the
analytical model.lt is obvious that this relationship isharacterisedy intense pinching effect
following the hysteretic model proposed i].[ The predicted behaviour matchadequately the
experimental response with slighhderestimation of the observed pinching effi@gt This is the
reason for underestimating pinching effect in the total displacement response Zfighgar
deformationat onset of shear failure ealcubtedequal to 0.83 and isin closeagreementvith the
experimental evidencas shown in Table.1

In Fig. 13¢ V- HQ Y H GRd@ndlutded without considering shefl@xure interactionlnitially,
the initial envelopedetermines shear hysteretic resporibeverthelessas soon as >3, shear
deformationsincrease more rapidly, due to interaction with flexure, and shear hysteresis separates

from the skeleton curve. After stirrup yieldinggcurringfor 8 A shear rigidity becomes close to
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zero andvV- VIEtbh curve including shedlexure interactiorcontinues in parallel with the initial
envelope.

InFig. 3G YDULDWLRQ RI GLVSOD Fisl frées€nd &sRIBryd QyHIaR \prdpasedw K
model and experimental recordindiscan beseenthat the aalytical and experimental displacement
patterns are in close agreemenithBugh shear demandfter flexural yieldingremains almost
constant, analyticl derivedshear displacement increases significantly due to Hiogenteraction
with flexureand sulequent stirrup yielding

6.3 R/C frame gecimenby Duong et al.(2007)

This singlebay, twastorey frame (Fig. 14a) was tested by Duong et al. [44} University of
Toronta The frame was subjected to a sinlgladingcycle. During the experiment, a leakload was
applied to the second storey beam in a displacement controlled mode, while two constant axial loads
were applied throughout the testing procedure to simulate the axial load effepfeoftoreys(Fig.
14a). During loading sequence, the twameams of the frame experienced significant shear damage
(close to shear failure) following flexural yielding at their eft.

The finite element modelpplied herein for theelasticcyclic staticanalysis of the frame islso
shown in Fig. (4a). It consists o# column elements an?Zibeam element®ne for each column and
beam) Hence, the number of finite elemerapplied is minimal, ersuring high computational
efficiencyof the numerical modellhe columns arassumedo be fixed at the foundatioRigid arms
are employed to model the joints of the frame.

Figs (14b), (14c) comparethe experimental and analyticédp displacerant and base shear
responses obtained by three different versions of the proposed iaaikl F includes only flexural
deformations.Model FB combines flexural and anchorage slip deformatiémsally, M odel FSB,
which is the one proposed in this study, incorporates all three types of deformations (flexure, shear,
anchorage slip).

As shown in Fig. (4b), modelFSB follows closey the experimentabehaviourover the entire
range of respons&light underestimation of the frame lateral stiffness takes place at the early stages
of loading This is due to the fact that flexural respopsger to crackings not modelled in this study
However, the following gradual decrease of frame stiffness is sufficiently captured by the analytical
model. At maximum displacement, the analytical model slightly overestinlatesal strength
(having acalculatedto-observedatio of 1.10 in both diretions) Furthermore, the analytical model
predicts correctly that both beahsvelopshear failures after yielding in flexure.

On the other hand, modefsand FBconsiderably ovesstimate both stiffness and strengthd
consequently the ability of the axinedframeto dissipate hysteretic energyor the F model, the
calculateeto-observed ratidor strengthis 1.30 and 1.23in the positive and negative direction
respectively. The prediction is improved with inclusion of anchorage slip efffiette FBmodeland

the aforementioned rasdbecomd..19 and 1.22.
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Fig. (14e) presents the pushover curves obtained by the different finite element models. It can be
seen that modelB and FBoverestimate stiffnessirength,and displacement capacity. At the esfd
the analysis, the F and FB models overestimstiiengthby 38% and 37% respectively. The same
models overestimate displacement capawit$2% and 358% accordinglipoth models erroneously
predict flexural failure at the base of the frame.

The FSB mode predicts correctly that shear failure is developed after yielding in flexure.
However, inclusion of shedlexure interaction effect and degradation of shear strength with
curvature ductility demand affecssibstantiallythe displacement capacity pre@idtby this analytical
model. When shedltexure interaction is considered, ultimate displacement capacity is fioubd
46mm which is very close tdhe 44.7mm recorded experimentall@n the other hand, if shear
flexure interaction is ignored, displaceme&apacity is overestimated by 228%.

Finally, Figs (¥e) and (#f) present shear foroes. shear strain hysteredisopspredicted by the
FSB analytical modehside and outside the plastic hinge regitor the ' storey beam of the frame
under cyclic dbading It can be seen that, due to shié@xure interaction effect and consequent stirrup
yielding, shear strains are predicted significantly higher inside than othsigiastic hinges (1.26%

instead of 0.53%), while shear force remaioastantalongthis RC member.

6.4 R/C frame pecimenl byElwood & Moehle(2008)

This haltscaleframe specimen was constructed and tested on the shaking table at the University
of California, Berkeley 42]. It comprised three columns interconnected at the top byra wifle
beam and supported at the bottom on footings (F@). The columns supported a total mass of 31t.

To represent R/C columns typical of 1960s construction in the Western United States, the central
column was constructed with light transverse reicdarent having 90hooks The outside columns
were detailed with closely spaced spiral reinéoment to ensure ductile response and to provide
support for gravity loads after shear failure of the central calumn

The specimen was subjected to one horizargatponent of the ground motion recorded at Vifia
del Mar during the 1985 Chile earthquake (SE32 component).n®hmalisedaxial loadin the
central columnwas 0.10. During testing, the central column experienced a loss of lateral load
capacity, due to appent shear failure at its top, during a negative displacement cycle at
approximately 17.6sedp)].

The finite element model applied herein for the inelagsponséistory analysis of the frame is
shown in Fig. (15a). It consists of 3 column elementsabdam element®ne for each member)
Hence, the number of file elements required is minima&rsuringlow computational cost

The columns arassumedo be fixed at the foundation. Rigid arms are employed to model the
joints of the frame. Rayleigh rdel is used for viscous damping. The equivalent viscous damping is
set equal to 2% of critical for the fundamental vibration mode. The mass is assumed lumped at the top

of the frame.In the following, for the calculation of the central column shear sthentje
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contribution of the stirrups is reduced by half to take into account their inadequate anchotage (90
hooks). Hence, initial shear strength is determined equal to 115kN fondhiker

Figs (15b), (15c) comparehe experimental and analyticedp displacement and base shear
respectivelyresponsehistoriesbetween t=10sec and onset of shear faillibe first 10 seconds are
omitted so that the critical duration of response can be more clearly obdelgeevident that the
analytical model predictslosely the experimental response upte onset of shear failure of the
central column.

The same conclusion can be drawn in Fig. (15d), which presents the comparison between the
experimental and analytical hysterelgisps for the frameyp to onset of leear failure. It is apparent
that the analytical model captures satisfactorily the initial frame stiffness, maximum shear capacity
and the displacement corresponding to onset of shear failure.

Finally, Fig. (15e) compares the pushover curves obtained tny different versions of the
proposed finite element model and the experimental response. The comparison is shown in the
negative displacement direction because in this direction shear failure was detected.

Model F, which tackles only flexural deformatios, significantly overestimates initial frame
stiffness and underestimates displacement at failure. In particular, this model predicts erroneously
flexural failure at the base of the central column at a 20mm lateral displacement.

ModelFSwhich combines #xure and shear, predicts correctly the development of shear failure at
the top of central column. However, it significantly overestimates initial lateral stiffness and
underestimates displacement capacity at onset of shear failure (27mm instead of 51mm).

Model FB, which includes flexural and anchorage slip defations, provides better estimate
than the two previous models. However, it overestimates initial stiffness after base shear exceeds
150kN (onset of shear cracking) and underestimates considefiaplacement at onset of lateral
failure (37mm instead of 51mm). Moreover, a flexural failure at the base of the central column is
falsely predicted.

The best estimations are provided by the FSB model which incorporates all types of deformations.
Envelopestiffness is closely captured until maximum response. Additionally, this model predicts
correctly a shear failure at the top of the central column at a 47mm displacement, which is quite close

to the experimental value.

7 Summary and Conclusions

A new bea-column finite element for inelastic analysis of R/C planar frame structmass
introdued and verified against experimental results. The model tkegphenomenological type and
is developed usinghe flexibility approachlt consists of three individg subelementsconnected in

series anéccountingor membefflexural, shearand anchorage slip response.
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The flexural subelementis used for modelling flexural behaviour before and after yielding of
longitudinal reinforcementBy adoptinga spread inasticity formulation,it is able toaccount for
variation of sectiostiffnessalong the R/C member.

Shear flexibility is modelled explicitly via the shear selbment. This suklement is capable of
reproducinggradual spread of inelastic shear defoioret, developed in plastic hinges, from the
member ends to the midspam feature that cannot be found in any of the existing modigis is
achieved by determining the length and stiffness of its inelastic zbresgha dual interaction
procedure withthe flexural subelement

Shear stiffness is defined by the respective primary curve and the empirical hysteretic model
describedn [4]. Initially, shear skeleton response is modelled without sfieanre interactionThis
envelopecurve is appropriatéor modelling shear response outsttle plastic hinge regiongierein
new empirical formulae are propostxt evaluating shear distortion at onset of stirrup yielding and
shear failure Then, by developing newanalytical procedurewhich combines the truss analogy
approach and the shear strength model by Priestley &],ah¢V- HQYHORSH ZLWKLQ SODV
regions is determined. In this washear strength degradation ataghid increase of inelastic shear
deformationdollowing flexural yieldingare modded simultaneously and in a rational manner.

Fixedend rotations caused by anchorage slippage are modelled by nonlinear rotational springs.
M- qip Skeleton curvés determined by a simplified procedure assuming constambrombond stress
distribution along the elastic and inelastic part of the anchorage I&ugtyield nonlinearity of the
constitutive lawfor stee i.e. strain hardenings taken into consideratiodnchorage slip hysteretic
relationship is mod&d following the phenomenologicalpproactdescribed in4Q].

The proposed analytical modebs implemented in the finite element program IDARC ara$
validated against experimental results from R/C column specimens failing in shessaquent to
yielding in flexure. Model calibrationwas not restricted tdotal response parameters, lalso
encompasseithdividual deformationand displacemertomponentsin all casessufficientagreement
was achievedvith the experimental observations.

The developed bearolumn model represents a completeroposal for modelling inelastic
response of R/C members since all deformations mechanisms (flexure, sheaggmslipyas well
as their interaction angradual developmengreduly taken into consideratiod\t the samdime, the
numerical formulationremains robust and requires minimum computational effort. Hends, it
believedthatthe proposedinite elementconstitutes an efficieranalyticaltool for seismic assessment

of R/C structures
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