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Abstract

Shear walls are very efficient structural elements to resist lateral seismic disturbance. Despite the aforementioned seismic
performance, recent investigations regbdt they have suffereidom significant structural damage after recent seismic
activity, even for those complying with seismic provisions. These deficiencies in resistance and deformation capacities
need to be explored. This study considers the influencplastic lengthd r; concrete compressive strendth ,
longitudinal reinforcementrato @ t r ansver se rei nf or ce meconfinemeattzone degthsds, redu
and focusing on the geometric slendernesshe parametric study has been conducted through NL pushover analysis
using Peform3Dsoftware. The chosen coupled sh#texure fiber macro model was calibrated with watlown cyclic
experimental specimens. The paper points out the discrepancy between the tiwmowelicodes EC8 and ASCE/SEI

41-13. In fact, the value of the slendernesdior _ that trigger the beginning of a purely flexural behaviour
recommended by EC8 ( () is very different from the value of the ASCE/SEF¥3 (_ o) without accounting for

the effect of the reduced axial force. Finally, it was found that RCW c@saaite very sensitive {@ ,’,” ¢ 0n and

|l ess sensitive t o_ isthehmost dedisiv€ factor dffectimg theeNL ,wall response. A new limit of
slenderness and appropriate deformations of rotations are recommended to pravidediate help to designers and

an assistance to those involved with drafting codes

Keywords Macro-mode| Plastic Length LpS | e n d e r n gCordinefRenttZone CS-

1. Introduction

Reinforced concrete (RCW) structural walls have commonly been udrdidiag lateral forceesisting elements
in regions of moderato-high seismic hazard, for provid) an adequate stiffness and sufficient strength to ensure an
elastic seismic response and an adequate ductility to dissipate energy. Structural RCWhedaslefuctile, when
they have the abilityt o deform inelastically corresponding t o t
aforementioned seismic characteristics, technical investigations conducted after recent earthquakes in 2003 (Algeria)
[1], 2010 (Chile) and 2011(Mexico), showed that the recorded structural damage (crushing, rebar buckling, and lateral
instability) in concrete shear walls exceeded the level recommended by seismic regulations, even when there was
compliance to design provisions][2Zl'hus, questions have been raised about current design provisions and current
understanding of the determinants of NL behaviour of RCW. This paper seeks to extend the understanding of the main
parameters that influence NL behawi of RCW and advocateshat a performancebased approach, where
performance goals rely on limit states based on damage levels, should he taken
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Therefore, a large volume of experimental data from tests on plan RCW subjected to in plane loading and
documented over the past two ddes was gathered [3] and utilized as a reference in the calibrating process of the
numerical model for both mactmodel and finite elements. This paper focuses on the NL behaviour of the ductile
RCW structures. According to the value of the aspect riafila.f structural walls are classified in three main groups:

fDuctile shear wal |l s: uwhWhisgneater thamawo,| addsdesarsep te ensures that plastic ( |
hinges can form at predetermined localities called confined zones (displacenentd 8 i 8¢y ¢

9 Shear walls of limited ductility: When ductile flexural hinges cannot develop in structural walls, seismically
induced shear forces assume a morlé). i mportant role (o

1 Walls designed for elastic response: Whem Binincipe of strength is the main parameter in the design process
and response of the structure remain el asg6)c during

The numerical simulation has been conducted using Peform3D saffiwaoetype ofmacro model elements of
RCW are implemented in the program; Shear wall element and General wall element [4]. The shear wall element
consists of vertical fibers and concrete shear layer (conventional shear) as shown in Figure 1(a). While the General
Wall element is used to model axial force, bending, and shear strength (conventional shear) in addition of the diagonal
compression struts that can transmit shear force and consider the contribution of reinforcing steel to the shear strength
through interaction ith the fiber layers. In our case, we had to choose the general wall element to simulate the
interaction between the shear and flexure. The chosen coupledflsikaes fiber macro model was calibrated with
well-known cyclic experimental specimens.

The study revealed, th#te lateral capacities of the concrete shear vealtssensitive to theoncrete resistance
(fe2g) the reduced nor mal force (1)sapdthe éxted of the plagtic hingdjtn a | r e
whiletheyardesss ensi ti ve t o t h es) and comfisemnentzene depth@Shle shtihdef ness
was, however found, the most decisive factor affecting the seismic NL wall behaviour expressed in terms of the aspect
ratio (height to length,{flw). We point out the existence of a discrepancy between the twdkmmlin codes ECS8 [5]

and ASCE ASCE/SEI 413 6] in the definition of the slender wall.
trigger the beginning of a purely flexural behaw ur r ecommended by EC8 (& > 2), i
the ASCE/SEI401 3 (& > 3) , in addition, i cegldctmgtheg dexpdeaséal as$
effect. To understand this discrepancy, we had explored the targé we en t he sl enderness rat
well-known codes an@ new limit ofa-is proposedMor eover , def or mat jo,0 Bdnktdfoma t st a

normally reinforced section are recommended, since the values given in the relevantditeeat the lightly and
heavily reinforced cases. The chosen value Pdlplastic hinge given by the codes is also discussed

The present paper is organised into five sections.fifst section introduces tlexistingproblemand outlines the
researchquestion and main objectives of this study. The second section presents the main modelling concepts
commonly used by researchers. 3ection 3, four commonly used experimental models, selected from the relevant
scientific literature, have beemsed tocalibrate the adopted numerical model. The fourth section deals with the
parametric study by considering the main parameters that influendé_thehaviour of RCWwhile proposing some
control tools that can be used to help the structural designer. Theddshss devoted to the general conclusions and
recommendationsf the study.

2. Modeling

Thereare two main families of models used in the numerical simulation of the inelastic response of concrete shear
walls structuresq].

2.1 Microscopic Models

The modelsare based on the finite element method and are particuisefyl whenstudying the locd behaviour
of structures. Theancrete wall igliscretized by a set of finite elements. The use of this type of model provides local
responses which faithfyllreflect the observations and results of experimental testd][8However, for highly
redundant systems, the computation time becomes prohibitive (convergence problems). Their use in modelling
therefore becomes a choice to be discarded.

2.2 MacroscopicModels

Compared to microscopic models, macroscopic models are relatively simple and numerically efficient with a
reduced computation time. Their accuracies and areas of use vary significantly from one model to another. Their
implementation and their use icalculations must be done appropriately so that the results obtained will be
representative and agree with those obtained from experiments5]12he main macroscopic models widely
implemented in numerical simulation are summarized [7]:
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1 VerticalLine-Element Model (VLEM) or (Pier model)
1 ThreeVerticalLine-Element Model (TVLEM)

1 Multiple-VerticalLine-Element Model (MVLEM)

9 2-D Shear Panel Element ModelR2SPEM)

9 Equivalent Truss Model (ETM)

9 FiberBased Model (Figure 1a)

1 The multilayer shellelement.

2.3. Modeling of RCSW using aFiber Element Macro-model

The fiber element iglealized by discretizing the crossection into a series of fiber, where each fiber is assigned a
uniaxial hysteretic or simple model, simulating flexural or combined (berstingr is introduced by the strut effect)
(Figure 2a).This discretzation is based on twmain numerical approaches; the first based on displacef@nt]
and the second on forc&d, 19. The displacement approach requires a fine meshing and considerable computation
time. The forcebased approach, on the other hand, depends on the ofificee interpolation functions that satisfies
the global equilibrium of the section, thus considerably reducing the computation time. However, theaesuiten
found to bdess accurate than obtained by the first appro2dh It should be noted #i classic fiber models could not
capture the NL behaviour of walls mainly controlled by shear deformations, as a result, they had to be modified in
order to include the shear effect.

2.4. Categorization of Concrete Shear Walls{ASCE /SEI41-13)

The behawur ofRCSWi s defi ned function of the geometric sl end:
TRCSWor parts of walls are considered as slender (con

1 Reinforced concrete walls or parts of walls are considered short (govepeds hear ) i f & is | e
those between 1.5 and 3.0 are influenced by both bending and shear.

2.5. Modeling Aspect

It is recognizedhat distributeeplasticity beancolumn models with fiber sections [[A2] provide a more accurate
approach toisulate NL behaviour RC walls than lumpptasticity models under both static and dynamic loads [18],
because they catapture the variation of axial force in the axiakural interaction. This behaviour can be expressed
by shear, bending, or combinedeglhbending[7]. Since classic fiber model cannot capture the NL behaviour of squat
walls mainly controlled by shear. Thus Fiber models must be modified to overcome this shortcbonbegter
capture the shear effect (conventional and distortioti@)nacromodelusedfor the simulation is based on the fiber
basedelement with consideration of the strut effect; however, the shear induced by the normal force is neglected. An
ultimate deformation for vertical steel is introduced to avoid an out of ple&.eThe modelling work was carried
out using the Perform3D softwar23.

2.6. Modeling Data

The fiber behaviour laws are introduced through aaximl trilinear forcedeformation curve (Inelastic 1D
Concrete material,nelastic Steel materidflon-Buckiing). These laws reflect the behaviour of the material starting
from the elastic phase, passing to the elastoplastic to plastic stage until reaching failure or total loss of strength. The
RCW is discretzed on two main families of s andconcrete fibers (Figure }bwhere its Behavioat law is
introduced:

1 Behavioural &w of concrete steel (Figure 1

1 Energy degradation é#ors Concreté Rebar (Figure 1)

1 Shear frondiagonalcompression (Figure e

1 Inelastic behaviour law of the neaial under the effect of shear is introduced in different ways

9 Perform3D uses two methods of modelling wall elements. The first is called "Shear Wall, inelastic section,
suitable for slender walls *, and the second is called "General Wall, inelasiimsesed to introduce the effect
shearthroughthe strut effect ," suitable to model squat wall¥he shear effect is introduced byforcestrain
curve (Figure If

1 Y Point: yielding point, significant beginning of the behaviour; NL
1 U Point: ultimate sength point reached
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1 L Point: ductility limit point, significant beginning of strength lpss
1 R Point; point where the minimum residual strength is regched

1 X Point: point where the deformation becomes very laaigd the analysis must stop.
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Figure 1. Modeling steps with Perfrom3D

2.7. The DegradedLoop (Trilinear Case)

1 Two extreme shapes (Figu2g mayrepresent the trilinear degraded lo@@][

1 The elastic stiffness is equal to the raegraded value (Figurga), giving a minimum elastic range and a
maximum strain hardening range.
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1 The hardening stiffness is equalth® nondegraded value (Figuré}, resulting on a maximum elastic range and
a minimum strain hardening range.

1 PERFORM allows to control the elastic range, using the Unloading Stiffness Factor. A factor of 1.0 gives a
maximum unloading stiffness and minimum elastic range. A factet.ffgives a minimum unloading stiffness
and maximum elastic range. The default is midway between these ext@&3nes [

ACTION
h

7 DEFORMN
I’,j

-
P
-

(a) Minimum Elastic Range (b) Maximum Elastic
Figure 2. Extreme Cases, Before U point

Table 1. Material cyclic energy dissipation factoff24]

Material state  Y(yield) U(ultimate) L(loss) R(residual) X(rupture) Unloading Stiffness factor
Concrete 1 0.4 0.4 0.1 0.1 -
Steel 1 0.4 0.4 0.1 0.1 1

Shear stiffness = 0.1Gc24]; Where GC= 0.4c gross area

3. Model Calibration

Four experimental models (FiguBe and Table 2) selected from the relevant scientific literature, namelySW1
and SW12 [25], RW2 [26] and PWL1 [27]; the most commonly used were taken as references for the cabbthton
adopted numerical analysis model. It should be noted that the limits introduced in thenmodetcare those taken

from the references.

Table 2. Cross sctional characteristics of sample

Designation Dimensions (mm) &  fcs(MPa) Lc (mm) g
SW i1 2000x1000x125 2.0 30 200 0.214
SW 12 2000x1000x125 2.0 30 200 0.428

RW 2 3660x1219x102 3.0 43.64 172 0.07
PW 1 3660x3050x152 1.20 36 521 0.10
9 Lc

SW 1-1 and SW 12, Sample

L B B
B = |

Fiber model - SW 1-1 et SW 12
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Experimental RW 2
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Figure 4. ¢) Experimental RW 2Vs Perform3D-Simulation
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