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RESUME

Des analyses numériques réalisées par des cheschpracédents ont montré que les
tremblements de terre anticipés dans I'Est de I'hamné du Nord, en raison de leur riche contenu
en mouvements a hautes fréquences, pouvaientitolliortement les modes supérieurs de
vibration des refends élancés en béton armé wifieér résister aux charges latérales dans les
batiments. La contribution des modes supérieurs peanduire a la formation de rotules
plastiques dans la partie supérieure des mursjusnde la rotule plastique qui est prévue a la
base des murs lors de la conception des murs $efonormes et codes actuels. Les modes
supérieurs peuvent également conduire a une aogtidh substantielle des efforts de
cisaillement dynamiques a la base des refendsxegselu niveau de résistance exigé par les
codes de conception. Pour étudier ces effets datesnsupérieurs prédits par des simulations
numeriques pour les tremblements de terre de dEgkmérique du Nord, il était nécessaire de
procéder a des essais en laboratoire sur des muréten armé soumis a de tels mouvements
sismigues. Dans cette thése, on présente et disutdeux programmes d'essais, ainsi que les
études numériques complétées en parallele, quéténtéalisés sur les murs de refend en béton

armeé : essais statiques et essais dynamiquesvsuiagur sismique.

La premiéere série d'essais consistait en des assaistones et cycliques sur des refends ductiles
en béton armé concus et détaillés conformémendesositions sismiques du CNBC 2005 et de
la norme CSA-A23.3-04. Les tests ont été effectupkeine échelle et a sur des modéles a échelle
réduite 1:2.37 pour valider les régles de concegtarasismique et les lois de similitude utilisées
pour la réalisation d’essais a échelle réduite. éssais sur spécimens a échelle réduite étaient
essentiels car les essais dynamiques du secondhpnog expérimental devaient étre réalisés sur
des modeles a échelle réduite. Dans ces essagspbgervé un comportement ductile en flexion
sous les chargements monotoniques et cycliquegy’ausine ductilité en déplacement de 4.0,
comme prévu par les codes. A ce niveau de défosmates déformations inélastiques de
cisaillement dans la rotule plastique correspondaieenviron 20% de la déformation totale.
Dans les cycles suivants, la résistance des spasismis sollicitations cycliques s’est dégradée

en raison du glissement en cisaillement qui s’estlyt dans les fissures importantes de flexion



a la base du mur. On a obtenu une excellente coacoe entre les résultats des essais a grandeur
réelle et a échelle réduite, démontrant que Batiion d’'un facteur d'échelle de I'ordre de 2.3

permettait de prédire adéquatement le comportemélaistique de refends en béton armé.

Pour ce programme d’essais, on a reproduit le commpent des spécimens en utilisant le
logiciel d’éléments finis VecTor2. La comparais@mtre les résultats expérimentaux et
numeriques a démontré qu’il était possible de peecbrrectement avec ce type de modéle et de
logiciel le comportement inélastique des refendsbéton armeé, incluant le mode de rupture
observé sous chargement cyclique. Des modélessphydes avec éléments de poutre et rotules
plastiques concentrées ont également été utilisés lp modélisation numérique. Les résultats
ont montré que ce modele pourrait bien reprodwreeponse en flexion des refends, mais les
déformations de cisaillement ne pouvaient étreodyates, particulierement dans le domaine non

linéaire.

La deuxieme série d'essais a consisté en des esgala table vibrante sur deux spécimens
identiques, a I'échelle 1:2.33, d’'un mur en bétonéade ductilité modérée de 8 étages congus
pour étudier les effets des modes supérieurs datioh sur la réponse inélastique des murs sous
des tremblements de terre produisant des mouverdens®l a haute fréquence attendus dans
I'Est de 'Amérique du Nord. Les murs ont été cangudétaillés conformément aux dispositions
sismigues du CNBC 2005 et de la norme CSA-A23.3L@4. objectifs étaient : 1) de valider et
de comprendre la réponse inélastique de mémeigterdction entre les efforts de cisaillement,
de flexion et axiaux dans les zones de rotule igastdes murs, en tenant compte des effets des
modes supérieurs, et 2) d'examiner la formatiomel’'seconde rotule plastique dans la partie
supérieure du mur en raison des réponses des nsogésieurs. Pour étudier I'évolution des
dommages sous différents niveaux d'intensité, lemmr spécimen a été testé sous des
amplitudes de mouvement a la base incrémentéesgrahes allant de 40% a 120% du niveau
de conception. Pour le second spécimen, le preesisai a été réalisé a 100% du niveau de
conception. Des essais additionnels ont ensuiterébsés en augmentant 'amplitude par

tranches successives jusqu’a 200% du niveau deeptiao.
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Le second mode de vibration a significativemenrg# la réponse des murs. Cela a donné lieu a
des déformations inélastiques en flexion au nivgaavec une rotation plastique qui a atteint a
peu pres la méme ductilité qu’'a la base du mura@bservé une amplification dynamique des
forces de cisaillement a la base des deux murss Darsecond mur, qui a été testé dans la
condition initiale intacte, le pic de force cisaittent a la base a atteint environ 1.4 fois la
résistance au cisaillement. Ce pic a est surveantayue ne se forme la rotation inélastique a la
base et la contribution a la résistance au cisadlg fournie par le béton, encore dans un état
quasi non fissuré, a dépasseé la valeur utilisés ttanonception et la rupture en cisaillement n'a
pas été observée. Une fois que la rotation inélasts’est produite, cette contribution du béton
correspondait a la valeur obtenue en utilisantuaileur de 0.18 pour le coefficient de réduction

pour tenir compte de la fissuration du béton.

La modélisation numérique de ces deux essais ble vbrante a été réalisée afin d'évaluer les
résultats du test et de valider les techniqueselietude modélisation. Les analyses non linéaires
dynamiques ont été effectuées a l'aide de modéles @&léments de fibres en béton armé
(programme OpenSees) et des éléments finis (pragearwecTor2), en utilisant comme
sollicitation les signaux enregistrés a la base gpeximens de murs sur la table vibrante. Une
bonne concordance a été généralement obtenuelentrésultats numériques et expérimentaux.
Les deux programmes ont permis de prédire la frdcpi@aturelle des murs dans les conditions
intacte et avec dommages. Les deux techniques dlisation ont permis de prédire que le
moment maximal a la base des murs a atteint lactapaéelle des murs en flexion. Le
programme OpenSees a prédit tres bien le cisailemeaximal a la base, alors que le
programme VecTor2 a surestimé les forces de @sag@dht en comparaison avec les résultats
expérimentaux. En termes de déplacement latérabaumet, le programme OpenSees a donné
un excellent résultat comparé aux mesures d’esfgec le programme Vector2, on a noté un

décalage dans le temps entre la prédiction numgegles résultats de I'expérience.

La réponse inélastique des murs, incluant le cotapmwnt de la seconde rotule plastique, ont pu
étre correctement reproduits a l'aide des prograsmitenalyse avec éléments de fibres et par
éléments finis. La méthode avec éléments de fibsesine bonne alternative en termes de temps
de calcul. Elle produit des résultats raisonnablesomparaison avec la méthode des éléments
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finis, bien qu'une attention particuliére doive eétaccordée a la sélection des ratios
d'amortissement. Les différentes analyses paraqmésidans cette thése ont montré que, pour les
deux modeles, I'ajout d'une petite quantité d’arssetnent visqueux global en combinaison avec
un modéele hystérétique raffiné pour le béton arergnettaient de bien prédire le comportement
sismigue des structures étudiées. Pour le progravfen€or2, un amortissement visqueux de 1%
a conduit a des résultats raisonnables pour les gubéton armé étudiés. Pour le programme
OpenSees, 2% d'amortissement a donné lieu a uneebooncordance entre le test et les
prédictions numériques pour I'essai a 100% du nivéa conception sur le mur initialement
intact. Lorsque I'on augmente l'intensité du tresm@Ent de terre, I'amortissement a da étre réduit
entre 1.5% et 1% pour obtenir de bons résultats pounur endommagé avec des périodes de

vibrations allongées.

Les résultats des essais et des analyses numérsgueles murs en béton armé soumis a
mouvements de sols produits par des tremblemernttrdeanticipés dans I'Est de ’Amérique du
Nord, ont démontré qu’il y a une forte possibild@voir une seconde rotule plastique dans la
partie supérieure des murs, en plus de celle ada Qui est considérée dans la conception. Cette
seconde rotule plastique peut dissiper I'énergiaiia par le tremblement de terre de facon plus
efficace et diminuer les forces sur le mur. Unerapipe de conception considérant une seconde
rotule plastique dans la partie supérieure du mnrplus de celle a la base, pourrait donc étre
plus appropriée. Des recommandations préliminaceg proposées dans cette these pour cette
approche de conception pour les refends ductileseni compte des effets des modes supérieurs
sur la rotation plastique dans le haut du mur etesuefforts de cisaillement a la base. Des études
numeériques ont montré que cette procédure de ctiongpermettait de réduire les moments de
flexion a mi-hauteur du mur, alors que les momariessbase du mur sont demeurés proches de la
résistance nominale a la flexion. La seconde rqgildstique a également conduit a une réduction
des efforts de cisaillement a la base, ce qui éséfigue pour aussi réduire I'amplification
dynamique de la réponse due aux modes supériemibrdéon.

Apres que le programme expérimental eut été ternhséchercheurs de I'Université Concordia,
le Professeur Khaled Galal et I'étudiant au dodtbi@sam El-Sokkary, en collaboration avec les
chercheurs de I'Ecole Polytechnique de Montréalyéparé les deux murs endommagés a l'aide
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de polymére renforcé de fibres (PRF). Les mursi aépmarés ont été testés de nouveau sur le
simulateur sismique en utilisant la méme séqueraaauvements sismiques. Ces tests visaient a
comparer la réponse sismique des murs d'origimépetrés. Les fréequences naturelles mesurées
pour les murs réhabilités étaient plus élevées aplies des murs d'origine dans la condition
endommagée, a la fin du premier programme expétahedalles étaient cependant proches des
valeurs mesurées pour les murs d'origine intagtsagpliqguant les mouvements sismiques dont
I'amplitude était graduellement augmentée par tiaacles dommages (fissuration, plasticité) se

sont développés dans les étages non réhabilités.



ABSTRACT

Past numerical simulations performed by previouseaechers have shown that higher mode
response can be significant for high-rise reinfdra®ncrete shear walls used in building

structures to resist lateral loads, when subjettegound motions rich in high frequency that are
expected in earthquakes occurring in Eastern Nantlerica. Higher mode response can lead to
the development of plastic hinges in the upperiporof walls, in addition to the base plastic

hinge assumed in design according to current caddsdesign standards. Higher mode effects
can also result in significant dynamic shear arigalifon at the base of walls, in excess of the
shear resistance prescribed in current code dodsmeémxperimental testing was needed on
reinforced concrete walls under Eastern North Aozerarthquake motions to validate these
higher mode effects predicted by numerical simaieti This thesis presents two experimental
programs together with companion numerical stutiaswere carried out on reinforced concrete

shear walls: static tests and dynamic (shake tadsdes.

The first series of experiments were monotonic aydlic quasi-static testing on ductile
reinforced concrete shear wall specimens desigmetl detailed according to the seismic
provisions of NBCC 2005 and CSA-A23.3-04 standdifte tests were carried out on full-scale
and 1:2.37 reduced scale wall specimens to evalhatseismic design provisions and similitude
law and determine the appropriate scaling factat tould be applied for further studies such as
dynamic tests. Ductile flexural response was oleeninder cyclic loading up to a displacement
ductility of 4.0. At this deformation level, inel&s shear deformations in the plastic hinge
contributed to approximately 20% of the total latedeformation. In the subsequent cycles,
strength degradation took place due to shear glideveloping along the large flexural cracks at
the wall base. Comparisons of the test results dmtwprototype and reduced scale walls showed
excellent agreement, which proved that using ofirsgegactor around 2.3 for the model wall

could adequately predict the inelastic responsgsaibtype reinforced concrete shear walls.

The VecTor2 finite elements program was used tduet@ numerically the inelastic behaviour of

model and prototype wall test specimens. Compasidmetween experimental and numerical



results showed that the inelastic response andréarhode of the model and prototype walls as
observed under cyclic loading could be adequatefyraduced using the VecTor2 program.

Simpler stick models with frame elements and lumpledtic hinges were also used as another
numerical modeling technique. The results showatttiese stick models could capture well the

wall flexural response but shear deformations cowldbe reproduced.

The second series of experiments were shake tdike ¢conducted on two identical 1:2.33 scaled,
8-storey moderately ductile reinforced concreteasheall specimens to investigate the effects of
higher modes on the inelastic response of slenddis wnder high frequency ground motions
expected in Eastern North America. The walls weesighed and detailed according to the
seismic provisions of NBCC 2005 and CSA-A23.3-Ghdard. The objectives were to validate
and understand the inelastic response and interaofi shear, flexure and axial loads in plastic
hinge zones of the walls considering the higher eneffiects and to investigate the formation of
second hinge in upper part of the wall due to highede responses. To investigate the progress
of damage for the different levels of intensity,eospecimen was tested under incremented
ground motion amplitudes ranging from 40% to 120%cthee design level. For the second
specimen, the first test was performed at 100%hef design level and the amplitude was
increased stepwise in subsequent tests up to 20086 design level.

Second mode response significantly affected thporese of the walls. This caused inelastic
flexural response to develop at th® Bvel with approximately the same rotation duttili
compared to that observed at the base. Dynamicifecapbn of the base shear forces was also
observed in both walls. In the second wall, whicdmswested in the undamaged condition, peak
base shear forces reached approximately 1.4 tirhéseowall shear capacity. That peak shear
force demand occurred prior to significant inelastitation at the wall base and the contribution
to shear resistance provided by the concrete,ns&dkly uncracked, exceeded the value used in
design and shear failure was not observed. Oncastne rotation had developed, that
contribution corresponded to the value determingdgua value of 0.18 for the reduction factor

accounting for concrete cracking.



Xl

Numerical modeling of these two shake table tests performed to evaluate the test results and
validate current modeling approaches. Nonlineaetimstory analyses were carried out by the
reinforced concrete fibre element (OpenSees progeard finite element (VecTor2 program)
methods using the shake table feedback signalgpas. iGood agreement was generally obtained
between numerical and experimental results. Bothpeder programs were able to predict the
natural frequency of the walls in the undamaged dathaged conditions. Both modeling
techniques could predict that the maximum bendiognent at the base of the walls reached the
actual wall moment capacity. The OpenSees prograedigied very well the measured
maximum base shear whereas the VecTor2 model gstinerger shear forces compared to the
experimental values. In terms of top lateral dispraent history, the OpenSees model led to
excellent match with the experimental results hutai-phase responses were observed between

the VecTor2 predictions and the test measurements.

The inelastic response and the dual plastic hirgewour of the walls could be adequately
reproduced using the fibre element and finite el@nanalysis programs. The fibre element
method is a good alternative in terms of computiimge. It produces reasonable results in
comparison with the finite element method, althopglticular attention needs to be given to the
selection of the damping ratios. The different psetiic analyses performed in this thesis
showed that, for both models, adding a small amotiglobal viscous damping in combination

with a refined reinforced concrete hysteretic mamrild predict better the seismic behaviour of
the tested structures. For the VecTor2 programiseous damping of 1% led to reasonable
results for the studied RC walls. For the OpenSwegram, 2% damping resulted in a good
match between test and predictions for the 100%dsQon the initially undamaged wall. When

increasing the earthquake intensities, the dampadyto be reduced between 1.5% and 1% to

achieve good results for a damaged wall with eltegyaibration periods.

According to the experimental results and numereellyses on reinforced concrete shear walls
subjected to ground motions from Eastern North Acaeearthquakes, there is a high possibility
of having a second plastic hinge forming in theamgmart of walls in addition to the one assumed
in design at the base. This second hinge couldpdiesthe earthquake energy more effectively
and decrease the force demand on the wall. A daatip hinge design approach in which the
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structures become plastic in the upper wall segraswell as the base could be therefore more
appropriate. Preliminary design recommendationsidening higher mode effects on dual hinge
response and base shear forces for ductile slesmdar walls are given in this thesis. Numerical
investigation of this design procedure showed liegitding moments could be reduced at the wall
mid-height, whereas the moments at the base ofviieremained close to the wall nominal
flexural strength. The dual-hinge design also ted teduction of the base shear forces, which is
beneficial in reducing dynamic amplification frongher mode response.

After completion of our shake table test programsearchers from Concordia University
(Professor Khaled Galal and Ph.D. Candidate Hos&®okkary), in collaboration with the
researchers from Ecole Polytechnique of Montrégaired the two damaged walls using Fibre
Reinforced Polymer (FRP) wrapping. These repairatiswvere then retested on the shake table
using the same ground motion sequence. Theseaigstsl at comparing the seismic responses of
the original and repaired walls. The natural freguies of the rehabilitated walls were found to
be higher than those of the original walls in thEmdged state at the end of the initial test
program, and were close to the values measurdtidarndamaged original walls. Upon applying
seismic ground motion with stepwise incrementallgréasing intensities, the damage (cracking,

plasticity) was found to spread in the unrehaltéitiestoreys.
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CONDENSE EN FRANCAIS

A.1 Introduction

Avec le développement des sciences reliées auxbleements de terre et de lingénierie des

structures, les codes de construction des batinetrnées provisions sismiques sont mis a jour a
intervalles réguliers, mais il y a encore de nomkraspects qui ne sont pas pleinement compris
en raison de la nature aléatoire des mouvememiscgiss et du caractere complexe de la réponse
des structures en béton armé dans le domaine néaire. Parmi ces aspects, les effets des
modes supérieurs de vibration sur les structureantides séismes ont été des sujets d’études

récentes.

Dans la norme CSA A23.3, I'effort de cisaillemenupla conception est I'effort qui correspond
a l'atteinte de la capacité ultime en flexion proleadu mur a sa base, aprés la formation d’'une
rotule plastique. Ce calcul est cependant effeetuéne considérant que le premier mode de
vibration (Adebar et al. 2005).

Des analyses dynamiques récentes non linéairesideda refend soumis a des tremblements de
terre ont montré que des forces de cisaillemerdedai-des efforts calculés dans les codes usuels
peuvent se développer en raison de la contribufies modes supérieurs de vibration de la
réponse dynamique (Blakeley et al. 1975, Filiatraulal. 1994, Amaris 2002, Panneton et al.
2006, 2006 Krawinkler, Velev 2007, Boivin et Paal#t010). Ces forces de cisaillement élevées
peuvent provoquer une rupture fragile en cisailleimdes murs ou des défaillances par

glissement a la base des murs.

Ces études numériques ont également révelé quelifi@ation du moment au sommet du mur,
aussi produit par les modes supérieurs, peut canduia formation de rotules plastiques dans la
partie supérieure des murs, méme lorsqu'ils samguset détaillés pour qu’une rotule plastique

ne se forme qu’a la base (Blakeley et al. 1975imbtay et al 2001; Panneton et al 2006).
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En raison d’'une amplitude plus faible des charggrigues dans la zone de sismicité modérée de
I'Est de 'Amérique du Nord, les refends en bétonéade la catégorie « a ductilité modérée »
sont généralement préférés aux refends de la caégductile ». Les premiers sont plus simples
a concevoir et, surtout, a construire, des avastagportants qui I'emportent sur des charges de
conception plus élevées exigées pour ces mursse@sisses produites par les tremblements de
terre prévus dans I'Est de I’Amérique du Nord saites en mouvements a hautes fréquences par
rapport aux secousses typiques de I'Ouest de I'iyoérdu Nord, ce qui peut favoriser une
réponse plus importante des murs aux modes superi€atte réponse peut se traduire par de
I'amplification dynamique importante du cisaillerh@msi que l'amplification significative des
moments de flexion sur la hauteur du mur. L'amgéifion dynamique peut conduire a la

formation de rotules plastiques dans la partie sepe du mur (Panneton et al. 2006).

Des recherches expérimentales sont essentiellegl@inieux comprendre la réponse dynamique
sismique des murs en béton armé et développer étteodologie de conception simplifiée mais
réaliste pour utilisation dans la pratique. Une deithodes les plus fiables pour obtenir des
données sur le comportement sismique des mursaastalisation d’essais sur table vibrante
(Lestuzzi et al. 1999; Lu and Wu 2000; Kazaz et28l06; Panagiotou et al. 2007a, b). Un
programme d’essais a grande échelle sur table ntidbra été réalisé récemment sur un mur
rectangulaire de 7 étages soumis a un tremblemeriere en Californie (Panagiotou et al.
2007a, b). Ces essais ont confirmé que I'ampliboatiynamique due aux modes supérieurs
pourrait augmenter le cisaillement a la base jastjib fois la force de cisaillement correspondant

a la sur-résistance de mur de refend.

A.2 Obijectifs

Les objectifs de cette étude sont les suivants :

(a) examiner I'approche de conception pour la t@sie au cisaillement proposée dans la norme
CSA A23.3;

(b) vérifier les regles de similitude en compalastrésultats d’essais monotoniques et cycliques

sur des murs prototypes et des modeles de murkelleécéduite, ceci dans le but d’appliquer,
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par la suite, des facteurs d’échelle similairesrpes essais sur la table vibrante sur des murs en
béton armé;

(c) évaluer les capacités du logiciel VecTor2 payroduire la réponse inélastique et les modes
de défaillance observés dans les essais pour les ductiles sous grandes déformations
plastiques (essais monotoniques et cycliques);

(d) étudier, a l'aide d’essais sur table vibramgs, effets des modes supérieurs sur les murs en
béton armé tels que 'endommagement, les effon®aés et la réponse inélastique de murs sous
un tremblement de terre de I'Est de 'Amérique adud\{EAN);

(e) évaluer les résultats des essais et 'adéquatiola modélisation a I'aide d’éléments fibres
(logiciel OpenSees) et d’éléments finis (logiciekdtor 2) pour les analyses dynamiques non
linéaires sur murs en béton arme; et

(f) proposer une nouvelle approche de conceptisaspEmique qui tienne compte des effets des

modes supérieurs de vibration sur le comportemesintlrs de refend.

A.3 Méthodologie

Pour évaluer la procédure de conception sismiqua derme canadienne CSA A23.3 et étudier
les effets des modes supérieurs sur les murs en héiné sous les tremblements de terre a haute
fréquence, des essais statiques et dynamiquedemptféctués sur des murs de refend en béton
armé. Les essais ont été effectués au Laborateigénie des structures de I'Ecole Polytechnique,
Montréal, Canada. La modélisation numérique dessnauété réalisée par deux méthodes :
éléments finis, avec le logiciel VecTor2, et éléitsdibres, avec le logiciel OpenSees.

A.4 Contributions Originales

Les principales contributions scientifiques de g de recherche sont les suivantes:
1. Reproduction avec des essais sur des spécimerseeé@duite de la réponse sismique
inélastique observée dans les essais monotonidquegckgues sur des prototypes de
refends en béton armeé, y compris les déformatieanélexion et de cisaillement et le

mécanisme de défaillance (rupture en cisaillemprésaavoir atteint la ductilité cible).
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2. Evaluation de la méthode « Disturbed Stress Figlishplantée dans le code d’éléments
finis VecTor2 (Vecchio 2000) en utilisant les réatd des essais monotoniques et
cycliques sur des murs soumis a des déformatiaiastiques significatives.

3. Utilisation d’un nouveau montage expérimental étébau Laboratoire de structure de
I'Ecole Polytechnique de Montréal pour les essajsaaade échelle sur la table vibrante.
Cette configuration d’essai vise a minimiser largkeaaxiale sur la table afin d’exploiter
au maximum la résistance au moment de renversaedattable. Cela permet également
de considérer un poids sismique réaliste et deidéres les effets P-delta sur la réponses
des étages.

4. Réalisation des premiers essais a grande échelalde vibrante de murs de refend en
béton armé a ductilité modérée de 9 m de haut septént des prototypes de 21 m de
haut sous une excitation sismique typique de tedtAmérique du Nord (ENA).

5. Démonstration claire des effets des modes sup8rigurcompris le comportement
inélastique a la partie supérieure du mur congetdillé conformément aux dispositions
sismigques du CNBC 2005 et la norme CSA-A23.3-04ssmu tremblement de terre a
hautes fréquences de 'ENA.

6. Démonstration que la méthode d'analyse avec él@ment fibres est capable de
reproduire le comportement dynamique des murs @ntsmeé et de prédire la réponse
non linéaire de la partie supérieure du mur sefiet'des modes supérieurs.

7. ldentification des parameétres d'amortissement wgguéalistes permettant de corréler
les résultats numériques et expérimentaux.

8. Démonstration que les parametres d'amortissemenerdoétre modifies lors de la
réalisation d’analyses de structures soumises andesements de sol successifs ayant
des amplitudes différentes.

9. Proposition d’'une approche de conception a doublele plastique qui pourrait étre
appropriée pour des applications sismiques darf$A'EDes travaux de recherche plus
approfondis sont cependant requis avant que laodéthe puisse étre codifiée.

10.Contribution a la conduite d’'essais sur table wvibkade murs endommagés apres
I'application de techniques de réparation a l'aiden polymere renforcé de fibres afin

d'améliorer le comportement sismique en conditéparée.
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A.5 Résultats des essais monotoniques et cycliques

La premiere série d’essais consistait en des test®tones et cycliques qui ont été effectués sur
des murs en béton armé ductile concus selon le CRBI et la norme CSA-A23.3-04 pour
I'Ouest du Canada. Deux prototypes identiques @nt@ncus, détaillés et fabriqués. Chacun des
deux prototypes ont été testés sous chargementtamgoe et cyclique, respectivement. Pour
valider les lois de similitude et les facteurs d&ke, deux modéles identiques a échelle réduite
1:2.37 des murs prototypes ont également été emtsstet soumis au méme protocole de

chargement (Fig. A.1).
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Fig. A.1: Description des refends en béton arméliétu a) mur du batiment de référence; b)
Elévation des spécimens de mur; c¢) section destypmEs et des modeéles a échelle réduite.

Les tests cycliques sur les prototypes et les nea@élchelle réduite ont montré que I'approche de
conception par capacité spécifiée dans le code B3A3 conduit a une réponse d’hystérésis

stable dominée par la flexion jusqu'a une ductditédéplacement de 4.0 (Fig. A.2).
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Fig. A.2 : Comportement en charge-déformation &é&&r des spécimens: a) comportement sous
chargement monotonique; b) comparaison entre lesipodements sous chargements

monotonique et cyclique pour les prototypes; c) jgaraison entre les comportements sous
chargements monotonique et cyclique pour les medetxhelle réduite.

Les murs peuvent atteindre et dépasser une décigale a 3.5 telle que supposée dans les codes
canadiens pour les murs ductiles. En raison déefaction entre les réponses inélastiques de
cisaillement et de flexion, des déformations deaitteament inélastigues se développent
progressivement dans la région de la rotule plastiges spécimens. Ces déformations de
cisaillement doivent étre prises en compte danmédiction de la réponse inélastique sismique
des murs. Dans les deux essais, le glissementaiti@inent s’est amorcé juste aprés avoir atteint
la ductilité de conception de 3.5, ce qui a conduine dégradation significative de la résistance
des murs. Dans les deux protocoles de chargemerd, abtenu un excellent accord entre les
comportements du prototype et des modeles a édiéellgte (Fig. A.2). Ces résultats suggerent
que les modéles congus avec un facteur d’échediguja 2.4 et fabriqués avec du béton de
résistance normale et des barres d’armature cespkuvent étre utilisés pour étudier la réponse

sismique des refends, y compris la flexion inétpsdj les effets des déformations de cisaillement

et le glissement en cisaillement.
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Apres les essais, on a réalisé des analyses nuragryec le programme d’analyse par éléments
finis VecTor2 (VT2) pour évaluer la capacité derosjuire le comportement des spécimens
d'essai sous les deux conditions de chargement. dogsparaisons entre les résultats
expérimentaux et numériques ont montré que le ielgdéT2 peut prédire adéquatement les
comportements inélastiques monotonique et cyclips refends ductiles, y compris la rigidité
initiale, les déformations de cisaillement, lesodf dans l'acier d’armature transversal, la
dissipation d'énergie et les mécanismes de déafedlale logiciel VT2 a cependant surestimé la
capacité ultime sous un chargement monotoniquéabtement a cause d’une rigidité en tension

(tension stiffening) excessive dans la région st&ae (Fig. A.3&4).
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Fig. A.3 : Réseaux de fissures pour le prototypende sous chargement cyclique: a) Réseau de
fissures observés a une ductilité de 3.5; b) Réseafissures obtenu de I'analyse VT2 a une
ductilité de 3.5; c) Réseau de fissures obsena rapture; d) Réseaux de fissures a la rupture
obtenu de l'analyse VT2 .
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Fig. A.4 : Comportements en obtenus des essaig®tadalyses VT2 avec les propriétés des
matériaux mesurées: a) comportements sous chargenwrotonique pour les prototypes; b)

comportement sous chargement cyclique pour lesfyps; ¢) comportements sous chargement
monotonique pour les modeles a échelle réduiteggod)portements sous chargement cyclique

pour les modéles a échelle réduite.

A.6 Résultats des essais sur table vibrante

La deuxieme série de tests visait a etudier legtsetfes modes supérieurs par des essais sur table
vibrante sur deux murs modeéles identiques en beimié représentant des refends d'un batiment
de 8 étages situés sur un site de catégorie C ar&dnQC, Canada. Les spécimens W1 et W2
ont été construits, le deuxieme ayant la foncti@sslurer une redondance (deuxieme chance) si

certains problemes inattendus se présentaientdlorgremier essai. Les détails des spécimens

sont donnés a la Fig. A.5.



XXII

T 8
D3.0@215 —
6-#3 — \ D3.0@80
: s L m — S ——
E ‘ 8o Unbound bar
) Section C-C
6
g 1200 _g
5 - D3.0@215 D3.0@80
9; 7 #3—\ i
a4y _| ) . . . . 7
t 8o
4
GQ,‘ 207 Section B-B Unbound bar
g‘) 3
B B B 9 9-#3- D3.0@190 D3.0@40
I =
, 441 P2 5 . . . N
t
1400 60 ‘ 207 80 Unbound bar
> -
Section A-A
A A
- —
]

Fig. A.5: Dimensions des murs de modele et de #&une d'acier (les dimensions sont en mm)

Contrairement aux tests décrits au chapitre 3, unmodérément ductile a été choisi pour éviter
que la quantité d’'acier d’armature minimum de fexne gouverne lors de la conception, ceci
afin de pouvoir solliciter le spécimen jusqu’'a sgpacité en flexion pendant les essais. Les
spécimens de mur ont donc été congus et fabrigogforenément aux codes de conception
parasismiques du CNBC 2005 et la norme CSA A23.3wposant des murs de ductilité

modérée.

Les deux spécimens ont été soumis a seul mouvesisnigue correspondant a un tremblement
de terre a haute fréquence, tel gu’anticipé ddbst Ile 'Amérique du Nord. Il s’agit d’'un
historigue de mouvement de sols qui a été genémgéngue (simulation) pour un séisme de
magnitude 7.0 a 50 km. Le séisme a ensuite étéfidaldins le domaine des fréquences de telle
sorte que son spectre d’accélération s’harmonisgpaatre de conception du CNBC 2005. Dans
ce qui suit, ce signal correspond a 100% du ségarmnception (100% EQ). Le spécimen W1 a

été soumis a une série d’essais successifs ou lltadg des mouvements sismiques a été
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incrémentée par paliers de 40% a 120% du niveazodeeption parasismique du code. Pour le
spécimen W2, la plage d’amplitudes était comprigeeel 00% a 200% du niveau de conception.

Tel que prévu par les analyses préliminaires, ttgd’application des mouvements a la base
correspondant a l'intensité de conception, les ispgts ont subi des déformations inélastiques
en flexion limitées a la base du mur mais ausshigaau 6. Le comportement inélastique au
niveau 6 n'avait pas été considéré dans la comeegtidécoule d’'une réponse significative des
modes supérieurs face aux hautes fréequences diganit Durant les essais, ce comportement a
été confirmé par la distribution verticale des &xd'’inertie horizontales, par les efforts internes

dans les spécimens ainsi que par des indicateugpdase en déformation (Fig. A.6).
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Fig. A.6 : Comportement moment-rotation : (a) aveau 6 du spécimen W1; (b) au niveau 6 du
spécimen W2; (c) a la base du spécimen W1, etl@pase du spécimen W2.

A la base des spécimens, on a observé de la fissuen cisaillement et en flexion alors que
seules des fissures de flexion se sont forméesiamawn 6. En augmentant I'amplitude du
mouvement sismique a la base au-dela de linterddtéconception, la rotation inélastique

additionnelle s’est seulement développée au nige@ig. A.7).
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Fig. A.7: (a) Rotation maximale au niveau 6 et ab&se du spécimen W2 en fonction de
l'intensité du mouvement sismique; (b) Déplacementsr-étages de pointe sur la hauteur du
spécimen W2 selon I'intensité du tremblement dester

Le moment de flexion maximum a la base des murs omouvement sismique de conception a
atteint la résistance réelle en flexion du murt $@ fois la valeur de dimensionnement. Ce ratio

correspond approximativement au facteur de sustarsie R= 1.4 utilisé dans la conception.

La ductilité en déplacement maximale dans le hagtspécimen a été 35% plus élevée que le
facteur de ductilité utilisé pour la conceptiontt€alifférence a été causée principalement par la
rotation inélastigue qui s’est développée au nivé&uplutdt gqu’'une rotation inélastique
concentrée dans la rotule plastique a la base dwcamime on le suppose dans la conception. La
rotation plastigue maximale a la base des spécintensespondait a la valeur prédite en

supposant un comportement suivant le premier medafdation (Fig. A.8).
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Fig. A.8 : Réponse du spécimen W2 en fonction dykesous 100% EQ: (a) Rotation relative au
6° étage, (b) Rotation a la base, et (c) Déplacenetatif en fonction de la hauteur du mur.

Les forces maximales de cisaillement a la basenabt lors des essais ont atteint 1.82 fois
I'effort qui avait été considéré pour la conceptia®s spécimens. Ce facteur est réduit a 1.4. fois
I'effort de cisaillement de conception déterminéutitisant le signal enregistré sur le simulateur
sismigue qui a été effectivement appligué aux mu@s. rapport est proche du facteur

d'amplification dynamique proposé dans le code RZ&L pour un mur de 8 étages (1.5). Malgré
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ces forces excessives, aucune rupture en cisaillena pas été observée, ce qui a été attribué a
contribution plus grande que prévue du béton &destance au cisaillement. Cette capacité plus
élevée du béton vient du fait que I'effort de disanent maximal s’est produit avant que ne se
forme des fissures significatives en flexion duéaaotation inélastique a la base des murs
(moment maximum se produit apres le cisaillementimam). Aprées la réponse inélastique en
flexion, la résistance au cisaillement du bétorraspondait a celle obtenue en utilisant une
valeur de 0.18, au lieu de 0.10, pour le facteurédieictionf tenant compte de la résistance au
cisaillement du béton fissuré dans la norme CSA.32&es résultats suggerent qu'il serait
approprié de spécifier dans la norme A23.3 un taai@mplification dynamique du cisaillement

a la base, semblable a celui prescrit dans le @& 3101, afin de diminuer le risque de rupture

par cisaillement.

En augmentant l'intensité des secousses sismiqleebase au-dela du niveau de conception, le
cisaillement a la base a continué d’augmenter ng@rgemoment a la base est resté pratiquement

constant puisque limité par la résistance en flexies spécimens.

Les résultats des essais sur table vibrante des mews W1 et W2 ont été examinés par des
simulations numeériques. Les murs ont été modéeksestilisant la méthode des éléments finis
(logiciel VT2) et la méthode des éléments fibregcale logiciel OpenSees (OS). Les deux
techniques de modélisation ont permis de prédés lhien les fréquences naturelles des murs,
tant dans le domaine élastique que dans le domadmelinéaire considérant le cumul de
'endommagement. Les moments a la base obtenud/paret OS étaient tres proches des
résultats des essais. Avec le logiciel OS, on aigus reproduire la force de cisaillement a la
base obtenue dans les essais. OS a aussi trgarédihles déplacement latéraux mesurés au haut

des spécimens (Fig. A.9).
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Fig. A.9 : Historiqgue des déplacements du hautspésimens W1 et W2 sous 100% EQ (a) OS
vs essai pour le spécimen W1; (b) OS vs essailp@apécimen W2
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Fig. A.10: Réseaux de fissures accumulés dans e pour 200% EQ: (a) observé ati 6
niveau lors l'essai; (b) obtenu de VT2 dunéreau; (c) observé a la base lors de l'essdi)et

obtenu de VT2 a la base.
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Les réseaux de fissures a la base et au sixiengauitels qu’'obtenus avec le logiciel VT2
correspondaient tres bien aux réseaux de fissiserés lors des tests (Fig. A.10). La formation
d'une deuxiéme rotule plastique dlé6age a été observée dans la modélisation nuneégicies
résultats des analyses pour la relation momentioataont en accord avec les résultats des essais
(Fig. A.11).
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Fig. A.11: Comportement moment-rotation du spécimMéh sous 100% EQ: (a) O essai au
niveau 6; (b) VT2/sessai au niveau 6; (c) @Sessai a la base, et (d) VV8essai a la base.
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Dans cette recherche, on a proposé et étudié uneltw approche de conception sismique dans
laquelle on consideéere la formation d'une deuxiéwtelle plastique sur la hauteur du mur pour
controler les effets des modes supérieurs surgange des refends en béton armé. On définit
cette approche comme la conception de murs aveblaloatule plastique (dual hinge design
approach). Des simulations numériques d'un muric@avec cette approche ont montré que le
développement d'une seconde rotule plastique,endd celle prévue a la base, peut augmenter

la dissipation d'énergie sismique et contribuerdlire les forces sismiques imposées au mur.

A.7 Conclusions et Recommandations

Deux types d’essais statiques et dynamiques oreftgétués dans cette recherche pour étudier
les effets des modes supérieurs de vibration soorf@ortement sismique des refends en béton

armé.

Les conclusions suivantes ont été obtenues atlades essais statiques:

1) Dans les essais cycliques, a la fois le prototypke enodele ont présenté une réponse
stable dominée par la flexion jusqu'a une ductéinédéplacement de 4.0, dépassant ainsi
la limite en ductilité de 3.5 considérée par ledesode conception canadien pour les murs
de refend ductiles. A une ductilité de 4.0, lesgiment en cisaillement s’est amorcé dans
les deux essais, ce qui a conduit & une dégradaigmficative de la résistance des
spécimens. Les équations de la norme A23.3 contetaarésistance en cisaillement
d'interface a la base des murs pourraient étreegepaur assurer une protection suffisante
contre ce mode de défaillance dans les structwexsrafends ductiles.

2) Une excellente concordance a été obtenue entmportement du prototype et celui du
modele a échelle réduite sous les deux protocoteschdirgement (monotonique et
cyclique). Les modéles a échelle réduite concus avefacteur d’échelle allant jusqu'a
2.4 peuvent donc étre utilisés pour étudier le aant@pnent sismique des murs ductiles, y
compris la flexion élastique, les déformations asaitement et le glissement en
cisaillement.

3) Les comparaisons entre les résultats expérimengauxumériques ont montré que le

programme d'éléments finis VT2 peut prédire adégquaht le comportement inélastique
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monotonique et cyclique des murs ductiles, y coslaririgidité initiale, les déformations
en cisaillement, les efforts dans l'acier d’armatitansversal, la dissipation d'énergie, et

les mécanismes de défaillance.

Les conclusions suivantes ont été obtenues atndes essais dynamiques :

1)

2)

3)

4)

5)

Sous le mouvement sismique de conception, lesrspési de murs a ductilité modérée
ont démontré une réponse inélastique en flexiortdama la base du mur et au niveau 6.
Le comportement inélastique au niveau 6 est a#irdux effets des modes supérieurs de
vibration et n'était pas prévu lors de la conceptio

Les fissures a la base des spécimens ont étéédfeptr la flexion et par le cisaillement
alors que seulement des fissures de flexion sefsanées au niveau 6. En augmentant
lamplitude de [I'excitation sismique au-dela du esu de conception, la rotation
inélastique supplémentaire ne s’est développéaiquteau 6.

La ductilité en déplacement global basée sur Iggadéments latéraux du toit a été 35%
plus élevée que le facteur de ductilité spécifiésda code, essentiellement parce que ces
déplacements étaient causés par la rotation irga@sau niveau 6 et non par la rotation a
la rotule plastiqgue a la base, comme on le suppmsede la conception. La rotation
plastique a été maximale a la base et correspoadaitaleur obtenue en supposant que
le premier mode de vibration domine la réponse du m

Le pic de force de cisaillement a la base du maiteint 1.82 fois I'effort utilisé dans la
conception des spcéiemsn. Ce facteur est réduit4asil on considére l'effort de
cisaillement de conception calculé en utilisantsignal enregistré sur le simulateur
sismique et qui a été effectivement appligué augcispens. Cette amplification
dynamique est proche du niveau qui est prescrit pette structure dans le code de
Nouvelle-Zélande NZS3101 et 'Eurocode EC8 (1.5n &ugmentant l'intensité des
secousses sismigues a la base au-dela du niveaandeption, le cisaillement a la base a
continué d’augmenter méme si le moment a la bdses® pratiquement constant.

Les spécimens ont pu résister a des forces ddlaisant a la base supérieures a la
résistance au cisaillement du mur prescrite parolde, ce qui a été attribué au a une

contribution du béton a la résistance au cisaillnpdus élevée que prévue par le code
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puisque le béton n'était pas fissuré en flexion mament ou le pic de force de
cisaillement a été imposeé (¥ s’est produit avant M.

6) Les deux méthodes d’analyse, soient celle par éléniimis (VT2) et celle avec éléments
fibres (OS) ont permis de prédire adéquatemenp&mdes naturelles des spécimens
pour les essais dans les conditions élastiquesdonemagées. Les logiciels OS et VT2
ont aussi permis de prédire les moments a la besendrs pour toutes les séries d'essais.
Dans le domaine élastique ou partiellement endorémay a prédit avec le logiciel VT2
des forces de cisaillement plus élevées que lesursalexpérimentales. Les forces de
cisaillement obtenues des analyses OS étaient dapetrés proches des valeurs d'essais,
en particulier pour le spécimen W2 qui était inéraent dans un état non endommagée
lorsque le mouvement sismique de conception apgtiégaeé.

7) Le taux d'amortissement calculé a la fin des aealy¥sI'2 augmentait progressivement en
raison de l'accumulation des dommages, et les r&glsont proches des valeurs
experimentales.

8) Le logiciel VT2 a permis de prédire les fissurembmeées de cisaillement et de flexion a
la base des murs de méme que les fissures de rfl@uoniveau 6. Une excellente
concordance a été obtenue avec les réseaux desfissiservés durant les essais.

9) Les essais ont montrés qu'une deuxieme rotuleigui@sse forme au niveau 6 des murs,
en plus de celle qui s’est développée a la bass, ere raison des effets des modes
supérieurs de vibration. Ce comportement a égalestérpredit en utilisant les logiciels
OS et VT2. Il y avait une bonne corrélation das dourbes moment-rotation obtenues
des essais et des modeles numériques.

10)Le développement d’'une seconde rotule plastique dampartie supérieure du mur, en
plus de la rotule plastique a la base du mur, gissiper I'énergie sismique et contribuer a
réduire les forces d’inertie imposées le long du.nine stratégie de conception a été
proposée dans cette étude pour le développemera deuxieme rotule plastiqgue agissant

comme un fusible dans la partie supérieure des.murs

La validité des modéles numériques dépend de pitssigarametres définis par 'utilisateur, en

particulier pour les modéles d'amortissement. Céttele a montré que l'ajout d'une petite



XXXIII

guantité d’amortissement visqueux global permebida prédire le comportement sismique des
structures réelles, lorsque combiné avec un mddarétique précis du béton armé.

Avec le logiciel VT2, un amortissement visqueux1® a conduit a des résultats raisonnables
pour les murs étudiés. Pour le logiciel OS, 2% didissement a donné lieu a des résultats qui se
comparaient bien a ceux de l'essai sur le mur enébat soumis au mouvement sismique de
conception. Lorsque I'on augmente lintensité dmblement de terre, I'amortissement a da étre
réduit a des valeurs comprises entre 1.5% et 1% pbtenir de bons résultats pour le mur
endommagé avec des périodes de vibration allongiesaut noter que ces valeurs
d'amortissement ne s'appliquent que sur les mursidérés dans cette étude et peuvent ne pas

étre représentatives de I'amortissement préserst ldarstructures de batiments réels.

Le programme d'essais et les analyses ont confiueéles murs a ductilité modérée soumis a
une excitation sismique a haute fréquence peuvesepter une réponse inélastique en flexion
dans les étages supérieurs, de méme qu’'une arapbficdynamique des forces de cisaillement

horizontales a leur base.

Dans les batiments réels ou les murs en béton somtéutilisés en combinaison avec des cadres,
plus d'amortissement est prévu par rapport auxirseds examinées ici, et ces effets peuvent

étre moins prononces que ceux mesures lors deétatte.

Pour développer d’avantage I'approche de conceptimsée sur la présence de deux rotules
plastiques il est recommandé d'examiner de facsetésatique a l'aide d’analyse paramétrique
les réponses des modes supérieurs sur différendeles numeériques de murs a l'aide
d’OpenSees (différentes hauteurs, difféerents odefits d’amortissement différentes ductilité,
différentes intensités de charges axiales ...).atlistout d’abord de réduire autant que possible
les amplifications dynamiques de cisaillement eédutle part, d'examiner les deux rotules

plastiques et les détails d’acier d’armature paufeuxieme rotule.

Apres les essais sur table vibrante, les deux niarggine ont été renforcés avec la collaboration
de chercheurs de I'Université Concordia en utitisleux méthodes différentes de réhabilitation
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a l'aide de feuilles composites en fibres de cagbpalymere renforcé (FCPR) a la région de
rotule plastique (panneau de base ®tétages). Les murs réhabilités ont été testés &n le
soumettant aux mémes niveaux d'excitations sismiquee celles appliquées aux murs
d'origines. Les fréquences naturelles des mursiiéla ont été jugées plus élevées que ceux des
murs endommageés et proches des valeurs mesunéeleponurs d'origine en bon état. Les deux
murs réhabilités montrent une meilleure résistanteflexion au niveau du panneau du sixieme
étage. En augmentant l'intensité du mouvemenbada, les dommages (fissuration, plasticité) se

sont propagés dans les autres étages non réhabilité
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INTRODUCTION

Motivation

With the development of earthquake and structurenses, structure codes and seismic
provisions are being updated, but there are stihyraspects that are not fully understood due to
the random nature of earthquake motions as wethascomplex features of the response of
reinforced concrete structures. Among these aspkigber mode effects on structures during

ground motions have been topical issues.

Current seismic provisions such as the Canadian @2A.3 standard, the New Zealand
NZS3101 standard and the Eurocode EC8 (CEN 2004 $@ame design procedures to consider
higher mode effects. For example in the Canadiah ldaw Zealand standards, the design
bending moments and shear forces above the bastec flange region must be amplified by the
ratio of the actual flexural resistance in the leimggion to the design moment at that location.
NZS3101 also prescribes modified design shear ferselopes along the building height, with
shear amplification factors to account for highevde effects. In Eurocode ECS8, only the base
shear forces are magnified to account for bothulakoverstrength and dynamic amplification.
In EC8, bending moments above the base hinge apédifith by applying a linear variation of
bending forces from the expected flexural overgfiierat top of hinge to near zero at the top of
the wall. Shear amplification in NZS3101 is basaedte number of stories whereas the period of
the building and the shape of the design spectmarcansidered in EC8. Rules in CSA A23.3

and EC8 vary depending on the level of ductilitguased in the calculation of the seismic loads.



On the contrary, no capacity design provisionseguirements for dynamic response effects are
prescribed in the ACI (2008) provisions used inths.

In CSA A23.3, the shear capacity should be obtathezlto development of moment capacity of
the wall at the base plastic rotation but the plasitation is evaluated assuming only first mode

response (Adebar et al. 2005).

Nonlinear time history dynamic analyses of shedisasubjected to earthquake ground motions
have shown that shear forces in excess of thesgcitpmlesign values can develop due to the
contribution of the higher modes of vibration tondynic response (Blakeley et al. 1975,
Filiatrault et al. 1994, Amaris 2002, PannetonleP806, Krawinkler 2006, Velev 2007, Boivin

and Paultre 2010). Such higher shear forces casechuittle shear or sliding failure modes to

occur.

Past numerical studies on cantilevered walls asealed that the amplification of moment at top
of the wall due to higher modes the plastic hinge form in the upper part of walls, even when
designed and detailed for plastic hinging at theebanly (Blakeley et al. 1975; Tremblay et al.

2001; Panneton et al. 2006).

Due to low to moderate seismicity zone of EasteonttNAmerica, moderately ductile RC walls
are generally preferred to ductile RC walls asftieers can be more easily designed and built
while being cost effective in terms of required ematl. Ground motions expected in Eastern
North America are richer in high frequency contentnpared to ground shaking typical of
Western North America, which may promote relativghgater higher mode response of RC

walls. This response can result in more severerdymsghear amplification as wells as significant



amplification of bending moments at the wall midghe. The latter can lead to the formation of
plastic hinges in the upper part of the wall (Paonet al. 2006).

To understand better the dynamic seismic responsiermder shear walls and develop consistent
design methodologies for use in practice, furthgreemental research is clearly needed. One of
the most reliable methods of generating the test da the seismic behaviour of RC walls is
large scale shaking table testing (Lestuzzi et1809; Lu and Wu 2000; Kazaz et al. 2006;
Panagiotou et al. 2007a, b). Full-scale shakintptist on 7-storey rectangular wall subjected to
a California seismic ground motions confirmed thghamic amplification due to higher mode
response could increase the base shear up tonieS the shear force corresponding to the wall

flexural overstrength (Panagiotou et al. 2007a, b).

To evaluate the seismic design procedure of Canad®A A23.3 standard and investigate the
higher mode effects on slender RC walls under fiighuency ground motions, two series of
large scale shaking table tests were carried odéruBastern North America ground motions in
this research. The tests were performed at thectBtal Engineering Laboratory of Ecole

Polytechnique, Montreal, Canada.

Objectives and Scopes

This research project is aimed at experimentallyestigating higher mode effects on slender
reinforced concrete shear walls subjected to Badwmrth America (ENA) ground motions.

These motions are expected to be rich in high #aqgies, which represents a more critical
condition for higher mode response. The tests pchio examine the effect of higher mode

responses on lateral deformation profiles, plaktiging response, including yielding of the



reinforcement in the base and in upper levelsrdhtiwad patterns and shear force demand,
dynamic shear amplifications, and interaction betwghear and bending moment demands.
The objectives of this study have been summarisddlw:

a) Examining the design approach for shear strengihqsed in CSA A23.3.

b) Checking the rules of the scaling and similitudedapplied by comparing the results of
tests on the walls of prototypes and models fotiegon in tests of reinforced concrete
walls on shake table.

c) Evaluating the capacity of VecTor2 program to regaie the inelastic response and failure
modes observed in the tests for the wall undehitpe ductile plastic deformations.

d) Studying the effects of higher modes on the readdrconcrete walls such as damage,
demand force, and the inelastic response of théwnaler earthquake of Eastern North
America (ENA).

e) Evaluating the shake table test results and thi@yabf Fiber Element (Open Sees) and
Finite Element (VecTor2) models for nonlinear dymaanalysis of reinforced concrete
walls.

f) Investigating the damping effects on numerical nibg comparing to the experiments.

g) Proposing a new design approach that takes intmuatthe effects of higher modes



Methodology

To investigate the higher mode effects on high-rgdls, the following experimental and
analytical studies were conducted:

- In the summer of 2006, two pairs of prototype acaled model of reinforced concrete
walls (prototype: 4=1.3m and p=2.7m, model: }=0.548 and §=1.14m) designed
according to NBCCO05 and CSA-A23.3-04 were testedeumonotonic and cyclic loads
at the Structural Engineering Laboratory of Ecotdychnique, Montreal to verify the
adequacy of the scaling rules between the protope model RC walls. Numerical
simulations were performed using lumped plastiglibased models and finite element
models to reproduce the test results.

- In the winter of 2007, the wall prototype for theake table test was selected from an 8-
storey building located in Montréal, Canada. It waaled down from 21 m to 9 m and
redesigned according to NBCCO05 and CSA-A23.3-04e Bkismic response of the
designed model wall was numerically investigatedfibite element and fibre element
methods to obtain an overview of the seismic behawf the wall before the tests.

- From summer 2007 to summer 2008, an innovativeesiable test setup was designed
and constructed by the group of researchers aeBRuallytechnique.

- From the Fall 2008 to the Spring 2009, the authomstructed two identical wall
specimens (Walls W1 and W2) of the designed moadl w

- From summer 2009 to winter 2010, thecBpens were installed on the shake table and
the tests were carried out. The author finalizedahalysis and interpretation of the test
results. The numerical modeling of the walls wasried out using finite element

(VecTor2) and fibre element (OpenSees) methods.



After doing the tests on each of the two walls, wadls were rehabilitated using FRP wrapping
by Prof. K. Galal and Ph.D. student Hosam Samy foncordia University to investigate the
seismic behaviour of the repaired walls. The testse carried out at Ecole Polytechnique of

Montreal.

Original Contributions

The main scientific contributions of this reseapehject follow as below:

1. Reproducing the inelastic seismic response of kuchear walls including shear
deformation effects, shear sliding behaviour anidife mode of prototype full scale with
reduced scale specimens, as observed in monotadicy&lic tests.

2. Evaluating the Disturbed Stress Field Method (Vex@000) implemented in the finite
element code VecTor2 using the monotonic and cyebt results of walls subjected to
significant inelastic deformations.

3. Applying the new test rig developed at the Struatiingineering Laboratory of Ecole
Polytechnique of Montreal for the large scale shéMale tests. This setup aims at
minimizing axial load on the shake table to fulkp#oit its overturning moment capacity.
It also allows to represents realistic seismic Weigpnfigurations and considers the P-
delta effects on storey responses.

4. Performing the first large scale shake table tests9 m tall models of 21 m high
moderately ductile prototype reinforced concreteeashwalls under Eastern North

America (ENA) seismic ground motions.



. Clear demonstration of higher mode effects inclggtastic hinge in the upper part of the
wall designed and detailed according to the seigmowisions of NBCC 2005 and CSA-

A23.3-04 standard under the high frequency ENAhegidke.

. Demonstrating that the fibre element method is bkpaf reproducing most of the

dynamic behaviour of reinforced concrete shear svalhd predicting the nonlinear
response in the upper part of the wall under tigadr mode effect.

. Identification of suitable viscous damping parametéo correlate numerical and
experimental results.

. Showing that the damping parameters have to befreddihen carrying out analyses of
the structure subjected to successive ground netigth different amplitudes.

. Proposing a dual hinge design approach that coeldagipropriate for ENA seismic

applications; however, the method still needs frtinvestigation before it can be

codified.

10. Contributing to the conduct of shake table testshef damaged walls after applying a

Fiber Reinforced Polymer wrapping repair technitpuenprove their seismic behaviour.



CHAPTER 1

LITERATURE REVIEW

1.1 Introduction

To prevent the collapse of building structures ursteong seismic ground motions, reinforced
concrete (RC) shear walls must maintain a high qutogn of their initial strength and stiffness

and possess high energy-dissipation capacity (Pamd Priestley 1992).

In current code seismic provisions such as CSA-228. and New Zealand NZS3101 standard,
ductile cantilever reinforced concrete walls musttisfy stringent design and detailing
requirements such that they are capable of devedoguctile flexural plastic hinging at their
bases without significant shear distress or withéaiture modes causing rapid strength
deterioration under cyclic inelastic loading (Adels al. 2005). Following capacity design
principles, the wall should be able to carry theahforces developed due to attainment of the

probable flexural capacity at the wall base (Paalay Priestley 1992, CAC 2006).



1.2 Analyses of RC Walls and Higher Mode Effects

The inelastic seismic response of tall and slemierwalls remains complex, however, as it
involves the superposition of multiple modes ofratibn in the nonlinear range, interacting
flexural, shear and axial cyclic load demand, ané tandom nature of earthquake ground
motions. Nonlinear time history analyses of sheallsmunder the ground motions have shown
that the base shear forces in excess of the cgpmhesign values prescribed in Codes can develop
due to contributions of higher mode responses @é&ket al. 1975; Filiatrault et al. 1994;
Tremblay et al. 2001; Priestley and Amaris 2002 $Riey 2003; Sullivan et al. 2006; Krawinkler
2006; Panneton et al. 2006; Boivin and Paultre 20IBis excess shear forces can cause brittle
failure or sliding failure modes before the waksach to their designed plastic rotations at the
base. In the most of these analyses lumped plaisti® method was used with hysteretic plastic
hinges concentrated at their ends. Effects of stlading deformations along flexural cracks and
shear stiffness degradation due to diagonal crgckiare however omitte(Cheng et al. 1993,

Thomsen and Wallace 2004).

D’Ambrisi and Fillipou (1999) proposed a computatdly effective macroscopic member that
includes elastic, spread plastic, interface bomm-sind shear sub-elements connected in series.
Nonlinear shear elements have also been used ibication with fibre discretization of wall
cross sections to better capture the distributibnnarmal stresses while including shear
deformation effects on the respor{getrangeli et al. 1999, Petrangeli 1999). Promempbng
between nonlinear flexural and shear responses Jewequires the use of realistic material
constitutive laws in a finite element (FE) formidex For instance, the compatibility,

equilibrium, and constitutive relations of the Miell Compression Field theory (MCFT)
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(Vecchio and Collins 1986) and Disturbed StresddFModel (DSFM) (Vecchio 2000) have
been implemented in the two-dimensional FE analpsegram VecTor2 (VT2) (Wong and
Vecchio 2002). Palermo and VecclizD03, 2004) extended the capability of this nuosriool

to cyclic loading applications. Palermo and Vecdf#@807) showed that this methodology could
lead to quick and reliable results for various veikigns and geometries using simple low-order
rectangular elements with smeared material prageerti The ability of FE procedures to
adequately reproduce the nonlinear dynamic respohshiear walls must be verified through

shake table benchmark tests (Orbovic et al. 2004).

The effect of higher modes can be more significantter Eastern North America earthquake due
to the higher frequency content of the ground mtithey generate. To investigate the higher
mode effects for this type of ground motions, noedir time history analyses were carried out by
Panneton et al. (2006) on an eight-storey reinfbrcencrete shear wall building located in
Montréal (24 m high). The building was braced byrfeimple shear walls and three cores. Fig.
1.1 shows the bending moments and the shear fdistbutions for one of these walls along the
height under different ground motions. The baseasHlorces obtained from nonlinear time
history analysis is two time larger than the sheates prescribed by the code (Fig. 1.1a). Fig.
1.2b also shows the amplification of bending momantthe mid-height of the wall. This
amplification resulted in increased curvature detdnenthe upper levels and possible formation

of a plastic hinge in that region (Fig. 1.2).
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1.3 Design Approach of Building Codes

Differences exist in seismic provision standardshanv to achieve the desired ductile base

flexural hinging response while accounting for tlymamic and higher mode effects in design.

In the Canadian CSA A23.3 standard (CSA 2004),désign bending moment above the base
hinge, My, is obtained by multiplying the moment obtainednir static or response spectrum
analysis Mst or Mrsg by the ratioM,/Mst or M,/Mgrsacalculated at the top of the hinge region
where M, is the factored moment resistance of the wall eactiThis force amplification is

applied to take into account the higher mode effé€ig. 1.3).

In CSA A23.3, the shear capacity depends on the pksstic rotation but the plastic rotation is
evaluated assuming only first mode response. Thagudase shear in CSA A23.3 standard is
increased to account for the wall flexural oversgth. This is done by multiplying the shear
force from static or response spectrum analygis,or Vrsa by the ratio of the wall probable
capacityMp for Ductile walls, or the nominal moment capaduly for Moderately ductile walls,

at the wall base, to the momengror Mgspat the wall base.

Among these two amplification factors describetinn previous paragraphs the most critical one
should be used as an amplification factor for tieas forces above the hinge to obtain the shear

design forces.
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Fig. 1.3: Capacity design moment envelopes foriduRiC walls (Boivin and Paultre 2010).

In the New Zealand NZS3101 standard (NZS 2006),dsign bending moments and shear

forces above the base plastic hinge region mustnigified by the ratio of the actual flexural

resistance in the hinge region to the design momethat location. This standard also prescribes

modified design shear force envelopes along thiglingi height, with shear amplification factor

(W) to account for higher mode effects (Fig. 1.4)e&hamplification in NZS3101 is based on

the number of stories:

@, =09+n/10 Forn<6
@, =13+n/30<18 For6<n Eqg. 1.1

wheren is the number of stories.
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Fig.1.4: Distribution of shear force with over stggh and dynamic amplification (NZS 2006)

In Eurocode EC8 (CEN 2004), a linear variation ehding moments should be considered from
the expected flexural overstrength at the top efliase hinge to near zero at the top of the wall,

as it is shown in Fig. 1.5. This increase in begdimoment accounts for higher mode effects.
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Fig. 1.5: Design envelope for bending moments éemaér walls (Mgp and Mep are analysis and
design bending moment respectively) (CEN 2004)

In ECS8, the shear forces obtained from analysisimceeased by the dynamic magnification
provided by Eq. 1.2. In this formulation, not orthe flexural overstrength is considered but the
period of the building and the shape of the desjggrtrum are taken into account to consider the

dynamic amplification.

| 2 7
| M ) L } Eq. 1.2
E_GN{}’M}IM] +0’]{5‘?(TC]] <q

q Mg,
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where

q 1s the behaviour factor used in the design:

Mzes  is the design bending moment at the base of the wall:
Mgq  1s the design flexural resistance at the base of the wall:

¥ka 15 the factor to account for overstrength due to steel strain-hardening: in the
absence of more precise data, yrg may be taken equal to 1.2:

T 1s the fundamental period of vibration of the building in the direction of shear
forces Vgq;

Tc 1s the upper limit period of the constant spectral acceleration region of the
spectrum

Se(T) 1s the ordinate of the elastic response spectrum

On the contrary, no capacity design provisionseguirements for dynamic response effects are

prescribed in ACI (2008).

Priestley et al. (2007) recently proposed a bilineanding moment envelope to consider the
higher mode moment amplification (Fig. 1.6). Thierelope starts at the base with the expected
flexural overstrength, ends at zero moment at dipeaind passes through a mid-height moment
M°y2 given by:

Mg =Crr ¢° Mo where C 7=0.440.075T1(u/¢° —1)>0.4 Eq. 13

In which¢° is the wall base expected flexural overstrengtiofagiven by M /My o, where M is
the expected flexural overstrength that accountaffcsources of strength increase at the base of
the wall, M,o is the design base bending moment,isTthe fundamental period andis the

displacement ductility factor.
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Fig. 1.6: Distribution of design moment along theight after formation of base plastic hinge
proposed by Priestley et al. (2007).

1.5 Dual Hinge Design Concept

Having another plastic hinge at the mid-heighthaf tvall in addition to the base could dissipate
the earthquake energy more effectively and decrteséorce demand on the wall (Panagiotou
and Restrepo 2009). According to the dual plasiigédn design approach the structures can
become plastic in the top part as well as at tise lod the wall. The mid-height plastic hinge can
be designed like the bottom plastic hinge to mpet#ic objectives such as minimum curvature

ductility or strain demand. Reduction of the begdmmoment demand along the height of the wall
due to formation of a second hinge will follow tregluction in longitudinal reinforcement. This

behaviour can be observed from the numerical statyied out by Panagiotou and Restrepo
(2009) on 10, 20 and 40 storey shear walls desi@pasdd on the single plastic hinge (SPH) and
dual plastic hinge (DPH) concepts. Figure 1.7 campéhe distribution of the bending moments

in the three walls for the two design approachdse 3ingle hinge approach leads to increased
bending moments at the mid height of the walls wasrthe dual hinge design reduced

significantly these bending moments. This effeah@e pronounced as the wall is taller because
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the higher mode contributions in taller walls arerensignificant. In most cases, the base shear

forces were also reduced when applying the dugehdesign approach (Fig. 1.8).
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Fig. 1.7: Bending moment envelope obtained fromyaseas (ACI:ACI Code, SPH: Single Plastic

Hinge, DPH: Dual Plastic Hinge) (Panagiotou andtfee® 2009).
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1.6 Experimental Similitude of Ground Motions and $iake Table Tests

The previous discussions showed that some complskit exists for higher mode effects in
slender RC walls that have not been clearly undedstTo investigate the seismic responses of
the wall one of the best ways is to carry out expental tests. Dynamic testing of structures
complements and aids the validation of computatiomethods for studying the behaviour of
structures under earthquake loads. Large scaleediadke testing has been a reliable method of
generating test data on the seismic behaviour o8I (Lestuzzi et al. 1999; Lu and Wu 2000;

Kazaz et al. 2006; Panagiotou et al. 2007a, b)fullg understand and investigate the higher
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mode effects and having a bench mark for test tonerical modeling, large scale shake table
tests on high rise RC wall are needed. Recenstidle shake table testing of 7-storey rectangular
wall subjected to a California seismic ground masigPanagiotou et al. 2007a, b) confirmed the
dynamic amplification of shear forces due to higheodes. In these tests, the base shear
overstrength reached up to 1.5 times the sheae fassociated to the wall flexural overstrength
due to the influence of higher modes which lowetetlposition of the lateral loads compared to

design assumptions.

In the current literature there is no large schlake table test focusing on higher mode effects
and damage and plasticity in wall upper levels edusy high frequency ground motions typical

of Eastern North America (ENA) earthquakes.
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CHAPTER 2

ORGANIZATION AND OUTLINE

The Introduction of this thesis presented backgdourformation on the research topic, the
objectives of the research project, and the metloggothat was adopted. Chapter 1 is the
literature review reporting on past seismic anadjtiand experimental work on reinforced
concrete shear walls. Seismic design provisionfudsd in current code documents are also

discussed in Chapter 2.

The subsequent three chapters respectively comdsfoothree technical papers that have either
appeared or been submitted for publication in gdiefournals:

Chapter 3 (Paper 1): Ghorbanirenani, 1., Velev,Tdemblay, R., Palermo, D., Massicotte, B., and
Léger, P., “Modeling and Testing of Influence ofdding History and Scaling Effects on
the Inelastic Response of Reinforced Concrete Sivadlis,” ACI Structural JournglV.
106, No. 3, May-June 2009, pp. 358-367.

Chapter 4 (Paper 2): Ghorbanirenani, 1., TrembRwy,Léger, P., and Leclerc, M. 2010. “Shake
Table Testing of Slender RC Shear Walls SubjeateHastern North America Seismic
Ground Motions,”ASCE Journal of Structural Engineeringubmitted on July's 2010
to the editor to begin the review process)

Chapter 5 (Paper 3): Ghorbanirenani, I., LégerTRemblay, R., 2010. “Numerical Modeling of
Shaking Table Test and Design Recommendations iigheéd Modes in an 8-Story RC
Shear Wall,”ASCE Journal of Structural EngineeringSubmitted on July'd 2010 to
the editor to begin the review process)

The content of these three chapters can be sumedaai follows:
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Chapter 3 presents the monotonic and reverse cyclic test®mned on prototypes and scaled
down models of ductile RC walls designed accordm®BCC 2005 and CSA-A23.3-04
for the Western of Canada. The objectives werdapexamine the design approach for
shear capacity proposed in the CSA A23.3 standb)dierify the applied scaling rules by
comparing the results of the tests on the protogyme model walls for application in the
shake table tests of reinforced concrete walls, (@h@valuate the capability of VecTor2
program to reproduce the inelastic response andrdamode observed in the tests for

high ductile wall under the large ductility anddarplastic deformations.

Chapter 4 presents a description and interpretation of tisalte from two series of shake table
tests carried out in the Structural Engineering dratory of Ecole Polytechnique,
Montréal on 8-storey, 9 m high reinforced concsdtear wall models designed according
to NBCC 2005 and CSA-A23.3-04. The objectives werénvestigate the higher mode
effects on reinforced concrete walls such as thmadge, force demand and inelastic
deformation response under Eastern North AmeriddA)Eearthquake ground motions.
Two identical wall models W1 and W2 were constrdct&/all W2 was to be used as
backup in case of unexpected problems during this ten Wall W1. No such problem
occurred and Wall W1 was tested under the samendraonotion but with stepwise
incremented amplitudes starting at 40% of the daestyel earthquake. Wall W2 was
tested directly under the 100% design level eadkqu In these tests, a Moderately
ductile wall category was selected rather thanQibetile wall category considered in the
tests described in Chapter 3, because minimumarei@ment requirements would have

governed the design of the test specimens had tiotil® wall category been adopted.
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The Moderately ductile wall category is also thee greferred by design engineers in

eastern Canada.

Chapter 5 presents a study of the ability of different RCnstitutive models to reproduce
numerically the test results obtained from the shiable tests on the 8-storey RC walls
described in Chapter 4. Numerical modeling is edrrout using the finite element
(VecTor2) and the fibre element (OpenSees) methbus objectives were to evaluate the
test results and the capability of different modgltechniques for nonlinear seismic time
history analyses of reinforced concrete memberse8an experimental and numerical
results, this chapter also proposes design guieland recommendations that consider

higher mode effects on slender reinforced conanetiés.

The last Chapter of the thesiShapter 6, presents a general discussion of the results rautai
from the tests and analyses with respect to thdlgms and observations discussed in the

literature review.

In the course of the project, four additional tachhpublications on specific aspects of the work
have been prepared and presented at national #ewhational conferences. These papers are

presented in the following Appendices of the thesis

Appendix I: The objective was to investigate nuicaly the higher mode effects on RC walls
under ENA earthquake ground motions using the mffe constitutive models.

(Lumped Plastic Hinge, Fiber Element and Finitengat)
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Ghorbanirenani, I., Tremblay, R., Léger, P., andefao, D. 2008. “Inelastic
Seismic Evaluation of Slender Shear Walls Desighetbrding to CSA-A23.3-04
and NBCC 2005"Proc. Canadian Society of Civil Engineering (CSCH)08
Annual ConferengeQuebec, QC, Paper No. 520.

Appendix Il: The objective was to numerically intigate the dynamic responses of RC walls
with different geometries and designs to find thpprapriate model to better

observe the higher mode effects in shake tables teshsidering existing

laboratory constraints.

Tremblay, R., Ghorbanirenani, I., Velev, N., Léder, Leclerc, M., Koboevic, S.,
Bouaanani, N., Galal, K., and Palermo, D. 2008.is®& Response of Multi-
Storey Reinforced Concrete Walls Subjected to Eashorth America High
Frequency Ground Motions’Proc. 14th World Conference on Earthquake
Engineering Beijing, China, Paper No. 05-01-0526.

Appendix lll: The objective was to assess and campee ductility demand in the upper part of a
10-storey RC shear wall building located in Monkréaanada, and designed

according to Canadian codes published in 1975, 1P8% and 2005.

Ghorbanirenani, I., Léger, P., Tremblay, R., andluR&. 2009. “Distribution of
Inelastic Demand in Slender R/C Shear Walls Subjetd Eastern North America
Ground Motions, Proc. ATC&SEI Conf.Dec 2009, San Francisco, CA., USA.
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Appendix IV: The objective of this paper was togmet to the seismic engineering community
preliminary results of the shake table tests cdroiet on RC walls under an ENA

earthquake ground motion.

Ghorbanirenani, I., Tremblay, R., Léger, P., LexleM., EI-Sokkary, H., and
Galal, K. 2010. “Shake Table Tests and Repair ottlle Slender Reinforced
Concrete Shear Walls subjected to ENA ground mstfoRroc. 9" US National
and 10" Canadian Conference on Earthquake Engineerihgy 2010, Toronto,
Canada, Paper No. 594.
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CHAPTER 3

MODELING AND TESTING INFLUENCE
OF SCALING EFFECTS ON THE
INELASTIC RESPONSE OF SHEAR WALLS

3.1 Abstract

Monotonic and cyclic quasi-static testing was perfed on ductile reinforced concrete shear
wall specimens designed and detailed accordindneéoseismic provisions of NBCC 2005 and
CSA-A23.3-04 standard. The tests were carried autub-scale and 1:2.37 reduced scale wall
specimens. The behaviour under cyclic loading wesacterized by ductile flexural response up
to a displacement ductility of 4.0. At this defotioa level, inelastic shear deformations in the
plastic hinge contributed to approximately 20% bé ttotal deformation. In the subsequent
cycles, strength degradation took place due torssieing developing along the large flexural
cracks at the wall base. Shear sliding was not rebdeunder monotonic loading and the
specimens exhibited significantly higher ductilibapacity. Excellent agreement was found
between prototype and reduced scale walls. Thastielresponse and failure mode observed
under cyclic loading could be adequately reproduecsidg the VecTor2 finite element analysis
program. Simpler models with frame elements andpleainplastic hinges could capture well the

wall flexural response but shear deformations cowlidbe reproduced.
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3.2 Introduction

In the 2005 National Building Code of Canada (NBG@J) the CSA-A23.3-04 standard, ductile
cantilever reinforced concrete walls must satisfyngent design and detailing requirements such
that they are capable of developing ductile flekyskastic hinging at their bases without
significant shear distress or without failure modesising rapid strength deterioration under
cyclic inelastic loading (Adebar et al. 2005). Boling capacity design principles, the design
shear forces are those corresponding to the ateaihwf the probable flexural capacity at the
wall base (Paulay and Priestley 1992, CAC 2006nlNear time history dynamic analyses of
shear walls subjected to earthquake ground motiawe shown that shear forces in excess of
these capacity design values can develop due toatfieibution of the higher modes of vibration
to dynamic response (Filiatrault et al. 1994, Am&002, Panneton et al. 2006). Such higher
shear forces can cause brittle shear or slidingreaimodes to occur. Walls in these nonlinear
dynamic analyses were modeled using elastic fralaments with hysteretic plastic hinges
concentrated at their ends. Effects of shear glidieformations along flexural cracks and shear
stiffness degradation due to diagonal cracking weogvever omitted(Cheng et al. 1993,

Thomsen and Wallace 2004).

D’Ambrisi and Fillipou 1999 proposed a computatibyaeffective macroscopic member that
includes elastic, spread plastic, interface borm-sind shear sub-elements connected in series.
Nonlinear shear elements have also been used ibination with fibre discretization of wall
cross sections to better capture the distributibnnormal stresses while including shear
deformation effects on the respor{getrangeli et al. 1999, Petrangeli 1999). Promempkng

between nonlinear flexural and shear responses Vewequires the use of realistic material
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constitutive laws in a finite element (FE) formuide® For instance, the compatibility,
equilibrium, and constitutive relations of the Mgl Compression Field theory (MCFT)
(Vecchio and Collins 1986) and Disturbed StresddFModel (DSFM) (Vecchio 2000) have
been implemented in the two-dimensional FE analpsegram VecTor2 (VT2) (Wong and
Vecchio 2002) . Palermo and Veccli@03, 2004 extended the capability of this numétioal

to cyclic loading applications. Palermo and Vecch@®7 showed that this methodology could
lead to quick and reliable results for various wabkigns and geometries using simple low-order
rectangular elements with smeared material pragserti The ability of FE procedures to
adequately reproduce the nonlinear dynamic respohshear walls must be verified through
shake table benchmark tests (Orbovic et al. 2004 to physical limitations of test facilities,
these tests must be conducted on reduced scaleelsranitl care must be exercised in selecting
model materials and fabrication processes so tmatapplicable similitude requirements are
satisfied and the experiment is representativectiah wall response. Wallace and Krawinkler
(Wallace and Krawinkler 1985) reported that sheatl wverall response could be predicted
successfully using reduced scale models. They stggiehat deformed bars should be used in
models to adequately reproduce bond strength. Manead Krawinkler (Moncarz and
Krawinkler 1981) also stressed the importance afperly reproducing the strain hardening
behaviour in model reinforcement to adequately wapthe strength and the spread of cracking

for members failing in a combined flexure and shreade.

This chapter presents a test program performed wutilel reinforced concrete shear walls
carrying low axial loads designed and detailed etiog to NBCC 2005 and CSA-A23.3-04
seismic provisions. Two identical full-scale speem were built. One wall was tested under

monotonic loading. The second one was subjecteguési-static cyclic loading with stepwise
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incremented deformation amplitudes. The tests wegreated on 1:2.37 reduced scale models and
the results are compared to those obtained fromfulescale prototype specimens. Finite
element analyses of the walls were performed usieg VT2 program and the numerical
predictions are compared with the test results. itaithl analytical results are presented to
examine the adequacy of simplified models basedrame elements with concentrated end

plastic hinges.

3.3 Research Significance

The walls studied performed as intended under cyohd up to the ductility of 3.5 assumed in
design. Significant shear deformations and coupbegveen shear and flexural response was
observed. Beyond a ductility of 4.0, failure oceadrby sliding at the wall base along the flexural
cracks that had progressively opened upon cyctiditay, indicating that limited margin exists to
accommodate the uncertainty in the demand fromrgtanotions. The test program also showed
that the inelastic seismic response of shear vimtlsiding shear deformation effects and shear
sliding behaviour can be reproduced in reducecestaldels for future shake table test programs
(Tremblay et al. 2005). The observed behaviourdbel satisfactorily predicted using the DSFM
(Vecchio 2000) implemented in a finite element goslkich was not possible using the lumped

plastic hinge beam-column formulation.
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3.4 Test Program

3.4.1 Reference building wall

The test specimens were designed to reproducedaen conditions and construction details of
a typical shear wall used in a 10-story residenbiaillding located in Vancouver, BC. That
reference wall is illustrated in Fig. 3.1a. The Mmels lengtH,, = 7.45 m (24.1 ft) and heigh, =

30 m (98.4 ft). It complies with the special seismequirements specified in NBCC 200ind

the CSA standard A23.3-04 for ductile shear walts] the seismic loads were determined with
ductility and overstrength related force modificatifactorsRy = 3.5 andR, = 1.6, respectively.
The building has a fundamental period of 1.32 £ $hear and bending moment demand were
determined using the response spectrum analysishanasulting base bending moment to base
shear ratioMs/V;, was equal to 15.7 m (51.5 ft) = 0.B2 The shear span to wall length ratc;
(MdV; M, = 2.11, is close to the 2:1 ratio that distingeshbetween shear and moment
dominated wall responses, The wall was locatedhenbilding perimeter, next to a stairway
shaft. The applied gravity loads produced a congiwvesstress of 1% the nominal concrete
compressive strength and were therefore ignordtiantest program. The wall was constructed
with normal strength concrete having a nominal casgive strengtfi. = 30 MPa (4.35 ksi) and

a weldable grade 400 CSA-G30.16 reinforcing stati wominalf, = 400 MPa (58.0 ksi) anfg

= 550 MPa (79.8 ksi) was considered in the caleadat as required in CSA-A23.3-04 for
systems designed witRy greater than 2.5. The reinforcement was sizeddatailed such that the
factored flexural demand to resistance rd#figM, = 1.00. According to code capacity design
procedures, sufficient shear reinforcement wasigeal/to resist the shear force associated to the

development of the probable moment resistanceeoitlll. The solution was a web thicknésg,
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= 200 mm (7.87 in.) with two layers of 15M @ 250 n{fn84 in.) distributed reinforcement,
which resulted irv#/V; ratio of 0.55. Capacity design aspects are disclfsther in the design

of the test specimens.
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Fig. 3.1: Description of the shear walls studiedl: Reference building wall; b) Schematic
elevation of the wall specimens; c) Cross-sectibthe wall specimens (End A at right, End B at
left) (25.4 mm =1in.; 0.305 m = 1 ft).
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3.4.2 Design of the test specimens

The test program included a total of four speciméne prototype specimens (Series A) and two
reduced-scale model specimens (Series B). One mpecpair was subjected to monotonic
loading (A1M and B1M) while cyclic loading was afgual to the other two walls (A2C and B2C).
In the tests, the specimens were subjected to eeotrated horizontal load representing the total
earthquake load and only the portion of the watlated below the point of application of the
resultant seismic load was considered, as showkign 3.1b. The prototype specimens were
designed to reflect the main characteristics of tleéerence building wall. They were
proportioned assuming the same material propegras following an iterative procedure to
obtain the same shear span to wall length fa@s well as the same strength-to-dembhid/,
andV4/V, ratios. A coarse aggregate size of 14 mm (0.55nas considered for the concrete and
a rectangular cross-section was selected for eh$abdcation. To mimic the shear resisting
portion of the reference wall, the thickness of fretotype wall was set equal to that of the
building wall web and a similar distributed reidfement layout consisting of two layers of 15M
@ 300 mm (11.8 in.) was specified. Several possiaé length and concentrated reinforcing
steel arrangements were examined. A 1.3 m (4.2B1g x 2.7 m (8.85 ft) tall prototype wall
was finally chosen (Fig. 3.1b) withy = 317 kN (71.3 kip) and; = 856 kN-m (631 kip-ft),
which resulted irk = 2.08,M/M, = 1.00, and//V; = 0.55. The cross-section of the prototype and
model specimens is shown in Fig. 3.1c. The conatadrlongitudinal steel was made of 20M
and 25M bars enclosed by 10M closed stirrups. Dsiogrsa andb in Figs. 3.1c and 1d are

given in Table 3.1.
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Table 3.1: Date of testing and position of the @miated longitudinal reinforcing steel.

Measured values

Date Nominal
Wall - of test values End A" End BY

No- o006y “"@a b a b _a b
(mm) (mm) (mm) (mm) (mm) (mm)

A1M May 7 56 95 90 75 55 64
A2C Oct. 8 56 95 100 75 85 70
B1M July 9 24 35 55 35 35 35
B2C Sept. 15 24 35 30 35 53 35

(1) End A is under tension under positive storey sKieiar 3.1c).
Note: 25.4 mm = 1 in.

In CSA-A23.3, ductile shear walls must have a feerloshear resistanc¥,, sufficient to resist
the horizontal shear forc&/’;, that will develop when the wall reaches its prdbalmoment
resistanceM,. The moment; is determined with resistance factors equal toah® assuming
1.25f, for the steel yield strength to account for stiaamdening. For the prototype walll, =
1258 kN-m (928 kip-ft) = 1.4, and the shear forc¥,s = 1.47 x 317 = 466 kN (105 kip). The
resistanceV; is determined according to the general methodqeeg in CSA-A23.3, including
the limitations to the shear resistance providedhayconcrete in plastic hinging regions. These
limits depend on the anticipated inelastic rotatitamand on the walBiy = A¢ (RoRg - Yw)/(hw-
lw/2), wherel is the wall top deflection under the losdandy, is the wall overstrength factor,
Yo = Mn/Ms, with M, being the wall nominal moment resistance obtawél resistance factor
equal to 1.0. For the prototype wal,= 3.15 mm (0.12 in.)M, = 1036 kN-m (764 Kip-ft)y, =
1.21, andBiq = 0.0067, which led t&, = 581 kN (131 kip), greater thafi; = 466 kN (105 kip).
These parameters are summarized in Table 3.2. fitaetored shear resistandg, normalized
with respect to the wall gross arel,l() is also given in Table 3.2 for reference. When
comparing CSA-A23.3-04 and ACI-318-08 seismic desgpuirements, the main differences are

the resistance factors and the spacing of the memient reinforcement in the boundary zones.
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For shear, CSA-A23.3 uses differeptfactors for concreteq¢ = 0.65) and steelg = 0.85)
whereas ACI 318 uses only opdactor = 0.6) that applies to the nominal shear strenigom.
the prototype wall, the ACI 318 factored shear stasice is 3% less than the CSA value.
Maximum spacing between confinement bars are @.ara 0.33 h in CSA and ACI codes,

respectively.

Table 3.2: Wall properties based on nominal andwak-specimen properties.

Parameter Nominal properties As-built test specimens

Prototype Model A1M A2C B1M B2C
Mg (KN-m) 856 66.8 897 880 67.2 68.7
V; (kN) 317 58.6 332.1 3259 59.0 60.2
M¢ /M, 1.00 1.00 1.00 1.00 1.00 1.00
k 2.08 2.08 2.08 2.08 2.08 2.08
Yo = My /M; 1.21 1.21 1.21 1.21 1.21 1.21
Yo = Mp/M 1.47 1.47 1.47 1.47 1.47 1.47
As (mm) 3.15 1.39 3.40 3.34 1.29 1.31
8,4 (rad) 0.0068 0.0071 0.0073 0.0072 0.0065 0.0067
8, (rad) 0.0099 0.0093 0.0095 0.0084 0.0099 0.0083
V' 466 86.14 488.20 479 86.73  88.50
V, (kN) 581 105 633 634 119 118
Vr N 0.55 0.56 0.52 0.51 0.50 0.51
v (KN) 724 130 780 783 149 148
V:/bwl (MPa) 2.78 2.82 3.00 3.01 3.24 3.21
V. (IzVN) 554 98 606 606 108 108
V“Sf/bwl (MPa) 3.28 3.29 3.59 3.59 3.61 3.61

n,s W

Note: 1 kN = 225 Ib; 25.4 mm =1 in.; 1 MPa = 148, 4 kN-m = 738 Ib-ft

In design, the factored resistance by cohesionfiacttbn against potential horizontal sliding of
the wall baseV,s, must also be checked against. That resistance was determined for the
monolithically placed concrete condition, which riemponds to the fabrication process adopted in
this experimental program. A cohesion stress ofMHa (145 psi) and a friction coefficient of
1.40 were used as specified in CSA-A23.3-04, wigores V, st = 554 kN (126 kip) when

considering only the distributed vertical sheanfaicement and the area of the cross-section
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resisting shear. This exceeds the maximum anteipshear forc®’;. The unfactored resistance,
Vh s @s normalized with respect to the wall crossiseds given in Table 3.2. As a final step in
design, the anticipated inelastic rotati®, was compared to the wall plastic rotation capacit
prescribed in CSA-A23.3-049.. The latter is given in Table 3.2 and the protetypall

specimens were deemed to possess adequate inedéation capacity.

For the model specimens, the potential for distogi between full-scale and model material
properties was minimized by selecting regular defmt bars for the main reinforcement and
avoiding micro-concrete mixes. A geometric scaliactor of 2.37 was selected, as governed by
the minimum available deformed bar size (No. 3) aodcrete coarse aggregate size (5 mm =
0.20 in.). The model wall dimensions and reinforeatrsteel are illustrated in Figs. 3.1b and 1c.
ASTM A706 grade 60 ksi (413 MPa) No. 3 baks £ 71 mnf= 0.11 irf, f, = 413 MPa = 60 ksi,

f, = 552 MPa = 80 ksi) were selected for both theylalinal and transverse reinforcement
steels. Cold rolled plain bars 4.76 mm (0.18 in.gliameter and made of SAE 1018-1020 stiel (
= 220 MPa = 32 ksi, = 400 MPa = 58 ksi) were used for the confinermemtforcement. These
material properties met the similitude requiremdrgsveen the prototype and model walls in
terms of dimensions, steel reinforcement ratios| aggregate sizes. However, due to physical
constraints, the position of the concentrated ludjnal reinforcement (dimensiorssandb in
Table 3.1) could not be adjusted to exactly mahehdcaling factor. This and the differences in
mechanical properties between ASTM A706 and CSA-B30einforcing steels induced small
deviations between the model and prototype speani@asign forces and resistances based on
the model nominal properties are summarized ind8k®. As shown, the model values for khe

factor and theMly/M; and Vi/V, ratios are equal or very close to the prototypd waues. The
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model specimens also had sufficient resistancéaarsand shear friction to resist the anticipated
shear force corresponding to the attainmenMgfat the wall base, and their plastic rotation

capacity exceeded the anticipated rotation demand.

3.4.3 Predicted response with nominal properties

Prior to testing, analysis of the prototype and el@pecimens was carried out under monotonic
and cyclic loading to verify the design assumptiofise Response 2000 (Bentz 2001) (R2000)
non-linear plane sectional analysis program baseth® MCFT(Vecchio and Collins 1986) was
used for the monotonic member response. For the stnforcement, the following additional
properties were used: modulus of elastici/,= 200000 MPa (30000 ksi), deformation at
initiation of strain hardening&, = 0.015, and ultimate deformatios,, = 0.13 and 0.12 for
G30.16 and ASTM A706 steels, respectively. Fordbecrete, the Popovic-Thorenfeldt-Collins
base curve witlfi . = 30 MPa (4.35 ksi) and tensile strendths 1.75 MPa (254 psi) was adopted.
Compression softening according to Vecchio andi@xll986 was also considered together with
the tension stiffening model by Bentz 1999. A tensstiffening factor of 0.3 was used to reduce
tension stiffening effects to predict the envelapaler cyclic loading. The load - top lateral
deformation responses of the prototype and modstisens are shown in Fig. 3.2a. The loads
are normalized with respect to the wall cross-sectireas and the deformations are normalized
to the wall heights. The response is very sinfiterboth specimen sizes, the small differences
being attributed to the deviations from exact sionile requirements for the steel yield strength
and location of the concentrated longitudinal baise program predicts failure by crushing of

the concrete at the wall bases, with peak resisgattained at a top lateral deformation of 0.019
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hy and 0.018h,, for the prototype and model specimens, respegtivEhese deformations

approximately correspond to a displacement dugtiiit4.5.
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Fig. 3.2: Predicted specimen responses with nonprgperties: a) Monotonic responses from
R2000 and VT2 analyses; b) Monotonic and cyclipoases from VT2 analyses.

The VT2 program (Wong and Vecchio 2002) is basethenMCFT (Vecchio and Collins 1986)
and the DSFMVecchio 2000) for the nonlinear finite element lggs of reinforced concrete
membrane structures. The program was used to prsidoehaviour of both specimens under
monotonic and cyclic loadings. Plane stress recti@ngelements with smeared reinforcement
were used to discretize the wall, with a total & é&lements in the shortest direction, as

recommended by Palermo and Vecch#&p07. Convergence analysis confirmed the
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appropriateness of the number of elements. Basipepties for the steel and concrete materials
were the same as those specified in the R2000 sewmlyThe hysteretic model of the
reinforcement was according to the Seckin modeugBhinger). Reinforcement dowel action at
the wall base was reproduced using the Tassios Inbaded on a beam on an elastic concrete
foundation theoryHe and Kwan 2001). The dowel force varies as &tfan of shear slip and
steel rebar properties. The pre-peak compressisporse of the concrete was based on the
Popovics curve for normal strength concrete wheteasost-peak response followed the base
curve. Tension stiffening effects according to Bet®99 were automatically accounted for in the
analysis, depending on the average concrete pahcipnsile strain. Concrete strength
enhancement due to confinement was considered rwithie regions of concentrated
reinforcement. The Kupfer/Richart model appropriéde cyclic loading was used for that
purposgWong and Vecchio 2002). In this model, the urahgbmpressive strengtfi¢, and the
corresponding strairgy, are both amplified by a concrete confinementdathat varies during
the analysis depending on the principal strese.sfdie hysteretic response of the concrete was
set according to Palermo and VeccB@®2 (with decay), and the slip distortion was tak#o
account according to the Vecchio-Lai model (Vecdal Lai 2004). As shown in Fig. 3.2a, the
VT2 program predicts a larger capacity and sigaifity higher ductility for both specimens
under monotonic loading when compared to the R2@80Qlts. Both specimens reached a peak
average shear stress of 1.9 MPa (275 psi), stllllveébow the nominal unit shear resistance of the
specimensy, = V/bulw = 2.8 MPa (406 psi) (see Table 3.2). The VT2 asedypredicted failure

in flexure at drift ratios of 0.058 and 0.047 fbetprototype and model specimens, respectively,

corresponding to ductility levels of 11 and 8. Thedter performance predicted by the VT2 FE
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analyses is mainly attributed to the fact that cete confinement effects are implicitly

considered, which is not the case for R2000.

Figure 3.2b shows the VT2 response of both walldeuimposed cyclic top lateral displacement
with stepwise incremented amplitudes. The VT2 moniat response is reproduced in the first
and third quadrants of the plot for comparison psgs. Up to a drift of 0.01B,, excellent
match is found between the prototype and wall ngdebnfirming the validity of the scaling
assumptions adopted in the design of the specinfdrespeak resistance developed by the cyclic
specimens matched the monotonic response up tchQ.@rdfts on the positive side and 0.085%

in the other direction. Beyond these deformatidhs, resistance of both walls progressively
decrease until a sudden and complete drop in strerugurs af\ = 0.02h,, for the prototype wall
and atA = 0.015h,, for the model wall, revealing much lower deformaticapacities than that
anticipated from monotonic response. Under cydaxding, the longitudinal steel yields at both
ends of the wall, resulting in large flexural cranck extending the full length of the wall. This
reduces the ability of the concrete in the compoeszone to resist the shear at the base of the
wall leading to large shear sliding displacemebtsder monotonic loading, this mechanism is
delayed as cracking occurs from one direction o8liding occurs when the base flexural crack

extends the full length of the wall.

3.4.4 Test setup and as-built specimen properties

Figure 3.3 shows the test setup used in the expetahprogram. All specimens included the test
wall portion and a strong foundation block usedréproduce realistic base conditions. The

specimens were mounted horizontally on the strdogr fof the laboratory and the load was
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applied by a high performance 1500 kN (337 kipuatdr with pinned end connections. The
foundation blocks were firmly attached to steeirfiag members by means of pre-tensioned steel
tie rods. The wall specimens were supported oen®lo prevent out-of-plane deformations. At a
ductility of 4.0 for the prototype wall, the rotati of the actuator due to the lateral deformation
reached 0.007 rad. This resulted in an axial loa@.® kN (0.65 kip) in the wall, which was
considered as negligible. To avoid stress conckomis in the concrete components, flexible
wooden pads were inserted between the steel m#tishing the test walls to the actuator and
those attaching the foundations to the framing memblrhe foundation blocks were purposely

designed significantly thicker than the test wadléimit cracking in the foundations.
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Fig. 3.3: Test set-up: a) Prototype wall; b) Modaell; c) Reinforcement lay-out for both
specimen sizes. (Note: All dimensions in mm; 25 m1 in.).

All specimens were poured in the horizontal poritend super-plasticizer was used in both

concrete mixes to ease concrete placement. The avall foundation portions were cast
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continuously without cold joints. The concrete b tprototype wall was supplied by a local
supplier with a specifiedf = 30 MPa (4.35 ksi), no added air, and 14 mm (0§Zraprock
coarse aggregate. For the model, an in-house mexpnepared with Type GU cement (ASTM C
150, Type ), W/C = 0.55, 4-6 mm (0.16-0.24 in.psife type coarse-grained aggregate with
83% passing 5 mm (0.20 in.) sieve. The concretd tmethe prototype walls was also used for
the foundation of the two model specimens up tor@pmately 300 mm (11.8 in.) below the
wall base. Pouring was performed on March 24, 20ibthe tests were performed between May
7™ and October 8 of the same year. Testing dates are given in Talle Measured concrete
strength values at 28 days are given in Table Bd3rasults of the tensile tests on the reinforcing
steel are presented in Table 3.4. The range of unediwalues and the average value are given
for each group of steel bars. During the specinadmi¢ation, it was difficult to properly place the
concentrated reinforcement at the required positind maintain exactly that position during
concreting. The measured as-built dimensi@asdb, as defined in Fig. 3.1c, are given in Table
3.1 for each end of each specimen. The factored enbmresistanceM,, of each wall was
determined using the measured material propewies,the equivalent design actiods and V;
could be determined assuming tM&/M; and k ratios obtained with the nominal specimen
properties. The various design and resistance pessnfor each wall were then computed and

are given in Table 3.2.

Table 3.3: Measured concrete properties.

f,c Ec & Ve
wall (MPa) (MPa) ’

Prototype 28.3 29140 0.00203 0.223
Model 47.0 32770 0.00260 0.236

Note: 1 MPa = 145 psi
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Table 3.4: Measured reinforcing steel strength ertgs (average values in brackets).

f

f

wall Location Size (Ml‘ga) (ME’ a) Esh €y
Prototype  Longitudinal 25M  429-443 (437) 621-636 (626) 0.010 0.146
Longitudinal 20M  410-419 (412) 575-581 (579) 0.022 0.170

Longitudinal 15M 440-456 (448) 662-685 (675) - -

Horizontal 15M  449-458 (452) 667-680 (671) - -
Model Longitudinal ~ #3 437-460 (450) 593-602 (597) 0.018 0.170

Horizontal #3

438-460 (450)

588-601 (594)

Note: 1 MPa = 145 psi

3.4.5 Test procedure

All tests were conducted by controlling the horiedriop displacement imposed by the actuator.
Movements of the foundation blocks and actuatoctrea system were monitored and removed
to obtain the wall deformations relative to therdation. The positive direction for loads and
displacements is shown in Fig. 3.3c. In the moniottasts, the lateral displacement was imposed
at a constant rate of 1.0 mm/min (0.04 in/min). Té&s were however interrupted to allow for
observation of damage and photos to be taken. dncyftlic tests, a displacement controlled
loading history based on the ATC-24 protocol (AT€92) was adopted: 3 cycles at 083 0.66

Ay, 1.04y, 2.04, and 3.1, followed by 2 cycles a&.0 Ay, 2 cycles af\ = 0.03hy, and 2 cycles
at A =0.04 h,. The value of the top lateral displacement atdyidl,, was set equal to 1.33 the
deflection at first yield, the latter being takejual to the lateral top displacement from the load-
deformation curve from monotonic test at a momeypia¢to 75% of the yield lateral loady, in
accordance with the recommendation of ATC-24. TdredV, was set equal to the ordinates of
the intersecting point between straight lines re@néing initial elastic response and average post-
yield inelastic response up to the code limit daftgle of 0.025 rad. ThAy values for the

prototype and model walls were respectively eqod3.0 mm (0.59 in.) and 4.2 mm (0.16 in.).
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The ratio between these two values (3.57) excedddedyeometric scaling factor and it was
decided to uséy = 15.0/2.37 = 6.33 mm (0.25 in.) to establishdfelic displacement history for

the model specimen.

3.5 Test Results

3.5.1 Response under monotonic and cyclic loading

Figure 3.4a shows the normalized lateral load-ddtedeformation response under monotonic
loading for specimens A1M and B1M, respectivelyeTiesponse of both specimens is nearly
identical up ta\/h,, = 0.0348, where failure in tension of one the lardjnal bars occurred in the
model wall, resulting in a reduced resistance ejela deformations. Inspection after testing
revealed that this bar had been damaged duringhgt@llation of the instrumentation. For both
specimens, the test was halted due to limitatiothefloading apparatus, before failure of the
specimens. The good match between the responsee dfvo specimens up to code allowed
deformation (0.02%,) confirms that similitude rules apply well to rearced concrete walls
subjected to monotonic loading. The higher concettength in the model wall resulted in a
greater wall stiffness prior to yielding but hadsmall influence on the inelastic wall response
which is essentially governed by the reinforcingest Both specimens could exhibit ductility

well in excess of plane section analysis predigtioaglecting concrete confinement effects.
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Fig. 3.4: Load-deformation responses from tests:Mamnotonic responses; b) Comparison
between monotonic and cyclic responses of the fyjeeospecimens; ¢) Comparison between
monotonic and cyclic responses of the model spawnit MPa = 145 psi).

Figures 3.4b and 4c compare the response undec eya monotonic loadings for the prototype
walls and the model walls, respectively. In these tigures, the monotonic responses have been
mirrored in the third quadrant to ease comparis®hs. load is divided by the wall cross-section
on the left hand side axis and with respect todiésign loadv; of the right-hand side axis. The
deformations are normalized with respect to thd twilght on the bottom axis and are expressed
as displacement ductility along the top axis, viifh= 15.0 mm (0.59 in.) and 4.2 mm (0.16 in.)
for the prototype and model walls, respectively.trBspecimens exhibited stable hysteretic
responses matching the monotonic load-deformatiowes up to a displacement ductility of
approximately 4.0, thus satisfying the ductilitypeaity implied by the ductility-related fact&;

of 3.5 specified for this shear wall category. lig.F3.4c, the difference in strength between

monotonic and cyclic responses of the model spewnia the positive direction is due to
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differences between the positions of the main loatnal reinforcement in the two specimens,
the lever arm of the steel resisting flexure in gusitive direction being longer for the cyclic
specimen B2C (dimensicmat end A, see Table 3.3). At a ductility of 3.5dancyclic loading,
flexural and diagonal shear cracking could be oleskrin the prototype and model walls, as
illustrated for the prototype specimen in Fig. 3.5&rength degradation started at a ductility of
4.0 in both specimens. This degradation was adeaciaith evidences of horizontal slippage
along the main flexural cracks near the base ofmak as shown in Fig. 3.5c for the prototype
wall. This behaviour was not observed in the moniatgpecimens. As shown in Figs. 3.4b and

4c, the strength decrease was steeper for thetypetavall.
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Fig. 3.5: Crack pattern for the cyclic prototypesimen: a) Observed crack pattern at a ductility
of 3.5; b) Crack pattern at a ductility of 3.5 froT2 analysis; c) Observed crack pattern at
failure; d) Crack pattern at failure from VT2 arsily

Figure 3.6a shows the hysteretic relation betweernapplied base shear and the measured shear
deformations in the plastic hinge regidyeas for the prototype specimen under cyclic loading.
The deformations were monitored with potentiometengjitudinally and diagonally mounted in
the hinge zone of the specimen (Fig. 3.3a). Theessimear deformations are plotted against the
applied top displacements in Fig. 3.6b. Elastiedinresponse with limited shear deformations is

observed in both figures up to initiation of fleauyielding of the specimen, i.e. férless than
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Ay in Fig. 3.6b. Beyond that point, a pinched hydterghear response progressively developed as
diagonal shear cracking formed in the specimen.(Biga). Figure 3.6b shows that shear
deformations increased nearly linearly with the himge of the applied top displacement up to
AN, = 4.0. At this ductility, shear deformations cepended to approximately 20% of the total

deformations (0.004,,/ 0.02h,). Beyond that point, most of the applied deforwrmatiook place

in the form of shear sliding. Similar response vedserved for the model wall with shear

deformations reaching 21% of the total deformatibductility of 4.0.
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Fig. 3.6: Shear deformations in the prototype speai under cyclic loading as a function of the:
a) Applied lateral load; b) Applied top displacerhénMPa = 145 psi).
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At first attainment of a displacement ductility®b in the monotonic and cyclic tests, the applied
shear forces in the two opposite directions readiedieen 1.25 and 1.28, which is less than
the value of 1.4% assumed in design, suggesting that strain hardenithe steel reinforcement
was less than expected in design. The measured sthess values at peak loads (approximately
1.6 MPa = 232 psi) were also significantly lowearhthe shear stresses associated to the
unfactored shear resistandg (approximately 3.0 MPa = 435 psi, see Table 3.2)the
unfactored interface shear resistanger (approximately 3.6 MPa = 522 psi, see Table 3rR).
CSA-A23.3-04, the V,¢ assumes cohesive resistance from concrete ovefutheall cross-
section area. This resistance cannot be develdped ¢&he cracks at the wall base. In Eurocode
83!, cohesion is omitted in the calculation of theastsiding resistance for seismic applications.
According to ECS8, the unfactored shear slidingstasice is equal to 1.8 MPa (261 psi), which is
close to the measured shear stress. In spite gf glgnificant shear deformations progressively
took place in the plastic hinge region upon incirggasnelastic rotation and failure occurred by
shear sliding along flexural cracks just after reag the ductility level implied in design. The
absence of axial load in the test walls likely esggmted a critical condition for shear sliding but
this condition was accounted for in code designadquos for shear friction. The terms
accounting for cohesion and friction in these eiuat may need to be revisited when assessing

the capacity of members subjected to severe inelagatlic loading.

3.6 Analytical Predictions

Numerical simulations of the specimen’s responseevperformed with the VT2 program using

the as-built material and geometrical propertiesthaf specimens. The program was used to

predict the specimen response including crack petteload-deformation behaviour, shear
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sliding, rotation at top, shear deformations, striai the reinforcement, and hysteretic energy.
Additional VT2 analyses were also performed to eatd the effect of the axial loads on the wall
response. The steel and concrete models usedtimeal analyses are the same as those adopted
for the prediction of the wall responses with noahiproperties, except that the Modified Park-
Kent concrete model with a linearly descending bnawas selected for the model walls because
it is more appropriate than the base curve for dnigbirength concrete as measured in the
laboratory {'c = 47 MPa (6.82 ksi)). In addition, the capability reproducing the global
specimen response with an elastic frame elemeht lwihped plastic hinge model was assessed
using the modified Takeda hysteretic hinge modediaf®1981) in the Ruaumoko computer
program (Carr 2004). For the hysteretic model, ¢&mvelope was based on the monotonic
response from the R2000 program, as would be typidane when adopting a plastic hinge
model. The as-built specimen properties were usdHis prediction. The “Drain 2D” unloading
model was adopted with an unloading stiffness patano = 0.15 and a reloading stiffness
parameterf = 0.2 from the test data obtained herein. Thedaesafall within the ranges
suggested in the Ruaumoko program user’'s manuawanel determined to best fit the test data

obtained in this project.

3.6.1 Results

A comparison of the crack patterns observed intés¢ and predicted by the VT2 program is
shown in Fig. 3.5 for the prototype specimen subpto cyclic loading. At ductility of 3.5 (Figs.
3.5a and 5b), the diagonal and flexural crack padtare clear in the plastic hinge zone in both
the test and the VT2 prediction, with a major fledcrack extending the full width of the wall

near the wall base. Figures 3.5¢c and 5d compareredbgonses of the specimen at failure.
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Significant shear sliding of the specimen alonghbezontal crack at the vicinity of the base of
the wall can be observed in both figures. Note thatpicture in Fig. 3.5c was taken at a top
horizontal displacement of 81 mm (3.2 in.) wherées analysis prediction of Fig. 3.5d is given

at a displacement of 60 mm (2.36 in.), which wasdaformation at failure in the analysis.

Figures 3.7a and 7b compare the monotonic and ccyold-deformation responses from
experiment and VT2 analysis for the prototype gpedi. In the monotonic test, good agreement
is found for the initial and post-yield stiffnessiest the VT2 program overestimates the wall
strength by approximately 12%. That difference peguto 4% if tension stiffening effects are
deactivated in the analysis, indicating that thesien stiffening model employed possibly led to
overstrength under large deformations. Omittingsieem stiffening effects however reduced the
initial stiffness by 60%, which is unrealistic. Rtwe cyclic results, that are of major significance
for future shake table tests, there is an excellgnéement between the test and VT2 prediction
up to ductility 4.0. In VT2, shear sliding initiateat a ductility of 4.0 and led to a sudden and
nearly complete loss in lateral capacity. The sdallere mode was observed in the test but
strength degradation started after a ductility & 4nd developed more gradually. Up to a
ductility of 3.0, the accumulated hysteric energy, was the same in the test (112.5 kN-m = 83
Kip-ft) and VT2 analysisE,=112.9 kN-m = 83 Kkip-ft). Figures 3.7c and 7d shdw same
comparisons between tests and numerical simulafmnthe model walls. Similar but smaller
discrepancy in peak capacity was observed (8%jh@monotonic loading case. Failure of the
tension reinforcement did not occur in the analgsishe observed defect in the rebar had not
been replicated in the numerical model. Excellgmeament was obtained for the cyclic response
up to a ductility of 6.0. Strength degradation undglic loading started after a ductility of 415 i

both the test and the VT2 simulation. As was thsector the prototype, the VT2 program
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predicted the observed failure mode but the stredggradation was more pronounced than in

the test.
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Fig. 3.7: Responses of the specimens from tests\argl analysis with the actual material
properties: a) Monotonic responses of the prototgpecimen; b) Cyclic responses of the
prototype specimen; c¢) Monotonic responses of thdahspecimen; d) Cyclic responses of the

model specimen (1 MPa = 145 psi).

The predicted and measured strains in the horikoaitaforcing steel of the prototype wall are
plotted as a function of the normalized base she&ig. 3.8. Figure 3.3c shows the location of
the strain gages used to collect this data. Exteleatch is found between the test and VT2
values for the wall under monotonic loading. Thenwtonic responses also form the envelope of
the cyclic responses. Good match between predigtell measured values was also obtained
under cyclic loading. Both the numerical and expental results show that the shear

reinforcement did not yield (strains less than @)Qdp to the ultimate lateral displacements.
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Figure 3.9a shows that no sliding occurred for ti@notonically loaded prototype specimens
(test and VT2). Under cyclic loading, the VT2 pragr predicted sliding developing rapidly after
a ductility of 4.0. In the test, sliding graduatiyeveloped at the same displacement ductility in
cycles 18 and 19. Strength degradation in thewest also observed in the same cycles (Fig.
3.4b). Good agreement can be observed in Fig. Be®veen test and VT2 shear strain values
under monotonic and cyclic loading up to ductiBty). Note that anchorage of the potentiometers

was damaged after cycle 18 and the test data sfmveycle 19 may include some error.
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Fig. 3.9: Sliding and shear strain responses freststand VT2: a) Sliding of monotonic and
cyclic responses of the prototype specimens; baiSsteain of monotonic and cyclic responses of

the prototype specimens.

Figure 3.10a shows that the measured monotoniccgckit load-deformation responses of the

prototype wall was well predicted using the modifiEakeda model with concentrated plastic
hinge in terms of initial stiffness and strength. the cyclic test, however, the pinching that

gradually developed due to shear deformations ba@dtrength degradation resulting from shear
sliding could not be reproduced by the frame eldnveth concentrated plastic hinge model.

Figure 3.10b shows the cyclic base momestbtation at wall top response of the prototypel wal

from the test, the VT2 analysis, and the modifiekdda model. Good match is found between
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the three curves up to large rotations (0.02 raadjcating that lumped plasticity models can be

used to predict the quasi-static cyclic flexurapense of shear walls.
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Fig. 3.10: Responses of prototype specimens frosts téakeda model and VT2: a) Load-
deformation of monotonic and cyclic responses (1aMP145 psi); b) Moment-rotation of the

cyclic response.

The VT2 program was used to examine the influemcthe cyclic response of the prototype wall

of applying an axial load producing an average aasgive stress of 0.1Q. The addition of the

axial load had no effect on the pre-cracking wallifreess but the strength and the cracked

stiffness of the specimen were increased by 32% [akeral deformation at yield remained
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unchanged but the accumulated hysteric energy wdality 3.0 increased by 13%. Failure by
shear sliding occurred immediately after completéthe two cycles at a ductility of 4.0, which
represents a marginal improvement compared topgeeirmen without axial load (sliding initiated

in the first cycle at the same ductility).

3.7 Summary and Conclusions

Two identical prototype wall specimens were degigmietailed, and fabricated according to the
provisions of NBCC 2005 and the CSA-A23.3-04 staddd@he specimens were tested under
monotonic and quasi-static cyclic loading, respetyi. Two identical 1:2.37 reduced scale

models of the prototype walls were also construeted subjected to the same loading protocols.
Numerical predictions of the specimen responseg warried out before testing to validate the
design assumptions. Numerical analyses were aldorped after testing to assess the ability to
reproduce the test wall response under both loadimglitions. The following conclusions and

recommendations can be drawn from this study:

1. In the cyclic tests, both the prototype and nhadal specimens exhibited a stable hysteric
response dominated by flexure up to a displacemiectility of 4.0, thus exceeding the ductility
capacity of 3.5 implied in Canadian code desigrvigions for ductile shear walls. Upon flexural
inelastic response, inelastic shear deformatiorgrpssively developed in the plastic hinge
region of the wall reaching approximately 20% af tbtal wall deformations at a ductility of 4.0.
These shear deformations should be accounted fdhenprediction of the inelastic seismic
response of cantilevered wall structures. At aititycof 4.0, shear sliding started to develop in

both tests, which led to significant strength degteon of the wall specimens. Current code
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equations for the interface shear resistance cbaldevisited to provide sufficient protection

against this failure mode in ductile shear wallistures.

2. Both the prototype and reduced scale model veadtsbited large ductile flexural response
with steadily increasing capacity upon yielding.pTdisplacements of up to 0.04 times the wall
height were reached, as limited by the test sewithout the shear sliding response and
associated strength degradation observed undeit dgelding. The measured response under
monotonic loading matched very well the envelopéhef ductile portion of the response under
cyclic loading. Similarly, the monotonic demandtbe transverse steel used in the plastic region

of the wall corresponded to the envelope of theatemeasured under cyclic loading.

3. Excellent agreement under both loading protoeds found between the responses of the
prototype and the reduced scale model specimens. Silygests that reduced scale models
designed with a scaling factor of up to 2.4 andstarcted with normal concrete mixes and

deformed bars for the main reinforcement can bd ts@xamine the seismic response of ductile
shear wall structures, including inelastic flexumad shear deformation effects and shear sliding

mechanisms.

4. Comparison between the experimental and nuntgesalts showed that the VecTor2 finite
element program can adequately capture the inelaginotonic and cyclic behaviour of ductile
shear walls, including initial stiffness, shearateiations, force demand in the transverse steel,
energy dissipation, and failure mechanisms. The \pF@gram overestimated the ultimate

capacity under monotonic loading, possibly due xoessive tension stiffening effects in the
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inelastic range. Improvement to the program anatedl modeling procedures could also be made
to better match the ultimate capacity and ratdrehgth degradation

In this test program, the interaction of bendingnmeat and shear force at plastic hinge was
investigated. Axial loading was not considered.ter testing would be needed to examine the

interaction of bending, shear and axial load untyeamically applied seismic loading.
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CHAPTER 4

SHAKE TABLE TESTING OF SLENDER RC
SHEAR WALLS SUBJECTED TO EASTERN
NORTH AMERICA SEISMIC GROUND
MOTIONS

4.1 Abstract

This chapter presents shake table test resultsvondentical 1:2.33 scaled, 8-story moderately
ductile reinforced concrete shear wall specimerdgeumigh frequency ground motion expected
in Eastern North America. The walls were designed detailed according to the seismic
provisions of NBCC 2005 and CSA-A23.3-04 standdarde objectives were to validate and
understand the inelastic responses and interactishear, flexure and axial loads in plastic hinge
zones of the walls considering the higher mode ct&ffeOne specimen was tested under
incremented ground motion amplitudes ranging fr@%4o0 120% of the design level. The range
was increased from 100% to 200% for the secondimgec The response of the walls was
significantly affected by the second mode, causmadastic flexural response to develop at the
base as well as thd'éevel. Dynamic amplification of the base sheacésrwas also observed in
both walls. In the second wall, which was testedhi& undamaged condition, peak base shear
forces occurred prior to significant inelastic teda and the contribution to concrete to shear

resistance exceeded the value used in design. @mwmtastic rotation had developed, that
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contribution corresponded to the value obtainediqusi value of 0.18 for the reduction factor
accounting for concrete cracking. Inelastic rotatio the upper wall region was found to limit

the force demand imposed by higher mode response.

4.2 Introduction

To ensure the survival of building structures unsteong seismic ground motions, reinforced
concrete (RC) shear walls must maintain a high gmagn of their initial strength and stiffness,
and possess high energy-dissipation capacity (Paatal Priestley 1992). For individual
cantilevered shear walls, the primary energy d&syp mechanism is flexural yielding at the
wall bases and seismic design provisions have degrloped to confine inelastic response in

that plastic hinge region and prevent brittle sHagure.

The inelastic seismic response of tall and slem@rwalls remains complex, however, as it
involves the superposition of multiple modes ofration in the nonlinear range, the post-elastic
behaviour of reinforced concrete under dynamicafpplied and interacting flexural, shear and
axial cyclic load demand, and the random natureasthquake ground motions. In particular,
past numerical studies showed that greater thanoteg horizontal shear forces can develop in
multi-story cantilevered walls as a result of highede response in the inelastic range (Blakeley
et al. 1975; Filiatrault et al. 1994; Tremblay ét 2001; Priestly and Amaris 2002; Priestley
2003; Sullivan et al. 2006; Krawinkler 2006; Pammett al. 2006; Boivin and Paultre 2010).
Dynamic amplification of shear forces was also gomdd in recent full-scale shake table testing
of 7-story rectangular wall subjected to a Califareeismic ground motions (Panagiotou et al.

2007a, b). In these tests, the base shear ovegtreeached up to 1.5 times the flexural
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overstrength due to the influence of higher modbgkvlowered the lower position of the lateral
loads compared to design assumptions. The highr dloeee demand observed in this test
program could be reproduced numerically by Martinehd Filippou (2009). Past numerical

studies on cantilevered walls also revealed thegt hinges can form in the upper part of walls,
even when designed and detailed for plastic hingihghe base only (Blakeley et al. 1975;

Tremblay et al. 2001; Panneton et al. 2006).

Differences exist on how to achieve the desiredtidubase flexural hinging response while
accounting for these dynamic effects in designthim New Zealand NZS3101 standard (NZS
2006) and the Canadian CSA A23.3 standard (CSA 2fad4he design of concrete structures,
the design bending moments and shear forces abmvédse plastic hinge region must be
amplified by the ratio of the actual flexural rearsce in the hinge region to the design moment at
that location. In Eurocode EC8 (CEN 2004), only dlesign shear forces are increased to account
for flexural overstrength. NZS3101 and EC8 bothspribe modified design bending moment
envelopes along the building height, together valiear amplification factors to account for
higher mode effects. Shear amplification in NZS3iObased on the number of stories whereas
the period of the building and the shape of thegthespectrum are considered in EC8. Rules in
CSA A23.3 and EC8 vary depending on the level aftitity assumed in the calculation of the
seismic loads. On the contrary, no capacity degigvisions or requirements for dynamic
response effects are prescribed in ACI (2008). BA@R23.3, the shear capacity depends on the
base plastic rotation but the plastic rotation veleated assuming only first mode response
(Adebar et al. 2005). Panagiotou and Restrepo (26&&ntly proposed a design method that

accounts for the possibility of a plastic hingenfiang in the top part of walls.
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Further experimental research is clearly neededuniderstand better the dynamic seismic
response of slender shear walls and develop censidesign methodologies for use in practice.
Large scale shake table testing has been a relableod of generating test data on the seismic
behaviour of RC walls (Lestuzzi et al. 1999; Lu akd 2000; Kazaz et al. 2006; Panagiotou et
al. 2007a, b). This chapter presents a shake tabteprogram realized on two identical 1:2.33

scaled models of an 8-story cantilever RC sheal w#éh rectangular cross-section. The

prototype structure is wall with moderate ductilitysigned in accordance with Canadian seismic
provisions for a class C site in Montréal, Queb€anada. This wall system and seismic

conditions are typical of several other major urleamters in Eastern North America such as
Ottawa, Toronto, Boston, and New York. The studyréfiore complements well previous studies
focusing on ductile wall systems designed for amgjexcted to earthquakes typical of the Pacific
west coast of North America. Ground motions in EastNorth America are also expected to be
rich in high frequencies, a more critical conditimm higher mode response. The tests permitted
to examine lateral deformation profiles, plastinging response in the upper levels, lateral load
patterns and shear force demand, the interactibmele@ shear and bending moment demand.
The two wall specimens were subjected to stepwiseemented ground motions: starting at 40%
of the design level for Wall 1 and at 100% of tlesidn level for Wall 2, thus allowing the study

of the influence of damage experienced in previsowller amplitude earthquakes on the
response under strong ground motions. Next chapigents a comparison of the test results
with predictions from numerical models togetherhadiesign recommendations for higher mode

response.
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4.3 Experimental Program

4.3.1Prototype Building and Scaling Factors

The test program was carried out with the unidioeal shake table facility of the Structural
Engineering Laboratory at Ecole Polytechnique aiikiéal. The program involved two identical
scaled specimens of individual RC shear walls efrttoderately ductile wall category complying
with the seismic design provisions of the NatioBailding Code of Canada (NBCC) (NRCC
2005) and the CSA A23.3 standard for the designcanicrete structures in Canada. The
properties of the test specimens were selectedpesent the 8-story residential RC shear wall
building located in Montréal, QC, Canada studied Rgnneton et al. (2006). The reference
prototype structure had a total height of 20.978m £.621 m) and a scaling factpe= 0.429 was
adopted to meet the 9.0 m test height limitatiothvai story height in the models of 1.125 m. A
preliminary quasi-cyclic test program was perforn@derify the adequacy of the chosen scaling
factor for the purpose of this study (Ghorbanireretral. 2009a). An artificial mass simulation
was selected to meet similitude requirements (Mmnead Krawinkler 1981). The method was
modified to introduce a scaling factor on accelergta, = 2.65, to keep the seismic weight per
floor close to 60 kN. This resulted in a scalingtéa on time,t. = 0.403. A rectangular wall
cross-section was adopted and the dimensions wiustad such that the fundamental period of
the model falls in the 0.5-0.8 s range, which cgpoads to the 1.2-2.1 s period range estimated
for the prototype structure, depending on crackexufal stiffness assumptions considered. The
geometry and reinforcing steel for the test spensrere detailed in Fig. 4.1. As discussed later,
the cross-section was intentionally reduced atthéevel to closely match the bending moment

demand at that location. In the tests, a consteial dbad of 2.7% ofA4f'c was applied to the
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specimens, wherdy is the wall gross cross-section area at the wadeband’ . is the concrete

nominal compressive strength. This low axial loadepresentative of lightly axially loaded walls

located along the perimeter of buildings or agastairways or elevator shafts.
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Fig. 4.1: Model wall dimensions and steel reinfoneat (dimensions are in mm).

4.3.2 Seismic Design of

the Test Specimens

The design is presented herein for the reduce@ soatlel to ease comparisons with test results.

The seismic shear forces and bending moments wegned from response spectrum analysis

using specific uniform hazard spectra (UHS) spedifin NBCC 2005 for a class C site in

Montréal, QC. Cracked flexural stiffness propertasspecified in CSA A23.3 were used in the

analyses, which led to periods in the first andoedcmodesT; = 0.73 s andl, = 0.13 s,



64

respectively. For Type MD walls, the elastic foodmmand is divided by a ductility-related factor,
Ry, of 2.0 and an overtrength-related facRy= 1.4, and the resulting shear and bending moment
distributions,MgrsaandVgsaare illustrated in Fig. 4.2. The longitudinal feircement was made
of ASTM A706 No. 3 barsAs = 71 mnf, fy = 414 MPaf, = 552 MPa) and’c = 30 MPa was
adopted for design. At the wall base, the amounbmgitudinal reinforcement was such that the
wall factored moment resistandd;, exactly matched the momeviksa The height of the plastic
hinge region was taken equal to the length of tladl (2.4 m). This exceeded the first-story
height and the hinge longitudinal rebars were edg€erup to the second floor. In absence of clear
indication for shear and moment amplification abowe plastic hinge, we applied the
requirements according to CSA A23.3 for Ductile WaThe design bending moment above the
base hingelM;, are obtained by multiplying the momeviksa by the ratioM;/Mrsa calculated at
the top of the hinge region, 1.4 m from the bage.tRe wall specimens, that ratio was equal to
1.45 and the resultinlgl; profile is shown in Fig. 4.2. The longitudinalm@rcement in the third
and upper floors was gradually reduced such Myatorresponded as closely as possibldio
Above the ¥ floor, the wall length was reduced to better matwhbending moment demand in
the upper levels. Bonding for one of the longitadiirebar of the concentrated reinforcement was
also eliminated using greased sleeves to meetetingred flexural strength while providing for
the minimum confinement steel. TMy/M; ratio at the base of'6evel was equal to 1.0, as was
the case at the wall base. In the upper levelsurféd overstrength resulted from minimum

reinforcement requirements.

The design base shear was obtained by multiplyiegshear forc&grsaby the ratio of the wall
nominal flexural strengthM,, to the momenMgsa at the base. This ratio was equal to 1.145.

Above the hinge region, as it was mentioned, thséggtlehorizontal shear forcé4 were obtained
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by multiplying Vrsaby the 1.45 amplification factor used for bendimgments. In CSA A23.3,

the contribution of concrete to the factored shessistance of members is based on the
parameteB\/fT , Where[3 accounts for shear resistance of cracked conchetplastic hinge

regions of walls, specidd values apply in view of the anticipated inelastitation demand. For
moderately ductile shear wallg,= 0.10 is recommended in CSA A23.3. Alternativ@lycan be
determined based on the expected hinge inelagation: 3 = 0.18 if the inelastic rotation is less
than 0.005 rad an® = 0.0 if the inelastic rotation exceeds 0.015 ramhear decrement is
permitted between these two limits. The inelastiation is obtained from the plastic portion of
the anticipated roof displacement including inetadeformation effects assuming a rigid plastic
wall model with plastic hinging only at the baser Rhe test specimen, the computed roof
displacement including inelastic effects was 331® and the resulting inelastic rotation in the
base hinge was equal to 0.00216 rad. For such 4 sotetion, 3 = 0.18 could have been used,
but the first option§ = 0.10) was adopted in the design of the specimeatrmed D3.0 wire
made of ASTM A496 steeld; = 19.26 mm, fy = 515 MPaJ{f, = 585 MPa) was used for the
transverse and confinement reinforcement. The amotirshear reinforcement was adjusted
along the height to meet the shear force demard well as the minimum steel requirements for
ductility. The resulting factored shear resistangeas supplied, is shown in Fig. 4.2. Minimum
reinforcement requirements led to significant shewaerstrength in the upper levels, as is
typically the case in actual structures. It is dotieat no dynamic amplification is prescribed in
NBCC 2005 and CSA A23.3 for shear walls. For thet specimens studied herein, a dynamic
amplification factor of 1.5 would be prescribedbioth the NZS3101 and EC8 provisions, but this
amplification was not considered in the design.

Check the ductility of the wall:



66

Yw = (Mn/Mf)base: 1.145 > 1.3 NO— Yo = 1.3
Bid = (AfRaRo Ywlr)/(hw-lw/2) = (12x2x1.4-1.3x12)/(9000-1400/2) = 0.00216.603 NO

Bic = (Ecuw/2¢-0.002) = (0.0035x1400/2x142-0.002)=0.0Bpp= 0.003 O.K

The two wall specimens were constructed simultasigoun the vertical position, with single-
story lifts poured in sequence to replicate actamaistruction practice. At every level, floor slab
segments were fabricated on both sides of the waltsansfer inertia forces from the seismic
weights to the wall and to include floor slab effeduring the tests. The measured properties of
the reinforcing steel are given in Table 4.1a. Arhouse concrete mix was prepared for the
models with Type GU cement, W/C = 0.69, 4-6 mm gigetype coarse-grained aggregate with
83% passing 5 mm sieve. The measured propertiéseo€oncrete at 28 days and the day of
testing are given in Table 4.1b. The nominal steat bending wall resistances using actual
material properties are plotted in Fig. 4.2. Eadil was built with a stiff base footing that was
anchored on the shaking table with pre-tensiong kirength bolts to prevent base uplift due to

rocking.
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Fig. 4.2: Computed and design forces in test spexxan(a) Shear forces; (b) Bending moments.

The slab of the floors is also fabricated to coesithe floor effects during the test. Fig. 4.3a and

3b show the formworks and purring the concreténefwalls respectively.
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Fig. 4.3: Photos of constructing of the walls; f@mworks; (b) purring of concrete.

Table 4.1: Material property. a) Steel; b) Concrete
a) Steel material properties

f f

. Y u
Bar type Size (MPa) (MPa) €sh &

Longitudinal ~ #3 441-492(455) 629-749 (706) 0.011 0.13
Horizontal D3.0 493-503(496) 585-633 (601) - -

b) Concrete material properties

. f’ c ft Ec & Ve
Time (MPa) (MPa)  (MPa)
28 Day 300 2.9

Day w1 30.0 2.9 26632 0.0026 0.22
of test W2 33.3 2.9 26670 0.0020 0.22
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4.3.3 Test Setup and Instrumentation

A test specimen and the shaking table test sewlastrated in Figs. 4.4a&b. The total weight
of the wall was 52 kN, including the weight of thase footing (11 kN). At each level, the
seismic weight tributary to the wall studied waswgiated by horizontal steel plates that were
supported on independent steel columns restinghenatoratory strong floor beside the shake
table (Fig. 4.4b and 5a). The masses were connéatib@ test wall by rigid arms to transfer the
seismic loads to the specimen. This seismic weagtaingement also reproduced the gravity load
carrying system laterally braced by shear walldbuildings, so that P-delta effects could be
directly included in the tests. At the base of fravity load system, the steel columns were
mounted on frictionless roller bearings and pinfeted to horizontal steel members extending
up to the earthquake simulator to which they weayenected. Hence, the base of the gravity
system was subjected to the same horizontal displants as the shake table. This configuration
allowed seismic weight much larger than the 15(t#b kN) payload capacity of the table: the
steel plates weight was approximately 62 kN pewrfloesulting in a total gravity/seismic weight
of 500 kN for the 8 floors. The axial load Ras applied to the specimen by means of two post-
tension tendons anchored to the base footing, aneaoh side of the wall. At the wall top, coil
springs were inserted in the tendon anchorage ray&temimimize variations in the axial load
applied during the tests (Fig. 4.4c and 4.6). Tredeh walls and seismic weight system were
surrounded by an independent braced steel franpeodde for safety and lateral stabilitéxt
each level, a horizontal guiding system with PTHigirsy interface was used to brace the

specimen in the transverse direction (Fig. 4.4b).



70

The instrumentation used to measure the deform@taecelerations and forces is shown in Fig.
4.5a. Load cells were mounted in the stiff conmectarms to measure the horizontal inertia
forces induced by the steel plates simulating #iensic weights (Fig. 4.4b). Accelerometers
were also used at every floor to the evaluate imméorces from the wall self-weight. Additional
load cells were used to monitor the vertical logupled by the tendons. Displacement
transducers were installed to measure the latésplatements of the structure as wells as the
localized wall rotation and shear deformationshat éxpected plastic hinge locations, i.e. at the
wall base and at thé"8evel. During the tests, the forces from the shialde actuator as well as
the shake table displacement and acceleration &eg&dlsignals were also recorded. The
horizontal equilibrium of the whole system coul@nhbe verified by comparing the summation
of all story inertia forces to the force applied iy actuator, Figure 4.5b shows an example of
such a verification. Excellent match could be aledi, demonstrating the adequacy of the test
setup. Variations of the applied wall axial loadsrevfound to be small, generally less than 5%,

as also illustrated in Fig. 4.5b.
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Fig. 4.4: Test setup: (a) Test specimen prior ghalhation in the test setup; (b) Test specimen on
shake table and seismic weight system; (c) Wadirétsupports and load cells for horizontal
inertia force measurements at floor levels.
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Fig. 4.6: Spring setup to apply the axial load.

4.3.4 Test Ground Accelerations

A simulated time history corresponding to an MA@ at 70 km was selected for testing as this
magnitude-distance scenario dominates the hazakdbimtréal (Tremblay and Atkinson, 2001).
The original record was modified using a close spématching technique to fit the site specific
NBCC 2005 UHS used in design. This modified groomation is referred to herein as 100% EQ.
The NBCC UHS and the 5% damped ground motion spect compared in Fig. 4.7a and the
100% EQ ground motion is plotted in Fig. 4.7b (deaion and time are presented at the model
scale). Wall 1 was subjected to 10%, 40%, 100%, ,888d 120% EQ intensities. For Wall 2,
100% EQ was applied first on the undamaged specifBabsequent tests on this wall were
performed at 120%, 150%, and 200% EQ levels. The dé¥hped response spectra of the

acceleration feedback signal recorded during thes t@re shown in Figs. 4.7c&d. The periods of
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the walls in their first three vibration modes, measured before the test at 100% EQ, are also

indicated in the figures.

Tuning of the shake table controller was perfornoedthe bare shake table and subsequently
finalized under low amplitude motions with Specinwi installed on the table, prior to applying
the 10% EQ test. An Adaptive Inverse Control (Altechnique was activated to mitigate
amplification in the high frequency range due tsoreance with the oil column of the earthquake
simulator. This tuning setting was used for the 1@9%0, and 100% EQ level tests on Wall W1.
As shown in Fig. 4.7c, amplification occurred farjpds shorter than the specimen second mode
period. Repeating the 100% EQ test without AIC edee better match with the target spectra
and AIC was no longer used for the remaining oftdsts on Wall W1. No attempt was made to
improve the table settings when installing Wall Vé8,the intent was to apply the same input to
both specimens. Hence, all tests on W2 were peddrwithout AIC. The amplified input in the
high frequency mainly affected the response in nda@ad higher, but relatively higher demand
was also imposed in second mode, as will be discukder. It is noted that such exceedence in
very short periods is typical for actual earthqualke near-source distances in Eastern North
America as the NBCC2005 spectrum is capped atgesborter than approximately 0.1 s (at the
model scale) whereas ground motion spectra contiougse until the period reaches 0.02 s
(Atkinson 2009). Spectra of two such ground motifsagsn an historical earthquake are plotted in
Fig. 4.7a. The applied test signals were then r&fifesentative of actual seismic motions rich in

high frequencies.
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Fig. 4.7 Ground motions: (a) Scaled 2005 NBCC UlH&ponse spectra of 100% EQ, and

response spectra from 1985 Nahanni records; (bg Tistory of 100% EQ); (c) Response spectra
of feedback acceleration records in W1 tests; ajdResponse spectra of feedback acceleration
records in W2 tests. Notes: acceleration and tineesaaled values; periods shown are those
measured before the 100% EQ tests.



76

4.4 Dynamic Characteristics of The Wall Specimens

Tables 4.2 and 4.3 give the measured dynamic deaistccs and peak response parameters for
Walls W1 and W2, respectively. In the tables, thipaiic properties are those measured through
low amplitude impact tests immediately after thisreéc test. The modal properties of Wall W1
after all tests before the 100% EQ (Test No. & @bse to each other, indicating that the
specimen remained essentially elastic in thess.t&sis is also confirmed by comparing the top
displacement (10.3 mm), the base rotation (0.00@8) and the rotation in thé'éevel (0.00044
rad) measured in Test No. 2 (40% EQ) with the gmpoading deformations at yield: roof
displacement of 11.48 mm, base rotation of 0.00@8Rand rotation at thé"@evel of 0.00041
rad. For both Walls W1 and W2 after 100% EQ, sigaiit period elongation due to nonlinearity
can be observed for the first three modes. Dampitigs in the first two mode<£{ and¢,) are
given in the tables. The high measured valuesylikeflect the conditions under the impact tests,
with friction between test components significandffecting the very small amplitude wall
response. Lower damping ratios, in the order o%d,-&re deemed to better represent the situation
under strong ground motions, as demonstrated iméte chapter when comparing experimental

and numerical results.



Table 4.2: Measured dynamic characteristics andl pesponse parameters for Wall W1
1-10% 2-40% 3-100% 4-100% 5-80% 6—120%

TestNo. Initial =, ~ AIC AIC NOAIC  noAIC o AIC
PGA (9) 0111 0.493 1.051 1.278 1.099 1.537
S(T) (9) 0015 0059 0130 0.094 0.080 0.095
T,(s) 067  0.680 072 0.76 0.90 0.850 0.960
T,(s5 014 014 015 018 0.20 022 0.240
T,(s) _ 0.097 _ 0.097 0.11 0.093 0.091 0.098 0.10
E (%) 67 4.2 33 63 38 34 4.0
- 4.2 51 63 6.0 6.4 95
20 57 124 118 105 139
40 111 214 241 191 261
275 78.4 126 137 102 144
218 103 30.0 36.0 295 113
0 0.38 -0.25 0.99 0.96 1.28
0040 0161 0.490 0.69 052 0.770
0 0013 -0.0075 _ 00063 _ 000533 _ 0.0029
000014 0.0005 -0.00222 _ 0.0024 _ 0.00198 _ 0.0026
0 1565  -156-6  817e5  6.7e5  7.94e5
3e6 000044 -00024 _ -0.0028 _ 00021 _ 0.00376
0 1565 6565  -48e6  -3.0e-6 5365
0.27 0.8 4.2 46 38 50
0.007 1.07 53 63 51 9.1
325 1100 2240 2350 1830 2360
23 1440 12300 10920 7000 9800
0 1.21e-4 4.8e-4 8.9e-4 5.6e-4 7.46e-4

0 1.32e-4 2.25e-4 3.15e-4 2.8e-4 5.55e-4




Table 4.3: Measured dynamic characteristics andl pesponse parameters for Wall W2

Test No. Initial 1 -100% 2-120% 4-150% 5 —-200%
PGA (9) 1.2 1.58 2.0 2.6
ST, 0.21 0.11 0.11 0.16
T4 (S) 0.65 0.96 1.0 1.03 1.31
T,(s) 0.14 0.24 0.27 0.33 0.36
T5(S) 0.073 0.096 0.10 0.12 0.16
&1 (%) 5.4 14. 21. 29 26
- 11 17 14 11
140 140 172 183
250 225 243 253
132 141 157 165
-31.3 38.4 52.4 71.5
-1.13 0.94 7.50 10.1
-0.60 0.69 1.22 1.5
-0.034 0.018 0.13 0.19
-0.0027 0.0025 0.0036 0.0037
-0.00011 0.00015 0.00035 0.00041
-0.0023 -0.0027 0.0058 0.0086
-4.18e-5 -9.0e-5 0.00031 0.00082
5.2 4.8 6.9 7.1
5.6 6.6 14.1 20.9
2174 5535 11430 11368
7118 15100 17880 -
7.8e-4 8.2e-4 9.6e-4 1.5e-3
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4.5 Seismic Response of the Wall Specimens

4.5.1 Observed Damage and Crack Patterns

Cracks and damage to the wall specimens were trafted each test. Because the specimens
were under compression axial loads, most of theksravere closed and were not visible. Under
100% EQ, cracking was mainly observed at the badefalevels for both specimens. Figure 4.8
shows the crack patterns at these two location$Mall W2 after the 100% EQ and 200% EQ
tests. Combined shear and flexural cracks, apprabteiy 0.1 mm in width, were observed at the
base of the wall after the 100% EQ (Fig. 4.8c)th& wall edges, cracks are nearly horizontal and
dominated by flexure. They changed to more incliretear cracks towards the middle of the
wall section. The crack pattern is the same, atjhomore pronounced, after the 200% EQ. No
horizontal flexural cracking developed at the jowith the footing. At Level 6, there was only
one horizontal crack at the joint with th® Boor slab after the 100% EQ (Fig. 4.8a). No other
cracks could be observed at tHR [6vel storey height. After the 200% EQ, additioflekural
horizontal cracks developed in the wall over tides/el story height (Fig. 4.8b). The absence of
shear cracks at thé"devel is due to the larger shear capacity to dehratio at the 8 level
compared to the wall base (see Fig. 4.2a). Figl@esdows the strain in the longitudinal bars at
the base and"6levels during the 100% EQ. The strain readingscate that higher flexural
demand developed at th& &vel. Compared to Wall W2, Wall W1 experiencedrendamage
due to the previous test at 100% EQ (Test No. @),sbmilar cracking patterns were observed

after the 100% EQ and 120% EQ tests.
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Fig. 4.8: Crack pattern in Wall W2 at: (af &vel after 100% EQ; (b)"6level after 200% EQ;
(c) Base level after 100% EQ; and (d) Base levielr&00% EQ.
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Fig. 4.9: Strain history in longitudinal bar in Ws¥2 under 100% EQ at "&floor; (b) Base.

4.5.2 Deformation Response

Peak values of the top horizontal displacemaptahd rotation §) measurements at the base and
6" levels are given in Tables 4.2 and 4.3 for aliseBigure 4.10 shows the time history of these
parameters for Wall W2 under 100% EQ. In the figur@se rotation and top displacements are

governed by both the first and%2nodes, whereas the rotation at tHddvel is essentially due to
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2" mode response. The peak rotation ductility leveésasured at the base ariti|6vel are 5.2
and 5.6, respectively. The™6floor rotation reached and slightly exceeded themeédiate
Occupancy (IO) level as defined in FEMA356 (0.088)r whereas the one at the base remained
well below the 10 level. Peak positive and negativations at the'floor occurred at = 3.48 s
and 3.59 s, respectively. These peaks correspontheofirst significant inelastic rotation
excursions at that leve® & 6,). They also coincide with the large strain demaresured in the
longitudinal bar at that level (t = 3.41 s in Fig9). The influence of the"6floor rotation on the
top displacement time history is evident in FiglOt. Peak base rotation occurred at3.46 s,
just before and in the direction opposed to thekpetation at the 6 level, confirming 2° mode
response. The plastic portion of the base rotadtothis time By, is equal to 0.0021 rad. This is
nearly equal to the value predicted when followogle design procedurBp(coqe= 0.00216 rad),
but this rotation was not associated to a singlgeblainge plastic (first mode) response, as
assumed in design. Peak top displacement occuatedih the test and reached a value of -31.4
mm att = 7.7 s. This displacement is close to the predietalue of 33.6 mm, but does not result
from base hinge rotation. In fact, peak displacemam both directions occurred at the same
times (7.7 s and 8.4 s) as local maxima of rotatianthe 8 level, and not to maxima of base
rotations. The measured peak roof displacemenésponds to a global displacement ductility of
the 2.7, as determined with a yield roof displacenmdtained from nonlinear pushover analysis
based on actual material properties. This is 35@tdr than the ductility force modification

factor specified in NBCC 200%§ = 2.0).
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Base rotation; and (c) Relative top displacement.
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The influence of second mode response and rotatidghe &' level can be observed further by
examining the vertical profiles of the wall latedgformations and accelerations for Wall W2
under 100% EQ. Snapshots of the lateral deformstian positive and negative peak top
displacements and peak rotations at tfie Iével are presented in Fig. 4.11a. Peak roof
displacements at 7.7 s and 8.4 s occur when bé#aigors are small and they mainly result from
deformations in the upper part of the wall. In jmaar, a marked change in slope at tHeflbor
slab, which coincides with wall rotation in th® Bvel, is observed at= 8.4 s. The figure also
shows that large rotations occurred in oppositedtions at the base anll Bvels att = 3.48 s.
Figure 4.11b shows the lateral acceleration prefiethe same points in time. Those correspond
to inertia force, or seismic load profiles. At pealof displacements, the force patterns are far
from the triangular first mode shape traditionadigsumed in design. At maximuni' evel

rotations, the inertia force patterns nearly agoptcond mode deformation profile.

When compared to the design spectrum, the testndramotion signals contained excessive
energy in the period range corresponding to seal higher modes of the specimens (Fig.
4.7d). This discrepancy likely contributed to thieserved response. As mentioned, however,
similitude exists between the signals imposed @ tdsts and actual high frequency dominated
ground motions from earthquakes in Eastern NortheAra, indicating that the observed
behaviour could in fact occur in future earthquak&sirthermore, numerical simulations
described in the next chapter show that similgpaase with plastic rotation at the wall base and
at the &' level would have been obtained under the spegtratitched ground motion time

history of Fig. 4.7b.
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Peak inter-story driftsd) at the & level are given in Tables 4.2 and 4.3. The valueer 100%
EQ are much smaller than typical limits prescribed building codes (2.0-2.5%). The
comparisons of the results for Test No. 4 in Tabieto the values from Test No. 3 in Table 4.3
suggest that the peak response parameters undgn dgesund motion level are not significantly
influenced by previous damage experienced by a \Ratsidual deformations are also given in
Tables 4.2 and 4.3. For both walls, the valuegs #fie 100% EQ are very small, partly due to the
re-centering behaviour induced by gravity loadst Both test specimens, peak and residual

deformations steadily increased when applying laggeund motion amplitudes.
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Fig. 4.11: Response of Wall W2 under 100% EQ aétohmaximum top displacement an8l 6
level rotation: (a) Lateral displacement profil@sy Floor horizontal acceleration profiles.
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4.5.3 Flexural Demand

Figures 4.12a&b show the distribution of accelematlong the height of both walls W1 and W2
under the 100% EQ at the time of maximum base shedbending moments, respectively. As
was the case at times of peak roof displacements &inlevel rotations in Fig. 4.11, the
distribution of story forces along the height ottbavalls are mainly contributed by second mode
response. In both walls, maximum base shear fack place before maximum base moment,
and the height of the resultant forces producingtimam base moment is located about two
times higher than the resultant forces producingimam base shear. This confirms that peak
bending moments and shears are not produced bgathe loading patterns. Furthermore, the
resultant forces producing maximum bending momeanis maximum shears are both located
two times higher in Wall W2 compared to Wall W1.i difference is attributed to the damage
experienced by Wall W1 in the previous test at 1% (Test No. 3 with AIC): cracking at the
base reduced the lateral forces from first modeaese and flexural cracking at th& Bvel
caused the upper part of the wall to be more flexéimd, thereby, lag being the lower portion of

the wall and attract less inertia forces at timamaximum base shear and base moment.
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Fig. 4.12: Floor horizontal acceleration profiles \Vall W2 under 100% EQ at time of: (a)
Maximum base shear; (b) Maximum base moment.

Envelopes of bending moments measured in Walls Wd1Vé2 under 100% EQ are illustrated in
Figs. 4.13a & b, respectively. The flexural wallnmoal capacity based on actual material
properties My, is also shown in the figures. For both walls, bemding moments reached and
slightly exceededMl, at the base and nearly reachdd just above the ® floor. The base
moments reached 1.3 times the design moment in &£B. which compares well with the
overstrength-related modification factes = 1.3 specified in NBCC 2005 for this wall categor
Both measured envelopes exhibit shapes that ayegbyrinfluenced by higher mode response,
similar to the demand predicted from response gp@ctnalysis at the design stage (see Fig.
4.2b). The two envelopes also have similar ampdifund spite of the fact that one wall (W1) had

been damaged, mainly because moments are boundkd bgpacity of the walls.

Due to the differences between target and actyaititest signals, the measured flexural demand
must be compared to the bending moment computed &lastic response spectrum analysis

using the feedback signal imposed by the shake.tablFigs. 4.13a&b, the elastic values so
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computed Mgrsa e Were scaled down by tHd,/Mgrsa cratio at the bases of the walls so that the
resulting diagrams, referred to llgsa nin the figures, are anchored My, at the bases to account
for inelasticity. Thes®lrsa ndiagrams very closely match the measured bendoments, except

in the bottom portions of the two walls where theylerestimate the observed flexural demand.

The bending momentdrsa cbased on the table feedback signal can also luktasetermine the
bending moment diagramil; that is recommended in CSA A23.3 for the desigrwafls for
moments above the base hinge region: Nhga e values above the hinges are scaled by the
M:/Mgsaeratio calculated at the top of the hinge regiohe TesultingVs values are larger than
the values used in the design of the specimens &R) due to the amplification of the shake
table motion in the short period range (Fig. 4THey approximately correspond to the demand
just above the plastic hinge but then become maddeft than the measured values in the upper
levels. This overestimation is mainly attributedhe fact that the vertical distribution of bending
moments from response spectrum analysis is basadlbelastic response whereas cracking and
inelastic rotation was observed at the base dhdesels. Scaling the results from response
spectrum analysis by the ratii/Mgsa eat the top of the assumed hinge region is notcseifit to
fully account for these inelasticity effects, parecause there is no physical reasons why the
moment will reachM; at that location when yielding occurs M, is attained at the wall base.
More importantly, perhaps, is the inelastic respoas the 8 level that likely contributed to
reducing the demand below the code deswrvalues in the upper portion of the wall. The
variation in bending moments in Wall 2 upon increggground motion amplitudes illustrates this
effect. Peak moments at the base afide§els, respectivelils andMs, are given in Table 4.3

and the moment envelope measured under the 200% & @ plotted in Fig. 4.13b. While the
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moment varies only slightly at the wall base, as wapected, the moment at Level 6 gradually

increases until reaching and slightly exceedhat that location.
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Fig. 4.13: Envelope of: (a) Bending moments in W&ll; (b) Bending moments in Wall W2;
and (c) Horizontal shear forces in Wall W2.

Hence, flexural hinging at the wall base only canmy itself, limit the moments induced by
higher mode response in the upper portion of thé Wmelastic flexural response must also occur
in that wall segment. The results under increasimgplitude ground motions also showed that
plastic hinging at the wall base does not protébiee against large inelastic rotation to develop
in the top floors of slender shear walls. This tenseen in Fig. 4.14 in which the moment-
rotation response at the base afideels of the two walls in the 100% and larger &&ts is
shown. For Wall 2, the corresponding peak plagitatrons measured at the two same locations
are plotted in Fig. 4.15a and peak inter-storytsitiécorded along the wall specimens are shown
in Fig. 4.15b. All these response parameters retfedlinelastic demand gradually concentrated
at the &' level upon increasing the base motion amplitudee Possibility of controlling the
bending moment demand in the upper part of the amd the need to accommodate inelastic
response in that part of the wall can be achieweunllsaneously by intentionally allowing and

detailing for a plastic hinge to form in the upgeart of shear walls. This design approach has
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been recently investigated by Panagiotou and Res{i@009) and is examined further in the next

chapter.
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4.5.4 Horizontal Shear Demand

Peak shear forces and shear angular deformatiomgasured the base arfdlévels are given in
Tables 4.2 and 4.3 for the two walls. The horizbstear force in Wall W2 is shown in Fig.
4.13c. In the figurey; corresponds to the design shear force determinedr@ing to the code
procedure described above but using the shears &monelastic response spectrum analysis
performed with the table feedback signal. The sleaselope measured under the 100% EQ
exceedsV; in the lower floors and is less th&hin the upper half of the wall. At the base, the
maximum shear reached 1M Such dynamic amplification approaches the leypelcgied in
NZS3101 and EC8 codes for this structure (1.5).aBh@gynamic amplification is also
demonstrated by comparing the ratios of the maxinmueasured values at the wall base to the

original design values (Fig. 4.2) for bending moitseand shears at the base of the wall: 1.32 for
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the moment and 1.82 for shear. Further amplificati@s also observed when increasing ground
motion amplitude with the ratios of peak moment ahéar values recorded in the 200% and

100% EQ tests being equal to 1.02 and 1.31, respbct

The shear force-shear deformation hysteretic resggmeasured at the base level of Walls 1 and
2 are shown in Figs. 4.16a&b, respectively. Nordmesponse was observed in both walls under
100% EQ, which is consistent with the observed atiad) shear cracks (Fig. 4.8). No significant
shear deformations were measured at théegel, which is also in line with the observedaira
patterns. Nonlinearities at the base increased all W2 when applying 200% EQ. The time
history of the longitudinal strain in the horizohshear reinforcement at the base of Wall W2 is
given in Fig. 4.16c. As shown, the steel remaintstie under both ground motion levels,
indicating that the shear strength as suppliedveagully mobilized. In Fig. 4.13c, however, the
base shear demand under 100% EQ is found to exneegproximately 15% the wall actual

nominal shear capacity as reduced in anticipatfaoocrete cracking3= 0.10).

in (9 Shear strain (%
a) Shear strain (%) b) (%) 0
-0.18 0.09 0.18 -0.18 -0.09 0 0.09 0.18
200 N 200f——L . 80007 ey=2500p
i 160 100% EQ =
160 11=-~ 2009 £0 £ 2000 .
= 1 = ] £
5 407 g 40 o )
2 o 2 o4
1 (%2} 1 —
8 -0 8 -80 g i ; ‘
120 120 URE, P
] AN IS
- - -160 | v =
160 ] s
200 200 |
-2-15-1-050 05 1 15 2 -2-15-1-050 05 1 15 2

Shear deformation (mm) Shear deformation (mm)

Time (s)

Fig. 4.16: (a) Hysteretic shear response at the basVvall W1; (b) Hysteretic shear responses at
the base of Wall W2; (c) Strain time history in izontal reinforcement at the base of Wall W2.

This apparent discrepancy is due to the limitect lpdastic rotation experienced by the wall. This

is illustrated in Fig. 4.17 where the shear resista contributed by the concrete and the
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horizontal reinforcement are plotted against thal tapplied base shear for Wall W2 in the 100%
and 200% EQ tests. The shear resisted by the sbeéd be obtained from the measured steel
strain and the concrete shear was obtained byastinty the steel contribution from the total
shear. In Fig. 4.17a, tHefactor corresponding to the concrete shear is gilgen. In that figure,
the upper right quadrant of the plots, the concsétar force varies nearly linearly with the base
shear (Fig. 4.17a) whereas the steel contributemains small and constant (Fig. 4.17Db),
indicating that most of the base shear is resigyecbncrete. Th@ factor reaches a value of 0.27,
much greater than the value adopted in designrethgon being that the plastic rotation reached
remained very small@p = 0.0006 rad). In the third quadrant of the pliotd=igs. 4.17a&b, the
concrete contribution is cappedfiapproximately equal to 0.18 after a plastic rotaf 0.0022
rad was first attained under 100% EQ, eveyiih subsequent cycles remained small. As shown,
the additional shear was then resisted by steehdrdesign of the wall specimeffis= 0.10 was
conservatively adopted although a value of 0.18 alss permitted in CSA A23.3 for moderately
ductile shear walls. These tests tend to confirat fh= 0.18 would be appropriate for this

application.
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4.6 Summary and Conclusions

Shaking table tests were carried out on two idahtitodels of an individual reinforced concrete
shear wall in an 8-story residential building lezhtin Montréal, QC, Canada. The specimen
walls were designed and fabricated according tes#iemic provisions of NBCC 2005 and CSA
A23.3 standard for moderately ductile walls. Thecsmens were subjected to a ground motion
record rich in high frequency energy, as anticigate Eastern North America, and tests were
performed at different ground motion amplitudes. eTHollowing conclusions and
recommendations can be drawn from this study:
1. Under the design level base motion, the specimgpsrenced limited inelastic flexural
response at the wall base, as anticipated, as aselit the 8 level, which was not
expected in design. This behaviour resulted frogmiicant higher mode response under

the high frequency motions, as was confirmed byuéical distribution of horizontal
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loads, internal forces and other deformation respandicators. Cracking at the base was
affected by both flexure and shear whereas flexcratks only formed at thé"@evel,
which is consistent with the respective shear fatemand to supply ratios at the two
locations. When increasing the ground motion amgétbeyond design level, additional
inelastic rotation only developed at th2l6vel.

. Under the design level base motion, the bending embrat the wall base reached the
actual flexural resistance of the walls, and th&éoraetween the measured maximum
moment and design moment values was equal to gpgBp@mately corresponding to the
overstrength-related fact®, = 1.4 assumed in design. The global displacemeciility
based on roof displacements was 35% higher thadub#lity-related factor specified in
NBCC, essentially because it was associated toahifsed by inelastic rotation at tHe 6
level and not base hinge rotation, as assumedsigmeThe maximum plastic rotation at
the base however corresponded to the value obtassaning first mode response.

. Under the design level base motion, the peak bhasardorce reached 1.82 times the
value assumed in design. The amplification reduoes.4 when considering the design
values are recomputed using the actual ground maignal that was actually applied to
the specimens. This dynamic amplification is cldeethat prescribed for this wall
structure NZS3101 and EC8 code documents (1.5)nUpareasing the ground motion
beyond the design level, the base shear contiru@tctease although the base moment
remained nearly constant.

. The walls could sustain base shear forces exceeiti@gwall actual shear strength,
essentially due to a greater than expected comiwibdrom concrete to shear resistance.
This higher concrete capacity resulted from peakasHorce demand occurring before

development of significant cracking and inelastitation at the wall base. After inelastic
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response, the concrete shear strength correspaadbedt obtained using a value of 0.18,
instead of 0.10, for the reduction fact@raccounting for shear resistance of cracked
concrete.

5. Damage from previous earthquakes resulted in §jightre pronounced higher mode, as
the wall was already weakened at the base &hteel in flexure, resulting in larger
rotation at the 8 level and top displacements. The peak shear famdebending moment

demand remained comparable.

The test program confirmed that slender moderatklgtiie shear walls subjected to high
frequency ground motions can experience inelakdiafal response in the upper floor region and
dynamic amplification of horizontal shear forcestlair bases. Higher damping is expected in
actual building structures compared to the testispens examined herein, and these effects may
be less pronounced than measured in the testshdfustudy is needed to quantify these
differences and propose design and detailing tolegldress these phenomena. The tests showed
that flexural hinging in the wall upper segment t@nused to control the force demand imposed

by higher mode response. This design alternatiegasnined in the next chapter.
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CHAPTER 5

NUMERICAL MODELING OF SHAKING
TABLE TEST AND DESIGN
RECOMMENDATIONS FOR HIGHER MODES
IN AN 8-STORY RC SHEAR WALL

5.1 Abstract

This chapter presents the numerical modeling of lawge scale shake table tests of two slender
8-story reinforced concrete shear wall models peréal to investigate higher mode effects on
the response of high rise walls to ground motiocorés representing high frequency Eastern
North America seismic excitation. These effectsenéeen described in previous chapter and
include plastic hinges forming in the upper partied walls, as well as the base, and base shear
demand exceeding the capacity design shear foressrpbed in codes. Nonlinear time history
analyses were carried out by the reinforced coadibte element (OpenSees) and finite element
(VecTor2) methods using shake table feedback sgi@abod agreement was obtained between
numerical and experimental results. The inelagtsponses and the dual plastic hinge behaviour
of the wall could be adequately reproduced usimitefielement and fibre element analysis
programs. The fibre element method is a good atem in terms of computing time and it
produces reasonable results in comparison to thee felement method, although particular

attention needs to be given to the selection ofddmaping ratios. Based on the experimental and
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numerical results, this chapter also gives prelanyrdesign recommendations considering higher

mode effects on dual hinge response and base f&hees for ductile slender shear walls.

5.2 Introduction

In previous chapter, shake table tests were peddrman two slender, moderately ductile
reinforced concrete (RC) shear walls when subjetddgh frequency ground motions expected
in Eastern North America. The tests showed thatdrignode effects can play an important role
in the seismic responses of such walls, as wasgbeeldn past numerical studies (Filiatrault et al.
1994; Priestly and Amaris 2002; Panneton et al.62®ullivan et al. 2008; Panagiotou and
Restrepo 2009) and in recent test program (Parmagiet al. 2007a, 2007b). In particular, the
tests confirmed the possibility that inelastic fiexi response develops in the upper part of tall
walls and that base shear forces exceed the vahressponding to the attainment of the wall
flexural strength at the base. Such effects areosidered in seismic design provisions such as
ACI-318 (ACI 2008) in the United Stated or CSA A23CSA 2004) in Canada. Amplification

of base shear is required in New Zealand (NZS 2a66)in Eurocode (CEN 2005).

Large scale shaking table tests are among thenbetstods to understand the real behaviour of
structures under dynamically applied seismic groomadions, but performing such tests is very
costly and time consuming. Therefore, experimestiadies must be complemented by extensive
parametric studies to develop a deeper understaradithe seismic behaviour of structures. RC
shear walls in most past nonlinear dynamic analyga®e modeled using elastic frame elements
with hysteretic lumped plastic hinges concentraé¢dheir ends. Although inelastic flexural

seismic responses can be predicted reasonably witkll these models (Takeda et al. 1970;
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Clough and Johnston 1966), these analyses didacouat for shear sliding deformations along
large flexural cracks and degradation of sheainsis due to diagonal cracking that can develop
in walls subjected to large cyclic inelastic defatmans (Cheng et al. 1993; Thomsen IV and
Wallace 2004). Failure of the compressive zone tduthe combination of shear, flexure, and
axial loads in critical regions was also ignoretkediction of the inelastic response of reinforced
concrete structural walls requires accurate, dffecand robust modeling and analysis tools that
incorporate important material characteristics bebavioural response features such as tension
stiffening, opening and closing of cracks, confirerm) and takes into account the interaction of

axial, shear- and flexural forces.

Finite element analysis has been successfully tserhpture most of these effects and that
technique has been successfully used to reprodoakestable test response of shear wall
structures (e.g., Lu and Wu 2000; Kazaz et al. ROd@lti-fibre beam element models based on
Euler-Bernoulli theory represents an attractiverakitive to finite element modeling as it can
reproduce in details the dominant inelastic flekueaponse anticipated in shear walls (Orackal
and Wallace 2006; Grange et al. 2009), while bsiggificantly computationally less demanding
that finite element analysis, especially if 3D dinlg models are considered. Shear deformations
in fibre models are generally considered indepetigerssuming linear elastic shear response,
without interaction with flexural response. Fibteraent models are now available in commercial
software that are used in day-to-day practice #smsic analysis of RC structures (e.g., CSI
2006a, 2006b). Engineers would therefore bendfiinfivalidations performed against dynamic

seismic test data that could improve the reliabdit this simpler analysis technique.
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In this chapter, the finite element and the fibigccktization techniques are verified against the
shake table tests described in the previous chapterVecTor2 (VT2) computer program, which
is based on 2D plane stress finite element thedfgng and Vecchio 2003), is a software that
includes most of the features present in RC memfdérs program was used to reproduce the
seismic response of shear walls from quasi-cyckstst (Palermo and Vecchio 2007,
Ghorbanirenani et al. 2009a). Dynamic seismic a®aywere performed with VT2 (Tremblay et
al. 2008; Ghorbanirenani et al. 2009b) but no \aiah has been performed yet against shake
table test data. The OpenSees (OS) computer progvi@azoni et al. 2006) is selected for fibre
element modeling. The program has already beentosgakdict shake table results for RC walls
subjected to large inelastic demand from groundionetexpected in Western U.S. (Matrtinelli
and Filippou 2009). The walls studied herein aretr@f moderately ductile category and are
subjected to high frequency ground motions typafatarthquakes anticipated in Eastern North
America (ENA). The response of the walls is donedaby higher mode effects, and the inelastic
response is limited. This makes the response menmsits/e to cracking and damping modeling
assumptions. Appropriate constitutive models dgwadain the study could then be extended with
confidence to study the seismic response of sinwialt structures in large ENA urban areas
located in regions of moderate seismicity of sustBaston, Montréal or Ottawa. In the second
part of the this chapter, OS modeling is appliedineestigate a dual plastic hinge design
approach intended to reduce the bending momentshedr force demand due to higher mode

effects in slender RC walls.
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5.3 Summary of Test Program

The experimental program is described in the previohapter and consisted of shake table
testing of two identical wall models W1 and W2 desid with a scaling factor of 0.43. The
specimens are representative of an individual slemdinforced concrete wall of an 8-story
residential building located in Montréal, QC, Caaaand designed according to the 2005 NBCC
(NRCC 2005) with combined inelastic force reductiactor RR, = 2.8. The models have a total
height of 9 m, with a uniform story height of 1.186 The wall length is 1.4 m up to th Bvel

and 1.2 m above. The wall thickness is 80 mm. Eensc weight at each floor is about 62 kN.
A simulated ground motion time history developedEastern North America seismic conditions
and spectrally matched to the design spectrum \gas in the test program. This motion is
referred to herein as 100% EQ. The first wall (Widgs initially tested under 40% EQ. The
intensity of the record was subsequently increagetb 80%, 100% and 120% EQ levels. The
second wall (W2) was tested directly under 100% |&¢l, simulating an initially undamaged
wall exhibiting uncraked stiffness when the dessgismic event occurs. The earthquake record
intensity for Wall W2 was then successively incesh$o 120%, 150% and 200% of the design
earthquake. Unless otherwise noted, all analysesepted in this chapter were performed using
the shake table acceleration feedback signals mexhsiluring the tests as input. For each
specimen, the signals from all tests performed Hmaen applied with 5 seconds of zero motion
between each test, so that cumulative damage &féegierienced during the entire test series

could be accounted for in the analysis.
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5.4 Model Parameters

5.4.1 Fibre Element Model

Nonlinear beam elements with fibre discretizatibthe cross-section were used in the OpenSees
program. Shear deformation was modeled by includingar elastic shear cross-sectional
stiffness coefficients. The measured material progee of the wall were used in the numerical
model. The fibres and constitutive models used for matgniaperties are shown in Fig. 5.1. In
the model 50 and 10 concrete fibres were used atbaglength and the width of the wall
respectively. Confinement effects on concrete respoin the regions of concentrated
reinforcement were accounted for in the modelhlnnumerical simulations, the applied seismic
excitations corresponded to the measured shake tadaelerations. Therefore, the shake table
was not included in the numerical models. The dtperiods obtained from the models were in
good agreement with the experiment (Table 5.1). Tiess and initial (elastic) stiffness
proportional Rayleigh damping model was used toagpce damping effects. The coefficients
were determined using the frequencies in modesiRas measured in the tests. These modeling
coefficients were found to depend on the shakingnsity levels and damage progress.
Parametric identification using back analyses witrious values of viscous damping was
performed for Walls W1 and W2 to obtain the bestaman top displacements between the
experiment and the OpenSees (OS) results. For aaalysis, only one value of damping was
used for all tests of the test series because demmuld not be modified from tests to tests
during the analysis. Values given in Table 5.2 thee amount of damping that led to the best
match for particular tests during the entire analgsid, therefore, only represent approximations

as different values of damping should have beed faeeach of the tests in a series.
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Fig. 5.1: OpenSees model: (a) Cross-section fitmeretization; (b) Concrete properties; (c) Steel
properties.
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Table 5.1 Experimental and numerical dynamic chargstics and peak responses for Walls W1
and W2.

W1 W2

Parameter Method | 40% | 100% | 120% | 100% | 120% | 150% | 200%

EXP 072 090 | 0.96 | 0.96 1.0 1.03 | 131
Tl oS 067 1.1 1.00 | 093 | 1.02 11 1.23
VT2 061]| 094 | 106 | 097 | 1.03 | 1.29 1.6

EXP | 51 | 60 | 95 | 110 | 17.2| 144] 107
E4(%) OS | 6.7 | 4.0 15 | 48| 30| 22 2.8
VT2 | 6.2 | 6.9 73| 70| 70| 84| 123

EXP 57 118 139 139 140 172 183
Vi max (KN) oS 58 135 148 142 140 188 206
VT2 114 | 165 191 186 195 179 191

EXP | 21 | 40 | 46 40 45 46 66
Ve max (kN) oS 22 | 48 58 47 55 60 76
VT2 | 42 | 58 61 56 65 64 57

EXP 111 | 241 261 250 225 243 253
M max (KN.m) oS 123 | 247 253 256 252 258 257
VT2 200 | 269 269 269 267 281 271

EXP | 10 | 36 41 31 38 | 52 71
B opy(mm) | OS _| 11 37 39 33 | 40 47 63
VT2 10 | 29 36 28 36 45 57

EXP | 1.07| 68| 91| 56| 6.6/ 141 209
Hos os |13 60 | 112| 56 | 7.6 | 105 | 17
vi2 | 19| 73| 97| 63| 97| 107 195

EXP 0.9 4.6 50| 5.2 4.8 6.9 7.1
Heo (O] 0.9 5.9 6.7 5.3 6.9 7.1 8.0
VT2 1.6 4.6 5.7 3.6 4.8 8.6 7.7

Table 5.2 Viscous damping ratios assumed in Openfee&Valls W1 and W2

Wall Wall W1 Wall W2
Test 40% 100% 120% 100% 120% 150% 200%
&(%) 4.5 1.5 1.0 2.0 1.5 1.0 1.0

5.4.2 Finite Element Model

The VT2 program is based on the Modified Compressield Theory and the Disturbed Stress
Field Model for nonlinear finite element analysikreinforced concrete membrane structures
(Vecchio 2000; Vecchio and Collins 1986). For thesmlyses, 2D plane stress rectangular

elements with smeared reinforcement were usedciS@&07) have shown that this program is
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capable of modeling most of the damage, crackshgsteretic energy dissipation mechanisms.
Therefore only a small amount of viscous dampinghéeded, mainly to achieve numerical
convergence. Comparative analyses by Tremblay. €2@09) showed that 1% viscous damping
is applicable in VecTor2 for reinforced concretellsvaesponding in the nonlinear range to
seismic ground motions. In this study 1% Rayleiggtous damping was used. As for the fibre
models, the material properties used in FE modetesponded to as-built material properties

measured in the laboratory at the time of the testslescribed in the previous chapter.

The pre-peak compression response of the concreebased on the Popovics curve for normal
strength concrete whereas the post-peak respotisevéd the base curve (Fig. 5. 2a). The
hysteretic response of the concrete was set acgprdi Palermo and Vecchio (2002) (with
decay) and tension stiffening effects accordingBentz et al. (2006) were automatically
accounted for in the analysis, depending on theageenet concrete axial strain. Figures 5.2a and
5.2b show the hysteric response of concrete in bothpression and tension. The slip distortion
was taken into account according to the model bgcW® and Lai (2004). Concrete strength
enhancement due to confinement was considered trsenigupfer/Richart model for the concrete
located within the region of concentrated reinfoneat.The hysteretic model of the
reinforcement was according to the Seckin modeugBhinger) shown in Fig. 5.3. Figures 5.4a
and 5.4b show the test walls in the laboratory famite element meshes with seismic lumped
masses used for the analyses of the walls in VT2 &xial force (90.7 kN) induced by post-
tensioned vertical bars was considered as a $tatie and modeled as a point load at top of the
wall. The self weight of the wall was considered lfoth the static axial load and seismic loads.

The seismic mass of each floor was distributeti@nbdes of that floor.
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Fig. 5.2: Hysteretic response of concrete in Ve@Tmogram: (a) Compression; (b) Tension
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Fig. 5.3: Hysteretic response of steel reinforcenmewvecTor2 Program.
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Fig. 5.4: (a) Model walls tested in the laboratdb), FE model created in VecTor2.

5.5 Comparison of Seismic Responses between Expeemts and Numerical Models

5.5.1 Dynamic Characteristics

Table 5.1 compares the dynamic characteristicspaadk responses of the walls obtained from
the experiment and numerical models. The first r@fperiods obtained from analyses are shown
in Table 5.1. They are generally close to the \aloletained from free vibration response of the

wall specimens in impact tests. As nonlinearitynisreased in the walls, the numerical natural
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periods of the walls elongate approximately in slaene proportion as the experimental values,
which shows that stiffness degradation and plagtaie well captured by the RC constitutive

models.

Although 1.0% constant viscous damping was usedVfi?2 analyses, the damping calculated
with VT2 from free vibration response at the enceath test is significantly larger and closer to
the experimental values, except for the first thests on Wall W2. This could be due to friction
between the wall lateral supports and the wallfit3de additional damping in VT2 could also
come from the hysteretic behaviour of the steel aodcrete materials and from the energy
dissipation by opening and closing of the crackswa#l as from tangential crack motions

modeled in VT2.

5.5.2 Damage and Crack Patterns

Under the 100% design earthquake, the crack patteserved in the tests and computed from
VT2 analysis are in fair agreement. The abilitytted program to predict cracking and damage is
illustrated in Fig. 5.5 where the crack patternsesbed in Wall W2 under the 200% EQ
(maximum intensity) is compared to the predictign\bl2. The lengths of the plastic hinge at
the base and at thd' €evel are equal to the story height in both, #t bbservations and the FE
model. The cracks at the base are a combinatiamcbhed shear cracks and horizontal bending
cracks (Fig. 5.5¢), which is well predicted by e model (Fig. 5.5d). In the tests, shear cracks
were not observed at thd' éevel (Fig. 5.5b) and the crack pattern obtaineunf FE analysis

(VT2) agrees very well with the test results (FHgc).
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Fig. 5.5: Cumulative crack patterns in Wall W2 un260% EQ: (a) 6 level from test; (b) 8
level from VecTor2; (c) at the base from test; éidat base from VecTor2.

5.5.3 Displacement Response

In Table 5.1, the maximum top displacemeig. op) Of Wall W2 under the 100% EQ that are
obtained from OS and VT2 are very close to the erpntal values. This is especially the case
for Wall W2 under 100% design earthquake which iméaglly undamaged. Figure 5.6 compares
the top displacement histories of Walls W1 and Wiar the 100% EQ to the top displacements

obtained from OS and VT2. Results from OS in FigHa and 5.6b agree well with the
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experimental values. Although VT2 in Figs. 5.6¢c &@d leads to out-of-phase responses in
comparison with the experiments, the predictiofofes the same displacement patterns as in the
test. Figures 5.7a&b compare the distribution ef dhifts along the height of Walls W1 and W2
under the 100% EQ. VT2 produced values closer & ekperiment, whereas OS generally

follows the same deformation pattern but with dligkarger deformations.
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Fig. 5.6: Top displacement history for Walls W1 an@ under 100% EQ: (a) O Test for
Wall W1; (b) OSvs Test for Wall W2; (c) VT2vs Test for Wall W1; and (d) VTZs Test for
Wall W2.
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Fig. 5.7: Vertical distribution of drifts under 1@0EQ for Wall: (a) W1; (b) W2.

5.5.4 Flexural and Shear Responses

In Table 5.1, the maximum base shear, the sheted” level, and the bending moment at the
base that are obtained from numerical modelingcarapared to the experimental results. The
shear forces from OS are in good agreement witregperiment. The moments at the base of
Walls W1 and W2 from OS and VT2 are very similarth@ experiment results. Figure 5.8
compares the shear and moment distributions aloadpeéight of Walls W1 and W2 as obtained
from tests and the numerical models under the 18®5 The moment distributions obtained
from OS in Figs. 5.8b&d are nearly the same addkevalues. In Fig. 5.8a, base shear obtained
from OS for wall W1 is around 16% more than the,tdsat could be due to previously damaged

condition of wall W1 but as the wall W2 was undaedgnitially, OS could predict very well the
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distribution of the shear forces (Fig. 5.8c). VTr2gtictions of the base moments in Figs. 5.8b&d

for W1 and W2 fairly close to the experimental \eduDue to higher mode response, the base

shears in the walls were amplified in both thestestd the numerical modeling.
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Fig. 5.8: Vertical force distribution under 100% E@) Shear distribution for Wall W1; (b)
Moment distribution for Wall W1; (c) Shear distritan for Wall W2; and (d) Moment

distribution for Wall W2.
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Figures 5.9a&b present the vertical distributiortbed horizontal accelerations along the height of
Walls W1 and W2 at the time of maximum base shedeu100% EQ. Lateral inertia forces, or

seismic loads, acting on the walls directly corosspto the accelerations shown. The lateral
force patterns obtained from tests show significamtributions from the second and third modes

of vibration. Both OS and VT2 predict the samegrats, especially for Wall W1.

a)

I T I ‘
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15
Floor acc.(g) Floor acc. ()

Fig. 5.9: Vertical distribution of horizontal aceehtions under 100% EQ for Wall: (a) W1; (b)
W2.

5.5.5 Hysteretic responses

Figures 5.10 and 5.11 show the comparison of thenemd-rotation responses from numerical
and experimental results for Walls W1 and W2 urid#% EQ. In both walls, inelastic rotations

could be observed at the base and at théegel of the walls. Both the VT2 and OS programs
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give flexural stiffnesses that are close to the suesd values. In Figs. 5.10a&c and Figs.
5.11a&c, OS predictions match fairly well the tésfsteric responses at th&' éevel as the
computed force demand and rotational ductility aeey close to the test results. VT2 also
showed good match with the experimental hysteraiment-rotation curves, especially for Wall
W1 (Fig. 5.10). In Fig. 5.11b, the moments andtiotes obtained from the VT2 analysis &t 6

level of Wall W2 are larger than the correspondmgerimental values.
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Fig. 5.10: Moment-Rotation response of Wall W1 untg0% EQ: (a) OSs Test at the B level;
(b) VT2 vsTest at the Blevel; (c) OSvs Test at the base; and (d) V¥&Tests at the base.



a)

Moment (KN.m)

Moment (kN.m)

115

Rotation (rad)

Rotation ductility (ug) b) Rotation ductility (1)
-9 -4.5 0 45 9 -9 -4.5 0 4.5 9
160 .
3
. 1 /7-/;)1
80 —
0
-80 —
-160 T
-0.004  -0.002 0 0.002 0.004 -0.0035 -0.00175 0 0.00175 0.0035
Rotation (rad) Rotation (rad)
Rotation ductility (1) d) Rotation ductility (@)
-7 35 0 3.5 7 -7 -3.5 0 3.5 7
270 . |
180 —
90 —
0
_go —
-180 —
-270 T
-0.004 -0.002 0 0.002 0.004 -0.004 -0.002 0 0.002 0.004

Rotation (rad)

Fig. 5.11: Moment-Rotation response of Wall W2 untg0% EQ: (a) OSs Test at the B level;
(b) VT2 vsTest at the Blevel; (c) OSvs Test at the base; and (d) V¥&Tests at the base.

The VT2 program has the ability to predict crackdwe to shear and bending, the interaction of

these cracks in concrete members, and the sheand®fon responses including the reduction in

shear stiffness due to bending and shear cracks. =12 shows for Wall W2 the shear

deformations in the base level versus the basesheaer the 200% EQ, as obtained from the

test and VT2. According to this figure, the averatear stiffness reduced by 88% in the test.
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The figure shows that it was possible to reprodue# that stiffness degradation with the VT2
program. Good agreement for the maximum shear ohefiions is achieved between the test

results and the VT2 prediction.
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Fig. 5.12: Base shear vs. shear deformation respaind/all W2.

5.5.6 Time history of Sheaws Plastic Rotation Demand

The maximum base shears reached in wall W2 und®olBQ reached approximately 1.15 times
the wall nominal shear strength computed usingatttaal material properties. No shear failure
was observed in that test. The wall could evenstabie 30% greater shear demand that was
imposed when applying the 200% EQ. In CSA-A23.8,dbntribution to the cracked concrete to

shear resistance varies with the expected hindastie rotation: it is maximum up to an inelastic
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rotation of 0.005 rad and decreases linearly to zarthe inelastic rotation reaches and exceeds
0.015 rad. The shear resistance of concrete iotegl for plastic rotation greater than 0.015 rad.
The shear and rotation measured at the base ofWiakre plotted in Fig. 5.13 for the 100% and
200% EQ tests. The predictions from OS are alsergin the graphs. For both the 100% and
200% intensities, it is noted that maximum baseasloecurred before the maximum plastic
rotation. That time lag before maximum rotation amalximum base shear is due to the fact that
the former is dominated by the first mode shapered®the second is governed by second and
higher mode response. This behaviour can be offsignce when assessing the performance of
shear wall structures as the contribution of theccete to shear resistance may depend on the
sequence of these peak rotation and shear demé&mesvahe figure shows that the OS analysis

was capable of predicting accurately this behaviour
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5.5.7 Summary

The above comparisons show that OS can be usethéoreinforced concrete shear walls
dominated by flexural modes where the flexuralfrstiés reduction is more significant than the
shear stiffness reduction, otherwise using of \¢®8ld be more beneficial if we are looking at

the shear stiffness reduction coupled with the bepchoment..

5.6 Dual Hinge Seismic Design for Higher Mode Effeés

The CSA-A23-04 seismic design provisions are basedhe assumption that a single plastic
hinge will form at the wall base. The wall is firdésigned for flexure at the base and bending
moments above the plastic hinge region and allrsfegaes from analysis are then amplified
based on the bending moment resistance that isliedpgt the wall base. This approach is
proposed as an attempt to ensure that the wallnetlifail in shear and will not develop inelastic
flexural response above the plastic hinge. Theyaral presented in this chapter and test results
presented in the previous chapter show that highmile effects under high frequency ground
motions can lead to inelastic rotation at or abtivewall mid height. Adding more longitudinal
reinforcement steel at these locations to keep lastie response in that region is likely to
increase further the higher mode demand on the, veapecially the base shear forces

(Ghorbanirenani et al. 2009b; Panagiotou and Rast2609).

An alternative approach consists in allowing ansigl@ng for a second plastic hinge to form in
the upper part of the wall, in addition to the bhsege, so that seismic energy can be dissipated

more effectively and the force demand on the walldontrolled by yielding at predefined
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location that have been properly detailed. In sactual plastic hinge design approach, the
question is to determine the best location andfltheairal strength that must be assigned to that
second (top) hinge so that inelastic flexural resgois well balanced between the two hinges.
For high ductility walls, Panagiotou and Restrep000) proposed to locate the second hinge at
mid-height of the wall and to design the wall féexiure at this location for 33% of the wall
expected flexural strength at the base, includiagenial overstrength and strain hardening effect.
For walls with moderate ductility, we propose afafiént approach in which the two plastic
hinges are designed for the bending moments teaplatained from response spectrum analysis
without, any amplification. The two hinge regione aletailed according to current seismic
provisions to sustain the anticipated inelastic a@edr Bending moments and shear forces from
analysis are then amplified for the design of ttal wegments outside of the two hinge regions,
i.e., in segments AB and CD in Fig. 5.14a. The dfoption is based on the ratio of the factored
moment resistance, Mand the factored bending moment from analysis cilculated above the
base and upper hinges for segments AB and CD, cttgply. The hinge regions should be

designed for the shear forces that correspondetdéirelopment of their nominal moment.

Wall W2 is used herein to illustrate this dual rergdesign procedure. Bending moments are first
obtained from elastic response spectrum analysng ike NBCC 2005 design spectrum for the
site studied, and are then reduced by the produttteooverstrength- and ductility-related force
modification factorsR,Ry = 2.8, as described in the previous chapter. drotiginal design of the
wall specimen, the flexural steel at the base weterthined from that demand. The design
moments above the base hinge region and the skesand over the wall height was amplified
based on the flexural strength supplied at thedyiag also described in the previous chapter. The

wall was analyzed under simulated ground motion liag been spectrally matched to the design
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spectrum (see Chapter 4) using the OS modelinghigel. Inelastic rotation8, = 0.0018 rad
and 0.0016 rad developed at the base dhtbls, respectively. In the dual-hinge concelpe, t
wall is redesigned for plastic hinge at tH216vel, where it occurred in the original desigimeT
design moment in that hinge region was taken etuahe value obtained from analysis and
reduced byR,Ry, but without amplification. In that case, inelastotations8, = 0.0013 rad and
0.0018 rad developed at the base and théegel. Although the rotation responses 4tlével
look similar, an important difference is that iretla rotation in the dual-hinge wall is forced to
develop in areas where proper detailing has beewiged, which is not the case in the
conventional single-hinge design. Finally, the &Agnge design was modified by adding
reinforcing steel in the upper floors such thatdstic response at thdevel is prevented. The
envelope of shear forces and bending moments autdhom analysis of the dual-hinge design
and the modified single-hinge design are plotteHigs. 5.14b and c, respectively. Design shears
and moments used for the dual-hinge wall are disaa in the figure. In Fig. 5.14b, the moment
demand along the wall height resulting from theldilage concept is lower than the demand on
the wall designed for hinging at the base only. fddction in bending moments is maximum at
the wall mid-height, whereas the moments at thee dsthe wall remained close to the wall
nominal flexural strength. The dual-hinge desiggoded to a reduction of the base shear forces,
an indication that this design approach can be fimalein reducing dynamic amplification from
higher mode response. As pointed out by Panagiatwl Restrepo (2009), more pronounced
reductions in internal forces resulting from dualge design can be expected for taller walls,

including reductions in base shear forces.
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Fig. 5.14: Analysis of Wall W2 based on the dualgd and modified single-hinge design
approaches: (a) Location of hinges; (b) Shear faist&ribution along the wall height; and (c)
Moment distribution along the wall height.

5.7 Conclusions

In this chapter, the results of two series of shakéde tests on high rise reinforced concrete walls
were analyzed through numerical simulations. Théswaere modeled using the finite element
method using the VecTor2 (VT2) program and with filme element method using the
OpenSees (OS) platform. An innovative seismic deajgproach involving the formation of two
plastic hinges along the wall height has been megdo address and control the higher mode
actions on the response of slender reinforced etachear walls. The following conclusions and
recommendations can be drawn from this study:

1- Both the finite element (VT2) and fibre elem¢€dS) methods could predict the wall natural
periods for the tests in the elastic or damagedlitions. The OS and VT2 models could predict
well the wall base moments for all test serieghielastic range or partially damaged situations,

VT2 predicted shear forces larger than the experiaiealues whereas the shear forces from OS
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analyses were very close to the test values, edpetor Wall W2 which was initially in the
undamaged condition when the design seismic ekaitatas applied.

2- The damping ratios computed at the end of th@ ¥alyses gradually increased due to the
accumulation of damage, and the values were ctodeetexperimental results.

3- The VT2 program was able to predict the combisieglar-flexural cracks at the base and the
bending cracks at thé"@evel. Excellent match was obtained with the obsercrack patterns
from the tests.

4- The tests showed that a second plastic hingeddrat the  level of the walls, in addition to
the base hinge, due to higher mode effects. Thsweur was also computed using the OS and
VT2 modeling techniques and there was a good agretenm moment-rotation responses
between the test results and numerical models.

5- Comparison between the shear force-shear deflermiesponses from VT2 and tests showed
that the VT2 program is able to predict shear de&dions and shear stiffness degradations of
walls due to shear cracking. The shear deformatidmained from the tests were very close to
the values predicted by VT2.

6- The results of the tests and numerical modetsveld that the single plastic hinge design
concept prescribed in CSA A23.3 standard is inadegand that the formation of a second
plastic hinge in upper level of slender individuwaélls is unavoidable. Development of the
second plastic hinge in addition to the base hinge dissipate more seismic energy and
contribute to reducing the force demand on the.watlesign strategy was proposed in this study
for the development of a second hinge acting assa fn the upper portion of walls. Due to
higher mode response, the base shear forces attiairtbe tests and from OS analyses were up
to 40% larger than the shear capacity of the wabsqribed by the code. However, shear failure

was not observed because the base plastic ro@asociated to the higher mode producing the
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larger shear forces shear remained small compdnestonode shape, contributing to maintaining

high shear resistance from concrete.

The adequacy of the numerical models depends araavser defined parameters, especially for
the damping models. This study showed that thetiaddof a small amount of global viscous
damping in combination with a refined reinforcedchcete hysteretic model could predict well
the seismic behaviour of real structures. WithWi@ program, a viscous damping of 1% led to
reasonable results for the studied RC walls. FerQls program, 2% damping resulted in a good
match between test and predictions for the 100%dsQon the initially undamaged wall. When
increasing the earthquake intensities, the dampadyto be reduced between 1.5% and 1% to
achieve good results for a damaged wall with eleedyaibration periods. It must be noted that
those damping values only apply to the test spatsmeensidered in this study and may not be

representative of the damping present in actuddlimgj structures.

Additional analyses must be carried out on protetgpuctures to refine and validate further the
multi-hinge design concept for the control of higineode response. It was shown in this study
that fibre element models would be adequate fa thirpose and could be used for different

height of shear wall structures.
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CHAPTER 6

GENERAL DISCUSSIONS

The problem of higher mode effects in slender mritéd concrete walls have been investigated
analytically by previous researchers (Blakeleylefl@75; Filiatrault et al. 1994; Tremblay et al.
2001; Priestly and Amaris 2002; Priestley 2003i%an et al. 2006; Krawinkler 2006; Panneton
et al. 2006; Boivin and Paultre 2010). Although therent seismic codes (CSA 2004, CEN
2004, NZS 2006) are applying various approacheotsider the higher mode responses in RC
walls, the results of analyses have shown diffedymiamic responses in compare to Codes. To
clarify higher mode effects experimentally, largals shear wall shake table testing are needed.
Due to physical limitations of test facilities, &leatable tests must be conducted on reduced
scaled models and care must be exercised in gseestialing factors, model materials and
fabrication processes so that the applicable gunddi requirements are satisfied and the

experiment is representative of actual wall respons

Static and quasi static cyclic loadings tests edrout on RC walls at Structural Laboratory of
Ecole Polytechnique, showed that using of scalamoir of 2.3 could be adequate for reinforced
concrete walls. The tests confirmed that plasttatron behaviours, ductility and failure modes
could be reproduced well in comparison to thosethef actual wall. The capacity design
procedure presented in CSA-A23.3-04 standard pesvide desired ductility capacity confirmed
by the tests. Upon flexural inelastic response,lastee shear deformations progressively

developed in the plastic hinge region of the waldl dollowed by shear sliding, which led to
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significant strength degradation of the wall spesminmight after the design ductility. Current code
equations for the interface shear resistance shioelldevisited to provide sufficient protection

against this failure mode in ductile shear wallistures. Coupling of nonlinear flexural and shear
responses requires the use of realistic materiaktitative laws in a finite element (FE)

formulation. VecTor2 program used for validationtbé tests is able to consider this coupling.
This program can adequately capture the most ofmtidinearity responses. Possibly due to
excessive tension stiffening effects in the inétasinge, VecTor2 program overestimated the
ultimate capacity under monotonic loading. Improeainto the program and related modeling
procedures could also be made to better match Hmate capacity and rate of strength

degradation.

Before selecting the prototype wall for shake tabk, some preliminary nonlinear time history
analysis were carried out on high rise reinforcedccete walls designed according NBCC 2005
and CSA A23.3-04. In these studies three diffearhputer programs were used: Ruaumoko
(lumped plasticity), VecTor2 (planar finite elemgntand Perform 3D (1D and 2D fibre
elements) (Appendices I, 1l). The aims of the asatywere to evaluate the seismic behaviour of

wall and check the wall capacity for shake tabstse

Higher mode effects in slender reinforced concedtear walls are an important problem that
should be considered in design as flexural pldstiges occur in the upper part of tall walls. This
type of seismic inelastic behaviour is not antitégkbby the code. Experimental shake table tests
were thus planned to validate the predictions miagleeinforced concrete wall constitutive
models currently used by practicing engineers asegarchers. According to the result of the

tests, it could be interpreted that the moderatgilduvall (R,R4=2.8) designed according to CSA
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A23.3-04 have the potential for formation of sectimge at top of the wall. In ductile walls the
requirement for minimum steel at top of the wallm®re restrict than for wall with moderate
ductility. The larger plastic rotation at the bassults in more energy dissipation, and top of the
wall is less intended to form the second hingesTdould be one possible reason for elastic
responses in the upper part of a wall observed tremumerical analyses carried out by Boivin
and Paultre 2010. This behaviour also needs mady and analyses for different cases to be

clarified.

Although the codes (CSA 2004, CEN 2004, NZS 2008)teying to prevent the formation of
upper hinge, development of another plastic himgaddition to the base hinge could dissipate
more earthquake energy and reduce the demand fortethe wall. The design procedure
proposed in this thesis in section 5.6 developshamdinge at top to act as a fuse. This design
approach is more effective in high rise walls (1@ay and higher) when higher modes are

dominant.

Base shear forces obtained from tests are larger the nominal shear capacity of the wall.
However the shear failure was not observed duartgef concrete shear strength in comparison
to the value prescribed by the code (CSA 2004). firhe occurrence of maximum rotation and
maximum base shear is a key point, because duexamam plastic hinge rotation the concrete
shear strength could be reduced (CSA A23.4 Clausé.26, Appendix 1V). Usually it was
observed and computed that the maximum base mtatiours in the first mode that dominates
the response. While the maximum shear force ocaulngn higher mode shapes were
significantly contributing to the response. Therefthe probability of shear failure due to higher

modes becomes less when the transient nature oéspense is recognized.
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Complementary studies (Appendix Ill) indicated timaall the reinforced concrete walls designed
between 1975-2005 in Montréal Canada, the baser $bezes obtained from nonlinear time
history analyses exceeded significantly the destygar forces prescribed by codes. Significant
attention is also needed for walls designed bei®& when the capacity design approach was
not yet introduced. The analysis results of thigetypf wall showed very large plasticity at the
mid height and large base shear forces in compatsthe design shear force (NBCC 1975).

The shake table test results were also appliedilidate the numerical modeling by OpenSees
and VecTor2. Fibre element method is a faster molub get the results of large slender wall and
for the structures dominated by bending effectse Tésults are in good agreement with the
experiment. For the structures that have largeineat shear deformation and shear failure is
expected, VecTor2 program which is based on fimtement method could be a useful
instrument. This program is able to reproduceyairkll the nonlinear shear deformation coupled
with the moment and the shear sliding of the stmed, as it was shown in the cyclic test of this

thesis.

As VecTor2 is able to model the most of nonlingabehaviour of reinforced concrete, very
small viscous damping should be used just for cayerece. Using of 1% damping in this study
showed the top deformation of the wall is 9% ldsmntthe experiment and just for verification,
an additional analysis showed that 0.5% damping gl top deformation of 9% more than the
test results, so using values of 0.5%-1.0% dampingecTor2 could be adequate for reinforced
concrete walls (Appendix I). In OpenSees prograat some source of nonlinearity such as shear
cracks and slips could not be modeled. Higher valudamping should thus be applied. As

much as damage is developed inside the strudiueesystem dissipate more energy and less
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damping should be used for different level of gumotion amplitudes, which was between 2%-

0.5% in this study.

More complete details related to this general dismn can be found in Appendixes:

* | (Inelastic Seismic Evaluation of Slender Sheall¥/Designed According to CSA-A23.3-04
and NBCC 2005),

« |l (Seismic Response of Multi-Storey Reinforcedn@®te Walls Subjected To Eastern North
America High Frequency Ground Motions),

« Il (Distribution of Inelastic Demand in SlendefRShear Walls Subjected to Eastern North
America Ground Motions), and

* |V (Shake table tests and repair of ductile slemdmforced concrete shear walls).
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CONCLUSIONS AND RECOMMENDATIONS

In this research project two types of static andashyic testing were carried out on reinforced

concrete shear wall models.

The first series of tests were to evaluate the dapaesign approaches applied in Canadian
standards. Two identical prototype wall specimereyewdesigned, detailed, and fabricated
according to the provisions of NBCC 2005 and th@23.3-04 standard. The specimens were
tested under monotonic and quasi-static cyclicilopdespectively.

To validate the similitude laws and scaling factarg identical 1:2.37 reduced scale models of
the prototype walls were also constructed and stdgjeto the same loading protocols. In the
cyclic tests, both the prototype and model wallcgapens showed that the capacity design
approach specified in codes led to a stable hgstesponse dominated by flexure up to a
displacement ductility of 4.0. The walls could amhe and exceed the ductility capacity of 3.5

implied in Canadian code design provisions for deicthear walls. Due to coupling of shear and
flexural inelastic responses, inelastic shear ae#fbions progressively developed in the plastic
hinge region of the wall specimens. These sheavraedtions should be accounted for in the

prediction of the inelastic seismic response ofitarered wall structures. Just after reaching the
design ductility of 3.5, shear sliding started ®velop in both tests, which led to significant

strength degradation of the wall specimens. Curmde equations for the interface shear
resistance could be revisited to provide sufficiprdtection against this failure mode in ductile

shear wall structures. Excellent agreement undér lmading protocols was found between the
responses of the prototype and the reduced scafielnspecimens. This suggests that reduced

scale models designed with a scaling factor ofal@.4 and constructed with normal concrete
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mixes and deformed bars for the main reinforcersantbe used to examine the seismic response
of ductile shear wall structures, including ineladtexural and shear deformation effects and

shear sliding mechanisms.

Numerical analyses were also performed with theT\de2 finite element program after testing to
assess the ability to reproduce the test wall respainder both loading conditions. Comparison
between the experimental and numerical results sldhat VecTor2 can adequately capture the
inelastic monotonic and cyclic behaviour of ducBlear walls, including initial stiffness, shear
deformations, force demand in the transverse séeelgy dissipation, and failure mechanisms.
The VT2 program overestimated the ultimate capaaityer monotonic loading, possibly due to

excessive tension stiffening effects in the inétastnge.

The second series of tests were to investigateehigiode effects through shake table testing on
two identical models of an individual reinforcedhceete shear wall representative of an 8-storey
residential building located in Montréal, QC, Camadhe specimen walls were designed and
fabricated according to the seismic provisions &QC 2005 and CSA A23.3 standard for
moderately ductile walls. The specimens were stdjeto a ground motion record rich in high
frequency energy, as anticipated in Eastern NortteAca, and tests were performed at different
ground motion amplitudes.

Under the design level base motion, the specimgperenced limited inelastic flexural response
at the wall base, as anticipated, as well as a6'tHevel, which was not expected in design. This
behaviour resulted from significant higher modepaese under the high frequency motions, as
was confirmed by the vertical distribution of hantal loads, internal forces and other

deformation response indicators. Both bending d&eduscracks were observed at the wall bases
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whereas flexural cracks only formed at tHelével, which is consistent with the respectiveashe
force demand to supply ratios at the two locatidben increasing the ground motion amplitude
beyond design level, additional inelastic rotatiory developed at theé"devel.

The maximum bending moment at the base of the waltder the design level base motion
reached to the actual flexural resistance of thiéwidaich is 1.3 times of design value. This ratio
approximately corresponds to the overstrength faR§e= 1.4 assumed in design. The maximum
top displacement ductility of the walls was 35%Hh@gthan the ductility-related factor specified
in NBCC associated to drift. This difference wasised by the inelastic rotation that developed
at the & level, rather than being concentrated in the Ipésstic hinge, as assumed in design. The
maximum plastic rotation at the base however cpmeded to the value obtained assuming first
mode response.

The maximum base shear forces obtained from testseded the wall design shear strength by
the factor of 1.4. This value is close to dynammupéfication proposed in NZS 3101 for an 8-
storey wall. However shear failure was not obsemed to a greater than expected contribution
from concrete to shear resistance. This higher red@capacity resulted from peak shear force
demand occurring before the development of sigmificcracking and inelastic rotation at the
wall base. After inelastic response, the concréieas strength corresponded to that obtained
using a value of 0.18, instead of 0.10, for theuotin factorf3 accounting for shear resistance of
cracked concrete. These results suggest that il deubeneficial to apply a base shear dynamic
amplification factor, similar to the one specifiedthe NZS 3101 standard, in CSA A23.3 to
decrease the risk of shear failure.

By increasing the ground motion amplitudes, higherde response of the walls was slightly

more pronounced and it resulted in higher rotatibthe &' level.
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After the shake table testing, the two original I&valere rehabilitated with the collaboration of
Concordia University using two different rehabiliten schemes utilizing carbon fibre-reinforced
polymer (CFRP) composite sheets at the plasticehingations (base panel anfl §torey). The
rehabilitated walls were retested by subjectingrthe the same ground motion excitation levels
applied to the original walls. The natural frequesf the rehabilitated walls were found to be
higher than those of the damaged original walls alu$e to the values measured for the
undamaged original walls. Both rehabilitated waksrformed efficiently showing improved
flexural strength at the"6storey panel. Upon increasing the seismic grountiam intensity, the

damage (cracking, plasticity) was found to spresithé other unrehabilitated storeys.

The results of shake table tests on two originehdér reinforced concrete walls were analyzed
through numerical simulations. The walls were medalsing the finite element method with the
VecTor2 (VT2) program and the fibre element methsthg the OpenSees (OS) platform. The
natural frequencies of the walls were predicted/weell by both modeling techniques, both in
the elastic and nonlinear ranges. The base moni#ained from VecTor2 and OpenSees were
very close to the test results and OpenSees catildae well the base shear force obtained from
the tests. The crack pattern computed with VecEarBoth the wall base and éevels matched
very well with the crack patterns observed in #stg. The formation of a second plastic hinge at
the 8" floor was observed in the numerical modeling ahd tumerical moment-rotation

responses were in good agreement with the tedtsesu

In this research, an innovative seismic design @ggr involving the formation of two plastic

hinges along the wall height was proposed to addaad control the higher mode actions on the
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response of slender reinforced concrete shear vidlisierical simulations of a so-designed wall
showed that the development of a second plastigehin addition to the base plastic hinge can
increase the seismic energy dissipation and caéito reducing the force demand on the wall.
The adequacy of the numerical models depends @araavser defined parameters, especially for
the damping models. This study showed that thetiaddof a small amount of global viscous
damping in combination with a refined reinforcechcete hysteretic model could predict well
the seismic behaviour of real structures. With\fleeTor2 program, a viscous damping of 1% led
to reasonable results for the studied RC walls.tRerOpenSees program, 2% damping resulted
in a good match between test results and numepiedictions for the test on the initially
undamaged subjected to the design level earthqgagend motion. When increasing the
earthquake intensities, the amount of damping bdzbtreduced between 1.5% and 1% to obtain
good results for a damaged wall with elongatedatibn periods. It must be noted that those
damping values only apply to the test specimenssidered in this study and may not be

representative of the damping present in actuddlimgj structures.

The test program and analyses confirmed that stendderately ductile shear walls subjected to
high frequency ground motions can experience itieldexural response in the upper floor
region and dynamic amplification of horizontal shéarces at their bases. In actual buildings
where the RC walls are used in combination witlmfea, higher damping is expected compared
to the test specimens examined herein, and thésetsemay less be pronounced than measured

in the tests.

To develop the proposed design guideline considetite higher mode responses, different

numerical modeling (e.g. OpenSees) could be donerototype scale. This design guideline
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should follow two directions, first to reduce as ahuas possible the dynamic shear
amplifications and, second, to consider the duastat hinge concept and seismic detailing for
the second hinge.

Although the shaking table test is one of the Ibesthods to investigate the dynamic behaviour
of structures, care is needed to calibrate theurrqy response of the shake table to be as much
as possible close to the target spectra. This cbaldlone by playing with the acceleration,
velocity and displacement parameters of the tabidewthe specimen is installed. Adaptive

Inverse Control (AIC) is another option that cobklused but it requires more attention.

In this test program, the base excitation was agpin one direction only and the effect of in-
plane torsion was neglected. In actual buildingpeeially in irregular buildings, the torsion can
significantly affect the dynamic responses of thalsv Torsional response could be considered in
tests performed on a shake table that can applipdke excitation in two or three directions. In
numerical simulations, structural walls should bedeied in 3D to consider the torsion effects

and interaction with the other walls.

Usually shaking table tests are very costly andireegensive experimental work. Hybrid testing
is another experimental technique that could besicaned as a replacement. In this method, only
the part of the wall of interest (e.g™ @oor) can be constructed in the laboratory, witoper
boundary conditions, and the rest of the structsraumerically modeled. This technique not
only reduces the massive experimental work but glses the opportunity to do the tests on

larger scale, sometime full scale, specimens tiolatd the design procedures.
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Appendix |

Inelastic Seismic Evaluation of Slender Shear Wadsigned
According to CSA-A23.3-04 and NBCC 2005

I. Ghorbanirenani, R. Tremblay, P. Léger, and DeiPao
2008 CSCE Annual Conference, Quebec City - Jun&31@008

Abstract

The initial approaches used in most building cadedesign reinforced concrete shear walls for
earthquake resistance follow the equivalent laterade procedure, which is based on the first
vibration mode; corrections for higher mode effedtsived from linear analyses are suggested.
The maximum base shear can be obtained from cgpdesign considering the formation of a
plastic hinge at the base of the wall. However,|yames of slender walls under strong ground
motions show that base shears computed from namlitie history analyses can exceed the
shear capacity prescribed by the code. In nonlimaage, the higher modes in tall walls can
amplify the base shear. The moment at storey ldviglser than the base can also be amplified
due to higher mode effects, which could lead toftlmation of a plastic hinge in the upper part
of the wall. The large magnitude of the forces,particular at the base and in upper levels,
suggests that current code approaches do not graadbquate provisions for higher mode
actions. In this paper, a reinforced concrete sheal of an eight-story building located in
Montréal was studied. This wall was designed adngrtb CSA-A23.3-04 and NBCC 2005 and
was subsequently scaled down as a model wall ferpirposes of future shake table tests.
Extensive non-linear dynamic analyses were cardat on the model wall using different
constitutive models to investigate the higher mafiects on the internal shear forces and
moment magnitude and distribution. The paper alesgnts the experimental shake table test

program that is planned to validate the numericalkations.
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1- INTRODUCTION

With the development of seismology and structurajimeering, structure codes and seismic
provisions are being updated, but there are salhymaspects that are not fully understood due to
the random nature of earthquake motions as weltomsplex features of reinforced concrete
structure responses. The behaviour of structur#llsyatems can be relatively complex. Among
these aspects, higher mode effects on structun@sgdground motions have been an important

issue.

To ensure adequate seismic performance, a reimfocomcrete wall must have sufficient
strength, particularly, shear strength greater gfaar demand associated with flexural hinging,
and sufficient displacement capacity (Paulay anesBey 1992, Adebar et al. 2005).

The behaviour of tall RC walls during an earthquiske vibration problem. The seismic motions
of the ground cause the structure to vibrate, dred @amplitude and distribution of dynamic
deformations and their duration are of concerrhtodngineer. In general, tall walls respond to
seismic motions somewhat differently than low-rideear wall buildings. In many cases these
low rise buildings can be treated as a single degfefreedom system corresponding to the
fundamental mode. However, where the first modealf out of resonance with the earthquake
motions but the second and third mode periods E®edo resonance, shear at higher storey
levels are likely to be dominated by higher moddésnce, there is usually a need to carry out
multi-mode analyses, rather than just fundamentaderanalyses for tall RC walls (Booth 1994).
The behaviour of tall walls under earthquakes eydfore different from the equivalent static
analysis code procedure which is based on a firsleminverted triangular inertia force

distribution along the wall.

Nonlinear dynamic analyses based on lumped plastige in reinforced concrete shear walls
showed that in the higher storey level of the whaéire are local nonlinearities leading to the
formation of another plastic hinge in addition te tplastic hinge at the base which is due to

amplification of the shear and moment near the (légnneton et al. 2005). The base shear
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obtained from nonlinear time history analyses i®mflarger than the value prescribed by the
code (Sullivan et al. 2006, Tremblay et al. 200B)akis 2002, Filiatrault et al. 1994).

The higher shear demand at the base of the walhwiks the location of the plastic flexural
hinge, induces a reduction of the shear stiffnesswall as a reduction in bending stiffness and
strength by coupled interaction in the plastic linghis interaction of shear and bending should

be considered in the design of the walls.

In order to develop a better understanding of #iensic behaviour of RC walls under higher
mode effects, experimental large scale testing addanced numerical analysis based on
experimental results are necessary. This paperidesan analytical investigation of the higher
mode effects on an 8-storey building reinforcedatete wall. Different constitutive models are
used to predict the dynamic inelastic responséefatall. This analytical study was carried out in
preparation of a shake table test program.

2- PROTOTYPE BUILDING AND TEST MODEL

Panneton (2004) examined the seismic behavioun aight-storey residential building located
in Montréal, Quebec. The building was 23 m high amas laterally braced by four flat
rectangular shear walls and three core walls. Onimeo flat shear walls of that building was
selected as the prototype wall for a shake taldegeogram to be conducted in the Structural
Laboratory of Ecole Polytechnique in Montréal. Thiaper presents an analytical study of the

seismic response of the 1:2.33 reduced-scale ntloaelvas designed for the shake table tests.

The prototype wall was re-designed according tosetiemic provisions of NBCC 2005 (NRCC
2005) and CSA-A23.3-04 (CSA 2004). The wall wasuas=d to be of the moderate ductility
category with a ductility-related force modificatiéactor, Rd = 2.0. Site Class C was assumed in
design. The scaled model of the wall examined ia #tudy has a height of 9.0 m. Due to
laboratory limitations; the geometry of the wallsmehanged from a rectangular to a dumbbell-
shaped cross-section while maintaining the origimadamental frequency of vibration of the
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prototype building (0.71 Hz). The fundamental freqay of the scaled model was however
increased to 1.8 Hz when applying the similitudgureements. The 2rd and 3rd mode
frequencies of the model wall are equal to 10.laH@ 24.4 Hz, respectively. Figure 1 shows the
factored shear forces and bending moment in theehaadll as obtained from response spectrum
analysis. This figure also shows the factored slaear flexural resistances of along the wall
height. Following the code-prescribed capacity giesipproach, the factored shear force at the
base corresponds to the shear force at the develdpof the nominal moment capacity of the

wall.

() (b)

- — 8

Moment Resistance

Shear Resistance

- - - -Factored Shear : ||~ - - - Factored Moment

0 20 40 60 80 100 0 100 200 300
Shear Force (kN) Moment (kN-m)

Figure 1- Distribution of forces along the heiga) distribution of the factored shear forces and
resistances; (b) distribution of the factored bagdnoments and factored bending moment
resistances.

Figure 2 shows the elevation and section viewsefwall including the rebar pattern along the
height. ASTM A706 grade 60 ksi (413 MPa) No. 3 hi@s = 71 mm2, fy = 413 MPa, fu = 552
MPa) were selected for the longitudinal reinforcatreteel. Wired deformed bars D 3.0, without
a yield plateau, (As= 19.25 mm2, fy = 515 MPa, flb8 MPa) were used for transverse
direction and confinement. For the last three efriwo No0.3 bars at the boundary zone provide
the moment resistance but two additional non boried were used to satisfy the confinement
requirements specified in the seismic provision<C&8A-A23.3 04. The seismic weight of the

each floor is 60 kKN which is the maximum weightttban be used in laboratory. The axial load,
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125.5 kN, is assumed constant along the heigherkal post-tensioned cables will be used in the
model to represent the axial load in the shakesteddts.
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3- NUMERICAL MODELING

Different time history nonlinear analyses were iearout on the model wall using three different
computer programs featuring different reinforcedaete constitutive models: Ruaumoko (Carr
2004), VecTor2 (Wong and Vecchio 2004, Vecchio &wullins 1986) and Perform 3D (CSI
2006). In all models, results from tensile testsemgsed for the reinforcing steel: fy = 450 MPa,
fu = 590 MPa for the longitudinal steel and fy =55MPa fu = 585 MPa for the transverse
reinforcement. The actual concrete strength waknown at the time of this study and f'c = 30
MPa was assumed in the calculations.

The model in Ruaumoko (Figure 3a) is based on belaments with plastic hinges lumped at the
member ends. The modified Takeda model (Otani 188ayvn in figure 3b was used to model
the hysteretic moment curvature behaviour in tleestpd hinges. In the modified Takeda model,

the unloading and reloading stiffness factors wassumed equal t@=0.15 and(=0.2,
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respectively. The back-bone of the hysteretic cumas obtained from plane section analysis
program. The yielding stiffness rko varied betw®2% to 0.12% of the initial stiffness along

the wall height. Elastic response was anticipatedhear as a result of the capacity design
approach that was adopted in design. Thereforanearl shear deformation behaviour was

assumed for the beam elements.

a) b)
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TY
w
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Figure 3- a) modeling of the wall in Ruaumoko; ifin)dified Takeda model applied in
Ruaumoko model.

VecTor2 is a finite element software for reinforcemhcrete structures based on the Modified
Compression Field Theory. Figure 4a shows theefislement mesh of the wall. Figures 4b and
4c .show the stress-strain behaviour adopted #®rctncrete (Palermo and Vecchio 2003) and
steel (Seckin 1981) materials. The effects of cetecconfinement in VecTor2 were considered

according to the amount of confinement steel (Kupfeal. 1969).
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Figure 4- (a) Finite element mesh of the model waWecTor2; (b) Palermo hysteretic model of
the concrete response in compression (Wong andnue2004); (c) Seckin model of the
hysteretic response of the vertical reinforcem@vbiig and Vecchio 2004)

Perform 3D models are based on fibre discretizatiotme cross-section, either for a wall model
(2D elements) or a wall considered as a column neertdD element). The section of the wall
was divided into concrete and steel fibres, as shwfigure 5a. Figures 5b and 5¢ show the
stress-strain behaviour of the concrete and stagtnmals, respectively. In the boundary zones of
the wall, the concrete material was defined asinedfconcrete and in the other regions it was

defined as unconfined concrete.

2) b) c)
fer fy »
. ) — Confined concrete ——Longitudinal steel
Confined concrete fibre ] ——- Unconfined concrete ——-Transversal steel
Unconfined concrete fibre 40 MPa |---
[ — a 590 MPa
N I LA I 30 MPa 515 MPa;-
Lo Steel fibre KRR 450 MPal -

0.002

0.006 &

&y

Figure 5- (a) fibre section of the wall in perfoBD; (b) stress-strain curve of unconfined and
confined concrete; (c) stress strain curve of ludgnal and transversal steel.
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As in the Ruaumoko model, it was assumed that learsstrength demand/capacity ratio would
be less than 1.0 in the wall and a linear sheasrdedtion response was assumed in the Perform
3D models. However, according to CSA.A23.3-04,ghear strength of the section in the plastic
hinge region decreases due to the hinge plastitioat (Figure 6). In the Perform 3D models, the
interaction between the shear strength and theioontaf plastic hinge was considered in
assuming a linear shear strength degradation #hthge region. As described later, the shear
force demand from the analyses was found to exteedwvall shear capacity. A second 2D
Perform 3D model was therefore constructed to captihe nonlinear shear force-shear
deformation behaviour of the wall. An elastic-plastesponse was assumed with the shear
strength being set equal to the ultimate sheangtine(without resistance factors) of the wall

section based on the actual concrete and steetialgimperties (152.6 kN).

Shear strength reduction factor
N

1.0

Plastic hinge rotation (rad)

0.005 0.015

Figure 6- Effect of rotation on shear strength

Rayleigh damping proportional to the mass and thstie stiffness of 3% of critical damping

was specified in the first and second modes. Figiaeshows the time history record of the
ground motion that was selected for the test prograis a spectrum compatible time history
representative of a MW7.0 at 70 km earthquakea@e. The motion was scaled in time and
amplitude according to applicable shake table #imiié requirements. This scaled motion is
referred to herein as the design ground motionlléeMee 5% damped acceleration earthquake
spectrum is compared to the NBCC 2005 design gpacin Figure 7b. As discussed later, the
effects of scaling further the amplitude of thelugrd motion and modifying its frequency content

were examined in the analytical study.



151

0.8 —
1.6 —
Response spectrum of Montreal

Soil C, multiplied by 2.65

12 for shake table test

0.8 —

Acceleration (g)

Response acceleration (g)

— — — - Design ground motion
NBCC 2005

0.4 —

1
\ \ \ \ \ \ \ \ 0

0 1.16 2.32 3.48 4.64 5.8 6.96 8.12 9.28 0
Time (s) Period (s)

Figure 7- (a) time history record of scaled degjgsund motion;
(b) corresponding spectra and NBCC 05 spectrum etibifity.

4- ANALYSIS RESULTS

The peak values of key response parameters usadieators of the seismic behaviour for these
analyses are presented in Table 1. The selectaimpéers are the roof displacemefyt,the

bending moment at the base, M, the shear fordeedbdse, V, the curvature ductility levels at the

wall base g, and at the 6th leveligs.

The model wall under the design earthquake levelshthat the Ruaumoko (lumped plasticity)
model and Perform 3D model with wall fibre elemehtth predicted a curvature ductility of
approximately 2.0 at the wall base, which is cdesis with the ductility-related force
modification factor used in design. Both modelogisedicted ductility levels higher than 1.0 at
the sixth floor, indicating local nonlinearities arethe top part of the wall. For the column
element model in the Perform 3D program, the cumeabdbf the section at sixth floor was very
close to the yield curvature indicating a potentiat nonlinear response (accounting for
uncertainties). The VecTor2 FE software gave mumkel curvature demand for the design
earthquake. This could be related to the effedtiglh tension stiffening (Ghorbani-Renani et al.
2008). Table 1 indicates that all base shears uh@edesign earthquake are larger than the shear
forces obtained from capacity design (100 kN, sigeire 1a). This higher shear force demand
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can induce nonlinearities in the wall shear respori$e interaction of nonlinear shear and

flexural responses can affect the results, andldhdeally be considered in the analyses.

4-1- Effect of ground motion intensity

In order to investigate the effect of the highesugrd motion intensities for the shake table tests,
Additional analyses were performed using 1.5 and tnes the intensity of the design
earthquake. The latter ground motion intensity apipnately corresponds to the capacity of the
earthquake simulator apparatus. Table 1 gives ¢h& palues of the performance parameters for
the analyses under 1.5 and 2.0 times the designgeke.

The increase in ground motion amplitude producednarease in the amount of damage and
curvature ductility demand at the base and in tppeu part of the wall, as indicated by
Ruaumoko and Perform 3D models. However, the ptiedie from the VecTor2 finite element

model indicated that the wall specimen will remalastic in the upper part, even at the

maximum intensity.

The plastic hinge rotation demand computed at tladl Wase with Perform 3D under the
maximum ground motion intensity was equabBfm= 0.0015 rad. This is much smaller than the
0.005 rad limit specified in the A23.3 code (Fig)e The shear strength reduction of the section

due to flexural hinge rotation was therefore negley

4-2- Effect of nonlinear shear deformations

The computed shear forces at the wall base wendfisantly greater than the shear resistance of
the wall cross-section. The ultimate shear strenfthe section based on the actual concrete and
steel material properties is 152.6 kN. The avenaae of the of shear demand/capacity ratios
from all analyses is approximately equal to 1.2 this reason, another series of analyses were
carried out using the third Perform 3D model threluded nonlinearities in shear deformations
and stiffness. The results are presented in thetdsmn of Table 1. Comparisons with previous

analyses indicate that under the design earthquhkebase shear and bending moment both
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decreased when considering nonlinear shear behavMMhen increasing the earthquake
intensity, a significant reduction of the shearcts was observed, probably due to the reduction
of stiffness in shear and the occurrence of lardgstic shear straing;{ = 1.3 x 10-3 m/m at
maximum intensity). The shear stiffness reductidely also contributed to the decrease in

ductility demand at the wall base and in the ugaetion of the wall.

4-3- Effect of the ground motion frequency content

In the proposed test program, it is important tgplasize the effect of higher modes of the wall
on its seismic response. The design ground mogoard was then filtered to reduce the energy
content of the signal in the 1.8-5.0 Hz frequeranyge, thus close to the first mode frequency of
the wall. The wall was then analysed using 1.5 girttee intensity of the filtered motion. The
results are shown in the last row in Table 1. Tdpelateral deformation of the wall is much less
than the values obtained from the previous analyBes curvature ductility demand of the wall
at the base ranges between 0.95 and 1.6. Thisabedithat the wall base remains mostly elastic.
However, much higher curvature ductility demandiilen 0.75 to 5.0) is observed at the sixth
floor. This shows the direct effects of the higheydes on the seismic response of the upper part
of the wall if the base remains elastic. The waké shear demand did not change significantly,

suggesting that the base shear forces are esBedtialto the wall higher mode response.
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Table 1- Peak values of the response parameteamselitwith the different models
and earthquake motions considered.

Perform 3D
Grognd Parameters Ruaumoko VecTor2 Perform 3D Perform 3D (Wall) (NL.
Motion (Wall) (Column) Shear def))
A (mm) 21.65 23 29 30 29
co M (kN-m) 355 334 380 326 355
dosun V (kN) 182 167 198 198 165
Mor 2.2 0.8 1.9 1.2 14
o 2.0 0.1 11 0.8 11
A (mm) 31 28 44 45 44
M (kN-m) 356 361 400 400 355
1'd5e;(i;Q V (kN) 194 171 250 255 185
or 3.24 1.0 3.25 3.35 3.00
oo 4.8 0.55 1.78 1.0 1.25
A (mm) 45 42 60 59 60
zfe;(igEnQ M (kN-m) 356 372 450 500 390
V (kN) 210 240 245 270 177
or 4.9 1.35 5.0 55 4.0
oo 5.8 0.75 3.15 1.73 2.4
A (mm) 9.5 6.56 16 12.0 16
M (kN-m) 337 270 350 270 320
1#ﬁt>e<reEc? V (kN) 240 180 215 150 166
Mot 0.95 05 1.60 0.95 13
o 5.00 0.75 2.00 1.2 1.70

5- CONCLUSION

Nonlinear time history analyses were carried ouhtv@stigate the seismic behaviour of a slender
reinforced concrete shear wall structure. Thredediht computer programs were used:

Ruaumoko (lumped plasticity), VecTor2 (planar #nélements), and Perform 3D (1D and 2D
fibre elements). The shear wall studied was a @lmreduced-scale model considered for future
shake table tests. The reference prototype wall28 m tall wall part of an eight storey building

located in Montréal, QC. The wall was designed asoderately ductile shear wall according to

CSA-A23.3-04 and NBCC 2005.

The results of the analyses under the design grousttbns showed that there is a possibility of
the formation of a plastic hinge in the upper @édithe wall in addition to the base flexural hinge.
This is attributed to the action of higher modestalh shear walls. Current seismic design
provisions do not account for this phenomenon amthér studies (experimental and numerical)

are needed to revisit the seismic design provisibmecessary.
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The analyses indicated that the base shear demadér uhe design earthquake was

approximately 20% larger than the ultimate she@angith of the section as required by the code.
This higher shear demand can cause nonlinearityershear response, which can result in shear
stiffness degradation, detrimental sliding dispfaeats at the wall base and reduction of base

shear at plastic hinge and ductility demand.

The analyses for different ground motion intensisbowed that increasing the motion amplitude
can induce higher wall damage and ductility demdindvalidate the predictions of different wall
constitutive models, as implemented in the thrempmaer programs considered, experimental
data are needed. Shake table tests for differeming motion intensities will be done. The
experimental program will permit to better evalutite bending and shear stiffness, as well as

cyclic strength degradation of the wall.

Filtering the low frequencies of the design grounation showed that the ductility demand and
the damage in the upper part of the wall have ectlirelation to the higher frequency content of
the records. The base shear demand remained ne&tpnged, suggesting that the main portion

of the base shear forces is due to higher moderacti

This paper showed that the higher mode effectdamdsr reinforced concrete shear walls are an
important problem that should be considered ingitesis flexural plastic hinges are likely to
occur in the upper part of tall walls. This typeseismic inelastic behaviour is not anticipated by
the code. Experimental shake table tests are ttam@d to validate the predictions made by
reinforced concrete wall constitutive models cutiyerused by practicing engineers and

researchers.
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Seismic Response of Multi-Storey
Reinforced Concrete Walls Subjected To Eastern
North America High Frequency Ground Motions

R. Tremblay, I. Ghorbanirenani, N. Velev, P. Lédédr,Leclerc, S. Koboevic,
N. Bouaanani, K. Galal, and D. Palermo

14th World Conference on Earthquake Engineeringir§e China, Paper No. 05-01-0526.

ABSTRACT
A research program has been undertaken to betseactierizing the contribution of higher modes

of vibration on the bending moment and shear fae®and on cantilevered reinforced concrete
shear walls. Emphasis is put on constructions éatat eastern North America. Ground motions
in this region have higher dominant frequency, WHe&ads to relatively more significant higher
mode response. An example of higher mode contdhuis given for two sites in Canada
exhibiting different seismic settings. A shake &aldst program is currently being prepared to
examine the influence of damping and shear anduftdxstiffness degradation on higher more
response. The design of the test specimens anéshb#s from prediction analyses are discussed.
A preliminary test program conducted to validatsuasptions in the use of reduced-scale wall

test models is also presented.

1. INTRODUCTION

Cantilevered concrete shear walls are extensivedyl un Canada to provide lateral resistance to
reinforced concrete as well as steel frames strestu-or seismic design, reduced horizontal
loads can be used provided that the wall is dedigmel detailed to exhibit a ductile inelastic
flexural response under strong earthquake grountion® For instance, a plastic hinge region
must be created at the wall base where inelastiation will take place during severe
earthquakes. The design shear forces from analrg@samplified to match the base shear

associated with the attainment of the probabladyiebment of the wall at its base. This approach
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has been introduced in the 2005 National Buildirigl€ of Canada (NBCC) (NRCC 2005) and
the CSA A23.3 (CSA 2004) standard for the desigrewmfforced concrete structures.

Several past studies have shown that applying tlapacity design principles may not be
sufficient to guard against shear demand in exoé#ise design values or plastic rotation above
the plastic hinge region, in areas not detailesutstain inelastic flexural demand (Filiatrault ket a

1994, Tremblay et al. 2001, Priestley and Amari@Z®anneton et al. 2006, Sullivan et al. 2006,
Boivin et al. 2008). Such undesirable behaviour theen mainly attributed to the contribution of
the higher mode of vibration of the wall, even upoeelding of the wall at its base. Dynamic

shear magnification factors have been introducethénNew Zealand building code to prevent
brittle shear failure (Priestley 2002). No expligitidance is given in CSA A23.3 to account for

this behaviour.

This paper outlines some aspects of a researckgbrthjat has been undertaken to enhance our
understanding of this phenomenon and develop go&kelthat would be applicable to Canada
and other regions of the world with similar seisityicParticular interest is devoted to eastern
Canada where anticipated seismic ground motionsliket/ to be richer in high frequency
energy, which would lead to a greater influencehaf higher modes on wall response. A 15-
storey shear wall application is first introduced illustrate this situation. A preliminary test
program that was carried out to validate the useedficed scale physical models to reproduce
the inelastic cyclic flexural and shear respongeR/€@ wall is then presented and discussed. The
design and preliminary analysis of a wall specirteebe used in a shake table test program are
also described. The analytical work is also usetigilight other parameters influencing the
bending moment and shear demand on shear walltwtese namely the flexural and shear

stiffness degradation and damping.
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2. HIGHER MODE RESPONSE OF R/C SHEAR WALLS

The influence of the seismicity at the site on kiginode effects is illustrated for a 15-storey
reinforced concrete shear wall building locatedwatd different sites in Canada: Vancouver, BC,
and Montreal, QC. The hazard at Vancouver, whicidse moderate, is representative of that for
other cities in the Pacific Northwest region, irdihg Seattle, Portland, and Victoria. The hazard
at Montreal is representative of that of many eastéies located in moderately-active seismic
zones, including cities such as Boston, New Yoite Slass C corresponding to very dense soil

or soft rock was assumed at both sites.

The storey height for the walls is 3 m and theltatall height is 45 m. The walls are designed
according to the seismic provisions of NBCC 200R(C 2005) and CSA A23.3 (CSA 2004).
In Vancouver, the wall is designed as a ductileasheall with an Rd factor of 3.5. The wall in
Montreal is a moderately-ductile shear wall witdwectility-related force modification factor, Rd

= 2.0. In Montreal, minimum reinforcement requirerneften governs and there is no motivation
to select a more ductile system. The wall crossiges and periods of vibration in the first three
modes are given in Fig. 1. The periods are thogsairdd using the cracked cross-sectional
properties recommended in CSA A23.3. A dynamicpoese spectrum) analysis method is used
to determine the bending moment and shear foraesyahe height of the walls. According to
CSA A23.3 provisions, the design moment is mairgdilequal to the base moment over the
height of the plastic hinge zone. Above, the ptastinge, the moments from analysis are
increased to match the design moment at the tdpeoplastic hinge. For Vancouver, the base
shear force is increased to Vp, the shear foraecesed to the probable moment resistance at the
wall base, including strain hardening effects. Mwntreal, Vp is associated to the nominal
moment resistance. Resistance to Vp is maintaived the plastic hinge length and the shear
force demand from analysis above the plastic hiagemplified accordingly. Although the wall
in Montreal is designed with a lower Rd factor, theulting design seismic loads are lower due
to the lower hazard and the wall has a smallersesestion and longer fundamental period than

in Vancouver (Fig. 1).
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Figure 1. Wall cross-section and acceleration spdot: a) Vancouver; b) Montreal.

The wall in Vancouver is subjected to a record fribra 1949 Western Washington earthquake
while an acceleration record from the 1985 Naha&amihquake is used for the Montreal site. In
design, the seismic effects were increased by 4®@%ctount for torsional effects. Only 2D
analysis is performed herein and the same ampgiicdactor was applied to both records to
achieve a proper supply-demand ratio. The strustwere modeled with a cross-section fibre
discretization using the wall element in the Ruakoncomputer program (Carr 2004). The Kent-
Park model was used for the concrete material la@d\t Bermani hysteresis rule was applied for
the reinforcing steel. Figure 2 presents the coegbtitne history response at both sites. Only the
first 30 seconds of the Western Washington grountian is presented but the same time scale

was preserved for both records in the figure toeveasily compare frequency effects.
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storey walls in: a) Vancouver; b) Montreal.

In both cases, roof drift and base moment respanse&lominated by the fundamental mode. In
Fig. 2a, second mode also affects the bending mbamehdominates the base shear demand in
the first 20 s, and the base shear from the eaaltegaxceeds several times the design value Vp.
In the close-up view of the 8-12 s time intervak base shear and moment are nearly in phase
and Vp is reached first when the moment reachesaoekeds the yield moment, My, for the first
time, att = 10.09 s. The distribution of the latdoads, shear forces, and bending moments along
the wall height at that time are presented in Bg. As shown, the shear force significantly
exceeds the design level in the first 10 m at tladl vase, which could lead to a brittle shear
failure. The demand from the earthquake at t =88.7s also plotted in the figure. The design
shear at this time is also exceeded at the baseethsas above 30 m in height, and bending
moments are greater than the design level in th@erufloors. Inelastic rotation could then
develop in a region where no ductile detailing vidbbbhve been implemented. The load patterns
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at these two particular times clearly indicate tié excessive demand is mainly associated to
the second mode wall response. In Fig. 2b, the blasar force in Montreal is associated with
high frequency motion corresponding to the secamdl third modes of vibrations of the wall.
This time, the base shear exceegswll before yielding in flexure. This wall possesdlexural
overstrength due to minimum reinforcement requinetsieHence, it responded nearly elastically
at the beginning of the earthquake, which contafuin attracting higher shear forces. Third
mode contribution can be also observed in theimévad and shear profiles at t = 4.235 s. At
that particular time, the base shear is nearly teriothe shear forces and bending moments
exceed the design values along the wall height.thisrparticular wall, third mode response is
significant compared to that in the second modeabse the ground motion contains relatively

low energy near the second mode period, as showigirib.

The magnitude of the higher mode response duringaathquake heavily depends on the wall
stiffness. Figure 2 shows that the high frequenofion tends to diminish as inelastic flexural
response developed in the wall. In the numericalehaused herein, the shear stiffness was
assumed to remain constant. In reality, it willoatkegrade as cracks develop due to flexure and
shear. Higher mode contributions are likely to e@gémated with models that only account for
inelastic flexural response. However, it is commpeoactice to use Rayleigh damping proportional
to mass and stiffness with such models, as wasdke for the example presented here. Using
this damping model tends to artificially attenualbe high frequency response associated to
higher modes. These uncertainties in predictinghdrigmode effects on shear and flexural
demand in shear walls were the main motivationtfias research project, the main objective
being to validate more accurate numerical modelsdbuld subsequently be used to better assess

this phenomenon.



165

3. EXPERIMENTAL WORK

3.1. Preliminary Experimental and Numerical Studies

A shake table test program is being prepared tystue response of shear walls under dynamic
seismic excitation. The tests will be performed tbe uniaxial shake table at the Structural
Engineering Laboratory of Ecole Polytechnique ofritteal. This equipment has 15 ton payload
capacity and a test height of 10 m. Preliminaryl&tsl showed that the test could be performed
on a model of a 10-storey prototype building usangraling factor on length, Ir, of 0.305 to meet
the physical constraints of the laboratory (Tremgldtial. 2005). Further investigations indicated
that the scaling factor needed to be increased.48 @ easily satisfy applicable similitude
requirements with available reinforcing steel bad aoncrete aggregate sizes. The reference

prototype structure was then changed to an 8-stauidging.

Prior to initiating the shake table program, tegtimas carried out to verify the possibility of
accurately reproduce with reduced scale models cthraplex inelastic flexural and shear
responses anticipated in actual shear walls. Roecismens were tested: two prototype walls and
two 1:2.37 scaled models. The walls were detaiteming to the Canadian seismic provisions
for ductile walls. Monotonic and cyclic loading poools were considered for each group. Detail
of the study can be found in Gorbanirenani et2008a). Figures 4a&b show the test specimens.
Excellent agreement was obtained between the gpaind model walls, as exemplified in Fig.
4c for the cyclic tests. This test program alsor@spnted an excellent opportunity to validate
more refined numerical simulation tools. The Ve2tvT2) finite element program (Wong and
Vecchio 2002) is dedicated to the analysis of cetecstructures. It makes use of the Disturbed
Stress Field Model (Collins 2000) and its scope ireagntly been extended to cover cyclic and
dynamic applications (Palermo and Collins 2003)e Tgrogram could reproduce very well
material nonlinearities under monotonic and cydbtading, including yielding of steel, bar
slippage, concrete crushing and cracking, slidietg, Strength and stiffness degradation in
flexure and shear, as well as the failure modeldcba predicted accurately, as depicted in Fig.

4d. The VT2 program was then used in the desigheofhake table specimens.
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Figure 4 Preliminary testing of shear wall specimear) Geometry of the test walls; b) Model wall
specimen under construction; ¢) Measured load-deftion response of the prototype and model walls
under cyclic loading; and d) Analytice$ measured load-deformation responses of the maaleLwder

cyclic loading.

3.2 Design and Preliminary Analysis of the Shake Tde Specimens

The shake table test setup is shown in Fig. 5a.t@siespecimen is mounted on the earthquake
simulator while the seismic weights at each lewel supported on an independent structure
erected on the strong floor of the laboratory, thesihe shake table. The lateral stability is
provided by a surrounding steel frame. The refezedestorey prototype structure has a total

height of 20.97 m (8 x 2.621 m) and a scaling fabte 0.429 was adopted to obtain a 9.0 m tall

test structure.
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Figure 5 a) Proposed test setup; b) Design anticpeake design spectra.

The artificial mass simulation procedure was usedédvelop the similitude requirements. The
method was modified to also introduce a scalingofaon acceleratiomyr = 2.65, to keep the
seismic weight per floor equal to 60 kN. This résdlin scaling factor on time, tr = 0.403. The
test program is conducted for the seismic conditiprevailing in eastern North America and the
fundamental period of the prototype structure waleded to fall within the 1.2-2.1 s period
range estimated for a typical 8-storey residertiislding located in Montreal (Panneton et al.
2006). This variation in period resulted from tharigus assumptions that can be made in the
modal analysis. At the model scale, it correspottdapproximately 0.5-0.8 s. Two possible
model solutions exhibiting such period values #ustrated in Fig. 6: a simple rectangular wall
and an I-shaped wall. Both structures are desigedrding to the Canadian seismic design
provisions for moderately ductile shear walls (R#8.8), assuming a site class C in Montreal. The
wall with columns has a higher stiffness. The negtdar wall has a cross-section reduction at the
6th level to encourage exactly meet the requireaddingg moment resistance at that level and
examine the possibility of plastic rotation duehigher mode response. An Mw7.0 at 70 km
simulated ground motion time history was selectadlie test program. It was modified using a
loose spectral matching technique to reproduceldisggn demand for the site. Fig. 5b shows the
resulting spectra at the model scale: acceleratimh time (period) are scaled. Response time
histories obtained with the VT2 program are presg¢nin Fig. 6. In the analysis, axial
corresponding to approximately 2.5% of the Acf's lieen considered to replicate the future test
conditions. As was the case for the sample 15-gtémaldings, the roof drift response is
governed by first mode whereas second mode donsithgebase shear demand. In both cases,

the design shear Vp is exceeded and inelasticnsttamand g > 0.2%) is predicted in the
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longitudinal reinforcement at the 6th level. Vissadamping was omitted in the VT2 analysis as
damping in the test specimens is essentially dusbtwrete nonlinear behaviour. The decaying
free vibration response at the end of the grountlamallustrated in Figs. 7a&b shows that this

behaviour is already accounted for in the analysis.
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Figure 7c presents the response of the rectangaiobtained when specifying 1.5% Rayleigh
damping in the first two modes of vibration. Thepimet is significant: the roof drift and the strain
demand at the 6th level reduce respectively froa®%. and 0.60% to 0.29% and 0.18%. The
base shear demand is also reduced, which illustth&e sensitivity of higher mode response to
damping modelling assumptions. In the test progiam, planned to conduct successive tests at
increasing amplitude of ground motions up to 153%he design level. The crack pattern under
1.5 times the deign ground motion is shown in Fig. Significant inelastic rotation demand is
expected at the base as well as at the 6th flagur& 8 shows the response of the rectangular
wall under successive applications of the seismatation. When comparing the results under
1.0 times the design ground motion with the comesiing results in Fig. 6a, it is observed that

the initial damage conditions can also impact sigaitly on the wall response.

4. CONCLUSIONS

The analysis of a 15-storey shear wall structultastiated higher mode response on shear and
flexural demand for reinforced concrete shear waillictures located at two different sites in
Canada. The capability of reproducing the inela8éigural and shear response of shear walls
using reduced-scale specimens was verified expatatg. The test results could also be
reproduced accurately using detailed FE simulati®make table test specimens were designed
and were validated using FE analysis. Higher medpanse is excepted in the test models but

the response was found to be sensitive to the nmgdet damping and the sequence of testing.
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Distribution of Inelastic Demand in Slender R/C &hé/alls
Subjected to Eastern North America Ground Motions
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ABSTRACT

This paper compares the nonlinear seismic respainee 10-story reinforced concrete shear wall
building located in Montréal, Canada that was desiigaccording to four different editions of the
National Building Code of Canada: 1975, 1985, 1888 2005. The design seismic loads and
detailing requirements used for the four desigresdiscussed and compared. The study focuses
on the shear force demand in the wall and on thienpial for inelastic flexural response in the
upper levels due to higher mode response. Twordifte2D models are used in the study: a plane
stress finite element model using the VecTor2 saféwand a fibre element model using the

OpenSees program.
INTRODUCTION

In Canada, the general design and loading prowssionbuilding structures are prescribed in the
National Building Code of Canada (NBCC) while thesin and detailing requirements for
reinforced concrete buildings are specified in t88A A23.3 Standard. Seismic design
provisions were included in the first edition of 8B in 1941. Those provisions then evolved
with significant changes taking place in the secsaesign parameters and analysis methods in
subsequent editions of NBCC (Tinawi 2004). Overyhars, the main performance objective of
NBCC still remained the safety of the building ogants under severe but rare earthquake
events. The design objective under such extrengirigacondition has been collapse prevention
and it was in 1965 that NBCC explicitly recognizeitht these objectives could be achieved

through ductile inelastic response. Detailing regmients and capacity design provisions aiming
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at the development of stable inelastic behavioueviest introduced in the 1973 edition of CSA
A23.3 (CSA 1973).

For shear wall structures, the intent of thesensieiprovisions has been, and still is today, that
inelastic deformations concentrate in a singletdsnging forming at the wall base. Rules have
been progressively implemented in codes to enfiaeductile walls possess sufficient flexural
resistance above the plastic hinge region and skemmtance over their entire height to resist the
anticipated flexure and shear force demand esdgritidhe elastic range (Adebar et al. 2004). In
multi-storey structures, that force demand is gigantly influenced by the contribution of the
higher modes of vibration, particularly in eastéMorth America where the seismic ground
motions are expected to be richer in high frequesn{Tremblay and Atkinson 2001; Humar and
Mahgoub 2003). Recent numerical studies on mudtiest shear walls (Filiatrault et al. 1994,
Tremblay et al. 1999, Priestley and Amaris 2002arféton et al. 2006, Sullivan et al. 2008;
Tremblay et al. 2008; Panagiotou and Restrepo 20@®)ated that the force demand can exceed
the values assumed by codes, even for structuatsath designed according to the most recent
code provisions. Dynamic effects on shear forcesewabserved in shake table tests by
Panagiotou et al. (2007). In this context and mgkisee of the new information on anticipated
seismic ground motions and new techniques availablexamine the nonlinear response of
concrete structures, a study was undertaken totifgepotential deficiencies in shear wall

structures designed in eastern Canada over thddaatles.

In this paper, the seismic design and performahea andividual 10-storey cantilevered flexural

wall designed according to four editions of NBCE&spectively 1975, 1985, 1995 and 2005, and
the associated 1973, 1984, 1994 and 2004 CSA Agarglards. The structure is located on a
firm ground site in Montréal, Quebec, which is eg@ntative of many other eastern populated
cities located in moderately-active seismic zomeguding cities such as Boston, New York, and
Ottawa. The wall geometry is kept unchanged butréngforcement was modified according to

the respective code provisions. Nonlinear dynamelyses were carried out using two different

numerical simulation techniques: finite element elody and fibre cross-section discretization.
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The main objectives were to examine the shear fdereand in the wall and the possibility of
flexural yielding in the upper levels due to higineode response.

DESIGN OF THE SHEAR WALL STUDIED

Wall Studied. The wall studied is a continuous shear wall inegutar 10-storey residential
building structure with a 72 m x 48 m rectangulaotfprint. The storey height is 2.8 m and the
wall has a 300 mm x 6000 mm uniform rectangulassteection over the building height. The
wall is located against an exterior wall and carlimited axial load. Its tributary seismic weight
is 7845 kN per floor.

Seismic Loads and Analysis MethodsTable 1 summarizes the main seismic design paeamet
for the four designs. As shown the equation forthé minimum earthquake lateral load varies
significantly from one code to the next. In NBCC7%9 the equation was based on the peak
ground horizontal acceleration, A, which was spediffor a return period of 100 years. That
value was equal to 0.04 for Montréal. In 1985 af85l the seismicity was represented by the
velocity, v, determined for a period of return adyears. In NBCC 2005, site specific uniform
hazard spectral ordinates, Sa, are specified aidgseof 0.2, 0.5, 1.0, and 2.0 s for a return pgkrio
of 2500 years. These Sa values are modified forsttee coefficients Fand K to obtain the
design spectrum ordinates S, and the complete rspeds obtained by linear interpolation
between these points. In NBCC 1975, the spectrumasSa function of ¥ (T is the period) with

a maximum value of 1.0. In 1985 and 1995, the egpobfor T was changed to %2 and the plateau
at short periods extended up to T = 0.25 s andfettsved by a linear segment to join the ¥#T
curve at T = 0.5 s. Empirical expressions weremgiveNBCC to estimate the fundamental period
of the structures. Up to 1995, Temp was functiorthef building height, hn, and the building
length (D = 48 m) or the wall length & 6 m) parallel to the direction of loading. The
expression was simplified in 2005 such that T naly alepends on the building height. For the
wall studied, the resulting Temp values varied @36 to 1.03 s, which is significant. Values of
S determined at Temp are given in the table foh €ace. Except for NBCC 2005, the influence
of the higher modes on the structure response wdisectly accounted for by the reduced
spectral decrement in the long period rang&3*@r T3. In NBCC 2005, a factor Mwas

introduced for multi-mode response. Where the r8§{0.2)/S(2.0) exceeds 8, as is the case in
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eastern Canada, values greater than 1.0 are ggkffi T > 2.0 s and linear interpolation of the
product SMv must be considered for periods betwk®&nand 2.0 s. In 1975 and 1985, the
ductility was accounted by the factor K at the ntaar of the equation for V. In 1995 and 2005,
the ductility factors R and Rd are used at the denator. In 2005, the structure overstrength is
taken into account with the factor Ro. Importanaetdrs (I and IE) and factors to account for
local site effects (F, for ) are all equal to 1.0 for the assumed conditi6s.all four designs,
the seismic loads were increased by 1.25 to acdoumiccidental in-plane torsional effects. The
design of reinforced concrete structures is peréatmsing factored loads, with load factors also
varying among the different codes. Once the calimna are performed including all these
factors, the resulting factored seismic load valdgsvary significantly among the four codes.

All NBCC editions allow to use the dynamic (resp@spectrum) analysis method in lieu of the
equivalent lateral force method. This option wdaired herein. In the analysis, the properties of
the cracked section can be used apl ratios suggested in the 1984, 1994 and 2004 CSA3A2
standards and shown in Table 1 were adopted imthdels. In 2004, the value varies with the
level of axial load, resulting in the range showhe 1985 value was adopted for the 1975 design
as no value was given in the 1973 edition of CSABA2The resulting periods of vibrations are
given in Table 1 and the computed fundamental geridl are much longer than Temp. In
NBCC 1975 to 1995, elastic acceleration spectriferént from S used in the equation for V,
were specified for the response spectrum analyidiese spectra are plotted in Figure 1.la
together with the 2005 NBCC S values. In NBCC 191, spectrum had to be modified to
account for ductility assuming equal displacemenmqiple for medium and long periods and
equal energy principle for short periods. For dacshear walls, a ductility factor of 3.0 was
specified for this reduction process. Inelasticce@eare shown in Figure 1.1b. This approach, in
combination with the longer fundamental periodsuted in a much smaller seismic design load
Viayn cOmpared to the MWalue obtained previously. In NBCC 1985 and 1988, results from
the dynamic analysis are scaled such that the $fasa from dynamic analysis is equal to the
value of M. A similar approach is prescribed in NBCC 2005 ept that the references Value
can be determined with a period of up to 2.0 timemp, if justified by analysis, and: \¢an be
multiplied by 0.8 is the structure is regular. Thesnditions applied herein and the results were
scaled with respect to Vf = 0.024W, resulting isignificant reduction compared to the value
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obtained from the equation in Table 1. Figure 2sen¢s the distribution of the factored shear
forces and bending moments from response spectnatysas. Clearly, the 1975 and 2005

NBCC provisions resulted in much lower values ttten 1985 and 1995 codes.

Table 1. Summary of NBCC seismic provisions for th&0-storey wall on a very dense soil
site in Montréal, Quebec

Parameter 1975 1985 1995 2005
\Y; ASKIFW VSKIFW | VSIFW(U/R) S M, le W/(R4Ro)
U=0..6 > 5(2.0) EW/(R4Ro)
< 2/3 S(0.2) ¢ W/(R4Ro) if Rg> 1.5
Return 100 475 475 2500
period (yrs)
Seismic data A=0.04 v=0.1 v=0.1 S, =0.69, 0.34, 0.14, and 0.048
forT=0.2,0.5,1.0,and 2.0 s
S 0.5/1° 0.22/T2 1.5/T2 F.S(0.2) for T<0.2 s
<1.0 <0.62 <4.2 min[F,S4(0.5),RS0.2)] for T=0.5s
F, S(1.0)forT=1.0s
Litfor T Litfor T E éggg ;Oz.r fTor:Tz':O :’0 .
between | between 0.25| ' '
0.25&0.5s &0.5s e ]
LI-for intermediate values of T
S=0.70 S=0.22 S=1.48 S=0.30
Temp 0.09 /D¥? | 0.09 K/DL? | 0.09 /D2 0.05 K34
=0.36s =1.03s =1.03s =0.61s
M, - - - 1.0forT<1.0s
Ductility K=1.0 K=1.0 R=35 R 3.5 (R=1.6)
Vil W 0.063 0.041 0.032 0.066
Scaling wrt - Y \% 0.8V
ler! g 0.40 0.40 0.70 0.61 - 0.66 (average = 0.63)
T1(8) 3.47 3.47 2.64 2.76
T, (S) 0.58 0.58 0.45 0.50
Viayn! W 0.018 0.041 0.032 0.024
Myayn/ W hy, 0.0067 0.0138 0.0110 0.0063
V cap.des! W 0.037 0.055 0.043 0.040

LI = Linear interpolation.

Seismic Design and DetailingA concrete strength, {’ of 30 MPa and a steel yield strength, f
of 400 MPa were assumed in all designs. The ftegi 81 the design consists in determining the
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longitudinal reinforcement in the base plastic linggion of the walls to resist the bending
moment at the wall base (M, in Table 1). Applying CSA A23.3 requirements, taegth of the
plastic hinge was taken equal to 5 stories fori@é5 design, 3 stories for the 1985 and 1995
designs, and 4 stories for NBCC 2005. In that ase=el detailing rules apply to ensure ductile
rotational behaviour, including minimum reinforcameoncentrated near the ends of the wall.

a)

Storey

Elastic Spectrum Acc. (g)

0.7 —

0.6 —|

o
3
|

T

°
=
|

°
w
|

I
N}
|

0.1 —

NBCC 75
% — X — —X NBCC 85
®— E—~ NBCC 95
*—e——e NBCCO05

TX e _

b)

Inelastic Spectrum Acc. (g)

0 0.5 1

T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T
15 2 25 3
Period (sec)

0.15 —

0.1 —

NBCC 75

% — x— —X NBCC 85
\ =— m—nm NBCC 95
! —¢— NBCCO5

15 2 25 3
Period (sec)

Figure 1. NBCC response spectra: a) Elastic speetused in analysis;
b) Inelastic design spectra.

NBCC 75
% — X— —X NBCC 85
=— = —m NBCC 95
&— - — & NBCCO5

0

0.04 0.05

0.03
Normalized factored shear force (V{/W)

0.01 0.02

b)

Storey

NBCC 75
% — X— —x NBCC 85
=— m—u NBCC95
®— & — & NBCCO5

0.01 0.012 0.014

0.002 0.004 0.006 0.008
Normalized factored bending moment(Mf/W.H)

Figure 2. Factored forces from response spectrum atysis: a) Shear; b) Moment.

Once the steel is detailed, the probable flexueaistance at the base,;,Ms determined to
evaluate forces that will develop upon yieldinghe hinge. In the 1973 CSA A23.3,,\$ taken
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equal to 1.1 the nominal moment resistance. Indtier designs, Mis obtained assuming
nominal strength for the concrete and a steel ysttféngth of 1.25fto account for strain
hardening. In the 1975 design, the shear forcesuagified by the ratio MM;q4yn Over the full
building height. In the 1985 and 1995 designs, #imglification was applied only over the base
hinge length. This was also the case for the 2086gd except that the shear forces above the
plastic hinge were also amplified by the ratio led tvall factored moment resistance tggM as
computed at the top of the plastic hinge. The \aloiethe amplified design shear forces at the
base, Vapdes are given in Table 1. In the 1973 concrete stahdao bending moment
amplification was required above the plastic hitegegth. In the 1984 and 1994 editions of CSA
A23.3, it was suggested to assume bending momemygng linearly from M at the top of the
plastic hinge to zero at the wall top. In the 2@%&ndard, the moments from response spectrum
analysis above the plastic hinge are amplified ey tatio between the wall factored moment
resistance and My, as computed at the top of the plastic hinge. Tingliied design shear
forces and bending moments along the wall heiglegeesented later for each design, together
with the results of the nonlinear time history gsak. Wall reinforcement details are presented in

Figure 3.
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Figure 3. Reinforcement steel for NBCC: a) 2005; h)995; c) 1985; and d) 1975.
NONLINEAR ANALYSIS

Numerical Models. Two different models were used for the numerigalutations: a) nonlinear
beam elements with fibre discretization of the sfesction using the OpenSees platform
(Mazzoni et al. 2006), and b) plane stress finiement model using the VecTor2 (VT2)
computer program (Wong and Vecchio 2004). The d¢oiste material properties for both
models are shown in Figures 4 and 5, respectivdig. fibre representation is simpler to use and
its capability to predict the seismic inelastic dgric response of shear walls was demonstrated
by Martinelli and Filippou (2009). The VT2 progrdama more comprehensive simulation tool as
it is capable of reproducing the complex interattid inelastic shear and flexural deformations
in the plastic hinge region. The program has beaidated against test data for shear walls
subjected to cyclic loading (e.g., Ghorbanirenanale 2009). For both models, Rayleigh type
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damping was specified in the first two modes of streicture: 1% of critical for OpenSees and
half this value for VT2. Smaller damping is usedhwVT2 as the program more closely
reproduce the damage experienced by the structuteh@nce, have relatively greater hysteretic

energy being dissipated.
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Figure 4. OpenSees model: a) Cross-section fibrésdretization;
b) Concrete properties; and c) Steel properties.
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Figure 5. VT2 model: a) FE mesh of the wall; b) Uconfined concrete properties;
and c) Steel properties.

Ground Motion Time Histories. Three ground motion time histories representatifveastern
North America and rich in high frequency were stddcfor the analyses (Figure 6):. two
simulated motions corresponding to dominant coatrdn to the hazard of NBCC 2005 at the
site,M7.0 at 70 km an#16.0 at 30 km (Tremblay and Atkinson 2001) and ois&hical motion
from the 1988 Saguenay earthquake (Chicoutimi, BiteN124). Spectral matching with respect
to the NBCC 2005 spectrum of Figure 1.1a was ag@gdbe all motions. The motions were then

amplified by 1.25 for consistency with the assumptnade in design for in-plane torsion.
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Figure 6. Spectrum matched ground motions: a) E707®) E6030; and c) CHI.

ANALYSIS RESULTS

Shear and Bending Moment DemandFigures 7 and 8 give the shear forces and bending
moments obtained from the nonlinear time historglyses for the four designs. The design
forces that were considered after the formatiothefbase plastic hinge are also presented in the
figure. VT2 analyses were only performed under ¥hé.0 earthquake for the 1975 and 2005
designs. Although the OpenSees (OS) fibre elemerdets could not take in account shear
cracks and shear stiffness reduction due to opeofifigxural cracks, the force results from those
models are in good agreement with the predictiothef VT2 software. The same observation

holds true for the rotation demand described later.

In Figure 7, the shear forces computed under theeteel ground motions exceed the predicted
shear forces for all designs. The demand to suggtlg at the base varies between 2.0 and 2.5.
This result clearly indicates that higher mode @fecan lead to maximum shear forces that are
much larger than those corresponding to the attamraf the yielding moment in the base hinge.
In Figure 8, the 2005 code provisions predictedl wie¢ distribution and amplitude of the
bending moment demand above the plastic hinge megioe flexural demand from earthquakes
above the % level was underestimated by the 1985 and 1995 pamésions. No capacity design
provisions existed in 1975 for flexure, which resdlin deficient capacity. The linear variation
of the design bending moments adopted above trstiplainge in the 1985 and 1995 codes
resulted in relatively stronger walls comparedh® 2005 design. Such stronger walls could resist
higher seismic loads, which led to relatively largbear force demand compared to the amplified

shear values used in design.
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Rotation Ductility Demand. Figure 9 shows the rotation ductility demand alding height of
the walls. For the 2005 code design, significaaspit rotation is expected at th8 &nd &" floors
in addition to the plastic hinge at the base (Fegliba). The wall designed according to the
NBCC 1975 can experience rotational ductility a tbp that is comparable to that at the base
(Figure 9d). In this design, the amplified bendingments caused significant damage just above
the plastic hinge (% level), where the reinforcement was reduced. Thwlified bending
moments assumed above the plastic hinge in the 4883995 codes were sufficient to prevent

inelastic response in the upper part of the waligures 9b and 9c).
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Performance Level.In FEMA 356 (FEMA 2007) introduces three perforroatevels to identify
potential deficiencies in seismic designs: Immaedi@iccupancy (10), Life Safety (SF) and
Collapse Prevention (CP). The moment-rotationaasp under th#17.0 earthquake at the'1l
and %" levels of the walls designed according to NBCC5@0d 1975 were examined to assess
their performance. In FEMA 356, the rotation cop@sding to 10 performance level is equal to
0.005 rad. Figure 10 shows that the peak rotateanahd from the earthqual®, is less than the
IO rotation level in all cases, indicating that thiteserved inelastic rotations, although unexpected

according to code provisions, produce limited dtrted damage.
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CONCLUSIONS

The main findings of this study can be summarizetbfows:

 The design seismic loads prescribed by codes batwi&¥5 and 2005 can vary
significantly. In particular, the values obtainedrh dynamic analysis according to the
1975 and 2005 codes are lower than the ones obtaE985 and 1995. Capacity design
forces prescribed in the 1985 and 1995 codes weoehagher.

* The predicted response from nonlinear plane seatidim fibre discretization modeling
compared well to the results from more detailedtdirelement simulations, suggesting
that the former can represent an effective an@bbdi method to assess the performance
of reinforced concrete shear walls.

e« The shear forces obtained from the time historylymea exceeded significantly the
design shear forces prescribed by all codes. Thsmainly attributed to the contribution
of the higher modes of vibration of the structure.

e The distribution and amplitude of the seismic bagdinoment demand above the plastic
hinge region was well predicted by the 2005 codevigions. The design bending
moments in the other codes underestimated therikdemand above the plastic hinge.

* Inelastic rotation was observed above the basetiplatnge of the walls designed
according to the 1975 and 2005 codes. These rogtisere however limited in

amplitude, being less than the FEMA Immediate Oaogy performance criteria.

This study was limited to a single prototype waftidacaution must be exercised when
extrapolating the results and conclusions. Nevégtise the study indicates that ductile reinforced
concrete walls designed according to previous Canacdode editions are likely to lack shear
force capacity over their height as well as flexstaength above the base plastic hinge. Walls
designed according to NBCC 2005 can also be defigieshear strength. Inelastic rotations are
expected above the base plastic hinge region déwabkigned according to 1975 and 2005 codes
but they are likely to be limited to the extentttn@ or limited impact on the operation of the
buildings. The study suggests that a better assgson the contribution of the higher modes of
vibration should be included in the capacity desigrification process. It was also observed that
the calibration of the results from dynamic analysithe 1985 and subsequent codes is based on

the base shear force, not the bending moment dtatbe. This can lead to flexural strength in the
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base plastic hinge that may not be consistent thighexpected demand and this aspect should be

examined in future research.
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Appendix IV

Shake table tests and repair of ductile slendefaried
concrete shear walls

I. Ghorbanirenani, R. Tremblay, H. EI-Sokkary, Galal,P. Léger and M. Leclerc

9th US National and 10th Canadian Conference othfaake Engineering, July 25-29, 2010,
Toronto, Canada

ABSTRACT

The paper describes a shake table test programwve@rdmn tall reinforced concrete shear wall
models that are part of an 8-storey, 20.95m tallding designed in Montréal, QC according to
the seismic provisions of the 2005 National Buitdi@ode of Canada and the 2004 CSA-A23.3
concrete design standard. The wall is of the mddlraluctile category, as commonly built in
Eastern North America (ENA). The objective of tlesttis to examine the contribution of the
higher modes to the wall response when subjectedtrting ground motions anticipated in
(ENA). The focus is on the amplitude and distribatiof the horizontal shear force over the
building height, the inelastic rotation demandhe upper portion of the wall. It was found that
significant inelastic deformations took place ie #' storey in addition to the base plastic hinge.
This dual plastic hinge response is not recognigedurrent codes. After testing, both walls were
rehabilitated using carbon fibre-reinforced polynf€FRP) composite sheets at the two plastic
hinge locations. The walls were then retested ugieggame shake table loading protocol. At the
wall base, uni-directional C-shaped CFRP sheets @applied horizontally on the two long sides
of the wall, overlapped at the wall's boundary ceg and anchored along the wall sides. On the
6" storey panel, uni-directional CFRP sheets werdieppertically and were anchored to the top
and bottom slabs using CFRP anchors, above whickitectional horizontal C-shaped CFRP
sheets were applied. The rehabilitation schemeshimrtwo walls aim to increase the flexural,
shear, and ductility capacities of the wall at 6festorey panel due to the observed increase in
demand at that level, whereas the added CFRP ewnént at the base panel aimed at increasing
the ductility capacity at the wall base. Both rahtbed walls performed efficiently showing
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improved flexural strength at thé”&torey panel. Upon increasing the seismic grountan
intensity, the damage (cracking, plasticity) wasind to spread in the other unrehabilitated

stories.

INTRODUCTION

High rise reinforced concrete (RC) structural walljected to severe earthquakes, especially
with high frequency content typical of Eastern MoAmerica (ENA), behave differently from
low rise walls. The higher mode effects signifidanthange the seismic behaviour of these
structures. Analytically, contributions of higherodes actions in slender ductile shear walls
amplify the base shear and moment demand in therupart of the walls which cause the
formation of plastic hinges at those locations whéney were not considered in seismic
provision of CSA-A23.3-04 (Tremblay et al. 2008; d&anirenani et al. 2008; Boivin et al.
2008; Panneton et al. 2006, Priestly and Amaris2R0h complement to analytical results,
experimental large scale real time tests are redquio investigate the aspects of higher mode
contributions.

Two identical RC walls (W1, W2) were fabricatedngsia prototype 8-storey building located in
Montréal, QC and scaled by a length facter D.429. The total height of the prototype buigdin
is 20.95 m and model walls were 9.0 m high. Thdsmakre designed according to NBCCO5 and
CSA-A23.3-04 for moderate ductile category (dustiielated force modification factorgR 2.0
and overstrengh-related force modification factgq=R4) and assuming a site class C in
Montréal. The uniaxial seismic simulator of Ecol@ly®echnique has a payload capacity of 15
tons and 3.4 m x 3.4 m plan dimension. The 60 kiinsie masses of each floor were installed
beside the table in front of each floor level omrfonulti-level hinged posts. The inertia loads
were transferred by rigid beam that connected th# tw masses. Details of the test setup are

presented in Tremblay et al. 2009 as indicatedgnre 1a, b, c.

In the test program, the two walls were subjectedeiveral levels of a ground motion excitation
spectrally matched to the NBCC 2005 design specfariviontréal. As it is shown in Figure 1d,
639 mnf to 426 mm of longitudinal reinforcement bars were used altrgheight of the wall.
As a part of the experimental program presenteckiherthe two wall specimens were

rehabilitated after being tested and were re-stéjeto the same ground motion excitations. The
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objective of this second phase of the study wasualuate the effectiveness of using FRP
composites for retrofitting existing RC shear wdhat are susceptible to increased demand at
upper floors, compared to the designed ones, dagteer mode effects. As was observed in the
tests of the original walls designed according H&CC 2005, excessive yielding of flexural
reinforcement at the”Bstorey panel occurred, which resulted in wide Zamtal cracking at the
base of the '8 storey. This indicates that the wall seismic demnapecified by the code has
exceeded the wall capacity at th® &orey level. Therefore, the rehabilitation stggt@ims at
increasing the flexural capacity of the wall sectat the 8 storey by applying vertical CFRP
sheets. As a consequent of increasing the flexaaaécity at that level, an increase in the shear
demand would occur. Hence, the shear capacityeofvtdil section at the"bstorey was increased
as well by applying horizontal CFRP wraps. Thisatahtation scheme increases the wall
strength and ductility capacity at the upper ptabtnge location. On the other hand, at the wall
base, there is no need to increase the flexurecitgpavhich would result in an increased
stiffness and, thereby, force demand of the waiusl no vertical FRP strips were used at the
base panel of the wall. Therefore, at the wall bése rehabilitation strategy was limited to

increase the wall’s ductility capacity without stggh increase.

Selected Ground Motions

For the test program an ENA Mw7.0 at 70 km simwaggound motion time history was
selected. Fig. 2 shows the ground motions, anddhgparison between 5% damped acceleration
spectrum and the Montréal NBCC 2005 target desmgttsum. Wall 1 (W1) was tested under
40% (elastic), 100% and 120% of designed NBCC sitgnWall (W2) was tested under 100%,
120%, 150% and 200% of designed NBCC intensity.

Test Results

Tables 1 and 2 show natural periods of the wallstility demand and rebar strains in the base
and 6" floor of W1, W2.
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Figure 1. a) Test specimen and seismic weigitityr load system; b) Complete test setup with

stabilizing steel frame; c¢) model wall; and d) Grggction of model wall

The amount of rotation ductility demand at tH&fleor for W1 and W2 are approximately equal
or larger than that at the base under the appicaif the 100% design ground motion intensity.
This behaviour indicates that the walls experienaeskcond plastic hinge in the upper part in
addition to the base hinge. The presence of thenskeplastic hinge is also depicted by the strain
reading measured on the longitudinal rebar at thiéo®r, €5, which is, on average, 4 times larger

than the yield strain of the baay, & 2200p¢).
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Figure 2. Selected ground acceleration: (a) tinstory; (b) response spectra.

Both W1 andW?2 exhibited, on average, 40% elongatiotieir first natural period of vibration,
T1, between the initial (undamaged) condition aneératthie application of the designed ground
motions (with 100% intensity). This represents abgl damage indicator. When increasing
further the ground motion intensity up to 150% M2, no additional significant period
elongation was observed and the rotation ductiléynand at the base of the wallp, remained
nearly unchanged. However, a significant increasthée damage and rotational ductility demand
at the &' floor was observeduge). For example, the rotational ductility demandhet base and at
the 6" floor increased by 44% and 114%, respectively, wheereasing the ground motion
intensity from 120% to 150% for W2. Hence, damagwaased at top of the wall elongating the

periods associate to higher vibration modes andifiyind its response accordingly.

Table 1. Key Parameters W1 — Tested first ud@8t ground motion intensity (1-40%).
TestNo.| ™" | 1-40% | 2-100%| 57
T1(s) | 0.67 0.72 0.90 0.960
HUeb . 0.98 4.6 5.0
Uee - 1.07 6.8 9.1
& (M) - 1100 2350 2360
&6 (UE) - 1440 10920 9800
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Figs. 3a&b show the contribution of the concretd #re horizontal reinforcement, respectively,
to the resistance of the base shear for W2 undfareint ground motion intensities. The shear
forces contributing to the horizontal reinforcemevére obtained from measured steel strain
during the tests and the concrete contribution @l@tained by subtracting the steel contribution
from the total shear forces. The values are platginst the total base shear. The concrete shear
contribution in the first quadrant of the plot ilgF3a has a linear variation. There is a constant
steel shear contribution in the same quadrantgn 3. This means that W2 did not experience
severe damage, especially in shear, in one directiothe third quadrant of the plots in Figs.
3a&b, a reduction of the concrete contribution amwdincrease of the steel contribution for
different ground motion intensities can be observEdis indicates that the concrete shear
strength of the wall base was reduced due to amase of rotation ductility and shear crack
width.

Table 2. Key Parameters W2 — Tested first utitkedesign ground motion (1-100%).
Initia 1- 0 3- 3 -
TestNo| " | 1009 | 129%| 1500 | 200%
T1(s) | 0.65 | 0.96 1.00 1.03 1.31
Heb - 5.2 4.8 6.9 7.1
Hes - 5.6 6.6 141 20.9
& (Ue€) - 2174 5535 11430 11368
€6 (HE) - 7118 15100 17880 -
a) 200 0008 0.36 b)QDD
] 100% EQ p= 1 100% EQ
L I 120% EQ J Lo [ ([ 120% EQ
o B i o # Low =27 |27 smea
= =
g 80 - = 8 @-00pos B
S 40 -0 8 4 ©,=0.0022 ©p=0.0008
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Figure 3.

Shear contributions vs. total basasp is the plastic rotation); (a) concrete; (b)

steel.
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In CSA-A23.3-04, the nominal concrete shear stieimited top (f )Y whereB is a function of
the member plastic hinge rotatiofip]. Due to higher mode effects, the maximum totdeb
shear resisted by W2 under the first test was 25%erthan the nominal shear capacity predicted
by the code. According to the first quadrant of phat in Fig. 3a, this maximum total shear force
occurred when the rotational ductility was limitg@d=2.0). The peak value db determined from
the peak force measured in the test (0.27 in Figs3karger than the value predicted by the code
(0.18), resulting in a larger contribution of thencrete to shear, which prevented yielding of the
horizontal reinforcement. In the last test, whdre tvall experienced maximum damage, the
contribution of the concrete had decreased sigmfly and, consequently, the stress in the
horizontal steel increased up to the yield poihirdt quadrant in Fig. 3b). In this case fie

factor, as predicted by the code, is limited ta0.1

Seismic Strengthening of Ductile Shear Walls

FRP composite materials have been used extensinetiie last few decades as a potential
material for seismic retrofit of RC structures dwetheir high strength-to-weight ratio, high
resistance to corrosion, and the ease of applitaiBRP laminates have been used to increase the
wall flexural capacity, shear capacity, or bothxfleal and shear capacities by having different
orientation of the laminates. Lombard et al. (208tidied retrofitting RC shear walls using FRP
composites when subjected to cyclic lateral exoitest They increased the flexural capacity,
stiffness, and the shear capacity of the wall gylyapg one horizontal layer of CFRP sheet that
is sandwiched between two vertical layers of CFRIRe vertical sheets were anchored to the
foundation using steel angles. They found that F&PRfitted walls have better performance
provided that a proper anchorage system for thetshe used. They noted also that premature
debonding of FRP sheets due to the compressivessgsan FRP vertical laminates is a critical
issue in case of cyclic loading and it should beided. Paterson and Mitchell (2003) retrofitted
RC shear walls using CFRP wraps and through-thekheaded bars. The retrofit scheme aimed
to increase the wall shear strength and confinemBme retrofitted wall was able to reach
displacement ductility levels that are 57% higheant those of the control wall, and was able to
dissipate three times the energy absorbed by tiggnal wall. Antoniades et al. (2003) used
vertical FRP strips at the wall edges and horiddARP jackets to increase the wall flexural and
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shear capacities, respectively. They examined réififteanchoring systems of the vertical FRP
sheets including the use of glass FRP (GFRP) @l stechors. Khalil and Ghobarah (2005)
increased the flexural ductility of RC walls by &§ppg FRP U-wraps horizontally at the wall end
columns, and they were anchored to the wall usitihgglesteel or FRP anchors. The rehabilitated

walls were able to reach high displacement dueitompared to the control wall.

Description of FRP-rehabilitated walls (W1R, W2R)

The two original RC walls were rehabilitated andested using the same test setup,
instrumentation and under the same dynamic exaitaiised for the original walls. Additional
strain gauges were applied on the CFRP sheetdfatedit locations. For the first rehabilitated
wall W1R, the ground motion was applied at two msiéy levels; 100% and 120% of the design
ground motion intensity. For the second rehabéddatvall W2R, the ground motion was applied
at four intensity levels; 100, 120, 150, and 200Pthe design intensity. Similar to the tests on
the original walls, impact tests were carried oetobe each application of the ground motion
level and at the end of the tests to determinenétteral frequencies of the tested walls to estimate
the amount of damage occurred.

As the original walls did not experience major aete spalling, thus no concrete replacement
was required. The wall surface was cleaned anddgdin several areas to achieve a smooth
surface, and the wall corners were chamfered taus of 10 mm to avoid stress concentration
upon wrapping FRP sheets. Due to the excessivdiygebf the flexural reinforcement measured
at the &' storey of the two original walls, the rehabilitatischemes necessitate increasing the
flexure capacity at that level. For rehabilitatedlWWV1R, flexural capacity of the wall section at
the 6" floor panel was increased by applying a 200 mmewielrtical uni-directional CFRP strip
at the wall boundary zones on both sides. Theoadrsirips were anchored to the top and bottom
slab of the B storey panel using FRP fan anchors as shown id-Fighe anchors were placed in
previously drilled holes and then were filled wépoxy resins. The properties of the Tyfo SCH-
11UP composites (Fyfe 2009) used in the rehabditascheme are shown in Table 3. In
addition, the wall shear capacity at tH2 Borey was increased by applying one horizontarla

of C-shaped CFRP sheet on top of the verticalstiipe C-shaped FRP sheets were overlapped
at the boundary regions of the wall in order toéhawbetter confinement of the wall end columns

as shown in Figs. 5 and 6.
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Figure 4. Vertical FRP strips and their FRP amstat the 8 floor panel before applying the

horizontal CFP sheets.

Horizontal C- shaped CFRP wraps

Verical FRP strip

Steel through-thickness
anchors spaced @ 210 mm

Vertical FRP
IH="anchors

Horizontal C-shaped u
CERP wraps 10 mm radius
At the six storey 8]

Chamfered at

= =)
220 220
1200 mm * 3

Chamfered at

Horizontal C-shape o
CFRP wraps ; 10 mm radius

At the base = ==
= =
Figure 5. Details of the rehabilitation scherfieghe rehabilitated walls W1R

Table 3.

Properties of CFRP sheets used inettieghilitation of the two walls (Fyfe 2009).
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Properties of composite gross laminate
SCH-11UP

Composite gross laminate Value
properties
Ultimate tensile strength 903 MPga
Elongation at break 1.05%
Tensile modulus 86.9 GPa
Laminate thickness 0.27 mm

Then, the horizontal sheets were anchored alongities of the wall using the previously drilled

through-thickness steel anchors. The horizontal ErMRaps would also prevent the premature

debonding of vertical CFRP strips due to the comsgive stresses. At the wall base, no increase

in the flexural strength was needed. Thereforeyvexical FRP strips were used at the base

storey. The panel was wrapped horizontally usirgGhshaped CFRP sheets and anchored to the

wall using the through-thickness steel anchorsilairto the &' storey. Such horizontal wrapping

should confine the boundary regions of the wallysthincreasing its ductility and energy

dissipation capacity. For the rehabilitated wallRy2 rehabilitation scheme similar to W1R was

used for both the base anll stories, except that the through-thickness steehars were not

used.
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Figure 6. Details of the rehabilitation schenmstlie rehabilitated walls W2R.

Test observations — Rehabilitated Walls

As was observed in the tests on the original wé#tis, natural frequencies of the original walls
have decreased due to the accumulation of damagyeeaich excitation. The natural frequencies
of the rehabilitated walls were found to be higkteain that of the original walls after being
damaged, and were close to that value of the ungedhavalls. The rehabilitated walls were
found to perform very efficiently, no FRP debondimganchorage failure was observed during
the two tests. The vertical FRP strips appliedhat 8" storey panel reduced the strains in the
longitudinal steel rebars significantly at thatéévin fact, the FRP was not fully utilized as the
capacity of the rehabilitated walls could not badteed due to the limited capacity of the shake
table. The maximum storey shear was found to bhenighan that of the original walls at the
same level of excitation. After applying the 120%ite design intensity on the rehabilitated wall
W2R, new horizontal cracks were observed at tieaRd &' stories. After the 150% of the
design intensity, more cracks spread in the sameest while after the 200% of the design
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intensity, the cracks spread in thH8 &nd 4" stories. This could be interpreted that rehabitita
the wall base and"6storey has led to the redistribution of demands stnesses in the other

unrehabilitated parts of the wall.

Conclusions

Two series of shaking table tests on 8-storey dcaledel walls designed according to NBCC
2005 and CSA-A23.3-04 were carried out to investigae higher mode effects on multistory
reinforced concrete walls. Under the design eadkguthe results of the tests showed that
significant rotational ductility demand occurredtiaé " storey of the wall due to higher mode
effects. That demand even exceeded the base rahutictility. Yielding of the longitudinal
reinforcement at the "6floor confirmed the significant plastic demand this level, which
resulted to a dual hinge response not accountednfaurrent design codes. The damage
progression due to the increase of ground motitensity is much larger in the upper part of the
wall than at the base. No shear failure was obser¥éowever, in some instances, the
contribution of the concrete to shear resistance fwand to be larger than the value predicted by

the code.

The two original walls were rehabilitated using taiferent rehabilitation schemes utilizing
carbon fibre-reinforced polymer (CFRP) compositeeth at the plastic hinge locations (base
panel and 6th storey). The rehabilitated walls wetested by subjecting them to the same
ground motion excitation levels applied on the ioiad walls. Both rehabilitated walls performed
efficiently showing improved flexural strength dtet 6" storey panel. Upon increasing the
seismic ground motion intensity, the damage (cragkplasticity) was found to spread in the

other unrehabilitated stories.
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Paramétres

Appendix V
Concrete Mix Plan

FORMULAIRE DE MELANGE POUR PATE, MORTIER ET BETON

Nom du mélange : 30MPa Iman pieme 2,5/5 n05 6& étage batch2 Prépare par : Cédric
Critéres Valeur Critéres Valeur Critéres Valeur
Fs/C 0.00 Sup. (mifkg L) 6.7 Fibre (%) 0.0
E/C 0.69 (% sec L) 0.33 Air (%) 2.5
E/L = E/{C+FS) AEA (mi/kg L) 0.0 Pate (%) 32.8
s/C 2.48 Visc. (ml/Leau) 0.0 Vgachée (1) 100.0
S/G 0.70 Autre (ml/kg L) 2.5
Recette de béton fibré & haute performance
Compaosante Identification P Masse recette Volume recette Masse gachée  Volume gachée
composante (kg (kg/m3) {l/m3) (kq) (1)

Ciment Type GU (CSL) 3.14 300.00 95.54 30.00 9.55
Fumée de silice Pas de FdeS 0.00
Eau 0 1.00 205.02 205.02 20.50 20.50
Superplastifiant Eucon 37 1.21 2.42 2.00 0.24 0.20

59.5 1.00
Entraineur d'air Pas de AEA 0.00 0.00 0.00 0.00 0.00

100 1.00
Agent viscosant Visctrol 1.21 0.00 0.00 0.00 0.000

57.5 1.00
Autre adjuvant Eucon WR 1.21 0.91 0.75 0.09 0.08

59.5 1.00
Eau total (adj. inclus) 0 1.00 207.00 207.00 20.70 20.70 * 1 Masse
Sable Joliette 2.69 74429 276.28 74.43 27.63 granuiats
Pierre 2.5-5Gr. StF 2.689 1063.27 395.41 106.33 39.54 an Msss
Fibres Pas de fibres 0.00 0.00 0.00 0.00 0.00
Air 0.00 25.00 2.50
Total 2315.90 1000.00 231.59 100.00
Teneur en eau et correction des masses de granulats
Caractéristiques Sable Pierre
Poids tare : PT 1313.00 g 1313.00 g
Poids tare + granulats humides : PH 1913.00 9 2313.00 9
Poids tare + granulats séchés : PS 1910.00 g 2311.00 g Total eau
Absorption : A 0.0056 () 0.0061 (-) apportée
Teneur en eau TE = (PH-PS) / (PS5 - PT) 0.0050 (-) 0.0020 (-) __ pargranulats :
Eau apportée par granulats Eau = [(TE- A) x Msss] / (1 + A) -0.04 k -0.43 k 048 kg ||
Masse cormigée des granulats Mhumide = [[1 + TE) x Msss] / (1 + A) E:: EEEE :Egll 105.89 kE

Matériaux a préparer pour une gachée de

100 litres

Composante Masse théorigue (kg) Masse au laboratoire (kg)

Masse Msss Mcorrigee Mpesge
Cment 30.00 kg — — 30.00 kg
Fumée de silice ka = S kg
Eau 20.50 kq — I 20.98_ kg || 20.98 kg oH
Superplastifiant 242.0 g e S 120.00 g =
Autre adjuvant 90.8 g = o g =
Entraineur d'air 0.0 g ke R 0.00 g =
Agent viscosant 0.0 g — i 5000 g —
Sable — 7443 kg y . 74.39 K 7439 kg
Pieare e 106.33 kg | 105.89 Eg i 105.89 kg
Fibres — 000 kg — 0.00 kg

Caractéristiques de la gachée

Contact E/C (date, heure) :

Température (°C) :

Affaissement / Etalement (mm) :

Temps d'écoulement (s) :

Remarques :

05/12/2008 @ 9hs50

22

|

Mcorrigée d'eau correspond a la masse
theorique + Total eau apportée granulats

33 % de l'eau 3 peser = kg
% de l'eau a3 peser = kg
Mélanger avec 33 % de l'eau
Mélanger avec 66 % de l'eau
Mélanger avec 500 ml d'eau

Ajouter seul

fc 7i/28j (MPa) :

Masse béton airmétre (kg) :
Volume airmétre (1) :

Masse vol. béton exp. (kg/m3) :
Teneur en air (%) @

en fin de gichage

16.1
7
2300
2l

etherthe en
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