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En général, de grands déplacements et des efforts internes importants sont produits 

quand des bâtiments sont soumis a de forts tremblements de terre. L'augmentation 

des efforts internes et des déplacements dus aux effets du deuxième ordre des 

chargements verticaux agissant sur une structure transversalement déplacée est désigné 

généralement sous le nom des effets P-A. Les effets P-A peuvent réduire la résistance 

séismique des bâtiments. Par conséquent, la capacité de déformation et des capacités 

supplémentaires de résistance devraient être fournies pour empêcher l'effondrement sous 

les tremblements de terre de conception. Une approche de facteur de stabilité a été ainsi 

présentée par le CNBC 1995 pour considérer les effets P-A. Cette approche augmente la 

résistance des ossatures de bâtiments, réduisant de ce fait l'incidence des effets P-A. 

L'utilisation de facteurs de stabilité s'est avérée conservatrice pour les cadres résistant 

aux moments démontrant un mode de déformation de cisaillement lors des séismes. 

Toutefois l'utilisation de facteurs de stabilité pour contrecarrer les effets P-A dans les 

murs démontrant un mode de déformation en flexion, n'a pas été correctement abordée 

dans Ia littérature. Quelques études précédentes sur des structures simplifiées de murs 

indiquent que ceux-ci sont relativement peu sensibles aux effets P-A. Par conséquent, la 

nécessité d'augmenter la résistance, et le coût associé, des stmctures contreventées à 

l'aide de murs peut être sérieusement remise en cause. 

I l  devient de ce fait important d'étudier les effets P-A sur une structure réaliste 

contreventée par des murs de cisaillement conçus selon le CNBC 1995. Le but de cette 

thèse est ainsi d'étudier l'influence des effets P-A sur un mur de cisaillement faisant 

partie d'un bâtiment typique en béton armé de 12 étages. Trois aspects principaux de 

recherche sont présentés: (a) le modèle dynamique d'une structure typique de mur de 

cisaillement, (b) des analyses dynamiques non linéaires sous divers types de secousses 

séismiques pour évaluer les effets P-A sur la réponse séismique du bâtiment, et (c) les 

effets de variations des paramètres de modélisation sur la réponse séismique. 



D'abord, l'état actuel des recherches associées aux effets P-A, est présenté. 

Le bâtiment contreventé par des mus de cisaillement considéré dans cette étude est 

adapté du manuel de conception des structures en béton de l'association canadienne de 

ciment de Portland (CPCA 1985). Le bâtiment répond également aux exigences du code 

(CSA) A23.3-M94 pour la conception des structures en béton. Les chargements axiaux 

du mur, induits par les charges mortes et les charges vives, sont considérés lors des 

calculs des relations non linéaires entre Ies moments du mur et les courbures. 

Des analyses dynamiques inélastiques du mur de cisaillement, considérant une 

règle bilinéaire d'hystérésis pour représenter les capacités moments-rotations des rotules 

plastiques se formant dans Ie mur, sont alors effectuées pour examiner les effets P-A sur 

la réponse séismique. Puisque des analyses dynamiques inélastiques 

rigoureuses sont effectuées. la résistance d u  mur a été choisie pour répondre aux 

esigences du CNBC 1995 sans augmentation de résistance pour réduire les effets P-A. 

Pour évaluer le comportement séismique du mur, le déplacement au toit, les forces de 

cisaillement et les moments de flexion à la base du mur, la ductilité le Iong de la hauteur, 

et divers indices d'endommagement sont considérés comme indicateurs de réponse. Des 

analyses statiques non linéaires de poussées latérales monotones sont aussi effectuées 

pour évaluer l'importance des effets P-A. 

. . 

Les effets de variations des paramètres de modélisation du bâtiment sont étudiés pour le 

séisme du Saguenay (1988) à haut contenu de fréquences typique de l'est de l'Amérique 

du Nord et pour des séismes à bas contenu de fréquences typiques de l'ouest de 

l'Amérique du Nord. Ces enregistrements de tremblements de terre sont ajustés pour une 

accélération de pointe au sol de O. 18g correspondant a la condition du CNBC 1995 pour 

Montréal. Quelques paramètres de modélisation, telles que la force axiale dans la 

structure, la règle d'hystérésis, et la constante d'amortissement visqueuse, sont choisis 

pour évaluer leur influence sur la réponse séismique du mur. 
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Les résultats de ce travail de recherche indiquent que les effets P-A ne sont pas 

importants lors des analyses du mur de cisaillement initialement conçu sans considérer 

les effets P-A. Par conséquent, l'approche des facteurs de stabilité présentée dans le 

CNBC 1995 semble être trop conservatrice. Les résultats des anaLyses dynamiques 

inélastiques ont indiquées une influence minimale des effets P-A sur les déplacements, le 

cisaillement à la base, la demande de ductilité en déplacement, la demande de ductilité 

en courbure, et les valeurs maximales des indices d'endommagement. Les analyses ont 

également indiquées que si la force axiale dans le poteau de gravité est augmentée de P 

à 2P, i l  n'y a pas d'augmentation significative des effets P-A pour le mur de 

cisaillement. Donc une incertitude raisonnable pour le chargement axial n'est pas 

susceptible d'augmenter substantiellement l'importance des effets P-A pour les structures 

contreventées à l'aide de murs. 

Les résultats de cette étude indiquent donc que l'approche des facteurs de 

stabilité du CNBC 1995 pour les bâtiments contreventés par des murs de cisaillement 

devrait être mise a jour pour éviter l'augmentation inutile de résistance de ce 

type de structure pour contrer les effets P-A. 
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ABSTRACT 

In general, large displacements and strains are produced when building structures are 

subjected to major earthquakes. The increase in interna1 forces and displacements due to 

second order effects of vertical loads acting upon a laterally displaced structure are 

cornmonly referred to as P-A effects. It is generally recognized that P-A effects c m  

contribute to reduce the seismic performance of buildings. Therefore, additional 

deformation and strength capacities should be provided to prevent collapse under 

selected design earthquakes. A stability factor approach was thus introduced in NBCC 

(1995) to consider P-A cffects for frame and wall structures to increase strength of 

buildings thus reducing the incidence of P-A effects. This concept has been s h o w  to be 

conservative for moment resisting frame structure, exhibiting shear type of seismic 

displacements. However its applicability to counteract P-A effects in shear wall 

structures, exhibiting bending type of seismic displacements, has not been properly 

addressed in the literature. Some previous studies on simplified shear wall structures 

indicate that walls are relatively insensitive to P-A effects. Therefore, the necessity to 

incrcase the strength, and associated cost, of shear wall structures can be seriously 

questioned. 

I t  is thus becoming important to study P-A effects in an actual and detailed shear wall 

structure designed according to NBCC 1995. The purpose of this thesis is tbus to 

investigate the influence of P-A effects on a typical 12-storey reinforced concrete (rk) 

shear wall building. Thrce major research aspects are presented: (a) the dynamic mode1 

of a t-ypical shear wall structure, (b) nonlinear dynamic analyses under earthquake 

ground motions to assess P-A effects on the seismic response of the 12-storey building, 

and (c) the effects of variations in modeling parameters on the seismic response. 



First, the current state of research work related to P-A enects, and a review of previously 

published work in this field, are introduced. The shear wall building considered in this 

study is then adapted from Canadian Portland Cement Association (CPCA), 1985 

Concrete Design Handbook. The building rneets also the requirements of Canadian 

Standard Association (CSA) A23.3-M94 for design of concrete structures. The wall 

axial loads caused by the dead and live loads are considered to compute the nonlinear 

relations between the wall moments and curvatures. 

Inelastic dynamic analyses of the shear wall considering a bilinear hysteresis nile to 

mode1 the rotational hysteretic hinging capabilities of the wall are then perfomed to 

examine P-A effects on its seismic response. Since rigorous inelastic dynamic analyses 

are performed, the wall strcngth was selected to rneet NBCC 1995 requirement without 

any strength increase to reduce P-A effects. To assess the seismic behaviour of the wall, 

roof displacement, shear forces and bending moments at the base of the wall, ductility 

dong the height, and various damage indices are considered as response indicators. 

Nonlinear static push-ovcr analyses under incremental lateral loading are also performed 

to assess the importance of P-A effects. 

The effects of variations in modelling parameters of the shear wall building on the 

seismic response are investigated when subjected to Eastern, hi& frequency, and 

Western North America, low frequency, types of earthquake ground motions. These 

carthquake records are scaled to a peak ground acceleration of 0.18g corresponding to 

NBCC 1995 requirement for Montreal. Some modelling parameters, such as the axial 

force in the structure, hysteresis rule, and viscous damping ratio, are selected to assess 

their influence on the seismic response of the wall. 

The rcsults of the research work in this thesis show that P-A effects were insignificant in 

the response analyses of the shear wall structure initially designed without considering 

P-A e ffects. There fore, the stabili ty factor approach introduced in NBCC 1 995 appears 



to be overly consemative. The results of detailed inelastic dynamic analyses indicated 

that the influence of P-A effects on the maximum lateral displacernents, base shear, 

displacernent ductility demand, curvature ductility demand, and damage indices is 

minimal. The ana!yses also showed that the axial force in the gravity column did not 

significantly increase P-A effects for shear wali structure if the axial force is increased 

from P to 2P. Therefore uncertainties in the axial load are not likely to increase 

significantly the importance of P-A effects for wall stmctures. 

The results of this study thus indicate that the NBCC 1995 stability factor approach for 

shcar wall structures shorild be seriously revised to avoid unnecessary strength increase 

of this type of stnicturc. 



Introduction 

Lcs ouvrages en bfton arme peuvent subir des déplacements horizontaux quand le 

chargement séismique latéral agit sur ces structures. L'action des chargements 

de gravité sur une teIle structure déformée peut mener a une augmentation significative 

du déplacement latéral ct des efforts internes. L'effet du deuxième ordre des chargements 

verticaux agissant sur une structure déformée est nommé effet P-A. II est très important 

d'étudier en détail ces cffets du second ordre lors de la conception des bâtiments. Si les 

effets P-A sur l'ossature peuvent être négligés, le coût du bâtiment peut être grandement 

diminué. 

Le but de ce projet est d'étudier l'influence des effets P-A sur un mur de cisaillement 

typique en béton armé de 12 étages. Les secousses séismiques intenses produisent 

généralement une rtiponse structurale dynamique des bâtiments avec des déformations 

inélastiques. Par consirqucnt. des analyses dynamiques non linéaires sont effectuées avec 

ct sans effets P-A sur un mur typique de 12 étages. D'abord, le modèle du bâtiment pour 

les analyses dynamiques est présenté. Puis, le logiciel RESPONSE (Collins and 

Mitchell, 1987) est utilisé pour déterminer les relations moments-courbures nonlinéaires 

du mur pour différentes valeurs de charges axiales. Ensuite, le modèle d'hystérésis 

bilinéaire est présenté pour modéliser le comportement inélastique du mur. En outre, les 

résultats d analyses dynamiques inélastiques du mur de cisaillement, avec et sans 

cffets P-A, sous différents enregistrements de tremblement de terre sont présentés au 

chapitre 4. Trois enregistrements de tremblement de terre sont choisis pour représenter 

différents types de chargements séismiques et calibrés pour être représentatifs des 

spectres élastiques de caJcuI du Code National du Bâtiment du Canada ( W C  1995) 
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pour Montréal. Différents parametres de réponses, telles que le déplacement latéral 

supérieur du mur, le cisaillement à la base, la réponse moment-courbure à la base du 

mur, et la demande en ductilité sont examinées pour comparer le comportement du mur 

de cisaillement avec et sans effets P-A. 

L'étude démontre que Les effets P-A ont peu d'influence sur les déplacements 

latéraux maximum, Ies incréments de cisaillement à la base et les dommages 

sous les tremblements Je terre de El Centro (1940) et de Taft (1959), ainsi les effets P-A 

peuvent être négligés. Pour Ic tremblement de terre de Parkfield (1966). le cisaillement à 

la base et le déplacement latéral au sommet sont légèrement augmentés a causes des 

effets P-A. Les résultats obtenus de cette étude démontrent également que les effets P-A 

sur les demandes cn ductilité de déplacement et en ductilité de courbure du mur sont 

minimaux sous Ie chargement séismique. Les effets P-A peuvent donc être négligés pour 

le bâtiment considéré. 

Les effets de la variation des parametres de modélisation du mur sur la réponse 

séismique sont études pour des séismes de haut contenu fréqentiel, typiques de I'Est de 

l'Amérique du Nord, ct dcs séismes de bas contenu fréqentiel, typiques de l'Ouest de 

l'Amérique que du Nord. Les paramètres principaux, tels que la force axiale dans les 

poteaux de gravité, les réglcs d'hystérésis, I écrouissage de l'acier, le coefficient 

d'amortissement visqueux, sont choisis pour examiner leur influence sur la réponse 

séismique du mur. Les r6sultats des analyses démontrent que la force axiale dans les 

poteaux de gravité n'a pas un effet important sur les déplacements horizontaux du mur 

pour 1 ensemble des séismes considérés si la force axiale est augmentée de P a 2P. 

L'écrouissage de I'acicr produit une augmentation de la courbure et du déplacement 

maximum du mur avec le coefficient d'amortissement 2%, pour le séisme du Saguenay 

1988 (typique de I'Est de l'Amérique du Nord). Si la règle d'hystérésis trilinéaire avec 

dégradation de la rigidité est considérée pour les analyses inélastiques, les effets sur la 
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courbure et le déplacement maximum du mur sont importants par rapport aux résultats 

obtenus tout en utilisant I'hystérésis bilinéaire avec ou sans I'écrouissage. 

Revue de la littérature sur les efiets P-A affectant les bâtiments avec murs de 

cisaillement lors des séismes 

L'état actuel des recherches effectuées sur les effets P-A telles que rapportées dans la 

littérature est présenté au chapitre 2. Trois aspects principaux sont présentés: (a) le 

concept des effets P-A sur les bâtiments, (b) les effets P-A dans les dispositions 

séismiques du CNBC, ct ensuite (c) les travaux de recherches précédents sur les effets 

P-A dans les bâtiments. Les effets P-A sur un système à un degré-de-liberté sont 

présentés à la Fig.2- 1. Le moment P-A a la base de la structure est augmenté quand le 

déplacement horizontal augmente. II peut de manière significative 

influencer la réponse d'une structure. Par conséquent, il est important d'évaluer si 

les effets de second ordre sont significatifs dans la conception des bâtiments. Dans 

le code national de bâtiment du Canada (CNBC, 1990), il n'y avait aucune 

condition définie pour la considération des effets P-A. Dans le CNBC 1995 les effets P- 

A sont considérés a l'aide d un facteur de stabilité. Le code exige que le cisaillement de 

conception d'étage à tout niveau soit augmenté pour contrer les effets P-A. Après, les 

recherches sur les effets P-A sous le chargement séismique sont présentés (Montgomery, 

1980; Neuss et Maison, 1983; Thomson et al. 1991; Fenwick et al. 1992; Côté, 1997). 

Montgomery a présenté l'approche du coefficient de stabilité pour estimer l'influence 

des effets de P-A. Une formulation de la matrice de rigidité géométrique a été 

développée pour expliquer les effets P-A pour 1 analyse séismique de bâtiments de 

plusieurs étages par Neuss et Maison (1983).Thomson et al. 199 1 ont étudié les effets P- 

A sur les cadres en béton armé sous des excitations séismiques importantes. La 

conclusion suivante a été obtenue: les effets P-A peuvent causer une augmentation 

significative de la déformation des cadres conçus pour se déformer de façon importante 
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lorsque soumis à des secousses d'intensités fortes. Trois types de  coefficients 

d'amplification de force ont été étudiés par Côté (1997) pour considérer les effets P-A 

lors de la conception séismique des murs de cisaillement. 

Modèle d u  bâtiment analysé 

Un mur de cisaillement typique en béton armé de 12 étages a été choisi pour 

cctte étude. Ce mur est adapté du manuel de CPCA, 1985 de conception des ouvrages en  

béton. Le bâtiment est situe à Montréal, Québec. La vitesse maximale horizontale au sol 

est v = 0. I d s .  Dcux systèmes structuraux différents sont disponibles pour résister aux 

chargements latéraux. Dans la direction E-O, les murs de cisaillement sont conçus pour 

résister à l'action horizontale entière du tremblement de terre, tandis que les potcaux et 

les poutres sont seulenlent conçus pour supporter des chargements de gravité. Dans la 

direction N-S, la résistance latérale est assurée par les cadres. Les chargements axiaux 

sur le mur sont principalement produits par des chargements de gravité. Les chargements 

axiaux dans le mur sont calculés selon le code CNBC, 1995. 

Le bâtiment initial a été conçu selon la norme CSA A23.3-M84 pour les bâtiments en 

béton. Par conséquent, te bâtiment doit être vérifié selon la norme A23.3-M94 

présentement en application. Le moment résistant pondéré à la base obtenu a partir du 

logiciel RESPONSE excède le moment pondéré exigé, ainsi le bâtiment répond à 

l'exigence de CNBC, 1995. Le calcul des facteurs de stabilité du CNBC 1995 indique 

qu'une augmentation de résistance latérale des étages du mur de l'ordre de 39% devrait 

être utilisée pour contrer les effets P-A. Cependant, on n'a pas majore la résistance du 

mur dans cette étude puisque des analyses dynamiques nonlinéaires rigoureuses ont été 

effectuées. Ces analyses, avec et sans effets P-A, permettent d'évaluer la nécessité de 

majorer la résistance du mur. Le modèle du mur de 12 étages comprend le 

mur et les poteaux de gravité. Le mur est représenté par 12 élément de poteaux avec 3 

degrés-de-liberté par ncrud correspondant aux déplacements horizontaux, verticaux, et 



de rotation, respectivement. Les chargements de gravité agissant à une élévation sont 

regroupés. Les poteaux de gravité jouent un rôle significatif dans la stabilité du bâtiment. 

Les poteaux de gravité sont considérées rotulés à leur base et à chaque plancher. 

Le logiciel RESPONSE est employé pour obtenir les réponses non 

linéaires de moments-courbures des sections de béton armé. Trois couches de béton et  

dix couches d'acier sont employées pour décrire une section dans le logiciel. Le rapport 

entre le moment et la courbure du mur pour chaque étage est obtenu. Selon les résultats, 

un modèle inélastique bilinéaire est employé pour modéliser la rotule plastique d e  

rotation aux extremitb dc chaque élément représentant le mur. 

Analyses de réponse aux séismes du bâtiment de 12 étages 

Des analyses dynamiques non linéaires sont effectuées sur le bâtiment 

avec mur de cisaillcmcnt de 12 étages pour évaluer les effets P-A. Le déplacement d u  

toit, les incréments de ductilité et l'endommagement sont considérés 

comme paramètres de réponse et indicateurs d'endommagement pour évaluer la 

rép~nse séismique des bâtiments. Le déplacement horizontal maximal du toit 

est un paramètre important pour l'étude des effets P-A pendant un 

tremblement de terre. La ductilité est définie comme la déformation maximum 

divisée par la déformation initiant la plasticité. La ductilité de déplacement, basée sur le 

déplacement du toit, est calculée comme le ratio du déplacement horizontal 

maximal du toit, sur le déplacement du toit qui correspond à la formation de la 

première rotule plastique dans la structure. La ductilité de courbure est le 

rapport de la courbure maximale sur la courbure initiant la plasticité. 

Pour mesurer le niveau d'endommagement séismique de la structure, plusieurs valeurs 

d'indices d'endommagement sont calculées lors des analyses dynamiques non 
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linéaires. Le paramètre DpA est le ratio du déplacement maximal calculé sur le 

déplacement ultime. La valeur maximale du déplacement calculé pour chaque 

étage peut être obtenue à partir des résultats du logiciel RUAUMOKO ( C m  1996). Les 

déplacements ultimes sont déterminés à partir des résultats des analyses de poussées 

latérales. Le paramètre de dommage, Dw, est défini comme la courbure maximale 

divisée par la courbure ultime. Les courbures maximales sont obtenues à partir des 

résultats du logiciel RUAUMOKO, alors que les courbures ultimes sont obtenues à 

partir des résultats du logiciel RESPONSE. L'indice d'endommagement de Park et Ang 

(1985) est défini comme la combinaison linéaire du déplacement maximum et du 

déplacement ultimc plus l'énergie de plastification dissipée divisée par l'énergie 

absorbée a l'initiation de la plastification. 

Les analyses de vibration libres sont effectuées avec le programme d'analyse structural 

SAP90. Différents niodes de vibration sont étudiés pour en comparer les 

résultats. Diffkrentcs méthodes sont considérées pour le calcul de l'inertie du mur: 

sections non fissurées ( 1 )  sections fissurées, et sections effectives, sont 

considérées pour ces modèles. Les trois premières périodes de vibration sont 

obtenues pour chaque modèle. Les périodes de la vibration augmentent lorsque la 

section est fissurée. Les trois premières périodes de vibration sont 3.389 s, 0.555 s, 

0.2 17s (avec P-4) et 3.225 s, 0.551 s, 0.216 s (sans P-A), si l'inertie effective 0.7 l,, 

recommandée par le manucl de conception des structures de béton du CPCA (1995) 

est utilisée dans le calcul des périodes de vibration. 

Des analyses statiques non linéaires de poussées latérales monotones sont effectuées 

pour examiner le comportement structural et pour évaluer l'importance des effets P-A. 

La configuration du chargement choisi représente les forces statiques équivalentes 

résultant du premier mode de vibration de la structure. La règle bilinéaire modifiée 

d'hystérésis de Takeda est employée pour modéliser la réponse 

moment-courbure du mur de cisaillement. La réponse du modèle de bâtiment 
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démontre que le mur se plastifie pour un cisaillement a la base de 0.98 fois la valeur du 

code, V, en incluant I'effct P-A, avec un déplacement relatif du toit de 0.261 % de la 

hauteur du bâtiment. La réponse sans considérer les effets P-A pour le modèle de 

bâtiment indique que le mur subit un cisaillement à la base de ! . O N ,  avec un 

déplacement latéral dc 0.253 % de la hauteur du bâtiment. 

L'analyse spectrale est la plus utilisée dans la conception parasismique. Les spectres 

élastiques dc conception normalisés pour Montréal (CNBC, 1995) sont utilisés pour 

I'analyse spectrale. Ils sont basés sur 5 pour cent d'amortissement critique. Le logiciel 

SAP90 est employé pour effectuer l'analyse spectrale. Les résultats indiquent que le 

déplacement pseudo-dynamique latéral relatif au sommet (déplacement 

élastique) est de 45.4 miIlimètres lorsque l'effet P-A est considéré, et 43.0 millimètres 

lorsque'il n'est pas considérk. Ainsi, le déplacement latéral du toit n'est pas augmenté de 

façon significative si les effets P-A sont considérés quand le mur est analysé par la 

méthode du spectre d e  réponse élastique linéaire. 

Lcs enregistrements des séismes de El Centro 1940, Taft 1959 et Parkfield 1966 

sont choisis pour représenter différents types de chargements séismiques. 

Les 20 premières secondes de tous les enregistrements sont considérées. Ces 

trois cnregistremcnts sont ajustés pour obtenir une accélération de pointe au sol de O. 18g 

correspondant à la valeur recommandée par le CNBC, 1995 pour Montréal. Les réponses 

de la structure soumise a trois excitations au sol sont obtenues à partir du logiciel 

RUAUMOKO. Différentes quantités structurales sont examinées pour comparer le 

comportement du mur avec et sans les effets P-A. Les déplacements latéraux au toit, les 

forces de cisaillement et les moments de  flexion à la base du mur, et la demande de 

ductilité sont obtenus pour chaque séisme. Des indices d'endommagement sont 

également calculés pour le mur. 

Les résultats des analyses dynamiques non linéaires ont démontré que l'inclusion des 

effets P-A dans I'analyse des bâtiments subissant un tremblement de terre a peu d'effet 
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sur le déplacement latéral maximum, le cisaillement à la base et les indices 

d'endommagement. L'influence des effets P-A peut donc être négligés. Pour Ies 

secousses au SOI contenant de grandes impulsions d'accélérations, les effets P-A peuvent 

augmenter de manière significative les déplacements (non élastiques) résiduels par 

rapport à la situation ou les effets P-A sont négligés. 

Effets des variations des paramètres de modélisation du bâtiment analysé 

Quelques paramètres de modélisation sont étudiés au chapitre 5 pour évaluer Ia 

sensibilité de la réponse séismique du mur. Les objectifs de cette étude 

sont: (1)  d'évaluer I'influence du chargement axial sur le déplacement horizontal 

du mur; (2) d'évaluer les variations de la réponse non linéaire pour un 

bâtiment typique avec mur de cisaillement en fonction du contenu en Fréquences et 

de la durée des secousses séismiques et (3) d'étudier l'influence de la 

règle de dégradation de la rigidité trilinéaire d'hystérésis, de I'écrouissage de l'acier et 

du coefficient d'amortissement visqueux sur la réponse séismique du mur. Les 

principaux paran~étrcs étudiés sont: (1) la force axiale dans le poteau de gravité; (2) 

les types de trernblemcnts de terre de l'est et de l'ouest de l'Amérique du Nord; (3) les 

règles d'hyst6résis ct I'écrouissage de l'acier; et (4) le coeficient d'amortissement 

visqueux. 

Le chargement axial dans le poteau de gravité est augmenté de P, 2P à 5P. Le logiciel 

RUAUMOKO est employé pour effectuer les analyses dynamiques inélastiques. Les 

effets de Ia variation de la force axiale à divers pas de temps peuvent être obtenus. Les 

résultats indiquent que les premières périodes de vibration du mur sont rallongées de 

3.380 s a 3.556 s si la force axiale est augmentée de P à 2P. Pour une plus longue 

période de vibration, Ic déplacement latéral du mur peut être diminué. En même temps, 

la rigidité e ffcct ive rédili te pour un chargement donné, peut augmenter le déplacement 

latéral. 
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Les résultats des analyses dynamiques inélastiques du mur utilisant la règle bilinéaire 

d'hystérésis sont présentés au chapitre 4. Pour évaluer la variation de la réponse 

inélastique moment-courbure. la règle d'endommagement trilinéaire d'hystérésis est 

aussi considérke. La règle d'endommagement trilinéaire d'hystérésis 

MUT0 (Carr 1996) est dors  utilisée comme modèle de moment-courbure dans les 

analyses du mur. Les cnvcloppes du premier cycle sont obtenues à partir des résultats 

des analyses dc moments-courbures du logiciel RESPONSE. Les 

historiques des dSplacements au toit et de la courbure du mur avec et sans effets P-A 

sont obtenus pour les ircmblemcnts de terre d'El Centro (1940) et du Saguenay (1988). 

La courbure maximunl du mur pour le tremblement de terre de El Centro est diminuée 

de 70% si la regle d'cndomrnagement tri-linéaire est considérée dans l'analyse. Les 

études précédentes indiquent que la règle bilinéaire est préférable pour modéliser la 

réponse inélastique des murs de cisaillement (CAMUS 1998). 

Pour évaluer I'infl~iencc dc l'écrouissage de l'acier sur la réponse du mur, le 

comportement tri-liri6airc de la relation contrainte-déformation de l'acier est considéré 

dans le logiciel RESPOIJS E pour obtenir la relation de moment-courbure. Les effets de 

I'écrouissagc de l'acier sur le deplacement latéral au toit et sur ta courbure maximale 

pour les types de trcn~blcn~cnts de terre de I'est et de l'ouest de l'Amérique du Nord ne 

sont pas significatifs en comparant les résultats avec et sans effets P-A. 

Pour cxamincr Ics effets de la variation du coefficient d'amortissement 

visqueux sur le déplacement ct la courbure maximale du mur, les coefficients 

d'amortissement de 2%. 5% ,7% sont utilisés dans les analyses. Les résultats indiquent 

que le coefficient d'aniortissement de 2% a un effet important sur le déplacement au toit 

et la courbure maxin~ale du mur pour le tremblement de terre de I'est de l'Amérique du 

Nord (Saguenay 1988). le déplacement maximum est augmenté de 65 % (avec P-A) par 

rapport à la valeur obtenue pour 5% d'amortissement. Si le coefficient d'amortissement 

visqueux de 7% cst utilisée, la courbure maximale du mur pour le tremblement du terre 



du Saguenay est très prés de celle atteinte en considérant 5% d'amortissement. La 

plupart des structures avec murs de cisaillement éprouvant une fissuration importante 

pendant un tremblement de terre auront un coeficient d'amortissement visqueux 

supérieur a 5%. Le coefficient d'amortissement visqueux ne semble pas être un 

paramètre critique affectant les effets P-A. 

Conclusions 

Des résultats du travail de recherche rapportés dans ce mémoire de maîtrise, plusieurs 

conclusions peuvent Ctre tirées: 

L'approche du fhcteur de stabilité présentée dans le CNBC 1995 pour considérer 

les effets P-A lors dc la conception et de l'analyse des murs de cisaillement semble 

être très consen-atrice. Les résultats des analyses dynamiques inélastiques détaillées 

sans aucune augmentation de résistance pour contrecarrer les effets P-A indiquent 

que l'augmentation de résistance n'est pas nécessaire puisque les effets P-A ont été 

non significatifs dans toutes Ics analyses effectuées. 

Les déplacements inélastiques résiduels pourraient être augmentés par les 

effets P-A dans Ic cas o i ~  les secousses séismiques contiennent de longues 

impulsions d'accélérations. Ceci pourrait influencer la capacité portante post- 

séismique des poteaux d'un bâtiment et mérite d'être approfondi. 

O En incluant les effets P-A dans l'analyse d'un bâtiment typique avec mur de 

cisaillerncnt on a démontré que le chargement de tremblement d e  terre a peu d'effet 

sur les déplacements. le cisaillement à la base, la demande en ductilité de 

déplacement, la demande de ductilité de courbure, et les indices d'endommagement. 
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Une incertitude raisonnable pour le chargement axial agissant sur la structure au 

moment du tremblement de terre (P a 2P) n'augmentera pas de manière significative 

les effets P-A pour des structures avec murs de cisaillement, 

Les effets de l'écrouissrige de l'acier et de l'hystérésis trilinéaire sur le déplacement 

au toit et sur Ia courbure maximale sous les types de tremblements de terre de l'est et 

de l'oucst de l'Amérique du  Nord ne sont pas importants en comparant les résultats 

avec et sans les cffets P - A  

L'étude indique que le déplacement au toit sous le tremblement de terre du Saguenay 

de 1988 est augmenté de 65 % (avec P-A) si le coeficient d'amortissement de 2% 

est utilisé par rapport aux résultats avec 5% d'amortissement. 

Les variations dc réponses structurales calculées avec le coefficient d'amortissement 

de 7% peuvent être négligées par rapport aux résultats utilisant le coefficient 

d'amortissement dc 5%. La plupart des structures avec murs de cisaillement 

éprouvant unc fissuration importante pendant un tremblement de terre auront un 

arnortissemcnt 1-isqucux supérieure à 5%. Le coefficient d'amortissement visqueux 

ne semble pas être un paramètre critique affectant les effets P-A. 
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CHAPTER 1 

INTRODUCTION 

1.1 Research problem 

To resist severe seismic ground motions, it is uneconornical to design al1 reinforced 

concrete shear wall structiircs to rcmain in the elastic range. In general, seismic loads 

produce a dynamic structural rcsponsc of shear walls with some degree of inelastic 

defomations. In the con\+cntional analysis and design of structures, it is usually assumed 

that displacements and strains are smali. The seismic loads tend to laterally displace the 

structure but the gravity loads are assumed to act on the undisplaced structure. However, 

it is generally rccognizcd that large displacements and strains will occur when structures 

are subjccted to major carihquakcs. Thc second order effect of vertical loads acting upon 

a laterally displaced stnicture is termed the P-A effect. With the current trend in 

earthquakc resistant design being towards buildings using taller and lighter shear wall 

structures that dissipate earthquake energy by ductile behaviour, thus producing large 

lateral displacements, it is becoming more important to thoroughly study P-A effects. 

Sorne prcvious rescarch u-ork has been presented on P-A effects in reinforced concrete 

structural wall. Fenwick (1992) studied P-A effects in a series of frames and walls. P-A 

effect amplification factors were proposed to account for P-A effect in the seismic 

design. To obtain amplification factors, corresponding single-degree-of-freedom 

(SDOF) systems were uscd considering the respective wall and frames properties. It was 

conciuded that the method of assessing the strength increase required to counter the 

additional effect of P-A in SDOF structures can be successfully applied to multi-storey 

structures. The results showed that the walls are relatively insensitive to P-A effects. 

The P-A amplification factors for the walls were only 7.1 percent for a 24 storey 

building. To fiirther study P-A cffccts on multi-storey reinforced concrete wall structures 



of different heights, Côté (1997) introduced several methods to define strength 

ampli fication factors for mitigating P-A effects. Inelastic dynamic analyses with and 

without P-A effects were performed with the RUAUMOKO computer program ( C m ?  

1996) on very simplified shear wall structures. The displacement ductility demand was 

examined. The main conclusions were that: (a) P-A effects have little influence on the 

displacernent ductility denland for the walls analysed; (b) due to P-A effects, the increase 

in the ductility demand under high frequency Eastern North America type of 

earthquakes is less than that for low frequency Western North America type of 

earthquakes. In the National Building Code of Canada 1995 (NRCC, 1999, a stability 

factor, 8, , was introduccd to consider P-A effects for framc and wall structures. The 

code requires that the design storcy shcar at any level be multiplied by an amplification 

factor (1+8,). However, prcvious studies on simplified systems indicate that P-A effects 

for shear wall stnicturcs are not significant as compared to P-A effects in moment 

resisting fmmes (Fenwick 1992. Côte 1997). Additional research is still needed to 

confirm these findings with more realistic shear wall structures. 

1.2 Objectives 

The goal of this thesis is to investigate the influence of  P-A effects on a typical 12-storey 

reinforced concrete structural wall being part of a building designed according to the 

NBCC 1995 and the CSA Standard A23.3-M94 Design of Concrete Structures 

(CSA,1994). It is recognized that it is important to study the P-A effects and inelastic 

behaviour in actual shear wall design. The objectives of this thesis are to: 

1. Present a thorough investigation of the P-A effects under earthquake loading in 

ternis of lateral displacement at the top of the wall. base shear, moment-curvature 

response at the base of the wall, lateral displacement envelopes, ductility demand 



and damage indices related to the 12-storey reinforced concrete shear wall building 

analyzed. 

2. Study the influence of the modelling parameters of the shear wall structure on (a) 

the lateral displacements of the wall, (b) the wall's failure mechanisms, and (c) the 

top dispIacemcnts of the wall and its maximum curvatures. The main parameters 

investigated are: 

Tlic amount of gravity loads in the structure; 

= The frequency content of the earthquake ground motions; 

The hystcresis rules (bi-linear or tri-linear with degrading sti ffness), and the 

strriin hardening of the reinforcing steel; 

The viscous dampinç ratio. 

To achict-c the abovc objcctivcs, the methodology used in this study is as follows: 

To assess the current state of research work done on the P-A effects in building 

structures and review previously published work. 

To design the wall as part of a 12-storey building located in Montreal using the 

provisions of NBCC 1995 and the CSA Standard A23.3-M94. The building is 

adapted from Exarnple 1 1.5 of the CPCA 1985 Concrete Design Handbook. 

To present the relationship between moment and curvature of the wall for each 

storcy by using the RESPONSE cornputer program (Collins and Mitchell, 1987) and 

define the basic properties of the hysteresis rules used in the inelastic model. 

To pcrfom free-vibration analyses to compute the structural penods of vibration 

and mode shapes of tvalls with vanous assumptions for the cracked inertia by using 

the SAP90 computer program (Wilson and Habibullah, 1992). 



5. To perform push ovcr analysis to assess the P-A effects on the lateral load- 

displacement responsc of the wall. 

6. To select three earthq~iake acceterograms to represent seismic ground motions with 

different frequency contents. Thesç accelerograms are scaled to 0.18 g, which 

corresponds to the peak ground acceleration of NBCC 1995 for Montreal. 

7. To examine P-A effècts on the dynamic inelastic response of the shear wall by using 

the RUAUMOKO cornputer program (Carr, 1996). 

8. To perform pararnctric analyses to assess the effects of variation in the wall 

mode1 ing parameters on the scismic response. 

9. To provide the surnrnary, conclusions, and recommendations for f h r e  work. 

1.4 Organization of the t licsis 

This reserirch project is rcported in four major sections. First, the review of P-A effects 

on the seismic responsc of buildings is presented in Chapter 2. In this Chapter, the 

concept of P-A effects on buildings is first introduced. Then, P-A effects in NBCC 

seismic provisions are rcvicwed. Finally, past research on P-A effects in earthquake 

resistant design of building structures are discussed. 

In Chaptcr 3, the model of a typical 12-storey reinforced concrete shear wall building for 

carrying out dynamic analyses is presented. The building is located in Montreal, Quebec. 

The design seismic load is calcuIritcd according to NBCC 1995. The wall axial loads are 

used to compute the relation betwecn the wall moment and curvature using the 

RESPONSE cornputer program. A bilinear inetastic hysteresis rule is introduced to 

model the inelastic behaviour of the wall. The 12-storey wall structure is designeci 

according to the CSA Standard A23.3-M94. 



Chapter 4 introduces the earthquake response analyses of the 12-storey shear wall 

building. The response parameters and darnage indices are presented to assess the 

seismic response of the building. The free vibration analyses are carried out to 

c o m p t e  the structural pcriods of vibration. Three earthquake records are selected as 

input ground motions. Plishover analyses are performed to assess P-A effects on the 

lateral load-displacement rcsponse of the wall. The results of the inelastic dynamic 

analyses. with and without P-A effects, are obtained by using the RUAUMOKO 

computer program. 

Chapter 5 presents the ef icts  of varying the modelling parameters of the wall on its 

seismic rcsponse. FinaIl.. in Chapter 6, a summary of the thesis, conclusions, and 

recommcridations for future tvork are presented. 



REVIE\V OF P-A EFFECTS ON THE SEISMIC RESPONSE OF 

SHEAR WALL BUILDINGS 

2.1 Introduction 

The revicw of P-A effects on the seismic response of shear wall buildings is presented in 

this chaptcr. The first section describes the concept of P-A effects on buildings. Because 

the methodology of dynamic analyses that account for both P-A effects and inelastic 

behaviour of buildings are expensive, it is very important to study when such analyses 

arc requircd in actual building design. The second section reviews P-A efTects in NBCC 

seismic provisions. NBCC 1990 (NRCC, 1990) required that P-A effects in buildings be 

taken into account undcr scismic loading, but no practical methodology was proposed. A 

method if-as thus proposed in the NBCC user's guide (NRCC,l996). A stability factor 

was defined to consider P-A effects. The code requires that design storey shear at any 

levcl be increased to consider P-A effects. In the next section, past research on P-A 

effects under seismic Ioading are presented (Montgomery, 1980; Neuss and Maison, 

1983; Thomson et al. 199 1 ; Fenwick et al. 1992; Linde et al. 1998; Côté, 1997). Several 

analyticd methods are introduced to shidy P-A effects for different types of buildings. 

Finally, a summary of the key findings from this review are presented. 

2.2 P-A cffects on buildings 

When thc seismic lateral loading acts on a building, causing it to deflect, the gravity 

loading on such laterally defom~ed structure may cause the lateral displacements to 

increase. The second order effect of vertical loads acting upon a laterally displaced 



structure is terrned the P-A effect, where P is the total vertical load, and A is the lateral 

displacemcnt relative to the ground. 

Figure 2- 1 shows the P-A cffect on a SDOF system. The P-A effect refers to the mass of 

the structiire with a weight. P, moving through a displacement, A, causing a moment at 

the base of the structure cqiial to PA. The total moment at the base of a structure, M, is 

givcn b>.: 

\\.liere: H = the equivdent lateral force at the top of the structure, 

L = the Iicight to the centre of m a s ,  

P = thc gravity losid, 

A = the latcral relative displacement. 

1 

(a) SDOF (b) Moment 

Figrire 2-1 The P- A effect on a SDOF system. 



As the displaccments incrcase, the P-A moment at the base of the structure increases. 

This P-A moment may significantly influence the response of a structure, sometimes 

causing an increase in the maximum displacement. In low-nse stmctures, P-A effects are 

often smdl cnough to bc ncglscted. However. in taller buildings, the P-A effects become 

more significant becausc the buildings tend to be slender and the latera! defiections may 

be much larger. In an estrcrne case of a very flexible structure with large gravity 

loading, thc gra~ity loading acts on such a large deformed structure so that P-A effects 

under scismic excitations arc scvcre cnough to initiate collapse. Thus, it is important to 

assess n-ticthcr or not tlic sccond-order effects are significant and should be taken into 

account in  design. 

2.3 P-A Effects in NBCC Seismic Provisions 

The 1990 National Building Code of Canada demanded that P-A effects in buildings be 

considercd under scisrnic Ioading, but there was no specific requirements for the 

inclusion of P-A effccts in thc provisions. 

In the National Building Code of Canada 1995, the minimum design lateral seismic 

force at the base of the structure is givcn by the following formula: 

where: P' = minimum design lateral scismic force, 

V .  = cquivalcnt laterni seismic force representing the elastic response, 

0' = calibration factor (CI = 0.6), 

R = force modification factor, retlecting the capability of a structure to dissipate 

cncrgy through inclastic bchaviour ( 1  .O 5 R 1 4.0). 



The equivalent lateral scismic force, Y,, is given by: 

V r = v S / F I V  

where: 1. = zona1 velocity ratio @eak ground horizontal velocity), 

S = seismic response factor, 

1 = seismic importmcc factor, (1.5 for post disaster buildings, 1.3 for schools, 1.0 

for other types of buildings), 

F = foundation factor (1.0 S- F S 2 4 ,  

IV = seismic weiglit. which includes dead load plus 25% of the design snow load, 

60?6 of s torqc loads, 100% load of tanks. 

The base sliear, V. is the sum of the inertia forces produced by the masses of the 

structure ris 3 result of a horizontal movcment at the base. It is assumed to mainly be 

induced by the rcsponse of the building in its first mode of vibration. So, the lateral 

inertial force. F, . acting at riny Ievel x. is given by: 

where: IV, = the seismic n-eight at the IeveI under consideration, 

11, = height at level s from the base, 

1V = number of lloors, 

& = lateral forcc to bc applied at the top of the structure to account for the 

influence of high vibration modes: 

F, = O.O7TV SO.25V , T 20.7s 

F, = O , TtO. 7s 

T = fundamental pcriod of the structure. 



A practical methodology is proposed in Appendix J of NBCC 1995 User's Guide to 

account for P-A effects under scismic loading. A stability factor is introduced to account 

for P-A effects. The stability factor at any level x , O,, is equal to: 

where: 

N 

C F ,  = seismic shear force at the level under consideration, which is equal to 
l = I  

the sum of thc design lateral forces acting at. and above, the storey under 

consideration. 

2 P .  = the total grnvity load acting at, and above, the levei under consideration. 
1 - .  

A,,, = the masimum inclastic interstorey deflection (A,, = R* &), 

h, = the interstorey Iieight. 

The code requircs that the design storey shear at any level be increased to account for 

P-A effects according to: 

If 8, is less than 0.10, P-A cffects can be ignored. The structure should be redesigned 

when tIic stability factor. 8,- is larger than 0.40. 



2.4 Research work on the P- A effects in building structures 

2.4.1 Influence of P-A effects on seismic design (Montgomery, 1980) 

Montgomery ( 1980) presented a study of the influence of P-A effects on the response of 

buildings that are subjected to earthquake base motions using time-history analysis. The 

influence of P-A effects on the responses of 1, 5, and 10-storey shear buildings was 

studied. The analyses were perfiormed using the Newmark-Beta method with P= 1/6. Five 

earthquake ground motions were used, which covered a wide vanety of intensities. site 

conditions, and durations of strong motions. The results of  the study clearly indicated 

that P-A effects have onIy a small influence on the response for buildings responding 

elastically or in a slightly inelastic manner to seismic ground motions. However, P-A 

cffects should be taken into account for systems responding in a highly inelastic manncr. 

This study indicated that P-A effects are often significant for buildings where the ratio 

bctween the weight and base shear, W N ,  is greater than or equal to 10, or the ratio of 

maximum relative storey drift to yield relative storey drift is greater than 2. 

The stability factor approach for estimating the influence of P-A effects, as later adoptcd 

by NBCC 1995, is described by Montgomery (1980). When the response is elastic or 

slightly inelastic, the method gives reasonable results. However, Montgomery indicated 

that the rnethod should not be used for systems responding in a strongly inelastic 

rnanner. When inelastic behaviour becomes significant, the transient displacement 

response is quite different from that of simplified NBCC pseudo-static provisions 

leading to different values for stability factors. 



2.4.2 Analysis for P-A effects in seismic response of buildings (Neuss and Maison, 

1983) 

To account for P-A effects in computer seismic analysis of multi-storey buildings, Neuss 

and Maison presented a matrix formulation based on the concept of geometric stiffness. 

The method is based on a linear soiution approach requiring no iteration, and can be 

used for perfoming static or dynamic elastic analyses. It has been suggested that a 

deflection amplification factor, Cd, predicts the magnified deflections and overturning 

moments caused by P-A effects in static or dynamic analysis for elastic displacement 

levels. In order to compare the influence of different Cd values on analytical response 

quantities, P-A effects were incorporated into the analyses using Cd factors equal to O (P- 

A effect ignored), l (P-A forces based on elastic limit deflection levels), and 5.5 (P-A 

forces based on extreme inelastic deflection levels). Arnplified P-A effects resulting 

from inelastic displacement levels that may occur during a major earthquake can 

therefore be accounted for in an approximate manner. 

The method was irnplemented in a rnodified version of the ETABS computer program 

and applied in seismic analyses of a 31-storey steel construction model. The analyses 

showed that the story drift, shear and overtuming moment responses at al1 levels of a 

building for any value of Cd are increased if including the P-A effects in static analyses. 

However, the story drift, shear and overtuming moment responses at a given story of the 

building may be increased or decreased in elastic dynamic analyses. So, including the P- 

A effects in elastic dynamic analyses may not necessarily lead to a more conservative 

design throughout the building than if P-A effects are ignored. P-A effects magnification 

corresponding to elastic displacement levels (Cd=l.O) may be viewed as unconservative 

for design purposes considering the larger inelastic displacement levels that occurs 

during a major earthquake. 



2.4.3 P-A effects in the seismic response of ductile reinforced concrete frames 

(Thomson et al. 1991) 

Thomson et al. 199 1 analyzed a senes of five different frames of six, twelve, eighteen 

and twenty-four stories to study P-A effects in ductile reinforced concrete structures 

under strong seismic excitations. All structures were subjected to three digitized ground 

motion records, In a11 analyses, the duration of the excitation was taken as 15 S. A time 

step of 0.01 s is used for the majority of analyses. The analyses arc carried out using the 

cornputer program RUAUMOKO (Carr, 1996). which performs inelastic time-history 

analyses of two-dimensional structures. Plastic hinges are assumed to form at the ends of 

thc members. The columns al1ow for an interaction between the axial force and yietd 

moments. Rigid end-blocks are ailowed for in both the columns and the beams, and the 

inelastic action used a Giberson one cornponent hysteresis model (S harpe, 1 974). Figure 

2-2 shows the Giberson one cornponent hysteresis model which has a possible plastic 

hinge at one or both ends of the elastic central length of the rnember. 

EJastic member(E1) Plastic hinge spting 

Figure 2-2 Giberson one component hysteresis rnodel. 

The evaluation of P-A effects included the calculation of the amplification of both the 

maximum beam curvature ductility demand, as well as the average curvature ductility 

amplification over the height of the building. The following conclusions have been 

obtained: P-A effects can cause a significant increase in plastic deforrnations of h m e s  

designed to perform in a ductile manner when subjected to strong ground motions. If P- 

A effects are estimated to be excessive, it is considered more practical and eflective to 

strengthen a stnicture than to stiffen it. 



2.4.4 P-A actions in seisrnic resistant structures (Fenwick et ai. 1992) 

Fenwick et al. 1992 reviewed the results of inelastic time history analyses done on SDOF 

structures to assess P-A effects induced in earthquakes. The conclusions from the 

analyses with different earthquake ground motions are: (1) P-A effects increase with the 

duration of intense ground shaking; (2) P-A effects are negligible in elasticaily 

rcsponding structures; (3) reducing the equivalent viscous damping increases the P-A 

cffccts. Analyses showed that changing the hysteretic response to allow for stiffness 

degradation and changing the strain hardening ratio have only a small influence on the 

P-A rcsponse of ductile SDOF structures. 

Bascd on the analyses of SDOF structures under earthquake ground motions with 

duration of  severe shaking in the 15 to 25 second range, a method was proposed to 

assess the  strength increase necessary to prevent the ductility demand to increase when 

P-A effects are included. The required strength increase was determined in terms of  the 

P-A amplification factor, B, and a factor K,, which allows for the influence of the 

fundamental period and the soi1 type. 

A series of  multi-storey walls and frames were analysed to obtain P-A amplification 

factors. The corresponding equivalent SDOF values were also calculated using the 

respective wall and frames properties. From these analyses it was concluded that the 

method of  assessing the strength increase required to counter the additional efiect of P-A 

in SDOF structures can be successfùlly applied to multi-storey structures. A set of 

design steps for calculating the strength increase necessary to counter P-A effects in 

structures was outlined. The distribution of strength increase within the structure is 

detemined by a pin jointed tmss mode1 with a deflected profile denved from either the 

cquivalent static approach or from the response spectrum method. This strength 

distribution is then scaled by the appropriate SDOF B factor, modified by the factor K,- 



I t  was shown that shear wall stmctures are relatively insensitive to P-A effects. The P-A 

amplification factors for walls was only 7.1% for a 24 storey building. 

2.4.5 Evaluation of WC structural walls designed according to EC8 (Linde and 

Moehlc, t998) 

To evaluate the nonlinear dynarnic behaviour of  walls designed according to the new 

European seismic code EC8 (1998), two buildings comprising four-storey and eight- 

storey of three by five bays were studied by Linde and Moehle,1998. Structural walls 

wcrc dcsigned to resist sçismic action, while only the columns and T-beams carried 

gravity loads. Due to symmetry, half of the lateral storey masses were considercd in the 

static cquivalent force calculation. In the EC8 code, ductility classes range from DCL 

over DCM to DCH. indicating low, medium, and high ductility. According to EC8, the 

static cquivalent force is distributed linearly over the height of  the building in a 

triançular pattern without a concentrated force at the top. Torsion effects may be 

neglected in a symmetric plan case. The flexural resistance is calculated assuming a 

strain at the compressive edge of 0.0035, a rectangdar concrete stress-block, and an 

ideal elastic-plastic behaviour of the reinforcing bars. An amplification factor for shear, 

E ,  is infroduced in EC8: for DCL, E = 1.3, for DCH, G = 2.65. 

Linde and Mochle used a numerical model developed particularly for the global analysis 

of rcinforced concrete walls to study a 4 and 8-storey building. The model consisted of 

nonlinear spnngs connected by rigid beams. The corresponding designs are referred to 

as ECL8 and ECH8 for the 8-storey building. Using the EC8 code formula, the resulting 

periods agreed well with numerical results for the 8-storey wall but were somewhat 

longer for the 4-storey wall. Two ground acceleration time histories were used to carx-y 

out nonlinear dynamic time history analyses. Three response quantities as  a fùnction of 

timc were analysed: roof displacernents, shear forces at the base of  the wall, and bending 



moment at this location. The distribution over the wall height of the shear force and 

bending moment demand were also obtained fiom the analyses. The maximum curvature 

ductility demand and maximum inter-storey dnfi values were also obtained for each 

design and for each ground motion. 

The results of  nonlinear dynamic response analyses on the wall lead to the following 

conclusions: (1)  the introduction of a magnification factor for shear in EC8 represents an 

irnprovement compared to SIA (Swiss National Standard), (2) the linear design envelope 

for flexural resistance in EC8 is more conservative than the envelope of  SIA, and (3) the 

EC8 formula for the îùndamental frequency proved to agree well with numerical results 

for the 8-storey wall. 

2.4.6 An evaluation of strength amplification factors for mitigating P-A effects in 

multi-storey buildings (Côté, 1997) 

Côté ( 1  997) studied the use of strength amplification factors to mitigate the P-A effects 

in multi-story reinforced concrete wall structures ( 1 -,3-,5-, 1 O-, 15-,25-storey). These wall 

models included one node per floor, and each node had three degrees-of-freedom 

corresponding to the horizontal, vertical and rotational displacements, respectively. The 

mass was assumed to be lumped at the floor levels, and the gravity loads acting at a 

given floor were lumped at the corresponding node. The bi-linear degrading stiffness 

hysteresis rule was considered for the inelastic analysis 

Several methods were applied to determine the strength amplification factors for 

rnitigating the P-A effects. With the RUAUMOKO computer program, inelastic dynamic 

analyses with and without P-A effects were performed, and the displacement ductility 

demand was examined. The following results have been obtained: (1)  the ductility 

demand was slightly higher for the bi-linear behaviour with stiffness degradation 



compared to the bi-linear behaviour without stiffness degradation. (2) P-A effects had 

little influence on the displacement ductility demand for the different walls. (3) Due to 

P-A effects, the increase in the ductility demand under high frequency Eastern North 

America type of earthquakes is less than that of low frequency Western North America 

type of earthquakes. (4) The value of the ductility demand obtained without P-A effects 

decreases with the number of storey because the ductility concept used in the thesis is 

based on the displacement at the top of the structure. 

However, Côté ( 1997) used a simple dynamic model of the walls chat were not designed 

and detailed as part of  a complete building system. The inelastic behaviour was only 

modeled at the base of the walls. To fûrther study P-A effects in multi-storey reinforced 

concrete wall structures, a more realistic wall model, being part of a complete building 

systcm, is studied in this thesis. Inelastic hysteresis rules arc used to model each storey 

of the wall. The effects of variation in wall modeling parameters are studied fkther. 

2.5 Surnmary 

In this chapter, a review of  P-A effects on the seismic response of shear wall buildings 

was presented. Key findings are summarised below: 

( 1  ) P-A effects may be neglected in design for low-rise structures. 

(2) Montgomery (1980) presented the stability factor approach for estimating the 

influence of P-A effects when the response is elastic or slightly inelastic. However, 

Montgomery indicated that the method should not be used for systems responding 

in a strongly inelastic manner. 



(3) A geometric stifhess matrix formulation to account for P-A effects in computer 

seismic analysis of multi-storey buildings was presented by Neuss and Maison 

(1983). The method c m  be used for static or dynamic elastic analyses. Amplified P- 

A cffects resulting fiom inelastic displacement levels that may occur during an 

earthquake can be considered in an approximate manner. 

(4) P-A effects can in some cases cause a significant increase in plastic deformations of 

frames designed to perforrn in a ductile manner. 

(5) Fcnwick et ai. showed that P-A effects on concrete structures responding in the 

inelastic range to earthquakes were Iess important for walls than for frames. 

(6) Evaluation of RK structural walls designed according to EC8 was presented by 

Linde and Moehle (1998). The introduction of an amplification factor for shear in 

EC8 represents an improvement to evaluate the nonlinear dynamic behaviour of 

walls. 

(7) Three types of strength amplification factors have been reviewed by Côté (1997) to 

account for P-A effects in the seismic design of wall buildings. It was found that P-A 

effects induced by seismic excitations on intemal forces and displacement ductility 

demand are very limited. However, the dynamic mode1 of the wall used in Côté's 

work was very simple. 



CHAPTER 3 

BUILDING MODEL ANALYZED 

3.1 Introduction 

.A typical 12-storey R/C buildings is used to study further P-A effects on the inelastic 

dynamic seismic response of  concrete shear walls. The building is first introduccd in this 

chaptcr. Tlien. the modelling of gravity loads as weli as the use of a fictitious gravity 

column to account for P-A effects in the seismic analysis are describcd. Next, the mode1 

of the buildins used for carrying out the dynamic analyses is presentcd. Furthemore. the 

na11 axial ioads caused by the dead and live loads are calculated to dcrive the relation 

betuwn the walI moment and curvature using the RESPONSE computer program 

(Collins and Mitchell, 1987). Finally, a stifiness degrading hysteresis r u k  is selectcd to 

rcpresent the inclastic behaviour o f  the wall. 

3.2 Description of the 12-storey building analyzed 

The typical 12-storey rcinforced concrete wall-frame building selected for this study is 

ndapted frorn Example 11  -5 of  the CPCA 1983 Concrete Design Handbook 

(CPCA, 1985). Figure 3-1 shows the floor plan view of the building. Tt is located in 

Montreal, Quebec, and is built on a rock site. The seismic zones for Montreal are Z,=3 

and Z,=2. The design peak ground horizontal velocity. v=O.lrn/s, is obtained by the 

seismic zoning maps of the 1995 NBCC. In the N-S direction, the structure has seven 

6m bays. In the E-W direction, it has two 9 m office bays with 1.5 m cantilever 

ovcrhangs, and a ccntral 6 m-corridor bay. The storey height is 3.65 m, except for the 

first storey, which is 4.85 rn high. The building is symmetrical in both directions. 



Figure 3-1 The plane of the 12-storey wall frame building. 

The response of the building in the E-W direction is examined in this study. In this 

direction, two identical shear walls are located along column lines 1 and 8. In-plane 

torsion is ncglected in this study and al1 lateral loads are assumed to be entirely resisted 



by the shear wall. Therefore, each wall is assumed to resist half the seismic load. A yield 

strength of 400 MPa is assumed for the steel reinforcernent and a compressive strength 

of 30 MPa is considered for the normal density concrete. The shear walls are assumed to 

be fixed at their bases. The dimensions and properties of wall. beam. and column 

sections are given in Table 3- 1. 

3.3 Alodefling OC gravity loads 

In the 12-storey wall-frame structure, the design floor live load is 2.4 k ~ / m '  for the 

office floor area and 4.8 kWm2 for the 6 rn wide comdor bay. The design roof live Ioad 

inc1udc.s 2.2 k ~ / r n '  for hl1 snow load and an additional 1.6 kN/mvor  mechanical 

sc.n.icc loading on the 6 m wide stnp over the comdor bay. Design dcad load includes 

I .O k ~ / n i '  for partition loading and 0.5 k ~ i m '  for mechanical senrices loading at al1 

lm-cls. and 0.5 k ~ l r n '  at the roof level for the insulation. 

in the E-W direction, the load bearing shear walls are designed to resist the entire 

horizontal carthquake action, whereas the columns and beams are only designed to carry 

eravity loads and do not resist any erirthquake action. So, the lateral loads mainly induce 
b 

bcnding moments and shear forces in the walls. However, wall axial loads are induced 

by the wall tributary dead and live loads. The lateral loads do  not cause any axial loads 

on the symmetrically placed walls. In the N-S direction, fateral resistancc is assumed to 

bc cntircly ensured by the frames, Therefore. wall axial loads are only produced by 

gravity loads. 

The axial loads in the wall. P. have been calculated according to NBCC 1995. The 

detailed crilculations are presented in APPENDIX A. As prescribed in the NBCC, the 

load combination including 100% dead load plus 50% live loads (D+O.SL) was 

considcrcd in this study. In addition, live load reduction for floor occupancy live load 



was applied as permitted in the NBCC. The wall tributary area for calculating N is 

sho\\m in Figure 3-1 - A summary of the results is presented in Table 3-2. 

The 12-storey shear wall analytical mode1 used in this study (section 3.6) included the 

n.ali 3s ~ ~ 1 1  M a gravity column. The gravity column is fictitious colurnn, which cary 

only thc gravity Ioads of the real columns stabilised by the wall. The gravity column is 

couplcd to the wall at cach floor level. It plays a signifrcant role in the stability of the 

buildin~ as thcir stability in the E-W direction is provided by the wall. The gravity 

colunln is considcred pin-connected at its base and at each floor. For each floor. the 

Iiorizorital dcgrcc of frcedom of the gravity column is constrained to be the same as that 

of'tlic \ilail. Thç axial loads acting in the gravity column are due to gravity loads applied 

on tlic tributary area shown in Figure 3-1. They have been computed for the load 

combination D+0.5L and the resuIts are given in Table 3-3. 

Table 3-1 Dimensions and properties of members sections. 

I B * H (mm) Area (mm2) 1 
Interior Columns 

1 - 6 storey 
7 -1 2 storey 

Externat Columns 

1 Beams of Frames 1 1 1 

600'600 

Boundary of walis 
Others 

Secondary Beams 

360000 
550'550 302500 

600*600 
500'500 
300'350 

1 - 3 storey 1 400'600 
4 - 12 storey 400'550 

Wall 1 200 

36m00 
250000 
105000 

240000 
220000 
ISOOOOO 



Table 3-2 Axial load, P, acting on one shear wall. 

I I Dead' 
1 Combination 

Table 3-3 Axial load i n  the gravity column stabilised by one wall. 

Dead, D Live, L I Combination I 



3.4 hloment - curvaturc response of the wall 

The cross-section of  the wall is uniforrn over the entire height of  the building. The 

amount of reinforced steel varies along the height. Figure 3-2 (a) shows the cross-section 

and the reinforcing steel rtt levels 1 and 2. The reinforcing steel at  other floors is given in 

Figure 3-3. 

Thc RESPONSE program (Collins and Mitchell, 1987) was used to produce the 

complete non-linear moment-curvaturc response of al1 wall clement cross sections. The 

relation between stress and strain of concrete is defincd in Figure 3 4 a )  with E ' ,  = 

Zf-,iE,. f, = 30 MPa. and E, = 3500fC~"' = 24648 MPa. The following equation was 

uscd: f, = ( ~ E J E ' ,  - (E,/E',)') t",. AS shown in Figure 3-2 (b) to (c), three concrete layers 

arc used to describe a cross section in the RESPONSE program. The program uses only 

one type of steel. which is describcd by a bilincar stress-strain relationship with Es = 

200.000 MPa. f, = 100 MPa. The maximum strain of stcel used in the program is: E,, = 

0.2. 

The longitudinal reinforcing steel \vas lumped into the 10 laycrs in the RESPONSE 

proçram. The steel Iaycrs are illustratcd in Figures 3-2 (b) to (e). 



CONCRETE 
LAYER 2 

- - 
CONCRETE 
LAYER 1 

CONCRETE 
LAYER 3 

Storey 3-5: 

- 

- CONCRET€ 
LAYER 1 

CONCRETE 
LAYER 2 CONCRETE 

LAYER 3 

CONCRETE 
LAYER 2 CONCRETE 

LAYER 1 
CONCRETE 

LAYER 3 

' --  CONCRETE 
LAYER 2 _ CONCRETE 

LAYER 1 
CONCRETE -: 

LAYER 3 

Figure 3-2 Cross-section of the wall, 



Floors 6 - 7 
S - No20 (concentnted steel) 
No. I0@300 (vertical distributed steel) 
No. 10!5 400 (horizontal distributed steel) 

FIoors 1- 2 
S -No25 (concentnted steel) 
No. 1 0@!300 (vertical disuibutcd steel) 
No. IO@ZOO (horizontal distributed steel) 

\ 

Floors 8 - 12 
8 -No. 15 (concentrated steel) 
No. 10@,300 (vertical distributed stccl) 
No. 10@J00 (horizontal distributed stcel) 

k#k Floors 3 - 2 
S -No25 (concentrated steel) 
No. 10@400 (vertical distributed steel) 
No. I O@OO (horizontal distributcd stccl) 

Figure 3-3 Distribution of steel along the height of the wall. 

(3) Concrete stress-strain model; (b) SteeI stress-strain model. 

Figure 3-4 Material models used in Computer Program RESPONSE. 



The results are given in Figures 3-5 to 3-16 and the main properties are summarised in 

Tables 3-4 and 3-5 with P corresponding to axial loads acting in the wall (Table 3-2). 

The calculations were performed with and without axial load to assess the importance o f  

this parameter. The parameters K. My and @, will be explained in the section 3.6. 

Table 3-4 Summary of the moment-curvature property ( P # 0). 
-- -- 

Storey 0.71, r Mc, MY @ Y I  au P 
(106 ~ .m' )  (103 (kNm) (kN-m) (radlkrn) (radlkm) (kN) 

12 6.388 0.640 9975 8740 0.045 6.30 470 

Table 3-5 Summary of  the moment-curvature properties ( P = 0). 



O ~ u r v a d  (radm) 6 8 

Figure 3-5 Moment-curvature response o f  the wall (storey 12). 

O * ~uwatur~(rad1krn) 6 8 

Figure 3-6 Moment-curvature response o f  the wall (storey I l ) .  



Figure 3-7 Momen t-curvature response of  the wall (storey 10). 

O 2 4 6 8 
Curvature (radlkrn) 

Figure 3-8 Moment-curvature response o f  the wall (storey 9). 



2 4 6 
Curvature (radlkm) 

Figure 3-9 fiIoment-curvnture response of the wall (storey 8). 

O ~ u r v a t u d  (radlkrn) 6 8 

Figure 3-10 Moment-cuwature response of the wall (storey 7). 



Figure 3-1 1 hlornent-cunature response of the wall (storey 6). 

O 4 * Curvatura(rsd1krn) 6 8 

Figure 3-12 Moment-curvature response of the wall (storey 5). 



Figure 3-13 Moment-curvature response o f  the wall (storey 1). 

O * ~uwatud(rad&m) 6 8 

Figure 3-14 Moment-curvature response of the wall (storey 3). 



2 4 
Curvature (rad/km) 

6 

Figure 3-15 Moment-curvature response of the wall (storey 2). 

Figure 3-16 Moment-cuwature resporse of the wall (storey 1). 



Figure 3- 1 7 shows the yield moment at each storey in the shear-wall structure. 

Figure 3-17 Yicld moment at each storey in the shear wall building. 

3.5 Analyses for earthquake loads 

The 12-storey waIl frame structure in CPCA 1985 Example 1 1.5 was originally dcsigncd 

according to the CSA Standard A23.3 - M84 Design of Concrete Structure for Buildings 

(CSA, 1984) and the 1985 National Building Code of Canada (NRCC, 1985). In the 1985 

NBCC, the earthquake forces were determined using the ductility coefficient, K = 0.7, in 

the  base shear formula, V = vSKiFW. The shear force and the bending moment rit the 

base caused by the factorcd earthquake loads were V = 1202 kN and M = 23700 kN-m. 

The axial force at the base as given in the CPCA 1985 Handbook were: PD = 5417 kN 

and NL = 968 kN. 

The shcar wall is then verified according to the CSA Standard A23.3-M94 Design of 

Concretc Structures and NBCC 1995 assuming it is a ductile shear wall with a R factor 



of 3.5 and the axial loads given in Table 3-2. The design base shear resistance and 

bending moment at the base are calculated as follows: 

The design base shear V to meet NBCC 1995 seismic demand requircrnent is 

with: 

Scismic zones for Montreal: Z, = 4: Z ,  = 2 

Fundamental period of the structure: T = (o.o~~.)/(D,)"' = 0.09*15/6.6"' = 1.576 S. Thc 

valuc of F, is obtained from equation (2.5): Ft = 0.07 T V = O.Oi*l.j76*V = O.  1 1 V I 

0.25 V. The seismic ioad distribution is obtained using equation (2.4) and is summarised 

in Table 3-6. In this table. the seismic weight at each level of the whole structure 

includes the dead load pIus 25% of the design snow load- 

Seisrnic rcsponse factor: 2, / 2, = 2 > 1 ; S = 1.5/T'"' = 1 -51 1.576"' = 1.195 

Peak ground horizontal velocity for Montreal v = O, 1 O d s  

Foundation factor: F = 1 .O (rock) 

Seismic weight for one wall: W = the total dead load +25% of the snow load 

= 46765.5 kN 

The elastic base shear V, is as follows: 

V, = (0.1)( 1.195)(1.0)(1.0)(36765.5) = 5588.5 kN 

Force modification factor: R =3.5 (ductile flexural wall) 

The design base shear required by NBCC 1995 V = (558833.5) 0.6 = 958 kN 

The bending moment caused by the earthquake is as follows: 

Mf=CF,h,= (31.8174 m)V 

The code suggcsts that a reduction factor J for the overtuming moment at the base of the 

structure be appIicd: J = 0.8 for T > 1.5 S. 



So, the moment Mr = 0.8*(3 1.8 174 m)V = (25.4539 m)V = 24385 W-m. 

With the RESPONSE program, the factored resisting moment, M,, at the base of thc wall 

with PD + 0.5 PL = 5608 kN is 26615 N - m .  The moment M, is obtained with resistance 

factors 4, = 0.6 for the concrete and 4, = 0.85 for the reinforced steel. Therefore, the 

factored bending moment resistance at the base excecds the required factored moment 

Mf = 24385 kN-m. The shear wall was also venfied to satisfy detailing requirements 

according to the CSA Standard A23.3-M94 Design of Concrete Structures and NBCC 

1995. 

In NBCC 1995. a stability factor ex is required to consider P-A erfects. The formula of 

the stability factor at any level x is given in equation (2.6). In the above calculation of 

scismic loads (Table 3-6), P-A effects have not been considered because inelastic 

dynamic analyses including P-A effects will be used in this thcsis as an alternative to the 

application of the sirnplified stability factor approach. The stability factor at cach storey 

is givcn in Table 3-7 where A,,, is the elastic displacemcnts without P-A effects and R is 

the force modification factor. The d u e  of R*A,,, is used to estimatc the inelastic 

dispIacemcnts. 

Table 3-6 Seismic loads acting on one shear \vaIl. 

Storey W X ( W  hx (m) W*hX 
(kN-m) 

WXth, 
CWx*hx 

F S N  



Table 3-7 Stability factor at each storey. 

3.6 Analytical model of the shear wall 

The nonlincar time step dynamic analyses of  the shear wall under carthquake ground 

motions wwc performed using the RUAUMOKO computer program. Two differcnt 

tiysteresis models were used to represent the nonlinear flexural response o f  the ivalls. 

Tlicse arc described in section 3.7. The computer program SAP90 \vas also used to 

compute the elastic response of the wall (static load and modal analyses). For both 

programs. the 12-storey reinforced concrete structural wall was modelIed by 12 beam- 

colurnn clcmcnts with 3 degrees-of-freedom per node corresponding to the horizontal, 

iwtical. and rotational displacements, respectively. The  number of nodes dong  the wall 

is a function o f  the mass distribution. One node is assigned to each floor. The gravity 

loads acting on the wall at a given floor are Iumped at the corresponding node. 

Figure 3- 18 shows the analytical model of the 12-storey shear-wall building. The wall is 

fiscd at its base and wall segments are considered rigidly connected at the wall joints. 

The damping model used is of the Rayleigh type with the darnping matrix proportional 



to the mass and the initial stiffness matrices. Rayleigh type viscous damping equal to 5% 

of critical damping is assumed in the first two modes of vibration. 

As mentioned earlier. the analytical model of  the 12-storey shear wall also included a 

gra\-ity column. It is modelled by 12 elements with 2 degrees-of-frcedom per node 

corrcsponding to the horizontal and vertical displacements, respcctively. The gravity 

colunin elemcnts arc pin-connccted at their base and at each floor. The gravity colurnn 

cnrries the gra~eiiy loads supportsd by the actual columns stabilised by one wall. 

3 DOFS 

4 
2 DOFS 

A 

wdl rigid axial link gravity column 

Figure 3-18 Analytical model of the 12-storey shear wall. 

The cornputer program RUAUMOKO has bcen used to carry out nonlinear analyses. It 

is dcsigned to produce a piecc-wise time-history response of a nonlinear geneml hvo- 

dimensional frcimed structure to ground accelerations or timc varying force excitations. 

The program allows the user the option to consider P-A effects in the analyses. Many 



different hysteresis rules are incorporated in the program to represent the inelastic 

betiaviour of  frame and spring mcrnbers. They range from the simple elastic-plastic rules 

to vcry complex models, which need over thirty parameters to represent the cyclic Ioad- 

displacement response. The post-processing unit, DYNAPLOT. gives the user the ability 

to çraphically visualise the displacements and the formation of plastic hinges during the 

dynamic analyses. The RUAUMOKO program also alfows the user to perform pseudo- 

static (pusho~~er )  anal yscs. 

To cornpute the structural pcriods of  vibration. different values of the moment o f  inertia 

ivcrc considered for thc wall cicmcnt. The values and definitions for these moments of  

iricrtia are as f'ollo\vs: 

I,,,, : uncrackcd moment of incrtia. which is obtained from RESPONSE program. 

I,,: cracked moment of  incrtia. ivhich is obtaincd from RESPONSE program. 

1,: momcnt of  incrtia of  gross concrctc section about ccntroidal axis, neglecting 
4 rcin forcement: 1, = 9.126 m . 

!,: the cquivalcnt niornent of inertia of  cross section, as defined by Paulay and Priestley 

( 1992): 

1, = ( 1 OO/f, + Pu! C,A,) 1, (3-3) 

Where PU: the axial load considered acting on the wall taken positive when causing 

compression. It is calculated according to NBCC 1995(PU = ND + 0.5 NL) 

and it also varies d o n g  the height of  the wall. 

A& the area and momcnt o f  inertia of  the gross cross section, 

respcctiuely (A, = 1.8 mi). 

f,: the spcci fied compressive strength of  concrete (f, = 30 MPa). 

fy: the specified yicld strcngth of  reinforcement (fy = 400 MPa). 

0.71,: ille effective moment of inertia recommended in the CPCA Concrete Design 

Handbook ( 1995). 



Figure 3-19 illustrates EIuncr, EI,, and 0.7 EI, at the first storey of the wall studied. The 

yield moment at each storey Mv is obtained from the intersection of the flexural stiffness 

0.7 EI, and yielding branches. The yield curvature @y is then obtained according to the 

yield moment. The bilinear factor r is determined from the dope betwecn the maximum 

moment and the yield moment, 

1 Store y 
36000 -7 - -- 

0.7EIK E L  i 
32000 1 . 1 . I 

Figure 3-19 Moment-cuwature rcsponse of the wall. 

According to the recommendation of the 1995 CPCA Concrete Design Handbook. the 

wall effective flexural stiffness equal to 0.7E1, can d s o  be used in the elastic and 

inelastic analysis. 

A summary of the results using different moments of inertia is given in Table 3-8. The 

values o f  the uncracked moment of inertia (I,,) obtained from the RESPONSE program 

are a little different from the moment of intertia of the gross concrete section (1,). The 



reason o f  the small variations among these results is that the uncracked moments of  

inertia (I,,,) are approximate values obtained from numerical evaluation o f  the elastic 

dopes of the moment-curvature relationships computed from RESPONSE. The values 

\vith uncracked moments of inertia (I,,,) should theoretically be the same as thosc 

corresponding to the moment o f  inertia of the gross concrete section (1,). 

Table 3-8 Moments of inertia of the wall cross section. 

Iunw k r  Lncr 1, 1, lp 0.71, 
Storey P#O P#O P=O P=O 

(m4) (m4) (m') (m.) (m') (m4) (m4) 
12 9.22 0.610 9.26 0.61 0 9.126 2.361 6.388 
11 9.19 O -600 9.26 O -600 9.126 2.442 6.388 
10 9.17 O .600 9.26 0-600 9.126 2.520 6.388 
9 9.1 2 0.600 9.26 0.600 9.126 2.598 6.388 
8 9.1 1 0.620 9.26 0.600 9.126 2.676 6.388 
7 9.19 0.830 9-36 0.830 9.126 2.753 6.388 
6 9.13 0.840 9.36 0.830 9.126 2.831 6 -388 

3.7 Hysteresis rules 

The results of the RESPONSE program (Collins and Mitchell, 1987) are uscd to define 

the basic properties of  the hysteresis niles used in the inelastic modei. A bilinerir 

inclastic mode1 was used for the rotational hysteretic hinging at the wall clcment ends. It  

1s thc simplest nile, which captures the basic features of  an inelastic reinforced concrcte 

elemcnt under cyclic flexural deforrnations. With this rule, cracking o f  the concrcte is 

neglected and the initial elastic stiffness is representative of the crackcd section until 

yielding occurs. Cracking of the concrete was considered in Chapter 4 . 



The bilinear model is illustrated in Figure 3-20. The initiai flexural stiffness (K, is 

obtained from the moment to curvature ratio at first yield. The strain hardening (bi- 

linear) ratio is obtained from the second branches of the moment-curvature relationship. 

The yield moment for each storey is determined from the intersection of the elastic and 

yielding branches. The relationships between the moment resistance and axial loads are 

given in Table 3-9. The parameters &, and r are used to describe the hysteresis mle as 
C 

esplained in this section. 

Table 3-9 The moment resistances for different axial loads. 

Figure 3-20 Bilinear inelastic moment-curvature model. 

Storey 

12 

K0=0.7E2, 
(1 o6 N.m ) 
6.388 

r (Pd) 
(10~)  
0.640 

r (P=O) 
(1 0-9 
0.222 

M,(P=O) 
(kNm) 
7400 

M,(P4) 
(kN-m) 
8740 

Axial load 
P ( W  
-470 



Figure 3-21 shows the modified Takeda bilinear hysteresis rule (Otani 1974) which is 

used to mode1 the moment-cunrature response of the shear wall. The initial dope (b) 

corresponds to the stiffness (0.7EId of the section before the steel yields. The second 

dope corresponds to the post-yield condition of  the structure. This post-yield slope is 

rclated to the initial slope by a factor r. The mode1 then unloads with a slope k,. Once 

the moment changes sign, the slope changes again according if opposite yielding has 

occurred. Thc enveiopes of  the  first cycle (coordinate of the yielding moments and their 

corresponding stiffncss) werc obtained from results of moment-curvature analyses using 

of the RESPONSE program. 

Figure 3-2 1 Modified Takeda bilinear hysteresis. 



CHAPTER 4 

EARTHQUAKE RESPONSE ANALYSES OF THE 12-STOREY 

BUILDING 

4.1 Introduction 

This chaptcr presen ts the results of nonlinear dynamic response analyses performcd on 

the dcsigned 12-storey shcar walls to evaluate the importance P-A effects undcr desi 

brise ground motions. Several response paramcters and damage indices, such 

horizontal displacements at thc top of  the wall, shcar forces and bcnding moments at t 

brise of the wall, ductility demand. and the dissipated hysteretic energy, are used 

indicators to assess the seismic response of  buildings. Three earthquake accclerograms 

arc selectcd as input ground motions considering their different characteristics: El 

Ccntro 1940 (SOOE), Taft 1959 (S69E). and Parkfield 1966 (N65E). Each record is 

scalcd to match the NBCC 1995 peak ground acceleration o f  O. 18g for Montreal. 

Rcsponse analyses under static loading and preliminary response spectmm analysis are 

performcd using the SAP90 computer program (Wilson and Habibullah, l992). 

Nonlinear static pushover analyses under incremental lateral loading are performed to 

cxaminc the bchaviour and asscss the importance of  P-A effects using the RUAUMOKO 

computer program. The RUAUMOKO program is then used to perform inelastic 

dynamic analyses with and without P-A effects. Finalty, conclusions are made assessing 

thc significance o f  P-A effects for the wall analysed. 



3.2 Rcsponse parameters and damage indices 

3.2.1 Roof displacemen ts 

The maximum horizontal roof displacement is an important parameter when assessing 

P A  cffccts during an earthquake. Most engineering calculations use relative 

displacements of the structure with respect to its foundation. Excessive displacements 

Inay cause loss of stability or excessive damage to structural components. The maximum 

horizontal roof displacement is also to be controlled to minimize the human perception 

of motion and to avoid the pounding of adjacent structures. 

Tlic ductility is defined as the maximum deformation divided by the yield dcformation. 

It  is thc structural property that will need to be relied on in most buildings if satisfactory 

behaviour under damage control and survival limit States are to be achieved. There are 

dcfbrrnrition parameters that may be used to calculate ductility including roof 

displaccments. storey drifts. plastic hinge rotations, deflections, etc. ParticuIar measures 

of deformations have been established as most appropriate to understand the behaviour 

of a cornpletc structure. The ductility based on roof displacements, p,, is computed as 

thc ratio of thc peak horizontal roof dispîacernent to the roof displacemcnt that 

corresponds to the formation of the first plastic hinge in the structure. The latter is 

obtained from a pushover analysis of the wall when considering NBCC horizontal 

scisn~ic load pattern. The most common and desirable source of  inelastic structural 

deformations is rotation in potential plastic hinges. For a cantilevered shear wall, the 

maximum curvaturc ductility demand, p,, is a good indicator to characterize the severity 

of damriçe of a wall member since the major energy dissipating mechanism is the 

formation of a rotational plastic hinge at the bottom end of the wall. This ductility 

indicator was then also retained in this study. 



1.2.3 Energy 

Encrgy is also important in the estimation of damage in a structure during an earthquake. 

The encrgy balancc equation is: 

whcrc: E,= the input energy. 

EL= the kinctic cnergy. 

E,= the recowrablc strain energy, 

E,= the danlping cnergy. 

Eh= the irrccovcrable Iiysteretic cnergy. 

Assuming that only the hystcretic energy. Eh, contributes to the irrecovenble damage, 

the ratio of hysterctic cnergy to input energy E,/E, can be considered an good indicator 

of structural damage. 

4.2.4 Damage indices 

Structural damage undcr earthquake loading includes the global structure damage, 

alobal substructurc storcy damage, and local member damage. Several indicators - 
referred to as damage indices can be computcd in a nonlinear dynamic analysis to 

quantify ttic levcl of anticipatcd structural seismic damage. The cornputation of some of 

thcsc damage indices requires the evaluation of the ultimate ductility demand for the 

membcrs. To compute damagc indices the following parameters are considered: 

ktm= the maximum ductitity, 

I, = the ultimatc ductility, 

Fm = the maximum force, 



F, = the yield force, 

Eh = the dissipated hysteretic encrgy, 

Eu = the work done at ultimate ductility. 

E, = the work done at maximum ductility. 

The paramcter p, is defined as the maximum computed displacement divided by the 

yicld displacement. Figure 4-1 shows the definition of the maximum ductility. p,. The 

parameter pu is the ductility at which the rnember is assumed to fail under monotonic 

loading. It is the ratio of  the ultirnatc displacement to the yield displacement. (Figure 4- 

Figure 4-1 Definition of the maximum ductility ( p, = A,,,/%). 

4 Lsll A 

Figure 4-2 Definition of the ultimate ductility (p,, = 4/4). 



The structure, or structural element under consideration is assumed to have failed when 

the computed darnage index, D. reaches or exceeds 1 .O. On the contnry, no damage has 

occurred when D is equal to zero. The damage indices used in the study are as folIows: 

1. Maximum deformation: 

where p, = A J 4 ,  QJb, 

pu = Au/- , (Du /CD, 

A, = the maximum computed displacement; 

A, = the yield displacement; 

A,, = the ultimate displacement; 

<Dm = the maximum curvature; 

4, = the yield cuwature; 

4, = the ultimate curvature; 

2. Park and Ang ( 1985) damage indicator: 

Dm = PJPU'PE~FJJ, 

where p = the combination factor. 

The damage index DpA is defined as a linear combination of the ratio o f  the maximum 

displacement to the ultimate displacement and the irrecoverable hysterctic energy 

divided by the yield force. The parameter P can be obtained from a regression curvc 

using about 260 experimental results, -0.31 P 11.2. Williams,VilIemure and Scxsmith 

(1994) proposed that P may be chosen 0.1 for weI1-reinforccd concrete structural 

clements. If f3 = O, failure due to excessive displacernent occurs. while for a value of f3 

rançing between 0.6 and 0.8, failure is governed by accumulation of  damage. 



4.3 Elastic responses 

4.3.1 Modeling assumptions 

Thc free-vibration properties are very important to characterize the dynamic response of 

a structure. Free-vibration is the result of initial conditions (displacement or velocity). 

and intrinsic masses and stiffness properties without external dynamic excitation. The 

natural frequencies indicate the frequencies to which dynamic amplification may be 

niost significant according to the frcquency content of the earthquake. The modes of 

iibration indicate the spatial distribution of the earthquake forces dong  the hcight of thc 

building. 

The free-vibration response of the 12-storey wall-frame building is studied. As 

described in Chaptcr 3. the stnictural modcl is composed of the wall and a gravity 

CO 1 unm. Eac h node has horizontal. vertical, and rotational displacement degrees-of- 

frccdorn. except the node at the base of the wall. The wall is fixed at the base. while the 

gravity column is pin-connectcd at the base and at al1 stories. The concentrated nodal 

masses are lumped at the joints corresponding to horizontal, and vertical DOF. 

4.3.2 Response under static loading 

To cornpute the drift on the 12 storey shcar wall building and compare with code limits 

(NBCC 1995), the static analyses with and without P-A effects undcr code loading is 

perforrned using the SAP90 computer program in this section. The vaIues of seismic 

Ioads on the shear walI have been given in Table 3-5 in Chapter 3. The total elastic 

displacements at each storey obtained from the program are summarised in Table 4-1. 

The shear wall has a base shear of 957.7 kN when not including P-A effect. When 

including P-A effect, the shear wall has a base shear of 976 W. The bending moments at 

the base of the wall, without any reduction factor J, are 3 1350 kN-m and 33340 kN-m if 



not including and including P-A effects, respectively. From these results, the following 

conclusions can be stated: P-A effects may be neglected for the displacement at each 

storey and base shear under static loading; P-A effects cm increase the bending moment 

at thc base of the wall- 

Table 4-1 Elastic displacements from static loading on the shear wall. 

The elastic interstorey displacements at each storey without considering P-A cffccts 

should be multiplied by the force modification factor (R = 3.5) to obtain the inelastic 

displacements. According to NBCC 1995, the so-computed inelastic interstorey 

displacemcnts at cach storey should not be more than the displaccment lirnit A = 0.02 h, 

where h, is the storey height. The maximum values are 0.02*4.85* 1000 = 97 mm for the 

first storey and 0.02*3.65* 1000 = 73 mm for other storey. Thercfore, the results of the 

calculation show that the inclastic interstorey displacements at each storey can be 

satisfied the requirement of code limit. 

Storey 

12 

4.3.3 Free-vibration analyses 

The free-vibration analyses were carried out with the structural analysis program SAP90 

Total displacement (mm) 
(without P-A) 

1 19.84 

lnterstorey displacement (mm) - 

(with P-A) 
128.51 

(without P-A) 
13.35 

(with P-A) 
14.32 



(Wilson and Habibullah, 1992). The first three periods of vibration are g ivm in Table 

4-2 for each mode1 values o f  bending stiffhess defined in Chapter 3. The corresponding 

modes of vibration are shown in Figure 4-3 to Figure 4-5. The folIowing conclusions 

can be formulated: P-A effects can increase the structural penods of vibration; the values 

with the uncracked moment o f  inertia (I,,,,) obtained from the RESPONSE program are 

the same as those with moment of inertia of gross concrete sections (I,), so structural 

models using I,,,, or 1, have the same vibration periods; the periods of  vibration are 

longer after the cross section is cracked due to the decrease in stiffness; if the equivalent 

moment of inertia of the cross section (1,) suggested by Paulay and Pnestly (1992) is 

used. the vibration penods are much longer: the first three periods o f  vibration are 3.389 

S. 0.555 S. 0.217 s (with P-A) and 3.225 s, 0.55 1s , 0.216 s (without P-A), if the effective 

moment of inertia 0.7 1, is used in the calculation of vibration periods. 

Storey No. 

Relative displacement 

Figure 4-3 First mode shape ( 1 = 0.7 1, , with P-A). 



The effective horizontal modal masses are in percentage of the total mass, and the 

cumulative value for the first three modes are given in Table 4-3. 

Storey No. 

-8 -6 -4 -2 O 2 4 6 8 

Relative displacement 

Figure 4-4 Second mode shape (1 = 0.7 I,, with P-A). 



-6 -4 -2 O 2 4 6 8 

Relative displacemen t 

Figure 1-5 Third mode shape (1 = 0.7 I,, with P-A). 

Table 4-2 First three vibration periods. 

Periods(s) 
Model Inertia Mode 1 Mode 2 Mode 3 

NBCC,1995 1 -576 

Response (with P- A) 

(P # 0) 

Response (without P- A) 

s (P * O) 

~uncr 

Icr 

Gross (with P- A) 
Gross (without P- A) 

Iuncr 

Icr 

Paulay (with P- A) 
Paulay (without P- A) 

2.807 
9.496 

r 

lg 
I o  

CPCA,1995 (with P- A) 
CPCA,1995 (without P- A) 

2.71 1 
6.998 

1, 
IP 

0.477 
1.378 

2.807 
2.71 1 

0.71,, 
0.71, 

0.1 92 
0.49 

0.475 
1.317 

5.095 
4.578 

0.191 
0.483 

0.477 
0.475 

3.389 
3.225 

0.1 92 
0.191 

0.794 
0.782 

0.298 
0.296 

0.555 
0.551 

0.21 7 
0.21 6 



Table 4-3 Effective horizontal modal mass in percent of total mass. 

4.4 Pseudo-static response using push-over analysis 

Model 

Response (with P- A) 

(l'#O) 

Response (without P - A) 

(P#O) 

Response 

In this section. push-over analysis is perforrned to assess the P-A effects on the inelastic 

iatcral load-displacemcnt responsc of the wall. The static equivalent loading pattern as 

givcn by cquation (7.4) was ridopted except that the force at the top of the structure, F,, 

was neglccted. It is illustratcd in Figure 4-6. 

Thc dctailed calculations of the pusliovcr analyses for the building model with and 

without P-A effects arc presentcd in APPENDIX B. The rcsults o f  the pushover analyses 

with and without P-A cffects arc shown in Figure 4-7 and Figure 4-8, respectively. The 

rcsponsc of the building model shows that the shear wall carries a base shear of 0.98 

times the NBCC 1995 base shear, V, when including the P-A, with a relative roof 

displaccmcnt of 0.261 % of thc building height. The response without the P-A effects 

ltertia 

, ImCr 
Icr  

lu,,, 
I,, 

Iuncr 

The effective 
Mode 1 

65.70 
62.62 

65.80 
63.54 

65.73 

(P=O) 

Gross (with P- A) 
Gross (without P- A) 

- 

Paulay (with P- A) 
Paulay (without P- A) 

CPCA,l995 (with P- A) 
CPCA,l995 (without P- A) 

63.54 

65.70 
65.76 

64.53 
64.70 

65.44 
65.53 

4, 

1, 
I, 

1, 
1, 

0.71, 
0.71, 

modal 
Mode 2 

21 -45 
20.50 

21 -41 
19.90 

21 -46 
19.90 

21 -51 
21 -45 

20.84 
20-69 

21 -22 
21.15 , 

mass 
Mode 3 

7.1 8 
7.95 

7.1 7 
7.87 

7.20 

percentages 
Sum 

94.33 
91 .O7 

94.38 
91 -31 

94.39 
7.87 

7.16 
7.16 

-. 

7 -38 
7.37 

7.21 
7.21 

91 -31 

94.37 
94.37 

92.75 
92.76 

I 

93.87 
93.89 



considered for the building mode1 indicates that the shear wall carries a base shear of 

1.04V, with a top lateral displacement of 0.253 % of the building height. Therefore, the 

top lateral displacement is stightly increased due to P-A effects when the base shear 

reaches the nlaximum value. Pushover analyses involves applying a constrintly 

incrcasing lateral load to the structure to find its resistance. It is found that the plastic 

hinges of the shear wall developed onIy at the base of the wall in thc pushover analyses. 

Figure 4-6 Distribution o f  the lateral load for the push-over analyses. 



1 
I rupture of the reinforcing bars 

.O00 0.002 0.004 0.006 0.008 
Roof drift1 building height 

Figure 4-7 Push-over analysis (without P-A). 

1-20 ;- _ _ _ _ . _ - - -  -- - -. 

! 
rupture of the reinforcing bars 

I 

0.000 0.002 0.004 0.006 0.008 0.010 
Roof drift I building height 

Figure 4-8 Push-over analysis (with P-A). 



The resuIts of push-over analysis for the yield displacements, *he yieId curvatures and 

the ultimate displacements at the base and along the height of the wall are given in 

Table 

4-4. 

Table 4-4 The results of push-over analysis. 

storey( Yield curvatures 1 Yield displacements 1 Ultimate displacements 
(radfkm) (mm) (mm) 

wit hou t with without with without with 
P-A P- A P- A P-A P-A P- A 



4.5 Response spectrum analysis (NBCC, 1995) 

Earthquake response spectra are most usehl in earthquake resistant design. In general, 

the response of a structure to a given earthquake accelerograrn is a function of its 

damping and its natural frequency. For a given SDOF system, spectral displacements, 

spectral velocities. and spectral accelerations can be piotted on a graph when the SDOF 

system is subjected to a givcn earthquake accelerogram. In practice, response spectra are 

often represented by a graph with multiple logarithmic scales (Figure 4-9). 

Figu r 

IO 

ground 

Figure 4-9 shows the nonnalized elastic design spectra in the User's Guide of the M3CC 

1995. It is based on 5 percent critical damping and maximum ground horizontal velocity 

of 1 mis. For a given site, the design spectrurn must be scaled to the peak horizontal 



design velocity for the site. For Montreal, the peak ground horizontal velocity v = 0.1 

m/s and the peak ground acceleration is equal 0.18 g (1 -764 m/s2). 

The response spectra analysis is based on the function of spectral acceleration, Sa, 

versus the period. The norrnalised Sa for Montreal, as  obtained from the NBCC design 

spcctrum, is given in Figure 4-10. For Montreal, the maximum value of Sa in the short 

pcriod range. T < 0.305 s, is equal to 0.42 g. If the penod T > 0.305 S. the spectral 

acceleration dccreases with the natural periods and the following formula is to be used 

for the determination o f  the spectral acceleration: Sa = 0.0408n: / T. The SAP90 program 

is used to carry out the rcsponse spcctra analysis. 

O 0.5 1 1.5 2 2.5 3 3.5 
Period, (s) 

Figure 4-1 0 Design response spectra for Montreal (NBCC,1995). 

The pseudo-dynamic analysis by the response - spectrurn approach requircs the 

determination of the natural periods, the free-vibration mode shapes, and the modal 

participation factors to apply the mode-superposition method. The modal base shears 

and othcr modal response quantities can also be obtained from the analysis. Table 4-5 



shows that some parameters of first the three modes obtained from the SAP90 program. 

To get the maximum displacement and rnember forces (or stresses), the modal responses 

associatcd with a particular mode are first calculated and then combined using the 

Complete Quadratic Combination technique (CQC). The shear wall has a pseudo- 

dynamic base shear of 3559.8 IrN when P-A effects are considered and the relative top 

lateral displacement is 162.8 mm. When not including P-A effects, the shear wall has a 

base shear of 3584.7 kN with a top displacement of 155.3 mm. To obtain the design 

response quantities. the pseudo-dynamic response should be multiplied by the VN,,? 

\vhcrc V (V = 958 W) is the design base shear obtained from the pseudo-static 

proccdure of NBCC 1995. Therefore, the relative top lateral pseudo-dynarnic 

displacenicnt (clastic displacement) is 45.4 mm for P-A is considered, and 43.0 mm 

when not including P-A effects. So, the lateral roof displacement will not be increased 

significantly if the P-A effects are considered when the shear wall is anaiyzed by linear 

clastic response spectra procedure. 

Table 4-5 The results of response spectra analysis (unscaled by VN,?,). 

1 Parameters 

l ~ c r i o d s  of vibration (s' 

- - 

Base shear (khi) 

Spectral displacernent 

Mode (wit hou t P-A) Mode (with P-A) 
Mode 1 1 Mode 2 1 Mode 3 Mode 11 Mode 2 1 Mode 3 



4.6 Selection of ground mctions 

Thrcc carthquake accelerograms are selected to represent different types of scismic 

loading. The El Centro 1940 (SOOE) is an historical Western North America type of 

cvent which contains a broad range of frequency. The Taft 1959 (S69E) record was 

considered bccause i r  has strong shaking of long duration and higher frequency content. 

At last. the Parkfield (N65E) record was chosen because it is representative of a pulse 

type motion, The three earthquakc records are shown in Figure 4-1 1. The first 20 

seconds of al1 records werc considered in this study. 

( a )  El Centro 

r 

E l  Centro 



(b) Taft 

0.5 

(c) Parkfleld 

Figure 4-1 1 Selected earthquakc records. 



Because the wall is designed according to NBCC 1995, the three earthquake records 

were scaled to fit the elastic response spectra of NBCC 1995 for Montreal. For each of 

the ground motions, the records were scaled so that their peak acceleration is normalized 

to a value of 0.18 g, which corresponds to the peak ground acceleration of NBCC, 1995 

for Montreal. Table 4-6 gives the characteristics of the ground motions as scaled. 

Table 4-6 Characteristic of earthquake records 

The related response spectra are calculated from the scaled accelerations time histories 

using the RESAS computer program for damping value of 5%. Figure 3-12 shows the 

Earthquake 
record 

EL Centro 
Taft 

Parkfield 

spectra for the three scaIed accelerograrns when compared with the design spectra. 

(.a) EI Centro 

- 
I El Centro, 1940 

Comp. 

SOOE 
S69E 
N65E 

O 0.5 1 1.5 2 2.5 3 3.5 
Period, (s) 

PGA (g) 

0.348 
0.1 79 
0.489 

Duration 
considered 

20 s 
20 s 
20 s 

Scaling 
factor 

0.51 7 
1 .O06 
0.368 

Scaled 
PGA (g) 
0.18 
0.18 
0.18 



(b) Taft 

- NBCC, 1995 

Period, (s) 

(c) Parkfield 

: - Parkfiefd, 1966 

1.5 2 
Period, (s) 

Figure 4-12 Scaled earthquake spectra. 



4.7 Transient response 

In this section, transient analyses are perforrned with the RUAUMOKO cornputer 

program to produce time-histories of various response quantities from a nonlinear two- 

dimensional model of the prototype. The wall flexural stiffness is specified as 0.7 EI,, or 

70% of the gross values to allow for cracking. The inelastic behaviour of the wall 

fol lows the concept of the Giberson one-cornponent model, which has a possible plastic 

hinge at one or b9th ends of the elastic central length of the member (Figure 2-2).  Three 

carthquake records are used to examine the wall response under different types of 

earthquake loading (Fig.4-12). The time step used is 0.005 s.  The duration of ground 

motion and siructural response considered is 20 S. The P-A effects are investigated while 

considcring material nonlinearities. 

The responses of the structure subjected to three ground motions are described in 

Ficures C 4-16 to 4-33 which show: (1) the top lateral displacement time histories, (2) the 

base shear time histories. (3) the moment-curvature response histories =it the base of the 

wall. (4) the lateral displacement envelopes over the height of the structure, (5) the 

displacemcnt ductility demands in the walls, and (6) the curvature ductility demands in 

thc wall. Table 4-7 summarizes the peak roof displacements, and maximum base shears 

obtained from inelastic dynamic analyses. 

Table 4-7 Nonlincar rcsponse parameters of the shear wall structure. 

Earthquake 
Peak roof 

displacernent 
(mm) 

EL Centro 

Taft . 

1 70 1 3220 
158 3200 

1 

without P-A 
with ?-A 

Maximum 
base shear 

(kN) 

0.0689 
0.0684 

without P-A 
with ?-A 

1 

Maximum base shear as a 
ratio of structural weight 

264 
254 

Parkfield 

121 
121 

without P-A 
with P-A 

2890 
2930 

i 

0.061 8 
0.0627 

2290 
2300 

0.0490 
0.0492 



In Table 4-7, maximum base shears of the shear wall under earthquake loading are 

fuund tu be 2 to 3 tirnes larger than the design base shear obtained from the pseudo- 

static procedure of NBCC 1995. Part of this can be explained by the Q, factor and 3 

factor. If these factors are set to 1.0, the base shear producing My at the base of the wall 

undcr NBCC loading pattern is 958 W. To explain fiirther these results, maximum base 

shear under El Centro earthquake are studied when not including P-A. According to 

Figure 4-1 7. the time of the loading is 2.1 1 s when the base shear reaches its maximum 

value. The accelerations of the shear wall and inertia forces acting at each storey can be 

obtained at that time. The shear Corces and bending moments produced by these forccs at 

cach storcy can then be computed. Table 4-8 surnrnanzes al1 these results. Inertia forces. 

shear forccs and bending moments at each storey under the El Centro earthquake are 

dcscribed in Figures 4-1 3 to 4- 15. The results show that the base shear reach 3400 kN 

while the bending moment developed at the base of the shear wall is 30297 kN-m which 

corresponds to the plastic hinge capacity (see Table 3-9 and Figure3- 16). 

Table 4-8 The results of analysis without P-A effccts (El Centro) 

1 store' l~ccelerationl Mass 1 Inertia force 1 Inertia force I ~ h e a r  force1 Moment 



Inelastic dynamic Pseudo-static analvsis 

NBCC, 1995 107 kN 
97 kN 

\ 86kN 

-400 -200 O 200 400 600 800 1 O 0 0  

lnertia force (kN) 

Figure 4-13 Inertia force at each storey - El Centro earthquake (without P-A). 

4000 -3000 -2000 -1000 O Io00 2000 3000 4000 
S hear force (kN) 

Figure 4-14 Shear force at each storey - El Centro earthquake (without P-A). 



Figure 4-15 Moment at each storey - El Centro earthquake (without P-A). 



Figure 4-16 Top Iateral displacement time history - scaled El Centro 

earthquake. 

l 
--- 

i- without P-delta i 
I 

! -  - - with P-delta ; 

Figure 4-17 Base shear time history - scaled El Centro earthquake. 



; -withwt Pdelta i 
A 

-40000 
-0.002 Curvature, radlm 0.000 

Figure 4-18 Moment - curvature response history at the base of the wall 

scaled El Centro earthquake. 

i w i t h o u t  P-delta : 

/ -with Pdelta ! 

-1 20 -80 4 0  O 40 80 120 1 60 200 
Lateral deflection envelope, mm 

Figure 4-19 Lateral displacement envelope over the height of the structure 

-scaled El Centro earthquake. 



] - - - - -  with P-delta 

- 1 O 1 2 

Displacement ductility demand 

Figure 4-20 Peak displacement ductility demand in the wall - scaled El Centro 

earthquake. 

-1 O -8 -6 -4 -2 O 2 4 6 8 10 

Curvature ductility demand 

Figure 4-21 Curvature ductility demand in the wall - scaled El Centro 

earthquake. 
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Figure 4-22 Top lateral displacement time history - scaled Taft earthquake. 

10 Time (s) 

Figure 4-23 Base shear time history - scaled Taft earthquake. 
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Figure 4-24 Moment-cuwature response history for the base of the rvall 

-scaled Taft earthquake. 

-1 50 -1 O0 -50 O 50 1 O0 150 
Lateral deflection envelope, mm 

Figure 4-25 Lateral displacement envelope over the height of the structure 

- scaled Taft earthquake. 
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Figure 4-26 Displacement ductility demand in the ral l  - scaled Taft earthquake. 

-4 -2 O 2 4 6 

Cuwature ductility demand 

Figure 4-27 Curvature ductility demand in the wall - scaled Taft earthquake. 
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Figure 4-28 Top lateral displacement time history - scaled ParkTield earthquake. 

' - without Pdelta 
I -  with P-delta [ 

10 
Time (s) 

kïgure 4-29 Base shear time history - scaled Yarktield earthquake. 
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Figurc 4-30  moment-curvature response history for the base of the wall 

- scaled Parkfield earthquake. 

-200 -1 00 O 100 200 300 
Lateral deflection envelope, mm 

Figurc 4-31 Lateral displacement envelope over the height of the wall 

- scaled Parkfield earthquake 
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Figure 1-32 Displacement ductility demand in the wall - scaled Parkfield 

earthquake. 

r--. --- - -  -- - - -- 
'- without P-delta i 

-1 5 Curvature du&ility demand O 5 

Figure 4-33 Curvature ductility demand in the wall - scaled Parkfield 

earthquake. 



To assess the response of the shear wall, the ductility demands are surnmarized. The 

values for the displacement ductility demands and curvature ductility demands at the 

base and over the height of the wall are given firom Table 4-9 to Table 4- 14. 

* Negative values in brackets correspond to the maximum value reached in the opposite 

Table 4-9 Displacement ductility demand of the shear wall (El Centro). 

direction. 

b 

Storey 

12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 

1 . 

* Negative values in brackets correspond CO the maximum value reached in the opposite 

direction. 

Table 4-10 Displacement ductility demand of the shear wall (Taft). 

The maximum lateral 
deflection (mm) 

without P- A 1 with P- A 

Displacement ductility 
demand 

without P- 4 1 with P- A 

Storey 

12 
11 
I O  
9 
8 
P 

7 
6 
5 
4 
3 
2 
1 

The yield displacement 
(mm) 

170 (-74)' 
1 50 (-65) 
1 3 1 (-54) 
113(-46) 

1 -50 (-0.65) 
1.49 (-0.64) 
1.49 (-0.61) 
1.49 (-0.61) 

without P- A 
113 
101 
88 
76 

158 (-69) 
138 (-60) 
1 1 9 (-50) 
102(41) 

97 (-41 ) 
81 (-35) 
66 (-30) 
52 (-24) 
39 (-17) 
27(-11) 
17 (-6) 

8 (-3) _ 

1.32 (-0.57) 
1.29 (-0.56) 
1.27 (-0.54) 
1.26 (-0.50) 

with P- A 
120 
1 07 
94 
81 

64 
52 
41 
31 
21 
13 
7 

3 i 

88 (-36) 
73 (-31) 
60 (-28) 
47 (-20) 
35 (-1 5) 
25(-11) 
15 (-6) 

7 (-3) - 

The maximum lateral 
Deflection (mm) 

Displacement ductility 
demand 

without P- A 
121 (-128)' 
116 (-113) 
102(-100) 
88 (-84) 
74 (-72) . 

' ~ h e  yield displacement 
(mm) 

without P- A 
1.07(-1.13) 
1.15 (-1.12) 
1 .16 (-1 .14) 
1.16 (-1.1 1) 
1.16 (-1.13) 

-1 
46 (-45) 
34 (-33) 
21 (-23) 
15 (-16) 

8 (-9) 
4 (-4) 

1.29 (-0.53) 
1.30 (-0.55) 
1.36 (-0.63) 
1.42 (-0.62) 
1.52 (-0.67) 
1.67 (-0.72) 
1.88 (-0.76) 
2.33 (-1 -00) 

68 
56 
44 
33 
23 
15 
8 
3 

with P-A 
121 (-127) 
115 (-111) 
loi(-100) 
88 (-85) 
75 (-77) 

without P- A 
113 
101 
88 
76 
64 

with P-A 
1.01(-1.12) 
1.07 (1.10) 
1.07 (-1 -14) 
1.09 (-1.12) 

.1.10 (-1.14) 

1.52 (-0.64) 
1.56 (-0.67) 
1.61 (-0.74) 
1.68 (-0.76) 
1.86 (-0.82) 
2.08 (-0.87) 
2.43 (-0.91) 
2.67 (-1 -07) 

with P-A 
120 
107 
94 
81 
68 

48 (-47) 
35 (-35) 
25 (-25) 
16 (-11) 
9 (-10) 

5 (-5) 

52 
41 
31 
21 
f 3  
7 
3 

56 
44 
33 
23 
15 
8 
3 

1.12 (-1.10) 
1.10(-1.06) 
1 .O0 (-1 .IO) 
1.15 (-1 -23) 
1.14 (-1.29) 
1.33 (-1 -33) 

1.09 (-1.15) 
1.06(-1.13) 
1.09 (-1 -19) 
1 .O7 (-1 -31) 
1.13 (1 -43) 
1.67 (-1 -67) 



Table 4-1 1 Displacement ductility demand of the shear wall (Parkfield). 

The maximum lateral The yield displacement Displacement ductility 
deflection(mm) (mm) demand 

without P- A with P- A without P- A with P- A without P- A with P- A 
264 (-1 01 )' 254 (-95) 113 120 2.34 (-0.89) 2.12 (-0.79) 
230 (-85) 224 (-82) 101 1 07 2.28 (-0.84) 2.09 (-0.77) 
1 97 (-75) 192 (-74) 88 94 2.24 (-0.85) 2.04 (-0.79) 
164 (-60) 163 (-60) 76 81 2.16 (0.79) 2.01 (-0.74) 
134(-51) 136(51) 64 68 2.09 (-0.80) 2.00 (-0.75) 
1 08 (-40) 1 1 1 (40) 52 56 2.08 (-0.77) 1 -98 (-0.71 ) 
86 (-21 ) 88 (-30) 41 44 2.10 (-0.51) 2.00 (-0.68) 
68 (-14) 69(-21) 31 33 1 2.19 (0.45) 2.09 (-0.64) 

* Negative values in brackets correspond to the maximum value reachcd in the opposite 

direction. 

Table 4-12 Curvature ductility demand of the shear wall (El Centro). 
-. ---- 

Storey The maximum curvature The yield curvature Curvature ductility 
(radlkm) (radlkm) demand 

without P- A 1 with P- A without P- A 1 with P- A without P- A 1 with P- A 

- -- 

* Negative values in brackets correspond to the maximum value reached in the oppos 

direction. 

- 

ite 



* Ncgative values in brackets correspond to the maximum value reached in the opposite 

direction. 

Table 4-13 Curvature ductility demand of the shear wall (Taft). 

Table 4-14 Curvature ductility demand of the shear wall (Parkfield). 

Storey 

12 
11 
10 
9 
8 

* Negative values in brackets correspond to the maximum value reached in the opposite 

direction. 

Storey 

12 
1 i 
1 O 
9 
8 
7 
6 
5 
4 
3 
2 
1 

The maximum curvature 
(radlkm) 

without 
P- A 

0.01 5 (-0.014)' 
0.038 (-0.036) 
0.061 (-0.060) 
0.081 (-0.080) 

7 
6 
5 
4 
3 
2 
1 

with P- A 

0.015 (-0.01 5) 
0.038 (-0.038) 
0.062 (-0.061) 
0.082 (-0.080) 

0.454 (-0.093) 

The yield curvature 
(radkrn) 

0.432 (-0.1 04) 
0.580 (-0.1 10) 
0.151 (-0.1 19) 
0.157 (-0.152) 
0.1 52 (-0.130) 
0.172 (-0.141) 
0.498 (-0.425) 

The maximum curvature 
(radkm) 

without 
P- A 
0.045 
0.063 
0.070 

Curvature ductility 
demand 

0.352 (-0.1 04) 
0.560 (-0.1 12) 
0.1 53 (-0.1 15) 
0.1 58 (-0.1 17) 
0.1 53 (-0.121) 
0.176 (-0.158) 
0.607 (-0.584) 

without 
P- A 

0.01 9 (-0.01 8)' 
0.046 (-0.044) 
0.073 (-0.071) 
0.245 (-0.393) 
0.417 (-1.239) 
0.355 (-1.109) 
0.402 (-1 .los) 
0.141 (-0.154) 
0.1 41 (-0.156) 
0.1 30 (-0.146) 
0.122 (-0.144) 
0.1 58 (-2.300) 

with P- A 

0.045 
0.063 
0.070 

0.079 
0.347 (-0.107) 1 0.104 

without 
P- A 

0.33 (-0.31) 
0.60 (-0.57) 
0.87 (-0.86) 

0.1 18 
0.129 
0.1 59 
0.154 
0.186 
0.171 
0.207 

with P- A 

0.01 8 (-0.017) 
0.045 (-0.043) 
0.073 (-0.071) 
0.279 (-0.355) 
0.434 (-1 -1 12) 
0.378 (-0.982) 
0.51 9 (-1 -009) 
0.146 (-0.1 54) 
0.480 (-0.154) 
0.1 38 (-0.144) 
0.129 (-0.159) 
0.163 (-2.209) 

The yield curvature 
(radkm) 

with P- A 

0.33 (-0.33) 
0.60 (-0.60) 
0.89 (-0.87) 

2.98 (-0.88) 
4.34 (0.87) 
0.96 (-0.72) 
1.03 (-0.76) 
0.82 (-0.65) 
1 .O3 (-0.92) 
2.93 (-2-82) . 

0.1 18 
0.129 
0.159 
0.154 
0.186 
O. 17 1 
0.207 

without 
P- A 
0.045 
0.063 
0.070 
0.079 
0.104 
0.118 
0.129 
0.159 
0.1 54 
0.186 
0.171 

Curvature ductility 
demand 

3.66 (-0.88) 
4.50 (-0.75) 
0.95 (-0.75) 
1 .O2 (-0.84) 
0.82 (-0.70) 
1 .O 1 (-0.82) 
2.41 (-2.05) 

with P- A 

0.045 
0.063 
0.070 
0.079 
0.104 
0.1 18 
0.129 
0.159 
0.1 54 
0.1 86 
0.171 

0.207 

without 
P- A 

0.42 (-0.40) 
0.73 (-0.70) 
1-04 (-1 -01) 
3.10 (-4.97) 
4.01 (-11.91) 
3.01 (-9.40) 
3.1 2 (-8.57) 

1 -04 (-1 .O1 
3.34 (-1.03) 

0.079 
0.104 

with P- A 

1 

0.40 (-0.38) 
0.71 (-0.68) 
1 .O4 (-1 .O1 ) 
3.63 (-4.49) 
4.17 (-10.69 
3.20 (-8.32) 
4.02 (-7.82) 

1 .O3 (-1 .O1 ) 
4.37 (-0.89) 

0.207 1 0.76 (-1 1.1 1) 0.79 (-10.67) 

0.92 (-0.97) 1 0.92 (-0.97) 
0.92 (-1 .O1 ) 
0.70 (-0.78) 
0.71 (-0.84) 

0.96 (-1 -00) 
0.74 (-0.77) 
0.75 (-0.93) 



Based on the results of response of the shear wall when subjected to three different 

earthquake ground motions, the following conclusions can be drawn: 

( 1 )  The increase of the maximum lateral displacement for each wall storey due to the 

inclusion of P-A effects is minimal under seismic loading, so P-A effects may be 

negIected. 

(2) Figure 4-25 shows that the increase in permanent residual displacernent due to the 

inclusion of P-A is very large after 5 seconds under the Parkfreld earthquake, This is 

bccause the Parkfield motion is similar to a pulse loading which affect the lateral 

displacemcnt. The permanent plastic displacement is produced after a pulse loading 

is applicd. 

(3) P-.A effects are negligible for the base shear under the El Centro and Taft 

carthquakes. For the Parkfield earthquake, however, the base shear is slightly 

increascd due to the P-A effects after 5 seconds. 

( 3 )  In most cases, the wall does not exhibit displacement ductility demands greater than 

2.0 undcr the El Centro and Taft earthquakes. However, the displacement ductility 

dcmands exceed 2.0 for each storey under the Parkfield earthquake. 

(5) P-A cffccts do not cause an incrcase for the displacement ductility demands and 

cun7ature ductility demands at the base and over the height of the wall when 

subjected to strong ground motions. 

4.8 Damage induced by earthquakes 

In earthquake-resistant design of reinforced concrete structures, it is generally necessary 

to permit some degree o f  damage; otherwise the design would be too costly. To compute 



structural damages under earthquake loading, damage indices permit to quanti@ damage 

and relate it to economic losses and other consequences such as potential nsk of collapse 

after an earthquake. The deformation and Park and Ang (1985) damage indicators are 

computed in the study. The damage indices for the deformation are Dp, and D*. The 

parameter ûp, is ratio of  the maximum computed displacement to the ultimate 

displacement. The values of the maximum computed displacement for each story can be 

obtaincd frorn the results of computer program RUAUMOKO. The uftimate 

displaccments are dctemir.ed from ihe results of the pushover analyses. The damage 

indices Dei, for each story with and without P-A effects included in the analyses are given 

in Table 4- 15 under different ground motions. The damage parameter, DM, is defined as 

the maximum curvature divided by the ultimate curvature. The maximum curvatures are 

obtaincd from the output results of RUAUMOKO, while the ultimate curvatures are 

obtaincd from the results of the RESPONSE computer program. A summary of the 

damage indices Dp* of the shear wall structure is given from Tabte 4- 16 to Table 4- 18. 

The Park and Ang (1985) damase indicator, which can be considered as the most widely 

used in the technical literaturç. is defined as a Iinear combination of the maximum 

displacement to ultimate displaccment and the irrecoverable hysteretic energy divided 

by the yicld force. The damagc indicators DpA are given in Table 4-19. 

From the results of inelastic dynamic analyses of the shear wall, several conclusions can 

bc drawn: 

( 1 )  The P-A effects have little influence on the damage indices D b  under the three- 

earthqiiake ground motions at every storey. 

(2) Table 4-1 5 shows that the damage parameter Dp,. including P-A effects, is not much 

different undcr three earthquakes comparcd to the same indices without P-A effect. 

(3) The P-A effects may be neglccted for the daniage index DPA under seismic excitation. 



(3) Structural damages are not increased if P-A effects are considered in earthquake- 

resistant design of shear wall. 

Table 4-15 Damage indices Dp, of the shear wall (top fioor). 

* Negative vaiues in brackets correspond to the maximum vaIue reached in the opposite 

direction. 

Table 4-16 Damage indices Dw of the shear wall (El Centro). 

Earthquake 

El Centro 
Taft 

Parkfield 

Damage indices Op, 

* Negative values in brackets correspond to the maximum value reached in the opposite 

direction. 

- The ultimate 
displacement 

(mm) 
without 

P- A 
0.444 (-0.193) 
0.316 (-0.334) 
0.689 (-0.264) 

Storey 

12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

without 
P- A 
383 
383 
383 

- The maximum lateral 
deflection (mm) 

with 
P- A 

0.403 (-0.176) 
0.309 (-0.324) 
0.648 (-0.242) 

with 
P- A 
392 
392 
392 

without 
P- A 

170 (-74)' 
121(-128) 
264 (-1 01 ) 

with 
P- A 

158 (-69) 
121(-127) 
254 (-95) 

The maximum curvature 
(radfkm) 

without 
P- A 

0.017 (-0.018)' 

with 
P- A 

0.017 (-0.017) 

The ultimate 
curvature 
(radlkm) 

0.042 (-0.044) 
0.069 (-0.071 ) 
0.171 (-0.276) 

without 
P - A  
6.3 

Damage indices O k  

with 
, P-A 

6.3 

without 
P- A 

0.003 (-0.003) 
0.007 (-0.007) 
0.01 1 (-0.01 1) 
0.027 (-0.043) 

0.168 (-0.801) 
0.097 (-0.514) 

with 
P- A 

0.003 (-0.003) 
0.007 (-0.007) 
0.010 (-0.01 1) 
0.025 (-0.045) 

6.3 
6.3 

6.42 1 

0.042 (-0.043) 1 6.3 
0.061 (-0.079) 1 6.3 
0.158 (-0.292) 6.42 
0.158 (-0.818) 
0.097 (-0.51 1 ) 

6.42 
6.42 

0.025 (-0.127) 
0.01 5 (-0.080) 

6.42 
6.55 
6.42 
6.55 
6.55 
6.67 

6.42 
6.42 

0.101(-0.258) 
0.104 (-0.125) 
0.098 (-0.1 17) 
0.103 (-0.135) 
0.1 34 (-0.160) 
0.1 76 (-1 -406) 

0.016(-0.045) 
0.016 (-0.019) 
0.015 (-0.018) 
0.015 (-0.021) 
0.019 (-0.023) 
0.01 1 (-0.167) 

0.026 (-0.125) 
0.01 5 (-0.080) 

6.42 
6.55 
6.42 
6.55 
6.55 
6.67 

0.101(-0.290) 
0.104 (-0.126) 
0.099 (-0.1 17) 
0.096 (-0.135) 
0.122 (-0.1 57) 
0.076 (-1 -1 1 1 ) 

0.016(-0.040) 
0.016 (-0.019) 
0.015 (-0.018) 
0.016 (-0.021) 
0.020 (-0.024) 
0.026 (-0.21 1 ) 



Table 4-17 Damage indices DM of the shear wall (Taft). 

Storey The maximum curvature 
(radikm) 

1 without 1 with 

The ultimate Damage indices D b  
curvature 
(radlkm) 

without 1 with without 1 with 
P- A P - A  P- A P- A 
6.3 6.3 0.002 (-0.002) 0.002 (-0.002) 

* Negative values in brackets correspond to the maximum value reached in the opposite 

direction. 

Table 4-18 Damage indices Dc~, of the shear wall (Parkfield). 

Storey The maximum curvature The ultimate 
(radlkm) curvature 

(radlkm) 
without 1 with without 1 with 

6 0.402 (-1 -1 05) 0.519 (-1 -009) 6.42 1 6.42 
5 0.141 (-0.154) 0.146 (-0.154) 6.55 6.55 
4 0.141(-0.156) 0.480(-0.154) 6.42 6.42 
3 0.130 (-0.146) 0.138 (-0.144) 6.55 6.55 
2 0.122 (-0.144) 0.129 (-0.159) 6.55 6.55 

Damage indices DM 

without with 

* Negative values in brackets correspond to the maximum value reached in the 

w 

I 

1 
1 

l 

t 

t 

l 

1 

1 

l 

l 

l 
a 

opposite 

direction. 



Table 4-19 Damage indices DPA of the shear wall (first floorj. 

4.9 Conclusions 

l 

Earthquake 

The following conclusions can be drawn for the results of the earthquake response 

analyses of the 12-storey building considered in this study: 

( 1 )  Inchding P-A 

carthquake loac 

effects 

jing has 

Oamages indices 
DPA 

in the analysis of the shear wall buildings undergoing 

little effect on the maximum lateral displacement, base shear, 

and damage indices Opo. 

without 
P- A 

(2) The numerical results obtained in this study show that P-A effects on the 

displacement ductility and curvature ductility demand of the shear wall are 

ncgligibk under seismic ground motions. 

with 
P- A 

0.403 El Centro 

(3) For ground motions containing large acceleration pulses, P-A effects may increase 

significantly the residual (inelastic) displacement as compared to the situation wherc 

P-A effects are neglected. The magnitude of residual displacements has a direct 

incidence on the post-earthquake structural strength that can be mobilized before 

collapse. 

BE,, 

without 
P - A  

MY*p lp 

0.444 7680 

4810 

7450 A 

Damages 
indices 

DPA 
with P- A 

6190 

5440 

6660 

BE,, 

with 
P - A  

without 
P- A 

104880 

104880 Taft 

Parkfield 

' Damages 
indices 

DPA 
without 
P-A 

with P- A 

104880 

104880 

104880 1 104880 

0.517 

0.362 

0.760 

0.316 

0.689 

0.462 

0.36 1 

0.712 

0.309 

0.648 



(4) The analyses show that P-A effects do not increase the structural damage parameter 

DpA as compared to the values computed without P-A effects. Thus P-A effects are 

not detrimental to the seismic response of  the wall. 

(5) The structural ductility demand and damage parameter Vary with the storey under 

consideration. 

( 6 )  Based on the study presented hercin, P-A effects may be neglected for the 12-storey 

shear wall building considered. 



CHAPTER 5 

EFFECTS OF VARIATIONS IN THE MODELING PARAMETERS 

OF THE BUILDING ANALYZED 

5.1 Introduction 

The effects of varying the modelling parameters for the 12-storey shear-wall building 

analyzed are discussed in this chapter. First, the objectives of this parametric study are 

presented. Then, modelling parameters of the wall analyzed, such as the amount of axial 

force in the gravity column, different categories of earthquake records, hysteresis rules. 

and viscous damping ratios, are selected to examine their influence on the seismic 

response of the wall. The RUAUMOKO computer program is used to perform inelastic 

dynamic analyses with and without P-A effects. Different indices, such as the maximum 

roof displacement, are used to evaluate the effects o f  the selected modelling parameters 

on the significance of P-A effects for the building analyzed. 

5.2 Objectives 

In this chapter, modelling parameters are vaned to assess the sensitivity of the seismic 

rcsponse of  the shear wail to these parameters. In Chapter 4, the results o f  inelastic 

dynamic analyses of the shear wall, with and without P-A effects, under different 

earthquake records have been studied. Different response quantities have been 

examined, including the top lateral displacement, the shear forces and bending moments 

at the base of the wall, and the ductility demand. However, the influence on the seismic 

response due to variations in the wall modelling parameters needs to be studied further. 

The specific objectives of the parametric study presented in this chapter are to assess: 

( 1 ) The influence of  the amount of  gravity loading on the behaviour of the wall. 



(2) The influence of the frequency content and duration of the applied ground motions 

on the nonlinear seismic response for a typical shear wall building. 

(3) Thc influence of the following modelling parameters on the seismic response of the 

wall: (i) using tri-linear degrading stiffness hysteresis rule, (ii) varying strain 

hardening ratio of the reinforcing steel, and (iii) varying the amount of the viscous 

damping. 

To achieve these objectives, nonlinear earthquake response analyses are performcd on the 

typical 12-storcy shear wall building. The P-A effects are examined when varying the 

above modelling parameters. 

5.3 Selcctcd parameters 

The main parameters considered in the study are: 

The axial îorce in the gnvity column, corresponding either to the actuaI design value 

P cornputed in chapter 3, or larger values arbitrarily set equal to 2P and 5P. The axial 

Ioading in the wall will be remained in the calculation. The lateral resistance of the 

structure is not increased. Therefore, increasing P corresponds to evaluate buildings 

located in lower seismic rcgions or buildings which cany significant gravity live 

load not included in the seismic weight. 

Eastcrn and Western North America types of earthquake ground motions. For the 

Eastern earthquake, the Saguenay 1988 record is chosen because it has a high 

prcdominant frequency near I O  Hz. The El Centro 1940 record is selected as 

rcpresentative of Western North America type of earthquake. It has a low 

predominant frequency ncar 2 Hz. 



The hysteresis rules for the flexural response of the wall: bilinear hysteresis mle 

versus trilinear degrading stiffness hysteresis rule and arnount strain hardening of 

stccl. The bilinear inelastic model is shown in Figure 3-20. The trilinear inelastic 

model considered for the inelastic analysis is introduced in this chapter and it is 

illustrated in Figure 5-15. The steel stress-strain model considering the strain 

hardening of steel is shown in Figure 5- 17. 

The viscous damping ratio (5). For the inelastic dynamic analyses with the bilinear 

hystcrcsis rule, Rayleigh type damping is assumed based on 2% and then 7% 

damping in thc first mode and second mode of vibration instead of 5% damping as 

assumed in Chaptcr 4. 

To carry out the comparisons of earthquake response analyses, the organization of the 

parametric analysis is shown in Figure 5- 1.  

Basic wall model (Chapter 4) 
(bilinear hystercsis nile. gravity load P, 5 = 5%) 

- 

Scismic response 
(with and without P-A) 

- 

Variations of axial load in the El Centro, 1 940 carthquake (wcstcrn type) 
çravity colurnn (P.ZP.5P) Saguenay, 1988 earthquake (eastern type) 

A 

i 

The Iütcral displacemcnt of the wail 
(El Ccntro, 194O;Taft, 1959; ParkfieId. 1966 carthquakes) 

mcchanism 
Top displacement of the wall Maximum curvature @,, 

1 .bilincar and trilincar hysteresis; 1 .biIinear and tnlinear hysteresis; 

Figure 5-1 Organization of the parametric analysis. 



5.4 Earthquake response analyses 

5.4.1 Axial load in the gravity column 

The variation of the axial load in the gravity column is considercd to verify its influence 

on the wall horizonta1 displacements. The axial load in the gravity column is increased 

from P to ZP, and 5P (where P is the actual design axial force acting in the gravity 

column computed in Chapter 3).  The top lateral displacement time histories under each 

earthquake ground motion are shown in Figure 5-2 to 5-4. For El Centro earthquake, the 

top Iritcral displacements almost reach their maximum values at the same time when the 

axial Ioad is increased from P to 2P, and 5P. The roof horizontal displacements have not 

significant increased if the axial load is increased from P to 2P. When the axial load 

rcachcs SP, the shear wall building collapsed at 6.5 S. The time when maximum top 

displacement of the wall occurs changes under Taft and Parkfield ground acceleration 

when the axiat load is incrcascd from P to 2P, and 5P. 

The displacernent shape of the wall is explained at various time steps. Under the El 

Centro 1940 ground acceleration, scaled to a PGA = 0.18g for Montreal, when including 

P-A effects, the deflected shapcs at 3.94 s, 4.1 s, 4.5 s, and 5.13 s are respectively shown 

in Figure 5-5. These particular times are selected from the top Iateral displacement time 

history shown in Figure 4-16. The roof horizontal displacements reach their maximum 

values when the times are 3.94 s and 5.13 S. In ~ i ~ u r e  5-5, the horizontal axis is the 

Iateral displacement of the wall. The vertical axis is the number of storey. Figure 5-5 

shows the effects of variations of the axial force at various time steps. The axial load in 

the gravity column has a little cffcct on the wall horizontal displacement at 4.5 s and 

5.13 s if the axial load is increased from P to 2P. However, the horizontal displacernent 

at the top of the wall is significantly increased when the axial load is increased from 2P 

to 5P. 



Figure 5-2 Top lateral displacement time history - scalcd El Centro carthquake 

(with P-A). 

Figure 5-3 Top lateral displacement time history - scaled Taft earthquake 

(with P-A). 



-0.004 - , -- -- - - - -- - 

O 5 ~im&O(s) 15 20 

Figure 5-4 Top lateral displacement tirne history - scaled Parkfield earthquake 

(with P-A). 

The first three periods of vibration are given in Table 5-1 for different axial loads. I f  the 

axial force in the gravity column is increased from P to 2P, the first periods of vibration 

of the shear wall are lengthencd from TI = 3.380 s to TI = 3.556 S. When the axial force 

is 5P, the first penod of vibration of the shear wall is TI = 4.278 S. 

Table 5-1 First three vibration periods. 

I P (without P-A) 1 3.2 17 1 0,547 1 0.2 13 

Axial force in the gravity 
columns 

Periods (s) 

Mode 1 1 Mode 2 1 Mode 3 
d 

P (with P-A) 

2P (with P-A) 

3.380 

5P (with P-A) 

3 -556 

0.55 1 

4.278 

0.2 14 

0,558 0.2 17 

0.570 0.219 



Displacernent (mm) 
(a) t = 3.94 s 

-50 50 150 
Displacement (mm) 

(c) t = 4.5 s 

Oisplacement (mm) 
(b\ t =l.l s 

-1 50 -50 50 150 250 
Msplacement (mm) 

(d) t = 5.1 3 s 

Figure 5-5 Response of the shear wall - scaled El Centro earthquake 

(with P-A). 



-200 -100 O 100 
Ilisplacement (mm) 

(a) t = 7.39 s 

-200 -1 O0 O 100 
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(c )  t=U.Ss 

-200 -100 O 1 O0 
Displacement (mm) 

(b) t = 8.0 s 

-200 -100 O 100 
asphcement (mm) 

(d) t =92û s 

Figure 5-6 Response o f  the shear wall - scaled Taft earthquake (with P-A). 



û'splacement (mm) 
(a) t = 3.73 s 

Displacement (mm) 
(b) t = 4.0 s 

O 1 O0 
&lacement (mm) 

150 

( c )  t = 4.5 s 

O 200 
HPircement (mm) 300 

(d) t = 4.87 s 

Figure 5-7 Response of the shear wall - scaled Parkfield earthquake (with P-A). 



The displaced shapes of the wall at 7.39 s, 8.0 s, 8.5 s, 9.28 s under scaled Taft ground 

accelerations and at 3.73 s, 4.0 s, 4.5 s, 4.87 s under scaled Parkfield ground 

accelerations are also given in Figure 5-6, and Figure 5-7, respectively. These particular 

times üre selected from the top lateral displacement time history to scaled Taft and 

Parkfield ground accelerations in Figure 4-22 and Figure 4-28. Under Tafl earthquake 

motion, the axial load has a little influence on the wall horizontal displacements at 7.39 

S .  The influence of the axial load on the wall horizontal displacements is increased 

largely when the deflected shapes at 8.0 s, 8.5 s and 9.28 s are considered. For the 

Parkfield earthquake, the roof horizontal displacements reach their maximum values 

whcn the times are 3.73 s and 4.87 S. When the axial load is increased fiom 2P to SP, the 

wal l fiorizontal displacements is also increased largely. 

To assess the response of the shear wall, the curvature ductility demands are 

summarised. The value of curvature ductility demands under the actual axial load P have 

bccn given in Chapter 4. The curvature ductility demands under the axial load 2P and 5P 

arc sivcn frorn Table 5-2 to 5-4. When the axial load is increased to 5P, the shear wall 

collapsed, so the curvature ductility demand under the a ~ i a l  load 5P can not be obtained 

in Tablc 54. The curvature ductility demands in the wall under El Centro, Taft and 

Parkfield earthquakes are given in Figure 5-8 to Figure 5-10. The results show that the 

cunature ductility demands are increased at mid-height of  the wall if the axial load is 

increased from P to ZP, and 5P. The plastic hinge is developed at mid-height of the wall. 

The rcason is that the longitudinal reinforcing steels were changed from 8-No.25 to 8- 

No.20 at Ic\.cl 6 .  



Table 5-2 Curvature ductility demand of  the shear wall-with P-A (El Centro). 

Storey k 
The maximum curvature The yield curvature 

(radkm) (radlkm) 
2P 5P 2P SP 

0.01 6 (-0.01 7)' - 0.045 0.045 

Cunrature ductility 
demand 

* Negative values in brackets correspond to the maximum value reached in the opposite 

direction. 

Table 5-3 Curvature ductility demand of  the shear wall-with P-A (Taft). 

* Negativc values in brackets correspond to the maximum value reached in the opposite 

direction. 

Storey 

12 
1 1 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

The maximum curvature 
(radlkrn) 

2P 
0.015 (-0.015)' 
0.039 (-0.037) 
0.063 (-0.060) 
0.085 (-0.079) 
0.608 (-0.092) 
0.406 (-0.097) 
0.637 (-0.096) 
0.1 52 (-0.104) 
0.1 57 (-0.1 10) 
0.1 50 (-0.1 18) 
0.1 68 (-0.148) 
0.536 (-0.1 90) 

5P 
0.015 (-0.01 1) 
0.038 (-0.028) 
0.063 (-0.047) 
0.081 (-0.064) 
1.1 07 (-0.074) 
0.601 (-0.076) 
0.714 (-0.066) 
0.1 51 (-0.058) 
0.1 53 (-0.064) 
0.140 (-0.069) 
0.161 (-0.071) 
0.570 (-0.065) 

The yield curvature 
(radntm) 

2P 
0.045 
0.063 
0.070 
0.079 
0.1 04 
0.1 18 
0.1 29 
0.159 
0.1 54 
0.186 
0.171 
0.207 

Curvature ductility 
demand 

SP 
0.045 
0.063 
0.070 
0.079 
0.1 04 
0.1 18 
0.1 29 
0.159 
0.1 54 
0.186 
0.171 
0.207 

2P 
0.33 (-0.33) 
0.62 (-0.59) 
0.90 (-0.86) 
1 .O8 (-1 -00) 
5.85 (-0.88) 
3.44 (-0.82) 
4.94 (-0.74) 
0.96 (-0.65) 
1 .O2 (-0.71 ) 
0.81 (-0.63) 
0.98 (-0.87) 
2.59 (-0.92) 

SP 
0.33 (-0.24) 
0.60 (-0.44) 
0.90 (-0.69) - 
1.03 (-0.81 ) 

10.64 (-0.71 ) 
5.09 (-0.64) 
5.53 (-0.51 ) 
0.95 (-0.36) 
0.99 (-0.42) 
0.75 (-0.37) 
0.94 (0.42) 
2.75 (-0.31) 



Table 5-4 Cuwature ductility demand of the shear wall-with P-A (Parkfield). 

Storey The maximum curvature The yield curvature Curvature ductility 
(radlkm) (radlkm) demand 

2P I SP 2P I SP 2P I SP 

* Negative values in brackets correspond to the maximum value reached in the oppos 

direction. 

-1 2 -8 4 O 4 
Curvature ductility demand 

Figure 5-8 Curvature ductility demand in the wall - scaled El Centro earthquake 

(P = P, 2P). 



4 -2 O 2 4 6 8 10 12 
Cunrature ductility demand 

Figurc 5-9 Cuwature ductility demand in the wall - scaled Taft earthquake 

-15 -10 5 10 curvaaiR ducti~ity 8emanâ 

Figure 5-10 Curvature ductility demand in the wall - scaled Parkfield earthquake 

(P = P, 2P, SP). 



Based on the response results of the shear wall when the axial force in the gravity 

column is increased from P to 2P and 5P, the following conclusions can be obtained: 

( 1 )  The first period of vibration of the shear wall is lengthened if the axial load in the 

gravity columns is increascd from P to 2P and 5P. 

(2) The axial load in the gravity columns when including P-A effects has a significant 

effect on the wall horizontal displacement if the axial load is increased from 2P to 

5P. The horizontal displacement is mainly increased on one side of the wall. 

(3) Longer period may decrease the lateral displacement of the shear wall. For example. 

the horizontal displacement of the wall is decreased at 4.1s and at 4.5s under El 

Centro earthquake as well as at 8.5s and at 9.28s under Taft earthquake, when the 

axial force in the gravity column is increased fiom P to 2P. 

(4) Reduced effective stiffness for a given load should increase the lateral displacement. 

Under El Centro earthquake, the horizontal displacement of the wall is increased 

when the axial force is 5P. 

(5) In general, the deformed shape of the wall exhibits more local curvature when the 

axial force in the gravity column is increased. It happens at 6h floor due to the 

decreasc of the longitudinal reinforced steel at this storey. 



5.4.2 Application of Eastern and Western North America types of earthquakes 

To study the effect of the frequency content of the ground motions on the seisrnic 

response of the 12-storey wall, Eastern and Western North America type earthquakes 

have been considered. 

The El Centro. 1940 (SOOE) record is chosen as the ground motion to represent 

Wcstem North America. I t  is considered because it has a low predominant frequency 

around 2 Hz. The earthquake record is shown in Figure 3-1 1. The characteristics of the 

ground motions are given in Table 4-6. 

For the Eastern earthquake, a record from the Saguenay (N 124E), 1988 event is selected 

because it is the largest recorded seismic event in Eastern Canada. 

5 10 15 

lime, (s) 

Figure 5-1 1 Saguenay earthquake record. 



The 1998 Saguenay record selected has a high predominant frequency near 10 HZ with a 

peak ground accelention of 0.13 1 g. The earthquake record is s h o w  in Figure 5- 1 1. The 

first 20 seconds of the record are considered. The scaling factor for the accelerogram is 

1.374 to attain a peak ground acceleration o f  O. 18g. Figure 5-12 shows the spectra for 

the scaled accelerogram when compared with the NBCC 1995 spectra for 5% damping. 

The spectral acceleration Sa reaches 0.038 g at the first period (Ti = 3.389 ). 

O 0.5 1 1.5 2 2.5 3 3.5 
Period, (s) 

Figure 5-1 2 Scaled earthquake spectra. 

The rcsponse of the structure subjected to 1988 Saguenay ground motions was obtained 

from the RUAUMOKO cornputer program. The results of inelastic dynamic analyses of 

the shear wall, with and without P-A, under the El Centro earthquake records have been 

studied in Chapter 4. Table 5-5 sumrnarises the results of response parameters under El 

Centro and Saguenay earthquake ground motions. Comparing the results of response 

parametcrs of the shear wall, the following conclusions can be obtained: the values of al1 

rcsponse parameters under El Centro earthquake are larger than those under Saguenay 

ground motions. This is because the El Centro record has a low frequency content (2 Hz) 



as compared to that of the Saguenay record (10 Hz); P-A effects have Iittle influence on 

the response parameters except for the maximum base shear under Saguenay earthquake 

which is reduced while including P-A effects. Structural damages may be neglected 

under the Saguenay record, P-A effects are not detrimental to the response of the shear 

wall. Figure 5-13 shows the curvature ductility demand in the wall to scaled Saguenay 

earthquake ground acceleration. The curvature ductility demands at each storey in the 

n-a11 are less than 1.0 under the Saguenay earthquake. Therefore, the structural damage 

crin be ncglected. 

-1 -0.8 4.6 -0.4 -0.2 O 0.2 0.4 0.6 0.8 1 
Curvature ducu'lity demand 

Figure 5-13 Curvature ductility demand in the wall - scaled Saguenay earthquake. 



Anaiyscs are performed with the RUAUMOKO cornputer program to study the failure 

mcchanism of the 12-storey shear wall under earthquake ground motions. The intensity 

of ground motions is increased progressively by carrying out a series o f  anaiyses with 

largcr and largcr scaling factors to examine the wall's failure. Figure 5-14(a) and Figure 

5-  14(b) show the variations o f  peak roof displacement under El Centro and Saguenay 

carthquakes if inctuding P-A effects. For El Centro earthquake, tfie wall collapsed due to 

plastic hinge formation at the base of the wall when the intensity of ground motions is 

increascd to 0.396 g. The wall failure also took place at the base of the wall under 

Saguenay earthquake ground accelerations, but this occured when the peak ground 

accclcration was increased to 1.134 g. I f  not including the P-A effects, wall failure could 

not devclop in this model if the intensity of ground motions is increased progressively. 

Table 5-5 Nonlinear response parameters of the shear wall. 

1 1 Earthquakes 1 

1 1 I I 1 Damage indice D b  1 0.167 1 0.21 1 1 0.019 1 0.023 

Response parameters 
(maximum values) 

Roof displacement (mm) 

Base shear (kN) 

Peak displacement ductility demand p,,, 

Peak cuwature ductility demand 

Oamage indice Dp, 

(PGA = 0.18g) 
El Centro 

P-A I N O P - A  
Saguenay 

158 

3200 

1.33 

5.37 

0.403 

P-A  

63 

995 

0.53 

0.60 

0.1 60 

170 

3220 

1 -44 

6.79 

0 -444 

No P- A 

82 
1 

1310 
1 

0.69 

0.74 

0.21 3 



Peak roof displacement (mm) 
Peak roof displacement (mm) 



5.4.3 Trilinear degrading stiffness hysteresis rules and strain hardening of steel 

1. Trilinear degrading stiffness hysteresis rules 

To assess the variation in representing the inelastic moment-curvature response, al1 

inclastic analyses are conducted for two different degrading hysteresis rules: a bilinear 

hysteresis mie and a ttilinear hysteresis rule. The bilinear hysteresis rule considered for 

the inelastic analysis has been introduced in chapter 4 and the results of inelastic 

dynamic analyses of the shear wall have been obtained under different earthquake 

records. The other hysteresis rule considered for the inelastic analysis is a trilinear 

degrading hysteresis rule. With this nile, cracking of the concrete is considered before 

yielding of the tensile reinforcement. 

M 

Figure 5-15 Muto degrading trilinear hysteresis. 



Figure 5- 15 shows the MUTO (Carr,1996) degrading trilinear hysteresis mle, which is 

used as the moment-curvature model in the analyses of the wall. The initial slope (16) 

corresponds to the gross stiffness (EI,) of the section before cracking occurs. After 

cracking of the structure, the dope changes due to the stiffness reduction (Elcr). The 

post-cracking slope is related to the initial slope by a factor a. The MUTO degnding tri- 

linear model follows an origin-center philosophy, therefore, after cracking has occurred. 

the model cornes back through the origin with a slope, k,. The third dope is related to 

the initial slope by a factor r. During the reverse loading, the model retums again with a 

slope. k,,. Once the loading crosses the abscissa, the slope changes again if opposite 

yielding has occurred. This mode! is suitable for reinforced concrete members because it 

follows a realistic understanding of the behaviour of loading and unloading with strength 

degradation. The envelopes of the first cycle (coordinates of the cracking and yield 

moments and -their corresponding stiffness) are obtained from results of moment- 

1 Storey - 

O 1 2 3 4 5 6 7 
Cu mature (rad11 OOOm)  

Figure 5-16 Moment - cuwature response of the wall (storey 1). 



curvaturc analyses with the RESPONSE computer program. 

Figure 5-16 shows the relationship between moment and curvature of the wall for the 

bottom storey from the RESPONSE program. The cracking moment M, = 17992 kN-m, 

yiclding moment My = 30893 kN-m and the ultimate moment Mu = 31451 kN-m are 

shown in Figure 5-16. The response also indicates that the shear wali for the bottom 

storcy has a yield curvature Q>, = 0.54 1 (rad /km), and a, = 6.18 (rad/km). From the 

initial slope corresponding to the stiffness (EI,) of the section before cracking occurs. 

thc uncracked moment of inertia 1, equals 9.126 m'. The factor a, which relates the 

initial slope and the post-cracking slope, is 0.157. The factor r, which relates the initial 

slopc and the post-yielding slope, is also obtained frorn results of moment-curvature 

analyses and its value is 0.487* IO-'. 

2. Strain hardening of steel 

The relationship between moment and curvature of the wall for each storey has been 

obtained from the RESPONSE computer program. The results are given in Chapter 3. 

The steel type is descnbed by a bilinear stress-strain relationship in the program. The 

steel stress-strain modet is presented in Figure 3-4 (b). To assess the influence o f  the 

strain hardening of steel on the wall response, the trilinear stress-strain relationship of 

steel is considered in the RESPONSE computer program to obtain the moment-curvature 

responses. The steel stress-strain mode1 is given in Figure 5-1 7. Due to the consideration 

of strain hardening of the steel, different values for f, and f, are given in Figure 5- 17. 

The strain of steel E,,, equals 0.20 when f, reaches f. = 500 MPa. 



Figure 5-17 Stress- strain relationship of reinforcing bar (trilinear). 

Figure 5-18 Moment-curvature response of the wall including steel strain 

hardening (storey 1). 



Figure 5-18 shows the nonlinear moment-curvature response of the wall for the bottom 

storey including strain hardening of the steel. The bilinear hysteresis rule analysis is 

considered for the inelastic analyses in Figure 5-18. The yielding moment My equals 

3 1380 kN-m and its corresponding curvature is 0.186 r a h .  The curvature reaches its 

maximum value (a, = 6.18 rad/krn) when the steel is broken. The bilinear factor, r, is 

obtained from the second branch of the moment-curvature relationship and its value is 

O. 169* 1 o - ~ .  

3. Results o f  analyses 

(1) The top lateral displacement of the wali 

To assess the effects of the hysteresis rules and the strain hardening of  steel on the wall's 

response, the RUAUMOKO program is used to perform inelastic analyses with and 

without P-A cffects under El Centro and Saguenay earthquakes. The top lateral 

displacement time histories with and without P-A effects are given in Figure 5-19 to 

Figure 5-22 under the El Centro and the Saguenay earthquakes. 

From the results of the top Iateral displacement time histories of  the shear wall, the 

fol lowing conclusions are drawn: 

( 1  ) Under El Centro earthquake, the influence of the strain hardening of  steel on the top 

lateral displaccment of  the shear wall with and without P-A effects may be 

neglected. If the trilinear degrading hysteresis rule is considered for the inelastic 

analysis, the top displacements of the wall are slightly smaller than those of the 

bilinear and hardening hysteresis models. 



(2) For Saguenay ground accelerations, the strain hardening of the steel does not have 

any effect on the top lateral displacement of the wa11 when not including P-A effects. 

However, the peak top lateral displacement of the wall is increased by 32 % when 

including P-A effects if we compare the results from the bilinear hysteresis rule 

without the strain hardening of the steel with the results that include the strain 

hardening of the steel. 

(3) For analyses with and without P-A effects, the lateral displacement tend to be 

slightly smaller whcn the trilinear hysteresis rule is used instead of the bilinear rule. 

(3) When including P-h effects. the maximum top displacement of the wall indicates a 

S I  ight natural period elongation under Saguenay ground acceleration if the trilinear 

degrading hysteresis rule is considered for the inelastic analysis as compared to the 

bilinear rule. 
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Figure 5-19 Top lateral displacement time history - scaled El Centro earthquake 

(without P-A). 

5 .O 10.0 15.0 20.0 
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Figure 5-20 Top lateral displacement tirne history - scaled El Centro earthquake 

(with P-A). 
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Figure 5-21 Top lateral displacement time history - scaled Saguenay earthquake 

(without P-A). 

V bilinear 
-0.002 ! I 

O 5 1 O 15 20 
Time (s) 

Figure 5-22 Top lateral displacernent time history - scaled Saguenay earthquakc 

(with P-A). 



(3) Maximum cuwature of the wall 

The results of curvature time histones for the base of the wall with P-A and without P-A 

are illustrated in Figure 5-23 to Figure 5-26. The following results c m  be drawn from 

the analyses: 

( 1 ,l The trilinear hysteresis nile has an important effect on the maximum curvature under 

t h e  El Centro earthquake, the maximum curvature is decreased by as much as 70%. 

However, including the effects of strain hardening of the steel has no influence on 

the maximum curvature. 

(2) For the Saguenay earthquake, the influence of the trilinear hysteresis rule and the 

effect of strain hardening of the steel on the maximum curvature are smali if they 

art' considered in the analysis. 

tnlinear ? 

bilinear (no P-delta) 

trilinear (no P-delta) 

1 -hardening (no P-delta) 
+ 

-0.0016 ' L 

O 5 10 15 20 

Time (s) 

Figure 5-23 Curvature time history for the base of the waii - scaled El Centro 

earthauake (without P-A). 



f , hardening 
O trilinear 

bilinear 

1 - - a _ _  

- tBlinear (P-delta) 
I 
l - hardening(P-delta) 

-0.0012 ' 
O 5 10 15 20 

Time (s) 

Figure 5-24 Curvature time history for the base of the wall - scaled 

El Centro earthquake (with P-A). 
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Figure 5-25 Curvature time history for the base of the wall - scaled 

Saguenay earthquake (without P-A). 



Time (s) 

Figurc 5-26 Curvature time history at the base of the wall - scaled Saguenay 

earthquake (with P-A). 

(3) Jiornent-curvature response histories 

The [noment-curvature hysteresis at the base of the wall with and without P-A effects are 

given in Figure 5-27 to Figure 5-3 1 under the El Centro and the Saguenay earthquakes. 
U 

The f~ l lowing  conclusions are drawn: 

( 1 )  Uiider El Centro earthquake, P-A effects on the moment-curvature responses at the 

base of the wall may be neglected if trilinear degrading hysteresis mie and the steel 

sti-ain hardening are considered in the analysis. 

(2) For Saguenay earthquake, the moment is proportional to the curvature at the base of 

thc wall if bilinear degrading hysteresis mle and the steel strain hardening are 



considered. This is because the shear wall remains in the elastic regime at the base 

of the wdl. 

( 3 )  The influence of P-A effects on the moment-curvature response at the base of the 

wdI may be neglected under Saguenay earthquake. 

-0.001 2 -0.0008 4.0004 0.0000 0.0004 
Curvature, radlm 

Figurc 5-27 Moment  -curvature response history at the base of the wall - scaled El 

Centro earthquake (trilinear hysteresis rule). 
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Figure 5-28 Moment-curvature response history at the base of the wall - scaled 

El Centro earthquake (bilinear including the steel strain hnrdening). 

Figure 5-29 Moment-curvature response history at the base of the wall - scaled 

Saguenay earthquake (bilinear hysteresis rules). 
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Figure 5-30 ~Mornent-curvature response history at the base of the wall - scaled 

Saguenay earthquake (trilinear hysteresis rule). 
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Figui-c 5-31 Moment-cuwature response history at the base of the wall - scaled 

Saguenay earthquake (bilinear including the steel strain hardening). 



5.4.4 Viscous damping ratio 

1. Damping mode1 

For the inelastic dynarnic analyses with the bilinear hysteresis rule, Rayleigh type 

darnping is assumed based successively on 2%, 5% (recommended by NBCC 1995 for 

clastic analysis) and 7% damping in the first third modes of vibration corresponding to a 

cumulative modal mass equal to 94% of  the total mass of the wall in the horizontal 

direction. To cxamine the influence of the seiected darnping ratio on the seismic 

rcsponse of the wall, the RUAUMOKO computer program is used to perform inelastic 

dynamic analyses with and without P-A effects under El Centro and Saguenay 

carthquakcs. 

2. Results of analyses 

( 1 )  The top lateral displacement of the waH 

The RUAUMOKO computer program is used to derive the top lateral displacement of 

the wall with and without P- A effects under El Centro and Saguenay earthquakes. The 

results arc given in Figure 5-32 to Figure 5-35. 

The following conclusions are drawn from the results: 

( 1 )  The influence of viscous damping ratio on the top lateral displacement of  the shear 

wall under El Centro earthquake is not very significant if a 7% damping ratio is 

considered instead of  5% damping ratio. However, the top lateral displacement with 

P-A effects is increased after 13 seconds if the viscous damping ratio is assurned as 

2%. 
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Figure 5-32 Top lateral displacernent time history - scaled El Centro earthquake 

(without P-A). 
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Figure 5-33 Top lateral displacement time history - scnled El Centro 

earthquake (with P-A). 



, -  2%darnping(bilinear, no Pdelta) 1 
0.003 - 1 - - - . - - .  5% darnping (bilinear, no Pdelta) 1- - 

. , 

, ' -7% damping (bilinear, no P-delta) 

O 5 10 15 20 
Time (s) 

Figure 5-34 Top lateral displacernent time history - scaled Saguenay 

earthquake (without P-A). 
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Figure 5-35 Top lateral displacement time history - scaled Saguenay 

earthquake (with P-A). 



(2) Under Saguenay earthquake, the top lateral displacement is increased by 22% 

(without P-A ) and 65% (with P-A ) if a 2% viscous damping ratio is considered 

instead of 5%. However, the effect of viscous damping ratio on the top lateral 

displacement may be neglected when 7% damping ratio is assumed. 

(3) Most shear wall structures experiencing significant cracking during an earthquake 

will have viscous damping ratio in excess of 5%. Therefore, the influence of viscous 

damping ratio on roof displacement may be neglected. 

( 2 )  Maximum curvature of the wall 

Maximum curvatures of the walI can also be obtained from the RUAUMOKO computer 

program if Rayleigh type damping is assumed based on 2%, 5%, and 7% damping. The 

rcsults are shown in Figure 5-36 to Figure 5-39. 

From the  resuhs of these analyses of the shear wall, several conclusions can be drawn: 

( 1 )  The influence of viscous damping ratio on maximum curvature of the shear wall 

under El Centro and Saguenay earthquakes is not very significant if a 7% damping 

ratio is considered instead of 5% damping ratio. 

(2) Figure 5-36 shows that maximum curvature of  the wall without P-A effects will be 

decreased by 17% if 2% damping ratio is considcred as compared to the value 

computed with 5% darnping. 

(3) For Saguenay ground motion, using a 2% damping ratio has a significant influence 

on the maximum curvature of the wall, the maximum curvature of the wall is 

increased by 147% (with P-A) and 45% (without P-A) when compared to 5% 

damping. 
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Figurc 5-36 Curvature time history for the base of the wall - scaied El Centro 

earthquake (without P-A). 

0.0004 - - -- _ _ - - - -_ --_ - 

q - 2%damping (bilinear, Pdelta) 
, __.._._ S%damping(bilinear, Pdelta) 

A i - I%damping(bilinear, Pdelta) 

2% darnping 5% damping 

O 5 10 15 20 
Time (s) 

Figure 5-37 Curvature time history for the base of the wall - scaled El Centro 

earthquake (with P-A). 
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Figure 5-38 Curvature tirne history for the base of the wall - scaled 

Saguenay earthquake (without P-A). 
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Figure 5-39 Curvature time history for the base of the wall - scaled 

Saguenay earthquake (with P-A). 



5.5 Discussion 

1. The influence of the axial force on the wall's horizontal displacement 

The first modelling parameter considered for the inelastic analysis is the axial force in 

the gravity column. The effects of variations of  the axial force on the wall horizontal 

disphcement at various time steps are presented in Figure 5-5 to Figure 5-7. The 

deflected shapes are deterrnined at some particular times. These particular times are 

obtained from peak amplitudes of the top lateral displacement time history to scaled El 

Centro, Taft and Parkfield earthquakes in Chapter 4. The axial force in the gravity 

column is increased from P to 2P, and SP. 

When the axial force is increased from P to 2P, the first periods of vibration of the shear 

wall is lengthened from 3.380s to 3.556s. The lateral displacement of the wall may be 

decreased due to larger period. For example, under El Centro earthquake, the maximum 

top horizontal displacement of the wall at 4-1s is 50.3mm when the axial force is P. 

However, the maximum top horizontal displacement of the wall is decreased to 37.3rnm 

when the axial force is increased to 2P. The axial load in the gravity columns has a 

significant effect on the wall horizontal displacement if the axial load is increased from 

2P to 5P, the maximum top horizontal displacement of the wall is increased from 65 mm 

to l3lmrn at 4.5 S. 

The deformed shape of the wall exhibits more curvature when the axial force in the 

gravity columns is increased. Finally, the wall cotlapsed due to plastic hinge formation 

at the base of the wall if the axial load is significantly increased. The curvature at 6Lh 

floor is increased fargely due to change in the longitudinal reinforcing steel. 



2. The influence of the hysteresis rules and the strain hardening of steel 

Thc 1940 El Centro and 1988 Saguenay records are chosen as ground motions to 

rcpresent Western and Eastern North America, respectively. The top lateral 

displacernent time histones and maximum curvatures of the wall with and without P-A 

arc given in Figure 5- 19 to Figure 5-26. Based on the resuits of the analyses? the trilinear 

dcgrading rule has significant effects on the top lateral displacement time histories and 

maximum curvature of the wail. Under El Centro earthquake, the top lateral 

displaccment with P-A at 11.3 s is 77.4mm when the bilinear degrading nite is 

considered for the inelastic analysis and 63.72mm when the trilinear degrading rule is 

considcrcd. For the Saguenay earthquake, the maximum curvature without P-A at 14.2 s 

is 1.28E-4 ra&m due to the consideration of the trilinear degrading nile and it is 1. I E-4 

rad/m if thc bilinear hysteresis rule is considered in the analysis. 

To asscss which form of hysteresis nile, bilinear or trilinear, is more appropnate to 

model the earthquake response of shear walls, it is most appropriate to compare the 

rcsults from numerical simulations with those frorn historical evidences or experimental 

evidenccs from shake table experiment. As an example, the CAMUS (1998) 

International Benchmark (Queval et al. 1998) was camed out to compare different 

modelling proccdures to predict the seismic shake table response of a 7.06 m * 1.02 m 

reinforced concrete shear wall model. The results indicated that the bilinear hysteresis 

model was more appropriate to predict the response of the wall including P-A effects 

comparcd to the response obtained from the trilinear hysteresis model. The trilinear 

hysteresis model tended to dissipate too much energy through the inelastic cracking 

mcchanism. It is thus recommended to use the bilinear hysteresis model at this stage. 

However, furthcr studies are required to generalise this recommendation. 

The influence of the strain hardening of steel on the top lateral displacement and 

maximum curvature of the wall is minimal under El Centro earthquake. The strain 



hardening effects may be neglected. However, the top lateral displacement of the wall 

under the Saguenay earthquake are increased as compared to results without the strain 

hardening of the steel if including P-A effects. Figure 5-22 shows that the top lateral 

displacernent of the wall at 13 s is 83.25 mm (strain hardening of steel) and 6 2 . 1 9 1 ~ 1  

(bilinear). However, the results show that the damage indices Dpa is 0.212 (with the 

strain hardening of steel) and 0.158 (without the strain hardening of steel). The variation 

of the damage indices is not significant and the building is still very far frorn collapse. 

Thercfore, P-A effects may be neglected under the Saguenay eaxthquake if including the 

influence of the strain hardening of steel on the top lateral displacement. 

3. The influence of the viscous damping ratio 

To examine the effects of variation of the viscous damping ratio on the top lateral 

displaccrnent and maximum curvature of the wall, damping ratios 2%, 5% 7% are 

assumcd in the analyses. The results are givcn in Figure 5-32 to Figure 5-39. Figure 5-32 

and Figure 5-37 show that the influence of viscous damping ratio on the top lateral 

displacement if not including P-A effcct and maximum cunrature of the wall if including 

P-A effects may be neglected under El Centro earthquake. 

If viscous damping ratio is considered as 2%- the top lateral displacement and maximum 

curvature of the wall will be increased under Saguenay earthquake. For example, the top 

displaccment of the wall at 12.7s is 99.5mm (2% darnping) and 82.35mm (5% damping) 

if not including P-A effects. Figure 5-27 also shows that curvature of the wall at 13s is - 

3E-4 radlm (2% damping) and -1.23E-4 rad/m (5% damping) if including P-A effects. If 

viscous damping ratio is considered as 7%, the maximum curvatures of the wall under 

Saguenay earthquake are very close to those attained considering 5% damping. 



5.6 Conclusions 

In this chapter, an evaluation of the influence of some modelling parameters on the 

earthquake response of the shear wall has been presented. Some conclusions can be 

drawn: 

1. Axial load in the gravity column can have a significant influence on the wall's 

horizontal displacement. Undcr El Centro earthquake, the maximum top horizontal 

displacement of the wall is increased from 65 mm to 13 1 mm at 4.5 s when the axial 

forcc is increased from 2P to 5P. 

2. The numerica1 results obtained in this chaptcr show that the top displacements of the 

wall are slightly smaller than those of the bilinear hysteresis models if the trilinear 

degrzding rule is considered under El Centro earthquake- Previous studies indicates 

that bilinear rules are preferable to trilinear mle to predict the seismic response of 

shear wali structures (Queval et al. 1998). 

3. Including the strain hardening of steel have not influenced the top displacement and 

maximum curvature of the walI when including P-A effects. 

4. The analyses show that the influence of the damping ratio 2% on the top lateral 

displacernent and maximum curvature of the wall is more important under Saguenay 

earthquake. If viscous damping ratio is considered as 7%, the effects of darnping ratio 

on the maximum curvature of  the wall under Saguenay earthquake becomes 

insignificant as compared to the values attained while using 5% damping ratio. 

5. When the intensity of earthquake ground motion is increased, the wall collapsed due 

to ptastic hinge formation at the base of the waIl under El Centro and Saguenay 

earthquakes if including P-A effects. However, when P-C effects are not included in 



the analysis, the wall can not reach a failure state with the constitutive mode] adopted 

evcn though the intensity o f  earthquake ground motion is increased largely. 



CHAPTER 6 

CONCLUSIONS 

6.1 Summary 

This thesis has presented a study of P-A effects on the inelastic seismic response of a 

typical reinforced concrete shear walI building. It consists of four sections. The first 

section described the current state of research work done on the P-A effects in building 

structures and reviews previously published work. The second section presented the 

mode1 of a typical 12-storey shear wall building to perform elastic and inelastic 

earthquake response analyses. The structural wall designed according to NBCC 1995 

was modelled by 12 beam-column clements with 3 degrees-of-freedom per node. The 

RESPONSE compter program (Collins and Mitchell, 1987) was used to derive the 

relationship between moment and curvature of the wall for each storey. 

The third section presented inelastic dynamic analyses with and without P-A effects 

under El Centro 1940, Taft 1959, and Parkfield 1996 earthquakes. The results of 

response analyses were compared to assess the importance of P-A effects. The response 

parameters, such as the top lateral displacements, base shear, moment-curvature 

rcsponses, lateral displacement envelopes, displacement ductility, curvature ductility 

demands, and damage indices, were used to examine the stmctural response. 

The last section presented the results of a parametric study to assess the effects of 

varying key modelling parameters of the shear wall building. The main parameters in 

this study were: 

Axial force in the gravity columns (P, 2P, 5P). 



The frequency content of the ground motions (El Centro, 1940, and Saguenay, 

1988). 

The hysteresis rules (bilinear hysteresis rules and trilinear hysteresis rules). 

Strain hardening of steel. 

Viscous damping ratio (bilinear hysteresis niles, c= 2%, 5%, and 7%). 

6.2 Conclusions 

From the results of the research work performed in this thcsis, several conclusions can 

bc drawn: 

( I ) The stability factor approach introduced in NBCC 1995 to consider P-A effects in the 

design and analysis of shear wall structures appears to be overly conservative. A 

maximum stability factor, 0 , reaching 0.39 would be necessary to counteract P-A 

effects (see Table 3-7). The strength of several storeys would need to be increased by 

approximately 39% by the simplified stability factor approach. However, the results 

of detailed inelastic dynamic analyses without any strength increase to counteract P- 

A cffects indicate that this increase in strength is not necessary since P-A effects 

were found insignificant in al1 analyses performed. However, residual inelastic 

displacements might be increased by P-A effects in the case where seismic ground 

accclerations contain long acceleration pulses. This might influence the post-seismic 

load canying capability of the building and deserve further considerations in the 

future. 

(2) P-A effects c m  lengthen the structure periods of vibration. For the building studied, 

the first period of vibration is 3.389s with P-A, and 3.225s without P-A effect. After 



the cross section is cracked, the periods of vibration are lengthened due to the 

decrease in elastic stifiess. 

(3) Including P-A effects in the analysis o f  a typical shear wall building undergoing 

earthquake loading has little effect on the maximum lateral displacement, base shear, 

displacement ductility demand, curvature ductility demand, and damage indices D m  

defined as the maximum curvature divided by the uitimate curvature. 

(4) Inelastic dynarnic analysis has shown that maximum base shears of the shear wall 

could be 2 to 3 times larger than the design base shear obtained from the pseudo- 

static procedure of NBCC 1995. Part of  this can be explained by ct> the material 

resistance factor, and J the overturning reduction factor. However, the main reason is 

coming from the spatial distribution of the accelerations and related inertia forces 

along the height of the wall. Inelastic analyses have s h o w  large accelerations in the 

bottom part of the wall, while the code assumes large accelerations in the upper part 

of the wall. Since the bending moment at the base of the wall computed from the 

inelastic dynamic analyses could be nearly identical to the code value, corresponding 

to the yield moment for a bilinear system, larger inertia forces, and corresponding 

base shear. must be developed in the dynarnic analyses to maintain the moment 

equilibriurn. 

(5) Inelastic dynarnic analyses has shown that plastic hinges may be developed in the 

middle of the wall instead of the base of  the wall. This could be explained by the 

variations in the longitudinal steel reinforcement along the height of the waiL It may 

cause the critical section for plastic energy dissipation to be located above the base 

of the wall, thus modifiing the anticipated failure mechanism. 



(6) The variation o f  the structural damage parameter Dp,, which is ratio of the maximum 

computed displacement to the ultimate displacement when including P-A effects, is 

small compared with the values computed without P-A effects. 

(7) For the El Centro 1940 earthquake, the influence of  axial force in the gravity colurnn 

on the wall's horizontal displacement is not significant when the axial force is 

increased from P to 2P. However, the wall's horizontal displacement is significantly 

incrcased, from 65 mm to 13 1 mm at comparable times, if the axial force is 

increased from 2P to 5P. Under Tafi earthquake, the order of increase in the wall 

horizontal displacement at critical times is from 2.6 mm to 80 mm if the axial force 

is increased from 2P to SP. When the axial force is increased from P to 2P, the axial 

force has a little effect on the wall's horizontal displacernent under Parkfield and 

Taft earthquakes. This indicates that reasonable uncertainties in the axial load acting 

on the structure at the time of the earthquake (P to 2P) will not significantly increase 

P-A cffects for shear wall structures. 

(8)  if the triiinear degrading hysteresis rule is considered for the inelastic anaiysis, the 

maximum curvature under El Centro 1940 earthquake is decreased by 70% as 

compared to the results obtained for the bilinear hysteresis rule. For the Saguenay 

earthquakc, the maximum curvature without P-A at 14.2 s is 1.28E-4 rad/m due to 

the consideration of  the tri-linear degrading mle and it is 1.1E-4 radlm if the bilinear 

hysteresis rule is considered in the analysis. Previous studies indicates that the 

bilinear rule is preferable to mode1 the inelastic response of shear wall structures 

(CAMUS 1998). 

(9) The effects of the strain hardening of steel on the top lateral displacement and the 

maximum curvature under low frequency Western and high fiequency Eastern North 

America type of  earthquake ground motions is not significant when comparing the 



results with and without P-A effects. However, the results considering P-A effects 

indicate that if significant steel strain hardening is considered for Eastern North 

Amenca type of earthquake, the peak lateral dispIacements could be increased by as 

mucli as 32% as compare with the case without the strain hardening of the steel. 

However. the buildings was still very far frorn collapse as indicated by the damage 

indices. The results show that the damage indices DpA is 0.212 with the strain 

hardening of the steel, and 0.158, without the strain hardening of the steel. A value 

of DpA cquals to 1 indicates a potential failure of the wall. This demonstrates that 

the seismic results are sensitive to the characteristics of the hysteresis mle adopted 

(with or without the strain hardening of the steel). 

(10) The study shows that the wall top lateral displacement under the 1988 Saguenay 

carthquake ground motions is increased by 65 % (with P-A) if 2% damping ratio is 

considered as compared to the results with 5% damping. However, the effects of the 

7% damping ratio may be neglected as compared to the results using 5% damping 

ratio. Most shear wall structures experiencing significant cracking during an 

carthquakc will havc viscous damping ratio in excess of 5%. The viscous damping 

coefficient does not appear to be a critical parameter affecting P-A effects. 

6.3 Recommendations for future work 

Due to its Iirnited scope, this thesis has left several areas for fùrther study of P-A effects 

on the inelastic seismic response of R/C shear wall buildings. It is suggested that the 

following areas be considered: 

To assessrnent of the effects of inelastic response due to variations in the amount of 

reinforcing steel in shear wall buildings. 



To study of P-A effects in a typical reinforced concrete coupled wall structures. 

To further study the influence of P-A effects on the inelastic seismic response of 

more shear walls buildings of different sizes and configurations. 

Some expenmental work is required to validate the results of P-A numerical analyses 

on a reinforced concrete wall building model. In particular, cracking and dmping 

should be examined. 

To develop simplified seismic design guidelines in NBCC that will recognise the 

fact that shear wall structures are not sensitive to P-A effects as compared to moment 

resisting frame structures. 
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CALCULATION OF AXIAL LOADS ON THE WALLS 

ACCORDING TO NBCC 1995 

Storey 12: 

Dead loads: 

Slab ( 1 10mm thick): 0.1 1 (rn)*24(khJ/m3)* 15(m)*3(rn) = 1 1 8.8 kN 

Roof insulation: 0.5 (kPJ/m2)* 1 S(m)*3(m) = 22.5 kN 

Secondary beams (300*240): 0.3(m)*0.24(m)* î4(kN/rn3) * 3(m)*4 

= 20.74 kN 

Beams of frame (400*440): 0.4(m)*0.44(m)* 24(kN/m3)* 3 (m)*2 

= 25.34 khi 

0.4(m)*0.44(m)* 24(kN/m3)*4.5(m)*2 

= 38.02 kN 

Wall (200mm thick): 0.2(rn)*S.4(rn)*3.65(m) * 24(w/m3) = 94.61 kN 

Columns: 0.6(m)*0.6(m)*3.65(rn)*24 (rn/m3)*2 = 63.07 kN 

Mechanical services loading: 0.5 (kNlm2)* 15(m)*3(m) = 22.50 kN 

PD = 405.58 kN 

Live Ioads: 

Snow load: 2.2(kN/m2)* 15(m)*3(rn) = 99 kN 

Mechanical services loading: 1 .6(kWm2)*6(m) * 3(m) = 28.8 kN 

PL= 127.8 kN 

Storey 11: 

Dead loads: 

Slab (1 1 Omm thick): 1 18.8 kN 

Secondary beams (300*240): 20.74 kN 



Beams of Frame (400'440): 25.34+38.02 = 63.36 kN 

Wall (200rnm thick): 94.61 kN 

Coiumns: 63.07 kN 

Partition loading: 1 .0(kN1m2)* 15(m)*3(m) = 45 kN 

Mechanical services loading: 0.5(kN/m2)* 1 S(m)*3(m) = 22.5 kN 

Storey 12: 405.58 kN 

PD = 833.66 kN 

Live Ioads: 

Cumulative floor area reductive factor: 0.3 + ,/% = 0.3 + ,/% = 0.694 

0.694 [18* 1 .6(kN/mz)+27*2.4( k~/m~)+18*4.8( kN/mZ)] = 124.92 kN 

S torey 1 2: 99 kN 

PL = 127.8 + 99 = 226.8 kN 

Storey 10: 

Dcad Load: 

PD= 833.66 + 118.8 + 20.74 + 63.36 + 94.61 + 63.07 + 45 + 22.5 

= 1261.74 kN 

Livc Load: 

Cumulative floor area reductive factor: 0.3 + ,/: = 0.60 1 

0.60 1 [ 18* 1.6(k~/m~)+27*2.4( kN/mt)*2+ l8*4.8( kNIm2)*2] = 199.05 kN 

S torey 1 2: 99 kN 

PL = 298.05 kN 

Storey 9: 

Dead Load: 

PD = 126 1-74 kN + 428.08 kN = 1689.82 kN 



Live Load: 

Cumulative floor area reductive factor 0.3 + = 0.553 

0.553 [18* 1 .6(kN/m2)+27*2.4(kN/m2)*3+ 1 8*4.8(kN/m2)*3] = 266.77 kN 

Storey 12: 99 kN 

PL = 365.77 kN 

Storey 8: 

Dead Load: 

Live Load: 

Cumulative floor area reductive factor 

0.522 [18* 1 .6(kN/m2)+27*2.4( kN/rn2)*4+l 8*4.8( khJ/rn2)*4] = 330.74 kN 

Storey 12: 99 kN 

PL = 429.71 kN 

Storey 7: 

Dead load: 

PD = 2 1 17.9 kN + 428.08 kN = 2545.98 kiY 

Live Load: -- - 

Cumulative floor area reductive factor 0.3 + ,/% = 0.50 1 

0.50 1 [18* 1.6(1<~/m~)+27*2.4(ldrl/m~)*5+18*4.8( k~/m~)*5] = 393.18 

kN 

Storey 12: 99 )cN 

PL=492.18 kN 



Storey 6: 

Dead load: 

Live Load: 

Storey 12: 99 kN 

Storey 5: 

Dead load: 

PD = 2974.06 kN + 428.08 liN = 3402.14 kN 

Live Load: 

Cumulative floor area reductive factor: 

Storey 12: 99 kN 

Storey 4: 

Dead load: 

PD = 3402.14 kN + 428.08 kN = 3830.22 kN 

Live Load: 

Cumulative floor area reductive factor: - 

0.46 1 [18* 1.6(k~/m~)+27*2.4(kN/m~)*8+18*4.8( kN/m2)*8] = 570.90 kN 

Storey 12: 99 kN 

PL = 669.9 kN 



Storey 3: 

Dead load: 

Slab: 1 18.8 kN 

Secondary beams: 20.74 kN 

Bearns of Frame (400*490): 0.4*0.49*24*3*2 = 28.22 kN 

0.4*0.49*24*4.5*2 = 42.34 kN 

Wall: 94.61 kN 

Columns: 63.07 kN 

Partition loading: 45 kN 

Mechanical services loading: 22.5 kN 

Storey (4- 12): 3830.22 kN 

PD = 4265.5 kN 

Live Load: 

Cumulative floor area reductive factor: 0.3 + d- = 0.452 
423 

0.452[18* 1 .6(kN/m2)+27*2.4(kN/m2)*9+ l8*4.8( kN/rn2)*9] = 628.1 kN 

Storey 12: 99 kN 

PL = 727.1 kN 

Storey 2: 

Dead load: 

Livc Load: 

Cumulative floor area reductive factor: 0.3 + ,/% = 0.445 

O.445[18* 1 .6(kbJ/m2)+27*2.4(kN/m2)* 10+ 18*4.8( kN/rn2)* 1 O] = 685.66 kN 

Storey 2: 99 kN 

PL= 784.7 kN 



Storey 1: 

Dead load: 

Secondary beams: 20.74 kN 

Beams of  Frame: 70.56 kN 

Wall: 0.2m*5.4rn*4.85m*24 kWm3 = 125.7 1 kN 

Columns: 0.6m*0.6mf4.85m*24 k~/m)*2  = 83.8 kN 

Partition loading: 45 kN 

Mcchanical services loading: 22.5 kN 

Live Load: 

Cumulative floor area reductive factor: 0.3 + 4% = 0.438 

O.438[18* 1 .6(kN/rn')+27*2.4(kN/m2)* 1 1+1 8*4.8(kN/m2)* 1 11 = 74 1.1 khi 

Storey 12: 99 kN 

PL = 840.1 kN 



APPENDIX B 

PUSH-OVER ANALYSE OF THE 12 STOREY WALL USING THE 

RUAUMOKO COMPUTER PROGRAM 

To estimate the ultimate strength of the wall, and to assess the P-A effects on the lateral 

load-displacement response, the RUAUMOKO program is used to perfom pushover 

analyses. Pushover analyses used a monotonically increasing lateral load, which is 

representative of the equivalent static forces resulting from the first mode of vibration of 

the structure. To perforrn a pushover analysis using RUAUMOKO, the lateral loads are 

applied using the dynamic solution algorithm. A ramp with a very long rise time in 

relation to the fundamental period is used to increase very slowly the magnitude of the 

loads to avoid any dynamic effects. It is illustrated in Figure B-1. 

wall 

/ / / / I I  
(a) Spatial distribution of load (f(s)). 

(b) Time function 

Figure B-1 Modeling procedure for pushover analyses; applied load = (f (s, t)) 

= ( f(s) 1 



The results of the pushover analyses for the building mode1 without P-A effects are 

given in Figures B-2 to B-4, describing: (1) the curvature time history for the base of the 

wall, (2) the top lateral displacement time history, (3) the moment-curvature response 

history for the base of the wall, (4) the acceleration and the velocity time history at mid- 

height and at the top of the wall. 

The ultimate curvature a, = 6.67 radfkm at the bottom of the wall is given in Table 4 4  

and corresponds to rupture of the reinforcing bars in tension, According to Figure 8-2, 

the time of the loading is 44.2 s when the curvature reaches the ultimate value. Figure B- 

3 shows that the top lateral displacernent at that time is then 398 mm. Finally, the result 

of the pushover analyses without P-A effects is s h o w  in Figure B-7. In Figure B-7, the 

vertical axis is the total applied lateral load nonnalized with respect to the NBCC lateral 

seismic force, V (V = V,* U/R). The horizontal axis is the ratio of the roof lateral 

displacement to the wall height. The response of the building mode1 shows that the shear 

wall carries a base shear of 1.04 times the code base shear V at 33.2 s when P-A effects 

are not included, with a relative roof displacement of 0.253 % of the building height. 

O 1 O 20 30 40 50 60 
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Figure B-2 Curvature time history at the base of the waU (without P-A). 
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Figure B-3 Top lateral displacement time history (without P-A). 

Figure B-4 Moment-curvature response for the base of the waII (without P-A). 
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Figure B-5 Acceleration tirne history at mid-height and at the top of the wall. 
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Figure B-6 Velocity time history at mid-height and nt the top of the wnll. 



The acceleration and velocity of the top of the wall are increased largely at that time. 

Because of the effects o f  inertia forces and damping forces activated by the collapse 

mechanism, the applied force-displacement relationship exhibits a negative d o p e  aRer 

the applied laterai load reaches the maximum value. 
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Figure 6-7 Push-over analysis (wit hou t P-A). 

The rcsults of  the pushover analyses for the building model with P-A effects included 

are also shown in Figures B-8 to B-IO. In Figure B-8, the time of the loading is 39.8 s 

when the curvature equals the maximal value a. = 6.67 radkm and the top lateral 

displacement is 40 1 mm. Figure B- 1 1 shows the relationship between the applied lateral 

load and the roof drift. The response with P-A effects considered for the building model 

indicates that the shear wall cames a base shear o f  0.978 V, with a top lateral 

displacement of 0.26 1% of the building height. 
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Figure B-8 Curvature time history for the base of the wall (with P-A). 
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Figure B-9 Top Iateral displacement time history (with P-A). 



Figure B-10 Moment-cuwature response for the base of the wall (rvith P-A). 

0.000 0.002 0.004 0.006 0.008 0.01 0 
Roof drift 1 building height 

Figure B-11 Push-over analysis (with P-A). 



INPUT FILE FOR THE PUSHOVER ANALYSES USING 

RUAUMOKO COMPUTER PROGRAM 

12 storey shear wall(push-over) ---without P-delta 
2 0 1 0 0 - 1 0 2 0  
26 24 13 3 1 2 9.806 5.0 5.0 0.01 50.0 1.0 
O I 5 O 1.0 10.0 0.0 0.0 
0 0 0 0 0  

NODES 
1 0.0 0.0 
2 21.0 0.0 
3 0.0 4.85 
4 21.0 4.85 



ELEMENTS 

PROPS 
1 FRAME 



O 0.000434 O O 
0.0 0.0 27.16E6 -27.1636 27.1636 -27,1636 
0.0 0.6 1 2 
0.0 0.0 34.52 34.52 34.52 34.52 0.0 0.0 0.0 0.0 0.0 0.1 

4 FRAME 
1 0 0 4 0 1  
24.64839 10.2739 1.8 1.5 6.388 0.0 0.0 0.0 
O 0.000592 O O 
0.0 0.0 25.6436 -25.6436 25.64E6 -25.6436 
0.0 0.6 1 2 
0.0 0.0 42.53 42.53 42.53 42.53 0.0 0 - 0  0.0 0.0 0.0 0.1 

5 FRAME 
1 0 0 4 0 1  
24,64839 10.27E9 1.8 1.5 6.388 0.0 0.0 0.0 
O 0.000350 O O 
0.0 0.0 24.55E6 - 2 4 . 5 5 E 6  24.5536 -24.5536 
0.0 0.6 1 2 
0.0 0 - 0  41.19 41.19 41.19 41.19 0.0 0.0 0.0 0.0 0.0 0.1 

6 FRAME 
1 0 0 4 0 1  
24.64839 10.27E9 1.8 1.5 6.388 0.0 0.0 0.0 
O 0.000327 O O 
0.0 0.0 19.29E6 -19.29E6 19.29E6 -19.2936 
0.0 0.6 1 2 
0.0 0.0 49.77 49.77 49.77 49.77 0.0 0.0 0.0 0.0 0.0 0.1 

7 FRAME 
1 0 0 4 0 1  
24.64839 10.2739 1.8 1.5 6.388 0.0 0.0 0.0 
O 0.000622 O O 
0.0 0.0 17.6OE6 -17.60E6 17.6OE6 -17.60E6 
0.0 0.6 1 2 
0.0 0.0 54.41 54.41 54.41 54.41 0.0 0.0 0.0 0.0 0.0 0.1 

8 F W E  
1 0 0 4 0 1  
24.64839 10.27E9 1.8 1.5 6.388 0 - 0  0.0 0.0 
O 0.000368 O O 
0.0 0.0 14.5036 -14.5036 14.50E6 -14.50E6 
0.0 0.6 1 2 
0.0 0.0 61.73 61-73 61.73 61.73 0.0 0.0 0.0 0.0 0.0 0.1 

9 F W E  
1 0 0 4 0 1  
24.64839 10.27E9 1.8 1.5 6.388 0.0 0.0 0.0 
O 0.000351 O O 
0.0 0.0 l3.lOE6 -13.10E6 l3.lOE6 -13-lOE6 



WEIGHTS 
3  4 1 3 8 2 2 1 - 0  0 . 0  
5 3 9 6 6 0 4 6 . 0  O .  0 
7 3967046 .0  0 .0  
9 3 8 7 6 9 5 1 . 0  0 . 0  
11 3 8 7 6 9 5 1 . 0  0 . 0  
1 3  3 8 7 6 9 5 1 . 0  0 . 0  
1 5  3846923  . O  0 . 0  
17  3846923 .O 0 . 0  
1 9  3846923  .O 0 . 0  
2 1  3846923 . O  0 . 0  
23 3 8 4 6 9 2 3  . O  0 . 0  
25  3 5 6 3 6 3 0 . 0  0 . 0  



LOADS 

SHAPE 
3 0.01543 
5 0,02591 
7 0.03704 
9 O ,04708 
11 0.05796 
13 0.06884 
15 0.07909 
17 0.08989 
19 0.1007 
21 0.1115 
23 0.1223 
25 0.134 
26 0.0 



EQUAKE 
3 1 0.01 1.0 

START 
1 0.0 0.0 
2 50.0 1500000.0 




