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ABSTRACT

Seismic torsional response has always been a principal cause of structural failure
in every major earthquake. There are numerous observations of damages caused by
excessive torsional response in buildings, bridges, and lifeline structures. The torsion-
induced failures have been especially catastrophic for multi-storey buildings because
torsional response changes the uniform translational seismic floor displacements and
causes concentration of demand in elements at the perimeter of the building. This often
leads to failure of the over-loaded elements, which in turn initiates progressive collapse of
the building.

This study provides a conceptual explanation for the poor seismic performance of
torsionally flexible asymmetric structures. These are buildings with a low level of
torsional. gtifﬁxess. Post-earthquake observations and also studies on single storey
buildings have shown the vulnerability of these buildings to seismic damages. The study
reported in this thesis extends the findings of previous research to multi-storey buildings
and provides a theoretical foundation for understanding their seismic performance.
Gl:idelines are developed and formulated to enable designers to identify torsionally
flexible asymmetric buildings. This is of prime importance, as it is shown here that
corrective measures taken by building codes in the form of statically applied torsional
provisions are not effective for this type of structure.

The future generation of codes for designing new structures and retrofitting

existing structures will be performance based. A structure designed with such an

il



approach has to meet a specific set of seismic performance criteria for a specific level of
seismic hazard. Dynamic analyses of the building will be needed to assess the
performance of the building at the many levels of seismic hazard. Preparation of input
and interpretation of the large amount of output, resulting from an inelastic response
analysis of multi-storey buildings is not practical, even for symmetric buildings. To
overcome this, several simplified procedures based on inelastic static analyses are
formulated in this thesis. Application of these procedures to some example multi'-storey
asymmetric buildings has shown that they are sufficiently simple and yet accurate for use
in design offices. It is believed that a combination of these methods with sound
engineering judgement will provide a practical and economical tool for the earthquake-
resistant design profession to implement the performance-based design codes, currently
being prepared by many countries, to protect life and property in urban centres in the

event of an earthquake.
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CHAPTER 1

INTRODUCTION

1.1 Background and Literature Survey

It has been observed repeatedly in strong earthquakes that the presence of
asymmetry in the plan of a structure makes it more vulnerable to seismic damages. There
are reports of extensive damages to buildings that are attributed to excessive torsional
responses caused by asymmetry in earthquakes such as the 1972 Managua earthquake
(Pomares Calero 1995), the 1985 Michanocan earthquake (Esteva 1987) and the 1989
Loma Prieta earthquake (Mitchell et al. 1990). Figure 1.1 shows damages in a multi-storey
building after the 1995 Hyogoken-Nanbu earthquake in Kobe, probably caused by
excessive-torsional responses because its core was eccentrically located in plan.

Asymmetry in plan causes torsion in a building because the centre of mass and the
centre of rigidity' do not coincide. The distance between the two centres is termed
structural eccentricity and the magnitude of this eccentricity can be estimated. Torsion
can also arise in a building due to other sources for which estimating their magnitude is
difficult. Some examples of these sources for the so-called accidental torsion are the
rotational components in the ground motion, an unfavourable distribution of live load,
and the difference between computed and actual stiffness/mass/yield strength of the

elements. All these factors cause coupling between the lateral and torsional motions in a

1 Centres of rigidity: The set of points located at floor levels such that design lateral forces acting
through them will produce no floor rotations about a vertical axis. (NBCC Commentaries 1995)

1



building that leads to non-uniform distribution of in-plan floor displacement. This results
in uneven demands on the lateral resisting elements at different locations of the system.

Although torsion has long been recognised as a major reason for poor seismic
performance of multi-storey buildings and many studies have been done on the seismic
torsional responses of single storey buildings, the analytical and experimental studies on
the inelastic seismic response of multi-storey buildings do not have a long history. The
reason as explained by De la Llera & Chopra (1995c) is that “most researchers have been
discouraged to look into the multi-storey case in light of the already complex response of
single storey asymmetric buildings”.

In most of the available studies on the seismic torsional response of multi-storey
buildings, simple building models such as shear beam, are used and the conclusions of
the studies are based on the responses of buildings subjected to a limited number of
earthquake ground motions. Currently, there is no general agreement on how the torsional
effect should be allowed for in seismic design. These observations provided the
motivation for the present study in order to provide a better understanding of the problem
of seismic damages caused by torsion in multi-storey reinforced concrete frame buildings.

A review of studies on inelastic torsional responses of multi-storey buildings is
presented here. First, those investigations on torsional response that involve using the
recorded data in buildings during earthquakes are explained. Then experimental research

is reviewed, and finally, the analytical work on the subject is explored.

Study on Responses of Buildings Recorded in Earthquakes

Conducting experiments to study the inelastic response of a structure is not easy.



To obtain realistic estimations of the inelastic response, the test should be performed on a
full-scale prototype building. This is not practiqal for most structures. However, the
recorded motions of some instrumented buildings in earthquakes can provide valuable
information about the seismic performance of such buildings. Safak and Celebi (1990)
introduced a method to identify torsional vibration in an instrumented building.
According to them, similar methods can be used to identify inelastic behaviour in
vibrating structures. Lu and Hall (1992) studied the data from two low-rise, extensively
instrumented buildings in the 1987 Whittier Narrows Earthquake. Their study involved
the investigation of responses of buildings, responding in the elastic and marginally
inelastic range, by comparing the behaviour of the buildings with computer simulations.
Both buildings were modelled as frame structures using a shear beam idealisation. The
recorded data at the basements were used as the ground motion input for the models. The
results from unidirectional ground motion input were found to provide a reasonably close
match of the actual responses during the earthquake. Using bi-directional ground motion
inputs gave an even better match to the measurements.

Sedarat et al. (1994) studied the torsional response characteristics of three regular
buildings in California, by analysing the strong motions recorded in these buildings
during three recent earthquakes: the 1989 Loma Prieta earthquake, the 1986 Mt. Lewis
earthquake, and the 1984 Morgan Hill earthquake. The responses of the buildings were
compared with responses of models designed using the provisions of the 1988 Uniform
Building Code. The results of their investigation indicated that the code provision was not

adequate to account for the torsional responses of these buildings.



Experimental Studies

Some experiments on scaled models are reported in the literature. Bourahla and
Blakeborough (1994) examined the performance of knee braces in asymmetric frame
buildings by designing and testing a one-twelfth-scale building model using a shaking
table. The test structure was a four-storey frame, three bays deep and three bays wide.
Several symmetric and asymmetric arrangements of the frame were tested. The changes
in responses due to asymmetry and also due to the unbalanced strength were invesfigated.
It was found that the effect of the unbalanced strength in a nominally symmetric frame
buildings is less significant compared with other sources of asymmetry. The energy
dissipation capacities of the frames were also studied. Based on the experimental results,
it is concluded that the magnitude of the eccentricity in itself is meaningless, but it is the

ability of the structure to resist torsion which is critical.

Analytical Studies
Effects of torsion

Analytical studies have been done to compare the effects of torsion on the elastic
and inelastic behaviour of buildings. Study of a seven-storey frame-wall structure
(Sedarat and Bertero 1990a, 1990b) demonstrated that linear dynamic analysis may
significantly underestimate the effect of torsion on the inelastic dynamic response of the
structure. On the other hand, the study of a thirteen storey regular space frame structure
(Boroschek and Mahin 1992) showed that the effects of torsion were more severe if the
building is modelled as an elastic structure instead of an inelastic one, and the results

were found to be highly dependent on the characteristics of the earthquake motions.



Therefore, the issue of severity of torsional effect on the inelastic response of buildings
’ has not been settled.

Teramoto et al. (1992) presented some results of dynamic analyses of an
asymmetric 10-storey shear beam building. They used one earthquake record as the input
motion. A conclusion of this study is that mass eccentric and stiffness eccentric systems
behave differently. When mass eccentricity exists at upper floors only, the eccentricity
will also have some effects on the lower floors. However, stiffness ecéentricity only
affects the floors where eccentricity exists.

Cruz and Cominetti (1992) used a five storey building model in their study and
concluded that the overall ductility and the fundamental period of the building are the
parameters that most strongly affect the responses of the building.

In a study by De la Llera and Chopra (1996) they concluded that increasing the
torsional - capacity of the building by introducing resisting planes in the orthogonal
direction, and modifying the stiffness and strength distribution to localise yielding in
selected resisting planes, are the two most important corrective measures for asymmetric
buildings.

Design Procedures
!

Several issues related to the design of multi-storey buildings and evaluation of
building codes have been studied in the literature. Bertero and Bertero (1992) developed
formulae with the objective of considering the elastic and inelastic torsion in the
preliminary design of tall buildings. Bertero (1995) used the classical theorems of plastic

analysis to estimate the reduction in the strength of a special class of buildings. De la



Llera & Chopra (1995a) proposed a procedure for including the effects of accidental
torsion in the seismic design of buildings.

Ozaki et al. (1988) proposed a seismic design method for multi-storey asymmetric
buildings. Azuhata and Ozaki (1992) proposed a method for safety evaluation of shear-
type asymmetric multi-storey buildings. In both of these studies, the damage potential
due to torsion is evaluated based on the shear and torsional strength capacity and the
design shear force and torsional moment for each storey of the building.

In a study by Duan and Chandler (1993) on an asymmetric multi-storey frame
building model, they concluded that application of the static torsional provisions of some
building codes may lead to non-conservative estimates of the peak ductility demand,
particularly for structures with large stiffness eccentricity. In another study they
(Chandler and Duan 1993) proposed a modified approach for improving the effectiveness

of the static procedure for regular asymmetric multi-storey frame buildings.

Shortcomings of the Previous Analytical Studies

The number of parameters required to mathematically define the elastic and
inelastic properties of a representative model of an asymmetric multi-storey building is
enormous. Therefore, all studies that have been reported in the literature involved using
simple models for the building and the conclusions are drawn based on a limited number
of earthquake records as ground motions input.

In almost all these studies, the multi-storey frame buildings are modelled as shear
buildings. The shear building model is not a good representative of the frame buildings in

a seismic zone because a shear building model has strong beams, which causes the plastic



hinges to occur at the columns. This is in contradiction to the strong column-weak beam
philosophy in earthquake design (Tso 1994). A study by Moghadam and Tso (1996b) has
shown that shear-building modelling may lead to unreliable estimates of the important
design parameters. Rutenberg and De Stefano (1997) have pointed out that some of the
difference between the results of modelling a building as a shear building versus a ductile
moment resisting frame building in the study by Moghadam and Tso (1996b) might be
due to differences in the periods of the two compared models. Modelling ofa building as
a shear building involves changing the stiffness of beams to very high values. This in turn
causes the period of the shear beam model to change. Therefore; modelling a ductile
frame building as a shear building will cause changes in not only the mode of failure, but
also the natural periods of the building. Thus, the relevance of observations of studies
using shear beam modelling to actual ductile moment resisting frame structures in

seismic active regions is questionable.

Simplified Methods

Some simplified approaches have been developed in the literature to estimate the
inelastic seismic responses of multi-storey buildings. De la Llera and Chopra (1995c)
developed a simple model for analysis and design of multi-storey buildings. Each storey
of the building is represented by a single super-element in the simplified model. The use
of storey shear and storey torque interaction surface (Kan and Chopra 1981, Palazzo and
Fraternali 1988, De la Llera and Chopra 1995b) is an important component of this
method. The storey shear and torque (SST) surface is basically the yield surface of the

storey due to the interaction between storey shear and torque. Each point inside the



surface represents a combination of storey shear and torque that the storey remains
elastic. On the other hand, each point on the surface represent a combination of shear and
torque that leads to the yielding of the storey. It is shown that the SST surfaces can be
used for single storey systems and multi-storey shear buildings. One major assumption
embedded in the method is that the stories of a multi-storey building are considered as
independent single storey systems. In other words, the floor diaphragms are assumed
rigid, both in-plane and out-of-plane. This assumption of out-of-plane rigid diaphragms is
equivalent to assuming rigid beams in the building. How realistic is such a model to
represent the behaviour of ductile frame buildings in seismic regions is a subject that
requires further investigation.

In the performance based design codes and in the guidelines for retrofitting of
buildings, the use of different versions of a static inelastic response analysis procedure,
commonly known as pushover analysis, has been suggested as a valid tool to evaluate the
acceptability of any proposed design, or to assess the damage vulnerability of existing
buildings. Moghadam and Tso (1996a) extended the application of the pushover analysis
to asymmetrical buildings by using a 3-D inelastic program. Kilar and Fajfar (1997)
developed a simple method to conduct pushover analysis for asymmetric buildings by
modelling the building as a collection of planar macro-elements. Another method
proposed by Tso and Moghadam (1997) incorporates the results of elastic dynamic
analyses of the building in the pushover procedure. A further simplification is achieved
by requiring only a two-dimensional inelastic analysis program to perform the pushover

analysis on asymmetrical multi-storey buildings (Tso and Moghadam 1997, Moghadam



and Tso 1998). Rutenberg and De Stefano (1997) conducted pushover analyses on a 7-
storey wall-frame building and found reasonable agreement between results of pushover

and inelastic dynamic analyses.
1.2 Objectives and Scope

The present study intends, firstly, to investigate systematically the influence of
torsion on the inelastic earthquake response of multi-storey ductile frame buildings
designed not using torsional provisions. Then, the study evaluates the aciequacy of the
different forms of torsional provisions commonly used in design. Finally, it proposes
some new simplified analysis procedures to facilitate the design of asymmetrical multi-

storey ductile frame buildings in seismic regions.

1.3 Organization

Chapter 1 of this thesis is an introductory chapter that provides a review of the
current Iifefamre on the inelastic seismic behaviour of multi-storey asymmetric buildings.

In Chapter 2, after introducing the building models, various parameters used to
characterise the overall and local responses of the buildings are defined. Other parts of
this chapter deal with issues such as the basic modelling assumptions, the types of
analyses used in this study, and the ground motions used in the dynamic analyses.

Chapter 3 deals with the seismic behaviour of asymmetric buildings. The effects
of torsion on the elements of the building and the influence of different factors such as
torsional stiffness and eccentricity of the building are studied. In the final part of the
chapter, a comparative study between the inelastic dynamic responses of two building

models are presented to justify the use of the models which are chosen for this study.
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The goal in Chapter 4 is to investigate application of different design
methodologies to asymmetric multi-storey buildings to allow for tomioqal effects. The
improvements in the behaviour of buildings are compared using three different
approaches to distribute the lateral strengths among resisting elements. The approaches
are: the static equilibrium method, the static torsional provisions based on the Uniform
Building Code (UBC 1997), and the dynamic method based on response spectrum
analysis. It is shown that static torsional provisions cannot allow for torsional effects in
torsionally flexible buildings. In the final sections of this chapter, two procedures are
developed to classify multi-storey buildings into torsionally stiff (TS) and torsionally
flexible (TF) buildings. The first procedure uses the dynamic characteristics of buildings
while the second procedure is based on the edge displacement ratios of the building under
static elastic analyses.

Chapter 5 .is devoted to development of simple methods for inelastic seismic
response estimation of asymmetrical multi-storey buildings. A state-of-the-art review of the
pushover methods is provided. The formulation of a 3-D pushover procedure and the issues
related to its application to asymmetrical buildings are explained. Then the focus shifted
toward developing a method based on 2-D pushover analysis for estimating the seismic
response of asymmetrical buildings.

The final chapter of the thesis, Chapter 6, summarises the conclusions drawn in the
previous chapters. It is concluded by a discussion on the future research needs in the area of
seismic torsional responses of multi-storey buildings.

There are three appendices associated with this thesis; Appendix A describes the

design procedure for the frames of the example buildings. The incorporation of code
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torsional provisions in the design of the frames is explained in the Appendix B. In the
Appendix C, the accuracy and reliability of the program CANNY (Li 1993), which will

be used to perform the inelastic dynamic analyses of this study, are evaluated.
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CHAPTER 2
STRUCTURAL MODELS, LOADING AND RESPONSE PARAMETERS

OF INTEREST

2.1 Introduction

The research in this thesis is based on the analyses of a family of structural
mo@els representing multi-storey asymmetrical buildings. These models are subjected to
both static and dynamic lateral loadings that resemble the loading on buildings during an
earthquake. A set of response parameters is used to illustrate the effect of torsion in these
buildings.

The purpose of this chapter is to present the basic assumptions and the tools utilised
in this research. The different building configurations are introduced first. Then the
methods and the loadings used in the analyses are discussed. Finally the chosen response
parameters are outlined. The material presented in this chapter prepares the background

information for the results to be presented in the subsequent chapters.
2.2 Building Configurations

The structural models used throughout this study are uniform seven-storey
buildings. Seven-storey building are chosen because they can be considered sufficiently
tall to demonstrate many of the features expected from multi-storey buildings subjected
to seismic loading. The general plan of buildings is shown in Figure 2.1a. It has a

rectangular floor plan of dimensions 17m by 24m, and a uniform floor height of 3m. The

13
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plan considered is mono-symmetric. The asymmetry for the buildings is in the Y-
direction and the axis in the X-direction is an axis of symmetry. For convenience, the Y-
direction is referred to as the main direction and the X-direction is referred to as the
transverse direction. To resist the lateral loads, there are three ductile moment resisting
frames (DMRF) in the main direction. One frame is located at the geometric centre of the
floor slab, while the other two frames are located at equal distance but at opposite side of
the middle frame. It is assumed that the lateral load-resisting elements in the transverse
direction are located along the X-axis and they do not contribute resistance to torsion
caused by excitations coming from the main direction.

Four structural configurations are derived from general plan of Figure 2.1a. All
four configurations have the same lateral stiffness but different torsional stiffness. This is
achieved by varying the distance between the frames as shown in Figure 2.1b. Referring
the individual frame as a type A frame, the configuration of a plan can be designated as
AxAxA where A denotes the frame type and x shows the distance between frames in
units of meters. When Frames 1 and 3 are located at the edge of the slab, the
configuration becomes A12A12A. A configuration of A3A3A would represent a building
that depends on a central core for seismic resistance. Configurations A3A3A and AGAGA
represent buildings that are torsionally flexible (TF), while configurations ASA9A and
A'12A12A represent torsionally stiff (TS) buildings. The classification of these four
buildings into TF and TS buildings will be justified later in chapters 3 and 4.

The asymmetry of the buildings is caused by the centre of mass (CM) of the floors
being located between Frames 2 and 3. The distance of the CM from the geometric centre is

the eccentricity of the building, e, and is measured as a fraction of b, the dimension of the
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building normal to the direction of ground motion.

Each type A frame, which will be referred to as Frame A, consists of three bays with
bay sizes having dimensions of 6m, 5m and 6m. The beam section is 300mm by 500mm
deep and the column section is 500mm by 500mm. The floor and roof thicknesses are
125mm. The member sections and slab thickness remain unchanged along the height of the
frame. It is designed to takes the gravity load from a tributary area of 3m by 17m. The
remaining portion of the gravity load is assigned to gravity frames which do not
contribute to the lateral resistance of the building, and are therefore omitted in the figure.
In addition, each frame is designed to take one third of the seismic load calculated using the
National Building Code of Canada (NBCC 1995). The lateral design strength is obtained
using the base shear formula given in the code with the site factor v= 0.3 and the force
modification factor R=4. The S factor in NBCC base shear formula has a spectral shape that
is similar to the mean 5% damped Newmark-Hall spectrum (Newmark and Hall 1982). For
ease of comparison later with the input ground motion spectra, the Newmark-Hall spectrum
is used as the design spectrum. The design base shear for Frame A is 400 kN. No torsional
provision is taken to arrive at the design base shear of the frame. The design of the beam
and column reinforcements follows the Canadian concrete code (CSA Standard A23.3-94)
for DMRF. The design loads and detail design procedure of Frame A are given in Appendix

A.

2.3 Computer Code CANNY

The static and dynamic behaviour of the multi-storey asymmetric buildings in the

inelastic range are the main focus of the study reported in this thesis. Therefore a
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computer program with the ability of performing 3-D inelastic static and dynamic
analysis was necessary. The program CANNY (Li 1993) has been chosen as the base
computer code in performing the analyses. To ensure its reliability, a study has been
carried out to evaluate this program by comparing its results with the responses derived
from some other commonly used computer programs. The details of checking the

reliability of CANNY can be found in Appendix C.
2.4 Basic Assumptions in Modelling

The following are the main modelling assumptions used in this study.

2.4.1 Modelling of the Building

1- Rigid slab: It is assumed that all the frames in the buildings are connected by
floor diaphragms that are rigid in their own plane. Therefore every floor has only two
translational and one rotational degrees of freedom. The in-plane displacements of all the
nodes on the floor are constrained by these degrees of freedom. However, the nodes can
have independent vertical displacements.

2- Fixed base: The frames of buildings are assumed to be fixed at their base on an
infinitely rigid foundation. No soil-structure interaction effect is considered in this study.

3- One directional earthquake input: Only one component of ground motion is
applied at the base of the buildings. Due to the fixed base assumption, all supports are
assumed to move in phase. No vertical ground motion components are applied to the
buildings.

4- Lumped mass at floor level: The mass and the mass rotational moments of

inertia of the buildings are assumed to be lumped at the floor levels.
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5- Small deflections: The deflections of the frames are assumed to be small
compared to their dimensions, and the static or dynamic equilibrium is established based
on the initial configurations of the frames. In other words, the geometrical nonlinearity is
ignored. However, the effect of gravity loads on storey shear and moment due to the
lateral floor displacement (P-A effect) is taken into account.

6- Joints: It is assumed that the beam column joints are designed such that the

joint deformation is negligible.

2.4.2 Modelling of the Frames

There are different analytical models available to simulate structural frames. In
this study a beam element and a column element are used to model the elements of the
frames in the buildings.

The beam element is a one-component model. The inelastic flexural deformations
are represented by the rotation of two inelastic bending springs at the ends of the element.
The shear and the axial deformations of the beam are approximated by independent shear
and axial springs placed at its mid-span. The model does not include the interactions
among the bending, shear and axial deformations. Due to the rigid floor slab assumption,
there is no axial deformation in the beams.

The column element used in this study is similar to the beam element. The main
difference is that the stiffness of the column element against torsional deformation can be
simulated by a torsional spring. A bilinear moment-rotation hysteretic model is
considered for the inelastic springs at the ends of the beam and the column elements. The

strain-hardening stiffness of the structural members is assumed to be 3% of their initial
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elastic stiffness. It is assumed that sufficient transverse reinforcement has been provided
for the structural members following the CSA (CSA Standard A23.3-94) design procedure
such that the stiffness and strength deterioration due to shear and bond loss is not

significant. Therefore, these effects are not modelled.

2.4.3 The P-4 effect

When a building deflects laterally, the gravity load of the floors causes extra
(secondary) moments in the columns. This phenomenon is called the P-A effect and may
increase the inelastic deformations. To allow for this effect the following linearised
approximation of the geometric stiffness matrix has been used to modify the shear terms

in the stiffness matrix of the elements:

Pl+l -1
ka2

where [K,] is the geometric stiffness matrix, P the axial load in the column and H the

column height.
2.5 Loading to Obtain the Static Inelastic Responses

In this study, the static responses are obtained using pushover analyses. In a
pushover analysis, a sequence of inelastic static analyses is performed on the building,
when it is subjected to a set of monotonically increasing lateral loads. The load
distribution along the height remains unchanged as the building deflects. In every load
step, a linear force-displacement relationship is assumed and the structural stiffness
matrix is kept constant. The incremental displacements corresponding to the degrees of

freedom are calculated at the end of each load step. Based on the incremental
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displacements, the incremental member deformations and forces are obtained. When an
element reaches the inelastic range, the calculated increments of force and displacement
will not satisfy the inelastic force-displacement relationship of that element. Then the
stiffness matrix will be updated. To restore equilibrium, the unbalanced load is calculated
and applied to the building in the beginning of the next load step.

The main result of a pushover analysis is the base shear versus top deflection
curve. This curve is called the capacity curve or sometimes referred to as the performance
curve of the structure. One application of the pushover analysis is to check the damage
pattern of a structure. As an example, a pushover analysis is carried out to check if Frame
A would behave with the characteristics of a frame that satisfies the strong column-weak
beam design philosophy. The equivalent static lateral load distribution is taken to be
triangular along the height of the frame. The capacity curve of the frame is shown in
Figure 2.2a. It is linear initially. The hinge patterns at load stages 1,2 and 3 are shown in
Figure 2.2b. Hinges start to form at the beams when the lateral load exceeds the design
base shear value of 400kN as shown in load stage 1. At stage 2, column hinges have been
formed at the base of the frame resulting in a significant stiffness deterioration of the
structure. Further increase of the lateral load causes additional hinges to form at other
locations in the beams and columns. It should be noted that there is no column with
hinges at both the top and bottom during these stages of the pﬁshover analysis. In other
words, the side sway failure mechanism caused by top and bottom column hinging is
unlikely to occur in this frame during an earthquake. This example shows that Frame A
has the characteristics of a properly designed DMRF and also illustrates one typical

application of pushover analysis.
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It is interesting to note that a bilinear approximation of the capacity curve shows
that the frame has an effective strength of 540 kN, which is 35% higher than the design
strength of 400 kN. This overstrength is the result that Frame A is designed based on
appropriate load combinations of the lateral and gravity loads, as specified in the

Canadian design code (NBCC 1995).
2.6 Loading to Obtain the Seismic Responses

To obtain the responses under earthquake ground motion excitations, dynamic
analyses are performed by solving the equations of motion for the building, using a step-
by-step numerical integratioﬁ procedure. Since, the masses of buildings are lumped at the

CM of the floors, the mass matrix is a diagonal matrix given by:

m
my
ml

[M] 2.2)

i

L mn .
where m,, ..., m, = lumped masses at floors levels, I,,, ..., [,, = rotational mass moment of
inertia of the floors at CM, and »n = total number of floors.

The damping in the building is assumed to be of the viscous type. In solving the
equations of motion, it is further assumed that the damping matrix has the Rayleigh form.
It means that the damping matrix can be written as a linear combination of the mass

matrix and stiffness matrix:

[Cl=a [M]+p [K] 2.3)
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where the two factors & and £ can be determined from the modal damping ratios of any

two modes of the building:
AT, ¢, —T,¢&
a= (;Z”LTZ” ) (2.42)
m n
T,T,(T,¢, —T,
p=Im n( mzé‘n zné‘m) (2.4b)
(T, —-T;)
where

T, and T, = undamped period of the m® and n® modes.
& and &, = damping ratio of the m" and n™ modes.

The first and second modes are used in this study to determine the o and £ factors.
The damping ratios for these two modes are assumed to be 5% of critical damping. This
value is considered appropriate for cracked reinforced concrete structures (Newmark and
Hall 1982).

The stiffness matrix of a structure is assembled from the stiffness matrices of its
elements. During each time increment, the stiffness matrix is assumed to remain constant.
If the stiffness of one or more members has changed at the end of the current time step,
the stiffness matrix will be updated based on the change of stiffness in those elements.

The Newmark-p method for numerical integration with § = 0.25 is employed to

solve the equations of motion.



B 22

2.7 Earthquake Ground Motion Records

Inelastic dynamic analyses are carried out by subjecting the structural models to
earthquake ground motion excitations at their bases. An ensemble of 10 horizontal
ground motion records is used as input to reduce the dependency of the responses on the
characteristics of a single earthquake excitation. The records are chosen based on the
criterion that the shapes of their response spectrum are similar to the Newmark-Hall
design spectrum in order to minimise the mismatch in frequency contents between the
input ground motion and the design spectrum. Each record is scaled to a peak velocity of
0.3 m/s to match the design site factor value. The mean and mean plus one standard
deviation of the 5% damped acceleration response spectra for the ensemble of records are
shown in Figure 2.3. The appropriately scaled design spectra are also presented. Other

information related to the records is listed in Table 2.1.

2.8 Respdnse Parameters

The responses of a building during earthquake can be taken as a measure of
damage potential to its structural and/or non-structural elements. To assess the
performance of a building, different parameters are needed to express the level of
responses produced in the building both locally and globally. The main response
parameters considered in this study are: (i) the maximum interstorey drift, (ii) the
maximum floor displacement, (iii) the maximum column ductility demand, and (iv) the
maximum beam ductility demand in a storey. The first parameter is a good indicator of non-
structural damage. The second parameter is important for evaluation of the pounding

damage potential between buildings. These two parameters describe the global responses of
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a building. The third and fourth parameters are traditionally used indicators of structural
damage in DMRF. They represent the local (member) responses.

Since dynamic analyses are performed using an ensemble of ground motions as
input, the mean values of the response parameters are focused in this study. When the
dispersion of responses is also of interest, the range of response values will be presented
by a bar graph as shown on the Figure 2.4.

In addition to the four designated response parameters, capacity curves (Figure
2.2a) can also be considered as a global response parameter. The capacity curve,
produced by inelastic static (pushover) analysis, provides information about the overall
stiffness and strength of the buildings.

2.9 Summary

The highlights of the tasks done in this chapter are:

e The building configurations considered in this study are introduced.

e The methods of analyses and modelling assumptions are explained.

e The ground motion excitations are summarised.

e The response parameters considered for comparing the performance of the buildings

are explained.
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Table 2.1. List of input ground motions

Imperial Valley, California | 451040 | 66 | SHf | g | sooE | seow
El Centro Soil

Kemn County, California
Tuft Lincoln School Tunnel 07/21/52| 7.6 | Rock 56 S69E N21E

San Fernando, California Stff
Hollywood Storage P.E. Lot, LA 02/09/71 | 6.6 Soil 35 NSOE 00w

San Fernando, California
Griffith Park Observatory, LA 02/09/71| 6.6 | Rock 31 SO0W |- S90W

San Fernando, California 02/09/71 | 6.6 Stiff 41 N37E S53E

234 Figueroa St., LA Soil

Near S. Coast of Honshu, Japan Stiff
Kushiro Central Wharf || C00¥71| 70 | gop | 196 | NOOE | NOOE

Near E. Coast of Honshu, Japan Stiff
Kashima Harbor Works 11/16/74| 6.1 Soil 38 NOOE N9OE

Monte Negro, Yugoslavia
Albatros Hotel, Ulcinj 04/15/79 | 7.0 | Rock 17 NOOE | N9OW

Michanocan, Mexico
El Suchil, Guerrero Array 09/19/85 | 8.1 | Rock | 230 S00F oo
Michanocan, Mexico 09/19/85 | 8.1 | Rock | 44 | N9OE | NOOE

La Villita, Guerrero Array
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CHAPTER 3
SEiISMIC BEHAVIOUR OF ASYMMETRICAL MULTI-STOREY FRAME

BUILDINGS

3.1 Introduction

This chapter discusses the characteristics of asymmetric multi-storey buildings
and the parameters that affect their seismic behaviour. The consequences of asymmetry
on the different response parameters such as displacements, storey drifts, beam and
column ductility are first discussed in section 3.2. Then the significance of torsional
stiffness on the behaviour of asymmetric buildings are systematically studied and
explained in section 3.3. The effects of eccentricity on different classes of multi-storey
buildings are examined in section 3.4. Finally, a comparative study is conducted for a
building with transverse frames subjected to bi-directional excitation, and a building
without transverse frames but subjected to unidirectional excitation. The purpose of this
comparative study is to show that the results from the present study can provide reliable

trends applicable to actual asymmetric multi-storey frame buildings in the field.

3.2 Consequences of Asymmetry

Asymmetric and symmetric buildings behave differently in earthquakes. Unlike
symmetrical buildings, the responses of asymmetrical buildings are affected by torsional
responses. Torsion particularly influences the responses of the structural frames located

near the perimeter.

29
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To demonstrate the torsional effects, a study is carried out on two multi-storey
buildings. The first building is a seven-storey symmetric building with three type A
frames in the Y-direction (Figure 3.1a). The second building is also a seven-storey
building but it is asymmetric due to the non-uniform mass distribution on its floors as
shown in Figure 3.1b. In the asymmetric building, the CM of the floors are shifted 2.4m
(10% of the width of the building) from the geometric centre towards Frame 3. For
simplicity, these two buildings will be referred to as Building S (for symmeti'y) and
Building A (for asymmetry) respectively.

Both buildings are subjected to unidirectional excitations along the main direction at
their bases. The ensemble of 10 horizontal ground motion records described in chapter 2 is
used as input. Each record is scaled to a peak velocity of 0.3 m/s to match the design site
factor value for the buildings. The CANNY computer program is used to carry out the
analyses.

Plots in Figure 3.2 show the mean of the parameters of interest at the edge frames
(Frame 1 and Frame 3) of the two buildings. Since Building S has no torsional responses,
the responses of Frames 1 and 3 are identical and hence there is only one curve shown for
Building S. Figure 3.2a shows the mean of the maximum floor displacements; Figure
3.2b the mean of the maximum interstorey drift ratios. Figure 3.2c and Figure 3.2d show
the mean of the maximum column and beam ductility demands respectively. A
comparison of the response curves of Frames 1 and 3 of the asymmetric building to those
of the symmetric building shows that torsion increases the responses of Frame 3 while
decreases the responses of Frame 1 in Building A. The increase of response in Frame 3 is

of the order of 30%. These results show that torsion caused noticeable changes in the
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distribution of different response parameters at the edge frames of the asymmetrical
building.
3.3 Effect of Torsional Stiffness

Four structural configurations are used to study the effect of torsional stiffness on
the building responses. All four configurations have the same lateral stiffness but have
different torsional stiffness. This is achieved by varying the distance between the frames.
Figure 3.3 shows the four configurations. The A3A3A and AG6AG6A configurations
represent buildings that are torsionally flexible (TF), when compared to configurations
A9A9A and A12A12A which represent torsionally stiff (TS) buildings. All four buildings
will have the same eccentricity of 0.1b, or 2.4m.

The overall static behaviour of these buildings under lateral loading can best be
illustrated using their capacity curves as shown in Figure 3.4. They are obtained by
carrying out pushover analyses on the buildings, using a triangular load distribution with
the lateral loads applied at the CM of the floors. The capacity curve of a symmetrical
building is also included for reference. This reference building has three type A frames
symmetrically distributed but has no eccentricity, hence no torsional deformation under
lateral loading. An alternative interpretation of this reference capacity curve is that it
represents the capacity curve of a building having infinite torsional stiffness. A comparison
of the five curves shows that a decrease in torsional stiffness of the building has the effect of
lowering the effective stiffness of the building at CM, and also reducing the overall strength
of the building. The curve for the reference building is an upper bound capacity curve for

this set of buildings.
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To study their seismic behaviour, the buildings are exposed to the chosen ensemble
of earthquake records and their behaviours are discussed based on the mean of the
maximum responses. For ease of reference, the two edges of buildings, parallel to the
direction of loading, will be referred to as edge 1 or edge 3, as shown on Figure 3.3. Edge 1
1s sometimes called the stiff edge while edge 3 is called the flexible edge in published
literatures.

The means of the maximum interstorey drift ratios at the edge 1 of these buildings
are shown in Figure 3.5. To highlight the contribution of torsion, the mean response of the
reference model is also given. A comparison between the mean curves for the different
configurations to that from the reference building shows that torsional response leads to
additional interstorey drifts for the two TF buildings, but it decreases the interstorey drifts
for the two TS buildings. The increase is substantial for the A3A3A configuration building,
which is torsionally the most flexible of the four configurations.

The range of interstorey drifts experienced at different storeys is presented as
horizontal bar lines. The range provides a measure of the dispersion of the responses. The
results show that the dispersion is highest in the torsionally most flexible building and is
lowest in the torsionally most stiff building. Therefore, TF buildings are not only
susceptible to interstorey drift increase at the edge 1, but this increase is sensitive to the
actual input ground motions. In the design context, this implies that more care is needed to
establish the seismic interstorey drifts at this edge of TF buildings.

Another response parameter at this edge is the maximum floor displacements. The
general trend shown by the interstorey drifts is repeated here, namely, there is substantial

increase in floor displacements for the TF buildings and a marginally decrease in floor



33

displacements for the TS buildings as shown in Figure 3.6. The results on dispersion show
that the floor displacement is also more sensitive to ground motion inputs in the TF
buildings.

The information on the maximum interstorey drift ratios and maximum floor
displacements at the other edge (edge 3) is presented in Figures 3.7 and 3.8. Unlike the
responses at the edge 1, torsion always increases the interstorey drifts and floor
displacements at the edge 3 of the buildings. The increase appears to be relatively
insensitive to the torsional stiffiess of the buildings as the interstorey drifts and also the
floor displacements at this edge are similar in all four buildings.

The maximum column ductility demands in Frames 1 and 3 are shown in Figure
3.9. Only the results for the torsionally most flexible and the stiffest buildings are presented.
Compared with the ductility demands of the reference building, the change in column
ductility demands is minor in the TF building. For the TS building, the demands are
reduced in Frame 1, but increased in Frame 3. The beam ductility demand results are
presented in Figure 3.10. There is an increase of beam ductility demand in Frame 1, but a
decrease of demand in Frame 3 in the TF building. The trend is reversed for the TS
building.

While the trends shown in Figures 3.9 and 3.10 are correct, the actual magnitude of
the change is distorted. Being more flexible, building A3A3A has a larger rotational
response than the A12A12A building. However, the locations of Frames 1 and 3 in building
A3A3A are closer to the centre of rotation than those in building A12A12A. In other words,
the lever arms of the Frames | and 3 in building A3A3A are smaller. Due to this

compensating factor, the magnitude of change in ductility demands turns out to be similar
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for these two buildings.

Reviewing the results, it is evident that the torsional stiffness of a building has a
strong influence on its seismic response, and will affect the design parameters at the edges
of the building differently. The difference in behaviour of the TF and TS buildings can be
explained in terms of the modal characteristics of coupled torsional-translational vibrations.
In the first mode of vibration, the contributions from the translational and rotational floor
motion to the lateral displacement at edge 1 is subtractive, while the contribution to the
lateral displacement at edge 3 is additive as shown diagrammatically in Figure 3.11a. In the
second mode of vibration, the translational and rotational floor motion contributions are
additive at edge 1 and subtractive at edge 3 as shown in Figure 3.11b. Since the buildings
are subjected to translational ground motions as input, the responses of the buildings come
mainly from the lowest translational predominant mode. The TS buildings have their first
mode as a translational predominant mode. As a result, torsion tends to decrease the
responses at edge 1 while increase the responses at edge 3. The TF buildings have their
second mode as the lowest translational predominant mode, with the consequence that there
is a response increase at edge 1.

Since torsional stiffness has a large influence on the seismic response of
asymmetrical buildings, there is a need to classify these buildings into TS (first mode is
translational predominant) and TF (the second mode is translational pfedorninant)

buildings. A procedure to achieve such classification will be discussed in chapter 4.

3.4 Effect of Eccentricity

Eccentricity traditionally has been taken as the measure of asymmetry in a



35 -

building. It is defined as the distance between the centres of mass and rigidity. To study
the effect of eccentricity on multi-storey asymmetric building responses, two structural
configurations are considered. A building with configuration of A3A3A is used to
represent TF buildings, while a building with configuration A12AI12A is used to
represent TS buildings. For each configuration, three values of eccentricity are
considered, namely: 0.05b (1.2m), 0.1b (2.4m) and 0.15b (3.6m). Since the stiffness of
each frame is the same, the centres of rigidity in both buildings are at the geometric
centres. The different eccentricity used is due to different locations of the centres of mass
from the geometric centres: A symmetric building is also included in this analysis to
serve as the reference system. Inelastic dynamic analyses are performed on the buildings
using the chosen ensemble of 10 ground motion records shown in Table 2.1.

Figure 3.12 shows the mean values for the maximum displacements and storey
drift ratios for the symmetric building and the three frames in the TS building with
different levels of eccentricity. There is a change of responses between the asymmetrical
buildings and that of the reference building. Asymmetry causes a decrease of
deformations at edge 1 but an increase in deformations at edge 3. However, the increase
of the maximum deformations due to increase in the level of eccentricity is minimal. This
implies that the responses of the TS building are relatively insensitive to further increases
in eccentricity. Figure 3.13 shows the mean values of the maximum ductility demand on
the beams and columns of the building. They follow the trend observed from the
deformation curves. {

Figure 3.14 shows the mean values for the maximum displacements and storey

drift ratios for the symmetric building and the TF building with different eccentricities. A
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small value of eccentricity (5%), leads to a considerable increase of deformations in edge
I and a small increase in edge 3 of the TF building. However unlike the TS building, th_e
rate of change in edge responses commensurates with change of eccentricity. It should be
noted that the maximum deformations in the middle of the TF building remains close to
deformation of symmetric building, while the edges experience much higher
deformations. This demonstrates the importance of torsional response in the TF building.

Figure 3.15 shows the mean values of the maximum ductility demands on the
beams and columns of the TF building. The maximum values of ductility demand for the
beams and columns of the frames of the asymmetric building are similar to the symmetric
building for small eccentricity. With the increase in eccentricity there is only a minor
increase in the ductility demands of members in Frame 1 and a small decrease for those in
Frame 3. Again, it should be realised that the lever arms from the centre of rotation to
Frames 1 and 3 are small in this building. Therefore, the magnitude of change in ductility
demands in A3A3A may not reflect the true change in response if the frames were located
at the edges of the floor plan. The edge deformation responses discussed in Figure 3.14 are
more representative of change in response of the TF building.

The study in this section shows another difference between TS and TF buildings.
The TS building is not sensitive to increase in eccentricity, while the TF building is

vulnerable to eccentricity increases.

3.5 Justification of Using Unidirectional Excitation on Models Used

in this Study

Real buildings have lateral resisting elements in two orthogonal directions to
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resist horizontal loading imposed by the ground motions and ensure building stability.
Also, they will be subjected to horizontal grou_qd motions from both orthogonal
directions simultaneously (bi-directional excitation) during an earthquake. It is proposed
in this study to represent buildings by structural models having lateral resisting elements
in one direction only, and subject the models to ground motions coming from one
direction. The purpose of this section is to justify the use of such simpler structural
modelling and simpler mode of excitation by means of a comparative study.

The plans of the two buildings chosen for this study are shown in Figures 3.16a
and 3.16b. The building shown in Figure 3.16a has three A frames spaced at 12m apart in
the Y-direction, and has two type B frames spaced 18m apart in transverse direction. The
stiffness and strength properties of beam and column elements in the type B frames are
assigned 1.5 times of those in a type A frame. Thus the total lateral strength and stiffness of
this building in the X and Y-directions are similar. The building shown in Figure 3.16b is a
building designated as the A12A12A configuration used in this thesis. Both buildings are
mass eccentric, with the centre of mass (CM) being shifted 2.4m from the geometric centre
of the floors.

Both components of each earthquake ground motion record in the ensemble of
records are applied to the building with transverse frames. The Y-direction component is
scaled to level of design earthquake intensity (peak velocity = 0.3 m/s) and then the same
scaling factor is applied to the other component along the X-direction. The A12A12A
building is subjected to unidirectional excitation only.

A series of 3-D inelastic dynamic analyses of buildings subjected to ground motions

are performed and the mean values for different response parameters are calculated. Figure
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3.17 compares the Y-direction displacements and storey drift ratios while Figure 3.18
compares the beam and column dgptility demands on the Y-direction frames of the two
buildings. The solid lines show the maximum responses for the building with transverse
frames subjected to bi-directional excitation and the dash lines show the responses for the
A12A12A building. A comparison between solid and dash lines on these figures shows
that the responses are similar in the two cases. The close agreement between the results
justifies the structural modelling and unidirectional excitation used in this study. Similar
observations have been made by Correnza et al. (1994) for single storey eccentric

systems.

3.6 Summary

The highlights of material presented in this chapter are:

e The consequences of asymmetry on the different response parameters at the edges of
asymmetrical buildings are discussed.

e The torsional stiffness of a building is an important parameter. One should classify
asymmetric buildings into torsionally flexible (TF) and torsionally stiff (TS) buildings
because the locations of the vulnerable frame in these two classes of buildings are
different.

e The sensitivity of TS and TF buildings to increase of eccentricity is studied. It is
concluded that the main change in behaviour of the TS building occurs when it
changes from a symmetric building to an asymmetric building. Responses of building
are not sensitive to further increase in eccentricity. However, vulnerability of the TF

building depends on the value of eccentricity. Increase of eccentricity increases the
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maximum responses in the edges of the building.
The structural modelling and the unidirectional excitation that are used in this study
are justified. It is believed that the trends found in this study should be applicable to

actual asymmetrical multi-storey frame buildings.
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CHAPTER 4

ASYMMETRICAL MULTI-STOREY FRAME BUILDINGS DESIGNED

INCORPORATING TORSIONAL PROVISIONS

4.1 Introduction

In a symmetric building, all the lateral load-resisting elements at different
locations in plan experience the same lateral displacement when subjected to
unidirectional ground motion excitation. As a result, the force induced in each element is
proportional to its lateral stiffness. This observation leads to a guideline that calls for
assigning the design strength of the lateral load-resisting elements according to their
stiffness.- In an asymmetric building, however, the location of a lateral load-resisting
element affects the share of load that it should resist because the loadings on the rigid
floors of these buildings are accompanied by torques caused by the structural eccentricity
in the building. The force induced in each element from the floor torques is proportional
to its contribution to the torsional stiffness of the building. The torque-induced force in an
element is called the torsional shear. The location of an element not only determines the
magnitude, but also the direction of the torsional shear. Depending on the direction of the
torque, the torsional shear should be added to or subtracted from the forces induced in
that element by the translational displacement of the floors.

To compensate the torsional effect on the performance of a building, different

59
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approaches have been suggested to replace the rule of distribution of strength among the
elements proportional to their lateral stiffness. These approaches can collectively be
referred to as torsional provisions. The goal of this chapter is to evaluate the effectiveness
of a few torsional provisions to improve the seismic performance of asymmetric multi-
storey buildings.

The first approach that is studied here is distribution of the strength based on
static equilibrium consideration. Then the static torsional provisions based on the
Uniform Building Code (UBC) are studied. Finally, the application of response spectrum
analysis to proportion the design strength of the elements is considered.

These studies lead to the observation that before using any static torsional design
method, it is essential to make sure that the asymmetric multi-storey building under
consideration is not a torsionally flexible (TF) building. Two procedures are developed to
~ identify TF multi-storey buildings in the last part of this chapter. The first procedure uses
the dynamic characteristics of the buildings while the second procedure is based on the
static edge displacement ratios. Details of both procedures are explained and their

effectiveness is demonstrated by means of examples.
4.2 Torsional provisions

Torsional provisions are incorporated in most building codes to redistribute the
strength among elements to minimise the torsional effects. Codes usually divide the
buildings into regular and irregular buildings and consider that static torsional provisions
will be suitable for regular buildings. For irregular buildings, design based on dynamic

analysis, such as the response spectrum method, is suggested.
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4.3 Design according to static torsional provisions

The static torsional provisions require the application of static torsional moments
to be included in the determination of the design forces. The product of the lateral force
and the design eccentricity determines the value of the torsional moment. The design
eccentricity can be different from the structural eccentricity in a building. To protect the
elements on both side of the building, codes require two separate load cases to be
considered involving two design eccentricities. The magnitudes of tﬁe two design

eccentricities are usually derived from equations like:

(eg); =1.5¢+0.1b (4.1a)

(e;), =0.5¢—0.1b (4.1b)

where (e,), and (e,), are the two design eccentricities, e is the structural eccentricity and b
is the width of the building. To design the elements, the forces required for resisting the
torsional moments (torsional shears) should be combined with the shear from
translational loading.

Figure 4.1 demonstrates how each design eccentricity affects the design strength
of the elements on each side of a building. The torsional shear resulted from (e,),
increases the design load on Frame 3, as shown in the Figure 4.1a. This torsional shear
would add to the translational shear to form the design strength of Frame 3. The design
eccentricity (e,),, depends on its magnitude, may either cause an increase in design load
of Frame 1 as shown in Figure 4.1c, or cause a lesser reduction in the design load of this

frame than using (e,),, as shown in Figure 4.1b. One would choose the worst case of
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torsional shear to combine with the translational shear to design Frame 1.

4.3.1 Design for torsion based on static equilibrium criteria

In this approach, the design forces in the elements are determined based on the
static equilibrium of the building when subjected to lateral loads applied at the centre of
mass of the floors. The design strengths for the elements are established in two steps.
First, the static equilibrium of a single mass system is used to estimate the design force in
each of the frames. Second, the strengths of the members of frame type A are adjusted to
the ratios found in_ step one. Since Frame A is a frame designed for one third of the
seismic load of the building, it represents a frame in a symmetric building designed
without considering torsional provisions. To make a distinction, the notation A" is used to
indicate any change in the strength of Frame A due to the use of torsional provisions. A’
- is a generic symbol and can represent different frames designed using different
provisions. To pinpoint the actual frame design strength, the title of the appropriate
torsional provision used will be mentioned along with the configuration of the building.
Therefore a building that has a structural eccentricity equal to 0.1b and its frames have
been designed based on the static equilibrium criteria will be referred to as Building
A'124124°.1 static equilibrium-designed.

Using the static equilibrium criteria, Figure 4.2 shows the share of design load for
each frame in the four different building configurations. Since the centres of rigidity in
these configurations are at the middle of the floor plan, the design force of each frame can
be found readily. The figure shows that if a design force equal to 3F is applied at the

centre of mass, the middle frame always takes one third of the load while the shares of the
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other two frames are different depending on their locations.

In the static equilibrium method, the torsional moment is obtained directly using
the eccentricity of the building without modification. In other words, the design
eccentricity e, is equal to the structural eccentricity e in this approach. Building
Al12A12A.1 taken as representative of a torsionally stiff (TS) building and Building
A6AGA.1 taken as representative of a torsionally flexible (TF) building will be used to
show the effectiveness of such a torsional provision. The strengths of members in the
frames of these two buildings are assigned by adjusting the strength of Frame A with the

factors shown in Figure 4.2.

Static inelastic behaviour (pushover analysis)

Pushover analyses are conducted on the frames in the two buildings to obtain the
capacity curves of each frame as shown in Figure 4.3. The original capacity curve of
Frame A'is; also shown as a reference. Since the strength of edge frames in both buildings
are changed based on the static equilibrium criteria, the buildings will be denoted as
A'12A12A°.1 and A'6A6A’.1 respectively. In Building A"12A12A°.1, the strength of
Frame 1 is 0.9 times the strength of Frame A while the strength of Frame 3 is 1.1 times
that of Frame A. In Building A"6A6A".1, the strength of Frame 1 is 0.8 times and the
strength of Frame 3 is 1.2 times that of Frame A. Frame 2 of both buildings has the same
strength as Frame A.

There is no overstrength in a building as a whole, when the static equilibrium
method is used. In other words, the total strength of the building remains unchanged. If

there is an increase in the strength of Frame 3, there will be an equal decrease in the



strength of Frame 1.

Figure 4.4 compares the capacity curves of the individual frames of the
asymmetric Buildings A"12A12A".1 and A’6A6A".1. Included in the comparison is the
capacity curve of the frames of a symmetric reference building, which has three type A
frames. The comparison shows that Frame 1 of the TF building has the lowest strength.
This is expected since the strength of Frame 1 has been set to 0.8 times that of Frame A
for the TF building compare to 0.9 times that of Frame A for the TS building. Frames 2
of all three buildings have the same strength. In the case of Frames 3, the strength of the
frame in the TF building is higher than that in the TS building.

Figure 4.4 presents an overview of the relationship between the effect of torsional
stiffness and the distribution of the design strength between the frames. As the level of
torsional stiffness decreases, more strength is reduced from Frame 1 and added to Frame

3 of that building. -

Dynamic inelastic behaviour (seismic response analysis)

To investigate the effect of using the static equilibrium criteria in designing the
frame strength on the response of the buildings, the models are subjected to a series of 3-
D inelastic dynamic analyses using the chosen ensemble of earthquake records as input.

Figure 4.5 compares the means of the maximum displacements and the storey drift
ratios for the static equilibrium-designed asymmetric TS and TF buildings, with those of
the reference building. The asymmetric TS building displays smaller deformations than the
symmetric building at edge 1, but has greater deformations than its symmetric counterpart

at edge 3. In the asymmetric TF building, both edges 1 and 3 show larger response when
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compared to the symmetric building. The deformations of the middle frame are much
smaller th_an the other two frames, an indication of the importance of contribution of torsion
to the responses of the TF building.

The mean values of the maximum ductilities in the beams and columns of these
buildings are shown in Figure 4.6. Frame 1 of the TS asymmetric building displays less
ductility demand but Frame 3 has more demand than its synmetric counterpart. This
conclusion is in agreement with what has been observed regarding the deformations of these
frames. The TF building has a larger ductility demand in Frame 1 but a smaller ductility
demand in Frame 3 than the corresponding frames in the reference building. According to
Figure 4.5, both Frames 1 and 3 of the TF asymmetric building have an increase in
deformations. However, as Frame 3 is designed with a higher strength, its ductility demand
is reduced accordingly to a level below that of the reference building. This means that the
static-equilibrium design is capable of protecting Frame 3 by reducing the ductility demand
of this frame. However, it fails to control the excessive ductility demand in Frame 1 of this
TF building.

A review of the study in this section leads to three conclusions about the use of
the static equilibrium approach for distributing strength in the design of asymmetric
buildings. First, it has little effect to reduce the deformations at the edge of both the TF
and the TS buildings. Second, this design approach is effective in reducing the ductility
demand in the TS building. Third, this approach is not effective in reducing the ductility

demand of Frame 1, a frame at the stiff edge of the TF building,
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4.3.2 Design based on the Uniform Building Code

In this section, the ability of torsional provisions of a typical building code to
improve the seismic responses of buildings is explored. The torsionally flexible building
configuration AGAGA and the torsionally stiff building configuration of A12A12A are
redesigned, using the static torsional provisions of the Uniform Building Code (UBC
1997). The design procedure using UBC static torsional provisions consists of three steps.
The first step is a check for torsional irregularity. A building is considered torsionally
irregular by UBC when the maximum edge storey drift, computed including accidental
torsion, is more than 1.2 times the average of the storey drifts at the two edges of the
structure. This check in UBC is not meant to be used as a measure to exclude a building
from using the static torsional provisions. The purpose of the check is to increase the
accidental eccentricity of any building found to be torsionally irregular. The second step
is the calculation of a factor (Ay) needed to amplify the accidental eccentricity if the
building has been determined to be torsionally irregular. The third step in the procedure is

the calculation of horizontal torsional moments using the following design eccentricity e,

expressions:
e, =e+ A:(0.05b) (4.2a)
e, =e— A.:(0.05b) (4.2b)

where e represents the structural eccentricity and b is the plan dimension of the building
perpendicular to the direction of the lateral forces. Appendix B gives the details of design

calculations using the UBC torsional provisions.
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The results of calculations for the UBC amplification factors (Ay) for the two
asymmetric buildings are listed in Tables 4.1 and 4.2, respectively. According to these
tables, both these buildings are considered torsionally irregular by UBC. For the TS
building, the average value of Ay is 1.41. The calculated average value of Ay for the
asymmetric TF building is 4.35. However, the upper limit of 3.00, as suggested by UBC, is
actually used in the design.

Having calculated the value of Ay for each building, the design eccentricities, and
the torsional moments, can be obtained. The effect of including these torsional moments
in the design process would lead to some increases in strength of the frames: For a TS
building with no structural eccentricity, the accidental eccentricity provision will lead to
approximately 5% strength increase of the edge Frames 1 and 3. For the same building but
with a structural eccentricity equal to 10% of width of the building, the strength in Frame 1
is unchanged, as UBC does not allow negative torsional shears to be taken into account for
design. However, additional strength is required for Frame 3 located at the flexible edge.
The required strength increase of this frame is approximately 17%.

Figure 4.7 compares the strength of the frames for the two buildings using the static
equilibrium criteria and the UBC static torsional provisions. The required strengths in the
frames of the TS building are similar for the two approaches. However, UBC requires
larger increase in the strength of edge frames in the TF building.

There are many options open to a designer to implement the required increase in
strength of a frame as specified by the code. Consider the TS building where the required
strength increase in Frame 3 is 17%. As noted in Figure 2.2a, Frame A has an effective

strength 35% greater than its design base shear value. Therefore one can interpret that
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Frame A already has the strength required by the torsional provisions and no redesign is
necessary. If this option is taken, Frame A will serve as the frame at the edge 3 of the
building. Alternatively, one may choose to increase the beam and column capacities of
Frame A by 17%, resulting a modified Frame A" to be used as Frame 3 in the buildings.
The lateral strength of Frame A" would then match the increase that is required by the
torsional provisions. A third option is to redesign Frame A, requiring the new frame to
satisfy an increase of design base shear values, as specified by the torsional provisions. This
option does not automatically guarantee that the lateral strength of the redesigned frame will
be 17% higher than Frame A because the design of member reinforcements are based on the
critical load combinations of both the gravity and seismic load effects. This last

interpretation is used in adjusting the frames of the two buildings in this study.

Static inelastic behaviour (pushover analysis)

Figure 48 shows the capacity curves of the individual frames of the two
buildings. The capacity curve of Frame A is also included as a reference. Figure 4.8a
shows that the capacity curves for Frames 1 and 2 and the type A frame in Building
A12A12A°.1 are the same. There is no extra design force on the Frame 2 since it is
centrally located. The design force of Frame 1 could be reduced by the design calculation.
But the UBC code does not allow negative shear to be included in the design. Therefore a
type A frame will serve as Frame 1 in this building. Since the UBC torsional provisions
requires an increase in the strength of Frame 3 without reducing the strength of Frame 1,
following this torsional provisions will lead to some overstrength of the building.

Figure 4.8b shows the capacity curves of the frames in the A'6A6A".1 building.
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There is an increase in the strength of both Frames 1 and 3 of this building. Using a value
of 3 for Ay in Equation 4.2b causes a change in the sign of the design eccentricity.
Applying the design torques corresponding to this negative design eccentricity leads to an
increase of the design load on Frame 1. Frame 3 of this building has a large increase in
strength as demanded by the code. The strength of this frame has increased to a value
more than twice that of Frame A. The increase in the design strength of Frames 1 and 3
causes a substantial overstrength in the asymmetric Building A’6A6A".1. The capacity
curves of the frames of Buildings A12A12A".1 and A"6A6A".1 are compared on a per
frame basis in Figure 4.9. One can see the large increase in strength of Frame 3 in the

torsionally flexible building.

Dynamic inelastic behaviour (seismic response analysis)

To investigate the influence of the UBC torsional provisions on the response of
the buildiﬁés, a series of 3-D inelastic dynamic analyses are carried out, with the models
being subjected to the chosen ensemble of earthquake records.

The seismic displacements and the interstorey drift ratios of the two UBC-designed
asymmetric buildings are presented in Figure 4.10. Only the means of the responses are
presented. The responses of the TS and TF buildings are shown in solid and dashed lines
respectively, while the responses of reference building are shown in grey lines. A
comparison of the results shows that the additional responses caused by torsion can be
significant, even in the case of buildings with only moderate level of eccentricity.
Comparisons of the responses between the asymmetric and the reference buildings show an

expected trend for the TS building, namely, the asymmetric building has less deformation
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on the edge 1 but more deformation on edge 3. In case of TF building A"6A6A°.1, both
edges of the building display much higher deformation than the reference building._ .

The member ductility demands at the various frames of these buildings are
presented in Figure 4.11. Using the member ductility demand on the reference building as
reference, the figure gives the impression that the member ductility demands of both
buildings are well controlled by the code provisions. However, a comparison between the
ductilities of Frame 1 and Frame 3 of the TF building shows that this asymmetric
building has much higher ductility demand on Frame 1. This result again highlights the
fact that static torsional provisions are under-designing the Frame 1 in torsionally flexible
buildings. Due to the high design strength, the ductility demands of Frame 3 are much
smaller than Frame 1 in the TF building. In fact the design strength assigned to the Frame
3 by UBC is so high that the ductility demand of this frame is even lower than the
reference building: As Figure 4.11 displays, the beams and columns in most of the floors
of Frame 3 of this building remain elastic.

There are three main conclusions about the use of the UBC approach for
distributing strength in asymmetric buildings. First, the use of this method has negligible
effect to change the deformations of the TS building. Its influence on the deformations of
the TF building is also minor. Second, this design approach correctly recognises Frame 3
of the TS building as the vulnerable frame and by assigning more strength to it reduces
the ductility demand of this frame. Third, this approach does not recognise the
vulnerability of the Frame 1 in the TF building. It over-protects elements at the flexible
side of the TF building but does not assign enough strength for elements near the stiff

edge.



- 71

4.4 Design based on dynamic torsional provisions

It is shown in the previous sections that for the TS building, the static torsional
provisions generally work well to protect the lateral load-resisting edge elements of the
structure. However, it is shown that static torsional provisions become deficient when
applied to the TF building. Low torsional stiffness in an asymmetric building causes the
rotational modes to have a more important role in the deformations of the elements. The
subsequent change in dynamics of the TF buildings is such that the pa&em of seismic
demand in the elements is not in agreement with the arrangement of strength distribution
suggested by the static torsional provisions.

In this section, the method of design by dynamic analysis is applied to the two
example asymmetric buildings. The method consists of three steps. Step 1 involves a
response spectrum analysis of the building, using the 5% damped acceleration design
spectrum of NBCC 1995. Then in step 2, the base shear resulting from the response
spectrum analysis is scaled to the value of the static design base shear. Step 3 is the
incorporation of the effects of accidental torsion in the design. Accidental torsion is
incorporated by applying static torsional moments on the building and combining the
effects of this loading with the results obtained from response spectrum analysis, as

suggested in NBCC 1995.

Static inelastic behaviour (pushover analysis)
Figure 4.12a shows the capacity curves of the frames in the TS building designed

using the response spectrum approach. The strength of Frame 2 is unchanged. However,

Frame 1 has a slightly less strength and Frame 3 has a considerable larger strength than
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Frame A. As the strength of both edge frames has changed in this building, it is named
AT124124".1 spectrum designed.

The capacity curves of the frames in the TF building (A6A6A.1) are shown in
Figure 4.12b. Use of the response spectrum design approach resulted in an increase in
strength for all three frames of the building. There is a small increase in the strength for
the middle frame but there are large increases in the strengths of both edge frames.

) Contrary to static torsional provisions, Frame 1 is assigned the highest strength in the TF
building, when using the spectrum-design approach.

Figure 4.13 compares the capacity curves of the frames in the reference building
with the frames of the two spectrum-designed buildings. Negative torsional shear
obtained in the spectrum approach is allowed, which leads to a small reduction in the
strength of Frame 1 of the TS building, compare to Frame A. Frame 3 of spectrum-
designed TS asymmetric building has a large increase of strength. In the asymmetric TF
Building, there is a large increase in the strength of Frame 1. It is almost twice that of
Frame A. It is of interest to note the similarity of strengths in Frame 3 of the two

buildings.

Dynamic inelastic behaviour (seismic response analysis)

The response parameters of these buildings are computed, when they are
subjected to the chosen ensemble of ground motions as base input.

The mean seismic displacements and the interstorey drift ratios of the buildings are
presented in Figure 4.14. The responses of the asymmetric TS and TF buildings are shown

in solid and dashed lines respectively, while the responses of the reference building in grey
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lines. Comparison of the responses between the asymmetric TS building and the reference
~ building shows that the TS building has smaller deformations on the edge 1 but larger
deformations on edge 3. Both edges of the TF building, especially edge 1, display higher
deformation than the reference building.

The member ductility demands at the various frames of these buildings are
presented in Figure 4.15. Comparing to the results of the reference building, the figure
shows that the member ductility demands of the asymmetric TS building are in general well
controlled by using the spectrum design approach. Comparisons between the frames of the
TF building and the reference building also show good performance for the frames. All
three frames of the spectrum-designed TF building have smaller ductility demands than
the frames of the reference building. Unlike designs based on static torsional provisions,
the spectrum design approach has been able to appropriately protect elements at both

edges of the TF building.
4.5 Comparing the performance of torsional provisions

Three different methodologies for the distributing lateral strength to resisting
elements in asymmetric buildings have been investigated. These are the static equilibrium
design, the design based on UBC-97 static torsional provisions and finally the response
spectrum method. The results of each approach, as applied to a TS and a TF building with
moderate eccentricity, are presented in the previous sections of this chapter. In the present
section, those results are regrouped in order to give an overview of the effects of each of
the design approaches in improving the seismic performance of the asymmetric buildings.

Incorporating torsional provisions has only minor effects on the maximum



74

displacements and the maximum storey drifts at the edges of the asymmetric buildings
studied in this chapter. Therefore this discussion will focus on the effect of torsional
provisions to control the ductility demands in the edge elements.

Figure 4.16 shows the mean of the maximum ductility demands for beams and
columns of the TS asymmetric buildings designed with different approaches. The
ductility demands of elements in an asymmetric building designed without considering
any torsional provision also included as a reference. This building is referred to as
A12A12A.1. It has the same nominal eccentricity as the TS buildings but it has three type
A frames as resisting elements. The graphs of ductility demand for Frame 1 show that
similar results are obtained in all design approaches. For Frame 3, all of the design
approaches have reduced the ductility demands as compared to the building designed
without torsional considerations. The spectrum and UBC approaches are especially
successful in this regard. A similarity between ductility demands of the two edge frames
of the building can be viewed as representative of uniform damage distribution across the
building and can be considered as a measure of improvement to overcome the torsional
effect. It is seen that none of the design methods are completely successful in this regard.
However, the distributions of the ductility demand in the two edge frames of the
spectrum-designed building are the most similar, and in this respect, the response
spectrum approach is the best approach to distribute the lateral strength of elements for
the TS buildings.

Figure 4.17 compares the mean maximum ductility demands of beams and
columns of the TF asymmetric buildings. The ductility demands of the elements in a

similarly asymmetrical building, designed without any torsional provision are also
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included as reference. This building is designated as AGA6A.1. Unlike the case of the TS
building, the ductility demands of Frame 1 are quite sensitive to the design method used.
Frame 1 of a building designed based on the static equilibrium method leads to a
performance even worse than the building designed without torsional provisions. The
lowest level of ductility demand is in Frame 1 of the building designed by the spectrum
approach.

Frame 3 in the building designed by the static equilibrium method shows less
ductility demand than Frame 3 in the building designed without torsional provisions.
However, Frame 3 in buildings designed by UBC or spectrum -approaches performed
much better as shown by their smaller ductility demands.

Taking the similarity between distribution of ductility demand on the edge frames
as a measure of improvement for a design approach, it is seen that the spectrum approach
is also the best method in this regard. The distribution of ductility demand in the two

edge frames of the spectrum-designed building are similar in shape and values.
4.6 Classification of asymmetric buildings into TS and TF buildings

Results reported in the previous sections of this chapter have shown that static
torsional provisions are effective in limiting additional seismic demands on the edge
elements of TS eccentric buildings. However, these provisions are not effective when
applied to TF structures. The reason is that static torsional provisions primarily provide
corrective measures to systems that experience larger seismic demands at the edge 3 and
smaller seismic response at the edge 1 of the structure. The dynamic behaviour of TS

buildings follows such a trend. However, it is not uncommon that torsion induces
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additional responses at the edge 1 of TF buildings. The application of static torsional
provisions will not compensate for the additional seismic responses at the edge 1 of such
buildings. Therefore, there is a need of simple procedures to identify these TF buildings.
Procedures are presented in this section to divide the eccentric buildings into two
broad classes; Torsionally Stiff (TS) and Torsionally Flexible (TF) buildings. The
condition under which additional response will occur at the edge I or edge 3 of an
asymmetrical structure depends on the nature of the first mode of vibration of the
structure. Vibrational modes of an eccentric system are coupled modes, with the mode
shapes consist of a combination of translational-and rotational motions of the floors. A
mode in which translational motion of the floors is predominant is termed a translation
predominant mode. If the rotational motions are predominant, the mode is termed a
torsion predominant mode. When the building is subjected to horizontal ground motions,
the major contribution to most parameters of design interest is from contribution of the
lowest translation predominant mode. The location of additional edge responses, whether
at the edge 3 or the edge 1, depends on whether the lowest translation predominant mode
is the first mode, or the second mode of the building. For eccentric buildings that are
regular in elevation, the first coupled mode shape is such that the translational and
rotational motions are in phase. As a result, the contributions from the translation and
rotation to the displacement at the edge 3 of the building are additive. This would lead to
additional response at the edge 3 of the structure. In the second mode, the translational
and rotational motions are out of phase, and their effect to displacement is subtractive at
the edge 3, but additive at the edge 1. For TS buildings, the first mode is translation

predominant and therefore, additional responses occur at the edge 3 of the structure. For
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TF buildings, the first mode is torsion predominant. The second mode is translation
predominant. The end result is that the additional response can occur at the edge 1 of the
building. Based on the above discussion, one can classify eccentric buildings into TS and
TF buildings by examining the nature of the first coupled mode in these buildings.

In this section, two methods are introduced for such classification. One method is
to carry out a free vibration analysis of the structure to identify the coupled modes of

vibration. The second method is based on elastic static analyses of the structure.

4.6.1 Classification of asymmetric buildings using free vibration

analysis

One procedure to classify a building is to carry out a free vibration analysis. The
nature of a mode can be identified using the modal mass information derived from the
free vibration analysis.

Free vibration analyses are performed on the four buildings A3A3A.1, AGAGA.I,
A9AS9A.1 and A12A12A.1 to illustrate the procedure. Shown on the Figures 4.18 to 4.21
are the dynamic properties of these buildings. The first two mode shapes of the buildings
and also the effective modal masses of the first 6 modes of the buildings are presented.
The mode shapes of the buildings are given in two formats. In one format, the
displacements and rotations at CM of the floors are given for each mode. In the second
format, the lateral displacements of the three frames are shown for each mode.

Based on structural dynamics, it can be shown that translation predominant modes
in general have larger modal masses than torsional predominant modes. In the figures, the

effective modal masses are plotted against the natural periods of the four buildings. It can



- 78

be seen that for the A3A3A and the A6A6A building, the first modal mass is significantly
less than the second modal mass, indicating that the first mode is .torsional predominant.
The first translation predominant mode is the second mode as can be seen by the large
modal masses associated with the second mode for these two buildings. A review of the
mode shapes of these two buildings also leads to the same conclusion. On the other hand,
a comparison of the modal masses of the first two modes for the A9A9A.1 and the
A12A12A.1 buildings shows that the first mode of thesé buildings has a larger modal
mass and therefore, is translation predominant.

A parameter defined here as effective modal moment of inertia provides a
quantitative way of identifying the contribution of different modes to the displacements
of edge 1 and edge 3 of a building. Depending on the sign of this parameter one can show
whether the effects of the rotational and translational components of a coupled mode are
additive or subtractive on each edge of the building. The effective modal moment of
inertia for the nth mode is defined as I',, (Chopra 1995, where this parameter is called
modal static response for base torque):

N
Ion =erzrnmj¢j6n (4.3)

j=

This equation is developed for an asymmetric building with eccentricity in one
direction only, such that floor rotations are coupled with floor displacements in the Y-
direction. In the equation, N= total number of floors, »= the mode number, /= mass radius

of gyration, m= mass of floor, ¢4= the rotational element on the jth floor in the nth

vibration mode shape.
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where @, is the translational element on the jth floor in the nth vibration mode.

The effective modal moment of inertia idea is based on the concept of modal
expansion (Chopra, 1995) that uses the effective modal mass and the effective modal
moment of inertia to expand the effective force vector of a structure. It is best explained
graphically by Figure 4.22. The figure shows the plan of an asymmetric single mass
system, with the effective earthquake force assumed to be proportional to the mass of
system and is schematically shown as a vector m. The modal expansion of the effective
earthquake- force distribution for the two modes of the system are also shown on the
figure. These are, in fact, the effective modal masses and effective modal moments of
inertia for the two modes. The effective moment of inertia for mode 1 has the same sign
as the effective modal mass. The directions of the loadings show that the deformations
resulting from rotational and translational components of the first mode are additive on
edge 3 and subtractive on edge 1. In the second mode the effects are reversed. Calculation
shows that the effective moment of inertia has an opposite sign to the effective mass in
this mode.

The fundamental periods for Buildings A3A3A.1, AG6AG6A.1, A9A9A.1 and
Al12A12A.1 are 3.54, 1.95, 1.52 and 1.41 second, respectively. The effective modal mass

and effective moment of inertia are computed for these four buildings and are given in the
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graphs at the bottom of the Figures 4.18 to 4.21. The small square symbols on the graph
show the eﬁ'ecti\{e modal masses and the small triangle symbols show the effective modal
moments of inertia. The sign of the effective modal moment of inertia indicates whether
the effects of rotational and translational components of different modes are additive or
subtractive for the displacements of edge 1 and edge 3 of a building. A positive sign for
the effective modal moment of inertia indicates that the translational and rotational
motions are in phase and a negative sign implies that the two components are out of
phase.

By observing the magnitudes of the modal masses, and the sign of the effective
moment of inertia of the first two modes of each building, one can arrive at the
conclusion that buildings A3A3A.1 and A6A6A.1 are TF buildings, while buildings

A9A9A.1 and A12A12A.1 are TS buildings.

4.6.2 Classification of asymmetric buildings using static analyses

The method discussed in section 4.6.1 requires a free vibrational analysis to be
carried out to classify eccentric buildings into TS and TF buildings. In order to give such
information at an early stage of design to alert the designers not to use the static torsional
provisions for the planned TF building, a practical procedure based on static analyses is
present in this section.

The proposed procedure is based on the theory that the nature of the first coupled
mode of vibration of an eccentric system can be determined using the frequency ratio (QQ)
of the system. The frequency ratio is defined as the ratio of the first uncoupled torsional

frequency to the first uncoupled translational frequency of the eccentric system. In single
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mass eccentric systems, it has been shown (Tso and Dempsey 1980) that if the frequency
ratio is less than unity, the first coupled mode of the eccentric system would be torsion

predominant. If the frequency ratio is larger than unity, the first coupled mode will be
translation predominant. Therefore, the frequency ratio Q2 is a convenient index to
classify TS and TF buildings. The uncoupled torsional frequency of the system depends
on the torsional stiffness (K;) and the mass moment of inertia (I,) while the uncoupled
translational frequency depends on the lateral stiffness (K) and the mass (M) of the

system. Therefore, the frequency ratio (QQ) can be expressed as

o= |Ke M
K I,

4.5)
Defining p, as the normalised radius of gyration for stiffness and p_, as the normalised

radius of gyration for mass, both quantities being normalised to the plan dimension b

orthogonal to the direction of excitation,

1 [Kg
—=_ [ZZ¢ 4.6a
Pk b\ K (4.6a)
1[I
- |_m 4£.6b
P b\ M (4.60)

the frequency ratio can be written as

Q =Pk 4.7)
Prm

For a single mass system, both p_, and p, can be determined readily because the stiffness

and mass parameters are scalar quantities. If one restricts consideration to multi-storey
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buildings that are regular in elevation, there would only be minor variations of the floor
plan dimensions or shape along the height of the buildings. In this case, p, can be
determined based on the mass distribution in a typical floor of the building. If the mass
distribution across the plan is uniform, p,, can be related to the overall plan dimension d.
Typically, p,, is of the order of 0.3 d for many building plans of compact shape (Dempsey
and Tso 1982).

The determination of p, is more problematic in multi-storey buildings because the
torsional and translational stiffnesses of these buildings are normally expressed in terms
of matrices. Consequently, p, cannot be determined directly using Equation 4.6a.'In
anticipation of this difficulty, an alternative way to obtain p, is taken here. This
alternative is based on the use of a torsional index A. The torsional index A is defined as

the ratio of the elastic displacements at edge 1 and edge 3, when the building is subjected

to the static equivalent loading applied through the centre of mass. This index is related to

p, by the following formula (Tso and Wong 1995):

-1
O e e
A=—mn 1| — 1+ —{0.5+7) 4.8)
S max (Pi:’][ (P%\] }

where
A = displacement ratio with the load at CM,

... = minimum edge displacement with the load at CM,

min

8. = maximum edge displacement with the load at CM,

e = distance between centre of mass and centre of rigidity of the floor, normalised
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to width of the floor,
n = distance between geometric centre and centre of rigidity of the floor,
normalised to width of the floor.
The usefulness of this index is that A can be computed based on quantities such as §,
and 3, which are readily available to designers. On the other hand, quantities such as p,,
eccentricity € and location of centre of rotation n are quantities not readily available.

The development of the procedure is first presented in terms of a single mass
eccentric system. It involves two loading cases. First, the structure is subjected to the
equivalent static lateral load applied at the centre of mass (CM) of the system. The second
set of loading involved applying the same static lateral load at a convenient distance from
CM. A location at CM+fb is chosen for the current development where B is the
accidental torsion coefficient usually specified in design codes. In each of these loadings,

the elastic 'edge displacements in the direction of loading and their ratios are calculated.

In addition, the floor rotation 0 for each loading is determined.

9= 5max —5min — Pbe (49a)
b Ky

- 5r;ax _5;in - Pb.(e +ﬂ) (4.9b)

9+
b Ky

A superscript + is used in the equations to denote the corresponding quantities
associated with the load applied at the CM+fb location.

Eliminating Ky from Equation 4.9,
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B x0
e= 4.10
% -6 ( )

Based on geometry as shown in Figure 4.23, one can relate the position of the

centre of rotation n by
n=05+e-a (4.11)

where a is the distance between CM and edge 1.
The edge displacements can be expressed in terms of the displacement at CR, SR, by

the following expressions:

b
Omin =Ocr —O% (5— nb) (4.12a)

b
Omax =OcCr +€x(5+77b) (4.12b)

Expressing the displacement at the rigidity centre (CR) and the floor rotation in

terms of the translational and torsional stiffnesses of the system, the displacement ratio

"A" can be written as:

2
—e(0.5-
p=Li =031 (4.13)
pi +e(0.5+mn)

Rewriting Equation 4.13, we get

pi = [%(:-\é) - n]e (4.14)

Once the edge displacements §,,,, &, O max and &°,;, are found from the static
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analyses of the structure, e and 1 can be computed from Equations 4.10 and 4.11, and p,
from Equation 4.14. Once both p, and p,, are known, the frequency ratio Q can be found
using Equation 4.7.

While the derivation is based on a single mass system, examples will illustrate
that the procedure is also applicable to eccentric multi-storey buildings that are regular in
elevation. The four asymmetric multi-storey buildings having the same translational
stiffness but different torsional stiffnesses will be used to illustrater the proposed
procedure.

To classify these buildings using the static procedure, sets of static lateral loads
having a triangular distribution along the height of the buildings are applied at the CM
and then at location CM+0.05b in each of the four buildings. The maximum edge
displacements and the displacement ratios at each floor are presented in Tables 4.3 to 4.6
from the two static loading cases. Also included are the computed quantities e, p, and
finally the frequency ratio Q. The normalised radius of gyration of mass (p,_) used in the
calculation for Q equals 0.28.

Two approaches are used to obtain e, p, and Q. First, they are calculated on a per
floor basis. Alternatively, the average values of the maximum edge displacements are
used. An examination of the last three columns in the tables will show that for all three
quantities, the variation on a per floor basis is small and both approaches give similar
results. All four buildings have an eccentricity e equal to 0.1. The calculated eccentricities
based on the edge displacement results are within 15% of the true eccentricity. While

there is a larger variation regarding the frequency ratio Q from floor to floor, they provide



- 86

the same information on the nature of the first mode of the buildings. The frequency
ratios for the A3A3A and A6AG6A buildings are less. _than unity, while those for the
A9A9A and AIl12A12A buildings are larger than unity. Therefore, the A3A3A and
A6AGA buildings would have their first mode being torsion predominant while the
A9A9A and AI12A12A buildings have their first mode translation predominant.
Therefore, buildings A3A3A and A6A6A should behave like TF buildings and buildings
A9A9A and A12A12A behave like TS buildings. The validity of these conclusions has

already demonstrated in chapter 3.

4.7 Summary

Followings are the highlights of the tasks presented in this chapter:

e Using different design methods to allow for the torsional effect, the improvement to

reduce the seismic displacements and storey drifis responses at the edges are minimal.

e The design based on static equilibrium reduces the ductility demand in the TS
buildings but is not able to reduce the ductility demand in the torsionally flexible (TF)
buildings.

e In TS buildings, the incorporation of the static torsional provisions of UBC can reduce
the additional ductility demands in the beams and columns for frames at the edge 3 of
the building. However, the additional interstorey drifts and floor displacements caused
by torsion are minimally affected by the incorporation of the provisions. This implies
that while the structural damage will be reduced, the torsional provisions may not be

effective in reducing the non-structural damage at the edge 3 of the building.
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The design based on UBC static torsional provisions is not efficient in the design of
TF building as it over-protects the elements located at the flexible side (edge 3) of the
building but does not assign enough strength on the elements on the stiff side (edge 1)

of the building.

The use of a design based on response spectrum analysis has a negligible effect to
change the deformations of TS buildings and has only a small effect on the
deformations of TF buildings. However, this design approach is effective in reducing

~ the ductility demands in both the TS and TF buildings studied here.

Since the static application of lateral loads at the CM of the floors will lead to a decrease
in response at the edge 1 and an increase of response at the edge 3, it cannot correctly
predict the distribution of additional responses caused by torsion in TF buildings.
Therefore, the static torsional provisions should not be applied to TF buildings, even

though the buildings themselves are regular in elevation.

It is noted that unlike single mass models, there can be many possible ways to
implement the strength increase requirements obtained from the torsional provisions.
Clear guideline should be given to designers so that the intent of the torsional provisions

will be reflected in the actual design.

A procedure is developed based on the natural vibration properties of the building to
classify buildings as torsionally stiff or torsionally flexible. The modal masses of the
system are key parameters in this method. A comparison of modal masses is a reliable

method to determine the nature of the modes of vibration.

A second procedure to identify torsionally flexible systems is developed based on
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static analyses. The advantage of this second procedure is that only elastic static
~ analyses are involved and is based on information already available to designers early

in the design process.
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Table 4.1. UBC amplification factor for A12A12A.1

(1) 2) I 3 (4) | () ©)
max. storey drift & coax ?
avg. storey drift A= 1280z
Floor Load at Load at Load at Load at A,
(CM+0.05b) | (CM-0.05b) | (CM+0.05b) | (CM-0.05b)
7 1.48 1.16 1.43 0.92 1.43
6 1.45 1.15 1.43 0.92 1.43
5 1.45 1.15 1.42 0.91 1.42
4 1.44 1.15 1.42 0.91 1.42
3 1.44 1.15 1.40 0.91 1.40
2 1.42 1.14 1.39 0.9 1.39
1 1.40 1.14 1.35 0.89 1.35
Table 4.2. UBC amplification factor for AGA6A.1
(1) @ I 3) ) I ©) ©
max. storey drift & rmax ?
avg. storey drift A== 1280
Floor Load at Load at Load at Load at A,
(CM+0.05b) | (CM-0.05b) | (CM+0.05b) | (CM-0.05b)
7 3.23 1.75 4.89 1.7 3.00
6 2.87 1.64 4.74 1.67 3.00
5 2.77 1.60 4.62 1.65 3.00
4 2.71 1.58 4.48 1.62 3.00
3 2.62 1.56 4.27 1.58 3.00
2 2.47 1.51 3.96 1.51 3.00
1 2.24 1.43 3.49 1.41 3.00
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Table 4.3. Building A3A3A.1

Floor &max &min A 0 Smax+ O&min+ A+ o+ e pk Q
7 1.068 -0.635 -0.59 0.0710 1.488 -1.052 -0.71 0.1058 0.102 0.114 041
6 0947 -0.542 -0.57 0.0620 1.315 -0.908 -0.69 0.0926 0.101 0.117 042
5 0.800 -0.441 -0.55 0.0517 1.106 -0.745 -0.67 0.0771 0.102 0.121 043
4 0.625 -0.3390 -0.53 0.0398 0.860 -0.563 -0.65 0.0593 0.102 0.126 045
3 0.431 -0.213 -049 0.0268 0.590 -0.371 -0.63 0.0400 0.102 0.131 047
2 0.238 -0.106 -0.44 0.0143 0322 -0.189 -0.59 0.0213 0.102 0.140 0.50
1 0.075 -0.027 -0.36 0.0043 0.101 -0.053 -0.52 0.0064 0.102 0.154 0.55

mean 0.598 -0.328 -0.51 0.0390 0.826 -0.554 -0.64 0.0580 0.102 0.129 0.46

Table 4.4. Building AGAGA.1

Floor ©&max &min A 0 Smax+ Omin+ A+ 0+ e pk Q
7 0453 -0.024 -0.05 0.0199 0.571 -0.141 -0.25 0.0297 0.102 0214 0.76
6 0418 -0.017 -0.04 0.0181 0.525 -0.123 -0.23 0.0270 0.102 0.217 0.78
S 0.366 -0.011 -0.03 0.0157 0460 -0.103 -0.22 0.0235 0.101 0.218 0.78
4 0.298 -0.005 -0.02 0.0126 0372 -0.079 -0.21 0.0188 0.102 0.222 0.79
3 0.216 0.000 0.00 0.0090 0.269 -0.052 -0.19 0.0134 0.102 0226 0.81
2 0.127 0.004 0.03 0.0051 0.157 -0.026 -0.16 0.0076 0.102 0234 0.84
1 0.044 0.004 0.09 0.0017 0.054 -0.006 -0.11 0.0025 0.106 0252 090

mean 0.275 -0.007 -0.00 0.0120 0.344 -0.076 -0.20 0.0180 0.102 0.225 0.80

Table 4.5. Building A9A9A.1

Floor &max &min A <] Smax+ 8mint A+ o+ e pk Q
7 0.324 0.104 0.32 0.0092 0378 0.051 0.13 0.0136 0.105 0.320 1.14
6 0.302 0.099 0.33 0.0085 0.352 0.049 0.14 0.0126 0.104 0.321 1.15
5 0.266 0.088 033 0.0074 0.310 0.045 0.14 00110 0.103 0.320 1.14
4 0.218 0074 034 0.0060 0.254 0038 0.15 0.0090 0.100 0.318 1.14
3 0.160 0.055 0.35 0.0044 0.186 0.030 0.16 0.0065 0.105 0.329 1.18
2 0.096 0.035 0.36 0.0025 0.111 0.020 0.18 0.0038 0.096 0320 1.14
1 0.034 0.013 0.39 0.0009 0.039 0.008 0.21 0.0013 0.113 0359 1.28

mean 0.200 0.067 0.35 0.0060 0.233 0.034 0.16 0.0080 0.104 0327 1.17

Table 4.6. Building A12A12A.1

Floor &max 6min A 5] dmax+ &mint+ A+ 0+ e pk Q
7 0.277 0.152 0.55 0.0052 0308 0.121 0.39 0.0078 0.100 0.413 1.48
6 0.258 0.142 0.55 0.0048 0.287 0.113 0.40 0.0073 0.096 0.406 1.45
5 0229 0.126 0.55 0.0043 0.254 0.101 040 00064 0.102 0420 150
4 0.188 0.104 055 0.0035 0.208 0.083 040 0.0052 0.103 0424 151
3 0.138 0.077 0.56 0.0025 0.153 0.062 041 0.0038 0096 0412 147
2 0.083 0.047 0.57 0.0015 0.092 0.038 042 0.0023 0.094 0412 147
1 0.030 0.017 058 0.0005 0.033 0.014 043 00008 0083 0.396 141

mean 0.172 0.095 0.56 0.003¢ 0.191 0.076 041 0.0050 0.096 0411 147
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Figure 4.1. Effect of the two design eccentricities in strength distribution:
(a) Design of Frame 3 is governed by the first eccentricity
(b&c) Two different possibilities for the second eccentricity
to affect the design strength of Frame 1
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Figure 4.2. Distribution of strengths in frames of the seven-storey buildings

based on static equilibrium.
(a) A3A3A with e/b =0.1
(b) AGAGA with e/b =0.1
(c) ASA9A with e/b =0.1
(d) A12A12A with e/b =0.1
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Figure 4.3. 2-D pushover of the frames in buildings designed for torsion based
on static equilibrium method:
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Figure 4.7. Comparison of design strength distribution in the frames
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(a) Based on static equilibrium
(b) Based on UBC torsional provisions
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CHAPTERS

PUSHOVER ANALYSES ON ASYMMETRICAL BUILDINGS

5.1 Introduction

A current trend in the development of new seismic design codes is the
incorporation of the performance-based design methodology. In this methodology, every
building is designed to have the desired levels of seismic performance, corresponding to
different specified levels of earthquake ground motion. For example, a building would be
designed for immediate occupancy at one level and for possible damage but not collapse
at a higher level of ground motion. To achieve the goal, engineers require information
regarding the distribution of forces and deformation in the building elements when
exposed to different levels of earthquakes. Elastic analyses are insufficient because they
cannot realistically predict the force and deformation distributions after the initiation of
damage in the building. Inelastic analytical procedures become necessary to identify the
modes of failure and the potential for progressive collapse. The need to perform some
form of inelastic analysis is already incorporated in many building codes (Fajfar and
Gaspersic 1996).

Inelastic time-history analysis, using an ensemble of representative ground
motions, is probably the most realistic analytical approach currently available to evaluate
the performance of a building. However the inelastic time-history analysis is usually too

complex and time consuming to be used in the design of most buildings. A very large
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amount of response data needs to be generated and processed in order to obtain the values
of the different design parameters, even if only one single earthquake record is used as
excitation. To increase the reliability of the estimate, an ensemble of earthquake records of
similar characteristics is usually used as input. This would further increase the volume of
response data to be processed. Therefore, there is a need for simplification to reduce the
amount of computation necessary for design office use.

A procedure commonly referred to as pushover analysis has been developed to
provide the necessary information to the designers. Usually, the pushover procedure is
applied to planar structures in which only translational deformation results. Depending on
the information sought, there exists a wide interpretation of how the procedure should be
carried out. It is the objective of the first part of this chapter to provide an overview of the
procedure and a summary of the different variations of analyses used under the generic
name of pushover analysis. The pushover procedure is then extended to asymmetric

buildings in the later parts of this chapter.
5.2 Basic Concepts

The performance-based design methodology requires the proper matching of two
basic quantities, the seismic capacity and the seismic demand. Demand is a description of
the earthquake ground motion effectsvon the building. Capacity is a representation of the
ability of the building to resist the seismic effects. The performance is measured based on
the manner that the capacity is able to match the demand.

In a pushover procedure, the seismic capacity and demand are estimated explicitly

in two separate steps. First, a sequence of inelastic static analyses is performed on the
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building, by subjecting it to a set of monotonically increasing lateral loads. Such a
loading sequence is representative of “pushing” of the building and hence the term
pushover analysis. The building is pushed until its displacement reaches some
predetermined limits. The predetermined displacement limit may be set based on different
criteria such as the maximum allowable storey drift or ductility limits. Alternatively, the
building may be pushed until it becomes unstable and reaches its collapse state. One
important product of the pushover analysis is the base shear versus top displacement
relationship, commonly referred to as the capacity curve (performance curve) of the
building. This curve gives an overall summary of the capacity of the structure.
Information such as the initial elastic stiffness, the initiation of first yielding, the stage of
rapid stiffness deterioration, and the ultimate strength can all be inferred from the
capacity curve. In addition, the damage pattern of the building at any post-yield level can
be found- by examining other response parameters such as interstorey drift ratios, hinge
locations and member ductilities. The weak links and undesirable characteristics in the
building such as soft storey conditions and strength or stiffness discontinuities can readily
be detected from the damage pattern. A judgement is then formed as to the acceptability
of the behaviour of the building. This first step essentially establishes the seismic
capacity of the building, and often times is the only step taken in a study using pushover
procedure.

However, if one desires to evaluate the damage potential of the building when
subjected to a specific level of ground shaking, it is also necessary to establish the
seismic demand on the building. This leads to the second step in a pushover procedure:

the determination of a target displacement. The target displacement is an estimation of the
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top displacement of the building when exposed to the specified level of ground shaking.
This is usually determined using some form of dynamic analysis as will be discussed
later. To evaluate the damage potential of the building at the specified level of ground
shaking, one would first determine the target displacement, and then carry out a pushover
analysis in which the building is pushed until its top deflection matches the target
displacement. The damage estimates from the pushover analysis at the target
displacement level are considered representative of the structural damages of the
building, when exposed to that specific level of ground shaking.

While the objective of using pushover analysis is to evaluate the inelastic
behaviour of all buildings, most of the past studies involved the pushover of a typical
two-dimensional lateral load-resisting element or elements of a building. It is implied that
the damage potential to the building can be inferred from the damage pattern of the
element(s). These -works can be referred to as 2-D pushover analyses (e.g., Saidii and
Sozen 1979, Qi 1989, Fajfar et al. 1997). These investigations were conducted on
buildings possessing a high degree of symmetry in which the effects of torsion are
negligible, and the load resisting elements have the same lateral floor displacements.

Different researchers have used different lateral load distribution to carry out a 2-
D pushover analysis. Miranda (1991) has used a triangular distribution. Fajfar and
Gaspersic (1996) used the product of the mass distribution and a fixed displacement
shape. The actual displacement shape depends on the types (wall or frame) of the
buildings. Uniform load distribution is among many distributions recommended by
Federal Emergency Management Agency for seismic rehabilitation of buildings (FEMA

273/274). The same reference suggested that a load distribution, based on modal forces
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combined using either the SRSS or CQC combination rules, be used for cases when
higher mo@ effects become important.

An equivalent SDOF system has usually been used by researchers to determine
the target displacement. To derive the equivalent SDOF system for a structure, a
displacement shape to represent the heightwise deformation of the building should be
selected. Miranda (1991) suggested to use a displacement shape of building when its top
displacement equal to the target displacement. Because the target displacement is not
known a priori, an iterative procedure would be involved in this approach. Fajfar and
Gaspersic (1996) suggested the use of some fixed displacement shapes to derive the
equivalent SDOF system. There is no general agreement on what displacement shape
should be used to obtain the equivalent SDOF system. Alternative forms of displacement
shape have been proposed by Biggs (1964), Saidii and Sozen (1981), Lin and Mahin
(1985), Hart and Wilson (1989), Anderson (1989), Qi and Moehle (1991), Bernal (1992),
and Montans and Alarcon (1996), among others.

Some researchers suggested that the target displacement obtained from the
equivalent SDOF system should be treated as baseline information to be further modified
to include other effects (Krawinkler 1995b). Modifications to include effects such as
higher modal effect (Nassar & Krawinkler 1991, Bazzurro & Comell 1992, Seneviratna
& Krawinkler 1994), soft soil effect (Rahnama & Krawinkler 1993) and 3-D effect
(Bertero & Bertero 1992) have been proposed.

Most of the studies in the literature are on the application of a 2-D pushover

analysis for walls and/or frames in a planar building. For more complex buildings such as
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buildings that are asymmetric in plan, the top displacements of the lateral load resisting
elements at different plan locations will be different due to torsion. There are only a
limited number of studies involving the use of pushover procedure for asymmetric
buildings. Moghadam and Tso (1995a, 1996a) extended the procedure to asymmetric
buildings. The target displacement is estimated using an equivalent SDOF system based
on the load-displacement relationship at the CM on the roof of the asymmetrical building.
The pushover is carried out by performing 3-D inelastic analysis, applying the lateral
loads at the centre of mass (CM) of the floors of the building. Another study reported by
Kilar and Fajfar (1997) involves a simplified 3-D pushover method for asymmetric
buildings. In this method, the building is modelled as a collection of planar macro-
elements. An approximate relationship between the global base shear of the building and
its top displacement is computed via a step-by-step analysis.

The disadvantage of using 3-D pushover analysis is that a 3-D model
incorporating both the elastic and inelastic properties of the entire building is needed. The
efforts for preparing the input data and the post-processing of the output information for
easy interpretation using this approach can be considerable.

An alternative way to apply a pushover procedure to asymmetric buildings is to
determine multiple target displacements, one for each frame or wall element where the
damage pattern needs to be investigated. Then, the damage pattern can be found by
performing 2-D pushover analyses on the resisting elements. This alternative requires
only the inelastic modelling of the specific frames or walls of interest, and avoids the

necessity to create an inelastic model for the entire building. This approach was reported
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in two publications (Tso and Moghadam 1997, Moghadam and Tso 1998).

This chapter will present two approaches to apply pushover analysis to
asymmetric systems. The first approach is the 3-D pushover method, which requires the
use of a 3-D inelastic static analysis program. The second approach is based on 2-D

pushover analysis.

5.3. The 3-D Pushover Method

5.3.1 Procedure

The 3-D pushover procedure follows similar steps used in the two-dimensional
pushover analysis. First, an equivalent SDOF system is derived to determine the target
displacement. The load-deflection relationship of this SDOF system would follow the
capacity curve of the building. This capacity curve is obtained by performing a 3-D
pushover analysis on the building when it is subjected to a set of forces V.{f} applied at
the centres of mass (CM) of the floor of the building. V represents the monotonicaliy
increasing base shear and {f} is a constant normalised load vector. The capacity curve is

given by the V-A relation obtained from the static analyses, where A is the CM

displacement at the roof. Since the CM of the floors may not coincide with the centres of
rigidity (CR) of the floors, the CM roof displacement would reflect both the translational
and torsional deformation of the building under lateral loading. The capacity curve has an

initial linear range with a slope k, and can be expressed in the form V=kxG(A) where

G(A) is a function describing the shape of the capacity curve.

Assuming that the building response essentially comes from the fundamental
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mode, an equivalent SDOF system is established as follows:

The equations of motion of a N-storey building subjected to horizontal ground

motion Ug in one direction (the Y-direction) can be written as

[m.] [0} (o] [m] [0] [o]][{o})
© [m,] (0] {8}eiR=— 0] [m] [0] {1t} 6.0
1 o [ [0] [0 [L}jl{}
In which:
[m,], [m,Jand [I.]= the mass matrix in X and Y-direction and mass moment of inertia

matrix about CM

{8} =col({3,}, {3,} and {6})

{5,}, {6,} = X and Y-direction displacement vector referred to the centres of
mass (CM) of the floors

{0} = | the floor rotation vector

{R}= the restoring force vector

Assuming a single mode response, the displacement vector {8} can be written as

Bl={p1r0 (5.2)

where A(t) is the generalised coordinate, representing the CM roof displacement,
and {¢} is a constant deformation profile of the building. Further, the restoring force

vector {R} is approximately represented by the Y-direction pushover analysis as

{o}
{R} = kxG(AX{f} (5.3)
{0}
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Using Equations 5.2 and 5.3, the equation of motion for the generalised

coordinate A(t) can be obtained from Equation 5.1 as

M A+K"G(A)=~L"ug () (5.9)
where

[m] (01 (0]
M’ = generalized mass = {¢}T [0] [my] [0] o} (3.5
[01 [0 [Z,]

{0}
K" ='generalized stiffness = k{(,‘b}T {r} (5.6)
{0}

[m.] [0 [0} |({o}
L’ = generalized earthquake exitation factor = {¢}T [0] [my] [0] K{1}; (5.7

1 [0 [Z]ji{o}
The effect of damping is introduced directly at this stage as a viscous damping
term C* XA, in which C" =28w"M", (@°)?=K"/M'and & =damping ratio;

leading to the final equation

M" A+ CT A+ K G(A)=—L u,(2) (5.8)

For a given excitation u g , the solution of Equation 5.8 can be obtained using a
step by step integration procedure and the absolute maximum of A(t), denoted by A, is a
predictor of the maximum CM displacement at the roof of the structure. Once, A, is

determined, a second 3-D pushover analysis will be carried out on the building. The
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second pushover analysis terminates when the CM displacement at the roof of the

structure equals to A_,,. The deformation and damage of elements near the edges of the

building at this stage of the pushover analysis would then be taken as indicative of the
deformation and damage of these elements in the building when the building is subjected

to the specified level of earthquake ground shaking.

5.3.2 Application of 3-D pushover analysis

A seismic damage assessment is performed on two uniform seven-storey
reinforced concrete buildings to illustrate the procedure. One building is a symmetric
building (Building A9A9A.0) and the other is a plan-eccentric building (Building
A9A9A.1). To simplify subsequent references to these models, notation S will be used
for the symmetric building and notation A for the asymmetric one. In building S, the floor
masses are unifqnnly distributed so that the centre of mass (CM) of each floor coincides
with the geometric centre. In building A, the mass distribution of each floor causes the
CM of the floor to shift a distance of 2.4 m from Frame 2 towards Frame 3. Therefore,
building A is mass eccentric, and has a constant floor eccentricity equal to 10% of plan
dimension. The right hand edge (Edge 3) of this building is the flexible edge, and is
susceptible to large additional displacements due to torsion, while Frame 3 is the frame
that is most vulnerable in terms of ductility demands.

Since all frames are identical, no load redistribution among frames will occur in
Building S. The results obtained from the 3-D pushover analysis on building S is
identical to those if a 2-D pushover analysis were performed on a typical frame. The

reason to include the building S in this study is that a comparison of the accuracy of the
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pushover results on both Buildings A and S will provide a measure of the accuracy of the
3-D pushover procedt_n'e versus the traditional 2-D pushover of plan symmetric structures.
The accuracy of the pushover results on both buildings was established by making
comparison to results obtained using inelastic dynamic time history analysis on the
buildings, treating them as multi-degrees of freedom (MDOF) systems. Both the 3-D
pushover analyses and inelastic dynamic analysis were carried out using the computer
code CANNY (Li 1993).

To obtain the capacity curve, a triangular distribution of the forces along the
height of the building was assumed. The resulting capacity curves for the two buildings
are shown in Figure 5.1. Both curves show similar features: they are linear initially but
start to deviate from linearity when inelastic actions start to take place first in the beams
and later in the columns. When the buildings are pushed well into the inelastic range, the
capacity curves again become essentially linear, but with a much smaller slope. Both
curves can be approximated by means of a bilinear relationship, as shown in the figure.
The curve associated with building A is less stiff, and yields at a lower base shear value
than that of building S. This can be expected as the CM roof displacement of building A
takes into account both the translational and torsional deformation of the building. Four
stages of building deformation marked 1, 2, 3, and 4 are shown in the same figure. Stage
1 can be considered as the stage when the buildings begin to yield in an overall sense.
Stages 2, 3 and 4 correspond to buildings being displaced to 2 times, 3 times and 4 times
the overall yield displacement respectively.

The displacements and interstorey drift ratios at the right hand edge of the two

buildings are compared at different stages of building deformation. Shown in Figure 5.2
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are the floor displacement profiles for both buildings. For a given stage, the edge
displacements of building A is larger than those of building S, since the torsional
displacements are additive to the translational displacements at this edge in building A.
Of more interest to damage assessment is the interstorey drift ratio which are shown in
Figure 5.3. The actual drift ratios differ significantly between the two buildings. For the
same stage of building deformation, the maximum interstorey drift ratio of building A is
about 60% above that of building S.

To reduce the 3N degrees of freedom system describing the building to the
equivalent SDOF system, a constant deformation profile at CM of the building is needed.
Shown in Figure 5.4 are the normalised displacement profiles at CM and also at edge 3 of
building A for the four stages of building deformation. It appears that the normalised
displacement profile is not sensitive to the stage of building deformation. A displacement
profile at any deformation stage is a suitable profile to be used in Equation 5.2. To be
specific, the suggestion of Qi and Moehle (1991), using the deformation profile when the
top CM displacement equals to 1% of the total height was adopted in creating the
equivalent SDOF system in this study. The sensitivity of using different deformation
profile on the responses will be discussed in more detail later.

Three types of responses will be discussed here. They are (i) the seismic
deformations (displacements and drifts) at edge 3 for non-structural damage assessment,
(ii) ductility demands of the frame near edge 3 for member damage assessment, and (iii)

period changes for an overall building damage assessment.
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Seismic deformations

Inelastic dynamic analyses are performed on the two buildings by subjecting the
structural models to the chosen ensemble of earthquake ground motion records as base
input. Shown in Figure 5.5 is the correlation diagram of the maximum roof CM
displacement of the buildings, computed based on the equivalent SDOF system that was
constructed as outlined in the previous section, and computed using inelastic dynamic
MDOF analysis. The solid diagonal line denotes perfect correlation and the dotted lines
provide the plus and minus 25% bound of correlation. Each point on the plot corresponds
to the response of a building to one scaled earthquake record input. The open squares
represent responses from building S, and the solid diamonds denote responses from
building A. Two observations can be made. First, the scatter of the results from building
A and building S is similar. Second, one can expect accuracy in the order of plus or
minus 25% using the proposed procedure to estimate the seismic CM displacement at the
roof of the building.

The correlation graphs for the maximum top displacement and maximum
interstorey drift ratio at edge 3 of the buildings are shown in Figures 5.6 & 5.7. Again, the
plots show that the procedure is capable of estimating these two quantities within 25%
accuracy. There is in general a segregation of the results from the two buildings, with
large maximum top displacement and also larger maximum interstorey drift ratio from
building A. This trend can be expected due to the eccentric nature of building A.

Another way to assess the accuracy of the procedure is to carry out a statistical

analysis and focus on the mean and mean plus one standard deviation comparisons.
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Shown in Figure 5.8 is the comparison of the mean of the maximum floor displacements

for buildings S and A. Within each plot, the solid line represents the prediction from the

proposed procedure, using the mean of A_,, as the seismic displacement target in the 3D

pushover analysis. The points are the mean of the maximum floor displacements based on
inelastic dynamic MDOF analysis. For each floor, a bar graph is also included to denote
the range of maximum floor displacement values experienced by the building under the
ensemble of earthquake records used. Shown in Figure 5.9 is a similar comparison on the
mean plus one standard deviation estimated of the same quantity. To be consistent, the

mean plus one standard deviation value for A, was used as the target seismic

displacement in the 3D pushover analysis. It shows that the procedure leads to a very
good prediction of the maximum floor displacements in a statistical sense.

Similar comparisons are carried out on the prediction of the maximum interstorey
drift ratios at edge 3 along the height of the buildings. The results are presented in Figures
5.10 & 5.11. The comparison shows that the procedure predicts well the interstorey drift
ratio for floors from ground up to the mid-height of the building where the interstorey
drift ratio is the largest. However, the pushover analysis tends to underestimate the
interstorey drifts at the upper floors. Higher modal contributions may be the cause of this

underestimation.

Ductility Demands

To assess the member damage, the maximum ductility demands on the beams and
columns are considered. The correlation diagrams for the maximum ductility demands of

the beams and columns for the two buildings are presented in Figure 5.12 and Figure 5.13
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respectively. The ability of the procedure to predict local damages to members is not as
good as predicting seismic deformations. A number of points lie outside the minus 25%
bounds. This implies that the pushover analyses tend to underestimate the ductility )
demands, both in the beams and columns of frame 3.

A comparison for the pushover estimate to predict the mean maximum ductility
demands of the beams and columns in Frame 3 are shown in Figures 5.14 and 5.15. It
shows that the pushover analysis leads to a reasonable estimate of the mean beam
ductility demands in floors from the ground up to the middle of the building, but it
underestimates the demands in the upper floors. The pushover analysis underestimates the

mean column ductility demands in both buildings.

Period changes

One useful parameter to assess the global damage is the fundamental period
changes of the building. The fundamental period changes when the building is excited
into the inelastic range. The variation of the fundamental period of the building with time
for one of the earthquake excitation is shown in Figure 5.16. The duration when the
period exceeds the elastic period (T1), corresponds to the building being excited into the
inelastic range. The maximum change of the period can be conveniently denoted by the
period ratio which is defined as the maximum period divided by the elastic period of the
building. Once the period ratio is known one can compute the maximum softening index
which is considered the best indicator of the global damage state by some researchers
(Williams and Sexsmith 1995). One can also compute a period ratio based on the

pushover analysis by determining the period of the building at the beginning and at the



130

end of the pushover analysis. A correlation between the period ratio as determined by 3-D
inelastic dynamic MDOF analysis and pushover analysis will provide an indication on
how well the proposed procedure can assess the global damage of ﬁe building. The
correlation diagram for maximum period ratio for the two buildings is shown in Figure
5.17. It shows that the pushover analysis generally overestimates the period ratio. This
trend can be expected since there is no unloading during the pushover analysis. Once a
hinge is formed, it will remain a hinge during the whole pushover analysis. The degree of
correlation shown in the figure is similar to that for estimating the maximum interstorey

drift ratio.

5.3.3 Sensitivity of 3-D pushover procedure to different modelling

choices

The 3-D pushover procedure basically consists of two steps. In each of these steps
a pushover analys.is on the building is required. In the first step, performing pushover
analysis helps to derive the properties of the equivalent SDOF for the building. In the
second step, a pushover of the building to the target displacement will result in an
estimate of the building responses. There are certain choices on the details of
implementing these two steps. The sensitivity of the 3-D pushover procedure to some of

these details is studied in this section.

Bilinear approximation of the capacity curve

To simplify the analysis, a bilinear curve, composed of two straight lines, is often

taken as the hysteresis model for the equivalent SDOF system. The initial slope of the
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bilinear curve represents the elastic stiffness and the slope of the second line represents
the post-yield stiffness of the system. The initial stiffness, the coordinates of the yield
point and the post-yield stiffness of SDOF all depend on the technique used to transform
the capacity curve of building to a bilinear curve. Figure 5.18 compares the responses
resulted from three different bilinear modelling of the capacity curve of an asymmetric
building. The bilinear curve of Case 1 is simply the result from extending the two linear
segments at the beginning and the end of capacity curve. The area under the bilinear
approximation Case 1 is greater than the original capacity curve. As an alternative, the
areas under the bilinear curves in Cases 2 and 3 are adjusted so that they are the same as
the original capacity curve. Case 2 keeps the stiffness of linear segment at the end of the
capacity curve constant and changes the initial stiffness to balance the area under the new
and the original curves. On the other hand, Case 3 keeps the initial stiffness constant and
changes the secondary stiffness to balance between the areas.

The initial stiffness, the ratio of the secondary to the initial stiffness, the yield
force and yield displacement of the equivalent SDOF systems for Cases 1,2 and 3 are
given on three graphs at the top of Figure 5.18. The three graphs at the bottom shows
three response parameters calculated using SDOF bilinear systems that follow the Cases
1,2 and 3 bilinear curves. The response parameters are the maximum top displacement at
CM, the maximum top displacement at edge 3, and the maximum interstorey drift ratio at
edge 3 of the asymmetric multi-storey building. Each point corresponds to one of the 10
ground motion records used. The response parameters are normalised to their maximum
values from MDOF inelastic dynamic analysis, which is independent of the bilinear

approximation. The dotted lines on the graphs indicate a *20% range spread. A
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comparison between the three graphs shows that the difference of responses among
individual ground motion records is much larger than the difference using the three
different bilinear approximations. Therefore, any one of the bilinear approximations will

serve equally well as the load-deflection curve for the equivalent SDOF system.

Deformation profile for creating equivalent SDOF system

To transform a building with 3N degrees of freedom to the equivalent SDOF
system, a constant deformation profile at CM of the building is needed. To demonstrate
effects of deformation-profile on the results of the pushover procedure, a study involving
five deformation-profiles is chosen in this section. Shown on the Figure 5.19 is the
capacity curve of building and also the deformation profiles for deriving the equivalent
SDOF system. The displacement profiles are taken as the normalised deformation shape
of building at the 'four stages of the capacity curve as shown on Figure 5.19a. The first
elastic mode shape of the building is included as the fifth displacement-profile. The
corresponding interstorey drift ratios of the five displacement-profiles are shown on
Figure 5.19c. Each interstorey drift ratio is normalised to its 7"-storey component. There
is little difference for the displacement profile, but some differences exist in the
normalised interstorey drift ratios.

Based on the displacement-profiles, five equivalent SDOF systems are created.
Inelastic dynamic analyses are performed on these SDOF systems using a set of non-
scaled ground motion records. Shown on the graph at top of Figure 5.20 are the
normalised maximum displacements of the five SDOF systems. The maximum

displacements of SDOF systems are normalised to the maximum displacement of the
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building subjected to the same ground motion record. This graph is useful to demonstrate
the variation of each SDOF system in estimating the top displacement of the building on
a per earthquake record basis. However, it can be misleading for judging the importance
of choosing the displacement profile.

To complement this graph, the absolute values of the maximum displacement of
the SDOF systems are also given in the graph at the bottom of Figure 5.20. A comparison
of the results shows that the change in the maximum displacement of the equivalent

SDOF system is not sensitive to the difference in the chosen displacement-profiles.

Load distributions used in different stages of pushover procedure

Different approaches for selecting the load distribution for pushover analysis,
from a general point of view, have already been discussed. In the present section a
specific case study on an asymmetric building (A12A12A.1) is reported to show the
effects of using different load distributions in the pushover procedure.

Two load distributions are considered. A triangular load distribution at CM of
floors is used as the first load distribution. To determine the load distribution for the
second case, a response spectrum analysis is performed on the building. The response
spectrum analysis is done using the design spectrum of NBCC and the distribution of
force at CM of floors is taken as the proper load distribution. Based on these two
distributions, two equivalent SDOF systems are developed and they are subjected to the
set of 10 ground motion records to obtain the target displacements. The target
displacement of the SDOF derived using a triangular load distribution resulted in a mean

value of 0.123m while using the spectrum analysis distribution resulted in a mean value
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of 0.128m for the target displacements.

Having the target displacements, the building is pushed to those displaceme_pts.
Again, the two load distributions, a triangular distribution and a distribution resulted from
response spectrum analysis, are used in this step. Figure 5.21 shows the mean values of
maximum storey drift ratios for two pushover analyses. The responses from inelastic
dynamic analyses of the building are also included in the graph.

Although both distributions lead to similar mean target displacements, there are
some differences when the maximum interstorey drifts are compared. Therefore, the load
distribution used during the second pushover can cause some differences in the results.
Due to the uncertainty associated with the ground motion characteristics, these

differences can be considered negligible.
5.4. Pushover Analysis using 2-D Computer Program

In the section 5.3, the 3-D pushover procedure is introduced as an extension of
pushover method to asymmetrical buildings. The studies in that part show that the 3-D
pushover procedure led to a good prediction of the edge 3 responses of asymmetrical
buildings. However, there are many practical or technical concerns which make the use of
3-D pushover approach less desirable. Among the concerns are
o There is a large gap bgtween current situation of using 2-D inelastic and 3-D inelastic

computer programs. Although only inelastic 3-D static (pushover) analysis in needed
in the 3-D pushover procedure, most designers are less familiar with the available
inelastic 3-D computer programs.

e In the 3-D pushover procedure, the entire building has to be modelled for the inelastic
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static analysis. Therefore, the inelastic properties of all members should be properly
determined and modelled in the data file for tpe computer code. For large buildings it
can be a very time consuming job. It may not be a logical approach, if the designer
only interests in the estimation of response and damage assessment for some part of
building such as an edge frame or wall.

The accuracy of the 3-D pushover procedure in estimating the responses for side 1 of
building is not as good as for side 3. This approach in general will underestimate the
responses of elements on the edge 1, as demonstrated by calculations not presented
herein. -

Since the procedure assumes that the building responds mainly in its fundamental
mode, it would give representative results for TS buildings where the fundamental
mode of the building is translation predominant. For TF buildings, the fundamental
mode is torsion predominant and the proposed 3-D pushover analysis will not give
good damage estimates of elements located at the stiff edge (Edge 1) of TF buildings.

To address these concerns, this section will introduce an alternative way of

applying the pushover procedure to asymmetric buildings. Only 2-D inelastic static

analyses (pushover) are needed in this approach. In an asymmetric multi-storey building,

the maximum top displacements of the resisting elements are different due to torsional

response. The proposed method is based on the idea of estimating individual target

displacements for each lateral load-resisting element instead of estimating only one target

displacement at CM of the building.

The design process for asymmetrical buildings usually involves some form of
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three-dimensional linear elastic analysis of the building. As a computer model of building
with elastic member properties is already prepared in design stage, it is proposed to carry
out a 3-D elastic analysis to obtain the target displacements. Depending on the format of
available ground motion information, the target displacements may be determined by
elastic dynamic analyses or alternatively by a response spectrum analysis of the building.
By using the elastic model of the building, there is no longer a need to create the
equivalent SDOF inelastic system to obtaih the target displacement.

Once the target displacements of the different elements are established, two-
dimensional inelastic analysis programs such as DRAIN-2D (Allahabadi & Powell 1988)
are sufficient to conduct the 2-D pushover analyses on the individual elements. Since 2-D
inelastic analysis programs are readily available, and have been used extensively by the
profession, it is believed that this proposed procedure is a more practical way to extend

the pushover procedure to three-dimensional structures.

5.4.1 Target displacements from dynamic elastic analysis

The procedure consists of two parts. First, the building is modelled as a three-
dimensional elastic structure. The target displacement for each lateral load-resisting
element of interest in the building is established by performing an elastic 3-D dynamic
analysis on the structural model. Once the target displacements are found, a series of 2-D
pushover analyses can be carried out for the elements at different locations. Each element
is loaded with a set of static loads with the same distribution as the elastic force
distribution on the element obtained from a spectrum analysis of the building. Each

element is pushed until its top displacement attains its target displacement. The proposed
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procedure is applicable to both planar and pian-asymmetrical buildings.

To illustrate the application and accuracy of the proposed procedure, pushover
analyses were carried out on two buildings. One building is a symmetric building
(Building A12A12A.0) and the other is an asymmetrical building (Building A12A12.1).
The notations Building S will be used for the symmetric building and Building A for the
asymmetric building. The inclusion of building S in this study serves two purposes. First,
it is used as an example to show that target displacements established using an equivalent
inelastic SDOF system or using dynamic elastic analysis of the complete building are
similar for planar structures. Second, a comparison of the accuracy of the pushover resuits
on building A and building S will provide a measure of the accuracy of the proposed
method when applied to both plan-symmetric and plan-eccentric buildings. For each
building, the accuracy of the pushover results is established by comparing the results
obtained using inelastic dynamic analyses on the building.

A correlation plot to show the accuracy of using the two approximate methods to
obtain target displacement in planar structures as represented by Building S is given in
Figure 5.22. The correlation of the target displacement determined using the equivalent
SDOF system with the actual roof displacement of Building S for the ten earthquake
records are shown in solid circles, with the mean shown in open circle. The correlation of
the target displacement determined by elastic dynamic analysis of the building are shown
as solid squares with the mean shown in open square. It is shown that both approximate
methods tend to overestimate the seismic roof response of the building. The accuracy of
both simplified methods is comparable.

The mean seismic responses of Building S over the ensemble of ground motions
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are shown in Figure 5.23. In each graph, three curves are shown representing the three
ways to obtain the responses, namely, (i) a 2-D pushover analysis of the building to the
mean target displacement based on an equivalent SDOF system analyses shown in
circles; (ii) a 2-D pushover analysis of the building using the mean target displacement
based on dynamic elastic analyses of the building shown in squares; and finally (iii) the
mean of the responses computed using inelastic dynamic analyses of the building shown
as a solid line. Due to the height-wise regularity of the building, the elastic load
distribution based on response spectrum calculation is similar to the triangular
distribution. Therefore, a triangular distribution of static loads is used in both pushover
analyses. A comparison of the three curves in each plot shows that both of the pushover
procedures give good estimate of the parameters of interest for the building as a whole.
The deviations of the estimates from the solid curve in this figure will be used to measure
the accuracy of the proposed procedure, when applied to the asymmetrical building A.

Figure 5.24 shows the correlation of the target displacements based on elastic
dynamic analyses with the actual seismic displacements at the top of edges 1 (shown in
solid diamonds) and 3 (shown in solid triangles) of Building A. Each point in the plot
represents the correlation with respect to one earthquake record. The correlation of the
mean target displacements for edges 1 and 3 are shown in open diamond and open
triangle respectively in the same figure. Similar to the symmetrical Building S, the
proposed method tends to overestimate the seismic responses of the top of Frames 1 and
3. The accuracy of the estimates is similar to that when the proposed method is applied to
Building S, as shown in Figure 5.22.

Unlike the symmetrical building, the elastic load distributions on the edge Frames



139

1 and 3 using modal spectrum analysis are different from the triangular distribution, as
shown in Figure 5.25. Both distributions are normalised to give the same base shear. Of
particular interest is the relatively large increase of the loads at the roof of Frame 3 due to
the higher modal effect. The result of using the proposed procedure to estimate the mean
seismic responses of the two edge frames is presented in Figures 5.26 and 5.27. The
responses of Frame 3, shown in Figure 5.26, are calculated in three ways. First, they are
obtained performing a 2-D pushover analysis on Frame 3, with the applied static load
having a triangular distribution along the height of the frame. The target displacement
used is based on the mean target displacement obtained using elastic dynamic analysis of
the building. Second, the pushover analysis is carried out with the applied static load
distribution the same as the frame force distribution obtained using response spectrum
analysis. The same mean target displacement is used in the pushover analysis. Finally, the
means of-the responses based on inelastic dynamic analysis of building are shown in solid
black lines as a reference. Comparing the responses based on approximate analysis, it is
shown that the actual distribution of static loads used in the 2-D pushover analysis has a
significant effect. Using the load distribution based on spectrum analysis leads to a more
representative distribution of the various response parameters of interest. The accuracy of
using the proposed procedure to estimate the Frame 3 responses is similar to that when
the procedure is applied to Building S as shown in Figure 5.23.

The responses on Frame 1 are compared in a similar manner in Figure 5.27. It
appears that the response distribution is less dependent on the actual static load
distribution used in the 2-D pushover analysis because the increase in the roof level load

on this frame is not as prominent as in Frame 3. Using either distribution will lead to
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similar and satisfactory estimation of the mean response parameters of interest.

A comparison of 2-D pushover as introduced in this part and 3-D pushover
method, as discussed in section 5.3, is shown on Figure 5.28. The maximum storey drift
ratios and beam ductilities of the frames in the asymmetric building are presented in the
figure. The mean values of the maximum responses from MDOF inelastic dynamic
analyses are also shown. This comparison shows that both approaches are able to estimate
the maximum responses of Frame 3 on the flexible side of the asymmetric building.
However, the performances of the two approaches are not similar in regard to Frame 1.
The maximum responses of Frame 1 is poorly estimated by 3-D pushover procedure,
while good estimation of responses is given by the approach based on combination of
elastic analysis and 2-D pushover.

The study in this section showed that the target displacement obtained using
~ elastic analysis of the building has the same accuracy as that obtained based on an
equivalent inelastic SDOF system. However, there are two advantages of using elastic
dynamic analysis of the building to obtain the target displacement. First, it is readily
applicable to asymmetrical buildings where torsional effect can be significant. Second,
assuming some form of linear elastic analysis will be performed for preliminary or final
design of the building, there is no need to create a separate structural model such as the
equivalent SDOF system in order to obtain the target displacement. Also it is shown that
the choice of the static load distribution used in the pushover analysis can affect the
accuracy of the response estimates. The dynamic load distribution on an element
obtainable from an elastic spectrum analysis of the building is a more representative static

load distribution to be used in the pushover analysis of that element. By means of
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examples it is shown that the procedure leads to good estimates of the floor
displacements, interstorey drifts, maximum column and beam ductility demands at both

edge-frames of the asymmetric building.

5.4.2 Target displacements from 3-D response spectrum analysis of

building

This section presents a simple modification to the pushover procedure presented
in section 5.4.1. The modification consists of the use of elastic spectrum analysis, instead
of time history elastic dynamic analyses, to obtain the target displacements. The
prOCedl'II'C requires a computer code for three-dimensional elastic spectrum analysis such
as SUPER-ETABS (Wilson et al. 1975) and a code for two-dimensional inelastic analysis
such as DRAIN-2DX (Allahabadi and Powell 1988).

The proposed procedure consists of two parts. First, the target displacements are
determinc;.ci by performing a 3-D elastic spectrum analysis on the building. Many target
displacements need to be determined, one for each resisting element where the inelastic
damage assessment is required. Once the target displacements and the corresponding
lateral load distributions are found, a series of 2-D pushover analyses can be carried out
for specific elements as outlined in previous section.

To illustrate the application and accuracy of the proposed procedure, the seismic
responses of three seven-storey reinforced concrete ductile moment resisting frame
(DMRF) buildings, subjected to an ensemble of ten artificial ground motion records
(records are generated using program SYNTH, Naumoski 1998} as input, are computed.

The plans of the buildings are shown on Figure 5.29. The first building is a symmetric
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building (SYM) while the second and third buildings are asymmetric and representing a
mass eccentric system (MES = A12A12A.]1) and a stiﬁ'nes's. eccentric system (SES),
respectively. In SYM and SES, the floor masses are uniformly distributed so that the CM
of each floor coincides with the geometric centre. In MES, the mass distribution of each
floor causes the CM of the floor to shift a distance of 2.4m from Frame 2 towards Frame
3.

Plots in Figure 5.30 show the mean of the maximum displacemenis and
interstorey drifts at Frame 1 and Frame 3 of the buildings. Figures 5.30a and 5.30b show
the mean of maximum floor displacements and the mean of maximum interstorey drift
ratios on edge Frames 1; Figures 5.30c and 5.30d show the mean of maximum floor
displacements and the mean of maximum interstorey drift ratios on edge Frames 3
respectively. The mean responses of SYM are included in the plots as a reference to show
the influence of torsion on the edge frame responses. These curves are obtained by means
of MDOF inelastic dynamic analyses of these buildings, subjected to the ensemble of 10
earthquake records as input. A comparison of the response curves of Frames 1 and 3 of
MES and SES to those of SYM will show that torsion increases the responses of Frame 3
while decreases the responses of Frame 1 of these asymmetric buildings.

To use elastic spectrum analysis to estimate the inelastic responses of a system, a
higher value of viscous damping than that assigned to the inelastic system should be used
to compensate for the inability of including the hysteretic energy dissipation in the elastic
analysis. To illustrate this point, Figure 5.31 shows the top displacements of frames in the

MES building obtained from response spectrum analysis using damping values in a range
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from 5% to 20%. For each frame the mean of the maximum top displacement of the
frame obtained from inelas_t_ic 3-D dynamic analyses are also included in the graphs. A
5% viscous damping has been used in the inelastic dynamic analysis. The graphs show
that higher values of damping should be used in spectrum analysis, particularly for
Frames 2 and 3, in order to have the same top displacement as the means obtained from
inelastic dynamic analyses. The accuracy of determining the target displacements based
on elastic response spectrum analyses of the buildings is also demonstrated in a
correlation plot. Two damping values were used to determine the target displacements,
namely 5% and 10%. They correspond to the maximum damping values recommended
for reinforced concrete structures at different stress levels (Newmark and Hall 1982). The
correlation plot in Figure 5.32 shows that the target displacements based on the 5%
damped spectrum tend to overestimate the seismic roof displacements of the building. A
good estimation can be reached using a 10% damped spectrum in the elastic analysis.
Subsequent computation is based on using a 10% damped Newmark-Hall elastic design
spectrum to perform the response spectrum analyses.

While the triangular load distribution is a fair representation of the load
distribution for the frames in the SYM building, the load distributions on the edge frames
of the two asymmetrical buildings deviate from the triangular load distribution. The
deviation of the lateral load distribution on the edge frames from triangular is shown in
Figure 5.33. These distributions are normalised to the same base shear. The loading is
reduced at the top and increased at the base in Frame 1. Of particular interest are the

relatively large increase of the loads at the roof and the drastic reduction of loads near the
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“ base of Frame 3 due to the higher modal effect.

Tpe mean seismic interstorey drift responses of the three buildings over the
ensemble of records are shown in Figure 5.34. In each figure, two curves are shown,
namely, (i) results using pushover analysis of the frames shown in dash lines; and (ii) the
mean of the responses computed using inelastic dynamic analyses of the buildings shown
as solid lines. A comparison of the curves in each plot shows that the pushover procedure
can give good estimation of the interstorey drift distribution in all the frames.

To evaluate the accuracy of the pushover procedure in estimating the local
response parameters, the distribution of column and beam ductilities are shown on the
Figures 5.35 and 5.36 respectively. These figures show that proposed pushover procedure
tends to underestimate the mean value of the maximum ductility demands for the beams
and columns of different frames in these three buildings.

In summary, a procedure is presented for seismic damage estimation of
asymmetrical buildings. The proposed procedure includes some of the three dimensional
effects caused by the torsional responses. New features of the procedure are the use of
elastic response spectrum analysis of the building to obtain the target displacements and
the equivalent static load distributions used in the pushover analyses of the frames. A
comparison of the responses of three example buildings obtained by this procedure with
the responses resulted from inelastic 3-D dynamic analyses shows that the proposed
procedure can provide sufficiently accurate estimation of the various response parameters
for design purpose. It is shown that the procedure leads to good estimates of the floor

displacements, interstorey drifts, and reasonable estimates of the maximum member
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ductility demands for frames located at both the stiff edge and the flexible edge of the
asymmetrical multi-storey buildings.
5.5 Summary

The followings are the highlights of the tasks performed in this chapter:

® A 3-D pushover procedure for damage assessment of asymmetrical buildings is
presented. It is shown that for buildings used in this study, the results of 3-D pushover
analysis is not sensitive to small changes in different modelling details used in the
procedure.

e It is shown that the accuracy of the proposed 3-D pushover analysis is similar to that
of the currently used pushover analysis method for planar structures. Also, the
pushover analysis procedure is more successful to predict global response parameters
such as edge displacements, interstorey drift ratios, and fundamental period changes
than local damage parameters such as member ductility demands.

e A 2-D pushover procedure based on 3-D elastic dynamic analysis and 2-D inelastic
static analysis is developed to estimate the inelast.ic seismic responses for asymmetric
multi-storey buildings. The advantages of new method are that there is no need to
create a separate structural model such as the equivalent SDOF system in order to
obtain the target displacement for the pushover analysis.

e By means of examples it is shown that the 2-D pushover procedure based on elastic
dynamic analysis, leads to good estimates of the floor displacements, interstorey
drifts, maximum column and beam ductility demands at both edge-frames of the

asymmetric building. Since the proposed procedure requires only programs that are
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available and have been used extensively by the design profession, it is a practical
way to extend the pushover procedure to analyse asymmetrical buildings.

A modified 2-D pushover procedure based on response spectrum analysis is also
presented. New features of the procedure are the use of elastic response spectrum
analysis of the building to obtain the target displacements and the equivalent static
load distributions used in the pushover analyses of the frames. It is shown that this
procedure can also lead to good estimates of different deformation response
parameters at edge-frames of both mass eccentric and stiffness eccentric uniform
asymmetrical multi-storey buildings. However, it tends to underestimates the member

ductility demands at the edge frames.
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Figure 5.7. Maximum interstorey drift ratio at edge 3




151

(a) (a)
t + t 0 + -+ t
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0 005 0.1 015 0.2 0.25 0.3 0.35

7 f 7 t 7 t 3/ -+
6 T — 7 1 6 T t 7 —
St — -> { 5T i *—/—
4 T 4 +
3+ 3 4+
2T 2T
! T 7+

(b) (b)
0 t +  E— + t 0 t— + t + —- -+

0 005 0.1 0.15 0.2 0.25 0.3 0.35

0 0.05 0.6 0.15 0.2 0.25 0.3 0.35

Figure 5.8. Pushover estimation

(mean) of maximum displacements at

edge 3 (meter)
(a) Building S (b) Building A

Figure 5.9. Pushover estimation
(mean+c) of maximum
displacements at edge 3 (meter)
(a) Building S (b) Building A




152

(a) (a)
0 t t t t 0 t t — }
0 0.005 0.0 0.015 0.02 0.025 0 0.005 0.0 0.015 0.02 0.025
7 7
6 T 6 1
5 + 5+
4 T 4 +
3 T 3 T
2 T 2 1+
I T I +
(b) (b)
0 t —t= t t 0 + t + +
0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.0/ 0.0I5 0.02 0.025

Figure 5.10. Pushover estimation

(mean) of maximum interstorey drift

ratio at edge 3

(a) Building S (b) Building A

Figure 5.11. Pushover estimation

(mean+c) of maximum interstorey

drift ratio at edge 3

(2) Building S (b) Building A




153

Inelastic Dynamic MDOF Analysis

10 1
2 8+ )
@ - e .
8 64 e
5 [ .- a Lot
g X .-'o . ..
o] | e .o
% 4T e S
> i . I
o - EOI *
Q - ‘ 2 ildi
S L1t L E e o Bun-ldllng A
[ O Building S
0 ¢ 1‘1 L L ll 1 L i L { L L Il L {ﬁ 1 I L L { el
0 2 4 6 8 10
Inelastic Dynamic MDOF Analysis
Figure 5.12. Maximum ductility demand of beams on Frame 3
10 T
2 8t
@ i . -
g i D_. et
3 6 F . e
8 ; B o
o 4 T . oo
3 - 4 -
a X N N
(9, N - ¢ Building A
> 7a o F O Building S
[ T-red © ,
e e S R e
0 2 4 6 8 10

Figure 5.13. Maximum ductility demand of columns on Frame 3




154

, a
6 -
5 +4
41 A
34 —of———y
2T —ot—
1+ ,—-X——‘
(a) (a)
0 +———+—+—+—+—+—+—+ ot
0 I 2 3 45 6 7 8 910 7 8 9 10
7 7
6 1 6 +
5 4 s+
4 —t— 4
3T 1 3
'l I |
I T 1 +
(b) (b)
0 +———+—+——+—+—+—+ 0 +——+——t—t—t—t—

0 I 2 3 45 6 7 8 9 10 0 I 2 3 4 56 7 8 9 10
Figure 5.14. Pushover estimation Figure 5.15. Pushover estimation
(mean) of maximum ductility demand (mean) of maximum ductility demand

in beams of Frame 3; in columns of Frame 3;

(a) Building S (b) Building A (a) Building S (b) Building A




155 )

N ta

L

= (T1)max dynamic analysis

First pegod of bulldm&

~

S
(99

maximiti period ratio =

(T1)max

(T1)o A

(T1)max pus1{hover analysis

nnln!lulullnnn“l'nl’lullllll'l!n(lnnunlnun I

ITIITT
1 T R} T T T

2 3 4 5 6 7 & 9 10 11 12 13 14 IS5

Time (sec)

Figure 5.16. Definition of period ratio

3-D Pushover estimate

O Building S

et ¢ Building A

TS S S S T S SN SN S T S50 NO SO S S S SN N DA S T SN S WO W S N N U S TR SN TN ST N N SN S S N SN N N |
T L)

o

1 2 3 4
Inelastic Dynamic MDOF Analysis

Figure 5.17. Maximum period ratio correlation




156

oAINo Aj1oeded yo Jurjjapow Ieaul[-1q JUSIAJJIP JO 199JJH "' 9ISy

¢ aBpa 1e oles Yup Aaiisialu) xew o olweuAp / Jaaoysnd ojweuAp / Jeaoysnd
¢ aBpa e “dsip do) “xew ¢
3 12 dsip dol e ¢ s1o1 g0 0 ¢ g1 os00
A, O e oq ey oa
! dov! A xexc| o T W0d : po 1 @049
o 40 | ® w0 1 &#04d
' | vio L DT | + Hog + |wp T Wog
ol L By w| . 1 swod w| . 1 0
' o S To¥cf | 1 w07 | 1 w07
n_ms L 0T ow| 1 wod ow | o 1 od
owg . L e Da o mqo . 1 o#0q 0:vo “ 1 07
viol . - 60T vomn| T #0d viol 1 640F
6 0o B—ok- 0140F g—olwl 8o
S0 ¥0 €0 Z0 10 0 |S0 rO €0 0 S 0|so r»0 €0 0 S 0
(w ..Emp_&.umm Wmm_ ..ﬁ..v.wEEm_o_m__ W.&. T (ur) W&E&mm&m. m
00 -mig /A w00 owg | BLOD L_@_s R |
g5zeel ~mhy ] AT TR TR O el -my [ e
8900 = J 1 8500 = /¢ woo =ay o/ }E
TS S | st ¥ ] s Y L\...T_m_,
— - |L£8sen| | 2 eseD| | 1 eseyj




157

T T

P~

Co

S

S
I

Base Shear (kN)_
S
S

— —
— —

®© 0@

600 A
300 -
0 e
(a 0 0.05 Rooigliteral cﬁsﬁacemgn% at C.fZJI? (m) 0.3 0.35
7 7
1st elastic
6 + mode \ 6 T+
5 1 54
\\
115 4+ Ny
o . VA
3 L@ 3 | Istelastic
I3
mode P
2 1 2 ¢ S
‘v
!+ I+
0 + ¢ 0 : '
0 0.5 1 1.5 0 2 4 6
Displacement profile at Interstorey drift ratio profile at
(b) C.M. (c) C.M.

Figure 5.19. (a) The capacity curve of the asymmetric building,
(b) Five different displacement profiles at CM and,
(c) their corresponding interstorey drift ratio profiles used in sensitivity

analysis




158

wosAs JOQS 1usfeatnbs oy Juiauap ur pasn o[yoid o} Juawaoe(dsip otwstas ay) Jo AyAnisusg gz's amdiyg

¢c03 1203 0¢03 6109 8109 (i0a 9109 0103 603 (O3 903 ¢03 109

m ! m ! ! ! m ! “ “ m 0 =
....... e e R 600 R
....... R RO SOtOON SNt AREERNAREiS (ARRRTRRRRRTELEEEE SERERE IV 4/JN -
...... § g (1) R
....... o B
m ...... o Co P Pt S P S P g v v T $¢0 8
...... T SR R Rt EEEEEETEEREERTEEEREES S 3/ =
....... wwﬂ SE0 @
....... m 70 S
....... oy 40 g

: : - g0
b 8jjoid wawaoedsip x ¢ 8jyoid Juswadeydsip 7 Z ojyoud Juswaoedsip — | ajijosd uawsde)dsIp o PO ANse8 IS| +

2209 1209 0:0d 6109 81049 (103 9109 