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ABSTRACf

The studies reported herein focus on the effects of torsion on the three-dimensional

linear-elastic and nonlinear inelastic seismic response of multi-story building structures. To

introduce parameters pertinent to the problem of torsion, the linear-elastic lateral-torsional

response of an idealized single-story system to earthquake ground motion, characterized by

flat and hyperbolic pseudo-acceleration response spectra is discussed. The way that major

building codes handle torsion in their simplified regulations is described, and it is clearly

illustrated that torsional provisions of most present building codes are nonconservative.

The results of linear-elastic static and dynamic analyses of a seven-story reinforced

concrete frame-wall structure are presented and the importance of factors such as static

lateral load profiles, static eccentricity ratio, and accidental eccentricity (as prescribed by the

DBC) on the lateral-torsional response of structures is discussed.

A discussion about mathematical modeling of structures for nonlinear analyses is

presented. The computer program FACTS and its nonlinear three-dimensional reinforced

concrete beam column element, which are employed in this research, are introduced.

Nonlinear static responses of the seven-story structure to two sets of monotonically

increasing lateral loads, with triangular and uniform profiles, are studied. On the basis of

the results of this study a realistic model of a seven-story structure, that represents

typical frame-wall systems, is developed.

The importance of such parameters as non-uniform distribution of mass (mass

eccentricity); unsymmetrical distribution of yielding strength (resistance or strength

eccentricity) in the plan of the structure; and intensity of earthquake ground motion on the

three-dimensional nonlinear seismic response of a building is discussed in detail. Mass and

resistance eccentricities are measured with respect to the geometrical centroid of the

structure. It is shown that real nonlinear torsional response of structures may be significantly

underestimated by a linear-elastic dynamic analysis, especially for large values of static



eccentricity ratio and intensity of ground motion. It is also shown that torsional effects on

the nonlinear response of a structure can be reduced by proper distribution of yielding

strength in the plan of the building.

Finally, a summary of the results, conclusions and a number of code-based

recommendations are presented in addition to suggestions for future research

regarding torsional effects.
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CHAPTER ONE

INTRODUCTION

1.1 Introductory Remarks

Real structures, when subjected to earthquake ground motions, will, in general, undergo

torsional vibrations in addition to lateral oscillations. Lateral-torsional response ofstructures arises

from several sources. The most well-recognized source is unsymmetrical distribution of mass

and/or unsymmetrical distribution of lateral load resisting elements in the plan of the structure,

which induces eccentricity between the centers of mass and stiffness. This is usually referred to

as real, static, mass, or stiffness eccentricity. However, even in symmetrical structures, torsional

and translational motions may be coupled because of non-uniform ground motion along the

foundation of the structure or because of the presence of torsional components of ground motions.

Workmanship, and detailing of the "structural" components as well as of the "nonstructural"

components ofbuildings may also be sources ofunsymmetrical behaviorofotherwise symmetrical

structures. Owing to the uncertain nature ofthese sources it is difficult, ifnot impossible, to account

for them with a direct deterministic approach. Therefore, in their regulations for torsion, most

seismic building codes reflect these possible effects on the torsional response of structures by

introducing the so-called accidental eccentricity.

The maximum value of story torque due to a dynamic excitation (such as earthquake ground

motion) in an eccentric structure (a structure with static eccentricity) can be significantly larger

than the static torque, calculated by the product of static eccentricity and story shear of the

corresponding concentric structure (the same structure but with coincident centers of mass and

stiffness). In order to account for this dynamic amplification of story torque, it is often convenient

to employ the idea of "dynamic eccentricity". The concept is to define a torsional moment, which

is to be applied as an external load to the corresponding concentric structure. This torsional moment

is equal to that of the eccentric system. Therefore in a linear-elastic system, in which deformations

are proportional to forces, the displacement of the concentric system due to this moment will be

equal to that of the eccentric system. Hence, dynamic ecc{(ntricity may be defined to be the ratio
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of the maximum dynamic story torque, about an axis passing through the center of stiffness of the

floor, to the maximum dynamic base shear of the corresponding uncoupled system, in which

centers of mass and stiffness are coincident. While U.S. building codes, with their equivalent static

approach, require the static and the accidental eccentricities to be considered, there are othercodes,

such as the Mexico code, which have recognized that due to coupled lateral-torsional motions

there is a dynamic amplification of the static eccentricity. This amplified eccentricity (dynamic

eccentricity) can be much larger than the static eccentricity.

It is well recognized that in the case ofextreme or even moderate earthquake ground motions

most of the buildings will undergo inelastic behavior. However, it is not very well appreciated

that, because of this inelastic behavior, the coupled later~l-torsionalvibrations of the structure can

be significantly higher than those predicted on the basis of linear-elastic analyses. As soon as one

of the lateral loadresisting elements yields, there is a change in the position of the center ofstiffness

and this change can induce significant change in the sta~c eccentricity and therefore the dynamic

eccentricity. Examples of coupled lateral-torsional vibrations have been observed for past

earthquakes, particularly the September 1985 Mexico earthquake, for which large initial

eccentricity was reported to be one of the major factors responsible for the severe damage or

collapse of several structures [36,37]. Figures l.la and l.lb show elevations and plan views of

two adjacent buildings of different heights, located in 'Mexico city. They illustrate the torsional
,

behavior of the taller building (Figure 1.1b), and the damage resulting from the 1985 Mexico

earthquake (Figure l.la). The lateral-torsional re~ponse of the taller building (due to

unsymmetrical distribution of stiffness in the plan) induced large lateral displacements, and

consequently resulted in pounding of the two buildings ~nd severe damage in both of them. Figure
I

I

1.2 shows a collapsed comer building after the 1985 M~xico earthquake. As can be observed from

the Figure, the failure of the structure is due mainly tolthe excessively large torsional rotation.
,

Seismic lateral-torsional response of structures ~as been the subject of many studies [1 to

14]. A review of the literature, regarding both linear-el;astic and nonlinear torsion, is presented in
I

ChapterTwo. Most ofthese studies reflect the linear-ela~tic torsional behavior ofa typical idealized
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single-story system [1 to 9]. Although there have been some studies regarding nonlinear torsion

[6,10,11,12,13,14], opinions are different regarding the importance of different parameters on the

inelastic torsional response of structures. Effects of torsion on the seismic response of structures

become more complicated when nonlinear behavior is inevitable, because in addition to initial

static eccentricity, translational frequency of the structure, ratio of torsional to translational

frequencies, and damping, which influence the linear-elastic torsional response of structures, there

are other parameters such as locations and force-deformation relationships of the resisting

elements, that affect the nonlinear torsional response of buildings. Moreover, although yielding

strengths of lateral load resisting elements and their distribution in the plan of a structure do not

play any role in a linear-elastic analysis, they are important factors in evaluating the nonlinear

torsional response of buildings to earthquake ground motions. Unsymmetrical distribution of

yielding strength may be contemplated in the study of nonlinear torsion by introducing a newly

defined "resistance eccentricity" (strength eccentricity). This eccentricity may be defined as the

distance between the centroid of the yielding strength of lateral load resisting elements, in the

direction perpendicular to the eccentricity, and the geometrical centroid of the story of interest.

Torsion provisions ofmost current seismic building codes are based on the results of studies

conducted, using an idealized single-story system, hence their applicability to multi-story building

structures is questionable, especially when nonlinear behavior of the system is of interest.

Therefore, in order to improve the present knowledge of torsional response of real structures, and

to offer practical recommendations to modify present regulations of torsion in the seismic building

codes, it is important to study the effects of torsion on the nonlinear seismic response ofmulti-story

building structures.

1.2 Objectives

The objective of the research reported herein is to study the effects of torsion on

three-dimensional linear and nonlinear static and dynamic responses of multi-story building

structures to unidirectional strong ground motions. In order to grasp the effects of the different

eccentricities in the comparison of nonlinear torsion with linear torsion, and in an attempt to .
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improve state of the practice by recommending modifications to the present simplified code
I

regulations, the linear and nonlinear responses are corrlpared and the results are discussed. The

main goals of this research can be summarized as:

1. to introduce parameters pertinent to the problem :of torsion and to discuss their importance
!

on the linear-elastic lateral-torsional response 6f structures by considering an idealized

linear-elastic single-story system subjected to efrrthquake ground motions, characterized

by their flat or hyperbolic acceleration spectra, ~d to compare state of the art with state

of the practice;

2. to study the effects of different values of static ~ccentricity on the linear-elastic static and

dynamic torsional responses of a multi-story puilding structure, and to assess torsion

regulations of building codes by comparing the Fnear-elastic static and dynamic torsional

responses of the structure;
I

3. to investigate the importance of static eccerttricity and intensity of ground motion
I

excitations on the linear and nonlinear couple4 lateral-torsional response of multi-story

building structures;

4. to assess the influence of an unsymmetrical disJibution of yielding strength of lateral load
I

I
resisting elements (resistance eccentricity) on t~e seismic response of multi-story building

,

I

structures, and to discuss the possibility of re~ucing torsional effects on the nonlinear
I

seismic response of structures by finding the ~roper location of the center of resistance,
I

relative to the centers of mass and stiffness; I

5. to recommend modifications to the torsion I regulations of building codes, through
I

comparison of the results obtained from thretdimensional linear-elastic and nonlinear

seismic responses of multi-story building structures.
I

1.3 Scope !

To achieve the objectives stated in Section 1.2, a leven-story reinforced concrete frame-wall
I

structure with seven by three bays is considered. This structure consists of two reinforced concrete

structural walls and six ductile moment resisting framJs. Non-uniform distribution of mass (static
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eccentricity), and unsymmetrical yielding strength distribution (resistance eccentricity) in the plan

of the structure are assumed to be the sources ofcoupled lateral-torsional response of the structure.

It is further assumed that the centers of mass of the floors an lie on one vertical axis.

In order to introduce parameters pertinent to the problem of torsion, response of a

linear-elastic mono-symmetric single-story system to unidirectional earthquake ground motions

characterized by a combined flat and hyperbolic pseudo acceleration design response spectrum,

are studied in Chapter Two. The simplified regulations for torsion prescribed by major building

codes, and a review of the literature regarding both linear-elastic and nonlinear torsion, are also

presented in Chapter Two.

Differences between a linear-elastic static analysis (as is prescribed by building codes), and

a three-dimensional linear-elastic dynamic time-history analysis, in estimating torsional responses

of multi-story building structures are discussed in Chapter Three. In this chapter the importance

of static eccentricity on linear-elastic static and dynamic responses of the structure is investigated.

To assess the effects of lateral load distribution profile on torsional response of the system, two

different static lateral load distributions are considered.

Chapter Four is dedicated to a discussion about mathematical modeling of structures for

nonlinear analyses. The computer program FACTS [34], which is employed for nonlinear analyses

in this research, and its nonlinear three-dimensional reinforced concrete beam column element

are introduced. In this chapter a realistic model of the seven-story structure, which represents

typical frame-wall systems, is developed.

Three-dimensional nonlinear seismic responses of the model developed in Chapter Four are

investigated in Chapter Five. Effects of different values of static eccentricity and resistance

eccentricity on the nonlinear torsional response of multi-story frame-wall systems are assessed in

this chapter. In these studies different values of intensity level of the ground motion excitation

are considered. In order to provide a better understanding of differences between linear and

nonlinear torsion, comparison between linear-elastic and nonlinear inelastic responses are made.
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Finally in Chapter Six a summary of the results

are drawn and recommendations for future studies of

of building structures are made.

this research is presented. Conclusions

effects of torsion on seismic response



CHAPTER TWO

LINEAR-ELASTIC SINGLE-STORY SYSTEMS

2.1 Introduction

In this chapter, the effects of torsion on the linear-elastic seismic response of single-story

systems are investigated. Although the main objective of the report is to study the nonlinear

torsional behavior of structures, it is necessary to consider the effects of the key parameters on

the linear-elastic torsional response of single-story systems. It is important to note, however, that

a comprehensive parametric study of the linear-elastic response of single-story systems is beyond

the scope of this research and would be a repetition of previous studies [1 to 14]. This chapter is

an introduction to the problem of torsion. A typical single-story system is defined first. Then,

equations of motion are derived and the system is analyzed using a response spectra technique.

The results from this analysis are used to assess the effectiveness of torsion regulations of building

codes. A review of previous studies on torsional seismic response of structures concludes the

chapter.

2.2 Systems and Earthquake Input

The system that is considered here is an idealized single-story building consisting of a rigid

floor diaphragm with massless columns, and with shear walls or shear wall cores as lateral force

resisting elements. The mass of the structure is lumped at the center of mass (eM). The resisting

elements are assumed to be located symmetrically about one of the principal axes, which is an

axis of symmetry for the building plan. Therefore the system is eccentric only in one direction. A

typical single-story system, with one uncoupled (X-translational) and two coupled (Y-translational

and torsional) degrees of freedom, is shown in Figure 2.1.

The earthquake ground motion is characterized by its pseudo-acceleration response spectrum

which is idealized to a flat branch for the short-period range and a hyperbolic branch for the

long-period range (Figure 2.2).
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2.3 Equations of Motion

The single-story system shown in Figure 2.1 has th~eedegrees offreedom. However, because
I

of the rigid floor diaphragm assumption and symmetry of mass and stiffness distribution about
1

the X-axis, only two of these degrees of freedom are cou~led (Y-translational and torsional). These

!

degrees of freedom are relative translational displacemept of the center of mass (eM) of the floor
!

along the Y-axis (uy ), and torsional rotation of the floo~ about a vertical axis passing through its
I

center of mass (ue). Equations of motion of the system lare developed in this section in terms of

I

vector UT= (uy rUe) where r is the radius of gyration 'of the floor about a vertical axis passing
I

I

!

I

This system is subjected to a translational, urtidirectional earthquake ground motion

I

perpendicular to the eccentricity. Since the linear-elasti¢ seismic response of the system is under

I

consideration, and since the X-translational degree of freedom of the system is not coupled with
!

the other two, the response of the system to the compon~ntof the translational earthquake ground
!

motion in the X-direction can be treated separately. Hbwever, it must be noted that earthquake

!
groundmotions have, in general, three translational and three rotational components. The rotational

I

components, as well as the vertical component of thf ground motion are neglected here for

simplicity. Therefore the undamped equations of moti1ns of the system can be written as
I

(~ ~)(::} :~
r y

(2.1)

where

m =total translational mass of the system, I

=total lateral stiffness of the system in the Y-direction,

I

=total rotational stiffness of the system around the center of mass.

I

Koo = L,(ke; +Xi
2
kyi1yfkx:i)

I
I

(2.2)
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vg = ground motion acceleration (function of time),

e =static eccentricity, distance between centers of mass and stiffness,

r =radius of gyration about a vertical axis passing through the center of mass,

kxi , kyi= lateral stiffnesses of the element i along the two principal directions,

kei =torsional stiffness of the element i about a vertical axis passing through its shear center,

and

Xi , Yi= distance of the ith resisting element from the center of mass.

It is important to note that the rotational stiffness of the system about its center of stiffness (CS)

is

(2.3)

and if static eccentricity is zero then Kes = Koo. The lateral and torsional vibration frequencies of

the corresponding uncoupled system are

(2Aa)

(2Ab)

The corresponding uncoupled system is obtained from the actual system by shifting its mass so

that center of mass coincides with the center of stiffness without modifying the locations of the

resisting elements. With these definitions the undamped equations of motion can be written as

(2.5)

is the ratio of uncoupled torsional frequency to translational frequency (uncoupled frequency

ratio, UFR).

Thus from equations 2.1 to 2.5, the undamped lateral-torsional response of linear-elastic

single-story systems (uy and ue) to ground motion excitations (Vg ) depends on three parameters;
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static eccentricity ratio (elr), uncoupled translational frequency (COy)' and uncoupled frequency

ratio (n = wJwy ). Note that a damping ratio (~) should te added to these parameters for damped
I

Isystems. I
I

The system can now be analyzed using the m1dal superposition method. The coupled

frequencies and mode shapes of the system can be calculated by solving the eigenvalue problem
I

of equation 2.6 for the natural vibration frequencies and mode shapes of the system

These frequencies and mode shapes are

(2.6)

)

112

(1+(el;l-n'J + (elr)'Q' (2.7a)

(
a yn ) 1 ( -elr )

- I (2.7b)
a,.. - -V(elr)' + (1 - (00

0
/00,)'1 1- (00.'00,)'

where wn and an are the nth (n = 1,2) frequency andlmode shape, respectively, and roy is the

I

translational frequency of the corresponding uncoupled system.

The natural coupled frequencies wn (n=1,2), Wh~Ch are computed from equation 2.7a, are
I

normalized with respect to uncoupled translational freJuency (wy ) and plotted against uncoupled
I

frequency ratio in Figure 2.3, for different values ofst" eccentricity ratio (e1r). The uncoupled

translational and torsional frequencies, wyand roe, are also normalized with respect to wyand

shown in the same figure for comparison. It can be obsrrved from Figure 2.3 that, the uncoupled

translational and torsional frequencies, wyand roe, are upper bounds of the first coupled frequency

and lower bounds of the second coupled frequency. AJ elr increases the first coupled frequency

I

decreases below roy and roe, whereas the second coupled frequency increases above roy and roe.

For values of uncoupled frequency ratio (UFR) less tJan one, roe is the upper bound of the first

coupled frequency and roy is the lower bound of the seclnd coupled frequency. On the other hand,

for values of UFR greater than one, O)e is the lower bolnd of Wz and 0\, is the upper bound of rot.
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For values of UFR close to one the coupled frequencies are closest to one another, particularly

when the static eccentricity ratio is smaller. It can be observed from Figure 2.3 that the variation

of normalized coupled frequencies with UFR is not very sensitive to the value of eIr for small

eccentricity ratios (less than 0.5).

2.4 Response Spectrum Analysis

The maximum response of individual modes of vibration is

(2.8a)

Where

Ln=(Uyn Uon{~ :)(~)

M.=(a,. ~{~ ~)(::J

San is the pseudo-acceleration corresponding to the period T" and damping ratio ~". Note that mode

shapes are normalized such that M" =m. Therefore the value of the modal participation factor for

the nth mode shape becomes (L"/M,,) = uy", and equation 2.8a can be simplified to the following

form

(2.8b)

The translational and torsional forces acting at the center of mass of the system (/'y" and.fe,,)

can be found for each mode of vibration from

(fy"J (m 0)( ily"J
Ie" - 0 m rile"

or from

(2.8e)

(/Y"J =(m
fo" 0

(2.8d)



-12-

,

Using equations 2.8b and 2.8d Values of (/yn andfsn) ca be written in the following fonn

I

(
/Yn) (aYn leo
fsn = mayn <len Ian (2.8e)

(2.9a)

Thus the total base shear (Vn), base torque around the center of mass (TMn) and base torque

about center of stiffness (Tsn ) for each mode of vibratioh are
I

Vn=ma~nSan

TSn = TMn - eVn

Maximum base shear of the corresponding uncoupled tstem is obviously

Vo=mSay

The dynamic eccentricity for each mode (edn) is define~ as the ratio of Tsn and Vo

I
Tsn ( e ) San

edn = V
o

=rayn <len -tayn Say

Dynamic amplification of eccentricity for each mode il,herefore

(2.9b)

(2.9c)

(2.10)

(2.11)

(2.12)

From equation 2.12 it becomes clear that dynamic amplification of eccentricity is, in fact, equal

to dynamic amplification of torque.

Dynamic eccentricity ratio (eir), a dimensionless index for dynamic eccentricity, can be written

for each mode as

(2.13)

In all the above relationships radius ofgyration aoout the center of mass, r, was used because

I

it comes naturally from the equations of motion (2.1). It\lthough computation of this parameter is

I
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rather easy, it does not carry a physical meaning. It might make more sense to utilize radius of

gyration about the centerof stiffness, the point about which the structure rotates. Radius ofgyration

about the center of stiffness, p, is related to rand e by

(2.14)

Therefore eccentricities normalized with respect to rand p are related according to the following

equation

e e/p

r --J1- (e/p)2
(2.15)

Now that the maximum response parameters for each mode ofvibration have been calculated

a combination rule is required to compute the total maximum response of the system. It is believed

that the Complete Quadratic Combination (CQC) rule [15] is the most suitable rule, especially

when the frequencies of the mode shapes are close. In this method the total maximum response,

R, is given by

(2.16)

where 'Ynm is the cross-correlation factor between modes nand m, R7I and Rmare the modal maxima

of the response quantity in modes nand m, respectively. When the same modal damping ratio

(~71 = ~) is used for all the modes, then

(2.17a)

(2.17b)

and equation 2.16 can be written as

(2.18)
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2.5 Effects of Lateral-Torsional Coupling

In this section the response of the torsionally-coupled system to earthquake excitations is

compared with that of the corresponding torsiOnally-ubcoUPled system, using an idealized (flat

or hyperbolic) response spectrum. I

Fignres 2.4 and 2.5 show the variation ofdynami1 eccentricity ratio (eip) and dynamic base

shear, nonnalized with respect to maximum uncouPlrd base shear (V/Vo), against uncoupled

torsional to translational frequency ratio (UFR), for different values of static eccentricity ratio

(e /p), and for both flat and hyperbolic spectra. For the cohesPOnding torsionally uncoupled system,

ed/p and ViVo are zero and one, respectively. Effects bf torsion on the seismic response of the

system are therefore measured by the deviation of ed/p from zero and ViVo from one. Also note

that the dynamic amplification of eccentricity is measured by the deviation of ed/p from e/p. It

can be observed from Figures 2.4 and 2.5 that lateral-torlional coupling has the effect of increasing

eccentricity and decreasing maximnm normalized b1e shear. For a system with small elp the

minimum value ofViVo and the maximum value ofeA~ occur when UFR is close to one; whereas

for systems with larger e/p the amplification of eccen~city is significant over a wider ranger of

UFR below and above unity for a flat spectrum, and in the range of UFR above unity in the case

of a hyperbolic spectrum.

For torsionally stiff systems, I.e. UFR greater than one, the reduction in base shear is small

and eip approaches e/p implying no dynamic amPlifica~ionofeccentricity. For torsionally flexible

systems, I.e. UFR less than one, eip is less than e/p lin the case of a hyperbolic spectrum and

approaches zero as UFR tends to zero, but ed/p is almoJt equal to e/p in the case of a flat spectrum

indicating no dynamic amplification.

It can be shown analytically [2] that the nonnalized shear forces and torque in a single-story

structure due to earthquake ground motion in the Y-1irection characterized by either a flat or

hyperbolic acceleration spectrum satisfy the following interaction equation:

( VJ2 (VJ2 (T J2x y 1
M 1-+-+---

VyO VyO ~YOr-
(2.19)
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where Vx andVyare base shears in the X and Y directions, respectively; VyO is maximum base shear

of the corresponding uncoupled system in the Y-direction; TM is base torque around the center of

mass; and r is radius of gyration about a vertical axis passing through the center of mass. For a

system symmetric about the X-axis this interaction equation reduces to

(V)2 (T)2y M- + - -1
VyO VyOr

(2.20)

It is obvious from the above interaction equation that the X- and Y-components of base shear as

well as their vector sum, are less than the base shear computed by neglecting torsional coupling

(Figure 2.5). However, the reduction of the base shear may not occur if a linear-elastic response

spectrum (LERS), rather than an idealized design spectrum, is utilized or a time-history analysis

is performed [5]. This is shown in Chapter Three with a time-history analysis approach.

The variations of dynamic amplification of eccentricity (equations 2.11 and 2.12) against

UFR for different values of e/p for flat and hyperbolic spectra are shown in Figure 2.6, from which

it can be observed that the dynamic amplification of eccentricity increases with decrease in e/p.

For systems with small e/p, dynamic amplification is most pronounced when the uncoupled

frequencies are closely spaced, but for systems with larger e/p dynamic amplification is practically

equal to one for all values of UFR in the case of a flat spectrum, and equal to one for UFR greater

than 1.4 in the case of a hyperbolic spectrum. However, the maximum dynamic amplification of

static eccentricity is about the same for flat and hyperbolic spectra.

2.6 State of the Art and State of the Practice

In the simplified regulations for torsional effects in most seismic building codes, structures

are required to be designed for the application oflateralloads and torsional moments at each story.

The torsional moment at each story is defined as the product of story shear and a quantity named

"design eccentricity" (eX>. In most seismic codes, the design eccentricity consists of two

components. The first component is a function of distance between centers of mass and stiffness

(e). This part counts for unsymmetrical distribution ofboth mass and lateral load resisting elements

in the plan of the structure. The second component of the design eccentricity, which is usually
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referred to as "accidental eccentricity", reflects effects 0lother factors such as non-unifonn ground

motion along the foundation of a structure; torsional eomponents of ground motions; and the

differences between actual and computed eccentricities] The design eccentricity of most seismic

codes can be written as

(2.21)

where D is a specified plan dimension ofthe structure; a rd ~ are factors, which are given different

values in different building codes. For example, in UBO [16] and ATC [17] their values are 1 and

0.05, respectively, whereas a is 1.5 in the Mexican [18] and Canadian [19] codes and ~ is 0.10 in

the Mexican code and 0.05 in the Canadian code.

The factor a in equation 2.21 is to take into account the dynamic l;lmplification of the static

eccentricity. Therefore, dynamic eccentricity in the buhrung codes is equal to lIe. With a value

of0;equal to one, UBC and ATC do notconsider any dytamiC amplification for static eccentricity,

while dynamic amplification of eccentricity in the Mexican and Canadian codes is 1.5. Although

the values of these amplifications are different, all tJe above building codes assume a linear

relationship between dynamic and static eccentricities.1 In order to assess the values of dynamic

eccentricity given by the above building codes, a l~near-elastic single-story system with a

rectangular floor deck is considered. Dimensions of t~e floor are L and D, and the earthquake

ground motion is assumed to be perpendicular to D. Thl variation of dynamic eccentricity against

I

static eccentricity for different aspect ratios (LID) for flat and hyperbolic spectra is illustrated in

Figure 2.7. These plots are for the case that the UFR ff the system is unity, which has already

been shown to be the most critical case. Values of d)(namic eccentricity given by the building

codes are

UBC and ATC-3 [16,17]

Mexican and Canadian [18,19]

(2.22a)

(2.22b)
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These values are also shown in Figure 2.7 for comparison. Note that values ofdynamic eccentricity,

given by the building codes, are not affected by the LID aspect ratio, whereas the dynamic

eccentricity ratio (edl D), which is computed from a response spectrum analysis attains different

values for different LID aspect ratios. It can be observed from Figure 2.7 that equation 2.22a

underestimates the dynamic eccentricity ratio (edl D), due to a flat spectrum, for the whole range

of static eccentricity ratio (eID). Both equations 2.22a and 2.22b are nonconservative for small

eI D for both flat and hyperbolic spectra. It is important to note that, according to Figure 2.7 static

and dynamic eccentricities are not related linearly. Therefore equations 2.22a and 2.22b are not

good representations of dynamic eccentricity. A bilinear relationship between static and dynamic

eccentricities may be more suitable. An example of this type of relationship is suggested by Tso

and Dempsey [5] as follows:

Flat spectrum:

r r

ed (e)-;:-=0.6+0.6 ;-0.1

Hyperbolic spectrum:

r r

ed (e)-;:-= 0.6+0.4 ;-0.1

e
-<0.1
r

e
->0.1
r

e
-<0.1
r

e
->0.1
r

(2.23a)

(2.23b)

(2.24a)

(2.24b)

The above equations provide a better estimation of dynamic eccentricity than what is suggested

by most building codes. Note that these values have to be added to the value of accidental

eccentricity to obtain the design eccentricity.

Lateral and torsional motions of irregular building structures are strongly coupled.

Irregularity has fortunately been addressed in the 1988 edition of UBC, and additional design

requirements have been enforced for structures having irregular features. This is an important

improvement from the 1985 edition of UBC, in which this issue was not clearly discussed.
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According to the 1988 UBC, "irregular structures hle significant physical discontinuities in

configuration or in their lateral force-resisting systems". Irregular features include, but are not

limited to, two main groups; namely, "vertical strudtural irregularities" and "plan structural

irregularities" (1988 UBC). The first group includes

1. Stiffness irregularity-soft story

2. Weight (mass) irregularity

3. Vertical geometric irregularity

4. In-plane discontinuity in vertical lateral force-resisting element

5. Discontinuity in capacity-weak story;

and the second group includes

6. Torsional irregularity

7. Reentrant comers

8. Diaphragm discontinuity

9. Out-of-plane offsets

1O.Nonparallel systems.

As mentioned earlier, the 1988 edition of UBC regula es additional requirements for each of the

above irregularities: for example, dynamic analysis is ~Uired for structures with one of the frrst

three types of irregularity; or where torsional irregularity, as defined in UBC, exists in buildings,

the effects shall be accounted for by increasing the abcidental eccentricity at each level by an

amplification factor. A complete definition of each of the above irregularity features along with

their corresponding additional requirements can be found in the 1988 edition of UBC, and further

discussion regarding them is beyond the scope of this lesearch.

Although the 1985 and 1988 editions of UBC reclmmend more or less similar static analysis

I

procedures, the 1988 edition of UBC is more specific in its regulations for the dynamic analysis

procedure. In this edition of UBC dynamic analysis ~s required for certain structures, besides



-19-

irregular buildings. These structures are specified as those "with 240 feet or more in height" and

those "which are over five stories or 65 feet in height in seismic zones 3 and 4, not having the

same structural system throughout their height".

An important issue, which has not been well appreciated by the seismic building codes, is

torsional redundancy in buildings. When only linear-elastic behavior of a structure is considered

or is of interest, the importance of providing a high degree of torsional redundancy to the structure

does not become evident. However, most buildings undergo inelastic torsional behavior in the

case of extreme or even moderate earthquake ground motions. As soon as one of the lateral load

resisting elements yields, there is a change in the location of the center of stiffness and this change

can induce a significant change in the static eccentricity and, therefore, in the dynamic eccentricity.

This usually results in an increase in the torsional rotation of the structure and therefore can lead

to serious damage in its members, or even to collapse of the building. In these cases, where inelastic

torsional behavior is inevitable, it is important to provide as many lines of defence as possible to

avoid a large increase in eccentricity between the centers of mass and stiffness and, as a result, to

prevent partial or complete failure of the building due to large torsional rotations.

2.7 Review of Previous Studies

Effects of torsion on the seismic linear-elastic and nonlinear responses of structures have

been investigated extensively in the past few years. In almost all of these studies an idealized

single-story system has been considered, and the responses of buildings as influenced by the basic

controlling parameters of the system, such as static eccentricity ratio (e Ir), uncoupled translational

frequency (wy ), and uncoupled frequency ratio (UFR), have been evaluated.

Kan and Chopra [3] have shown that the linear-elastic torsional response of multi-story

structures, which belong to a special class of buildings, can be determined by the study of a

single-story torsionally coupled system together with an N-story torsionally uncoupled counterpart

of the actual building. Therefore the use of an idealized asymmetrical single-story building model
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with at least two independent degrees of freedom (one translational and one rotational) is sufficient

to identify the more significant trends in the earthquake lesponse of the special class of torsionally

coupled systems [3].

Having analyzed a linear-elastic single-story system with an idealized (flat and hyperbolic)

response spectra technique, Kan and Chopra [2] showed that base shears and torque in a torsionally

coupled system are related to the base shear in the corresponding uncoupled system, through
I

simple interaction equations (see equation 2.19). From this relationship, they proved that the value

of total base shear in a torsionally coupled system is leJ than that in the corresponding uncoupled

system, when an idealized design spectra technique is elplOyed. In a study performed by Chandler

and Hutchinson [8] with a linear-elastic time-history a~proach it was shown that, in the response

to individual earthquakes, over some ranges of the parketers eIr and UFR, some small increase

in dynamic shear may result from lateral-torsional couJling, and hence that ignoring the presence

of the eccentricity in calculating the design story ihear forces does not always provide a

conservative estimate of response.

The importance of parameters eIr and UFR in the linear-elastic seismic response of

torsionally coupled systems has been appreciated by mlny researchers [1,2,5,6,7,8]. It was shown,

by both a time-history analysis approach and a respoLe spectra approach, that for small static

eccentricityratios andvalues ofUFRclose to unity, the fynamic amplification ofstatic eccentricity

(ed/e) is considerably large. Tso and Dempsey [5], in tteir assessment of the recommendations of

five major building codes (Canada [19]; Mexico [118]; New Zealand [20]; ATC-3 [17]; and

Germany [21]) for earthquake resistant design of torsionally coupled buildings, showed that all

the codes except that of Germany, significantly undtestimate the torsional moment and edge

displacement of a typical linear-elastic single-story ststem, when the eccentricity ratio is small

and UFR is close to unity. It was also found [5] that a bilinear relationship between the dynamic

and static eccentricities is most suitable to represent thi dynamic eccentricity in the building codes.

The same results were obtained by Chandler and Hutcl\inson [8] through the use of a linear-elastic

time-history analysis. They showed that the lateral seisLc force, taking into account the accidental
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eccentricity, is underestimated by ATC-3, and the Canadian, Mexican, and New Zealand codes,

for small to moderate eccentricities and UFR in the range 0.8 to 1.7. All the above codes provide

overly conservative estimates of lateral force response for UFR smaller than 0.8. However, the

estimate of lateral force response, given by these building codes for UFR larger than 1.7 is

reasonable. This confirms the earlier results of Kan and Chopra [6] that, for values of UFR larger

than two, lateral deformation is essentially not affected by torsion, and torsional deformation is

proportional to e/r , indicating no dynamic amplification.

The effect of torsion on the nonlinear seismic response of structures is complex and not well

understood. Although there have been several studies on the inelastic seismic response ofeccentric

structures [6,10,11,12,13,14], opinions differ regarding the importance ofdifferent parameters on

the inelastic torsional response of such structures. One reason for the diverse views is that only

four parameters are needed to evaluate the elastic response of a single mass mono-symmetrical

system, namely, uncoupled lateral frequency, systemeccentricity ratio, uncoupled frequency ratio,

and damping ratio, whereas for inelastic response studies, it is necessary to specify much more

detailed data about the structural model, such as the locations and force-deformation characteristics

of the resisting elements. It is possible to have different inelastic eccentric models having the same

overall elastic responses [10]. Another reason is that some findings are based on one or two specific

ground motion records [6,10], so that these results may be sensitive to the ground motion input.

Kan and Chopra [6], in their study of a nonlinear single-story system, stated that torsional

coupling generally affects maximum deformations in inelastic systems to a lesser degree than in

the corresponding linear-elastic systems, because after initial yielding the system has a tendency

to yield further primarily in translation and behaves more and more like an inelastic

single-degree-of-freedom system, responding primarily in translation. However, Tso and Sadek

[10] showed that significant rotational motion is involved at the instant when peak ductility demand

is reached. They also illustrated that an increase ofover 100% in ductility demand is not uncommon

for inelastic systems with large eccentricity, when compared with the response of the systems

with small eccentricity.
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It has been found [10,11] that, unlike elastic response studies, the coincidence of uncoupled

torsional and translational frequencies does not lead to abnormally high inelastic peak responses.

It was also found that effects of torsion on the element Iductility and on the edge displacement are

most pronounced for translationally stiff systems (with short lateral period) with yield strength

considerably reduced from the elastic strength deman1 [11].

Unsymmetrical distribution of yielding strength ~f the lateral load resisting elements in the

plan of a structure is an important source of lateral-torsional response in the structure, but

unfortunately has been less appreciated than other solces. Resistance (or strength) eccentricity,

er , (see Figure 2.1) is defined by Esteva [14] as "the distlnce between the centroid of the resistances

in the direction perpendicular to the eccentricity and tJe line of action of the shear force (Y-axis)

at the story of interest" . Even in symmetrical structure1 with symmetrical distribution ofmass and

lateral load resisting elements in the plan, torsional and translational motion will be coupled if the

yielding strengths of the lateral load resisting e1emenL are not distributed symmetrically in the
I

plan. Bruneau and Mahin [13] studied the effects ofresistance eccentricity on the seismic response

of different single-story systems, with and without strc eccentricity. It has been shown that the

element ductility demand will remain within reasonable bounds, compared with the ductility

demand of the corresponding concentric structure, if

1. UFR is not excessively large (preferably 1.2 and lower). Larger UFR produces larger

element ductility demand.

2. The yield level of the weaker element in the initially symmetric system is not less than

the yield level of the system with synchronized Yieldihg.

Esteva [14], in his paper regarding earthquake etgineering research and practice in Mexico

after the 1985 earthquake, defined resistance eccentricity and explained that if Q, which is the

ratio between the maximum ordinates of the linear Jd of the corresponding reduced nonlinear

acceleration response spectra, is taken as three, the reltriction must be imposed that the yielding

strengths of the structural members must be such lhat resistance eccentricity (er ) and static

eccentricity (es ) have the same sign and er is at leaJt as large as (es -O.20b), where b is the
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dimension of the story of interest in the direction parallel to the eccentI1city. For Q larger than

three the condition that er and es have the same sign is kept, but the lower bound to er is changed

to (es - 0.10 b). These results must be investigated further. It is very important that rigorous studies

be carried out on the effects of torsion on the nonlinear seismic response of structures, when both

resistance eccentricity and static eccentricity exist in the system.

2.8 Summary and Conclusions

It is clear from the preceding discussions that the linear-elastic seismic response of a

single-story system can be easily calculated. Although the torsion regulations of most building

codes are based on the behavior of such systems, they underestimate the effects of torsion on the

seismic response of structures and need to be improved. Factors such as uncoupled torsional

frequency (UFR), and static eccentricity ratio (elr) along with the other dynamic characteristics

of structures, as well as dynamic characteristics of ground motions, have to be included in the

building codes. The following are the main conclusions that can be drawn from this study:

1. Lateral-torsional linear-elastic response of single-story systems to an earthquake ground

motion depends on the static eccentricity ratio (elr), the uncoupled lateral vibration

frequency (COy), the uncoupled frequency ratio (UFR), and for damped systems the damping

ratio (~) of each mode of vibration of the structure.

2. The natural vibration frequencies of the system are influenced by lateral-torsional coupling.

This influence decreases as the static eccentricity ratio decreases, and becomes smallest

when the uncoupled frequency ratio is unity.

3. The maximum base torque and, therefore, the dynamic eccentricity of a linear-elastic

single-story system increase as static eccentricity increases. This effect is most pronounced

for systems with uncoupled frequency ratio (UFR) close to unity. Systems with closely

spaced uncoupled torsional and translational frequencies exhibit maximum dynamic

amplification of eccentricity. The dynamic amplification of eccentricity is larger when the

static eccentricity ratio (e Ir) is smaller. Most building codes, in their simplified regulations

for torsion, do not account for the effects of different values of uncoupled frequency ratio
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and static eccentricity ratio, and some of them do not even contemplate any dynamic

l'fi . £. "Th .til "f . 1amp I IcatlOn or statIc eccentnclty. ey proVI e nonconservatlVe estlmates 0 torslOna

seismic response of linear-elastic systems, wheh the static eccentricity ratio is small and

the uncoupled frequency ratio is close to unity.

A linear relationship between dynamic and stjtiC eccentricities, as prescribed by most

building codes, is not a good representation of the dynamic eccentricity (ed), because it is

nonconservative when the static eccentricity is lmall. A better estimation of the dynamic
I

eccentricity can be obtained through bilinear relationships with the static eccentricity.



CHAPTER THREE

LINEAR-ELASTIC MULTI-STORY STRUCTURES

3.1 Introduction

Linear-elastic lateral-torsional seismic response of single-story systems was discussed in

ChapterTwo. In this chaptereffects of torsion on the linear-elastic seismic response ofa multi-story

structure rather than a single-story system are discussed. A seven-story reinforced concrete

frame-wall building is studied, the plan view and elevation of which are shown in Figures 3.1a

and 3.1b. The primary structural system consists of two reinforced concrete frame-walls and six

parallel reinforced concrete space frames. This structure is subjected to earthquake ground motion

excitation in the direction of the shear walls. A similar structure was studied extensively as part

of a U.S.-Japan Cooperative Research Program [25]. A full-scale model was tested in Japan under

pseudo-dynamic loads. A 1/5 scale model was tested on the shaking table of the University of

California at Berkeley. A 1/10 model was tested at the University ofIllinois and a 1/15 scale model

was tested at Stanford University. However, in all these studies the three-dimensional torsional

effects have been practically eliminated by the design and construction of the models and the test

program.

In this chapter the effects of different static lateral load distributions on the lateral-torsional

response of this structure are investigated, then dynamic and static responses are compared. In

these studies three cases are considered; namely, the concentric structure (no eccentricity between

centers of mass and stiffness), and the eccentric structure with two different static eccentricities

of 5 apd 10 percent of the maximum dimension of the building plan, D=151 feet. These static

eccentricities are about 96 and 192 inches, respectively. It is assumed that eccentricity between

centers of mass and stiffness of the structure is due to asymmetrical variation in the distribution

of mass throughout the floors of the structure. The effects of including accidental eccentricity in

the design eccentricity (see Chapter Two), as prescribed by the building codes, are discussed at

the end of this chapter.

-25-
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3.2 Sectional Properties of Shear Walls, Columns aid Beams

In this study, all dimensions and sizes, as weIll as the mechanical characteristics of the

elements of the structure are taken to be the same as those in the U.S. Japan Cooperative Research

Program [30]. Typical beam, column and structural W~l cross sections are shown in Figure 3.2.

The cracked transformed sectional properties and the uncracked moment of inertia and cross

sectional area of a typical beam, column and wall are given in Table 3.1 [28,30]. Summaries of

the properties of a typical beam, column and shear 1all are given in Tables 3.2, 3.3 and 3.4,

respectively [30]. Finally in Table 3.5 values of dead and live loads for each floor level and also

the weight of reactive mass corresponding to each flOOrI are given.

3.3 Mathematical Discretization

The computer program ETABS [24], which is an extended version of TABS [23], is used

to analyze the structure of Figure 3.1. In this pro}am, which has the ability to perform

three-dimensional linear-elastic static and/or dynam~c analyses of structures, buildings are

idealized by a systemofindependent frames. ThecomPllte structure stiffness matrix is then formed
I

under the assumption that all frames are connected at floor level by a diaphragm, which is rigid

in its own plane. Although the assumption of a rigidfit diaphragm is usually made, its validity

for certain types of reinforced concrete structures can be seriously questioned.
I

Each joint in the building has six degrees of freedom (displacement and rotation about each

coordinate axis). Within each frame three of these de~ees of freedom (the two translations and

the rotation in the floor plane) can be transformed, uSinJ the assumption ofa rigid floor diaphragm,

to the frames' degrees of freedom at that level. The relaining three joint degrees of freedom are

eliminated by static condensation [31] before each frfe stiffness is added to the total structural

stiffness matrix. The final structural degrees of freedom per floor correspond to one rotational and

two translational degrees of freedom.

Shearwalls are modeled by beam-column elements. However, beam-column element cannot

represent the behavior of a shear wall properly. Some lf the important aspects of the behavior of

a shear wall are
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1. Rocking of the shear wall.

2. Nonlinear shear defonnation of the wall.

3. Variation in flexural and shear stiffness of the wall due to degree of cracking or variation of

axial forces.

4. Fixed-end rotation of the shear wall due to defonnation of the vertical bars along their foundation

anchorage length.

Since these aspects cannot be modeled directly by a simple beam-column element, the most logical

approach to take for modeling of the shear wall is to use finite element methods [29]. However,

using this approach is beyond the scope of this research.

Although methods to incorporate the defonnation of beam-column joints in frame analyses

have been developed [32], ETABS assumes that there is no defonnation within beam-column

joints. The validity of this assumption has been questioned in the case ofreinforced concrete joints.

A number of experimental studies on the hysteretic behavior of reinforced concrete beam-column

subassemblages [26,27] has shown that in moment-resisting frames, designed according to current

practice, the most unfavorable bond conditions exist in interior beam-column joints leading to

significant fixed-end rotations at the beam-column interfaces. Such fixed-end rotations due to

bond deterioration and shear defonnations in the joint can contribute up to 50% to overall

deflections of beam-column subassemblages after yielding of the reinforcement [27]. The above

fixed-end rotation has not been considered in the beam-column joints in this study, but as a

compromise it is assumed that all beam-column joints in the structure have zero length.

3.4 Undamped Natural Frequencies and Mode Shapes

Natural mode shapes and periods of the structure were computed. The structure has been

assumed to be completely symmetrical and therefore mode shapes and periods of vibration of the

structure are uncoupled. Periods of the structure for each mode are listed in Table 3.6. The first

three translational mode shapes in the direction of the shear walls (modes 2,6,9) are plotted in

Figure 3.3. The torsional and X-translational (in the direction of shear walls) modes of vibration

of the structure have very close periods. The uncoupled frequency ratio (UFR), which is the ratio



-28-

of uncoupled torsional frequency to uncoupled translational frequency, is about 0.93. Therefore,

as was shown in Chapter Two, effects of torsion are expLted to be significant on the linear-elastic

seismic response of this structure. This will be discusseh in more detail in the following sections.

Uncracked sectional properties (Table 3.1) have been nrd to obtain the above periods and mode

shapes. Therefore a lower bound of periods of the structure has been estimated.

3.5 Linear-Elastic Static Analysis

In this sectionresponses ofthe structure ofFigure 3.1 to static lateral loads have been studied.

To assess the effects oflateralloaddistribution profile onl the response ofthe structure, two different

lateral load profiles, with triangular and uniform disJbUtiOns, are employed. The total applied

base shear force for each profile is 13.5% of the totalleactive weight of the structure, which is

the valne that resnlts from application of the force reqrired by UBC [16] as the minimnm total

lateral seismic force. Values of lateral load acting at each floor for both triangular and uniform

lateral load profiles are listed in Table 3.7.

For each lateral load profile three cases have been considered. In the first case, in which the

lateral load resisting elements and mass are diStriburld uniformly in the plan of the structure,

center of mass (CM) and center of stiffness (CS) of the structure are coincident, and therefore the

structure is called concentric. In the second and the tHird cases CM and CS are not coincident,

and therefore the structure is called eccentric. The amornt of eccentricity between CM and CS in

the eccentric cases is assumed to be 96 and 192 inches Thich are about 5% and 10%, respectively,

of the maximum dimension of the building plan, D=1i1 feet.

In the following sections the responses of the structure of Figure 3.1 to the above lateral

load profiles are grouped as follows:

1. Displacements and inter-story drift indices.

2. Bending moments and shear forces in shear walls I d columns.

3. Bending moments in girders.
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Displacements of the structure have been computed without any load factor, whereas in computing

forces in beams, columns and shear walls a load factor of 1.4 has been utilized for dead loads, live

loads and lateral loads to comply with the requirements ofUBC [16].

3.5.1 Displacements and Inter-Story Drift Indices

Displacements of center of mass of each floor due to both triangular and uniform lateral

load profiles in the concentric case are listed in Table 3.8. In the same table displacements of wall

B, wall G and the comer of the structure, for 5% eccentricity, are listed for both triangular and

uniform lateral load profiles. These values are illustrated in Figure 3.4. It can be observed from

these results that displacements due to triangular lateral load are in general larger than those due

to uniform lateral load. Torsional rotation of the building, in the eccentric case, has the effect of

increasing the lateral displacement of the comer of the structure and wall G and decreasing that

of wall B in comparison with the displacement of the CM of the concentric structure at each floor

(Figure 3.4). Displacements of the comer of the structure and wall G for 5% eccentricity are, on

average, 22% and 16% larger, respectively, than in the concentric case, for both triangular and

unifonn lateral load profiles. The displacements of wall B, wall G, and the corner of the structure

for 10% eccentricity due to triangular and uniform lateral load profiles are listed in Table 3.9 and

shown in Figure 3.5. Displacements of the comer of the structure and wall G for 5% eccentricity

are, on average, 45% and 32% larger, respectively, than in the concentric case, for both triangular

and uniform lateral load profiles.

Inter-story drift indices (IDI) at each story for 5% and 10% eccentricities are shown in

Figures 3.6 and 3.7, respectively. These values along with the values of IDI for the concentric

case are listed in Tables 3.10 and 3.11. In these figures, IDI of wall B, wall G and the comer of

the structure for 5% and 10% eccentricities are illustrated as well as IDI of the center of mass in

the concentric case. IDI of the comer of the structure and wall G for 5% eccentricity are, on

average, 22% and 16% larger, respectively, than in the concentric case, for both triangular and

uniform lateral load profiles, whereas these values for 10% eccentricity are 45% and 32%,

respectively. It must be noted that the lateral displacements of walls are controlled by their flexural
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type of defonnation, whereas those of frames are governed by their shear type of defonnation.

Therefore when shear walls and frames are combined in a frame-wall structure, the interaction

between walls and frames will control the lateral displacements of the system. Because of this

frame-wall interaction the maximum IDI of the structlre, as can be observed from Tables 3.10

and 3.11, occurs at the fourth story. It is important to nJe that, different lateral load profiles result

in different lateral displacements and IDI, but the incrlases in these response parameters in the

eccentric case compared with the concentric case are prlcticallY the same. From the above results

it can be concluded that, lateral displacements and IDI In the structure increase with the increase

in static eccentricity, but this increase is not a functiol of lateral load profile, in a linear-elastic

static analysis.

3.5.2 Bending Moments and Shear Forces in the Shrar Walls

Bending moments and shear forces at the base of walls Band G due to both triangular and

unifonn lateral load profiles for 5% and 10% eccentcitieS are listed in Table 3.12. It can be

observed from this table that due to torsional rotation of the whole building, the bending moments

and shear forces of wall G, for 5% and 10% eccen~cities are increased, compared with the

concentric case, by 16% and 32%, respectively, no mltter which lateral load profile is utilized.

However, as was expected, bending moments at the bJse of walls Band G due to unifonn lateral

load are smaller than those due to triangular laterallold, while shear forces at the base of walls

Band G due to unifonn lateral load are larger than th1se due to triangular lateral load.

Shear forces along the height of walls Band G for 5% and 10% eccentricities and for the

concentric case due to both triangular and unifonn latJalloads are shown in Figures 3.8 and 3.9,

and listed in Tables 3.13 and 3.14. It is interesting to nLe that the increases of story shear of wall

G for 5% and 10% eccentricities, compared with the boncentric case, are about 16% and 32%,

respectively, for all stories except for the roof: for thr roof these increases are about 18% and

36%, respectively, for both triangular and unifonn lateral load profiles. The total base shear carried
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by each frame due to triangular and uniform lateral load is listed in Tables 3.15 and 3.16 in the

concentric case, and the 5% and 10% eccentric cases. As expected, walls Band G carry most of

the lateral load with 84.7% of the total triangular load and 85.2% of the total uniform load.

Although different lateral load profiles result in different shear forces and bending moments

in the columns and walls of the structure, the percentage increases of these response parameters

from the concentric case to the eccentric case are the same for both triangular and uniform profiles.

This indicates that increasing the eccentricity in the structure has the effect of increasing shear

forces and bending moments in the columns and walls but this effect is not a function ofdistribution

of lateral load in a linear-elastic static analysis.

3.5.3 Bending Moments in Girders

Maximum bending moments occur in those girders which are adjacent to the shear walls at

the fourth floor. The maximum positive and negative moments due to both triangular and uniform

lateral load profiles for the concentric case and for 5% and 10% eccentricities are listed in Table

3.17. As can be observed from this table, the maximum positive moments for 5% and 10%

eccentricities are greater than those of the concentric case, by 33% and 65%, respectively, when

the triangular lateral load profile is imposed on the structure, while these increases are 49% and

97%,respectively, in the case of the uniform lateral load profile. The maximum negative moments,

due to both triangular and uniform lateral loads, for 5% eccentricity are increased, over those of

the concentric case, by about 10%, whereas for 10% eccentricity they are increased by about 19%

for the triangular load profile, and 17% for the uniform lateral load profile. These results indicate

that the bending moments in the girders increase with increase in static eccentricity.

The above results indicate that the percentage increases in the positive and negative moments

in the eccentric cases, over those in the concentric case, are not the same. This is mainly due to

the gravity loads which have the effect of increasing absolute value of the negative moment and

decreasing that of the positive moment. Therefore the absolute values of the positive moments

are smaller than those of the negative moments. However, it must be noted that the differences

between moments in the eccentric case and moments in the concentric case are practically the
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same for both positive and negative bending moments This can be observed from Table 3.17.

Compared with the concentric case, the positive and nlgative moments for 5% eccentricity are

increased by about 323.7 in-kip and 343.6 in-kip, respktivelY, when the triangular lateral load

profile is used, and by 246.8 in-kip and 262.6 in-kip, relpectivelY, when the unifonn lateral load

profile is considered. For 10% eccentricity these diffJences are about 647.5 in-kip and 687.2

in-kip, respectively, when the triangnlar lateral load P1fi1e is used, and 493.5 in-kip and 525.3

in-kip, respectively, when the unifonn lateral load profile is considered.

3.6 Linear-Elastic Dynamic Analysis

In the following sections three-dimensional linear-elastic dynamic time-history seismic

responses of the structure of Figure 3.1 are discussed. tn earthquake record is selected hased on

the dynamic characteristics of the structure. A series ofllinear-elastic analyses of the structure is

conducted for the concentric and the eccentric cases. Ih the eccentric cases, two different static

eccentricities of 96 inches and 192 inches are conSiderd. which are about 5% and 10% of the

maximum dimension of the building plan (151 feet), res,ectivelY.These eccentricities are obtained

by non-unifonndistribution ofmass at each floor. The clmputerprogramETABS [24] is employed

in these studies; therefore the same mathematical dis~retization and assumptions, which were

explained in Section 3.3, are valid.

3.6.1 Earthquake Input and Structural Damping Ratio

The earthquake excitation that is considered in lhiS study is the N21E component of the

1952 Taft Kern County earthquake ground motion reJord [22], which is 54.4 seconds in length

and the peak acceleration is O.156g at the 9.1 seconds mlk of the record, where g is the acceleration

of gravity. The first 25 seconds of the acceleration timl-histOry are presented in Figure 3'1Oa, its

nonnalized Fourier amplitude spectrum (FAS) is s+wn in Figure 3.1Ob. The linear-elastic

response spectra (LERS) of the first 25 seconds of the Ifaft record are shown in Figure 3.11. The

first three uncoupled translational periods of vibration of the model in the direction of the shear

walls, which were estimated in Section 3.4, are also shown in Figure 3.11. The FAS and LERS

indicate that the dominant frequency content of the +aft record encompasses the fundamental
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period of the model. It must be noted that the torsional component of ground motion is not

considered here. However, it is important to mention that effects of torsion on the response of the

structure may be increased if the period of the torsional motion of the ground is equal or close to

the period of the first torsional mode of vibration of the structure.

The intensity level of the Taft ground motion used in the analyses is identified by the

increased peak ground acceleration, PGA, of the record. The results from analyses with a PGA

ofOAOg, which will be referred to as Taft-40, are presented and discussed herein. This normalized

part of the Taft record has an effective peak acceleration EPA of 0.32g. This value was obtained

using the procedure described by ATe [17]. This method may be summarized in 3 steps:

1. The 5% damped linear-elastic response spectrum, LERS, is evaluated.

2. The straight line (constant acceleration) of best fit to the spectral shape in the period range

of 0.1 to 0.5 second is selected.

3. The acceleration ordinate of the line is divided by a factor of 2.5 to obtain the EPA.

The reduction factor of 2.5 is consistent with the spectrum amplification factor suggested by

Newmark and Hall [33] for 5% damping and one sigma cumulative probability. The amplification

factors suggested by Newmark and Hall were 2.71, 2.30 and 2.01 for the acceleration, velocity

and displacement regions, respectively.

Mode shapes and periods of the structure were calculated in Section 304 (Figure 3.3, Table

3.6). The periods of the first three translational mode shapes in the direction of the shear walls are

about 0.57,0.15, and 0.07 second, respectively. Values of pseudo acceleration corresponding to

these modes (see Figure 3.11) are 0.35g, 0.30g and 0.19g, considering 5% damping ratio,

respectively. Pseudo velocities are 14, 5, and 0.5 inches per second, respectively. These values

indicate that the contribution of the third and higher modes to the response of the structure to the

Taft earthquake excitation (Figure 3.10) is practically negligible compared with that of the first

mode. From these results, the damping ratio of the structure is assumed to be 5% for all modes

because the values of damping ratio for higher modes cannot affect the total response of the

structure significantly.
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It should be noted that the mass of each floor of the building is based on the structural dead

weight and the superimposed dead load such as partilions and mechanical equipment, but live

load is not included.

Response of the structure of Figure 3.1 to Taft-iO is presented in the following sections.

The value of each response parameter in the eccentril case is normalized by the corresponding

response parameter in the concentric case. In order to study the differences between static torsion

anddynamic torsion, these normalized responseparam,L are compared with theircorresponding

values in static analyses. This is a fair comparison, because the structure is assumed to remain

elastic and therefore, in dynamic analyses these ratios are independent of the magnitude of peak

ground acceleration of the record. Similarly, in static analyses the normalized response parameters

are independent of the total value of applied laterallold.

3.6.2 Lateral Displacement and Inter-Story Drift Ildices

The displacement time-histories of the struc, due to Taft-40 in the concentric case are

illustrated in Figure 3.12 for each floor. Since the floor diaphragm of the structure is assumed to

I

be rigid in its plane, these time-histories represent the jiSPlacement of all the points in each floor.

Shapes of the displacement time-histories at all floors are similar and their amplitudes increase

with the height of the floors, indicating that higher JOdes have negligibly small effects on the

response. The maximum displacement is 2.77 inches al the roof and 0.28 inch at the second floor.

Because of torsional rotation of the whole bUildiig in the eccentric case, the maximum

displacement of wall G and the corner of the structure are larger than those of the concentric case.

This can be observed from their displacement time-hifories in the eccentric cases. Displacement

time-histories of wall B, wall G and the corner of the 1tructure for 5% and 10% eccentricities are

shown in Figures 3.13 to 3.18. The maximum values of roof displacement of wall B, wall G and

the corner of the structure, for 5% eccentricity, are 3'16, 4.81, and 5.53 inches, respectively. The

maximum displacements at the second floor, for 5% eccentricity, are 0.29, 0.47, and 0.54 inch,
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respectively. For 10% eccentricity the maximum roof displacements of wall B, wall G, and the

corner of the structure are 1.98, 5.68, and 6.53 inches, respectively. The maximum displacements

at the second floor, for 10% eccentricity, are 0.18, 0.55, and 0.65 inch, respectively.

The maximum displacements of wall B, wall G, and the corner of the structure at each floor,

in the concentric and the eccentric cases, are listed in Table 3.18 and shown in Figure 3.19. These

values for wall G and the corner of the structure are larger than those for the concentric case. It

can be observed from Table 3.18 that the values of maximum lateral displacement are increased

with the increase in static eccentricity in the structure. This effect is most pronounced in higher

floors. The maximum displacements of wall B, wall G, and the corner of the structure, for 5%

eccentricity are, on the average, 10%, 73%, and 99% larger, respectively, than those in the

concentric case. Maximum displacement of wall B for 10% eccentricity is, on the average, 31 %

smaller than that in the concentric case, whereas maximum displacements of wall G and the corner

of the structure for 10% eccentricity are, on the average, 102% and 136% larger, respectively.

Inter-story drift indices (IDI) time-histories of the structure due to Taft-40 in the concentric

case are illustrated in Figure 3.20 for each story. Since the floor diaphragm of the structure is

assumed to be rigid in its plane, these time-histories represent the IDI of all the points in each

story. Shapes of IDI time-histories at all stories are similar, indicating that the effects of higher

modes on the response are practically negligible. The interaction between walls and frames controls

the lateral displacements of the frame-wall system. This interaction, as explained earlier, is due

to the different types of deformation of walls and frames; namely, flexural and shear deformation

types, respectively. Because of this interaction between walls and frames the maximum IDI of the

structure, as can be observed from Table 3.19, occurs at the fourth story. The maximum values

ofIDI are 0.32%,0.39%, and 0.19% at the seventh, the fourth, and the fIrst stories, respectively.

Because of torsional rotation of the whole building in the eccentric cases, the maximum values

of IDI of wall G and the corner of the structure are larger than those of the concentric case. IDI

time-histories of wall B, wall G and the corner of the structure for 5% and 10% eccentricities are

shown in Figures 3.21 to 3.26. The maximum values of IDI at the seventh story of wall B, wall
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G and the comer ofthe structure, for 5% eccentricity, are 0.36%,0.56%, and 0.64%, respectively.

These maximum values ofIDI at the fourth story are 013%, 0.67%, and 0.77%, respectively. The

maximum values of IDI at the seventh story of wall B, wall G and the comer of the structure, for

10% eccentricity, are 0.24%,0.66%, and 0.76%, respectively. These maximum values of IDI at

the fourth story are 0.28%, 0.80%, and 0.91%, respecJivelY.

The maximum values ofIDI of wall B, wall G, ld the comer ofthe structure at each story,
I

in the concentric and the eccentric cases, are listed in Jable 3.19 and shown in Figure 3.27. These

values for wall G and the comer of the structure are larger than those for the concentric case. It

can be observed from Table 3.19 that increasing eccrntriCity in the structure has the effect of

increasing the values of maximum IDI. The maximum values of IDI of wall B, wall G, and the

comer of the structure for 5% eccentricity are, on Jhe average, 10%, 73%, and 99% larger,

respectively, than those in the concentric case. Maxilum IDI of wall B for 10% eccentricity is,

on the average, 29% smaller than that in the concen~c case, whereas maximum IDI of wall G

and the comer of the structure for 10% eccentricity Je, on the average, 104% and 136% larger,

respectively. It is important to note that increasing the value of static eccentricity by a factor of 2

(from 5% to 10%) increases the maximum displacement and IDI by about 19% (see Tables 3.18

and 3.19). This indicates that the increases of disPlacbment and IDI are not in direct proportion

to the increase in static eccentricity.

The above results indicate the importance of Itorsional rotation of the structure and its

frequency in conjunction with translational motion o~the structure and its frequency. According

to Table 3.6, translational and torsional periods of the structure are about 0.57, and 0.54 seconds,

respectively. As was shown in Chapter Two large amplification of the response of a structure can
I

be expected for a linear-elastic single-story system, when the uncoupled frequency ratio, UFR, is

close to unity and the static eccentricity ratio is small. This, in fact, is the case for the structure of

Figure 3.1 and, therefore, torsional and translational modes ofvibration of the structure are excited

in the eccentric case. This in effect, induces large dLplacements and IDI amplifications in the

eccentric case compared with those of the concentric case.



-37-

In order to understand the linear-elastic torsional response of the structure better, and since

most buildingcodes prescribe static analysis in their simplifiedregulations oftorsion, it is important

to compare the static torsion with the dynamic torsion. To do so, each response parameter (such

as displacement or IDI) in the eccentric case is normalized by its corresponding value in the

concentric case for both the static and the dynamic analyses. In Table 3.20 the normalized values

ofdisplacement and IDI, for 5% and 10% eccentricities, due to triangular and uniform static lateral

loads and Taft-40 are summarized. These values are computed based on the average values of

maximum displacement and IDI of the structure along the height. The normalized values of

displacement of wall B, wall G, and the corner of the structure, for 5% eccentricity, due to both

static triangular and static uniform lateral load are 0.840, 1.160, and 1.224, respectively. These

values, for 5% eccentricity, due to Taft-40 are 1.085, 1.716, and 1.972, respectively. The

normalized values of displacement of wall B, wall G, and the corner of the structure, for 10%

eccentricity, due to both static triangular and static uniform lateral load are 0.681, 1.320, and

1.446, respectively. These values, for 10% eccentricity, due to Taft-40 are 0.688,2.022, and 2.360,

respectively. Therefore the dynamic response of the structure is much larger than the static

response, because torsional and translational frequencies are very close together (UFR = 0.93),

and these frequencies are encompassed by the dominant frequency content of Taft-40. These

results indicate that the static analyses significantly underestimate (by more than 62% for 5%

eccentricity and 63% for 10% eccentricity) the effects of torsion on the seismic response of the

structure, because in a static analysis the dynamic characteristics of the structure and their relation

with the dynamic characteristics of the ground motion are not taken into account.

3.6.3 Bending Moments and Shear Forces

Bending moment time-histories at the base of wall B and wall G due to Taft-40 for 5% and

10% eccentricities and for the concentric case are shown in Figures 3.28 and 3.29. As can be

observed from Table 3.21, the maximum base bending moments of walls Band G for 5%

eccentricity are 7% and 70% larger, respectively, than those of walls Band G in the concentric

case. The maximum bending moment of wall B for 10% eccentricity is 34% smaller than the
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corresponding value in the concentric case, whereas the bending moment of wall G for 10%

eccentricity is 100% larger than that in the concentric case. The above results are compared with

the static responses of the structure in Table 3.26. As ras discussed in the previous sectiou, the

static analyses greatly underestimate the linear-elastic torsional response of the structure. The

normalized values of moment at the bases of walls Bland G for 5% eccentricity due to both the

static triangular and the static uniform lateral loads Je 0.84 and 1.16, respectively, while these

values for 5% eccentricity due to Taft-40 are 1.07 and 1.70, respectively. The normalized values

of moment at the base of walls Band G for 10% ecce1tricity due to both the static triangular and

the static uniform lateral loads are 0.67 and 1.32, rspectivelY, while these values for 10%

eccentricity due to Taft-40 are 0.66 and 2.00, respectively.

Base shear time-histories at the base of wall B an~ofwall G due to Taft-40 for 5% and 10%

eccentricity and for the concentric case are shown in Fikure 3.30. The maximum base shear forces

of walls B andG for 5% eccentricity, which are listed iJ Table 3.21, are 0.97 and 1.57 times larger,

respectively, than that of wall B (or G) in the concenJc case. These values for 10% eccentricity

are 0.57 and 1.89 (see Table 3.21). The maximum sheL forces of walls Band G along the height

of the structure, due to Taft-40, for the concentric and ~ccentric cases are listed in Tables 3.22 and

3.24 and shown in Figure 3.32. According to the Valuels of Table 3.22, shear forces of wall B and

wall G for 5% ecceutricity are, ou average, 1.03 and 1.r2 times larger, respectively, than those of

the concentric case. These values for 10% eccentricity (Table 3.24) are, on average, 0.66 and 1.97

. I . I I' . h· l . h If' .. btImes arger, respectIve y. t IS Important to note t at Increasmg t eva ue 0 statIc eccentncIty y

a factor of2 (from 5% to 10%) increases the maximul shear forces of wall G by about 22% (see

Tables 3.22 and 3.24).

The shear forces along the height of walls B an(l G, due to Taft-40, in the concentric and

the eccentric cases at the time that total base shear rea~hes its maximum value (13.5 seconds for

the concentric case, 14.2 seconds for 5% eccentricity, 14.6 seconds for 10% eccentricity) are

I

shown in Figure 3.33 and listed in Tables 3.23 and 3.25. As can be observed from the results

presented in these tables, the average values of sheJ forces of wall B along the height of the



-39-

structure for 5% and 10% eccentricities are 30% and 43% smaller, respectively, than that of the

concentric case, whereas those of wall G for 5% and 10% eccentricities are increased by 63% and

115%, respectively, compared with the concentric case.

Dynamic and static responses of the structure are compared in Table 3.26. The normalized

values of average maximum story shear of walls Band G along the height of the structure, for 5%

eccentricity, due to both the static triangular and the static uniform lateral loads are 0.84 and 1.16,

respectively, while these values due to Taft-40 are 1.027 and 1.619, respectively. The normalized

values of average maximum story shear of walls Band G, for 10% eccentricity, due to both the

static triangular and the static uniform lateral loads are 0.68 and 1.32, respectively, while these

values due to Taft-40 are 0.66 and 1.973, respectively. Therefore dynamic response of the structure

is much larger than the static response, because torsional and translational frequencies are very

close together (UFR =0.93), and these frequencies are encompassed by the dominant frequency

content of Taft-40. These results indicate, as explained earlier, that static analyses significantly

underestimate (by more than 39% for 5% eccentricity and 49% for 10% eccentricity) the effects

of torsion on the maximum value of the shear forces of wall G. It should be noted that the

underestimation of the response by static analyses (as compared with dynamic analyses) increases

monotonically, but not proportionally, with the increase in static eccentricity.

The maximum total story shears of the structure at each floor, due to Taft-40, for 5% and

10% eccentricities and the concentric case are listed in Table 3.27 and are shown in Figure 3.34.

According to the results presented in this table, the maximum total story shears for 5% and 10%

eccentricities are, on average, 14% and 28% larger, respectively, than that in the concentric case.

This result supports our discussion in Chapter Two, which stated that "total story shear of a

linear-elastic system, which is analyzed using a flat or hyperbolic ground acceleration spectrum,

will, in general, be lower in the eccentric case than in the concentric case. However, this may not

be true if a linear-elastic response spectrum (LERS), rather than an idealized design spectrum, is

utilized in the analysis of the structure or when a time-history analysis is performed".
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Total story shears of the structure, due to Taft-10' for 5% and 10% eccentricities and the

concentric case when total base shear reaches its maximum value (13.5 seconds for the concentric

I
case, 14.2 seconds for 5% eccentricity, 14.6 seconds for 10% eccentricity) are shown in Figure

3.35 and listed in Table 3.28. As can be observed frim the results presented in this table, the

average values of total story shear for 5% and 10% ecclntricities are 20% and 42%, respectively,

larger than that of the concentric case. The maximum base shear forces that are carried by each

frame in the concentric and eccentric cases are listed in Tables 3.29 and 3.30. According to the

values of Table 3.29, the normalized base shear for 5% eccentricity, that is carried by each frame,

varies from 0.970 (for frame B) to 1.861 (for frame H),1hereas these values for the static triangular

and static uniform lateral load vary from 0.773 (for frame A) to 1.227 (for frame H) (see Table

3.15). For 10% ec~entriCity (Table 3.30), tbe normalir valne of the base shear, that is carried

by each frame, vanes from 0.573 (for frame B) to 2.274 (for frame H), whereas these values for

the static triangular and static uniform lateral load val from 0.546 (for frame A) to 1.454 (for

frame H) (see Table 3.16). As mentioned earlier, srltiC analyses (as compared with dynamic

analyses) underestimate (by more than 51% for 5% ehcentricity and 56% for 10% eccentricity)

the total base shear carried by each frame.

3.6.4 Dynamic Eccentricity

Dynamic eccentricity in a single-story system is the ratio of the maximum dynamic base

torque around an axis passing through the center of Jtiffness, CS, of the floor to the maximum

dynamic base shear of the corresponding uncoupled sJtem, in which centers ofmass and stiffness

are coincident. For a mnlti-story system the dynamic tcentricity at each story may be defined as

the ratio of the maximum dynamic torque about CS at that story to the maximum dynamic

uncoupled shear force at the same story. According to this definition the dynamic eccentricity, ed'

is computed as

(3.1)
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where Td is the maximum story torque and Vois the maximum dynamic total story shear of the

corresponding uncoupled system. The dynamic amplification of eccentricity is defined as

(3.2)

It must be noted that the concept of dynamic eccentricity is to define a torsional moment,

which is to be applied as an extemalload to the corresponding concentric system. This torsional

moment is equal to that of the eccentric system. Therefore in a linear-elastic system, in which

deformations are proportional to forces, the displacements of the concentric system due to this

torsional moment will be equal to those of the eccentric system.

Dynamic eccentricities ofeach story, for 5% and 10% eccentricities, are listed in Table 3.31.

In the same table the values of dynamic amplification of eccentricity are given. These values are

variable along the height of the structure. For 5% eccentricity, the amplification of eccentricity

reaches a maximum value of 4.25 at the sixth story and a minimumof3.75 at the first story, while

for 10% eccentricity these values are 3.04 and 2.59 at the sixth and the first stories, respectively.

The value of amplification ofeccentricity, which is computed from equation 3.2, is larger at upper

stories, because the maximum values of total story shear are smaller at upper stories. Average

values of dynamic amplification of eccentricity along the height of the structure for 5% and 10%

eccentricities are about 4.1 and 2.8, respectively. Therefore the amplification of eccentricity

decreases with the increase in the static eccentricity. This result is in complete agreement with

that obtained in Chapter Two for an idealized single-story system (see Figure 2.6). Dynamic

amplification of eccentricity of a linear-elastic single-story system with the same values of UFR

is about 3.8 for 5% eccentricity and about 2.2 for 10% eccentricity, when a flat or hyperbolic

pseudo acceleration spectra is utilized to characterize the earthquake ground motion (see Chapter

Two). Practically these values are good estimates of the average dynamic amplification of the

structure of Figure 3.1, when it is subjected to Taft-40. Therefore the value of dynamic

amplification of eccentricity for a multi-story structure may be estimated, for preliminary design,

by the dynamic amplification of eccentricity obtained from analyzing an idealized linear-elastic
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single-story system with the same values ofeccentricitYI ratio (e/D) and uncoupled frequency ratio

(UFR) as those of the multi-story structure (see FiguT 2.7), using idealized flat or hyperbolic

pseudo acceleration spectra to characterize the earthquake ground motion.

3.6.5 Bending Moment in Girders

The maximum positive and negative bending moments in girders, due to Taft-40 and the

gravity loads (no load factor), take place in those girdeL which are adjacent to the shear walls at

the fourth floor. These bending moments for 5% and 10% eccentricities and the concentric case

are listed in Table 3.32. According to this table the raximum positive and negative bending

moments of girders for 5% eccentricity are 91% and 12% larger, respectively, than those in the

concentric case. These values, for 10% eccentricity, are 131% and 89%, respectively. These results

are compared with the static responses of the structurJ in Table 3.33. The normalized values of

the positive bending moments of girders, for 5% eCCehtricity, are 1.326 for the static triangular

load; 1.486 for the static uniform load; and 1.91 for Tlft-40. These values for 10% eccentricity

are 1.652 for the static triangular load; 1.971 for the Jatic uniform load; and 2.313 for Taft-40.

The normalized valnes of the negative hending mometts, for 5% eccentricity, are 1.094 for the

static triangular load; 1.083 for the static uniform loatl; and 1.62 for Taft-40. These values for

10% eccentricity are 1.188 for the static triangular lold; 1.167 for the static uniform load; and

1.89 for Taft-40. These results indicates that static analJses significantly underestimate the effects

of torsion on the seismic response of the structure.

3.6.6 State of the Art and State of the Practice

In the simplified regulations for torsional effects of most building codes, the concept of

"design eccentricity" (see Section 2.6) is emPIOyeJ. As described in Chapter Two, design

eccentricity consists of two components (see equat1n 2.21). The first component, dynamic

eccentricity, is the product of static eccentricity and an amplification factor. In UBC this factor is

unity so that the dynamic and static eccentricities are ayumed to be equal. The second component

is the accidental eccentricity. In UBC the accidental eccentricity is equal to 5% of the building

plan dimension perpendicular to the direction of grotnd motion excitation. Not only does the
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accidental eccentricity reflect the effects of unforeseen factors such as non-unifonn ground motion

along the foundation of a structure; torsional components of ground motions; and the differences

between actual and computed eccentricities, but it is also meant to compensate for the

nonconservative torsional regulations of UBC in estimating dynamic eccentricity, especially for

small values of static eccentricity. The effect of including accidental eccentricity in the design

eccentricity on the static and dynamic torsional responses of structures is assessed in this section

by considering the structure of Figure 3.1 with 5% eccentricity. According to UBC an accidental

eccentricity of 5% is to be added to the static eccentricity, and therefore the structure has to be

analyzed for 10% design eccentricity. The maximum nonnalized value of displacements for 10%

eccentricity, due to a static analysis, is 1.447, while this value due to Taft-40 is 2.359 (see Table

3.20(b)). Therefore UBC underestimates the maximum displacement of the structure by 63%.

Similarly it can be concluded from Table 3.26(b) and 3.33(b) that UBC underestimates bending

moments at the bases of walls, shear forces of walls, and positive and negative bending moments

of girders by 52%,49%,40%, and 59%, respectively.

If the accidental eccentricity is not included in the design eccentricity, the static analysis

underestimates the values of maximum displacement of the structure, bending moments at the

bases of walls, shear forces of walls, and positive and negative bending moments of girders by

61 %,47%, 39%,44%, and 48% respectively. These values are smaller (except for the positive

bending moment in girders) than those obtained after including accidental eccentricity in the design

eccentricity. Therefore including accidental eccentricity in the design eccentricity does not

compensate for the nonconservative torsional regulations of UBC in estimating the seismic

response of structures, unless the real accidental eccentricity is known to be smaller than the one

given by UBC. In this case the dynamic analysis can be conducted using the actual eccentricity

(static eccentricity plus the real accidental eccentricity) rather than the design eccentricity given

byUBC.
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3.7 Summary and Conclusions

From the studies described in this chapter it is clear that the presence of an eccentricity

between centers of mass and stiffness of the structuJ subjected to translational, unidirectional

earthquake ground motion perpendicular to the ecceJtricity, results in coupling of lateral and

torsional responses. These responses are generally larler than those which result in a concentric

system, in which centers of mass and stiffness are cOidcident. These studies clearly indicate that

a static analysis underestimates the effects of torsion In the seismic response of structures. The

following are the main conclusions that can be drawn tom these studies:

1.

2.

Lateral-torsional coupling in a structure has the effect of increasing lateral displacements,

inter-story drift indices (IDI), shear forces of wa!lls and bending moments in girders in both

static and dynamic analyses. The maximum vllues of these response parameters due to

Taft-40 ground motion increased with the incJease in the static eccentricity ratio (e/D).

However, this increase was not in direct Prop01ion to the increase in static eccentricity.

Effects of torsion on the seismic response of sJuctures can be highly underestimated if a

static analysis is utilized. The underestimatiln of maximum displacements, bending

moments at the base of a wall, and shear forces of walls from static analyses, as compared

with dynamic analyses, increases monotonically, but not proportionally, with increase in

static eccentricity. Building codes should consider the importance of dynamic

characteristics ofstructures and of the ground motion on the torsional response ofstructures.

Moreover, they have to include such factors as LCentricity ratio (e/D), translational period

of the structure, and uncoupled frequency ratil (UFR) in their simplified regulations for

torsional effects.

3. Dynamic amplification of eccentricity of the structure for 5% and 10% eccentricities are,
I

on average, 4.1 and 2.8, respectively, whereas UBC in its regulations for torsion considers

an amplification ofeccentricity equal to one. TJerefore there is a need to increase the value

of amplification of eccentricity in the pres1nt code, especially when the uncoupled

frequency ratio (UFR) is close to unity and static eccentricity ratio (e/D) is small (5%). It
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must be noted that including accidental eccentricity in the design eccentricity reduces the

amplification of eccentricity but it cannot compensate for the nonconservative torsional

regulations ofUBC in estimating dynamic eccentricity, unless the accidental eccentricity,

required by the code, is larger than what can really be expected.

4. The value ofdynamic amplification ofeccentricity for a linear-elastic multi-story structure

may be approximated, for preliminary design, by that obtained from analyzing an idealized

linear-elastic single-story system with the same values of eccentricity ratio (e/D) and

uncoupled frequency ratio (UFR) as those of the multi-story structure (see Figure 2.7),

using idealized flat or hyperbolic pseudo acceleration spectra to characterize the earthquake

ground motion.

5. Lateral load distribution profile does not play an important role in amplifying lateral

displacements, inter-story drift indices (IDI) , and shear forces of walls in the eccentric case

compared with the concentric case, in a static analysis.

6. The seven-story structure was assumed to have a unifonn 5% static eccentricity ratio (e/D)

over the height. The linear-elastic response of this structure to Taft-40 ground motion

produced a total story shear force that was, on average, 14% larger than that developed in

the corresponding concentric structure. When the static eccentricity was increased to 10%

of the maximum dimension of building plan, total story shear was increased, on average,

to a level 28% larger than that for the concentric case. This indicates that total story shear

does not always reduce in lateral-torsional coupled systems. Therefore, ignoring the effects

oftorsional couplingon the total story sheardoes not always providea conservative estimate

of the value of the total story shear.

7. The presence of an eccentricity between the centers of mass and stiffness in the structure

has the effect of inducing the greatest increase in the shear forces and bending moments

of those beams, columns, and shear walls which are at the furthest distance from the center

of stiffness. The static analysis underestimates the above effects.



CHAPTER F01UR

STRUCTURAL MODELING FOR NONLINEAR ANALYSES

4.1 Introduction

The key ingredients in any structural analysis, linjar-elastic or nonlinear, are the same. Real

structure is specified first. Then, through certain idealization or modeling, which depends on

engineering judgement, a mathematical model of this Jtructure is developed. The model is then
I

analyzed with a special computational strategy, which depends on the type of problem

(linear-elastic or nonlinear). This analysis is almost alrayS conducted by a computer program.

The results of the analysis of the model have to be interpreted, with 'engineering judgement, to

obtain results of the analysis for the real structure.

The computational strategy in linear-elastic struatural analyses is quite different from that

in nonlinear analyses. Linear-elastic analysis of sJctures is a standard procedure, and is

straightforward. There are many computer programs, rhiCh perfonu linear-elastic static and/or

dynamic analyses. These programs are generally reliable and ready-to-use. However, nonlinear

computerprograms are not usually ready-to-use, and mldification and/or correction oftheir source

code are usually needed for nonlinear analysis of strltures. There are several reasons for this

diversity between linear and nonlinear analyses. A noJlinear analysis is not a standard procedure

and solution algorithms are problem dependent. This means that a given algorithm may work

effectively for one type of nonlinearity, but not for other types, unlike a linear-elastic analysis.

Besides, nonlinear analyses are much slower and morr elaborate input data need to be provided

by the user, therefore the cost for a nonlinear analysis is significantly higher compared with a

linear-elastic one. As a result, mathematical mOdeling! of structures for nonlinear analyses needs

special attentions.

Three-dimensional nonlinear analysis of the structure of Figure 3.1, with the present
I

computer technology, is very expensive, because of Te size of the structure. However, because

of certain characteristics of frame-wall systems, whicli are explained in this chapter, it is possible

to localize the nonlinearity in the structure and to redhce the number of nonlinear elements, and
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hence reduce the cost of the analysis. This chapter is dedicated to a discussion of the modeling

procedure (idealization) of the structure ofFigure 3.1, and starts with a description of the computer

program "FACTS" [34], which is used for nonlinear static and dynamic analyses in this research.

It must be noted that the model, which is developed in this chapter, may not simulate the exact

response of the real structure of Figure 3.1. However, it is a practical model, which can be analyzed

with the present computer technology within reasonable cost and, more important, it represents

typical frame-wall systems realistically.

4.2 Description of the Computer Program FACTS

FACTS [34] is a finite element program for three-dimensional linear and/or nonlinear static

and dynamic analyses. The advantage of a general purpose program, such as FACTS, is its

capability of analyzing different structures with almost no limitation in their configurations. In

this computer program many different types of elements, with diverse action-deformation

relations, may be combined to model the structure. This is an important feature of FACTS, because

in many nonlinear structures certain elements are expected to remain linear-elastic during the

analysis. Therefore in these cases linear-elastic and nonlinear elements may be combined to model

the structure more efficiently. Different sources of nonlinearity may be introduced and several

methods of solving nonlinear problems are available.

4.2.1 Solution Strategy

FACTS performs a step-by-step analysis, accounting for material and geometric nonlinearity

as well as boundary nonlinearity (such as contact problem or friction problem). The structural

analysis is based on the direct stiffness method. Two solution strategies are available:

1. Step-by-step analysis with the Newton-Raphson (NR) equilibrium equation, using tangent or

constant stiffness.

2. Step-by-step analysis with event-to-event solution.



-48-

The fITst strategy is a mathematical iteration scheme, whereas the secondone is a physical approach,

and hence is more reliable and stable. The latter approabh, event-to-event, is used throughout this

study for both static and dynamic analyses, although the Newton-Raphson iteration scheme is

usually faster.

Loading is applied to the model by means of nodal static forces or nodal dynamic load

functions. The analysis ofnonlineardynamic response iJ achieved bydirect integration, performing

a series of linear incremental analyses in essentially the same manner as for static nonlinear

analysis. All structural masses are assumed to be lumPrd at nodes, thereby producing a diagonal

mass matrix. Translational mass as well as rotational mass may be specified for each node.

Damping can be proportional to mass, initial and/or talgential stiffnesses of the structure.

Both static and dynamic FACfS analyses are ex~uted iu double precision (64 bytes) on a

Micro-Vax workstation at the University of Oalifornia at Berkeley. The nonlinear

three-dimensional reinforced coucrete beam-column elrment, which is employed in this research,

is introduced in the next section. During the use of the computer program FACTS, the original

source code of this elemeu! was modified and co+. These modifications and corrections

range from changing input/output operations to debugging complex state determination and factor

calculation routines.

4.2.2 Nonlinear 3-D Reinforced Concrete Beam-Column Element

This element, which is shown in Figure 4.1 [35~, is intended to model inelastic reinforced

concrete beams and columns with particularemphasis ob the three-dimensional behavior. Yielding

is assumed to take place ~nlY in concentrated, zero-ljngth plastic hinges located at the element

ends (lumped plasticity model [35]). The part of the lelement between the hinge is assumed to

remain linearly-elastic. This elastic part is defined by~ axial stiffness, two flexural stiffnesses,

a torsional stiffness, and an effective shear rigidity. The hinges are assumed to have

elastic-plastic-strain-hardening behavior. All plastic dlfonnation effects are defined by means of



-49-

trilinear moment-rotation, trilinear torque-torsional twist, and trilinear force-axial extension

relationships for hinges (Figure 4.2 [35]). The stiffnesses of hinges may degrade when reversed

loading is applied. The degradation is controlled by user specified coefficients [35].

Different yielding strengths can be specified at the hinges at each end, if desired. Different

yielding strengths can be specified for axial tension and axial compression. The source code of

this element was modified so that different yielding strengths for positive and negative bending

moments can also be specified. Therefore, not only reinforced concrete columns and rectangular

beams can be modeled, but also reinforced concrete beams with T-cross sections, for example,

may be specified.

Interaction between bending moments, torque, and axial force are considered by means of

four-dimensional yield surfaces. Five different types of yield surface are available as shown in

Figure 4.3 [35]. A kinematic hardening rule is assumed for post-yield behavior, which allows for

translation of yield surface without change of size or shape.

4.3 Modeling of the Elements Sectional Properties

Moment-rotation and axial force-extensionrelationships ofbeams, columns, and shearwalls

are defined in this section. According to Figure 4.2, values of the first and the second yielding, as

well as the stiffness values have to be specified. For simplicity, it is assumed that the

action-deformation relationships are bilinear, although trilinear relationships as shown in Figure

4.2 can also be utilized. For bilinear action-deformation models, it is necessary to define FYI> Fy3 ,

Y s1 ' Y s3 ' K1, and K2 (see Figure 4.2). Values of EI, EA, and GA (where E and G are modulus of

elasticity and shear modulus, respectively, I and A are moment of inertia and area of the cross

section, respectively) for typical beam, column, and shear wall are summarized in Table 4.1 [30].

Since axial forces in beams are usually small, their moment-axial force interaction curve need not

be specified. The values of positive and negative yielding bending moments of a typical beam are

3750 k-in and 937.5 k-in, respectively [30]. Based on reference [30] a 10% hardening (value of

K2 in moment-rotation relation) is considered for beams. This value is about 1% for columns and

walls [30].
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Moment-axial force interaction curves of a typICal column and shear wall are shown in

Figure 4.4. The dashed curves in these graphs are thJse given by reference [30], and the solid

curves are the interaction relations that are used in this study. It must be noted that the portion of

dashed moment-axial force interaction curves located above the balance point, as can be observed

from Figure 4.4, is simply a straight line, which connelts the balance point to the maximum axial

force capacity of typical columns or walls. This part il an upper bound to the real moment-axial

force interaction curve. The yield surface type two (lee Figure 4.3) is employed to model the

moment-axial force interaction cnrves of columns an, walls (solid curves in Figure 4.4). As can

be observed from Figure 4.4, yield surface curves of Icolumns and walls follow the real curves

(dashed curve) very closely for axial forces smaller than the balance point, whereas for larger

values of axial forces they are not good approximation! of the real moment-axial force interaction

curves. However, this discrepancy of the model and teal moment-axial force interaction is not

I

important here, because it was observed from the results of studies, performed in Chapter Three,

that the maximum axial forces of columns and sheJ walls are well below the balance value.

Therefore, the yield surface curves (solid curves) ShOrn in Figure 4.4 are acceptable models of

the real ones (dashed curves), because they follow tile real curve quite closely for axial forces

smaller than the balance point.

4.4 Nonlinear Static Analysis

As was discussed earlier, nonlinear analysis of a jtructure is generally a slower process, and

therefore more costly, than linear-elastic analysis of the same structure. The cost of a nonlinear

analysis depends not only on the number of joints (al for a linear-elastic analysis), but what is

more important it depends on the number of nonlibear elements. Since in many structures,

nonlinearity is localized, which means only certain elJments undergo nonlinear behavior and the

rest of the structure remain linear-elastic, it is of griat importance to study the possibility of

localizing the nonlinearity in the structure befJe performing any complex expensive

three-dimensional nonlinear dynamic analysis.
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To investigate the possibility of localizing nonlinearity in the structure of Figure 3.1, its

nonlinear static responses, assuming that centers of mass and stiffness are coincident, to two sets

of monotonically increasing lateral loads are discussed here. The first set has a triangular profile,

while the lateral distribution of the second set along the height of the structure is uniform. The

structure is modeled as two-dimensional planner frames, which are connected to each other by

rigid links as shown in Figure 4.5. The total base shear of the system against the inter-story drift

index (illI) of the first story due to both the triangular and uniform lateral loads is shown in Figure

4.6. The total base shear of the structure, the total base shear of frames (excluding walls), and the

total base shear of walls are plotted against the IDI of the first story for the triangular and uniform

lateral loads in Figures 4.7(a) and 4.7(b), respectively. It can be observed from these Figures that

the nonlinear behavior of the structure is initiated by yielding of shear walls at the base. The IDI

of the first story at the first yielding is about 0.09% and the total base shear of the structure due

to the triangular and uniform loads are 1217 and 1408 kips, respectively.

Values of base shear carried by shear walls, frames (excluding walls), and the whole

structure, corresponding to the first yielding and the incipient collapse for both triangular and

uniform lateral loads, are listed in Table 4.2. It can be observed from the values of this table that

about 88% of the total base shear of the structure, at the first yielding, is carried by the shear walls.

This value at the incipient collapse is 52% for the triangular load and 60% for the uniform load.

This result shows that shear walls dominate the response of the structure up to the first yielding.

Thereafter, as can be observed from Figure 4.7, the frames start taking more and more shear force.

However, the frames never carry more shear force than the walls and, at incipient collapse, they

carry only 49% and 40% of the total base shear of the structure for the triangular and uniform

loads, respectively. It is of great importance to note that response of frames (excluding walls) is

practically linear-elastic up to an IDI of the first story equal to 0.54%, which is about 6 times

larger than that of the first yielding. It can therefore be concluded that frames A,C,D,E,F, and H
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can be :''Jnsidered to remain linear-elastic, while frames Band G are nonlinear. This realistic

assumption reduces the total number of nonlinear elelents from 560 to 70, and localize the

nonlinearity in frames Band G.

The values of total strength of the structure under triangular and uniform lateral load are

2241 kips and 2773 kips, respectively. These values are about 26.5% and 32.8%, respectively, of

the total reactive weight of the structure (8462.1 kips), while the UBC strength demand is about

13% of the total reactive weight.

4.5 Further Simplification of the Model

The number of nonlinear elements was reduced, 1:>y a factor of 8, by localizing nonlinearity

in the structure. However, three-dimensional nonlineJ dynamic analysis of this model is still

impractical, because the model is too big. Further Sijplification of the model is possible. As

discussed earlier aud from Table 4.2, it cau be easily rbserved that the total base shear of the

structure is predominantly resisted by the shear walls. This is an important characteristic of

frame-wall systems, aud because of that the nonlinear fsponse of the model very much depends

on the behavior of frames Band G. Hence, to simplify the model further, it was decided to combine

frames A,C,D,E,F, and H in two linear-elastic framesl C' and F' as shown in Figure 4.8. The

sectional properties of the frame C' are nothing but t+ summatiou of those of the frames A,C,

and D. Similarly, the sectional properties of the frame IF' are defined as the combination of those

of the frames E,F, and H. The sectional properties of lhe longitudinal beams (Ll) in the model

are twice as much as those of a longitudinal beam in the itructure, therefore the outriggering action

of the frames on the shear walls is simulated properly in the model. Sectional properties of the

longitudinal beams (L2) are yet to be specified.

In Chapter Two it was shown that two linear-elastic single-story systems will have the same

response if they have the same mass, damping, translaJional frequency and uncoupled frequency

ratio. Since the mass and damping of the model are t~e same as those of the real structure, the

model will simulate the response of the real structurj if their frequencies are equal. Therefore

sectional properties of beams L2 can be best calculatjd by matching the frequencies of the real
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structure and those of the modeL To achieve this, the frequencies ofthe model for different sectional

properties of beam L2 were computed and compared with those of the real structure. From this

study, it was found out that the frequencies of the model and structure are practically the same,

when the stiffness ofbeams L2 is 9 times larger than that ofa longitudinal beam ofthe real structure.

Figure 4.9 shows the periods of each vibrational mode of the model; these values are listed in

Table 4.3. Natural periods of the real structure are also given in this table and shown by dots in

Figure 4.9, for comparison.

It must be noted that the model, which has been developed in this chapter, may not simulate

the exact response of the real structure of Figure 3.1. However, it is a practical model, which can

be analyzed with the present computer technology within reasonable cost and, more important, it

represents typical reinforced concrete frame-wall systems realistically.

4.6 Mass and Damping

The translational mass of each floor is listed in Table 4.4. Damping is assumed to be in the

form of Rayleigh damping, which is proportional to mass and initial stiffness, and computed by

(4.1)

where C, M, and K are the damping, the mass, and the stiffness matrices of the structure,

respectively. Factors ao and at can be calculated by

(4.2)

Where (Oi and ~i are frequency and damping ratio of the ith mode, respectively. The natural

frequencies of the model with cracked sectional properties are listed in Table 4.3. It is assumed

that the second and the sixth modes, which are the first two translational mode shapes in the

direction of shear walls, have 5% damping ratio. Therefore from the above formula ao and at are

computed to be 0.67133 and 0.00238, respectively. The modal damping ratios for each mode can

be calculated by
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1(ao )1;; = 2 Oli +alii
These values are shown in Figure 4.10 for each mode shape.

(4.3)

1.

4.7 Summary and Conclusions

The model ofthe structure ofFigure 3.1 develope, in this chapter has the following features:

Nonlinear three-dimensional reinforced concrete beam-column elements are used to model

the beams, columns, and shear walls.

2. Yielding is assumed to take place only in concenttated, zero-length plastic hinges located at

the element ends (lumped plasticity model).

3. All plastic deformation effects are defined by means of bilinear action-deformation

relationships for hinges.

4. Interaction between bending moments, torque, ana axial force are considered by means of a

four-dimensional yield surface.

5. A kinematic hardening rule is assumed for post-yield behavior, which allows for translation

of yield surface without change of size or shape.

6. The solution strategy is based on a step-by-step analysis with the event-to-event algorithm.

It has been shown that the model represents tyJical frame-wall systems realistically, and

therefore, in the next chapter the effects of torsion on its linear and nonlinear seismic responses

will be assessed.



CHAPTER FIVE

NONLINEAR INELASTIC MULTI-STORY STRUCTURES

5.1 Introduction

As was discussed in Chapter Two, there have been some studies regarding inelastic seismic

response of eccentric systems. In most of them the response of an idealized single-story system

has been evaluated. However, there are diverse opinions regarding the importance of different

parameters on the torsional response of structures, indicating that nonlinear torsion is not yet well

understood. Therefore, in order to improve present knowledge about the nonlinear torsional

behavior of real buildings, it is necessary to study the effects of torsion on the seismic nonlinear

response of multi-story structures. In this chapter three-dimensional nonlinear response of

reinforced concrete frame-wall structures to ground motion excitations is discussed. The

mathematical model of Figure 5.1 is used in these studies. This model, which represents typical

frame-wall structures, was developed in Chapter Four. The computer program FACTS [34] is

employed in these studies.

An earthquake record is selected on the basis of the dynamic characteristics of the structure.

A series of nonlinear analyses of the model, subjecting it to different excitation levels of this

record, is conducted. For each excitation level three cases are studied; namely, the concentric

model, and the eccentric model with two different initial static eccentricities of 5 and 25 percent

of the maximum dimension of building plan, D=151 feet. These initial static eccentricities are 96

and 453 inches, respectively. It is assumed that eccentricity between centers of mass and stiffness

of the structure is due to asymmetrical variation in the distribution of mass throughout the floors

of the model· and therefore the location, stiffness, and yielding strength of the lateral resisting

elements remain unchanged. In this case it is assumed that the center of stiffness (CS) and the

center of resistance (CR) are both located on the geometric centroid of the structure.

The effect of introducing unsymmetrical distribution of yielding strength of lateral load

resisting elements on the seismic response of the structure is discussed next. In these studies the

resistance eccentricity, as shown in Figure 5.1, is measured with respect to the geometric centroid
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of the structure, which in this case is coincident with tile initial location of the center of stiffness.

I

Therefore no resistance eccentricity means that yielding strength of the lateral load resisting

elements is distributed symmetrically in each story. It is important to note that if it is desired to

keep the distribution of stiffness unchanged, the 10giCIal approach to reduce torsional effects on

the seismic response of the structure (by having the shear walls yield at the same time) would be

to design the yielding strength of the walls such that tJe center 'of resistance (CR) coincides with
I

the center of mass (CM) and not with the center of stiffness (CS).

In all the above studies, the nonlinear dynamic Jesponse of the structure is compared with

that of the linear-elastic structure. This is particularly Jmportant in revealing the error that can be

made when the real elastic-inelastic seismic response 10f a structure is to be estimated just by its

linear-elastic dynamic behavior.

5.2 Earthquake Input

The earthquake excitation that is considered in this study is the N21E component of the

1952 Taft Kern County earthquake ground motion rebord [22], which is 54.4 seconds in length

and the peak acceleration is O.156g at the 9.1 seconds mLk of the record, where g is the acceleration

of gravity. The first 25 seconds of the acceleration tinle-histOry are presented in Figure 3. lOa, its

I

normalized Fourier amplitude spectrum (FAS) is shown in Figure 3. lOb. The linear-elastic

response spectra (LERS) of the first 25 seconds of thJ Taft record are shown in Figure 3.11.

Limitation of available computer memory storaJe and also the fact that the available version
I

ofFACTS is a slow program, are the two main reasons for using a truncated record for this research.

In this study only 8 seconds of the above record, fro4 the 2.74 second to the 10.74 second mark

of the record, have been used in the nonlinear dynam~c analyses. This part of the ground motion,

which is shown in Figure 5.2a contains important f+tures of the record such as long duration

pulses and the peak ground acceleration. The FAS and LERS of this acceleration time-history are

shown in Figures 5.2b and 5.2c, respectively. The fJst three uncoupled translational periods of

vibration of the model in the direction of the walls, Lhich were estimated in Chapter Four, are

also shown in this figure. The FAS and LERS indicatl that the dominant frequency content of the
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Taft record encompasses the fundamental period of the model. From the comparison of the LERS

of the whole record (Figure 3.11) with the LERS of the truncated record (Figure 5.2c), it can be

observed that the latter obtains smaller values of pseudo velocity, indicating that the truncated

record is not as critical as the whole record.

It must be noted that the torsional ground motion is not considered here. However, it is

important to mention that effects of torsion on the response of the structure may be increased if

the period of the torsional ground motion is equal or close to the period of the first torsional mode

of vibration of the structure.

The different intensity levels of the Taft ground motion used in the analyses are identified

by the increased peak: ground acceleration, PGA, of the record. The results from analyses with

three PGA (0.18g, OAOg, and 0.60g, referred to as Taft-18, Taft-40, and Taft-60, respectively) are

presented and discussed herein. These normalized parts of the Taft record have an effective peak:

acceleration EPA ofO.14g, 0.32g, and OA8g, respectively. These values were obtained using the

procedure described by ATe [17], and summarized in Section 3.6.1 in Chapter Three.

5.3 Nonlinear Dynamic Response of the Model to Taft-40

5.3.1 Displacements

The displacement time-histories of the model due to Taft-40 in the concentric case are

illustrated in Figure 5.3 for each floor. Since the floor diaphragm of the structure is assumed to

be rigid in its plane, these time-histories represent the displacement of all the points in each floor.

As expected, shapes of the displacement time-histories at all floors are similar and their amplitudes

increase with the height of the floor. The maximum displacement at all floors occurred at about

4.15 seconds of the response. These values, which are listed in Table 5.1, are about 4 inches at

the roof and 0.6 inch at the second floor.

The displacement time-histories of walls G and B due to Taft-40 for 5% eccentricity are

illustrated in Figures 5.4 and 5.7 respectively. It can be observed from these plots that the shapes

of displacement time-histories of wall G are similar at all floors, while they attain larger values

at upper floors. This is also true for the displacement time-histories of wall B.
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The maximum displacements of wall G in this case, which are presented in Table 5.1, occur

at about 4.2 seconds of the response at all floors. The1se values are almost equal to those in the

concentric case. It is important to note that disPlaceJent time-histories of wall G, as shown in

Figure 5.4, attain a very large value at about 1.2 secon~s of the response. The value of this large

displacement is very close to the maximum disPlacemet of wall G, which occurred at 4.2 seconds,

and is about 34% larger, on average, than the peak dilplacement of the concentric case at about

I

1.17 seconds. The displacement time-histories of wall G becomes similar to those in the concentric

case after about 2 seconds. The reason for this behaJior in the eccentric structure will become

clear when time-histories of plastic hinge rotation at t~e bases of walls discussed later.

The maximum displacements of wall B in thil case, which are presented in Table 5.1,

occurred at 4.4 seconds of the response, except at the lecond and the third floors. At these floors

I

the maximum displacements occur after 6.6 seconds. It can be observed from the values of Table

5.1 that displacements of wall Bare 18% smaller, on average, than those in the concentric case.

It is important to note that between 4 and 6 seconds ofdie response, the displacement time-histories

of wall B do not oscillate about the zero disPlacemebr axis. This is due to permanent inelastic

displacement of wall B that occurred at about 4.4 seclnds. This is also true in the case of wall G.

Floordisplacement time-histories ofwall G due tlTaft-40 for 25% eccentricity are illustrated

in Figure 5.5. It can be observed from these plots that lhapes of displacement time-histories at all

floors are similar while they attain larger values as the height of floor increases. The displacement

time-historiesofwall G in this case are quite different from those ofthe concentric and 5% eccentric
I

structures. To explain this difference it is necessary tl study the response of the model to a static

I

lateral load as shown schematically in Figure 5.6. In this figure lateral load V is applied statically

to the center of mass of the model. The effect of thi' lateral load, whichgenerates a story shear

and a story torque, is lateral translation and torsional rtation of the model. This latter component

of motion increases the lateral displacement of wall G and decreases the lateral displacement of
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wall B. The larger the eccentricity, the more torsional rotation can be experienced by the model

and this in effect, leads to larger displacement of wall G and smaller lateral displacement of wall

B.

Once one of the lateral load resisting elements yields the location of the current center of

stiffness changes. This will increase the eccentricity between the centers of mass and stiffness and

therefore, increase the torque. The increment of applied lateral force .has an increasing effect on

the value of base shear of wall B, whereas the increment of applied torque has a decreasing effect

on the value of base shear of wall B. For 5% eccentricity the increasing effect of lateral force

increment is larger than the decreasing effect of torque increment, as will be shown numerically

later. Therefore wall B yields immediately after wall G. However, for 25% eccentricity the

increasing effect of lateral force increment cannot overcome the decreasing effect of torque

increment, therefore wall B, which never yields in this case, has a shear force much smaller than

that of wall G. Therefore the response of the 25% eccentric model is different from those of the

concentric and 5% eccentric models.

From analysis of the displacement time-histories of wall G due to Taft-40 for 25%

eccentricity shown in Figure 5.5, three distinct displacement peaks can be easily observed. These

peaks occur at about 1.3,3.7 and 6.6 seconds of the response. The first distinct peak, which occurs

during the first two seconds of the response, is also the maximum displacement value. This was

not observed for 5% eccentricity, because torsional rotation and translational motion of the model

are prasticallY in phase, whereas for 25% eccentricity these motions are out of phase due to large

initial eccentricity.

The maximum values of the displacements of wall G due to Taft-40 and 25% static

eccentricity are presented in Table 5.1. In this table ratios of wall G maximum displacements to

those of the concentric case at each floor are also given. According to these ratios, the maximum

values of displacements of wall G for 25% eccentricity are 58% larger, on average, than those in

the concentric case.
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The displacement time-histories of wall B due to Taft-40 for 25% eccentricity are illustrated

in Figure 5.8. It can be observed from these plots that tHe shapes of the displacement time-histories

at all floors are similar, while they attain larger 1a1ues at upper floors. The displacement

time-histories ofwall B are quite different from those ofthe concentric and 5% eccentric structures.

The difference of the response ofwall B in this case f1m those of the concentric and 5% eccentric

structures becomes more clear by comparing Figure 5.8 with Figures 5.3 and 5.7. Referring to

I

Figure 5.6, it becomes clear why the displacement 0, wall B is smaller in this case than for the

concentric and 5% eccentric models. I

As explained earlier and shown in Figure 5.6, the total shear force ofthe wall is a combination

of shear due to lateral force, induced by translational ihertia forces, and shear due to story torque,

induced by torsional inertia. The contribution of torqle to the total shear of the wall is larger for

25% eccentricity and therefore the total shear force Jwall B becomes so small that it does not

even yield during Taft-40 and basically responds elastlcallY. Therefore, the period of vibration of

wall B, which not only depends on mass but also depehds on its current stiffness, is shorter in this

case than that of the concentric and 5% eccentric mfels. The maximum displacements of wall

B at all floors occur at 4 seconds of the response in this case. These maximum values are listed

in Table 5.1. The smaller values of displacement of tall B, compared with those of wall G, are

obvious from this table. The maximum displacemems of wall B in this case are, on average, of

69% lower than those of the concentric case.

In order to grasp the effects ofdifferent eccentri<i:ities in the comparison of nonlinear torsion

with linear torsion, and in an attempt to clarify the abovl discussion further, the linear and nonlinear

responses of the structure are compared next. The lilear-elastic displacement time-histories of

walls Band G due to Taft-40 for the concentric casel 5% eccentricity, and 25% eccentricity are
I

shown in Figures 5.9 to 5.13. The maximum displacebents of the walls for these cases are listed

in Table 5.2. The following observations can be madl.
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1. The period of the structure is modified by introducing eccentricity in the system even in the

linear-elastic range. This is due to coupling of lateral and torsional motions in the structure

for the eccentric cases. This results in an increase in period of the response of wall G and a

decrease in period of the response of wall B compared with the concentric case. Note that,

in all the previous cases the nonlinear responses of the structure, as shown in Figures 5.3 to

5.8, have larger periods than those of the linear-elastic responses, which are shown in Figures

5.9 to 5.13.

2. The linear-elastic displacement time-histories of wall G due to Taft-40 for the concentric

case, 5% and 25% eccentricities are very similar in shape (not in order ofmagnitude), whereas

the nonlinear displacement time-histories of wall G for 25% eccentricity, as pointed out

earlier, are quite different from those for the concentric case and 5% eccentricity. This

observation indicates that the modification of the response of the structure due to change in

location of the center of stiffness for 25% eccentricity continues up to the end of the response,

whereas for 5% eccentricity this modification is minor because wall B, as explained earlier,

yields immediately after wall G and the center of stiffness returns almost to its initial location.

3. The linear-elastic and nonlinear displacement time-histories of wall B for 25% eccentricity

are very similar in shape (not in order of magnitude). This confirms that wall B, as mentioned

earlier, behaves elastically in the 25% eccentric nonlinear structure.

4. The values of maximum linear-elastic displacements of wall G for 5% eccentricity are larger

than those for 25% eccentricity, because, as discussed in Chapter Two, the smaller the

eccentricity ratio in a linear-elastic system, the larger is the dynamic amplification of the

response.

5. The values of maximum linear-elastic and nonlinear displacements of wall G for 5%

eccentricity are very close at lower floors. However, linear-elastic displacements of wall G

at upper floors are larger than the nonlinear ones, because plastic rotations at the base of walls

modify the behavior of the structure from a cantilever type of building to a shear type of

building. In other words, when the shear walls yield the frame-wall behavior of the structure
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is controlled by frame action rather than wall action. For the same reason, the values of

maximum linear-elastic displacement of ,Wall 0 for 25% eccentricity are smaller than the

nonlinear ones at all floors except at the seventh floor and at the roof.

Envelopes of the maximum nonlinear floor disPllcement ofwalls Band 0 for the concentric,

5% and 25% eccentric structures are presented in FigJe 5.14. Itis obvious from Figure 5.14a that
I

maximum displacements of wall B along the height ofT the structure decrease with increase of the

initial eccentricity. For 5% eccentricity the maximuk displacement of wall B decreases by a

maximum value of 20% at the fourth floor and a milmum value of 15% at the roof. For 25%

eccentricity, however, the maximum decrease is 78% aJ the second floor and the minimum decrease

is 64% at the roof. From the results shown in FiJure 5.14b, it is clear that the maximum

displacements of wallO along the height of the strucfure for 5% eccentricity are practically the

same as those for the concentric case, while these valu6s for 25% eccentricity are larger than those

for the concentric case. The maximum displacement bf wallO increases by a maximum of 71%

at the second floor. This was not the case when the sJatic eccentricity was 5%. In the latter case

the maximum displacement ratio was at the roof. For 51% eccentricity, where the amount ofplastic

rotation at the baseofthe wall is smaller, wall 0 behaves more like a cantilever beam with maximum
I

displacement at the roof, whereas for 25% eccentricit1 the amount of yielding in wall G increases

and wall 0 behaves more like a shear beam with largr displacement at the second floor.

From the envelope of displacements shown jn Figure 5.14 it becomes clear that the

displacements ofwall Bfor 25% eccentricity are so sm1ll that wall B responds elastically. However,
I

the displacements of wall 0 are significantly larger dian those for the concentric case because of

the large initial static eccentricity in this case, whicJ results in very early yielding of this walL

However, it is not clear why the maximum disPlace1ents for 5% eccentricity are practically the

same as those in the concentric case. To find an explanation for these results, the plastic hinge

rotation time-histories at the bases of walls Band 01 in the concentric and eccentric structures,

shown in Figure 5.15, must be studied. Zero plastic Jinge rotation at the base of a wall indicates

that the response of the wall is linear-elastic.

I
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Theplastic hinge rotations at the base ofwall G for the concentric and 5% eccentric structures

are compared in Figure 5.15a. In Figure 5.15b the concentric and 25% eccentric models are

compared and Figure 5.15c illustrates the plastic hinge rotation at the base of wall B in the

concentric and 5% eccentric models. Wall B for the 25% eccentric model, subjected to Taft-40,

does not show any inelastic behavior. The maximum values of plastic hinge rotation at the bases

of walls Band G during the first 2 seconds and the 8 seconds of the response are listed in Table

5.3. In the first two seconds of the response the plastic hinge rotation at the base of wall G for 5%

eccentricity attains a peak value which is 60% larger than that in the concentric case, whereas the

maximum plastic hinge rotation at the base of wall G during the whole 8 seconds of response is

almost the same as that in the concentric case. Moreover, Figure 5.15c indicates that for 5%

eccentricity wall B yields right after wall G. Once both walls yield the current eccentricity between

centers of mass and stiffness decreases to about the initial static eccentricity of the structure, and

therefore the response of the structure becomes very similar to that of the concentric case because

the initial eccentricity is small.

The above results can be explained by analyzing Figures 5.6 and 5.16. It has already been

mentioned that, in the eccentric models shear forces of the walls are due to a combination of the

effect of lateral translational inertia force (lateral force), and the effect of torsional inertia (torque).

The contributions from each of these are shown in Figure 5.6. It is a reasonable approximation to

assume that the increment of shear force of a wall due to incremental lateral force and due to

incremental torque are

(~V)ec
~V GT = ~V BT = D

where

~VBS is increment of shear force of wall B due to increment of applied lateral force,

~VGS is increment of shear force of wall G due to increment of applied lateral force,

(5.1)

(5.2)
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tlVBT is increment of shear force of wall B due to increment of applied torque,

tlVGT is increment of shear force of wall G due to incrlment of applied torque,

tlV is increment of applied lateral load,

ec is current eccentricity between CM and CS, and

D is distance between walls Band G (shown in Figur~ 5.1).

Therefore values of total increment of shear forces of rallS B and G are

tlV (tl ¥)ec
tl VB =---+-,-

2 D

I

tl VG = tl; + (tl :b)ec (5.4)

Base shear of walls Band G, for 5% eCCentricit, right before yielding of wall G are 658

kips and 757 kips, respectively. In the next step thesel values increase to 71l kips and 986 kips,

respectively. Substituting these values in the above equation leads to
I

(tl V)ec = 0 6241tl V
D . 12

Therefore, the decreasing effect of torque on the bJse shear of wall B cannot overcome the

increasing effect of lateral force. Hence wall B yields iimediatelY after wall G. On the other hand,

for 25% eccentricity the same calculations lead to

(tl V)ec tl V
D = 1.7692 (5.6)

I

Therefore, the decreasing effect of torque on the base Shear of wall B is larger than the increasing

effect of lateral force. Hence wall B never yields even lfter wall G experienced large plastic hinge

rotation at its base. I

In Figure 5.16 total base shear forces of each wall against inter-story drift index (illI) of the

first story at the time that wall G has just yielded are shown schematically. For 5% eccentricity

shear forces produced by torque are small enough that the total shear force of wall B is close to

that of wall G. Therefore wall B yields right after wlll G. However, for 25% eccentricity shear

I

I
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forces produced by torque are so large that the total shear force of wall B is significantly smaller

than that of wall G. In this case wall B does not yield even after wall G experienced large plastic

hinge rotations at its base.

For25% eccentricity the maximumplastic hinge rotation at the base ofwall G occurs between

the 1.34 and the 1.48 secondmarks ofthe response and is 1.93 times larger than that in the concentric

case during the whole 8 seconds of the response (see Table 5.3). This maximum value is 3.55

times larger than the peak value in the concentric case during the first two seconds of the response.

In this case with 25% eccentricity, wall B never yields and this is mainly due to large initial

eccentricity of the structure.

From the above discussion it now becomes clear that when the initial eccentricity of a

structure is small enough (5%) that the main lateral resisting elements yield one after the other,

the lateral and torsional motions of the system may not be significantly coupled and therefore

response of the structure is similar to that of the concentric case. However, for larger (25%) initial

eccentricities the lateral-torsional coupling affects significantly the response of the structure when

compared with the concentric case.

5.3.2 Inter-Story Drift Indices

Inter-story drift indices (illI) time-histories of the model due to Taft-40 in the concentric

case are illustrated in Figure 5.17 for each story. It can be observed from these plots that shapes

of the IDI time-histories are similar at all stories. The maximum values of IDI at all stories occur

between 4.15 and 4.20 seconds of the response. These values, which are listed in Table 5.4, attain

a maximum of 0.52% at the fourth story and a minimum of 0.38% at the first story.

The IDI time-histories of walls G and B due to Taft-40 for 5% eccentricity are illustrated

in Figures 5.18 and 5.19, respectively. The maximum IDI of wall G at all stories occurred at the

4.195 seconds mark of the response, except at the seventh story, in which it occurred at the 4.245

seconds mark of the response. The maximum values of IDI of wall G are almost equal to those

of the concentric case. These values, which are presented in Table 5.4, attain a maximum of0.53%

at the fourth story and a minimum of 0.36% at the first story. It must be noted that the IDI
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time-histories of wall G, shown in Figure 5.18, attain a peak value within the first two seconds,

which on average is about 33% larger than that in the cobcentric case. However, IDI time-histories

of wall G become similar to those in the concentric casb after 2 seconds. The reason, as explained
I

in the previous section and illustrated in Figures 5.6 and 5.16, is due to immediate yielding of wall

B after wall G in this case. I

The maximum IDI of wall B at all stories OCCllred at about the 6.5 seconds mark of the

response, except for the third story. These values, whicp are given in Table 5.4, attain a maximum
I

of 0.46% at the seventh story and a minimum of 0.31 % at the first story. It can be observed from

this table that the maximum IDI ofwall B are 13% smalllr, on average, than those for the concentric

case. It is important to note that, between 4 and 6 secobds of the response, the IDI time-histories

of wall B (Figure 5.19) do not show oscillation aboutl the axis of zero displacement, and this is

due to permanent plastic rotation locked in at the base of wall B during this period.

The IDI time-histories ofwall G due to Taft-40 f(j)r 25% eccentricity are illustrated in Figure

5.20. The shapes ofIDI time-histories at all stories are similar. There are 3 distinct peaks at about

1.3,3.7, and 6.6 seconds of the response. The first distinct peak, which occurs during the first two

seconds, is also the maximum IDI of wall G. The IDI tJme-histOries in this case are quite different

from those for the concentric and 5% eccentric mOdell (Figures 5.17 and 5.18).
I

The maximum values of IDI of wall G along the height of the structure, which are presented

in Table 5.4, have a maximum of 0.79% at the fifth ltory and a minimum of 0.65% at the first
I

story. In this table ratios of the maximum values of IDI for wall G for the eccentric structure to

that for the concentric case are also given. According io these ratios, the maximum values of IDI

ofwall G are generally larger than those for the concenkc case. The average increase ofmaximum
I

IDI of wall G with respect to the concentric case is 5~%.
i

The IDI time-histories of wall B for the 25% bccentric model, subjected to Taft-40, are

illustrated in Figure 5.21. The shapes of IDI time-histJries at all stories are similar. However, the

IDI time-histories of wall B are quite different from I those of the concentric and 5% eccentric

structures, as can be observed by comparing Figure 51.21 with Figures 5.17 and 5.19. The initial

I
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eccentricity in this case is so large that the torsional effects reduce the value of shear force acting

on the wall B significantly, and therefore wall B responds elastically, as discussed in the previous

section. The maximum values of IDI of wall B occur between 1.24 and 1.34 seconds at all stories.

These maximum values, which are given in Table 5.4, are obviously smaller than the concentric

case and have a maximum of 0.20% at the fifth story and a minimum of 0.08% at the first story.

The maximum IDI of wall B in this case is 64% smaller, on average, than that for the concentric

case.

Envelopes of IDI profiles of walls Band G for 5% and 25% eccentricities are presented in

Figure 5.22. It is obvious from Figure 5.22a that the maximum values of IDI of wall B decrease

with the increase of initial static eccentricity. These values decrease by a maximum of 20% at the

second story and a minimum of 7% at the seventh story for 5% eccentricity. However, for 25%

eccentricity the maximum decrease is 78% at the first story and the minimum decrease is 59% at

the seventh story.

The maximum values of IDI of wall G along the height of the structure for 5% eccentricity

are shown in Figure 5.22b. These values, as expected after the discussion of the previous section,

are practically the same as those in the concentric case, whereas the maximum values of IDI of

wall G for 25% eccentricity are larger than those in the concentric case and increase by a maximum

of 71% at the first story and a minimum of 49% at the fourth story compared with the concentric

case.

5.3.3 Story Shear Forces

Story shear time-histories of wall B (or G) for the concentric model, subjected to Taft-40,

are shown in Figure 5.23 for each story. The maximum values of story shear of a wall in this case,

which are listed in Table 5.5, are larger, as expected, at lower stories.

Story shear time-histories of walls G and B due to Taft-40 for 5% eccentricity are presented

in Figures 5.24 and 5.25, respectively. The maximum values of story shear of walls B and G,

which are listed in Table 5.5, are larger at lower stories. From the values of this table it cali be

observed that the maximum story shear of walls for 5% eccentricity are practically the same as
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those for the concentric case. The maximum story shiar value for wall G for 5% eccentricity is

only 3% larger, on average, than those for the concentric case, while the maximum shear for wall
I

B is only 2% smaller, on average. From the values ot Table 5.5, it can be observed that shear
I

forces of walls Band G for 5% eccentricity are very flose. This, as was already discussed and

illustrated in Figures 5.6 and 5.16, is the main reason that wall B yields right after wall G for 5%
I

eccentricity. Therefore its response in this case is similar to that of the concentric modeL

Story shear time-histories ofwalls G and B due to raft-40 for 25% eccentricity are illustrated

in Figures 5.26 and 5.27, respectively. The story shear time-histories of walls in this case are

completely different from those for the concentric an~ 5% eccentric models, shown in Figures

5.23 to 5.25. The maximum values of story shear of will B, which basically responds elastically,
I

occur at 4 seconds of the response, at all stories. Thes~ values, which are listed in Table 5.5, are

generally smaller than those in the concentric case. T~e average reduction of wall B shear in this
I

case is 51% compared with the concentric case.

The maximum story shears of wall G, which are Igiven in Table 5.5, are larger than those in

the concentric case. The average increase of wall G sHear for 25% eccentricity is 58% above the

correspondingvalue in the concentric case. The maximJmbase shearofwall G for 25% eccentricity

I

is 1.713 times larger than that for the concentric case. This is a large increase considering the fact
I

that wall G yields in the concentric case (see Figure 5.15). Increase of the base shear of wall G

after yielding of the wall can be due to strain hardenink of the wall. However, strain hardening of

the wall cannot be the only reason for this large increlse. To explain this important observation,

story shear and distribution of lateral force profiles a~ting on wall G (due to Taft-40) at the time
I

of maximum base shear of wall G are illustrated in figure 5.28a for 25% eccentricity and the

concentric case. I

Itcan be observed from Figure 5.28a that, lateral :forces acting on wall G for 25% eccentricity,
I

compared with the concentric case, are redistributed along the height of the walL The resultant of

the lateral forces acts at 24.25 feet from the base of tall G for the concentric case, whereas for

25% eccentricity the resultant is at 17.53 feet from the lseofthewall (see Figure 5.28a). Therefore

I
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the contribution of the redistribution of lateral forces along the height of the wall in increasing

the value of maximum base shear of the wall in the eccentric case can be approximated by the

ratio of the lever arms of the resultants and is 1.383 (=24.25/17.53). This is about 81 % of the total

increase (1.713), indicating that only 19% of the increase of the maximum base shear of the wall

in the eccentric case results from strain hardening of the wall.

From the values of Table 5.5, it can be observed that for 25% eccentricity maximum shear

forces of wall B are much smaller than those of wall G. This is basically due to large torsional

rotation of the model which results from large initial eccentricity in this case. Therefore, as

illustrated in Figures 5.6 and 5.16, total story shear ofwall G increases and that ofwall B decreases

because of induced story torque. The decrease in the total shear forces of wall B, due to induced

story torque, is such that wall B responds elastically during the whole 8 seconds of the response

of the 25% eccentric model, subjected to Taft-40.

Envelopes of story shear along the height of walls Band G for the concentric, 5% and 25%

eccentric models are presented in Figure 5.28b. It is obvious from these plots that maximum story

shear of wall B at all stories decreases with the increase of initial eccentricity. However, maximum

story shear of wall B for 5% eccentricity at all stories is practically the same as those in the

concentric case. These values for 25% eccentricity decrease by a maximum of71% at the seventh

story and a minimum of 36% at the first story when compared with the concentric case. The large

reduction of story shear of wall B for 25% eccentricity when compared with the concentric case

is basically due to large initial eccentricity in the structure, which in effect leads to large torsional

rotation of the model in this case.

Total story shear time-histories of the concentric, 5% and 25% eccentric models due to

Taft-40 are presented in Figures 5.29 to 5.31, respectively. The maximum values of total story

shear of the model, which are listed in Table 5.6, are larger, as expected, at lower stories. The

envelope values of total story shear of the model are shown in Figure 5.35.
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The maximum values of total story shear for 5% ~CCentriCity are 12% smaller, on average,

than those of the concentric model, whereas these valubs for 25% eccentricity are 25% smaller,

on average, than those for the corresponding concentric model. These results clearly indicate that

the maximum values of total story shear of the eccentric models are smaller than those of the

concentric one. I

To explain the above observations, the values of base shear carried by each frame of the
I

concentric and eccentric models, at the time that total b~se shear is maximum, are shown in Figure
I

5.32. Values of IDI of each frame of the model, at the tfme of maximum total base shear are also

shown in this figure. I

I

As explained in detail, in Chapter Four, frames C rand F' are assumed to behave elastically.

Therefore shear forces, carried by each of these frambs, are directly proportional to the lateral
I

displacement of these frames. The sum of IDI of the first story of frame C' and F', when total

base shear reaches its maximum value, is 0.69% f01 the concentric case. This value for 5%

eccentricity is 0.39% and for 25% eccentricity is 0.41
1

%, These values for the eccentric models

are smaller than that for the concentric one, because If torsional rotation of the whole structure

in the eccentric models, as shown in Figure 5.32. Therefore the total base shear of frames C' and
I

F' for the eccentric models is smaller than that for t~e concentric case. This in effect, leads to

smaller maximum total base shear for the eccentric mldels compared with the concentric one.

Although the maximum values of total base shek in the eccentric models are smaller than
I

in the concentric case, shear forces of walls Band G ~br 5% eccentricity and those of wall G for
I

25% eccentricity attain larger values than those for the !corresponding concentric models, because
I

of strain hardening of the walls and also as a result of ~edistributionof lateral forces acting on the
I

wall along its height. Therefore the designer must be ~ware that reduction of total story shear in
I

the eccentric structure from that of the concentric orte, is not, necessarily, synonymous to the
I

reduction of shear force of the walls. Therefore total story shear is not a good index to estimate
I

the effects of torsion on the seismic response of struc~ures,particularly when realistic nonlinear

(inelastic) behavior is considered.
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It is important to note that the above discussion does not guarantee a reduction of total story

shear in all eccentric structures compared with that of their corresponding concentric ones. As

shown in Chapter Three, the total story shear forces of the eccentric structure were larger than

those of the concentric one in the linear-elastic range.

5.3.4 Story Torque

The total story torque at a story is the sum of the torsional moments, about a reference axis,

induced by the X-and Y-components of shear forces of each column and shear wall of that story.

Having the total story torque about a fixed point, one can easily compute the total story torque

about any other point at each story. In these studies the total story torque at each story is computed

about the initial location of center of stiffness. Story torque time histories for the 5% and 25%

eccentric models, subjected to Taft-40, are presented in Figures 5.33 and 5.34. A positive torque

acts clockwise in the plan of the structure at each story and therefore produces negative

displacement at wall G and positive displacement at wall B (see Figure 5.1 for sign convention).

Values of total story torque, as shown in Figures 5.33 and 5.34, are smaller at higher stories

and their maximum values, as shown in Figure 5.36 and listed in Table 5.7, increase with the

increase in initial eccentricity. To explain these results it is necessary to study the maximum values

of story torque resisted by the shear walls, which are listed in Table 5.8.

Ratios of maximum story torque resisted by walls to the maximum total story torque, as

presented in Table 5.8, indicate that shear walls contribute significantly to resisting total story

torque. According to the values of this table, an average of 72% and 67% of the total torque are

resisted by walls for 5% and 25% eccentricity, respectively. Torque resisted by walls is larger at

lower stories because of larger shear forces of walls.

Therefore it can be concluded that the total story torque depends on the story torque resisted

by the shear walls and this, in turn, depends on the values of shear forces of walls. The shear forces

developed at the walls, as discussed earlier, are larger at lower stories, therefore the values of total

story torque are larger at lower stories. On the other hand, the maximum values of shear forces

of wall G, as shown in Figure 5.28b, increase with the increase in initial eccentricity. Therefore



-72-

the values oftotal story torque ofthe model also increase

l

with the increase in the initial eccentricity.

From this discussion it now becomes clear that the, shape and values of total story torque
j

time-histories for 5% and 25% eccentricity, which are !shown in Figures 5.33 and 5.34, are quite
!

different, because shear forces developed at the walls fJr 5% and 25% eccentricities, as discussed

Iearlier in Section 5.3.3, are different. i

The evaluations of torsional provisions in manJ building codes [2,4,7,8], as explained in
!

Chapter Two, have been carried out by a common approach based on the "dynamic eccentricity"
I

concept. Dynamic eccentricity is defined as distancel measured from center of stiffness to be

multiplied by the uncoupled dynamic story shear in orner to produce the same torsional moment
I

as computed by dynamic analysis. According to this Idefinition the dynamic eccentricity, edis

computed by

(5.7)

where Tdis the maximum story torque and Vo is the tpaximum dynamic total story shear of the

corresponding uncoupled system. The above definit~on, however, is not clear for a nonlinear
I

system, because the location of CS is not fixed once yithding initiates in the system. To get around
I

i

this problem, Tdmay be calculated about a fixed reference point, such as initial location of CS.
I '

Therefore values of edwill be given with respect to initial location of center stiffness.
I

The dynamic amplification of eccentricity is defined as

(5.8)

The values ofdynamic amplification ofeccentriaity are presented in Table 5.7. These values
I
I

for 5% eccentricity have a maximum of 3.29 at the fitst story and a minimum of 2.45 at the third

story. However, for 25% eccentricity the dynamic anlPlification of eccentricity is less than one,
I

!

except for the sixth story with a value of 1.16 and for the seventh story with a value of 1.25. These
i

results are expected, because as was discussed in Chapter Two the larger the static eccentricity,
I

the smaller the dynamic amplification of eccentricity j
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It is important to note that the maximum values of total story torque and total story shear in

an eccentric structure do not necessarily occur at the same time. The values of total story shear

and story shear forces of walls Band G, at the time that total story torque reaches its maximum

value, are presented in Table 5.9. Ratios of total story shear to the maximum total story shear at

each story and ratios of story torque resisted by the shear walls to the maximum total story torque

at each story are also listed in this table, from which it can be observed that total story shear at

the time of maximum story torque for 5% eccentricity is very small compared with the maximum

total story shear.

As shown in Table 5.9 the shear forces of walls Band G are acting in opposite directions

at all stories except at the seventh one for 5% eccentricity. This naturally leads to small total shear

force and large story torque, resisted by the shear walls, which in effect leads to large total story

torque for the 5% eccentric model. Even at the seventh story, in which shear forces of walls are

acting in the same direction, the value of shear force of wall B is so small, compared with that of

wall G, that practically it does not increase the total story shear of that story. For 25% eccentricity,

however, the values oftotal story shear, as can be observed from Table 5.9, are not small compared

with the maximum values of total story shear. This is mainly because the initial eccentricity in

this case is large enough that the shear forces of wall B, as already discussed in previous sections,

are much smaller than those of wall G. Therefore, practically, the values of total story shear are

. not decreased by shear forces of wall B, which act in opposite direction to the shear forces of wall

G at all stories except at the seventh and the first ones.

It must be noted that the concept of dynamic eccentricity is based on defining a torsional

moment, which is to be applied as an extemalload to the concentric system. This torsional moment

is equal to that of the eccentric system. Therefore in a linear-elastic system, in which deformations

are proportional to forces, the values ofdisplacement of the concentric system due to this torsional

moment will be equal to that of the corresponding eccentric system. This is not the case for a

nonlinear system, in which forces and deformations are not proportionally related, and theprinciple

of superposition is not valid. Therefore values of dynamic eccentricity computed by equation 5.7
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cannot be used in nonlinear concentric systems to estimate the maximum values of defonnation

of the corresponding structure with eccentricity. Moreover, total shear resistance in the concentric

system (Vo in equation 5.8) can be considerably higher than the shear that is developed in the

eccentric systems. Therefore the dynamic eccentricity concept is not suitable for estimating the

effect of torsion on the seismic nonlinear response of structures, and more reliable indices have

to be used to measure these effects on the values of displacements, IDI, and hinge rotations. A

reliable method is the one which estimates the value of dynamic amplification of displacements

or IDI of the structure.

Tso and Bozorgnia [12] tried to find an alternative to the dynamic eccentricity. They extended

the concept of "effective eccentricity", which was originally introduced for linear-elastic systems,

to nonlinear single-story structures. Their idea is "to match the maximum dynamic displacement

at the edge of the building to the edge displacement of the same system subjected to an equivalent

static lateral load applied at a distance equal to the effective eccentricity value from the center of

stiffness. The equivalent static lateral load is the maximum shear force that would be developed

in the corresponding symmetrical system under dynamic excitation".

5.3.5 Response at Maximum Displacement, Shear, Torque

In the previous sections the time-histories ofdisplacement, IDI, story shear, and story torque

and their envelope values were compared for the concentric, 5% and 25% eccentric models. The

effect of torsion on the seismic response of the model can be clarified further by investigating the

variation of each of the remaining response parameters at the time that one of the parameters

reaches its maximum value.

Figures 5.37 to 5.39 illustrate displacement profiles at the time of maximum displacement,

at the time ofmaximum total base shear, and at the time ofmaximum total base torque, respectively.

In these figures the displacementprofiles of the concentric case as well as the displacement profiles

of walls B and G for 5% and 25% eccentricities are shown. Deviation of displacement profiles of

wall B from those of wall G is an indication of the amount of torsional rotation in the eccentric

models. The larger the deviation, the larger the torsional rotation is. From Figure 5.37 to 5.39 it
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becomes clear that torsional rotation of the 25% eccentric model is larger at the time of maximum

displacement, whereas torsional rotation for the 5% eccentric model is larger at the time of

maximum total base torque.

This can be explained by studying Figure 5043. For 5% eccentricity the torque profile at the

time of maximum base torque is larger, on average, than those at the time of maximum total base

shear and at the time of maximum displacement. Therefore larger torsional rotation occurs when

base torque is maximum. On the other hand for 25% eccentricity, torque profiles at the time of

maximum displacement are larger, except for the first story, than those at the time of maximum

total base shear and at the time of maximum total base torque. Therefore, in this case, larger

torsional rotation occurs when the roof displacement of wall G is maximum.

Although shear forces of the walls, as shown in Figures 5040 to 5042, are generally larger at

the time of maximum total base shear, the displacement profiles of walls are not larger at this

time. Therefore total base shear does not constitute a reliable index for identifying the largest

displacement in the structure, and hence it is not a proper index to evaluate the effects of torsion

on seismic response of structures.

5.4 Effects of Excitation Level and Initial Eccentricity on the Response

5.4.1 Introduction

To obtain a better understanding of the problem of torsion and its effect on the response of

structures, it is necessary to study the importance of intensity of the ground motion and value of

static eccentricity on the linear-elastic and nonlinear torsional responses of structures. In previous

sections it was pointed out that the lateral and torsional motions of the model are strongly coupled

in the first two seconds of the response to Taft-40, particularly for 5% eccentricity. Therefore

parametric studies during these two seconds of response are of great importance.

In the following sections the first two seconds of the response of the model to the Taft record

of Figure 5.2c, with three different intensity levels (0.18g, OAOg, 0.60g) are examined. Taft-18

with a PGA ofO.18g, but an EPA ofO.14g, is chosen because it induces practically no yielding

in the concentric case during the first two seconds. In other words, this is the case in which the



-76-

structure has such a high yielding strength that will not yield when there is no eccentricity between

centers of mass and stiffness, and therefore responses of the eccentric structures in this case are

of great importance when they are compared with the corresponding concentric one. Taft-40 with

a PGA of 0.40g, but an EPA of 0.32g, represents a possible severe earthquake ground motion and

Taft-60 with a PGA ofO.60g, but an EPA of0.48g, represents an extreme rare earthquake ground

motion. These two cases also represent structures with lower yielding strength levels, in which

significant inelastic responses are expected even in the concentric case. As before, for each level

ofexcitation three cases are studied; namely, the concentric model, and the eccentric models with

two different initial static eccentricities of 5 and 25 percent of the maximum dimension of the

building plan (96 and 453 inches, respectively).

5.4.2 Response of the Model to Taft-IS, 40, and 60

5.4.2.1 Displacements

Envelopes of lateral displacements of walls Band G along the height of the structure due

to Taft-18, Taft-40 and Taft-60, are presented in Figures 5.44 to 5.46 and listed in Tables 5.10 to

5.12. The maximum displacements of wall B for the eccentric structures, as discussed earlier in

the previous sections, are generally smaller than those for the concentric case, while the maximum

displacements of wall G are larger. The maximum displacements of wall B decrease with the

increase ofinitial eccentricity and the maximum displacements ofwall G increase with the increase

of initial eccentricity.

The maximum displacement of wall B for 5% eccentricity due to Taft-18, Taft-40 and

Taft-60 are, on average, 17%,24%, and 27% smaller, respectively, than those in the corresponding

concentric cases, while these values for 25% eccentricity are, on average, 74%, 66%, and 71 %

smaller, respectively. The maximum displacement of wall G for 5% eccentricity due to Taft-18,

Taft-40 and Taft-60 are, on average, 12%,34%, and 32% larger, respectively, than those in the

corresponding concentric cases, while these values for 25% eccentricity are, on average, 67%,

140%, and 114% larger, respectively. In contrast to what may be expected, these values due to

Taft-60 are smaller than those due to Taft-40. This shows that the maximum values ofdisplacement
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of wall G for the concentric model due to Taft-60 are large enough (due to large plastic hinge

rotation at the base of wall G in this case) that the ratios of the maximum values of displacement

of wall G for the eccentric models to those for the concentric model are smaller than these ratios

due to Taft-40. However, it must be noted that the absolute values of displacement of wall G

increase, as expected, with the increase in PGA. This is clearly shown in Figure 5.47. In this figure

the variation of maximum displacements of wall G at each floor against PGA of the record are

presented for different initial eccentricities. The average differences between values of

displacement of wall G for the 5% eccentric and the concentric models due to Taft-I8, Taft-40

and Taft-60 are 0.091,0.510, and 0.836 inch, respectively, while these values for 25% eccentricity

are 0.476,2.071, and 2.949 inches, respectively.

According to these results, and as can be observed from Figure 5.47, the increase in

displacement of wall G due to eccentricity is not significant, practically, for the 5% eccentric

model, subjected to Taft-18, whereas this increase in displacement becomes more significant as

the PGA and initial eccentricity increase. However, as mentioned earlier, increasing the intensity

level of an earthquake is synonymous to decreasing yielding strength of the structure. Therefore

effects of torsion on the maximum displacement of structures, subjected to earthquake excitations,

can be minimized by increasing the yielding strength of structures and decreasing initial static

eccentricity.

To understand the real torsional response of the structure, and to assess the validity of a

linear-elastic analysis in predicting the behavior of the building, it is important to compare

maximum values of linear-elastic and nonlinear displacements of the walls. Maximum values of

linear-elastic displacements of walls Band G along the height of the structure due to Taft-18,

Taft-40, and Taft-60 are listed in Tables 5.13 to 5.15. The envelope values of linear-elastic and

nonlinear displacements of wall G due to Taft-18, Taft-40, and Taft-60 are compared in Figures

5.48 and 5.49. From these figures it can be observed that the envelope values of displacements

due to Taft-18 in linear-elastic and nonlinear cases are practically identical. However, as the PGA

increases to OAOg and O.60g the nonlinear response of the structure deviates from the linear-elastic
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behavior. Plastic rotation at the base of the shear wall modifies the behavior of the structure from

a cantilever type of building to a shear type of building. In other words, when the shear walls yield

the frame-wall behavior of the structure is controlled by the frame action. Therefore nonlinear

displacement of the structure is larger than its linear-elastic displacement at lower stories. It can

be observed from Tables 5.13 to 5.15 that for 5% eccentricity the nonlinear displacements of the

second floor due to Taft-40 and Taft-60 are 39% and 79%, respectively, larger than their

linear-elastic displacements. When the eccentricity increases to 25% the nonlinear displacements

of the second floor due to Taft-18, Taft-40, and Taft-60 are 24%, 92%, and 134%, respectively,

larger than their linear-elastic displacements. These important results indicate how a linear-elastic

dynamic analysis can underestimate the real nonlinear response of the structure particularly when

the initial eccentricity is large. Therefore, it is necessary to restrict the amount of acceptable initial

eccentricity, if the present simplified regulations for torsional effects of the building codes are

used.

5.4.2.2 Inter-Story Drift Indices

The envelopes of IDI of walls Band G along the height of the structure due to Taft-I8,

Taft-40, and Taft-60 are presented in Figures 5.50 to 5.52 and listed in Tables 5.16 to 5.18. As

already discussed, the maximum values ofIDI of wall B in the eccentric structures are, in general,

smaller than those in the concentric case and decrease with the increase of initial eccentricity.

However, the maximum values of IDI of wall G in the eccentric structures are generally larger

than those in the concentric case and increase with the increase of initial eccentricity.

The lateral displacements of walls are controlled by their flexural type of deformation,

whereas those of frames are governed by shear type of deformation. Therefore, when shear walls

and frames are combined in a frame-wall structure, the interaction between walls and frames will

control the lateral displacements of the system. Because of this interaction between walls and

frames the maximum IDI of walls for the concentric and eccentric models subjected to Taft-18,

Taft-40 and Taft-60 are largest at the third, the fourth, or the fifth story, except for wall G for the

25% eccentric model subjected to Taft-60. In the latter case the maximum IDI of wall G is largest
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at the first story. This is mainly due to large plastic hinge rotation at the base of wall G, which

will be discussed later, and also due to formation of a plastic hinge at the top of the fIrst story of

wall G because of high intensity of excitation (Taft-60) and large initial eccentricity (25%).

The maximum IDI of wall B for 5% eccentricity due to Taft-18, Taft-40, and Taft-60 are,

on average, 15%, 17%, and 21 % smaller, respectively, than those in the corresponding concentric

cases, while these values for 25% eccentricity are, on average, 74%, 61 %, and 64% smaller,

respectively. The maximum IDI ofwall G for 5% eccentricity due to Taft-18, Taft-40, and Taft-60

are, on average, 13%, 33%, and 32% larger, respectively, than those in the corresponding

concentric cases, while these values for 25% eccentricity are, on average, 60%,131 %, and 106%

larger, respectively. In contrast to what may be expected, the relative increases in IDI with respect

to the concentric case due to Taft-60 are smaller than those due to Taft-40. This shows that the

maximum values of IDI of wall G for the concentric model, subjected to Taft-60, are already

sufficiently large that ratios of the maximum values of IDI of wall G for the eccentric models to

those for the concentric model are smaller than these ratios due to Taft-40. However, it must be

noted that the absolute values of IDI of wall G increase, as expected, with the increase of PGA.

This is clearly shown in Figure 5.53. In this figure the variation of maximum values of IDI of wall

G at each floor against PGA of the record is presented for different initial eccentricities. The

average differences between values ofIDI ofwall G for the 5% eccentric and the concentric models

due to Taft-18, Taft-40, and Taft-60 are about 0.02%,0.11 %, andO.18%, respectively, while these

values for 25% eccentricity are about 0.11 %, 0.42%, and 0.59%, respectively.

According to these results, and as can be observed from Figure 5.53, the increase in IDI of

wall G due to eccentricity is not significant practically for the 5% eccentric model subjected to

Taft-18, whereas this increase in IDI becomes more significant as the PGA and the initial

eccentricity increase. However, as mentioned earlier, increasing the intensity of an earthquake is

synonymous to decreasing yielding strength of the structure. Therefore, effects of torsion on the

maximum IDI of structures that are subjected to earthquake excitations, can be minimized by

increasing the yielding strength of the structure and decreasing the initial static eccentricity.
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To understand the real torsional response of structures and to assess the validity of a

linear-elastic analysis in predicting the behavior of the building, it is important to compare

maximumvalues oflinear-elastic and nonlinear IDI ofthe walls. Maximum values oflinear-elastic

IDI of walls B and G along the height of the structure due to Taft-18, Taft-40, and Taft-60 are

listed in Tables 5.19 to 5.21. The envelope values of linear-elastic and nonlinear IDI of wall G

due to Taft-18, Taft-40, and Taft-60 are compared in Figures 5.54 and 5.55. From these figures

it can be observed that the envelope values ofIDI due to Taft-18 in the linear-elastic and nonlinear

cases are practically identical. However, as the PGA increases to OAOg and O.60g the nonlinear

response of the structure deviates from the linear-elastic behavior. Plastic rotation at the base of

a shear wall modifies the behavior of the structure from a cantilever type of building to a shear

type ofbuilding. In other words, when the shearwalls yield the frame-wall behaviorofthe structure

is controlled by the frame action. Therefore nonlinear IDI of the structure are larger than its

linear-elastic IDI at lower stories. It can be observed from Tables 5.19 to 5.21 that for 5%

eccentricity the nonlinear IDI of the first story due to Taft-40 and Taft-60 are 39% and 79%,

respectively, larger than their linear-elastic IDI. When the eccentricity increases to 25% the

nonlinear IDI of the first story due to Taft-18, Taft-40, and Taft-60 are 24%, 92%, and 134%,

respectively, larger than their linear-elastic IDI. These important results indicate how a

linear-elastic dynamic analysis can underestimate the real nonlinear response of the structure

particularly when the initial eccentricity is large. Therefore, it is necessary to restrict the amount

of acceptable initial eccentricity, if the present simplified regulations for torsional effects of

building codes are used.

5.4.2.3 Plastic Hinge Rotations

The time-histories of plastic hinge rotation at the base of wall G in the concentric and

eccentric structures due to Taft-18, Taft-40 and Taft-60 are shown in Figures 5.56 and 5.57.

Time-histories of plastic hinge rotation at the base of wall B due to Taft-40 and Taft-60 for 5%
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eccentricity compared with the corresponding concentric cases, and due to Taft-60 for 25%

eccentricity compared with the corresponding concentric case, are also shown in Figure 5.58. Wall

B does not show any inelastic behavior in other cases.

The maximum values of the plastic hinge rotation at the bases of walls Band G during the

first two seconds of the response are listed in Table 5.22, from which it can be observed that wall

B remains elastic during Taft-18 for both 5% and 25% eccentricities and during Taft-40 for 25%

eccentricity. There is, however, minor yielding at the base of wall B during Taft-60 for 5% and

25% eccentricities. The maximum plastic hinge rotations at the base of wall G for 5% eccentricity

due to Taft-18, Taft-40, and Taft-60 are 218%,60%, and 46%, respectively, larger than those in

the corresponding concentric cases, while these values for 25% eccentricity are 1422%,255%,

and 178%, respectively, larger. These values decrease with the increase in PGA, because the plastic

hinge rotation at the bases of the walls for the concentric model is smaller when PGA is smaller,

and this is obviously because a small PGA can be interpreted as representing a structure with

higheryielding strength and therefore with less inelastic rotation at the bases ofthe walls. However,

it must be noted that absolute values of plastic hinge rotation at the bases of the walls increase,

as expected, with the increase in PGA, as clearly shown in Figure 5.59. In this figure the variation

of maximum values of plastic hinge rotation at the base of wall G against PGA of the record is

presented for different initial eccentricities. The differences between values of plastic hinge

rotation at the base of wall G for the 5% eccentric and the concentric models due to Taft-18,

Taft-40, and Taft-60 are about 0.0001, 0.0009, and 0.0018 radian, respectively, while these values

for 25% eccentricity are about 0.0009, 0.0039, and 0.0068 radian, respectively.

According to these results, and as can be observed from Figure 5.59, the increase in the

plastic hinge rotation at the base of wall G due to eccentricity is practically negligible for the 5%

eccentric model subjected to Taft-I 8, whereas this increase becomes more significant as the PGA

and the initial eccentricity increase. Therefore torsional effects on the maximum plastic hinge

rotation at the bases of the walls can be reduced and eliminated by increasing the yielding strength

of the structure and decreasing the initial static eccentricity.
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The maximum plastic hinge rotation capacity at the base of a wall was found to be about

0.01 radian [30]. As can be observed from Table 5.22, the maximum plastic hinge rotation at the

base of wall G for 25% eccentricity due to Taft-60 is somewhat larger than this capacity. This

indicates the failure of wall G in this case. The maximum plastic hinge rotation at the base of wall

G, in this case, is about 2 times larger than that for the 25% eccentric model, subjected to Taft-40,

and more than 11 times when it is subjected to Taft-18. Therefore, decreasing the intensity level

from Taft-60 by factors of 1.5 and 3.3 will decrease the maximum plastic hinge rotation demand

at the base of the walls by factors of 2 and 11, respectively. This clearly indicates that the plastic

hinge rotation demand at the base of a wall decreases rapidly with the decrease of the intensity of

the earthquake ground motion or similarly with the increase ofthe yielding strength of the structure.

Therefore it is very important to increase the yielding strength of structures to reduce the effects

of torsion on their seismic responses, or if this is not possible the acceptable value of eccentricity

should be restricted.

5.4.2.4 Story Shear

The maximum values of story shear of walls Band G due to Taft-18, Taft-40 and Taft-60

in the concentric and eccentric structures are shown in Figures 5.60 to 5.62 and listed in Tables

5.23 to 5.25. It can be observed from these results that the maximum values of shear forces of

wall G increase with the increase of initial eccentricity, while the maximum values of wall B

decrease with the increase of initial eccentricity.

As was discussed in Section 5.3.3 and illustrated in Figures 5.6 and 5.16, total shear forces

ofwalls for the eccentric models due to earthquake excitations are composed of shear due to lateral

translational inertia forces (lateral forces), and shear due to torsional inertia forces (torque).

Therefore, as shown in Figures 5.6 and 5.16, the maximum values of shear of wall B for the

eccentric models are smaller than those of wall G. This is clearly shown in Figures 5.60 to 5.62.

The maximum values of shear forces of wall G for 5% eccentricity due to Taft-18, Taft-40 and

Taft-60 are, on average, 16%,4%, and 8% larger, respectively, than those for the corresponding

concentric cases, while these values for 25% eccentricity are, on average, 40%, 50%, and 44%
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larger, respectively. The maximum values of shear forces of wall B for 5% eccentricity due to

Taft-18, Taft-40 and Taft-60 are, on average, 12%,7%, and 11% smaller, respectively, than those

for the corresponding concentric cases, while these values for 25% eccentricity are, on average,

74%,57%, and 50% smaller, respectively.

It can be observed from these results that base shear forces ofwall G for the eccentric models

are larger than those for the corresponding concentric models. Because the walls in the concentric

model experienced inelastic rotation at their bases, the increase in base shear of wall G in the

eccentric models is partly due to strain hardening of the walls and, as was discussed in Section

5.3.3, is mainly a result of the redistribution of lateral forces acting on the wall along the height.

To clarify this, story shear and distribution oflateral force profiles acting on wall G (due to Taft-18,

Taft-40, and Taft-60) at the time of maximum base shear of wall G are illustrated in Figures 5.63

to 5.65 for 25% eccentricity and the concentric case.

It can be observed from Figures 5.63 to 5.65 that lateral forces acting on wall G for 25%

eccentricity, compared with the concentric case, are redistributed along the height of the wall.

Resultants ofthe lateral forces due to Taft-18, Taft-40, and Taft-60 act at 34.15,24.25, and 21.68

feet, respectively, from the base of wall G for the concentric case, whereas for 25% eccentricity

the resultants are at 24.44, 23.55, and 20.74 feet, respectively, from the base of the wall (see

Figures 5.63 to 5.65). Therefore the contributions of the redistribution of lateral forces along the

height of the wall in increasing the maximum values of base shear of the wall in the eccentric case

can be approximated by the ratio of the lever arms of the resultants and are 1.397 (=34.15/24.44),

1.030 (=24.25/23.55), and 1.045 (=21.68/20.74) for Taft-18, Taft-40, and Taft-60, respectively.

These are about 99.6%, 81.5%, and 86.3% of the total increases of maximum base shear forces

of wall G, respectively. These results show that the contribution of strain hardening in increasing

maximum base shear of wall G is a practically negligible for Taft-18. It must be noted that there

is practically negligible amount of yielding at the base of wall G due to Taft-18 for the concentric

case, whereas wall G experiences nonlinear behavior due to Taft-18 for 25% eccentricity (see
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Figure 5.57). Therefore it can be concluded that immediately after the fIrst yielding at the base of

a wall, the base shear of the wall increases mainly on account of the redistribution of lateral forces

along the height of the wall.

The variations of the maximum values of story shear of walls G and B against PGA of the

record for different initial eccentricities are presented in Figures 5.66 and 5.67. Maximum values

of shear forces of wall G, as shown in Figure 5.66, increase with the increase in initial eccentricity

and PGA. At the fIrst story the maximum base shears of wall G for 5% and 25% eccentricities are

larger than those for the concentric model, because plastic hinge rotations at the base of wall G

in the eccentric models are larger than that in the concentric model and, consequently, large strain

hardening, as well as redistribution of lateral forces along the height of the wall, is developed in

wall G in the eccentric cases. However, wall G does not experience any inelastic rotation at upper

stories and therefore the story shear at these stories is proportional to the displacement of wall G.

Since the maximum values of displacement of wall G for 5% eccentricity, as explained earlier,

are not much larger than those for the concentric model, the story shears of wall G at the second

story and higher are close to those for the concentric model, as shown in Figure 5.66.

On the other hand, for 25% eccentricity the plastic hinge rotation at the base of wall G and

its lateral displacements are significantly larger than the corresponding concentric model (Figures

5.47 and 5.59). Therefore the maximum values of story shear of wall G for 25% eccentricity are

larger than those for the corresponding concentric model at all stories, as shown in Figure 5.66.

Maximum values of shear forces of wall B, as shown in Figure 5.67, decrease with the increase

in initial eccentricity but increase with the increase in PGA. These values for 5% eccentricity, as

expected, are very close to those for the concentric case in the second story and higher, whereas

for 25% eccentricity the maximum values of wall B shear are smaller than those for the concentric

and 5% eccentric structures at all stories.

The maximum values of total story shear ofthe structure due to Taft-18, Taft-40, and Taft-60

in the concentric and eccentric structures are shown in Figure 5.68 and listed in Table 5.26:The

maximum values of total story shear forces for the eccentric models are generally smaller than
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those for the concentric model. However, for 5% eccentricity the maximum total shears due to

Taft-I8 at the first and the second stories are slightly larger than the corresponding values for the

concentric case. To explain these results, values of base shear, when total base shear reaches its

maximum value, carried by each frame due to Taft-I8, Taft-40, and Taft-60 are shown in Figures

5.69 to 5.71. The values ofIDI of the first story, for each frame, at the time that total base shear

is maximum, are also illustrated in these figures.

As shown in Figure 5.69, the values of IDI of walls Band G for the 5% eccentric model,

subjected to Taft-I8, are very close to those for the concentric model. Therefore base shear of

wall B for 5% eccentricity is very close to that for the concentric model. However, base shear of

wall G for 5% eccentricity is larger than that for the concentric case, because of strain hardening

ofthe wall and because of the redistribution oflateral forces along the heightof the wall. Therefore,

the total base shearofthe 5% eccentric model is slightly larger than for the correspondingconcentric

model. For 25% eccentricity, however, the torsional rotation of the model is so large, as shown

by the values of IDI in Figure 5.69, that base shear of wall B is 78% smaller than that for the

concentric model. Therefore the total base shear in this case is smaller than that for the concentric

model; that is, the increase in the shear resistance developed at wall G due to strain hardening and

in frame F' due to larger elastic displacement cannot overcome the elastic decrease in resistance

of frame C' and in wall B.

As shown in Figure 5.70, the values of base shear of frames for the 5% eccentric model,

subjected to Taft-40, are so close to those for the concentric model that total base shear is practically

the same as that for the concentric model. This is mainly because of small torsional rotation of

the 5% eccentric model, as shown by the values of the IDI of each frame. On the other hand, the

torsional rotation of the 25% eccentric model, as shown by the values of IDI in Figure 5.70, is so

large that wall B does not yield at all and therefore the base shear of frame B is much smaller than

that for the concentric case. Therefore the total base shear of the 25% eccentric model due to

Taft-40 is smaller than that for the concentric one.
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As shown in Figure 5.71 the IDIofwall B for the 5% eccentric model, subjected to Taft-60,

is smaller than that for the concentric case. Therefore wall B, and consequently frame B, carry

smaller base shear in this case. For the 25% eccentric model, the torsional rotation at the time of

maximum total base shear of the structure, is so large that wall B does not yield. Therefore base

shear of frame B in this case is so small that the total base shear of the 25% eccentric model is

smaller than that for the concentric model. It is interesting to mention that wall B in this case

experiences a small amount of yielding only after 1.52 seconds of the response as shown in Figure

5.58, however, maximum total base shear in the model occurs at 1.38 seconds of the response.

Note that shear the forces of walls Band G shown in Figures 5.69 to 5.71 should not be mistaken

for the maximum base shear of walls Band G, because the values shown in these figures are shear

forces of walls Band G when total base shear of the structure reaches its maximum value.

According to the above discussion, the reduction of maximum values of total story shear

for 25% eccentricity compared with the concentric model is more than that for 5% eccentricity.

The maximum values oftotal story shear for 25% eccentricity due to Taft-18, Taft-40 and Taft-60

are, on average, 32%, 22%, and 21 % smaller, respectively, than those for the corresponding

concentric case, while these values for 5% eccentricity decrease by less than 10%. The above

results are summarized in Figure 5.72. The maximum values of total story shear, as shown in this

figure increase with the increase of PGA. However, this increase, as shown earlier, is not

proportional to the increase in PGA. Since torsional rotation of the 5% eccentric model is small,

the values of total story shear for this model, as already discussed, are about the same as those for

the concentric model. This is clearly shown in Figure 5.72.

5.4.2.5 Story Torque

The maximum values of total story torque of the eccentric models, subjected to Taft-18,

Taft-40, and Taft-60, are shown in Figure 5.73 and listed in Table 5.27. Variations of maximum

total story torque against PGA for different values of initial static eccentricity are presented in

Figure 5.74. From these results it can be observed that the maximum values of total story torque

increase with the increase in PGA and initial eccentricity. From a quick inspection of the results
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presented in Figure 5.74, it can be concluded that the total story torque does not increase

proportionally with the value of static eccentricity ratio (e/D). While this is correct, it also points

out that total story torque is not a good index to measure torsional effects. The values of the total

story torque are limited by the total story shear resistance ofthe structure, which in turn is controlled

by the yielding strength of the structure (mainly yielding strength of the shear walls in this case).

The study of the maximum values of story torque resisted by the shear walls, which are

listed in Table 5.28 and shown in Figure 5.75, will provide better insight to the effect of torsion

on the total story torque. The ratio of maximum story torque resisted by the walls to the maximum

total story torque, as presented in Table 5.28, indicates the amount of contribution of the shear

walls in resisting the maximum total story torque. This contribution for the 5% eccentric model,

subjected to Taft-l 8, Taft-40, and Taft-60 is, on average, 69%,71%, and 74%, respectively. These

values increase with the increase in PGA, because as already discussed, the values of shear forces

of walls Band G for 5% eccentricity increase with the increase in PGA.

The contribution of the shear walls in resisting the maximum total story torque for the 25%

eccentric model, subjected to Taft-l 8, Taft-40, and Taft-60, is, on average, 70%, 63%, and 59%

respectively. The large torsional rotation of the 25% eccentric model leads to an increase in torque

resisted by the frames, compared with that resisted by the walls. Therefore torque resisted by the

shear walls contributes less to the total story torque as torsional rotation of the model increases.

On the other hand, torsional rotation of the model increases with the increase in PGA. Hence, the

contribution of the shear walls in resisting the maximum total story torque for the 25% eccentric

model decreases with the increase in PGA.

It must be noted that small shear force of wall B compared with that of wall G for 25%

eccentricity, is another reason for the smaller contribution of the walls in resisting total story

torque, compared with the 5% eccentric model. This can be specifically observed in Figure 5.75.

In this figure the maximum torque resisted by the walls for the 25% eccentric model, subjected

to Taft-60, is slightly smaller than that for the 5% eccentric model at the first story. When the

torque resisted by the shear walls reaches its maximum value, the shear force of wall G are 981
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and 378 kips for 25% and for 5% eccentricities, respectively, whereas shear forces of wall B are

57 and 636 kips for 25% and for 5% eccentricities. Although the shear force of wall G at its base

for 25% eccentricity is more than 2.5 times larger than that for the 5% eccentricity, the shear force

of wall B for 5% eccentricity is about 11 times larger than that for 25% eccentricity. Therefore

the maximum torque resisted by the walls for the 25% eccentric model, subjected to Taft-60, is

smaller than that for the 5% eccentric model, at the first story.

From these results it can be concluded that a major part of the total story torque of the model

is resisted by the shear walls. Therefore variation of total story torque with initial eccentricity and

PGA can be explained by the values of the shear forces of the walls. Shear forces of the walls, as

discussed earlier, are larger at lower stories, and therefore total story torque is larger at lower

stories, as illustrated in Figures 5.33 and 5.34. On the other hand the shear forces of wall G increase

with the increase in initial eccentricity, therefore the total story torque of the model increases with

the increase in initial eccentricity, as shown in Figure 5.34. It must be noted, however, that this

increase is not in direct proportion to the increase in eccentricity ratio (e/D).

From Table 5.28 it can be concluded that shear walls in dual systems with small eccentricity

ratio (e/D=0.05) resist the major part of the total story torque. Therefore shear walls may be

designed to resist the total story torque, for preliminary design. However, design of the walls

according to this concept can be quite conservative when the initial static eccentricity ratio (e/D)

and intensity of the ground motion (PGA) are large (e/D=0.25 and Taft-60).

The values of dynamic amplification of eccentricity, defined by equation 5.8, are presented

in Table 5.27. Itis clearly shown in Table 5.27 and Figure 5.76 that the larger the static eccentricity,

the smaller the dynamic amplification of eccentricity. The dynamic amplification of eccentricity

for the 5% eccentric model, subjected to Taft-18, Taft-40, and Taft-60, is, on average, 2.06, 2.83,

and 2.63, respectively, while these values for 25% eccentricity are less than or equal to unity.

Variations of dynamic amplification of eccentricity against PGA for different values of initial

eccentricity are shown in Figure 5.76. It can be observed from this figure that for 5% eccentricity
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the eccentricity amplification due to Taft-40 is larger than that due to Taft-18, because the

maximum total torque due to Taft-18 is smaller. This value due to Taft-40 is also larger than that

due to Taft-60, because the maximum total story shear due to Taft-60 is larger.

Values of linear-elastic dynamic amplification ofeccentricity are also shown in Figure 5.76.

These values are compared with nonlinear dynamic amplification of eccentricity in Table 5.29.

It is obvious that linear-elastic dynamic amplification ofeccentricity does not vary with the change

of PGA, therefore it attains the same value for Taft-18, Taft-40, and Taft-60. From Figure 5.76

and Table 5.29, it can be observed that for 25% eccentricity the values of nonlinear dynamic

amplification of eccentricity are smaller than the linear-elastic ones at the first four stories, and

for 5% eccentricity the values of nonlinear dynamic amplification of eccentricity at the first story

are smaller than the linear-elastic ones. However, Figures 5.48 and 5.49 indicate that for 25%

eccentricity, values of maximum nonlinear displacements due to Taft-40 and Taft-60 are larger

than the linear-elastic ones at the first five stories. Similarly for 5% eccentricity, values ofmaximum

nonlinear displacements due to Taft-40 at the first two stories, and those due to Taft-60 at the first

four stories, are larger than their corresponding linear-elastic ones. These results, which clearly

contradict what is expected from the comparison of values of linear and nonlinear dynamic

amplification of eccentricity, show that the dynamic amplification of eccentricity, as defined by

equation 5.8, is not a good index to measure the effects oftorsion on the nonlinear seismic response

of structures.

5.5 Resistance Eccentricity

5.5.1 Introduction

In the following sections the effect ofyielding resistance eccentricity on the seismic response

of the structure is studied. Resistance eccentricity (or strength eccentricity) results from

unsymmetrical distribution of yielding strength of lateral load resisting elements in the plan of

the structure. Therefore, the presence of this eccentricity has no effect on the response of the

structure in the linear-elastic range. However, the nonlinear response of the structure can be

affected significantly by introducing resistance eccentricity in the structure. The designer, in order
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to reduce torsional effects, may increase yielding strength of some lateral load resisting elements

(wall G) in comparison with others (wall B) such that the center of resistance (CR) comes as close

as possible to the center of mass (CM) as shown in Figure 5.1. Note that if it is desirable to keep

symmetry of stiffness, the logical approach would be to design the yielding resistance of the walls

such that CR and CM coincide. This seems to be a good way to reduce the effects of torsion on

the seismic response of the structure. To assess this design methodology, and to evaluate the effects

of resistance eccentricity on the torsional response of structures, two cases are considered in the

following sections.

In the first case the structure is assumed to have 5% static eccentricity and 4% resistance

eccentricity (referred to as resistance/mass eccentric structure hereinafter). The response of this

structure to the Taft ground motion is compared with that ofthe structure with 5% static eccentricity

(referred to as corresponding mass eccentric structure hereinafter). In the second case the static

and resistance eccentricities are assumed to be 25% and 11%, respectively. The seismic response

of this structure is compared with that of the structure with 25% static eccentricity. The values of

resistance eccentricity in these cases have been chosen such that walls Band G do not yield under

the UBC lateral loads in the following cases:

1. When static eccentricity is zero.

2. When static eccentricity is 5% of the maximum dimension of the building plan (resulting in

4% resistance eccentricity).

3. When static eccentricity is 25% of the maximum dimension of the building plan (resulting

in 11% resistance eccentricity).

The first constraint simply satisfies the building code requirement that torsion shall not be included

where its inclusion results in lower stresses in the member under investigation. To satisfy the

second and the third constraints it is necessary to increase the yielding strength of wall G by about

29% and 101%, respectively. To compensate for the increase in the yielding strength ofthe structure

(due to the second and the third constraints), Taft-60 ground motion is utilized in the following

studies. It is important to note that, the value of resistance eccentricity, as shown in Figure 5.1, is
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measured from the geometric centroid of the structure. Therefore the value of resistance

eccentricity of a system with symmetrical distribution of yielding strength of the lateral load

resisting elements in the plan, is zero and the center of resistance in this system coincides with

the geometric centroid of the structure.

5.5.2 Displacements

Envelopes of lateral displacements of walls Band G along the height of the structure due

to Taft-60, are presented in Table 5.30. In this table maximum values of displacements of walls

Band G in the resistance/mass eccentric case are compared with those of the concentric case and

the mass eccentric case. These values are illustrated in Figures 5.77 and 5.78. It can be observed

from these figures that introducing resistance eccentricity, with the same sign as mass eccentricity,

in the structure will not change the maximum response of the system qualitatively. However, as

it was expected the maximum displacements of walls Band G are decreased to smaller values.

The maximum displacements of wall G for the 4% resistance eccentric case are, on average, 11%

smaller than those in the corresponding 5% mass eccentric case, and the maximum displacements

of wall G for the 11 % resistance eccentric case are, on average, 14% smaller than those in the

corresponding 25% mass eccentric case.

The linear-elastic and nonlinear values of maximum displacement of wall G due to Taft-60

are shown in Figure 5.79 and listed in Table 5.31. In this figure, displacements for the 5% and

25% mass eccentric linear-elastic cases, the nonlinear 4% and 11% resistance/mass eccentric

cases, and their corresponding 5% and 25% mass eccentric cases are compared. From the results

presented in Table 5.31, it can be observed that the maximum displacement for the resistance/mass

eccentric case at lower floors is still larger than the linear-elastic displacement. For 4% resistance

eccentricity the nonlinear displacement of the second floor due to Taft-60 is 48% larger than its

linear-elastic displacement. When static eccentricity increases to 25% and the resistance

eccentricity is 11% the nonlinear displacement of the second floor due to Taft-60 is 60% larger

than its linear-elastic displacement. The results of Table 5.31 show how a linear-elastic dynamic

analysis can underestimate the real nonlinear response of the structure. From the values of Table
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5.30 it can be concluded that introducing resistance eccentricity, with the same sign as mass

eccentricity, in a building that is already mass eccentric, will reduce the torsional effects on the

nonlinear seismic response of the structure.

5.5.3 Inter-Story Drift Indices

Envelopes of inter-story drift indices (illI) of walls Band G along the height of the structure

due to Taft-60, are presented in Table 5.32. In this table maximum values of IDI of walls B and

G in the resistance/mass eccentric case are compared with those for the concentric case and the

mass eccentric case. These values are illustrated in Figures 5.80 and 5.81, which show that

introducing resistance eccentricity, with the same sign as mass eccentricity, in the structure will

not change the maximum response of the system qualitatively. However, as was expected the

maximum IDI of walls Band G reduce to smaller values at the lower stories. Note that the values

ofIDHor the resistance/mass eccentric cases are practically the same as those for the corresponding

mass eccentric cases at upper stories. This is due to the fact that shear walls do not show any

nonlinear behavior at upper stories, therefore the presence of resistance eccentricity at these levels

cannot play an important role in modifying the response of the structure at these stories. As can

be observed from Table 5.32, the value of maximum IDI of wall G at the first story for the 4%

resistance eccentric case is 17% smaller than that in the corresponding 5% mass eccentric structure.

The value of maximum IDI of wall G at the first story for the 11% resistance eccentric case is

31% smaller than that in the corresponding 25% mass eccentric structure.

The linear-elastic and nonlinear values ofmaximumIDI of wall G due to Taft-60 are shown

in Figure 5.82 and listed in Table 5.33. In this figure, the IDI of the 5% and 25% mass eccentric

linear-elastic cases, the 4% and 11% nonlinear resistance/mass eccentric cases, and their

corresponding 5% and25% mass eccentric cases are compared. From Table 5.33, itcan be observed

that the maximum IDI of the resistance/mass eccentric case at the lower floors are still larger than

the linear-elastic IDI. For 4% resistance eccentricity the nonlinear IDI of the first story due to

Taft-60 is 48% larger than its linear-elastic IDI. When static eccentricity increases to 25% and the

resistance eccentricity is 11 % the nonlinear IDI of the first story due to Taft-60 is 60% larger than
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its linear-elastic IDI. These results show that a linear-elastic dynamic analysis can underestimate

the real nonlinear response of the structure. They also indicate that introducing resistance

eccentricity, with the same sign as mass eccentricity, in an already mass eccentric system, will

reduce the torsional effects on the nonlinear seismic response of the structure.

5.504 Plastic Hinge Rotations

The maximum values of plastic hinge rotation at the bases of walls B and G during the fIrst

two seconds of the response of the model to Taft-60 are listed in Table 5.34. In this table the

resistance/mass eccentric case is compared with the mass eccentric case and the concentric case.

It can be observed from this table that introducing resistance eccentricity, with the same sign as

mass eccentricity, reduces the plastic rotation at the base of the walls. This reduction is particularly

pronounced for the case that static eccentricity is 25% and resistance eccentricity is 11%. In this

case the maximum value of plastic rotation at the base of wall G is about 0.0057 radian, which is

46% smaller than the 0.0106 radian of plastic rotation in the corresponding 25% mass eccentric

system, whereas for 4% resistance eccentricity plastic rotation at the base ofwall G is about 0,()O41

radian, which is 27% smaller than the 0.0056 radian of plastic rotation in the corresponding 5%

mass eccentric system.

It was mentioned earlier that the maximum plastic hinge rotation at the base of wall G for

25% static eccentricity due to Taft-60 is somewhat larger (about 6%) than its capacity. This

indicates the failure of wall G in this case. However, introducing resistance eccentricity, with the

same sign as the mass eccentricity, in the system not only reduced the values of plastic hinge

rotation of walls, but it also prevented failure of wall G. These results clearly indicate that in order

to reduce the effects of torsion, the designer must intelligently distribute the yielding strength in

the structure so that the center of resistance and the center of mass of the structure come as close

as possible.

5.6 Summary and Conclusions

In this chapter non-uniform distribution of mass (static eccentricity), and unsymmetrical

yielding strength distribution (resistance eccentricity) in the plan of the structure were assumed
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to be the sources of lateral-torsional coupling in the seven-story reinforced concrete frame-wall

structure. The different levels of intensity, used in the analyses, were identified by the increased

peak ground acceleration, PGA, values 0.18g, OAOg, and 0.60g of the record.

The nonlinear responses of the concentric, mass eccentric, and resistance/mass eccentric

structures to the above intensity levels were compared. The conventional earthquake resistant

design of structures is based on the total story shear forces, but this study clearly showed that the

total story shears did not constitute areliable index for identifying the maximum nonlinear response

of the structure. In the studies presented in this chapter, where period of the structure and the

uncoupled frequency ratio (UFR) were fixed values, it was shown that the initial static eccentricity,

resistance eccentricity, yielding strength of the whole structure, and torsional redundancy were

four important parameters, by which the effects of torsion on the seismic response of the structure

could be controlled. The following are the main conclusions that can be drawn from these studies:

1. Linear-elastic dynamic analyses underestimate the nonlinear dynamic response of the

structure. The seven-story reinforced concrete frame-wall structure was assumed to have

a uniform 5%·static eccentricity ratio (e/D) over the height. The nonlinear response of this

structure to the Taft-40 and Taft-60 ground motions produced maximum lateral

displacements at the second floor that were 40% and 80%, respectively, larger than those

predicted by linear-elastic analyses. When the static eccentricity was increased to 25% of

the maximum building plan dimension, these displacements increased to a level 92% and

134%, respectively, larger than those predicted by linear-elastic analyses.

2. The maximum response values of the structure with large static eccentricity ratio (e/D =

0.25) are significantly affected by the torsional motion of the structure, as well as by its

translational motion.

3. The plastic rotation demand at the bases of the walls for the structure with 25% static

eccentricity, subjected to Taft-60, exceeds its plastic rotation capacity by about 6%.

However, these values for the structure with 5% static eccentricity and the concentric



-95-

structure are 44% and 62%, respectively, smaller than the plastic rotation capacity at the

bases of the walls. Therefore to avoid significant torsional effects on the response of

structures, the amount of static eccentricity has to be restricted.

4. Torsional effects on the maximum displacements, inter-story drift indices, shear forces of

the walls, and plastic rotation at the bases of the walls can be significantly reduced by

increasing the yielding strength of the structure. Decreasing the intensity level (which can

be interpreted as increasing the yielding strength of the structure) from Taft-60 by factors

of 1.5 and 3.3 will decrease the maximum plastic rotation demand at the bases of the walls

by factors of 2 and 11, respectively. Therefore to prevent significantly large torsional

response in the structure, excessively large reduction of yielding strength compared with

linear-elastic strength demands has to be avoided.

5. The maximum values of displacements, inter-story drift indices, plastic rotations at the

bases ofwalls, and story torque increase with increase in static eccentricity and peak ground

acceleration (PGA). The increases ofthese parameters are monotonic (butnot proportional)

functions of the intensity level.

6. The maximum values of total story torque, which are limited by the value of yielding

strength of the structure (mainly yielding strength of the shear walls in this study), do not

increase in direct proportion to static eccentricity ratio (e/D). Consequently, values of

dynamic amplification ofeccentricity, which are not good factors in identifying maximum

displacement of the structure, are not suitable indices to measure the effects of torsion on

the seismic nonlinear response of the structure. Amplifications of displacement and

inter-story drift index, rather than the amplification ofeccentricity, are more reliable indices

in identifying torsional effects, when nonlinear response of structures is of interest.

7. The nonlinear seismic response of the seven-story structure with a uniform mass

eccentricity over the height, produced a maximumvalue oftotal story shear that was smaller

than that of the corresponding concentric case. Maximum values of total shear forces in

the mass eccentric structures decreased with the increase in the initial static eccentricity
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and decrease in the peak ground acceleration (PGA). Moreover, total base shear did not

constitute a reliable index for identifying the largest displacement in the structure.

Therefore, this parameter cannot be used to measure torsional effects.

8. Maximum values of displacements, inter-story drift indices, and shear forces of wall G

and B increase and decrease, respectively, with the increase in initial static eccentricity.

These response parameters increase with the increase in peak ground acceleration (PGA)

but not proportionally.

9. The use of multi-story buildings with a dual structural system (frame-wall) allowed

significant redistribution of the lateral inertia forces after the first yielding of the most

critically excited wall. The yielding of the first story of the wall led to change in the lateral

deformation pattern and this resulted in a different distribution of the lateral forces along

the height of the walls and frames as well as different horizontal distribution at each floor

level. All this resulted in some significant increase in the story shear that the critical wall

could resist.

10. The seven-story structure was assumed to have a uniform eccentricity between the center

of mass (CM) and the center of stiffness (CS) over the height. If it is desired to keep the

stiffness distribution of the structure unchanged, the logical approach to reduce the effects

of torsion on the seismic response of the structure is to design the yielding strength of the

walls such that the center of resistance (CR) coincides with the center of mass.

11. Effects of torsion on the seismic response of a structure with static eccentricity may be

reduced by introducing resistance eccentricity, with the same sign as mass eccentricity, in

the structure. This reduction is most pronounced at story levels, where most of the nonlinear

behavior is concentrated. In the case of the seven-story frame-wall structure studied here,

the majorpart ofthe nonlinearbehavior was concentrated at the bases ofthe walls, therefore

values ofdisplacements and inter-story drift indices at the first story level were particularly

reduced by introducing resistance eccentricity properly.·
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12. The amount of acceptable initial static eccentricity should be restricted, if torsional

regulations of present building codes are used. In cases where nonlinear behavior of the

structure is inevitable, the importance of torsional redundancy and resistance eccentricity

on the lateral-torsional response must be taken into account by the building codes. They

must lead designers to distribute, intelligently, the largest possible number of lateral load

resisting structural elements and to select their yielding strength such that the center of

resistance comes as close as possible to the center of mass of the structure at each floor.

Moreover, to avoid large torsional response in structures, building codes should not

prescribe excessively large reduction ofyielding strength, compared with the linear-elastic

strength demands.



CHAPTER SIX

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary

The real response of a structure to ground motion excitations is, in general, affected by a

combination of lateral translational vibration and torsional rotational oscillation of the system.

These motions may be coupled due to several sources such as presence of static eccentricity (due

to unsymmetrical distribution of mass and/or stiffness in the plan), and/or accidental eccentricity

(due to unforeseen factors such as non-uniform ground motion along the foundation of structures,

presence of torsional components in ground motions, workmanship, detailing of the structural

components as well as the nonstructural elements). Although the effects of torsion due to static

eccentricity on the linear-elastic seismic response of structures have been the subject of many

studies, there have been few studies regarding nonlinear torsion.

The linear-elastic response of single-story structures depends on eccentricity ratio (e/r),

uncoupled translational frequency (roy), ratio of uncoupled torsional frequency to uncoupled

translational frequency (uncoupled frequency ratio, UFR), and damping (~). When nonlinear

inelastic lateral-torsional behavior of structures is of interest, factors such as locations and
,

force-deformation relations of the resisting elements, and torsional redundancy in the structure,

which have no influence on the linear-elastic response of the system, become very important.

Moreover, unsymmetrical distribution of yielding strength oflateralload resisting elements in the

plan of a structure is quite possible, and therefore to study nonlinear torsion it is necessary to

accountfor resistance eccentricity (as ameasure ofunsymmetrical distributionofyielding strength)

in addition to static and accidental eccentricities. Consequently, much more detailed information

is necessary to conduct a nonlinear analysis, compared with a linear-elastic analysis, and this has

limited the number of studies on nonlinear torsion. In almost all the previous studies on

linear-elastic torsion and nonlinear inelastic torsion, a typical single-story system was used, and
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most of the linear-elastic analyses were performed by using idealized response spectra techniques.

In this research the effects of torsion on the linear-elastic and nonlinear seismic responses of

multi-story structures were studied.

An important issue, which has not been well appreciated by the seismic building codes, is

torsional redundancy in buildings. When only linear-elastic behavior of structures is considered

or is of interest, the importance ofproviding a high degree of torsional redundancy to the structure

is not evident. However, most buildings undergo inelastic torsional behavior in the caseofextreme,

or even moderate, earthquake ground motions. As soon as one of the lateral load resisting elements

yields, there is a change in the location of the center of stiffness and this change can induce a

significant change in the static eccentricity and therefore in the dynamic eccentricity. This usually

results in an increase in torsional rotation of the structure and therefore can lead to serious damage

in the members of the structure or even collapse of the building. In these cases, where inelastic

torsional behavior of the structure is inevitable, it is important to provide as many lines of defense

as possible in the structure to avoid a large increase in eccentricity between the centers of mass

and stiffness and, as a result, to prevent partial or complete failure of the building due to large

torsional rotations.

A review of the literature, regarding both linear-elastic and nonlinear torsion clearly

illustrated that torsional provisions of most building codes are nonconservative and they need to

be modified. It was clearly pointed out that arealistic simplified regulation for torsion must account

for the effects ofelr, (Up UFR, along with torsional redundancy, irregularity, and the other dynamic

characteristics of the structure. It was pointed out that opinions differ regarding the importance

ofdifferent parameters on the inelastic torsional response of structures. A reason for these diverse

views is that for inelastic response studies much more detailed specifications of the structural

model such as locations and force-deformation characteristics of the resisting elements are needed,

as compared with a linear-elastic analysis. This indicates that effects of torsion on the nonlinear

seismic response of structures are complex, and are yet to be understood.
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Torsional provisions of building codes are based on the results of studies conducted, using

an idealized single-story system, hence their applicability to multi-story structures, especially

when nonlinear behavior of the system is of interest, is questionable. Therefore, it is very important

to understand torsional response ofmulti-story structures. This study ofthe seven-story reinforced

concrete frame-wall building underlines the differences between a linear-elastic static analysis (as

is prescribed by the building codes), and a linear-elastic dynamic analysis in evaluating torsional

response of multi-story systems.

The effects of lateral load distribution profile on the torsional response of the structure were

assessed for two different static lateral load distributions, with triangular and uniform p~ofiles.

The total applied base shear for each profile was equal to the value that results from application

of the force required by UBC as the minimum total lateral seismic force. In the dynamic analyses,

the three-dimensional linear-elastic response of the structure to the N21E component of 1952 Kern

County, Taft Lincoln School Tunnel earthquake record was investigated by a time-history

approach. For both static and dynamic analyses two different static eccentricity were considered.

The results of these studies indicate that a linear-elastic static analysis underestimates the

linear-elastic dynamic torsional response of structures. When the static eccentricity was 5% the

values of maximum displacement of the structure, bending moment at the base ofwalls, and shear

force of walls were underestimated by more than 61%,47%, and 39%, respectively, by the static

analysis. When static eccentricity was increased to 10% these response parameters were

underestimated by more than 63%, 52%, and 49%, respectively, indicating that the underestimation

of the response by static analyses increases monotonically, but not proportionally, with increase

in static eccentricity. It was also recognized that, for preliminary design, the value of dynamic

amplification ofeccentricity for a linear-elastic multi-story structure may be approximated by the

dynamic amplification of eccentricity computed from an idealized linear-elastic single-story

system with the same values of eccentricity ratio (e/D) and uncoupled frequency ratio (UFR) as

those of the multi-story structure (see Figure 2.7), using idealized flat or hyperbolic pseudo

acceleration spectra to characterize the earthquake ground motion.
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It is well recognized that in the case ofextreme, or even moderate, earthquake ground motion

excitations most buildings will undergo inelastic behavior. However, the fact that because of this

inelastic behavior the torsional responses of the structure can be significantly higher than those

predicted on the basis of linear-elastic analyses, is not very well appreciated. Almost all of the

previous studies on the inelastic seismic responses of eccentric structures examined the torsional

responses of idealized single-story systems. In order to understand the lateral-torsional response

of real buildings to seismic excitations, it is important to investigate the effects of torsion on the

nonlinear response of multi-story structures. However, three-dimensional nonlinear static and

dynamic analyses of a structure are not standard procedures, and the solution algorithms are

problem dependent.

Nonlinear computer programs are not usually ready-to-use, and modification or correction

or both of their source code is usually needed. This means that, unlike a linear-elastic analysis, a

given algorithm may work effectively for one type ofnonlinearity, but not for other types. Besides,

nonlinear analyses are much slower and more elaborate input data need to be provided by the user,

therefore the cost for a nonlinear analysis is significantly higher than for a linear-elastic one. These

problems become more serious when a multi-story structure is under investigation. Nonetheless,

nonlinearity in structures can be localized intelligently, depending on the type of structure, so that

the best simulation of the real response can be achieved.

The computer program FACTS [34] and its nonlinear three-dimensional reinforced concrete

beam column element were used to study the nonlinear static responses of the real structure (of

Figure 3.1) to two sets of monotonically increasing lateral loads, with triangular and uniform

profiles. Based on these results a realistic model of the seven-story structure, which represents

typical frame-wall systems, was developed. It was shown that total strength of the structure (at

incipient collapse) under triangular and uniform lateral load were 2241 kips and 2773 kips,

respectively. These values were about 26.5% and 32.8%, respectively, of the total reactive weight

of the structure (8462.1 kips), while the UBC strength demand was about 13% of the total reactive

weight.
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In the study of three-dimensional nonlinear seismic response of the model it was assumed

that non-uniform distribution of mass (mass eccentricity), and unsymmetrical distribution of

yielding strength (resistance eccentricity) in the plan of the structure were the sources of

lateral-torsional coupling in the structure. Three different levels of intensity of ground motion and

five different eccentricities (mass and strength eccentricities) were considered.

It was pointed out that to introduce 4% resistance eccentricity in the model it was necessary

to increase the yielding strength of wall G by about 29%, whereas for 11% resistance eccentricity

the yielding strength of wall G was increased by 101%. It was shown that, if it is desired to keep

the stiffness distribution in the structure unchanged, effects of torsion on the seismic response of

the structure can be reduced by proper distribution of yielding strength of major lateral load

resisting elements in the plan. The ideal solution to this type of problem is to locate the center of

resistance on the center of mass. In all these studies comparisons were made between the

linear-elastic and nonlinear responses in order to provide a better understanding of the differences

between the two cases.

6.2 Conclusions

The main conclusions, regarding the effects of torsion on the seismic response of structures,

are presented here. These conclusions, strictly speaking, are only valid for the structure and the

model described in this research and for the types of earthquake excitation used to analyze them.

1. A linear-elastic static analysis cannot provide a reliable estimate of torsional effects on the

linear-elastic dynamic responses of structures, no matter what static lateral load profile is

selected, unless proper amplification of eccentricity is considered in the static analysis.

The linear-elastic dynamic response of the seven-story building to the Taft earthquake

ground motion, with 5% and 10% uniform static eccentricity ratios (e/D) over the height,

produced maximum inter-story drift indices that were underestimated, by more than 62%

and 63%, respectively, by linear-elastic static analyses (using no amplification of

eccentricity). Note that this underestimation is not in direct proportion to the increase in

static eccentricity. For a linear-elastic multi-story building, where distributions of mass
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and stiffness do not vary from story to story, the amplification of eccentricity may be

approximated, for preliminary design, by that obtained from analyzing an idealized

linear-elastic single-story system, having the same values of static eccentricity ratio (e/D),

and uncoupled torsional to translational frequency ratio (UFR) as the original building,

using idealized flat or hyperbolic pseudo acceleration spectra to characterize the earthquake

ground motion.

2. Linear-elastic dynamic analyses, may significantly underestimate effects of torsion on the

nonlinear inelastic dynamic response of structures. The nonlinear response of the

seven-story building, with 5% uniform static eccentricity ratio (e/D) over the height, to the

Taft-40 and Taft-60 ground motions produced maximum lateral displacements at the

second floor that were 40% and 80%, respectively, larger than those predicted by

linear-elastic analyses. When the static eccentricity was increased to 25% of the maximum

building plan dimension, these displacements increased to 92% and 134%, respectively,

larger than those predicted by linear-elastic analyses. Since most buil~ings undergo

nonlinear behavior in the case of extreme, or even moderate, earthquake ground motions,

and in order to understand the true behavior of a structure, it is important to pay more

attention to nonlinear inelastic analysis of a structure.

3. Maximum values ofresponse of the structure with large static eccentricity ratio (e/D=25%)

are significantly affected by the torsional motion of the structure, as well as by its

translational motion. Maximum values of displacements, inter-story-drift indices, shear

forces carried by lateral load resisting elements, and plastic rotations at the bases of walls

increase with the increase in static eccentricity ratio and intensity of the ground motion

excitation. This increase is a monotonic, but not proportional, function of intensity level.

4. Yielding strength of lateral load resisting elements can be wisely distributed

unsymmetrically in the plan of an eccentric (with static eccentricity) structure to reduce

the torsional effects. This reduction is most pronounced at the stories where most of the

nonlinearity is concentrated. Ifit is desired to keep the stiffness distribution of the structure
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unchanged, seismic torsional responses ofstructures can be effectively controlled by proper

design of yielding strength of major lateral load resisting elements such that the center of

resistance (strength) comes as close as possible to the center of mass.

5. Yielding strength of the whole structure is an important factor in controlling torsional

behavior of a structure. Effects of torsion on the maximum values of displacements,

inter-story drift indices, shear forces carried by lateral load resisting elements, and their

plastic rotations can be significantly reduced by increasing the yielding strength of the

whole structure.

6. Most of the seismic building codes, in their simplified regulations for torsional effects,

underestimate the linear-elastic dynamic torsional response of a structure. They are also

nonconservative when nonlinear behavior of structures is of interest. Therefore there is a

need to improve the codes.

6(a) The concept of dynamic eccentricity may be used to estimate the linear-elastic response

of building structures for preliminary design. However, the value of dynamic eccentricity

prescribed by UBC is nonconservative, especially for small values of static eccentricity

ratio. Including the accidental eccentricity, prescribed by UBC, in the design eccentricity

cannot compensate for the nonconservative torsional regulations of UBC in estimating

dynamic eccentricity, although it reduces the value of amplification of eccentricity.

Dynamic amplification of eccentricity for a linear-elastic multi-story structure may be

approximated, for preliminary design, by that obtained from analyzing an idealized

linear-elastic single-story system with the same values of eccentricity ratio (e/D) and

uncoupled frequency ratio (UFR) as those of the multi-story structure (see Figure 2.7),

using idealizedflat or hyperbolic pseudo acceleration spectra to characterize the earthquake

ground motion. It must be noted that the concept of dynamic eccentricity, which has been

developed for single-story systems, may not be used to estimate the linear-elastic response
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of multi-story buildings, when distributions of mass and/or stiffness of the lateral load

resisting elements in the plan of the structure vary from story to story. In such cases a

dynamic analysis must be performed.

6(b) Total story torque and total story shear forces in a nonlinear structure are insensitive to the

value of initial static eccentricity. Moreover, dynamic eccentricity is not a good index in

identifying the maximum displacement of a structure. Therefore they are not good indices

to measure nonlinear torsional response of a structure. For preliminary design, dynamic

amplification of total displacements and inter-story drift indices are more reliable indices

to estimate torsional effects for the cases where nonlinear behavior of the structure is of

interest. Note that a three-dimensional nonlinear dynamic analysis should be performed

for the final design.

6(c) In both linear-elastic and nonlinear inelastic ranges the amount of acceptable initial static

,eccentricity should be restricted if the torsional regulations of present building codes are

used. It is recommended that maximum static eccentricity be limited to 20% of the

maximum building plan dimension.

6(d) In cases where nonlinear behavior of structures is inevitable, the importance of torsional

redundancy and resistance eccentricity on the lateral-torsional response must be taken into

account by the building codes. They must lead designers to distribute, intelligently, the

largest possible number of lateral load resisting structural elements and to select their

yielding strengths such that the center of resistance comes as close as possible to the center

of mass of the structure at each floor.

6(e) In order to avoid large torsional response in structures, building codes should not prescribe

an excessively large reduction of the yielding strength compared with the linear-elastic

strength demands.

7. The use of multi-story buildings with a dual structural system (frame-wall) allowed

significant redistribution of the lateral inertia forces after the first yielding of the most

critically excited wall. The yielding of the first story of the wall led to a change in the
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lateral defonnation pattern and this resulted in a different distribution of the lateral forces

along the height of the walls and frames, as well as a different horizontal distribution at

each floor level. All this resulted in some significant increase in the story shear that the

critical wall could resist.

8. Three-dimensional nonlinear static and dynamic analyses of structures are, in general, very

costly and in some cases, because of the size of the structure, are impractical. However,

in some cases, it is possible to take advantage of the actual behavior of the system, and to

localize nonlinearity in the structure. This will, in effect, reduce the cost of nonlinear

analyses, without losing generality. The reinforced concrete frame-wall system in the

structure studied in this research, is a system with special properties that allow localization

of nonlinearity. Systems of this type can be effectively modeled for nonlinear analyses so

thatthe computercostdecreases to a reasonable level. Therefore as long aspresentcomputer

technology is used, the selection of systems that can be efficiently analyzed by nonlinear

computer programs is of great importance.

6.3 Recommendations for Future Studies

Most of the previous researches have focussed on the torsional response of an idealized

single-story system, and only some of them considered nonlinear behavior of structures. This

research, to the best knowledge of the authors, is the first to study the effects of torsion on the

linear-elastic and nonlinear seismic responses ofmulti-story structures. Because of the complexity

of the problem of torsion, especially when dealing with multi-story structures, it has not been

possible to consider the effects of all the parameters, pertinent to the problem of torsion, in this

study. Therefore it is necessary to conduct further rigorous and comprehensive studies. Some

recommendations for future research regarding the effects of torsion on the seismic response of

structures, follow:

1. Although it is recognized that torsional redundancy is an important issue in earthquake

resistant design of structures, its effects on the nonlinear torsional response ofdual systems

have not been thoroughly studied yet. Building codes have not considered this issue in
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their current seismic regulations for torsion. Therefore it is necessary to investigate the

effects of torsional redundancy on the nonlinear response of structures and to suggest the

minimum lines of defense in a torsionally coupled system.

2. In multi-story structures, it is quite possible that centers of mass of different floors do not

lie on a vertical line. Similarly, distributions of stiffness and yielding strength of the lateral

load resisting elements, in the plan of the structure, may vary from story to story. These

possibilities, along with other irregularity features, were not considered in this research

and they need to be addressed in future studies.

3. Nonlinear responses of structures are model dependent. Therefore the findings of this

research, which studied the torsional response of a multi-story frame-wall building, may

not be applicable to a ductile moment resisting space frame or some other structural system.

Similarly, the response ofa structure to an earthquake ground motion may be quite different

if another type of ground motion excitation is selected. Therefore it is important to study

the effects of torsion on the seismic response of different types of structures, and to reflect

the effects of different types of ground motions on the torsional response of structures, in

future investigations.

4. In order to obtain a better understanding of the effects of various parameters such as static

and resistance eccentricity ratios, uncoupled translational frequency, andratio ofuncoupled

torsional frequency to translational frequency, on the torsional response of structures, it is

necessary to extend the parametric studies conducted in this investigation, to systems with

different values of the parameters.

5. More studies are needed for to improve the torsional regulations ofthe building codes. For

linear-elastic structures, the value of dynamic eccentricity can be approximated using

bilinear relation with static eccentricity, rather than a linear relation. In a more direct way

an idealized single-story system may be used to estimate the value ofdynamic eccentricity.

For nonlinear inelastic structures more reliable indices, such as amplifications of

displacements and inter-story drift index, have to be substituted for dynamic eccentricity.
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Moreover, a lower bound has to be established for the value of resistance eccentricity,

relative to static eccentricity, so that it leads the designer to distribute the yielding strength

of resisting elements in the plan of the structure so that the centers of mass and resistance

are as close as possible.

6. In order to assess the validity of mathematical models, used in studies of linear-elastic

torsion and nonlinear inelastic torsion, it is necessary to correlate the analytical evaluations

and experimental studies of the torsional response of structures.
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E* A* 1* 1*
Type of Member (ksi) (Gross) (Uncracked) (Cracked)

(in2
) (in4

) (in4
)

Typical Column 3537.0 387.50 12510.0 3424.0

Typical Beam 3537.0 ---- 14370.0 2711.0

Typical Shear Wall
Level G-l 3537.0 2170.0 11181680.0 2940000.0
Leve11-2 3537.0 2170.0 11181680.0 2800000.0
Level 2-3 3537.0 2170.0 11181680.0 2650000.0
Level 3-4 3537.0 2170.0 11181680.0 2490000.0
Level 4-5 3537.0 2170.0 11181680.0 2320000.0
Level 5-6 3537.0 2170.0 11181680.0 2150000.0
Level 6-7 3537.0 2170.0 11181680.0 1970000.0

* Note:
E
A
I

Is Modulus of Elasticity.
Is Cross Sectional Area.
Is Cross Sectional Moment of Inertia.

TABLE 3.1 : SECTIONAL PROPERTIES [30]

Location Width* MCR* MY* MU*
(in) Sign (k-in) (k-in) (k-in)

196.9 - 3855 5146 5831
+ 1010 1300 1900

Support 118.1 - 2918 3524 3950
+ 953 1106 1595

59.1 - 1883 2226 2700
+ 874 970 1386

196.9 - 3916 4104 4755
+ 1049 1705 2421

Mid-Span 118.1 - 2941 2549 2961
+ 989 1540 2125

59.1 - 1885 1633 2121
+ 908 1380 1921

* Note:
Width

MCR
MY
MU

Width of Contributing Slab.
Cracking Moment.
First Yield Moment.
Ultimate Moment.

TABLE 3.2: FLEXURAL AND SHEAR STRENGTH OF A TYPICAL BEAM [30]
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Axial Load MCR* MY* MMAX*
(kips) (k-in) (k-in) (k-in)

-250.0 231.25 --- 715.0
-125.0 656.25 795.00 1691.25

0.0 1077.50 1768.75 2625.00
50.0 1240.00 2136.25 2875.00
100.0 1406.25 2446.25 3141.25
150.0 1567.50 2750.00 3500.00
200.0 1728.75 3098.75 3812.50
250.0 1887.50 3418.75 4116.25
375.0 2280.00 4165.00 4885.00
500.0 2663.75 4878.75 5400.00
625.0 3033.75 5300.00 5852.50

* Note:
MCR Cracking Moment.
MY First Yield Moment.

MMAX Maximum Moment.

TABLE 3.3 SECTION PROPERTIES OF A TYPICAL COLUMN [30]

Axial Load MCR* MY* MMAX*
(kips) (k-in) (k-in) (k-in)

0 82625.0 70125.0 113375.0
250.0 94375.0 93125.0 136250.0
500.0 105875.0 115625.0 159375.0
750.0 117500.0 138375.0 181625.0
1000.0 129000.0 157125.0 203000.0
1250.0 140500.0 178875.0 223125.0
1500.0 151750.0 196625.0 242750.0
2500.0 212500.0 270000.0 318500.0

* Note:
MCR Cracking Moment.
MY First Yield Moment.

MMAX Maximum Moment.

TABLE 3.4: SECTION PROPERTIES OF A TYPICAL SHEAR WALL [30]
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Floor Roof
(pst) (pst)

5 inches Reinforced Concrete Slab 62.5 62.5
Ceiling And Roofing 16.0
Ceiling and Floor finishes 12.0
Beams 20.0 20.0
Partitions 20.0
Miscellaneous 2.0 2.0

Total 116.5 100.50

(a) DEAD LOAD

Reactive Weight Live Load
(pst) (pst)

Roof 125.0 20.0
Floors 7 To 3 146.0 40.0
Floor 2 150.0 40.0

Total 1005.0 260.0

(b) WEIGHT OF REACTIVE MASS AND LIVE LOAD

TABLE 3.5 : DESIGN LOADS
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Mode Direction* Period (sec)

1 Y-Translation 0.906
2 X-Translation 0.574
3 Torsional Rotation 0.536
4 Y-Translation 0.293
5 Y-Translation 0.167
6 X-Translation 0.152
7 Torsional Rotation 0.143
8 Y-Translation 0.112
9 Y-Translation 0.083
10 X-Translation 0.074
11 Torsional Rotation 0.070
12 Y-Translation 0.066
13 Y-Translation 0.057
14 X-Translation 0.049
15 Torsional Rotation 0.046
16 X-Translation 0.037
17 Torsional Rotation 0.035
18 X-Translation 0.031
19 Torsional Rotation 0.029
20 X-Translation 0.028
21 Torsional Rotation 0.027

* Note:
X-Translation is translational mode in the direction of walls.
Y-Translation is translational mode perpendicular to the walls.
Torsional Rotation is rotational mode about the center of mass at each floor.

TABLE 3.6 : UNDAMPED NATURAL PERIOD OF THE UNCOUPLED
STRUCTURE USING UNCRACKED SECTIONAL PROPERTIES

Story Reactive Weight Height Triang.* Uniform*
Level (kips) (inch) (kips) (kips)

7 1052.50 856.08 247.29 163.56
6 1229.32 738.00 248.99 163.56
5 1229.32 619.92 209.15 163.56
4 1229.32 501.84 169.31 163.56
3 1229.32 383.76 129.48 163.56
2 1229.32 265.68 89.63 163.56
1 1263.00 147.60 51.16 163.56

Total 8462.10 ---- 1145.00 1145.00

* Note:
Triang.
Uniform

Is Triangular Lateral Load Distribution.
Is Uniform Lateral Load Distribution.

TABLE 3.7: REACTIVE WEIGHT AND LATERAL LOAD DISTRmUTION
ALONG THE HEIGHT OF THE STRUCTURE
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Floor 1.CCM* 2.ECO* 3.EWG* 4.EWB* (2)/(1) (3)/(1) (4)/(1)
(in) (in) (in) (in)

7 0.7722 0.9439 0.8949 0.6495 1.222 1.159 0.841
6 0.6669 0.8155 0.7730 0.5608 1.223 1.159 0.841
5 0.5495 0.6721 0.6370 0.4619 1.223 1.159 0.841
4 0.4244 0.5193 0.4922 0.3567 1.224 1.160 0.840
3 0.2973 0.3639 0.3448 0.2497 1.224 1.160 0.840
2 0.1772 0.2169 0.2056 0.1488 1.224 1.160 0.840
1 0.0761 0.0932 0.0883 0.0639 1.225 1.161 0.839

(a) DUE TO TRIANGULAR LOAD

Floor 1.CCM* 2.ECO* 3.EWG* 4.EWB* (2)/(1) (3)/(1) (4)/(1) ,
(in) (in) (in) (in)

7 0.6083 0.7437 0.7050 0.5117 1.222 1.159 0.841
6 0.5305 0.6488 0.6150 0.4460 1.223 1.159 0.841
5 0.4437 0.5428 0.5145 0.3730 1.223 1.159 0.841
4 0.3500 0.4282 0.4059 0.2941 1.224 1.160 0.840
3 0.2520 0.3085 0.2923 0.2117 1.224 1.160 0.840
2 0.1557 0.1907 0.1807 0.1307 1.225 1.160 0.840
1 0.0702 0.0860 0.0815 0.0589 1.226 1.161 0.839

(b) DUE TO UNIFORM LOAD

* Note:
CCM
ECO
EWG
EWB

Is Displacement of CM in Concentric.
Is Displacement of Corner of Structure for 5% Eccentricity.
Is Displacement of Wall G for 5% Eccentricity.
Is Displacement of Wall B for 5% Eccentricity.

TABLE 3.8 : LATERAL DISPLACEMENTS OF EACH FLOOR
FOR 5% ECCENTRICITY FROM STATIC ANALYSIS
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Floor 1.CCM* 2.ECO* 3.EWG* 4.EWB* (2)/(1) (3)/(1) (4)/(1)
(in) (in) (in) (in)

7 0.7722 1.1156 1.0175 0.5269 1.445 1.318 0.682
6 0.6669 0.9640 0.8791 0.4547 1.445 1.318 0.682
5 0.5495 0.7947 0.7246 0.3744 1.446 1.319 0.681
4 0.4244 0.6141 0.5599 0.2889 1.447 1.319 0.681
3 0.2973 0.4304 0.3924 0.2022 1.448 1.320 0.680
2 0.1772 0.2567 0.2340 0.1204 1.449 1.321 0.679
1 0.0761 0.1104 0.1006 0.0516 1.450 1.322 0.678

(a) DUE TO TRIANGULAR LOAD

Floor 1.CCM* 2.ECO* 3.EWG* 4.EWB* (2)1(1) (3)/(1) (4)/(1)
(in) (in) (in) (in)

7 0.6083 0.8791 0.8017 0.4150 1.445 1.318 0.682
6 0.5305 0.7670 0.6994 0.3616 1.446 1.318 0.682
5 0.4437 0.6419 0.5852 0.3022 1.446 1.319 0.681
4 0.3500 0.5066 0.4618 0.2381 1.447 1.320 0.680
3 0.2520 0.3650 0.3327 0.1713 1.448 1.320 0.680
2 0.1557 0.2257 0.2057 0.1057 1.450 1.321 0.679
1 0.0702 0.1019 0.0928 0.0476 1.451 1.322 0.678

(b) DUE TO UNIFORM LOAD

* Note:
CCM
ECO
EWG
EWB

Is Displacement of CM in Concentric.
Is Displacement of Comer of Structure for 10% Eccentricity.
Is Displacement of Wall G for 10% Eccentricity.
Is Displacement of Wall B for 10% Eccentricity.

TABLE 3.9 : LATERAL DISPLACEMENTS OF EACH FLOOR
FOR 10% ECCENTRICITY FROM STATIC ANALYSIS



-122-

Story 1.CCM* 2.ECO* 3.EWG* 4.EWB* (2)1(1) (3)/(1) (4)/(1)
(% ) (% ) (% ) (% )

7 0.0891 0.1088 0.1032 0.0751 1.220 1.157 0.843
6 0.0995 0.1215 0.1152 0.0837 1.221 1.158 0.842
5 0.1059 0.1294 0.1227 0.0892 1.221 1.158 0.842
4 0.1077 0.1316 0.1248 0.0905 1.223 1.159 0.841
3 0.1017 0.1244 0.1179 0.0855 1.223 1.160 0.841
2 0.0856 0.1048 0.0993 0.0719 1.224 1.160 0.840
1 0.0516 0.0632 0.0598 0.0433 1.225 1.161 0.839

(a) DUE TO TRIANGULAR LOAD

Story 1.CCM* 2.ECO* 3.EWG* 4.EWB* (2)/(1) (3)1(1) (4)/(1)
(% ) (% ) (% ) (% )

7 0.0659 0.0804 0.0762 0.0556 1.219 1.157 0.843
6 0.0735 0.0897 0.0851 0.0619 1.221 1.158 0.842
5 0.0794 0.0970 0.0920 0.0668 1.222 1.158 0.842
4 0.0830 0.1014 0.0962 0.0698 1.222 1.159 0.841
3 0.0815 0.0997 0.0945 0.0685 1.223 1.160 0.840
2 0.0724 0.0886 0.0840 0.0608 1.224 1.160 0.840
1 0.0476 0.0583 0.0552 0.0399 1.225 1.161 0.839

(b) DUE TO UNIFORM LOAD

* Note:
CCM
ECO
EWG
EWB

Is illI of Center of Mass in Concentric Case.
Is illI of Comer of Structure for 5% Eccentricity.
Is illI of Wall G for 5% Eccentricity.
Is illI of Wall B for 5% Eccentricity.

TABLE 3.10 : INTER-STORY DRIFT INDEX OF EACH STORY
FOR 5% ECCENTRICITY FROM STATIC ANALYSIS
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Story 1.CCM* 2.ECO* 3.EWG* 4.EWB* (2)/(1) (3)/(1) (4)1(1)
(% ) (% ) (% ) (% )

7 0.0891 0.1284 0.1172 0.0611 1.441 1.315 0.685
6 0.0995 0.1434 0.1308 0.0681 1.442 1.315 0.685
5 0.1059 0.1530 0.1395 0.0723 1.444 1.317 0.683
4 0.1077 0.1555 0.1419 0.0735 1.445 1.318 0.682
3 0.1017 0.1471 0.1342 0.0693 1.447 1.319 0.681
2 0.0856 0.1239 0.1130 0.0582 1.448 1.320 0.680
1 0.0516 0.0748 0.0681 0.0350 1.450 1.322 0.678

(a) DUE TO TRIANGULAR LOAD

Story 1.CCM* 2.ECO* 3.EWG* 4.EWB* (2)/(1) (3)/(1) (4)/(1)
(% ) (% ) (% ) (% )

7 0.0659 0.0949 0.0866 0.0452 1.440 1.314 0.686
6 0.0735 0.1060 0.0967 0.0503 1.442 1.316 0.684
5 0.0794 0.1146 0.1045 0.0543 1.443 1.316 0.684
4 0.0830 0.1199 0.1093 0.0566 1.445 1.318 0.682
3 0.0815 0.1180 0.1076 0.0555 1.447 1.319 0.681
2 0.0724 0.1049 0.0956 0.0492 1.448 1.320 0.680
1 0.0476 0.0690 0.0629 0.0322 1.451 1.322 0.678

(b) DUE TO UNIFORM LOAD

* Note:
CCM
ECO
EWG
EWB

Is illl of Center of Mass in Concentric Case.
Is illl of Corner of Structure for 10% Eccentricity.
Is illl of Wall G for 10% Eccentricity.
Is illl of Wall B for 10% Eccentricity.

TABLE 3.11: INTER-STORY DRIFT INDEX OF EACH STORY
FOR 10% ECCENTRICITY FROM STATIC ANALYSIS
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Case Triangular Load UnifOlm Load

Location Moment Shear Moment Shear
(k-in) (kips) (k-in) (kips)

1. Wall B (or G) 246538.9 678.6 215654.5 683.0
Concentric Case

2. Wall B 207034.9 568.7 181053.8 572.5
5% Eccentricity

3. WallG 286042.3 788.4 250254.7 793.6
5% Eccentricity

4. WallB 167531.4 458.9 146453.5 461.9
10% Eccentricity

5. WallG 325546.1 898.2 284855.3 904.2
10% Eccentricity

Ratio of (2) to (1) 0.84 0.84 0.84 0.84

Ratio of (3) to (1) 1.16 1.16 1.16 1.16

Ratio of (4) to (1) 0.67 0.68 0.68 0.67

Ratio of (5) to (1) 1.32 1.32 1.32 1.32

TABLE 3.12: BENDING MOMENT AND SHEAR FORCE AT
THE BASE OF SHEAR WALLS FROM STATIC ANALYSES
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Story 1.CSW* 2.ESWG* 3.ESWB* Ratio 2/1 Ratio 3/1

7 -65.56 -77.268 -53.861 1.179 0.822
6 136.617 157.759 115.470 1.155 0.845
5 258.963 299.931 217.990 1.158 0.842
4 371.770 431.052 312.492 1.159 0.841
3 472.530 548.247 396.811 1.160 0.840
2 569.255 660.826 477.680 1.161 0.839
1 678.556 788.372 568.737 1.162 0.838

(a) TRIANGULAR LOAD

Story 1.CSW* 2.ESWG* 3.ESWB* Ratio 2/1 Ratio 3/1

7 -61.908 -72.744 -51.071 1.175 0.825
6 74.350 85.651 63.044 1.152 0.848
5 168.310 194.827 141.786 1.158 0.842
4 273.165 316.681 229.644 1.159 0.841
3 387.749 449.901 325.592 1.160 0.840
2 521.460 605.409 437.514 1.161 0.839
1 683.046 793.619 572.470 1.162 0.838

(b) UNIFORM LOAD

* Note:
CSW

ESWG
ESWB

Story Shear of One Wall in Concentric Case.
Story Shear of Wall G for 5% Eccentricity.
Story Shear of Wall B for 5% Eccentricity.

TABLE 3.13: STORY SHEAR OF WALLS FOR 5% ECCENTRICITY
DUE TO STATIC LOAD
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Story 1.CSW* 2.ESWG* 3.ESWB* Ratio 2/1 Ratio 3/1

7 -65.56 -88.969 -42.151 1.357 0.643
6 136.617 178.896 94.327 1.309 0.690
5 258.963 340.899 177.020 1.316 0.684
4 371.770 490.329 253.212 1.319 0.681
3 472.530 623.964 321.094 1.320 0.680
2 569.255 752.400 386.108 1.322 0.678
1 678.556 898.189 458.921 1.324 0.676

(a) TRIANGULAR LOAD

Story 1.CSW* 2.ESWG* 3.ESWB* Ratio 2/1 Ratio 3/1

7 -61.908 -83.584 -40.236 1.350 0.650
6 74.350 96.950 51.744 1.304 0.696
5 168.310 221.346 115.268 1.315 0.685
4 273.165 360.199 186.129 1.319 0.681
3 387.749 512.056 263.439 1.321 0.679
2 521.460 689.357 353.567 1.322 0.678
1 683.046 904.193 461.897 1.324 0.676

(b) UNIFORM LOAD

* Note:
CSW

ESWG
ESWB

Story Shear of One Wall in Concentric Case.
Story Shear of Wall G for 10% Eccentricity.
Story Shear of Wall B for 10% Eccentricity.

TABLE 3.14 : STORY SHEAR OF WALLS FOR 10% ECCENTRICITY
DUE TO STATIC LOAD
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Concentric Concentric Eccentric Eccentric
Triangular Unifonn Triangular Unifonn

(kips) (kips) (kips) (kips)

Frame A 35.281 34.026 27.279 26.307
FrameB 695.615 699.379 583.050 586.170
FrameC 35.279 34.024 31.868 30.730
FrameD 35.329 34.063 34.187 32.963
FrameE 35.329 34.063 36.469 35.163
FrameF 35.279 34.024 38.690 37.318
Frame 0 695.615 699.382 808.186 812.591
FrameR 35.281 34.026 43.283 41.745

WallB 678.552 683.043 568.737 572.470
WallO 678.556 683.043 788.372 793.619

Total 1603.0 1603.0 1603.0 1603.0

TABLE 3.15 : TOTAL BASE SHEAR CARRIED BY EACH FRAME
FOR 5% ECCENTRICITY DUE TO STATIC LOAD

Concentric Concentric Eccentric Eccentric
Triangular Unifonn Triangular Unifonn

(kips) (kips) (kips) (kips)

Frame A 35.281 34.026 19.277 18.589
FrameB 695.615 699.379 470.483 472.961
FrameC 35.279 34.024 28.456 27.436
FrameD 35.329 34.063 33.047 31.863
FrameE 35.329 34.063 37.608 36.263
FrameF 35.279 34.024 42.102 40.612
Frame 0 695.615 699.382 920.753 925.801
FrameR 35.281 34.026 51.285 49.462

WallB 678.552 683.043 458.921 461.897
WallO 678.556 683.043 898.189 904.193

Total 1603.0 1603.0 1603.0 1603.0

TABLE 3.16 : TOTAL BASE SHEAR CARRIED BY EACH FRAME
FOR 10% ECCENTRICITY DUE TO STATIC LOAD
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Case Triangular Load Uniform Load

Location Pos. Neg. Pos. Neg.
Moment Moment Moment Moment
(k-in) (k-in) (k-in) (k-in)

1. Frame B (or G) 993.55 3660.65 508.23 3149.89
Concentric Case

2. FrameB 669.84 3317.05 261.47 2887.25
5% Eccentricity

3. FrameG 1317.25 4004.24 754.98 3412.52
5% Eccentricity

4. FrameB 346.14 2973.45 14.71 2624.62
10% Eccentricity

5. Frame G 1641.00 4347.84 1001.74 3675.16
10% Eccentricity

Ratio (2)/(1) 0.674 0.906 0.514 0.917

Ratio (3)/(1) 1.326 1.094 1.486 1.083

Ratio (4)/(1) 0.348 0.812 0.029 0.833

Ratio (5)/(1) 1.652 1.188 1.971 1.167

TABLE 3.17: MAXIMUM POSITIVE AND NEGATIVE MOMENTS
IN GIRDERS DUE TO STATIC LOAD
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Floor 1 2 3 4 5 6 7

1. CCM* 0.28 0.65 1.07 1.52 1.97 2.39 2.77
Time (sec) 13.5 13.5 13.5 14.8 14.8 14.8 14.8

2. ECO* 0.54 1.25 2.11 3.03 3.93 4.77 5.53
Time (sec) 14.9 14.9 14.9 14.9 14.9 14.9 14.9

3.EWB* 0.29 0.69 1.16 1.67 2.17 2.64 3.06
Time (sec) 7.3 7.3 7.3 7.3 7.3 7.3 7.3

4. EWG* 0.47 1.09 1.84 2.63 3.41 4.15 4.81
Time (sec) 14.9 14.9 14.9 14.9 14.9 14.9 14.9

(2)/(1) 1.929 1.923 1.972 1.993 1.995 1.996 1.996

(3)/(1) 1.036 1.062 1.084 1.099 1.102 1.105 1.105

(4)/(1) 1.679 1.677 1.720 1.730 1.731 1.736 1.736

(a) 5% Eccentricity

Floor 1 2 3 4 5 6 7

1. CCM* 0.28 0.65 1.07 1.52 1.97 2.39 2.77
Time (sec) 13.5 13.5 13.5 14.8 14.8 14.8 14.8

2. ECO* 0.65 1.52 2.54 3.62 4.68 5.66 6.53
Time (sec) 14.9 14.9 14.9 14.9 14.9 14.9 14.9

3. EWB* 0.18 0.43 0.73 1.06 1.39 1.70 1.98
Time (sec) 7.3 7.3 7.3 7.3 7.3 7.3 7.3

4. EWG* 0.55 1.29 2.16 3.10 4.03 4.90 5.68
Time (sec) 14.9 14.9 14.9 14.6 14.6 14.6 14.6

(2)/(1) 2.321 2.338 2.374 2.382 2.376 2.368 2.357

(3)/(1) 0.643 0.662 0.682 0.697 0.706 0.711 0.715

(4)/(1) 1.964 1.985 2.019 2.039 2.046 2.050 2.051

(b) 10% Eccentricity

* Note:
CCM
ECO
EWB
EWG

Max. Displacement of CM in Concentric Case (in).
Max. Displacement of Corner of Structure in Eccentric Case (in).
Max. Displacement of Wall B in Eccentric Case (in).
Max. Displacement of Wall G in Eccentric Case (in).

TABLE 3.18 : MAXIMUM LATERAL DISPLACEMENT FOR
5% AND 10% ECCENTRICITIES DUE TO TAFT·40
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Story 1 2 3 4 5 6 7

1. CCM* 0.1912 0.3078 0.3648 0.3866 0.3806 0.3570 0.3198
Time (sec) 13.5 13.5 14.8 14.8 14.8 14.8 14.8

2. ECO* 0.3629 0.6083 0.7271 0.7729 0.7621 0.7155 0.6400
Time (sec) 14.9 14.9 14.9 14.9 14.9 14.9 14.9

3.EWB* 0.1967 0.3348 0.4030 0.4299 0.4246 0.3989 0.3571
Time (sec) 7.3 7.3 7.3 7.3 7.3 7.3 7.3

4. EWG* 0.3158 0.5293 0.6326 0.6722 0.6626 0.6220 0.5565
Time (sec) 14.9 14.9 14.9 14.9 14.9 14.9 14.9

(2)1(1) 1.898 1.976 1.993 1.999 2.002 2.004 2.001

(3)/(1) 1.029 1.088 1.105 1.112 1.116 1.117 1.117

(4)/(1) 1.652 1.720 1.734 1.739 1.741 1.742 1.740

(a) 5% Eccentricity

Story 1 2 3 4 5 6 7

1. CCM* 0.1912 0.3078 0.3648 0.3866 0.3805 0.3570 0.3198
Time (sec) 13.5 13.5 14.8 14.8 14.8 14.8 14.8

2. ECO* 0.4412 0.7329 0.8685 0.9143 0.9007 0.8450 0.7551
Time (sec) 14.9 14.9 14.9 14.9 14.6 14.6 14.6

3.EWB* 0.1205 0.2096 0.2569 0.2787 0.2794 0.2651 0.2378
Time (sec) 7.3 7.3 7.3 7.3 7.3 7.3 7.3

4. EWG* 0.3748 0.6226 0.7474 0.7970 0.7866 0.7382 0.6599
Time (sec) 14.9 14.9 14.6 14.6 14.6 14.6 14.6

(2)/(1) 2.308 2.381 2.381 2.365 2.367 2.367 2.361

(3)/(1) 0.630 0.681 0.704 0.721 0.734 0.743 0.744

(4)/(1) 1.960 2.023 2;049 2.062 2.067 2.068 2.063

(b) 10% Eccentricity

* Note:
CCM
ECO
EWB
EWG

Max. illI of CM in Concentric Case (%).
Max. illI of Corner of Structure in Eccentric Case (%).
Max. illI of Wall B in Eccentric Case (%).
Max. illI of Wall G in Eccentric Case (%).

TABLE 3.19 : MAXIMUM INTER-STORY DRIFT INDEX FOR
5% AND 10% ECCENTRICITIES DUE TO TAFT-40
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Case Location Dis.(l) IDr2)

Corner 1.224 1.222
Triangular(3) WallG 1.160 1.159

WallB 0.840 0.841

Corner 1.224 1.222
Unifonn(4) WallG 1.160 1.159

WallB 0.840 0.841

Corner 1.972 1.982
Taft-40(5) WallG 1.716 1.724

WallB 1.085 1.098

(a) 5% Eccentricity

Case Location Dis.(l) IDr2)

Corner 1.447 1.445
Triangular(3) WallO 1.320 1.318

WallB 0.680 0.682

Corner 1.448 1.445
Unifonn(4) WallG 1.320 1.318

WallB 0.680 0.682

Corner 2.359 2.361
Taft-40(5) WallG 2.022 2.042

WallB 0.688 0.708

(b) 10% Eccentricity

Notes:
1. Lateral Displacement Nonnalized With the Corresponding Value in the
Concentric Case.
2. Inter-Story Drift Index Nonnalized With the Corresponding Value in the
Concentric Case.
3. Triangular Static Analysis.
4. Unifonn Static Analysis.
5. Taft Earthquake with PGA =OAOg.

TABLE 3.20 : NORMALIZED VALVES OF DISPLACEMENTS AND
INTER-STORY DRIFT INDICES IN STATIC AND DYNAMIC ANALYSES
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Moment Shear
(in-k) (kips)

1. Wall B (or G) 638669.9 1868.53
Concentric Case

2. Wall B 682073.8 1812.05
5% Eccentricity

3. WallG 1085170.0 2938.60
5% Eccentricity

4. WallB 424662.5 1069.33
10% Eccentricity

5. WallG 1278642.8 3532.08
10% Eccentricity

Ratio of (2) to (1) 1.07 0.97

Ratio of (3) to (1) 1.70 1.57

Ratio of (4) to (1) 0.66 0.57

Ratio of (5) to (1) 2.00 1.89

TABLE 3.21 : MAXIMUM BENDING MOMENT AND SHEAR FORCE
AT THE BASE OF WALLS DUE TO TAFT-40
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Story 1. CSW* 2. ESWB* 3. ESWG* (2)/(1) (3)/(1)

7 -215.61 -187.04 -303.73 0.87 1.41
(Time) (13.5) (7.1) (10.0)

6 407.80 -404.94 622.43 0.99 1.53
(Time) (11.7) (7.3) (14.9)

5 668.65 -762.19 1176.31 1.14 1.76
(Time) (14.8) (7.3) (14.9)

4 958.19 -1078.10 1671.99 1.13 1.74
(Time) (14.8) (7.3) (14.9)

3 1235.02 -1337.55 2097.24 1.08 1.70
(Time) (13.5) (7.3) (14.9)

2 1540.96 -1559.47 2490.15 1.01 1.62
(Time) (13.5) (7.3) (14.9)

1 1868.53 1812.06 2938.60 0.97 1.57
(Time) (13.5) (7.1) (14.9)

* Note:
CSW Story Shear of One Wall in Concentric Case (kips).

ESWG Story Shear of Wall G for 5% Eccentricity (kips).
ESWB Story Shear of Wall B for 5% Eccentricity (kips).

TABLE 3.22 : MAXIMUM STORY SHEAR OF WALLS
FOR 5% ECCENTRICITY DUE TO TAFT-40

Story 1. CSW* 2. ESWB* 3. ESWG* (2)1(1) (3)1(1)

7 -215.61 -126.51 -299.64 0.59 1.39
6 245.38 206.89 503.39 0.84 2.05
5 573.52 426.45 1013.81 0.74 1.77
4 914.00 642.12 1492.77 0.70 1.63
3 1235.02 844.21 1920.62 0.68 1.56
2 1540.96 1045.73 2334.11 0.68 1.51
1 1868.53 1272.57 2810.30 0.68 1.50

* Note:
CSW Story Shear of One Wall in Concentric Case (kips).
ESWG Story Shear of Wall G for 5% Eccentricity (kips).
ESWB Story Shear of Wall B for 5% Eccentricity (kips).

TABLE 3.23 : STORY SHEAR OF WALLS WHEN TOTAL BASE SHEAR
IS MAXIMUM FOR 5% ECCENTRICITY DUE TO TAFT-40



-134-

Story 1. CSW* 2. ESWB* 3. ESWG* (2)/(1) (3)/(1)

7 -215.61 -112.08 -414.71 0.52 1.92
(Time) (13.5) (10) (7.1)

6 407.80 -302.16 -746.16 0.74 1.83
(Time) (11.7) (7.3) (14.6)

5 668.65 -523.28 -1415.06 0.78 2.12
(Time) (14.8) (7.3) (14.6)

4 958.19 -698.48 -2002.14 0.73 2.09
(Time) (14.8) (7.3) (14.6)

3 1235.02 -828.89 2491.36 0.67 2.02
(Time) (13.5) (7.3) (14.9)

2 1540.96 -937.09 2988.71 0.61 1.94
(Time) (13.5) (7.3) (14.9)

1 1868.53 -1069.33 3532.08 0.57 1.89
(Time) (13.5) (7.3) (14.9)

* Note:
CSW Story Shear of One Wall in Concentric Case (kips).

ESWG Story Shear of Wall G for 10% Eccentricity (kips).
ESWB Story Shear of Wall B for 10% Eccentricity (kips).

TABLE 3.24 : MAXIMUM STORY SHEAR OF WALLS
FOR 10% ECCENTRICITY DUE TO TAFT-40

Story 1. CSW* 2. ESWB* 3. ESWG* (2)/(1) (3)/(1)

7 -215.61 -73.11 -359.08 0.34 1.67
6 245.38 215.39 746.16 0.88 3.04
5 573.52 389.38 1415.06 0.68 2.47
4 914.00 541.44 2002.14 0.59 2.19
3 1235.02 663.37 2481.26 0.54 2.01
2 1540.96 765.61 2896.59 0.50 1.88
1 1868.53 874.56 3368.54 0.47 1.80

* Note:
CSW Story Shear of One Wall in Concentric Case (kips).

ESWG Story Shear of Wall G for 10% Eccentricity (kips).
ESWB Story Shear of Wall B for 10% Eccentricity (kips).

TABLE 3.25 : STORY SHEAR OF WALLS WHEN TOTAL BASE SHEAR
IS MAXIMUM FOR 10% ECCENTRICITY DUE TO TAFT-40



-135-

Moment(l) Shear(2)

Case WallB WallO WallB WallO

Triangular(3) 0.84 1.16 0.838 1.162

Unifonn(4) 0.84 1.16 0.839 1.161

Taft-40(5) 1.07 1.70 1.027 1.619

(a) 5% Eccentricity

Moment(l) Shear(2)

Case WallB WallO WallB WallO

Triangular(3) 0.67 1.32 0.676 1.324

Unifonn(4) 0.68 1.32 0.678 1.322

Taft-40(5) 0.66 2.00 0.660 1.973

(b) 10% Eccentricity

Notes:
1. Moment at the Base of Walls Nonnalized With the Corresponding Value in the
Concentric Case.
2. Average Shear Force of Walls Nonnalized With the Corresponding Value in the
Concentric Case.
3. Triangular Static Analysis.
4. Unifonn Static Analysis.
5. Taft Earthquake With POA =OAOg.

TABLE 3.26 : NORMALIZED VALVES OF BENDING MOMENTS AND
SHEAR FORCES OF WALLS IN STATIC AND DYNAMIC ANALYSES
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Story 1.Concentric 2.Eccentric 3. Eccentric Ratio Ratio
(5%) (10%) of of

(kips) (kips) (kips) (2)/(1) (3)/(1)

7 903.95 1049.53 -1181.33 1.16 1.31
(Time) (11.7) (10.1) (14.6)

6 1782.02 -2046.14 -2388.99 1.15 1.34
(Time) (14.8) (13.9) (14.6)

5 2542.71 -2936.14 -3393.57 1.15 1.33
(Time) (14.8) (13.9) (14.6)

4 3150.98 -3659.14 -4163.90 1.16 1.32
(Time) (14.8) (13.9) (14.6)

3 3627.13 -4207.57 -4681.75 1.16 1.29
(Time) (13.5) (13.9) (14.6)

2 4092.53 -4578.89 -4954.64 1.12 1.21
(Time) (13.5) (13.9) (14.6)

1 4399.08 4815.86 -5022.70 1.09 1.14
(Time) (13.5) (14.2) (14.6)

TABLE 3.27 : MAXIMUM TOTAL STORY SHEAR OF THE STRUCTURE
FOR 5% AND 10% ECCENTRICITIES DUE TO TAFT-40

Story 1.Concentric 2.Eccentric 3.Eccentric Ratio Ratio
(5%) (10%) of of

(kips) (kips) (kips) (2)/(1) (3)/(1)

7 672.67 913.90 1181.33 1.36 1.76
6 1468.20 1895.79 2388.99 1.29 1.63
5 2260.67 2772.11 3393.57 1.23 1.50
4 3001.68 3512.02 4163.90 1.17 1.39
3 3627.13 4096.32 4681.75 1.13 1.29
2 4092.53 4524.66 4954.64 1.11 1.21
1 4399.08 4815.86 5022.70 1.09 1.14

TABLE 3.28 : TOTAL STORY SHEAR OF THE STRUCTURE WHEN
TOTAL BASE SHEAR IS MAXIMUM FOR 5% AND

10% ECCENTRICITIES DUE TO TAFT-40
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1.Concentric 2.Eccentric (2)/(1)

Frame A (kips) 95.03 97.21 1.023
Time (sec) 13.5 7.3

Frame B (kips) 1914.26 1857.60 0.970
Time (sec) 13.5 7.1

Frame C (kips) 95.03 96.92 1.020
Time (sec) 13.5 7.1

Frame D (kips) 95.03 99.82 1.050
Time (sec) 13.5 7.1

Frame E (kips) 95.03 113.33 1.193
Time (sec) 13.5 14.2

Frame F (kips) 95.03 130.70 1.375
Time (sec) 13.5 14.9

Frame G (kips) 1914.32 3012.96 1.574
Time (sec) 13.5 14.9

Frame H (kips) 95.03 176.86 1.861
Time (sec) 13.5 14.9

Wall B (kips) 1868.50 1812.05 0.970
Time (sec) 13.5 7.1

Wall G (kips) 1868.50 2938.60 1.573
Time (sec) 13.5 14.9

Total Max. (kips) 4399.08 4815.86 1.095
Ratio To Total Weight 0.517 0.566
Time (sec) 13.5 14.2

TABLE 3.29 : MAXIMUM BASE SHEAR OF EACH FRAME
FOR 5% ECCENTRICITY DUE TO TAFT-40
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I.Concentric 2.Eccentric (2)/(1)

Frame A (kips) 95.03 75.99 0.800
Time (sec) 13.5 7.5

Frame B (kips) 1914.26 1097.24 0.573
Time (sec) 13.5 7.3

Frame C (kips) 95.03 73.14 0.770
Time (sec) 13.5 7.1

Frame D (kips) 95.03 98.88 1.041
Time (sec) 13.5 14.6

Frame E (kips) 95.03 125.07 1.316
Time (sec) 13.5 14.6

Frame F (kips) 95.03 151.00 1.589
Time (sec) 13.5 14.6

Frame G (kips) 1914.32 3620.63 1.891
Time (sec) 13.5 14.9

Frame H (kips) 95.03 216.13 2.274
Time (sec) 13.5 14.9

Wall B (kips) 1868.50 1069.33 0.572
Time (sec) 13.5 7.3

Wall G (kips) 1868.50 3532.08 1.890
Time (sec) 13.5 14.9

Total Max. (kips) 4399.08 5022.70 1.142
Ratio To Total Weight 0.517 0.591
Time (sec) 13.5 14.6

TABLE 3.30 : MAXIMUM BASE SHEAR OF EACH FRAME
FOR 10% ECCENTRICITY DUE TO TAFT·40
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5% Eccentricity 10% Eccentricity

Floor DE* DEA* DE* DEA*

7 403.45 4.203 576.75 3.004
6 407.91 4.249 583.48 3.039
5 406.94 4.239 565.74 2.947
4 404.13 4.210 545.70 2.842
3 396.74 4.133 540.21 2.814
2 375.54 3.912 517.41 2.695
1 359.59 3.746 497.68 2.592

* Note:
DE
DEA

Is Dynamic Eccentricity (inch).
Is Dynamic Amplification of Eccentricity (Ratio of Dynamic Eccentricity
to Static Eccentricity).

TABLE 3.31: DYNAMIC ECCENTRICITY AND DYNAMIC AMPLIFICATION
OF ECCENTRICITY DUE TO TAFT-40

Pos. Moment Neg. Moment
(in-k) (in-k)

1. Frame B (or G) 4493.53 6626.13
Concentric Case

2. FrameB 5118.95 7251.55
5% Eccentricity

3. FrameG 8599.96 10732.56
5% Eccentricity

4. FrameB 3057.14 5101.29
10% Eccentricity

5. FrameG 10393.31 12525.91
10% Eccentricity

(2) To (1) 1.139 1.094

(3) To (1) 1.914 1.620

(4) To (1) 0.680 0.770

(5) To (1) 2.313 1.890

TABLE 3.32: MAXIMUM MOMENT IN GIRDERS FOR 5%
AND 10% ECCENTRICITIES DUE TO TAFT-40
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Pos. M(l) Neg. M(2)

Case Girder Girder

Triangular(3) 1.326 1.094

Unifonn(4) 10486 1.083

Taft-40(5) 1.914 1.620

(a) 5% Eccentricity

Pos. M(l) Neg. M(2)

Case Girder Girder

Triangular(3) 1.652 1.188

Unifonn(4) 1.971 1.167

Taft-40(5) 2.313 1.890

(b) 10% Eccentricity

1. Positive Moment in Girders Nonnalized With the Corresponding Value in the
Concentric Case.
2. Negative Moment in Girders Nonnalized With the Corresponding Value in the
Concentric Case.
3. Triangular Static Analysis.
4. Unifonn Static Analysis.
5. Taft Earthquake With PGA =OAOg.

TABLE 3.33 : NORMALIZED VALVES OF BENDING MOMENTS
IN GIRDERS IN STATIC AND DYNAMIC ANALYSES
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Columns Shear Walls Beams

EI* 26195906 2.23x101o 25413345
(k-in2

)

EA* 1370588 7675290 1627020
(kips)

GA* -- 1970388 --
(kips)

* Notes:
E
G
I
A

Modulus of Elasticity (ksi).
Shear Modulus of Elasticity (ksi).
Sectional Moment of Inertia (in4

).

Area of Cross Section (in2
).

TABLE 4.1: Sectional Properties [30]

LOAD CASE 1.IDI* 2.TS* 3.WS* 4.FS* (3)1(2) (4)/(2)

Triangular F.Y.* 0.085 1217 1065 152 0.875 0.125

Profile LC.* 0.705 2241 1153 1088 0.515 0.485

Uniform F.Y.* 0.088 1408 1242 166 0.882 0.118

Profile LC.* 0.807 2773 1672 1101 0.603 0.397

* Notes:
F.Y.
LC.
IDI
TS
WS
FS

First Yield.
Incipient Collapse.
Inter-Story Drift Index.
Total Base Shear of the Structure (kips).
Shear at the Base of Walls (kips).
Shear at the Base of Frames (excluding walls) (kips).

TABLE 4.2: BASE SHEAR AT THE FIRST YIELDING
AND AT INCIPIENT COLLAPSE
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REAL STRUCTURE MODEL

Mode Direction* Period Direction* Period
(sec) (sec)

1 Y-Translation 1.204 Y-Translation 1.202
2 X-Translation 0.749 X-Translation 0.749
3 Torsional Rotation 0.701 Torsional Rotation 0.747
4 Y-Translation 0.387 Y-Translation 0.386
5 Y-Translation 0.218 Y-Translation 0.217
6 X-Translation 0.187 X-Translation 0.187
7 Torsional Rotation 0.176 Torsional Rotation 0.181
8 Y-Translation 0.144 Y-Translation 0.144
9 Y-Translation 0.105 Y-Translation 0.104
10 X-Translation 0.086 X-Translation 0.086
11 Y-Translation 0.082 Torsional Rotation 0.083
12 Torsional Rotation 0.081 Y-Translation 0.082
13 Y-Translation 0.070 Y-Translation 0.070
14 X-Translation 0.055 X-Translation 0.055
15 Torsional Rotation 0.051 Torsional Rotation 0.052
16 X-Translation 0.041 X-Translation 0.041
17 Torsional Rotation 0.038 Torsional Rotation 0.039
18 X-Translation 0.034 X-Translation 0.034
19 Torsional Rotation 0.032 Torsional Rotation 0.032
20 X-Translation 0.030 X-Translation 0.030
21 Torsional Rotation 0.029 Torsional Rotation 0.029

* Note:
X-Translation is translational mode in the direction of walls.
Y-Translation is translational mode perpendicular to the walls.
Torsional Rotation is rotational mode about the center of mass at each floor.

TABLE 4.3: UNDAMPED NATURAL PERIOD OF THE
REAL STRUCTURE AND THE MODEL USING

CRACKED SECTIONAL PROPERTIES

FLOOR MASS (kips-sec2/in)

ROOF 2.72

3T07 3.18

2 3.27

TABLE 4.4: TRANSLATIONAL MASS
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Floor 1.CCM* 2.ECM* 3.EWB* 4.EWG* Ratio Ratio
(in) (in) (in) (in) (3)/(1) (4)/(1)

TAFT-40 ; Static Eccentricity =5 %

Roof -4.034 -3.397 3.425 -4.056 0.849 1.005
(Time) (4.15) (4.145) (4.445) (4.195)

7 -3.516 -2.947 2.952 -3.512 0.840 0.999
(Time) (4.15) (4.145) (4.445) (4.195)

6 -2.957 -2.462 2.447 -2.930 0.828 0.991
(Time) (4.15) (4.145) (4.445) (4.195)

5 -2.361 -1.950 1.920 -2.317 0.813 0.981
(Time) (4.15) (4.145) (4.445) (4.195)

4 -1.742 -1.424 1.391 -1.693 0.799 0.972
(Time) (4.15) (4.145) (4.445) (4.195)

3 -1.130 -.9104 0.9137 -1.087 0.809 0.962
(Time) (4.15) (4.145) (6.60) (4.195)

2 -0.5630 -.4448 0.4589 -0.5368 0.815 0.953
(Time) (4.15) (4.145) (6.60) (4.195)

TAFT-40 ; Static Eccentricity =25 %

Roof -4.034 5.437 -1.461 6.210 0.362 1.539
(Time) (4.15) (1.30) (4.00) (1.28)

7 -3.516 4.724 -1.239 5.383 0.352 1.531
(Time) (4.15) (1.32) (4.00) (1.30)

6 -2.957 3.999 -1.005 4.535 0.340 1.534
(Time) (4.15) (1.32) (4.00) (1.32)

5 -2.361 3.234 -0.7633 3.666 0.323 1.553
(Time) (4.15) (1.32) (4.00) (1.32)

4 -1.742 2.441 -0.5239 2.759 0.301 1.584
(Time) (4.15) (1.34) (4.00) (1.34)

3 -1.130 1.636 -0.3033 1.849 0.268 1.636
(Time) (4.15) (1.34) (4.00) (1.34)

2 -0.5630 0.8532 -0.1239 0.9648 0.220 1.714
(Time) (4.15) (1.34) (4.00) (1.34)

* Note:
CCM
ECM
EWB
EWG

Displacement of CM in Concentric Case.
Displacement of CM in Eccentric Case.
Displacement of Wall B in Eccentric Case.
Displacement of Wall G in Eccentric Case.

TABLE 5.1 : MAXIMUM LATERAL DISPLACEMENTS FOR THE
NONLINEAR INELASTIC CASE (TAFT-40, 0-8 Seconds)
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Floor 1.LCM* 2.LEWB* 3.LEWG* Ratio Ratio
(in) (in) (in) (3)/(1) (4)/(1)

TAFT-40 ; Static Eccentricity = 5 %

Roof 5.786 4.303 7.426 0.744 1.283
(Time) (7.40) (4.40) (4.45)

7 4.826 3.651 6.285 0.757 1.302
(Time) (7.40) (4.40) (4.45)

6 -3.859 2.945 5.056 0.763 1.310
(Time) (7.75) (4.40) (4.45)

5 -2.960 2.214 3.787 0.748 1.279
(Time) (7.75) (4.40) (4.45)

4 -2.047 1.496 2.546 0.731 1.244
(Time) (7.75) (4.40) (4.45)

3 -1.188 0.8459 1.430 0.712 1.204
(Time) (7.75) (4.40) (4.45)

2 -0.4812 0.3320 0.5547 0.690 1.153
(Time) (7.75) (4.40) (4.45)

TAFT-40 ; Static Eccentricity = 25 %

Roof -1.117 -6.459 0.193 1.116
(Time) 5.786 (4.00) (1.70)

(7.40)

7 4.826 -0.9487 -5.480 0.197 1.136
(Time) (7.40) (4.00) (1.70)

6 -3.859 -0.7694 -4.428 0.199 1.147
(Time) (7.75) (4.00) (1.70)

5 -2.960 -0.5837 -3.336 0.197 1.127
(Time) (7.75) (4.00) (1.70)

4 -2.047 -0.3995 -2.259 0.195 1.104
(Time) (7.75) (4.00) (1.70)

3 -1.188 -0.2299 -1.280 0.194 1.077
(Time) (7.75) (4.00) (1.70)

2 -0.4812 -0.0923 -0.5022 0.192 1.044
(Time) (7.75) (4.00) (1.70)

* Note:
LCM
EWB
EWG

Displacement of CM in Linear Elastic Concentric Case.
Displacement of Wall B in Linear Elastic Eccentric Case.
Displacement of Wall G in Linear Elastic Eccentric Case.

TABLE 5.2 : MAXIMUM LATERAL DISPLACEMENTS FOR THE
LINEAR ELASTIC CASE (TAFT-40, 0-8 Seconds)
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Maximum Values of Plastic
Rotation (radians)

Location elD*l TAFf-40 TAFf-40
(0-2 Sec.)*2 (0-8 Sec.)*3

1.0ne Wall 0.00 0.00153 -0.00281

2.Wall B 0.05 -0.00087 0.00202

3.Wa11 B 0.25 0.00 0.00

4.WallG 0.05 0.00245 -0.00267

5.WallG 0.25 0.00543 0.00543

Ratio (2)/(1) 0.57 0.72

Ratio (3)/(1) 0.00 0.00

Ratio (4)/(1) 1.60 0.95

Ratio (5)/(1) 3.55 1.93

* Note:
1.
2.
3.

elD Initial (Static) Eccentricity Ratio.
During 0 to 2 seconds of the response.
During 0 to 8 seconds of the response.

TABLE 5.3: MAXIMUM PLASTIC HINGE ROTATION (Radians)
AT BASE OF WALLS (TAFT-40)
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Story 1.CCM* 2.EWB* 3.EWG* Ratio Ratio
(% ) (% ) (% ) (2)/(1) (3)/(1)

TAFT-40 ; Static Eccentricity = 5 %

7 -0.4609 0.4310 -0.4615 0.935 1.001
(Time) (4.20) (6.50) (4.245)

6 -0.4903 0.4562 -0.4935 0.930 1.007
(Time) (4.20) (6.50) (4.195)

5 -0.5047 0.4635 -0.5185 0.918 1.027
(Time) (4.15) (6.55) (4.195)

4 -0.5241 0.4524 -0.5290 0.863 1.009
(Time) (4.15) (6.55) (4.195)

3 -0.5183 0.4295 -0.5131 0.829 0.990
(Time) (4.15) (4.445) (4.195)

2 -0.4799 0.3851 -0.4659 0.802 0.971
(Time) (4.15) (6.60) (4.195)

1 -0.3814 0.3109 -0.3637 ····0.815 0.954
(Time) (4.15) (6.60) (4.195)

TAFT-40 ; Static Eccentricity = 25 %

7 -0.4609 -0.1875 0.7375 0.407 1.600
(Time) (4.20) (4.00) (1.24)

6 -0.4903 -0.1985 0.7739 0.405 1.578
(Time) (4.20) (4.00) (1.24)

5 -0.5047 -0.2047 0.7902 0.406 1.566
(Time) (4.15) (4.00) (1.26)

4 -0.5241 -0.2027 0.7829 0.387 1.494
(Time) (4.15) (4.00) (1.26)

3 -0.5183 -0.1869 0.7761 0.361 1.497
(Time) (4.15) (4.00) (1.32)

2 -0.4799 -0.1519 0.7493 0.317 1.561
(Time) (4.15) (4.00) (1.32)

1 -0.3814 -0.0839 0.6537 0.220 1.714
(Time) (4.15) (4.00) (1.34)

* Note:
CCM
EWB
EWG

IDI of CM in Concentric Case.
IDI of Wall B in Eccentric Case.
IDI of Wall G in Eccentric Case.

TABLE 5.4 : MAXIMUM INTER-STORY DRIFT INDICES FOR THE
NONLINEAR INELASTIC CASE (TAFT-40, 0-8 Seconds)
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Story 1.CSW* 2.ESWG* 3.ESWB* Ratio Ratio
(kips) (kips) (kips) (2)/(1) (3)/(1)

TAFT-40 ; Static Eccentricity = 5 %

7 244.05 207.92 -210.56 0.85 0.86
(Time) (4.15) (4.145) (6.60)

6 -283.54 -325.29 285.16 1.15 1.01
(Time) (7.15) (6.35) (7.395)

5 404.25 420.82 422.87 1.04 1.05
(Time) (7.40) (4.445) (6.50)

4 475.90 -498.84 483.72 1.05 1.02
(Time) (7.40) (7.095) (6.50)

3 -617.10 -601.56 564.85 0.97 0.92
(Time) (7.05) (4.145) (4.395)

2 -753.03 -735.15 731.72 0.98 0.97
(Time) (7.05) (4.145) (6.60)

1 852.70 985.58 893.81 1.16 1.05
(Time) (1.00) (1.00) (7.295)

TAFT-40 ; Static Eccentricity = 25 %

7 244.05 -368.36 -69.88 1.51 0.29
(Time) (4.15) (1.34) (1.38)

6 -283.54 706.89 -104.38 2.49 0.37
(Time) (7.15) (6.55) (4.00)

5 404.25 683.40 -187.80 1.69 0.46
(Time) (7.40) (6.55) (4.00)

4 475.90 -596.13 -271.11 1.25 0.57
(Time) (7.40) (4.10) (4.00)

3 -617.10 661.22 -351.13 1.07 0.57
(Time) (7.05) (1.34) (4.00)

2 -753.03 1002.5 -424.75 1.33 0.56
(Time) (7.05) (3.81) (4.00)

1 852.70 1460.7 -548.68 1.71 0.64
(Time) (1.00) (6.70) (4.00)

* Note:
CSW
ESWB
ESWG

Story Shear of One Wall in Concentric Case.
Story Shear of Wall B in Eccentric Case.
Story Shear of Wall G in Eccentric Case.

TABLE 5.5: MAXIMUM STORY SHEAR FORCES OF WALLS FOR THE
NONLINEAR INELASTIC CASE (TAFT-40,0-8 Seconds)
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Story 7 6 5 4 3 2 1

TAFT-40

1.CN* -750.35 -1240.3 -1524.4 -1748.5 -2032.0 -2189.8 -2231.2
Time 7.15 4.20 4.20 4.15 4.15 4.10 4.10

2.E05* 642.3 1119.1 -1367.0 -1533.1 -1736.2 1870.9 2074.9
Time 6.50 6.50 7.095 4.095 4.145 6.60 6.60

3.E25* 663.53 1005.9 934.51 1065.4 1323.5 1647.7 2081.5
Time 6.55 6.55 6.55 1.34 1.34 3.81 6.70

(2){(1) 0.86 0.90 0.90 0.88 0.85 0.85 0.93

(3){(1) 0.88 0.81 0.61 0.61 0.65 0.75 0.93

* Note:
CN
E05
E25

Total Story Shear Force (kips) in Concentric Case.
Total Story Shear Force (kips) for 5% eccentricity.
Total Story Shear Force (kips) for 25% eccentricity.

TABLE 5.6 : MAXIMUM TOTAL STORY SHEAR FORCES FOR THE
NONLINEAR INELASTIC CASE (TAFT-40, 0-8 Seconds)

Story 7 6 5 4 3 2 1

TAFT-40

TE05* -230499 -383396 476299 497946 478013 616978 705708
Time 7.645 7.645 4.295 4.295 5.85 5.85 5.85

TE25* -423488 -649941 -633125 -680598 -678555 -713708 -860076
Time 3.96 3.96 6.55 1.24 1.24 1.30 6.70

Td05* 3.20 3.22 3.25. 2.97 2.45 2.93 3.29

Td25* 1.25 1.16 0.92 0.86 0.74 0.72 0.85

* Note:
TE05
TE25
Td05
Td25

Story Torque (k-in) for 5% eccentricity.
Story Torque (k-in) for 25% eccentricity.
Dynamic Amplification of Eccentricity for 5% Eccentricity.
Dynamic Amplification of Eccentricity for 25% Eccentricity.

TABLE 5.7: MAXIMUM TOTAL STORY TORQUES AND VALUES
OF DYNAMIC AMPLIFICATION OF ECCENTRICITY FOR THE

NONLINEAR INELASTIC CASE (TAFT-40, 0-8 Seconds)
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Story 7 6 5 4 3 2 1

TAFT-40

WT05* -137360 -267764 302793 335323 359051 504570 587628
Time 4.395 7.645 4.295 4.295 2.55 5.85 5.85

WT25* 178031 -447816 -449320 461904 477888 -500053 -733017
Time 1.34 6.55 6.55 4.15 4.20 1.30 6.70

Rl* 0.60 0.70 0.64 0.67 0.75 0.82 0.83

R2* 0.42 0.67 0.71 0.67 0.70 0.70 0.85

* Note:
WT05
WT25
Rl
R2

Story Torque (k-in) Resisted by Walls for 5% eccentricity.
Story Torque (k-in) Resisted by Walls for 25% eccentricity.
Ratio of WT05 to Maximum Story Torque.
Ratio of WT25 to Maximum Story Torque.

TABLE 5.8 : MAXIMUM STORY TORQUES RESISTED BY WALLS
FOR THE NONLINEAR INELASTIC CASE (TAFT-40,0-8 Seconds)
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Story Time TV* SWG* SWB* R1* R2*
(sec) (kips) (kips) (kips)

TAFT-40 ; Static Eccentricity = 5 %

7 7.645 45.60 138.75 4.27 0.35 0.07

6 7.645 -46.41 245.97 -207.33 0.70 0.04

5 4.295 -15.10 -202.77 309.83 0.64 0.01

4 4.295 -8.72 -221.09 346.58 0.67 0.01

3 5.85 100.96 -296.76 304.84 0.74 0.06

2 5.85 -165.15 -535.63 318.56 0.82 0.09

1 5.85 -449.85 -732.50 262.30 0.83 0.22

TAFT-40 ; Static Eccentricity = 25 %

7 3.96 584.17 246.62 1.30 0.34 0.88

6 3.96 799.37 630.83 -97.71 0.66 0.79

5 6.55 934.51 683.40 -77.26 0.71 1.00

4 1.24 902.89 548.49 -149.60 0.61 0.85

3 1.24 865.16 543.38 -170.90 0.62 0.65

2 1.30 1252.86 794.23 -52.31 0.70 0.76

1 6.70 2081.50 1460.70 219.77 0.85 1.00

* Note:
TV
SWB
SWG
R1
R2

Total Story Shear in Eccentric Case.
Story Shear of Wall B in Eccentric Case.
Story Shear of Wall G in Eccentric Case.
Ratio of Torque Resisted by the Walls to Maximum Total Torque.
Ratio of (TV) to Maximum Total Story Shear in Eccentric Case.

TABLE 5.9 : SHEAR FORCES AND TORQUES RESISTED BY THE
WALLS WHEN THE TOTAL STORY TORQUE IS MAXIMUM FOR THE

NONLINEAR INELASTIC CASE (TAFT-40, 0-8 Seconds)
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Floor 1.CCM* 2.ECM* 3.EWB* 4.EWG* Ratio Ratio
(in) (in) (in) (in) (3)/(1) (4)/(1)

TAFT-18 ; Static Eccentricity = 5 %

Roof 1.600 -1.431 1.381 -1.788 0.863 1.117
(Time) (1.95) (1.60) (1.88) (1.62)

7 1.358 -1.203 1.160 -1.503 0.854 1.107
(Time) (1.95) (1.58) (1.88) (1.62)

6 1.097 -0.9708 0.9258 -1.199 0.844 1.093
(Time) (1.95) (1.58) (1.90) (1.60)

5 0.8275 -0.7444 0.6883 -0.8969 0.832 1.084
(Time) (1.95) (1.56) (1.90) (1.60)

4 0.5623 -0.5212 0.4590 -0.6186 0.816 1.100
(Time) (1.95) (1.54) (1.90) (1.56)

3 0.3210 -0.3122 0.2590 -0.3686 0.807 1.148
(Time) (1.95) (1.54) (1.92) (1.56)

2 0.1300 -0.1323 -0.1049 -0.1577 0.807 1.214
(Time) (2.00) (1.54) (1.52) (1.56)

TAFT-18; Static Eccentricity = 25 %

Roof 1.600 2.124 0.4160 2.447 0.260 1.529
(Time) (1.95) (1.20) (1.70) (1.22)

7 1.358 1.795 -0.3493 2.067 0.257 1.522
(Time) (1.95) (1.22) (1.54) (1.22)

6 1.097 1.446 -0.2840 1.665 0.259 1.518
(Time) (1.95) (1.22) (1.54) (1.22)

5 0.8275 1.114 -0.2158 1.277 0.261 1.543
(Time) (1.95) (1.28) (1.54) (1.26)

4 0.5623 0.8057 -0.1479 0.9202 0.263 1.636
(Time) (1.95) (1.28) (1.54) (1.28)

3 0.3210 0.5096 -0.0853 0.5787 0.266 1.803
(Time) (1.95) (1.30) (1.54) (1.30)

2 0.1300 0.2417 -0.0347 0.2743 0.267 2.110
(Time) (2.00) (1.30) (1.54) (1.30)

* Note:
CCM
ECM
EWB
EWG

Displacement of CM in Concentric Case.
Displacement of CM in Eccentric Case.
Displacement of Wall B in Eccentric Case.
Displacement of Wall G in Eccentric Case.

TABLE 5.10 : MAXIMUM LATERAL DISPLACEMENTS FOR THE
NONLINEAR INELASTIC CASE (TAFT-18, 0-2 Seconds)



-152-

Floor 1.CCM* 2.ECM* 3.EWB* 4.EWG* Ratio Ratio
(in) (in) (in) (in) (3)/(1) (4)/(1)

TAFT-40 ; Static Eccentricity = 5 %

Roof 2.731 2.894 -2.128 3.596 0.779 1.317
(Time) (1.15) (1.15) (1.60) (1.20)

7 2.366 2.493 -1.820 3.123 0.769 1.320
(Time) (1.15) (1.15) (1.60) (1.20)

6 1.972 2.063 -1.490 2.615 0.756 1.326
(Time) (1.15) (1.15) (1.60) (1.20)

5 1.554 1.634 -1.186 2.081 0.763 1.339
(Time) (1.15) (1.20) (1.545) (1.20)

4 1.146 1.195 -0.8808 1.531 0.769 1.336
(Time) (1.20) (1.20) (1.545) (1.20)

3 0.7396 0.7657 -0.5653 0.9930 0.764 1.343
(Time) (1.20) (1.20) (1.545) (1.25)

2 0.3628 0.3747 -0.2699 0.5052 0.744 1.393
(Time) (1.20) (1.20) (1.545) (1.25)

TAFT-40 ; Static Eccentricity = 25 %

Roof 2.731 5.437 -1.083 6.210 0.397 2.274
(Time) (1.15) (1.30) (1.54) (1.28)

7 2.366 4.724 -0.9126 5.383 0.386 2.275
(Time) (1.15) (1.32) (1.54) (1.30)

6 1.972 3.999 -0.7343 4.535 0.372 2.300
(Time) (1.15) (1.32) (1.54) (1.32)

5 1.554 3.234 -0.5524 3.666 0.355 2.359
(Time) (1.15) (1.32) (1.54) (1.32)

4 1.146 2.441 -0.3748 2.759 0.327 2.408
(Time) (1.20) (1.34) (1.54) (1.34)

3 0.7396 1.636 -0.2140 1.849 0.289 2.500
(Time) (1.20) (1.34) (1.54) (1.34)

2 0.3628 0.8532 .-0.0866 0.9648 0.239 2.659
(Time) (1.20) (1.34) (1.54) (1.34)

* Note:
CCM
ECM
EWB
EWG

Displacement of CM in Concentric Case.
Displacement of CM in Eccentric Case.
Displacement of Wall B in Eccentric Case.
Displacement of Wall G in Eccentric Case.

TABLE 5.11 : MAXIMUM LATERAL DISPLACEMENTS FOR THE
NONLINEAR INELASTIC CASE (TAFT-40, 0-2 Seconds)
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Floor 1.CCM* 2.ECM* 3.EWB* 4.EWG* Ratio Ratio
(in) (in) (in) (in) (3)/(1) (4)/(1)

TAFT~60 ; Static Eccentricity = 5 %

Roof 4.710 4.972 -3.671 6.096 0.779 1.294
(Time) (1.20) (1.195) (1.645) (1.195)

7 4.117 4.315 -3.134 5.302 0.761 1.288
(Time) (1.20) (1.195) (1.645) (1.245)

6 3.480 3.614 -2.565 4.506 0.737 1.295
(Time) (1.20) (1.195) (1.645) (1.245)

5 2.805 2.880 2.030 3.660 0.724 1.305
(Time) (1.20) (1.195) (1.145) (1.245)

4 2.102 2.146 1.502 2.771 0.715 1.318
(Time) (1.20) (1.245) (1.145) (1.245)

3 1.394 1.439 0.9767 1.865 0.701 1.338
(Time) (1.20) (1.245) (1.145) (1.245)

2 0.7153 0.7515 0.4874 0.9782 0.681 1.368
(Time) (1.20) (1.245) (1.195) (1.245)

TAFT-60 ; Static Eccentricity = 25 %

Roof 4.710 8.357 -1.690 9.464 0.359 2.009
(Time) (1.20) (1.34) (1.54) (1.32)

7 4.117 7.331 -1.421 8.293 0.345 2.014
(Time) (1.20) (1.34) (1.54) (1.34)

6 3.480 6.255 -1.142 7.061 0.328 2.029
(Time) (1.20) (1.36) (1.54) (1.36)

5 2.805 5.130 -0.8597 5.792 0.306 2.065
(Time) (1.20) (1.36) (1.54) (1.36)

4 2.102 3.964 -0.5863 4.474 0.279 2.128
(Time) (1.20) (1.38) (1.54) (1.38)

3 1.394 2.765 -0.3396 3.122 0.244 2.240
(Time) (1.20) (1.38) (1.54) (1.38)

2 0.7153 1.558 -0.1434 1.760 0.200 2.461
(Time) (1.20) (1.38) (1.54) (1.38)

* Note:
CCM
ECM
EWB
EWG

Displacement of CM in Concentric Case.
Displacement of CM in Eccentric Case.
Displacement of Wall B in Eccentric Case.
Displacement of Wall G in Eccentric Case.

TABLE 5.12 : MAXIMUM LATERAL DISPLACEMENTS FOR THE
NONLINEAR INELASTIC CASE (TAFT-60, 0-2 Seconds)
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Floor 1.LEB* 2.LEG* 3.EWB* 4.EWG* Ratio Ratio
(in) (in) (in) (in) (3)/(1) (4)/(2)

TAFT-18 ; Static Eccentricity =5 %

Roof 1.275 1.819 1.381 -1.788 1.083 0.983
(Time) (1.90) (1.95) (1.88) (1.62)

7 1.080 1.534 1.160 -1.503 1.074 0.980
(Time) (1.90) (2.00) (1.88) (1.62)

6 0.8693 1.268 0.9258 -1.199 1.065 0.946
(Time) (1.90) (2.00) (1.90) (1.60)

5 0.6511 0.9805 0.6883 -0.8969 1.057 0.915
(Time) (1.90) (2.00) (1.90) (1.60)

4 0.4376 0.6825 0.4590 -0.6186 1.049 0.906
(Time) (1.90) (2.00) (1.90) (1.56)

3 0.2459 0.3977 0.2590 -0.3686 1.053 0.927
(Time) (1.90) (2.00) (1.92) (1.56)

2 -0.0971 0.1610 -0.1049 -0.1577 1.080 0.980
(Time) (1.50) (2.00) (1.52) (1.56)

TAFT-18 ; Static Eccentricity =25 %

Roof 0.3243 -2.855 0.4160 2.447 1.283 0.857
(Time) (1.70) (1.70) (1.70) (1.22)

7 -0.2691 -2.423 -0.3493 2.067 1.298 0.853
(Time) (1.55) (1.70) (1.54) (1.22)

6 -0.2204 -1.957 -0.2840 1.665 1.289 0.851
(Time) (1.55) (1.70) (1.54) (1.22)

5 -0.1685 -1.475 -0.2158 1.277 1.281 0.866
(Time) (1.55) (1.70) (1.54) (1.26)

4 -0.1160 -0.9985 -0.1479 0.9202 1.275 0.922
(Time) (1.55) (1.70) (1.54) (1.28)

3 -0.0671 -0.5656 -0.0853 0.5787 1.271 1.023
(Time) (1.55) (1.70) (1.54) (1.30)

2 -0.0271 -0.2220 -0.0347 0.2743 1.280 1.236
(Time) (1.55) (1.70) (1.54) (1.30)

* Note:
LEB
LEG
EWB
EWG

Displacement of Wall B in Linear Elastic Eccentric Case.
Displacement of Wall G in Linear Elastic Eccentric Case.
Displacement of Wall B in Nonlinear Eccentric Case.
Displacement of Wall G in Nonlinear Eccentric Case.

TABLE 5.13: MAXIMUM LATERAL DISPLACEMENTS
(Linear vs. Nonlinear, TAFT-18,0-2 Seconds)
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Floor 1.LEB* 2.LEG* 3.EWB* 4.EWG* Ratio Ratio
(in) (in) (in) (in) (3)1(1) (4)/(2)

TAFT-40 ; Static Eccentricity = 5 %

Roof 2.885 4.117 -2.128 3.596 0.738 0.873
(Time) (1.90) (1.95) (1.60) (1.20)

7 2.444 3.470 -1.820 3.123 0.745 0.900
(Time) (1.90) (2.00) (1.60) (1.20)

6 1.967 2.868 -1.490 2.615 0.757 0.912
(Time) (1.90) (2.00) (1.60) (1.20)

5 1.473 2.218 -1.186 2.081 0.805 0.938
(Time) (1.90) (2.00) (1.545) (1.20)

4 0.9901 1.544 -0.8808 1.531 0.890 0.992
(Time) (1.90) (2.00) (1.545) (1.20)

3 0.5563 0.8997 -0.5653 0.9930 1.016 1.104
(Time) (1.90) (2.00) (1.545) (1.25)

2 -0.2196 0.3641 -0.2699 0.5052 1.229 1.388
(Time) (1.50) (2.00) (1.545) (1.25)

TAFT-40 ; Static Eccentricity = 25 %

Roof 0.7337 -6.459 -1.083 6.210 1.476 0.961
(Time) (1.70) (1.70) (1.54) (1.28)

7 -0.6087 -5.480 -0.9126 5.383 1.499 0.982
(Time) (1.55) (1.70) (1.54) (1.30)

6 -0.4987 -4.428 -0.7343 4.535 1.472 1.024
(Time) (1.55) (1.70) (1.54) (1.32)

5 -0.3813 -3.336 -0.5524 3.666 1.449 1.099
(Time) (1.55) (1.70) (1.54) (1.32)

4 -0.2625 -2.259 -0.3748 2.759 1.428 1.221
(Time) (1.55) (1.70) (1.54) (1.34)

3 -0.1517 -1.280 -0.2140 1.849 1.411 1.445
(Time) (1.55) (1.70) (1.54) (1.34)

2 -0.0614 -0.5022 -0.0866 0.9648 1.410 1.921
(Time) (1.55) (1.70) (1.54) (1.34)

* Note:
LEB
LEG
EWB
EWG

Displacement of Wall B in Linear Elastic Eccentric Case.
Displacement of Wall G in Linear Elastic Eccentric Case.
Displacement of Wall B in Nonlinear Eccentric Case.
Displacement of Wall G in Nonlinear Eccentric Case.

TABLE 5.14: MAXIMUM LATERAL DISPLACEMENTS
(Linear vs. Nonlinear, TAFT-40, 0-2 Seconds)
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Floor 1.LEB* 2.LEG* 3.EWB* 4.EWG* Ratio Ratio
(in) (in) (in) (in) (3)/(1) (4)/(2)

TAFT-60 ; Static Eccentricity = 5 %

Roof 4.328 6.174 -3.671 6.096 0.848 0.987
(Time) (1.90) (1.95) (1.645) (1.195)

7 3.666 5.206 -3.134 5.302 0.855 1.018
(Time) (1.90) (2.00) (1.645) (1.245)

6 2.950 4.302 -2.565 4.506 0.869 1.047
(Time) (1.90) (2.00) (1.645) (1.245)

5 2.210 3.328 2.030 3.660 0.919 1.100
(Time) (1.90) (2.00) (1.145) (1.245)

4 1.485 2.316 1.502 2.771 1.011 1.196
(Time) (1.90) (2.00) (1.145) (1.245)

3 0.8345 1.350 0.9767 1.865 1.170 1.381
(Time) (1.90) (2.00) (1.145) (1.245)

2 -0.3294 0.5462 0.4874 0.9782 1.480 1.791
(Time) (1.50) (2.00) (1.195) (1.245)

TAFT-60 ; Static Eccentricity = 25 %

Roof 1.101 -9.689 -1.690 9.464 1.535 0.977
(Time) (1.70) (1.70) (1.54) (1.32)

7 -0.9131 -8.220 -1.421 8.293 1.556 1.009
(Time) (1.55) (1.70) (1.54) (1.34)

6 -0.7481 -6.642 -1.142 7.061 1.527 1.063
(Time) (1.55) (1.70) (1.54) (1.36)

5 -0.5720 -5.004 -0.8597 5.792 1.503 1.157
(Time) (1.55) (1.70) (1.54) (1.36)

4 -0.3938 -3.389 -0.5863 4.474 1.489 1.320
(Time) (1.55) (1.70) (1.54) (1.38)

3 -0.2276 -1.919 -0.3396 3.122 1.492 1.627
(Time) (1.55) (1.70) (1.54) (1.38)

2 -0.0921 -0.7533 -0.1434 1.760 1.557 2.336
(Time) (1.55) (1.70) (1.54) (1.38)

* Note:
LEB
LEG
EWB
EWG

Displacement of Wall B in Linear Elastic Eccentric Case.
Displacement of Wall G in Linear Elastic Eccentric Case.
Displacement of Wall B in Nonlinear Eccentric Case.
Displacement of Wall G in Nonlinear Eccentric Case.

TABLE 5.15 : MAXIMUM LATERAL DISPLACEMENTS
(Linear vs. Nonlinear, TAFT-60, 0-2 Seconds)
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Story 1.CCM* 2.EWB* 3.EWG* Ratio Ratio
(% ) (% ) (% ) (2)/(1) . (3)/(1)

TAFT-I8; Static Eccentricity =5 %

7 0.2133 0.1876 -0.2413 0.880 1.131
(Time) (1.90) (1.88) (1.62)

6 0.2284 0.2008 -0.2579 0.879 1.129
(Time) (1.90) (1.88) (1.62)

5 0.2313 0.2038 -0.2612 0.881 1.129
(Time) (1.90) (1.88) (1.62)

4 0.2246 0.1949 -0.2488 0.868 1.108
(Time) (1.95) (1.88) (1.62)

3 0.2044 0.1721 -0.2185 0.842 1.069
(Time) (1.95) (1.90) (1.60)

2 0.1635 0.1330 -0.1786 0.813 1.092
(Time) (1.95) (1.90) (1.56)

1 0.0880 -0.0711 -0.1068 0.808 1.214
(Time) (2.00) (1.52) (1.56)

TAFT-I8; Static Eccentricity =25 %

7 0.2133 0.0579 0.3245 0.271 1.521
(Time) (1.90) (1.70) (1.20)

6 0.2284 0.0599 0.3437 0.262 1.505
(Time) (1.90) (1.70) (1.20)

5 0.2313 0.0602 0.3479 0.260 1.504
(Time) (1.90) (1.70) (1.20)

4 0.2246 0.0577 0.3340 0.257 1.487
(Time) (1.95) (1.70) (1.20)

3 0.2044 -0.0530 0.2981 0.259 1.458
(Time) (1.95) (1.54) (1.22)

2 0.1635 -0.0429 0.2589 0.262 1.583
(Time) (1.95) (1.54) (1.28)

1 0.0880 -0.0235 0.1859 0.267 2.113
(Time) (2.00) (1.54) (1.30)

* Note:
CCM
EWB
EWG

IDI of CM in Concentric Case.
IDI of Wall B in Eccentric Case.
IDI of Wall G in Eccentric Case.

TABLE 5.16 : MAXIMUM INTER-STORY DRIFT INDICES FOR THE
NONLINEAR INELASTIC CASE (TAFT-I8, 0-2 Seconds)
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Story 1.CCM* 2.EWB* 3.EWG* Ratio Ratio
(% ) (% ) (% ) (2)/(1) (3)/(1)

TAFT-40 ; Static Eccentricity =5 %

7 -0.3195 0.2885 0.4293 0.903 1.344
(Time) (1.65) (1.90) (1.15)

6 -0.3438 0.3081 0.4565 0.896 1.328
(Time) (1.65) (1.90) (1.15)

5 -0.3550 0.3131 0.4689 0.882 1.321
(Time) (1.65) (1.90) (1.15)

4 0.3618 0.2988 0.4656 0.826 1.287
(Time) (1.15) (1.90) (1.20)

3 0.3508 -0.2671 0.4575 0.761 1.304
(Time) (1.15) (1.545) (1.20)

2 0.3192 -0.2502 0.4220 0.784 1.322
(Time) (1.20) (1.545) (1.20)

1 0.2458 -0.1829 0.3423 0.744 1.393
(Time) (1.20) (1.545) (1.25)

TAFT-40 ; Static Eccentricity =25 %

7 -0.3195 -0.1439 0.7375 0.450 2.308
(Time) (1.65) (1.54) (1.24)

6 -0.3438 -0.1510 0.7739 0.439 2.251
(Time) (1.65) (1.54) (1.24)

5 -0.3550 -0.1541 0.7902 0.434 2.226
(Time) (1.65) (1.54) (1.26)

4 0.3618 -0.1504 0.7829 0.416 2.164
(Time) (1.15) (1.54) (1.26)

3 0.3508 -0.1362 0.7761 0.388 2.212
(Time) (1.15) (1.54) (1.32)

2 0.3192 -0.1079 0.7493 0.338 2.347
(Time) (1.20) (1.54) (1.32)

1 0.2458 -0.0586 0.6537 0.238 2.659
(Time) (1.20) (1.54) (1.34)

* Note:
CCM
EWB
EWG

IDI of CM in Concentric Case.
IDI of Wall B in Eccentric Case.
IDI of Wall G in Eccentric Case.

TABLE 5.17 : MAXIMUM INTER-STORY DRIFT INDICES FOR THE
NONLINEAR INELASTIC CASE (TAFT-40, 0-2 Seconds)
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Story 1.CCM* 2.EWB* 3.EWG* Ratio Ratio
(% ) (% ) (% ) (2)1(1) . (3)/(1) .

TAFT-60 ; Static Eccentricity = 5 %

7 0.5202 -0.4542 0.6945 0.873 1.335
(Time) (1.15) (1.645) (1.195)

6 0.5577 -0.4826 0.7360 0.865 1.320
(Time) (1.15) (1.645) (1.195)

5 0.5840 -0.4931 0.7631 0.844 1.307
(Time) (1.15) (1.645) (1.195)

4 0.5958 -0.4833 0.7725 0.811 1.297
(Time) (1.20) (1.645) (1.195)

3 0.5996 -0.4483 0.7672 0.748 1.280
(Time) (1.20) (1.645) (1.245)

2 0.5745 0.4147 0.7514 0.722 1.308
(Time) (1.20) (1.145) (1.245)

1 0.4846 0.3302 0.6627 0.681 1.368
(Time) (1.20) (1.195) (1.245)

TAFT-60 ; Static Eccentricity = 25 %

7 0.5202 -0.2280 1.083 0.438 2.082
(Time) (1.15) (1.54) (1.26)

6 0.5577 -0.2364 1.132 0.424 2.030
(Time) (1.15) (1.54) (1.26)

5 0.5840 -0.2391 1.153 0.409 1.974
(Time) (1.15) (1.54) (1.28)

4 0.5958 -0.2315 1.160 0.389 1.947
(Time) (1.20) (1.54) (1.30)

3 0.5996 -0.2089 1.161 0.348 1.936
(Time) (1.20) (1.54) (1.34)

2 0.5745 -0.1662 1.153 0.289 2.007
(Time) (1.20) (1.54) (1.38)

1 0.4846 -0.0972 1.193 0.201 2.462
(Time) (1.20) (1.54) (1.38)

* Note:
CCM
EWB
EWG

IDI of CM in Concentric Case.
IDI of Wall B in Eccentric Case.
IDI of Wall G in Eccentric Case.

TABLE 5.18 : MAXIMUM INTER-STORY DRIFT INDICES FOR THE
NONLINEAR INELASTIC CASE (TAFT-60, 0-2 Seconds)
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Story 1.LEB* 2.LEG* 3.EWB* 4.EWG* Ratio Ratio
(% ) (% ) (% ) (% ) (3)1(1) (4)/(2)

TAFT-18 ; Static Eccentricity = 5 %

7 0.1652 0.2461 0.1876 -0.2413 1.136 0.980
(Time) (1.90) (1.95) (1.88) (1.62)

6 0.1787 0.2629 0.2008 -0.2579 1.124 0.981
(Time) (1.90) (1.95) (1.88) (1.62)

5 0.1848 0.2665 0.2038 -0.2612 1.103 0.980
(Time) (1.90) (1.95) (1.88) (1.62)

4 0.1808 0.2549 0.1949 -0.2488 1.078 0.976
(Time) (1.90) (1.95) (1.88) (1.62)

3 0.1624 0.2412 0.1721 -0.2185 1.060 0.906
(Time) (1.90) (2.00) (1.90) (1.60)

2 0.1272 0.2005 0.1330 -0.1786 1.046 0.891
(Time) (1.90) (2.00) (1.90) (1.56)

1 -0.0658 0.1090 -0.0711 -0.1068 1.081 0.980
(Time) (1.50) (2.00) (1.52) (1.56)

TAFT-18; Static Eccentricity = 25 %

7 0.0469 -0.3665 0.0579 0.3245 1.235 0.885
(Time) (1.70) (1.70) (1.70) (1.20)

6 0.0478 -0.3939 0.0599 0.3437 1.253 0.873
(Time) (1.70) (1.70) (1.70) (1.20)

5 0.0474 -0.4086 0.0602 0.3479 1.270 0.851
(Time) (1.70) (1.70) (1.70) (1.20)

4 0.0449 -0.4032 0.0577 0.3340 1.285 0.828
(Time) (1.70) (1.70) (1.70) (1.20)

3 -0.0415 -0.3666 -0.0530 0.2981 1.277 0.813
(Time) (1.55) (1.70) (1.54) (1.22)

2 -0.0338 -0.2910 -0.0429 0.2589 1.269 0.890
(Time) (1.55) (1.70) (1.54) (1.28)

1 -0.0184 -0.1504 -0.0235 0.1859 1.277 1.236
(Time) (1.55) (1.70) (1.54) (1.30)

* Note:
LEB
LEG
EWB
EWG

IDI of Wall B in Linear Elastic Eccentric Case.
IDI of Wall G in Linear Elastic Eccentric Case.
IDI of Wall B in Nonlinear Eccentric Case.
IDI of Wall G in Nonlinear Eccentric Case.

TABLE 5.19 : MAXIMUM INTER-STORY DRIFT INDICES
(Linear vs. Nonlinear, TAFT-18,0-2 Seconds)
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Story 1.LEB* 2.LEG* 3.EWB* 4.EWG* Ratio Ratio
(% ) (% ) (% ) (% ) (3)/(1) (4)/(2)

TAFT-40 ; Static Eccentricity =5 %

7 0.3737 0.5569 0.2885 0.4293 0.772 0.771
(Time) (1.90) (1.95) (1.90) (1.15)

6 0.4042 0.5949 0.3081 0.4565 0.762 0.767
(Time) (1.90) (1.95) (1.90) (1.15)

5 0.4181 0.6029 0.3131 0.4689 0.749 0.778
(Time) (1.90) (1.95) (1.90) (1.15)

4 0.4090 0.5768 0.2988 0.4656 0.731 0.807
(Time) (1.90) (1.95) (1.90) (1.20)

3 0.3674 0.5458 -0.2671 0.4575 0.727 0.838
(Time) (1.90) (2.00) (1.545) (1.20)

2 0.2878 0.4536 -0.2502 0.4220 0.869 0.930
(Time) (1.90) (2.00) (1.545) (1.20)

1 -0.1488 0.2467 -0.1829 0.3423 1.229 1.388
(Time) (1.50) (2.00) (1.545) (1.25)

TAFT-40 ; Static Eccentricity =25 %

7 0.1060 -0.8292 -0.1439 0.7375 1.358 0.889
(Time) (1.70) (1.70) (1.54) (1.24)

6 0.1081 -0.8912 -0.1510 0.7739 1.397 0.868
(Time) (1.70) (1.70) (1.54) (1.24)

5 0.1073 -0.9244 -0.1541 0.7902 1.436 0.885
(Time) (1.70) (1.70) (1.54) (1.26)

4 0.1016 -0.9122 -0.1504 0.7829 1.480 0.858
(Time) (1.70) (1.70) (1.54) (1.26)

3 -0.0938 -0.8295 -0.1362 0.7761 1.452 0.936
(Time) (1.55) (1.70) (1.54) (1.32)

2 -0.0765 -0.6583 -0.1079 0.7493 1.410 1.138
(Time) (1.55) (1.70) (1.54) (1.32)

1 -0.0416 -0.3402 -0.0586 0.6537 1.409 1.922
(Time) (1.55) (1.70) (1.54) (1.34)

* Note:
LEB
LEG
EWB
EWG

IDI of Wall B in Linear Elastic Eccentric Case.
IDI of Wall G in Linear Elastic Eccentric Case.
IDI of Wall B in Nonlinear Eccentric Case.
IDI of Wall G in Nonlinear Eccentric Case.

TABLE 5.20 : MAXIMUM INTER-STORY DRIFT INDICES
(Linear vs. Nonlinear, TAFT-40,0-2 Seconds)
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Story 1.LEB* 2.LEG* 3.EWB* 4.EWG* Ratio Ratio
(% ) (% ) (% ) (% ) (3)/(1) (4)/(2)

TAFT-60 ; Static Eccentricity = 5 %

7 0.5606 0.8354 -0.4542 0.6945 0.810 0.831
(Time) (1.90) (1.95) (1.645) (1.195)

6 0.6063 0.8924 -0.4826 0.7360 0.796 0.825
(Time) (1.90) (1.95) (1.645) (1.195)

5 0.6272 0.9044 -0.4931 0.7631 0.786 0.844
(Time) (1.90) (1.95) (1.645) (1.195)

4 0.6135 0.8652 -0.4833 0.7725 0.788 0.893
(Time) (1.90) (1.95) (1.645) (1.195)

3 0.5511 0.8187 -0.4483 0.7672 0.813 0.937
(Time) (1.90) (2.00) (1.645) (1.245)

2 0.4317 0.6804 0.4147 0.7514 0.961 1.104
(Time) (1.90) (2.00) (1.145) (1.245)

1 -0.2232 0.3701 0.3302 0.6627 1.479 1.791
(Time) (1.50) (2.00) (1.195) (1.245)

TAFT-60 ; Static Eccentricity = 25 %

7 0.1590 -1.244 -0.2280 1.083 1.434 0.871
(Time) (1.70) (1.70) (1.54) (1.26)

6 0.1622 -1.337 -0.2364 1.132 1.457 0.847
(Time) (1.70) (1.70) (1.54) (1.26)

5 0.1610 -1.387 -0.2391 1.153 1.485 0.831
(Time) (1.70) (1.70) (1.54) (1.28)

4 0.1524 -1.368 -0.2315 1.160 1.519 0.848
(Time) (1.70) (1.70) (1.54) (1.30)

3 -0.1407 -1.244 -0.2089 1.161 1.485 0.933
(Time) (1.55) (1.70) (1.54) (1.34)

2 -0.1148 -0.9875 -0.1662 1.153 1.448 1.168
(Time) (1.55) (1.70) (1.54) (1.38)

1 -0.0624 -0.5103 -0.0972 1.193 1.558 2.338
(Time) (1.55) (1.70) (1.54) (1.38)

* Note:
LEB
LEG
EWB
EWG

IDI of Wall B in Linear Elastic Eccentric Case.
IDI of Wall G in Linear Elastic Eccentric Case.
IDI of Wall B in Nonlinear Eccentric Case.
IDI of Wall G in Nonlinear Eccentric Case.

TABLE 5.21 : MAXIMUM INTER-STORY DRIFT INDICES
(Linear vs. Nonlinear, TAFT-60, 0-2 Seconds)
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Maximum Values of Plastic
Rotation (radians)

Location e/D* TAFr-18 TAFr-40 TAFr-60

LOne Wall 0.00 0.000062 0.001532 0.003819

2.Wall B 0.05 0.00 -0.000874 0.002415

3.Wall B 0.25 0.00 0.00 -0.000101

4.Wall G 0.05 -0.000196 0.002456 0.005585

5.WallG 0.25 0.000940 0.005433 0.010608

Ratio (2)/(1) 0.00 0.57 0.63

Ratio (3)/(1) 0.00 0.00 0.03

Ratio (4)/(1) 3.18 1.60 1.46

Ratio (5)/(1) 15.22 3.55 2.78

* Note:
e/D Initial Static Eccentricity Ratio.

TABLE 5.22: MAXIMUM PLASTIC HINGE ROTATION (Radians)
AT BASE OF WALLS (0-2 Seconds)
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Story 1.CSW* 2.ESWG* 3.ESWB* Ratio Ratio
(kips) (kips) (kips) (2)/(1) (3)1(1)

TAFT-IS; Static Eccentricity = 5 %

7 -87.46 112.07 84.59 1.28 0.97
(Time) (2.00) (1.54) (1.52)

6 178.44 209.48 149.81 1.17 0.84
(Time) (1.90) (1.94) (1.88)

5 264.31 289.03 226.00 1.09 0.86
(Time) (1.90) (1.94) (1.88)

4 310.82 342.17 275.59 1.10 0.89
(Time) (1.90) (1.98) (1.90)

3 378.43 -426.83 311.38 1.13 0.82
(Time) (1.95) (1.54) (1.92)

2 469.84 -550.61 -415.21 1.17 0.88
(Time) (2.00) (1.52) (1.52)

1 554.33 -652.84 -517.57 1.18 0.93
(Time) (2.00) (1.52) (1.52)

TAFT-IS; Static Eccentricity = 25 %

7 -87.46 -152.85 -27.51 1.75 0.31
(Time) (2.00) (1.06) (1.12)

6 178.44 -266.48 39.79 1.49 0.22
(Time) (1.90) (1.64) (1.70)

5 264.31 -343.19 59.38 1.30 0.22
(Time) (1.90) (1.64) (1.70)

4 310.82 412.82 -80.53 1.33 0.26
(Time) (1.90) (1.18) (1.54)

3 378.43 450.36 -101.42 1.19 0.27
(Time) (1.95) (1.06) (1.54)

2 469.84 628.27 -118.60 1.34 0.25
(Time) (2.00) (1.04) (1.54)

1 554.33 777.49 -151.64 1.40 0.27
(Time) (2.00) (1.02) (1.54)

* Note:
CSW
ESWB
ESWG

Story Shear of One Wall in Concentric Case.
Story Shear of Wall B in Eccentric Case.
Story Shear of Wall G in Eccentric Case.

TABLE 5.23 : MAXIMUM STORY SHEAR FORCES OF WALLS FOR THE
NONLINEAR INELASTIC CASE (TAFT·IS, 0-2 Seconds)
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Story 1.CSW* 2.ESWG* 3.ESWB* Ratio Ratio
(kips) (kips) (kips) (2)/(1) (3)/(1)

TAFT-40 ; Static Eccentricity = 5 %

7 164.50 -190.46 147.53 1.16 0.90
(Time) (1.55) (1.25) (1.545)

6 262.64 230.95 221.2 0.88 0.84
(Time) (1.90) (1.95) (1.90)

5 369.89 -344.79 347.17 0.93 0.94
(Time) (1.90) (1.70) (1.90)

4 406.08 -432.39 417.17 1.06 1.03
(Time) (1.90) (1.70) (1.90)

3 -501.37 517.68 -464.47 1.03 0.93
(Time) (1.55) (1.20) (1.545)

2 -662.61 723.7 -640.12 1.09 0.97
(Time) (1.55) (1.00) (1.545)

1 852.70 985.58 -746.66 1.16 0.88
(Time) (1.00) (1.00) (1.545)

TAFT-40 ; Static Eccentricity = 25 %

7 164.50 -368.36 -69.88 2.24 0.42
(Time) (1.55) (1.34) (1.38)

6 262.64 -444.39 -88.21 1.69 0.34
(Time) (1.90) (1.62) (1.24)

5 369.89 -493.06 -148.21 1.33 0.40
(Time) (1.90) (1.66) (1.54)

4 406.08 548.49 -203.17 1.35 0.50
(Time) (1.90) (1.24) (1.54)

3 -501.37 661.22 -249.55 1.32 0.50
(Time) (1.55) (1.34) (1.54)

2 -662.61 878.81 -280.02 1.33 0.42
(Time) (1.55) (1.06) (1.54)

1 852.70 1078.0 -377.86 1.26 0.44
(Time) (1.00) (1.06) (1.52)

* Note:
CSW
ESWB
ESWG

Story Shear of One Wall in Concentric Case.
Story Shear of Wall B in Eccentric Case.
Story Shear of Wall G in Eccentric Case.

TABLE 5.24: MAXIMUM STORY SHEAR FORCES OF WALLS FOR THE
NONLINEAR INELASTIC CASE (TAFT-40, 0-2 Seconds)
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Story 1.CSW* 2.ESWG* 3.ESWB* Ratio Ratio
(kips) (kips) (kips) (2)1(1) (3)1(1)

TAFT-60 ; Static Eccentricity =5 %

7 -272.39 -359.63 -223.98 1.32 0.82
(Time) (1.20) (1.295) (1.145)

6 394.68 35.3.68 333.01 0.90 0.84
(Time) (1.945) (0.895) (1.895)

5 450.40 -436.36 440.26 0.97 0.98
(Time) (1.945) (1.695) (1.895)

4 -484.51 534.98 462.6 1.10 0.95
(Time) (1.645) (1.145) (1.895)

3 -585.58 611.02 -552.87 1.04 0.94
(Time) (1.545) (1.245) (1.545)

2 -848.13 904.60 -775.81 1.07 0.91
(Time) (1.545) (0.995) (1.545)

1 1079.4 1217.5 -870.63 1.13 0.81
(Time) (1.00) (0.995) (1.545)

TAFT-60 ; Static Eccentricity =25 %

7 -272.39 -520.58 -108.66 1.91 0.40
(Time) (1.20) (1.42) (1.38)

6 394.68 -538.28 -140.6 1.36 0.36
(Time) (1.945) (1.64) (1.54)

5 450.40 -622.31 -222.97 1.38 0.50
(Time) (1.945) (1.66) (1.54)

4 -484.51 685.48 -295.3 1.41 0.61
(Time) (1.645) (1.24) (1.54)

3 -585.58 808.34 -360.59 1.38 0.62
(Time) (1.545) (1.34) (1.52)

2 -848.13 1222.7 -398.45 1.44 0.47
(Time) (1.545) (1.38) (1.52)

1 1079.4 1307.6 -588.71 1.21 0.55
(Time) (1.00) (1.06) (1.52)

* Note:
CSW
ESWB
ESWG

Story Shear of One Wall in Concentric Case.
Story Shear of Wall B in Eccentric Case.
Story Shear of Wall G in Eccentric Case.

TABLE 5.25 : MAXIMUM STORY SHEAR FORCES OF WALLS FOR THE
NONLINEAR INELASTIC CASE (TAFT-60, 0-2 Seconds)
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Story 7 6 5 4 3 2 1

TAFT·I8

1.CN* 397.54 731.16 928.06 1006.7 1113.1 1217.1 1271.7
Time 1.90 1.90 1.90 1.95 1.95 2.00 2.00

2.E05* -361.60 648.94 828.39 901.46 -1040.4 -1222.9 -1329.3
Time 1.60 1.92 1.92 1.92 1.54 1.52 1.52

3.E25* -264.47 -456.63 580.21 638.66 737.05 897.55 1006.3
Time 1.62 1.62 1.16 1.18 1.06 1.04 1.04

(2)/(1) 0.91 0.89 0.89 0.90 0.93 1.00 1.05

(3)/(1) 0.67 0.62 0.63 0.63 0.66 0.74 0.79

TAFT·40

1.CN* 546.63 970.75 -1230.9 -1392.5 1540.6 -1749.6 2015.1
Time 1.95 1.95 1.65 1.65 1.15 1.55 1.00

2.E05* -434.47 -804.14 1100.9 1331.4 1492.0 -1669.0 2002.6
Time 1.65 1.65 1.15 1.15 1.15 1.545 1.00

3.E25* 386.64 684.46 846.21 1065.4 1323.5 1473.6 1729.8
Time 1.22 1.22 1.24 1.34 1.34 1.08 1.06

(2)/(1) 0.79 0.83 0.89 0.96 0.97 0.95 0.99

(3)/(1) 0.71 0.71 0.69 0.77 0.86 0.84 0.86

TAFT·60

l.CN* 755.34 -1339.6 -1680.2 1895.8 2103.6 2375.8 2753.5
Time 1.945 1.645 1.645 1.15 1.20 1.20 1.00

2.E05* 609.45 1177.0 1590.1 1852.8 2063.8 2193.1 2590.3
Time 1.145 1.145 1.145 1.145 1.195 1.195 0.995

3.E25* 553.25 917.51 1148.0 1505.7 1783.0 2155.3 2380.7
Time 1.52 1.26 1.32 1.34 1.34 1.38 1.38

(2)1(1) 0.81 0.88 0.95 0.98 0.98 0.92 0.94

(3)/(1) 0.73 0.68 0.68 0.79 0.85 0.91 0.86

* Note:
CN
E05
E25

Total Story Shear Force (kips) for Concentric Case.
Total Story Shear Force (kips) for 5% eccentricity.
Total Story Shear Force (kips) for 25% eccentricity.

TABLE 5.26 : MAXIMUM TOTAL STORY SHEAR FORCES FOR THE
NONLINEAR INELASTIC CASE (0·2 Seconds)
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Story 7 6 5 4 3 2 1

TAFT-I8

TE05* 75901 132540 163115 185596 233120 269194 283375
Time 1.66 1.66 1.68 1.72 1.74 1.74 1.74

TE25* 152191 268553 -347243 388668 422190 452369 466763
Time 1.64 1.64 1.20 1.68 1.70 1.74 1.74

Td05* 1.99 1.89 1.83 1.92 2.18 2.30 2.32

Td25* 0.845 0.811 0.826 0.852 0.837 0.820 0.810

TAFT-40

TE05* 150249 257540 298699 388690 467159 504897 498475
Time 1.85 1.85 1.85 1.80 1.80 1.80 1.80

TE25* -260632 -478514 -618762 -680598 -678555 -713708 -728861
Time 1.22 1.24 1.24 1.24 1.24 1.30 1.30

Td05* 2.86 2.76 2.53 2.91 3.16 3.01 2.58

Td25* 1.05 1.09 1.11 1.08 0.97 0.90 0.80

TAFT-60

TE05* 181363 337098 427729 461829 560916 642501 664538
Time 1.845 1.845 1.845 1.845 1.795 1.795 1.795

TE25* -407681 -666145 -850788 -911698 -874811 -895622 -1014778
Time 1.52 1.24 1.24 1.24 1.24 1.38 1.40

Td05* 2.50 2.62 2.65 2.54 2.78 2.82 2.51

Td25* 1.19 1.10 1.12 1.06 0.92 0.83 0.81

* Note:
TE05
TE25
Td05
Td25

Story Torque (k-in) for 5% eccentricity.
Story Torque (k-in) for 25% eccentricity.
Dynamic Amplification of Eccentricity for 5% Eccentricity.
Dynamic Amplification of Eccentricity for 25% Eccentricity.

TABLE 5.27 : MAXIMUM TOTAL STORY TORQUES AND VALUES
OF DYNAMIC AMPLIFICATION OF ECCENTRICITY FOR THE

NONLINEAR INELASTIC CASE (0-2 Seconds)
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Story 7 6 5 4 3 2 1

TAFT-I8

WT05* -33243 81003 104493 128793 177982 221383 251810
Time 1.74 1.84 1.68 1.72 1.74 1.74 1.74

WT25* 75851 169564 221953 275983 317543 366089 407168
Time 1.06 1.64 1.66 1.68 1.70 1.74 1.74

R1* 0.44 0.61 0.64 0.69 0.76 0.82 0.89

R2* 0.50 0.63 0.64 0.71 0.75 0.81 0.87

TAFT-40

WT05* 87085 148832 185498 274020 356381 408262 441660
Time 1.25 1.85 1.85 1.80 1.80 1.80 1.80

WT25* 178031 267432 -342470 -411771 -421925 -500053 -482531
Time 1.34 1.64 1.24 1.24 1.24 1.30 1.06

R1* 0.58 0.58 0.62 0.70 0.76 0.81 0.89

R2* 0.68 0.56 0.55 0.61 0.62 0.70 0.66

TAFT-60

WT05* 140520 190696 271279 313106 442180 543474 599472
Time 1.495 1.845 1.845 1.845 1.795 1.795 1.795

WT25* 253012 350666 -464119 -536681 -524359 -628446 -545716
Time 1.44 1.68 1.24 1.24 1.22 1.38 1.40

R1* 0.77 0.57 0.63 0.68 0.79 0.85 0.90

R2* 0.62 0.53 0.55 0.59 0.60 0.70 0.54

* Note:
WT05
WT25

R1
R2

Story Torque (k-in) Resisted by Walls for 5% eccentricity.
Story Torque (k-in) Resisted by Walls for 25% eccentricity.
Ratio of WT05 to Maximum Story Torque.
Ratio of WT25 to Maximum Story Torque.

TABLE 5.28 : MAXIMUM STORY TORQUES RESISTED BY WALLS
FOR THE NONLINEAR INELASTIC CASE (0-2 Seconds)
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Story 7 6 5 4 3 2 1

LINEAR ELASTIC

e05* 2.21 2.02 1.97 2.19 2.60 2.77 2.82

e25* 0.99 0.97 1.06 1.19 1.21 1.18 1.14

NONLINEAR INELASTIC; TAFT-iS

e05* 1.99 1.89 1.83 1.92 2.18 2.30 2.32

e25* 0.845 0.811 0.826 0.852 0.837 0.82 0.81

NONLINEAR INELASTIC; TAFT-40

e05* 2.86 2.76 2.53 2.91 3.16 3.01 2.58

e25* 1.05 1.09 1.11 1.08 0.97 0.90 0.80

NONLINEAR INELASTIC; TAFT-60

e05* 2.50 2.62 2.65 2.54 2.78 2.82 2.51

e25* 1.19 1.10 1.12 1.06 0.92 0.83 0.81

* Note:
e05
e25

Dynamic Amplification of Eccentricity for 5% Eccentricity.
Dynamic Amplification of Eccentricity for 25% Eccentricity.

TABLE 5.29 : DYNAMIC AMPLIFICATION OF ECCENTRICITY
(Linear vs. Nonlinear, 0-2 Seconds)
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Floor 1.CCM* 2.EWG* 3.RWB* 4.RWG* Ratio Ratio
(in) (in) (in) (in) (4)/(1) (4)/(2)

TAFT-60 ; Static Eccentricity =5 % ; Resistance Eccentricity =4%

Roof 4.710 6.096 -3.517 5.664 1.203 0.929
(Time) (1.20) (1.195) (1.635) (1.195)

7 4.117 5.302 3.052 4.897 1.189 0.924
(Time) (1.20) (1.245) (1.175) (1.195)

6 3.480 4.506 2.575 4.085 1.174 0.907
(Time) (1.20) (1.245) (1.175) (1.215)

5 2.805 3.660 2.066 3.261 1.163 0.891
(Time) (1.20) (1.245) (1.175) (1.215)

4 2.102 2.771 1.535 2.418 1.150 0.873
(Time) (1.20) (1.245) (1.175) (1.235)

3 1.394 1.865 1.004 1.593 1.143 0.854
(Time) (1.20) (1.245) (1.175) (1.235)

2 0.7153 0.9782 0.5047 0.8105 1.133 0.829
(Time) (1.20) (1.245) (1.175) (1.255)

TAFT-60 ; Static Eccentricity =25 % ; Resistance Eccentricity =11 %

Roof 4.710 9.464 -1.594 9.114 1.935 0.963
(Time) (1.20) (1.32) (1.535) (1.26)

7 4.117 8.293 -1.347 7.775 1.889 0.938
(Time) (1.20) (1.34) (1.535) (1.26)

6 3.480 7.061 -1.086 6.425 1.846 0.910
(Time) (1.20) (1.36) (1.535) (1.28)

5 2.805 5.792 -0.8200 5.096 1.817 0.880
(Time) (1.20) (1.36) (1.535) (1.30)

4 2.102 4.474 -0.5587 3.743 1.781 0.837
(Time) (1.20) (1.38) (1.535) (1.32)

3 1.394 3.122 -0.3209 2.430 1.743 0.778
(Time) (1.20) (1.38) (1.535) (1.32)

2 0.7153 1.760 -0.1307 1.208 1.689 0.686
(Time) (1.20) (1.38) (1.535) (1.32)

* Note:
CCM Displacement of CM in Concentric Case.
EWG Displacement of Wall G in Mass Eccentric Case.
RWB Displacement of Wall Bin ResistancelMass Eccentric Case.
RWG Displacement of Wall G in ResistancelMass Eccentric Case.

TABLE 5.30 : MAXIMUM LATERAL DISPLACEMENTS
Mass Eccentricity vs. Resistance/Mass Eccentricity

(TAFT-60,0-2 Seconds)
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Floor 1.LEB* 2.LEG* 3.RWB* 4.RWG* Ratio Ratio
(in) (in) (in) (in) (3){(1) (4)/(2)

TAFT-60; Static Eccentricity =5% ; Resistance Eccentricity =4%

Roof 4.328 6.174 -3.517 5.664 0.813 0.917
(Time) (1.90) (1.95) (1.635) (1.195)

7 3.666 5.206 -3.052 4.897 0.833 0.941
(Time) (1.90) (2.00) (1.175) (1.195)

6 2.950 4.302 2.575 4.085 0.873 0.950
(Time) (1.90) (2.00) (1.175) (1.215)

5 2.210 3.328 2.066 3.261 0.935 0.980
(Time) (1.90) (2.00) (1.175) (1.215)

4 1.485 2.316 1.535 2.418 1.034 1.044
(Time) (1.90) (2.00) (1.175) (1.235)

3 0.8345 1.350 1.004 1.593 1.203 1.180
(Time) (1.90) (2.00) (1.175) (1.235)

2 -0.3294 0.5462 0.5047 0.8105 1.532 1.484
(Time) (1.50) (2.00) (1.175) (1.255)

TAFT-60 ; Static Eccentricity =25 % ; Resistance Eccentricity =11%

Roof 1.101 -9.689 -1.594 9.114 1.448 0.941
(Time) (1.70) (1.70) (1.535) (1.26)

7 -0.9131 -8.220 -1.347 7.775 1.475 0.946
(Time) (1.55) (1.70) (1.535) (1.26)

6 -0.7481 -6.642 -1.086 6.425 1.452 0.967
(Time) (1.55) (1.70) (1.535) (1.28)

5 -0.5720 -5.004 -0.8200 5.096 1.434 1.018
(Time) (1.55) (1.70) (1.535) (1.30)

4 -0.3938 -3.389 -0.5587 3.743 1.419 1.104
(Time) (1.55) (1.70) (1.535) (1.32)

3 -0.2276 -1.919 -0.3209 2.430 1.410 1.266
(Time) (1.55) (1.70) (1.535) (1.32)

2 -0.0921 -0.7533 -0.1307 1.208 1.419 1.604
(Time) (1.55) (1.70) (1.535) (1.32)

* Note:
LEB
LEG
RWB
RWG

Displacement of Wall B in Linear Elastic Eccentric Case.
Displacement of Wall G in Linear Elastic Eccentric Case.
Displacement of Wall B in Resistance!Mass Eccentric Case.
Displacement of Wall G in Resistance!Mass Eccentric Case.

TABLE 5.31: MAXIMUM LATERAL DISPLACEMENTS
(Linear vs. Nonlinear, TAFf-60,0-2 Seconds)
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Story 1.CCM* 2.EWG* 3.RWB* 4.RWG* Ratio Ratio
(% ) (% ) (% ) (% ) (4)/(1) (4)1(2)

TAFT-60 ; Static Eccentricity =5% ; Resistance Eccentricity =4%

7 0.5202 0.6945 -0.4413 0.6693 1.287 0.964
(Time) (1.15) (1.195) (1.635) (1.155)

6 0.5577 0.7360 -0.4693 0.7093 1.272 0.964
(Time) (1.15) (1.195) (1.635) (1.155)

5 0.5840 0.7631 -0.4773 0.7319 1.253 0.959
(Time) (1.15) (1.195) (1.635) (1.175)

4 0.5958 0.7725 -0.4638 0.7339 1.232 0.950
(Time) (1.20) (1.195) (1.635) (1.175)

3 0.5996 0.7672 0.4495 0.7101 1.184 0.926
(Time) (1.20) (1.245) (1.175) (1.195)

2 0.5745 0.7514 0.4230 0.6628 1.154 0.882
(Time) (1.20) (1.245) (1.175) (1.235)

1 0.4846 0.6627 0.3419 0.5492 1.133 0.829
(Time) (1.20) (1.245) (1.175) (1.255)

TAFT-60 ; Static Eccentricity =25 % ; Resistance Eccentricity =11%

7 0.5202 1.083 -0.2096 1.179 2.266 1.089
(Time) (1.15) (1.26) (1.535) (1.22)

6 0.5577 1.132 -0.2205 1.228 2.202 1.085
(Time) (1.15) (1.26) (1.535) (1.22)

5 0.5840 1.153 -0.2257 1.229 2.104 1.066
(Time) (1.15) (1.28) (1.535) (1.22)

4 0.5958 1.160 -0.2213 1.189 1.996 1.025
(Time) (1.20) (1.30) (1.535) (1.24)

3 0.5996 1.161 -0.2014 1.125 1.876 0.969
(Time) (1.20) (1.34) (1.535) (1.30)

2 0.5745 1.153 -0.1611 1.035 1.802 0.898
(Time) (1.20) (1.38) (1.535) (1.30)

1 0.4846 1.193 -0.0886 0.8187 1.689 0.686
(Time) (1.20) (1.38) (1.535) (1.32)

* Note:
CCM IDI of CM in Concentric Case.
EWG IDI of Wall G in Mass Eccentric Case.
RWB IDI of Wall Bin Resistance/Mass Eccentric Case.
RWG IDI of Wall Gin Resistance/Mass Eccentric Case.

TABLE 5.32 : MAXIMUM INTER-STORY DRIFT INDICES
Mass Eccentricity vs. Resistance/Mass Eccentricity

(TAFT-60, 0-2 Seconds)
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Story 1.LEB* 2.LEG* 3.RWB* 4.RWG* Ratio Ratio
(% ) (% ) (% ) (% ) (3)/(1) (4)/(2)

TAFT-60 ; Static Eccentricity =5% ; Resistance Eccentricity =4%

7 0.5606 0.8354 -0.4413 0.6693 0.787 0.801
(Time) (1.90) (1.95) (1.635) (1.155)

6 0.6063 0.8924 -0.4693 0.7093 0.774 0.795
(Time) (1.90) (1.95) (1.635) (1.155)

5 0.6272 0.9044 -0.4773 0.7319 0.761 0.809
(Time) (1.90) (1.95) (1.635) (1.175)

4 0.6135 0.8652 -0.4638 0.7339 0.756 0.848
(Time) (1.90) (1.95) (1.635) (1.175)

3 0.5511 0.8187 -0.4495 0.7101 0.816 0.867
(Time) (1.90) (2.00) (1.175) (1.195)

2 0.4317 0.6804 0.4230 0.6628 0.980 0.974
(Time) (1.90) (2.00) (1.175) (1.235)

1 -0.2232 0.3701 0.3419 0.5492 1.532 1.484
(Time) (1.50) (2.00) (1.175) (1.255)

TAFT-60 ; Static Eccentricity =25 % ; Resistance Eccentricity =11%

7 0.1590 -1.244 -0.2096 1.179 1.318 0.948
(Time) (1.70) (1.70) (1.535) (1.22)

6 0.1622 -1.337 -0.2205 1.228 1.359 0.918
(Time) (1.70) (1.70) (1.535) (1.22)

5 0.1610 -1.387 -0.2257 1.229 1.402 0.886
(Time) (1.70) (1.70) (1.535) (1.22)

4 0.1524 -1.368 -0.2213 1.189 1.452 0.869
(Time) (1.70) (1.70) (1.535) (1.24)

3 -0.1407 -1.244 -0.2014 1.125 1.431 0.904
(Time) (1.55) (1.70) (1.535) (1.30)

2 -0.1148 -0.9875 -0.1611 1.035 1.403 1.048
(Time) (1.55) (1.70) (1.535) (1.30)

1 -0.0624 -0.5103 -0.0886 0.8187 1.420 1.604
(Time) (1.55) (1.70) (1.535) (1.32)

* Note:
LEB
LEG
RWB
RWG

IDI ofWall B in Linear Elastic Eccentric Case.
IDI of Wall G in Linear Elastic Eccentric Case.
IDI ofWall B in Resistance/Mass Eccentric Case.
IDI of Wall Gin Resistance/Mass Eccentric Case.

TABLE 5.33 : MAXIMUM INTER-STORY DRIFT INDICES
(Linear vs. Nonlinear, TAFT-60, 0-2 Seconds)
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Location e* TAFr-60 e* e* TAFr-60s s r

1.0ne Wall 0.00 0.003819 0.00 0.00 0.003819

2.Wall B 0.05 0.002416 0.05 0.04 0.002438

3.Wall B 0.25 -0.000101 0.25 0.11 0.000031

4.WallG 0.05 0.005585 0.05 0.04 0.004106

5.WallG 0.25 0.010608 0.25 0.11 0.005722

Ratio (2)/(1) 0.63 (2)/(1) 0.64

Ratio (3)/(1) 0.03 (3)/(1) 0.01

Ratio (4)/(1) 1.46 (4)/(1) 1.08

Ratio (5)1(1) 2.78 (5)1(1) 1.50

* Note:
es Initial Static Eccentricity Ratio.
er Initial Resistance Eccentricity Ratio.

TABLE 5.34: MAXIMUM PLASTIC HINGE ROTATION (Radians)
AT BASE OF WALLS (TAFT-60, 0-2 Seconds)

Mass Eccentricity vs. Resistance/Mass Eccentricity
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FIGURES
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Figure 1.I(a): TWO ADJACENT BUILDINGS WITH DIFFERENT
HEIGHTS AFTER 1985 MEXICO EARTHQUAKE [38]
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Figure 1.2: A CORNER BUILDING IN MEXICO CITY COLLAPSED
DUE TO LARGE TORSIONAL RESPONSE AFTER

1985 MEXICO EARTHQUAKE [39]
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Figure 2.4: VARIATION OF DYNAMIC ECCENTRICITY WITH
UNCOUPLED FREQUENCY RATIO
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Figure 3.23: INTER-STORY DRIFT INDEX TIME-HISTORIES OF THE
CORNER OF THE STRUCTURE DUE TO TAFT-40 (e/D = 0.05)



-210-

Inter-Story Drift Index ($I)

1

-1
1

STORY 7

STORY 6

-1
1 STORY 5

-1
1 STORY 4

-1
1

-1
1

STORY 3

STORY 2

-1
1

25
J I

STORY 1

20
I I J

10 15
TIME (second)

5o

OI-----...........,..-..A/'tI.........~--.I'>o_.l_~fi'w_ ........--------

-1
I

Figure 3.24: INTER-STORY DRIFT INDEX TIME-HISTORIES OF
WALL B DUE TO TAFT-40 (e/D =0.10)



-211-

STORY 6

STORY 5

STORY 7

STORY 4

STORY 3

-1
1

-1
1

-1
1

-1
1

Inter-Story Drift Index (SIS)

1

-1
1

-1
1

STORY 1

-1
I
o 5 10 15

TIME (second)

I I I

20
I I

25

Figure 3.25: INTER·STORY DRIFT INDEX TIME·HISTORIES OF
WALL G DUE TO TAFT·40 (e/D =0.10)



-212-

STORY 7

STORY 5

STORY 6

STORY 4

-1
1

-1
1

-1
1

Inter-Story Drift Index (ss)

1

I II I II I I I I I J

-1
1

-1
1

-1
1

-1
I
o 5 10 15

TIME (second)
20 25

Figure 3.26: INTER-STORY DRIFT INDEX TIME-HISTORIES OF THE
CORNER OF THE STRUCTURE DUE TO TAFT-40 (e/D = 0.10)



-213-

FLOOR LEVEL (a) 5% ECCENTRICllY
7

\ \

\\ \
\ \

6 \ , \
\ \

\\ \
\ ,

\:5 : I
: I

I: I

4 : I
I: I

: I
I: I

:5 : I
/: /

: /
/:/

CORNER2 :/ /:,
:1 / ---- WALL G

:1
/.)' -------- WALLS/ ~

///,,9 ........_-- ..... CONCENTRIC
/.

0
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2

FLOOR LEVEL (b) 10% ECCENTRICllY
7 ·, · \, ·., .

\6 I
,··, · \I ··, · \:5 I ·I II ,·4 I · II ·

I ,
I·I ·:5 I · /·I ,

I
,

/,,
I ,

2 /
. / CORNER

/ : /,
WALL G/

/
----

/ ,,
1 , /. -------- WALL S

I,'
,

....-:::
I,' h .... __ ._- .... _- CONCENTRIC!,'

o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

INTER-STORY DRIFT INDEX (,,)

2

Figure 3.27: INTER-STORY DRIFT INDEX ENVELOPES
DUE TO TAFT-40



-214-

20181614

(a) WALL B ( 0 R G )

12108

BENDING MOMENT (in-kip)
(Millions)

1.6

1.2 CONCENTRIC

0.8

0.4

0.0 +--....~A-.rd-\-J-\+H+Hr-+1+H+ArnH+H+ttrt+t+-H~ttttttffitTt~Hi1

-0.4

-0.8

-1.2

-1.6 0 2 4 6

(b) WALL B

5% ECCENTRICITY
l.S .,..-------------------------,

1.2

0.8

0.4

O.0 -+---"'O':::=:I--\-+lr-J+J+f-C-~+++_H_\;~+_t+++t:f+I_J,~rH_:rttffi~~~~f-tt'i

-0.4

-0.8

-1.2

-1.S -i0-'--""T"2---'''''--4-':--''''--'Sc--'---''"':!8-'--1:'':0:--'--:1''=2--r--:'1'74 ---r"--:':16=--.--1:':8~~20

(C) WALL G

5% ECCENTRICITY
l.S .,...-----------------------~

1.2

0.8

0.4

0.0 +-""""'="'''''tri:A-rd-++Irl-HI-H-\-H+HY-ftf+H-tttttttm~H+ttiffi'_tTmrnf_ttl

-0.4

-0.8

-1.2

-1.6 ~0-.--""T"2---.....--4-.---....,--6....---.----,.8-.--1......0:---r-l":"2--r----:'1'":""4---r"---:-':16=--'--':":8:--,---:l20

TIME (second)

Figure 3.28: TIME-HISTORIES OF BASE MOMENT OF WALLS
(e/D =0.05 , TAFT-40)



-215-

(a) WALL B ( OR G )
BENDING MOMENT (in-kip)

(Millions)
1.6

1.2 CONCENTRIC

0.8

0.4

0.0 +-~~'d+-.rrr-~r++/+f..JH-1+H+Pl+hH+tt++++-++++t1H+++++t-f-t+\:++'6,A-++H

-0.4

-0.8

-1.2

-1.6 +---r---,..--,--r--r-......,....___r_-.,.-r--~-r----r-~---,r__~_r__--r---r___.---l

o 2 4 6 8 10 12 14 16 18 20

(b) WALL B

20181614121086

10% ECCENTRICllY
1.6 -,--------------------------,

1.2

0.8

0.4

O.0 -t---"'O":='-T+1tfld-tfld-\-+\-t\+t++fl\:f-h;-f+f'o~'Tf_lt7""'"'\*'f+t+fTf_Tfld~..l..o.oo'f:iJM~

-0.4

-0.8

-1.2

-1 .6 +---r-__r--,r__.,...--r---r----.--.,.-.---...,--......---r-__r---,r__~_r____r__.,____.--I

024

(C) WALL G

201816146 8 10 12
TIME (second)

42

10% ECCENTRICllY
1.6 ..,.--------------------------,

1.2

0.8

0.4

O-t---=-~~~++t+t+H_+__l_'I_t++_H_\_++_f+f_l~\__f_\+++_H++_H++H'_++\-++~

-0.4

-0.8

-1.2

-1 .6 4---r-~-..__~_r____r___.____.-.___..,..___r____r__.,.-r___.___r___.___r___.---l

o

Figure 3.29: TIME-HISTORIES OF BASE MOMENT OF WALLS
(e/D = 0.10 , TAFT-40)



-216-

20181614

(a) WALL B ( OR G )

12108642

SHEAR FORCE (1000 x kips)
4

3 CONCENTRIC

2

1

O-+-"""'O""'"'c:P'r:t-T-7rl-irl++t+Jr-t++H-t-H~++-t-++-f+t-l-t-H++-t-H+H+HM-H+H~1-t++l

-1

-2

-3
-4 -+-_.____r___.____.-r_-r---...--..---r__._---,r_~_.__...,.__.._____r__r-.____r__i

o

2018161412108642

5% ECCENTRICI1Y

(b) WALL B
4~--------------------'--'------,

3

2

1

O-+-........~~""'f_1r+\-t+tt-f-'Yt+H+t+:f-H-'lfI+l-t+1"++t+++_b1+t_H+t_t_T+'r+>'I::+¥~++fJ4

-1

-2

-3
-4 -I--..--...-~__r_~-.---r--r----.---r-._____r_____r_____.___.___.____.r_~~

o

5% ECCENTRICI1Y

(C) WALL G
4~------------------....:-..:...-------,

3

2

1

O-+-~~+Jr__,::_:I__"H-++++H+-H-,f4+I-M+-H-+-+++++++++++++4_++if4++++++++_+_\c+++l

-1

-2

-3
-4 -+-___.____r_---,-___.r_r_.......--...--..---r~---,r_~_,___.____r___r____.-r_....___I

o 2 4 6 8 10 12 14 16 18 20
TIME (second)
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(e/D = 0.10 , TAFf.40)



-218-

FLOOR LEVEL (a) 5% ECCENTRICI1Y7..,....,....-------------'-----------,
WALL G
WALL B

CONCENTRIC

1 - -': '--

I:
I:

0 I'

0 2 e 10

(b) 10% ECCENTRICI1YFLOOR LEVEL
7 ........~---------------------,

WALL G
WALL B
CONCENTRIC

-

1 -

3

2-

I:
I:
I:

6 1:-­
I:
I:

15 l~ ••~
1 :
I:
I'
-1.~ L--

1 :
1 :

I, :. "':
1 :
I :
I ', '."',
1 :
1 :
I :

.... "',..
,,

O-+--......--r--~---1-.,--r_-_r_-.,__-..,...-__r---l
o 2 6 e 10

SHEAR FORCE (1000 x kips)

Figure 3.32: SHEAR FORCE ENVELOPES
DUE TO TAFT·40



-219-

:1
WALL G:1

- .:iT ----- WALL 8
t ....... _- ... _--. CONCENTRICt

- L<:-
I',:
I:

"i··: 0....-

I .
I

,
,

I-~ .. '--
I :
I :
I :
.. I '.-: l-

I
,

I
,,,- '. ......

I
I
I

109876

(a) 5% ECCENTRICITY

532o

6

5

o
-1

2

...

FLOOR LEVEL
7

I
I
I WALL G

I -- --- WALL 8
I
I ..... -.... __ ... CONCENTRIC
..,.: L--

I:
I:
I ;',,_, '-

I ,
I

,

1
,,

'--,
I ,·I ·,I ·.. .., -
I ·I ·I ·,
~ ..... e-
I
I .,
I ,.

(b) 10% ECCENTRICITYFLOOR LEVEL
7

6

5

J

2

o
-1 0 2 3 ... 5 6 7 8 9 10

SHEAR FORCE (1000 x kips)

Figure 3.33: SHEAR FORCE PROFILES WHEN
TOTAL BASE SHEAR IS MAXIMUM



-220-

10% ECCENTRICIn'
5% ECCENTRICIn'
CONCENTRIC

11-

FLOOR LEVEL
7..,..--...,..r------------------

~ I...u-...,....,...,
I
I~..,....,

2

:5

4-

1 -

I
•• L. _

; I
~ ....L_~

I
:···1L IL-

: I
....: ,

~ I
o+--..,---r---r--~.--....f___..,r___..,r_____,-~-_____l

8o 2411

SHEAR FORCE (1000 x kips)

Figure 3.34: TOTAL STORY SHEAR ENVELOPES

10

97

10% ECCENTRICIn'
5% ECCENTRICIn'

CONCENTRIC
..L._

~ I
:...l..............-...

1 I
L.J _~

I
..+1

: I.... ...,.
: I
: IO+--t----r---.-....,---r--'--Y---r--.---.---...-------l

-1

2

4

6

:5

5-

FLOOR LEVEL
7 -r--...r--...."r-r---------------

.l~-r--1

3 5

SHEAR FORCE (1000 x kips)

Figure 3.35: TOTAL STORY SHEAR FORCE PROFILES WHEN
TOTAL BASE SHEAR IS MAXIMUM



y

I

-221-

NODE K DEFINES X-Y PLANE

(0) ELEMENT AXES

~ I NTERNAL NODE

ELASTIC BEAM

(b) ELEMENT IDEALIZATION
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Figure 5.20: INTER-STORY DRIFT INDEX TIME-HISTORIES OF
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Total Shear Force ( 100 x kips )
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Figure 5.72: MAXIMUM TOTAL STORY SHEAR VERSUS
PEAK GROUND ACCELERATION
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