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ABSTRACT

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

UBC) 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

i
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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 of structures 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 of buildings may also be sources of unsymmetrical behavior of otherwise symmetrical
structures. Owing to the uncertain nature of these sources it is difficult, if not 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
isto be applied as an external Joad 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 eccentricity may be defined to be the ratio
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of the maximum dynamic story torque, about an axis pasjsing through the center of stiffness of the
floor, to the maximum dynamic base shear of the cor;esponding uncoupled systern, 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 other codes,
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.

Itis well recognized that in the case of extreme 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 latcr%:tl-torsional vibrations of the structure can
be significantly higher than those predicted on the basis; of linear-elastic analyses. As soon as one
of the lateral load resisting elements yields, thereisa chaél ge in the position of the center of stiffness
and this change can induce significant change in the staftic 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 factcjn's responsible for the severe damaée or
collapse of several structures [36,37]. Figures 1.1a anci 1.1b 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 ?darnage resulting from the 1985 Mexico
earthquake (Figure 1.1a). The lateral-torsional reéponsc of the taller building (due to
unsymmetrical distribution of stiffness in the plan) jinduced large lateral displacements, and
consequently resulted in pounding of the two buildings Eand severe damage in both of them. Figure
1.2 shows a collapsed corner building after the 1985 Meixico earthquake. As can be observed from
the Figure, the failure of the structure is due mainly to?thc excessively large torsional rotation.

Seismic lateral-torsional response of structures Illas been the subject of many studies [1 to
14]. A review of the literature, regarding both linear-elastic and nonlinear torsion, is presented in

Chapter Two. Most of these studies reflect the linear-elastic torsional behavior of a 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 of most 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, itis important to study the effects of torsion on the nonlinear seismic response of multi-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 modigﬁcations to the present simplified code

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

main goals of this research can be summarized as:

1.

1.3 Scope

to introduce parameters pertinent to the problem of torsion and to discuss their importance
on the linear-elastic lateral-torsional response of structures by considering an idealized
linear-elastic single-story system subjected to ejarthquake ground motions, characterized

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

of the practice; |

to study the effects of different values of static cfccentricity on the linear-¢lastic static and

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

regulations of building codes by comparing the 1inear-elastic static and dynamic torsional

responses of the structure;
|

to investigate the importance of static eccentricity and intensity of ground motion
|

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

building structures;

!

to assess the influence of an unsymmetrical distri*ibution of yielding strength of lateral load

! . . -
resisting elements (resistance eccentricity) on the seismic response of multi-story building

structures, and to discuss the possibility of reducing torsional effects on the nonlinear
|
|

seismic response of structures by finding the ﬁropcr location of the center of resistance,
relative to the centers of mass and stiffness; i
to recommend modifications to the torsion regulatibns of building codes, through
comparison of the results obtained from three-dimensional linear-elastic and nonlinear

seismic responses of multi-story building structures.

Toachieve the objectives stated in Section 1.2, a seven-story reinforced concrete frame-wall

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

structural walls and six ductile moment resisting frames. Non-uniform distribution of mass (static
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eccentricity), and unsymmeitrical yielding strength distribution (resistance eccentricity) in the plan
of the structure are assumed to be the sources of coupled lateral-torsional response of the structure.
It is further assumed that the centers of mass of the floors all 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-clastic 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 of this research is presented. Conclusions

are drawn and recommendations for future studies of the effects of torsion on seismic response
|

of building structures are made.




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
systerns 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 (CM). 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 motionischaracterized 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 three degrees of freedom. However, because

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

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

degrees of freedom are relative translational displaceme’

nt of the center of mass (CM) of the floor

along the Y-axis (u,), and torsional rotation of the floor about a vertical axis passing through its

center of mass (ug). Equations of motion of the system
vector UT = (1, rug) where r is the radius of gyration

through its center of mass.

This system is subjected to a translational, un

perpendicular to the eccentricity. Since the linear-elasti
consideration, and since the X-translational degree of fi
the other two, the response of the system to the componge

motion in the X-direction can be treated separately. He

are developed in this section in terms of

of the floor about a vertical axis passing

iidirectional earthquake ground motion
c seismic response of the system is under
reedom of the system is not coupled with
1t of the translational earthquake ground

bwever, it must be noted that earthquake

) . . w . .
ground motions have, in general, three translational and three rotational components. Therotational

components, as well as the vertical component of th

simplicity. Therefore the undamped equations of motio

c ground motion are neglected here for

ns of the system can be written as

e
. K -K -
m 0| 4, N Y ro7uy ) (-mV, @
0 ml\rig) |€p 1p rg) L0 ‘
roY g2 ee|
where
m = total translational mass of the system,
K, =total lateral stiffness of the system in the Y-direction,
Kge = total rotational stiffness of the system around the center of mass.
Koo = Xk +xi2 ky + yizkzi) (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,

ky; , ky;= lateral stiffnesses of the element 1 along the two principal directions,
ke, = torsional stiffness of the element i about a vertical axis passing through its shear center,

and
X; , 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

Ko =Kg— 'K, (2.3)
and if static eccentricity is zero then Kgg = K. The lateral and torsional vibration frequencies of

the corresponding uncoupled system are

®, =VK,/m (2.4a)

®, =\ Kes/mr* (2.4b)

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
1] 1 elr u -V
.|t o) e el 1= Af 2.5)
rifg elr Q +(e/r) J\ rug 0

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

where Q = Wy,

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

single-story systems (u, and ug) to ground motion excitations (‘73) depends on three parameters;
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static eccentricity ratio (¢/r), uncoupled translational f

ratio (2 = wy/®,). Note that a damping ratio () should

systems.

The system can now be analyzed using the mo

frequencies and mode shapes of the system can be cale

equency (m,), and uncoupled frequency

be added to these parameters for damped

|dal superposition method. The coupled

Li;lated by solving the ¢igenvalue problem

- - . I3 ‘
of equation 2.6 for the natural vibration frequencies and mode shapes of the system

1-(o/o,)

elr

|

These frequencies and mode shapes are

W,

@y

2 2
1+(elry +Q +

e

. 1

yn

X

( sz/

where @, and ¢, are the nth (n = 1,2) frequency and

(e/rY + (1 - (0./0,))

elr a, (0) 2.6)
Q'+ (elr) —(@/0,) {0) \0 '
22 Z 172
~——-—1+("’; it ] +(e/r PR ] (2.7a)
—elr 27p
2 |\ 1-(0/0,) (2.7b)
mode shape, respectively, and , is the

translational frequency of the corresponding uncoupled system.

The natural coupled frequencies w, (n=1,2), which are computed from equation 2.7a, are

normalized with respect to uncoupled translational frequency (@,) and plotted against uncoupled
frequency ratio in Figure 2.3, for different values of static eccentricity ratio (e/r). The uncoupled

translational and torsional frequencies, ®, and @, are also normalized with respect to ®, and

shown in the same figure for compariéon. It can be obs
translational and torsional frequencies, , and @y, are u
and lower bounds of the second coupled frequency. As
decreases below w, and w,, whereas the second coupl
For values of uncoupled frequency ratio (UFR) less th
coupled frequency and @, is the lower bound of the sec

for values of UFR greater than one, 0 is the lower boy

erved from Figure 2.3 that, the uncoupled
pper bounds of the first coupled frequency

e/r increases the first coupled frequency
ed frequency increases above @, and .
1an one, (), is the upper bound of the first
ond coupled frequency. On the other hand,

ind of m, and @, is the upper bound of w,.
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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 ¢/r for small
eccentricity ratios (less than 0.5).

2.4 Response Spectrum Analysis

The maximum response of individual modes of vibration is

= 5 an 8a)
r uen Mn Wy aen

031
L,=(, ocen)('g mJ[O)

0 "
M, = (o, %)(’3 m](ze J

S, is the pseudo-acceleration corresponding to the period T, and damping ratio &,. Note that mode

Where

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

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

Uy | Oy [y
(mej - 0)3 [%;J San (28b)

The translational and torsional forces acting at the center of mass of the system (f,,, and f;,)

form

can be found for each mode of vibration from

o 0 &,
[J:(’(’)’ m](:u J (2.8¢)
fyn _|m 0 (Diuyn
W) L0 m)|atry, (2.5d)

or from
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Using equatioﬁs 2.8b and 2.8d Values of (f,, and f;,) can be written in the following form

o)

Thus the total base shear (V,), base torque around
about center of stiffness (T,) for each mode of vibratio
V,= mOCi,.SM

Ty, =mro,,0,5

TSn :TMn —EV

n

Maximum base shear of the corresponding uncoupled system is obviously

Vo=mS§,,

The dynamic eccentricity for each mode (e,,) is defined as the ratio of T, and V,

T
Vo

Dynamic amplification of eccentricity for each mode iﬁs therefore

ban _ Tsn
e Ve

<]

n L
edn__-_“:rayn (%n_-;a

(2.8¢)

the center of mass (73,,) and base torque

(2.9a)
(2.9b)

(2.9¢)

(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 (e,/r), a dimensionless index for dynamic eccentricity, can be written

for each mode as

an _Tsn
r ¥,

(2.13)

In all the above relationships radius of gyration about the center of mass, r, was used because

it comes naturally from the equations of motion (2.1). Although computation of this parameter is
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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 center of stiffness, the point about which the structure rotates. Radius of gyration

about the center of stiffness, p, is related tor and e by

pi=ri+e? (2.14)

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

equation

_ elp

= 2.15
V1-(e/p) —

e
r

Now that the maximum response parameters for each mode of vibration 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

R =( 55 vanR,.) 2.16)

a=lm=1
where v,,, is the cross-correlation factor between modes n and m, R, and R,, are the modal maxima

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

(€, =£) is used for all the modes, then

8E* (1 + Gp) o @.170)
o = Adla
(1=q2)" + 481 + Qun)*
w,
o = (2.17b)

and equation 2.16 can be written as

R=R +R+2y,RR) " (2.18)
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2.5 Effects of Lateral-Torsional Coupling
In this section the response of the torsionally-co
compared with that of the corresponding torsionally-u

or hyperbolic) response spectrum.

Figures 2.4 and 2.5 show the variation of dynamic

shear, normalized with respect to maximum uncouple

torsional to translational frequency ratio (UFR), for d

upled system to earthquake excitations is

ncoupled system, using an idealized (flat

eccentricity ratio {¢,/p) and dynamic base

>d base shear (V,/V}), against uncoupled

ifferent values of static eccentricity ratio

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

e /p and V /V, are zero and one, respectively. Effects

system are therefore measured by the deviation of ¢,/p

of torsion on the seismic response of the
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eccentricity and decreasing maximum normalized bas

sional coupling has the effect of increasing
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where V, and V, are base shears in the X and Y directions, respectively; V,, 1s maximum base shear

of the corresponding uncoupled system in the Y-direction; T, 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

Vy 2 TM 2
2 — | = 2.2
RN e

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 ¢/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 of lateral loads 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” (e,). 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 of both 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 of]

motion along the foundation of a structure; torsional ¢

differences between actual and computed eccentricities

codes can be wriiten as

e, =o0e +pD

other factors such as non-uniform ground
components of ground motions; and the

The design eccentricity of most seismic

(2.21)

where D is a specified plan dimension of the structure; a.and f are factors, which are given different

values in different building codes. For example, in UBC

0.05, respectively, whereas ¢ is 1.5 in the Mexican [18]
the Mexican code and 0.05 in the Canadian code.
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In order to assess the values of dynamic
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These values are also shown in Figure 2.7 for comparison. Note that values of dynamic eccentricity,
given by the building codes, are not affected by the L/D aspect ratio, whereas the dynamic
eccentricity ratio (e,/ D), which is computed from a response spectrum analysis attains different
values for different /D aspect ratios. It can be observed from Figure 2.7 that equation 2.22a
underestimates the dynamic eccentricity ratio (e,/ D), due to a flat spectrum, for the whole range
of static eccentricity ratio (e¢/D). Both equations 2.22a and 2.22b are nonconservative for small
¢/ 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:

_be £col (2.234)
r ¥ r

e

2 -06+06 (5—0.1) £s01 (2.23b)
r r r

Hyperbolic spectrum:

e 6

¢ _Ge £<01 (2.24a)
r r r

4 0.6+04 (3—0.1] €501 (2.24b)
r r r

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.




-18-
According to the 1988 UBC, "irregular structures ha

configuration or in their lateral force-resisting system

ve significant physical discontinuities in

s". Irregular features include, but are not

limited to, two main groups; namely, "vertical structural 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 corners

8. Diaphragm discontinuity

9. Out-of-plane offsets

10.Nonparallel systems.

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

above irregularities: for example, dynamic analysis is required for structures with one of the first

the effects shall be accounted for by increasing the a

amplification factor. A complete definition of each of

three types of irregularity; or where torsional irregularity, as defined in UBC, exists in buildings,
ccidental eccentricity at each level by an

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 research.

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

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

procedure. In this edition of UBC dynamic analysis

is required for certain structures, besides
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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 inits 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/r), uncoupled translational
frequency (,), 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 response 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

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 less than that in the corresponding uncoupled
system, when an idealized design spectra technique is employed. Ina study performed by Chandler
and Hutchinson [8] with a linear-elastic time-history approach it was shown that, in the response
to individual earthquakes, over some ranges of the parameters e/r and UFR, some small increase
in dynamic shear may result from lateral-torsional coupling, and hence that ignoring the presence
of the eccentricity in calculating the design story shear forces does not always provide a
conservative estimate of response.

The importance of parameters e/r and UFR in the linear-elastic seismic response of

torsionally coupled systems has been appreciated by many researchers [1,2,5,6,7,8]. It was shown,
by both a timne-history analysis approach and a response spectra approach, that for small static
eccentricity ratios and values of UFR close to unity, the dynamic amplification of static eccentricity
(e /e) is considerably large. Tso and Dempsey [5], in their assessment of the recommendations of

five major building codes (Canada [19]; Mexico [18]; 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 undirestimate the torsional moment and edge
displacement of a typical linear-elastic single-story system, 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 the dynamic eccentricity in the building codes.

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

time-history analysis. They showed that the lateral seismic force, taking into account the accidental




21-

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 estirnates of lateral force response for UFR smaller than (.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 of eccentric
structures [6,10,11,12,13,14], opinions differ regarding the importance of different 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, system eccentricity 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 elasticresponses [ 10]. Anotherreason 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 systerms 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
isreached. They alsoillustrated that anincrease of over 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 ductility 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 demand [11].
Unsymmetrical distribution of yielding strength of 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 sources. Resistance (or strength) eccentricity,
e,, (see Figure 2.1) isdefined by Esteva [14] as "the distTnce between the centroid of the resistances
in the direction perpendicular to the eccentricity and the line of action of the shear force (Y-axis)
at the story of interest”. Even in symmetrical structures with symmetrical distribution of mass and
lateral load resisting elements in the plan, torsional and translational motion will be coupled if the
vielding strengths of the lateral load resisting elemcn{s are not distributed symmetrically in the
plan. Bruneau and Mahin [13] studied the effects of resistance eccentricity on the seismic response
of different single-story systems, with and without static 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 yielding.

Esteva [14], in his paper regarding earthquake c?gincering 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 and of the correspénding reduced nonlinear
acceleration response spectra, is taken as three, the restriction must be imposed that the yielding
strengths of the structural members must be such that resistance eccentricity (e,) and static

eccentricity (e¢,) have the same sign and ¢, is at least as large as (e, —0.20b), where b is the
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dimension of the story of interest in the direction parallel to the eccentricity. For Q larger than
three the condition that e, and e, have the same sign is kept, but the lower bound to e, is changed
to (e, —0.10b). 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 (e/r) 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 (e/r), the uncoupled lateral vibration
frequency (®,), the uncoupled frequency ratio (UFR), and for damped systems the damping
ratio (§) of each mode of vibration of the structure.

2. Thenatural 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/r) 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
amplification for static eccentricity. They provide nonconservative estimates of torsional
seismic response of linear-elastic systems, when the static eccentricity ratio is small and
the uncoupled frequency ratio is close to unity.
A linear relationship between dynamic and static eccentricities, as prescribed by most
building codes, is not a good representation of the dynamic eccentricity (e,), because it is
nonconservative when the static eccentricity is small. A better estimation of the dynamic

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




CHAPTER THREE
LINEAR-ELASTIC MULTI-STORY STRUCTURES

3.1 Introduction

Linear-clastic lateral-torsional seismic response of single-story systems was discussed in
Chapter Two. In this chapter effects of torsion on the linear-elastic seismic response of a 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 aU.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 of Illinois 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 ard 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 and Beams

In this study, all dimensions and sizes, as well 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 wall 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 w‘all 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 floor 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 program, which has the ability to perform

three-dimensional linear-elastic static and/or dynamic analyses of structures, buildings are

idealized by a system of independent frames. The complete structure stiffness matrix is then formed
under the assumption that all frames are connected at Loor level by a diaphragm, which is rigid
in its own plane. Although the assumption of a rigid floor diaphragm is usually made, its validity
for certain types of reinforced concrete structures can be seriously questioned.

Each joint in the building has six degrees of freedom (displacement and rotation about each
coordinate axis). Within each frame three of these degrees of freedom (the two translations and
the rotation in the floor plane) can be transformed, using the assumption of arigid floor diaphragm,
to the frames’ degrees of freedom at that level. The remaining three joint degrees of freedom are
eliminated by static condensation [31] before each frame 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.

Shear walls are modeled by beam-column elements. However, beam-column element cannot
represent the behavior of a shear wall properly. Some of the important aspects of the behavior of

a shear wall are
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1. Rocking of the shear wall.
2. Nonlinear shear deformation 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 deformation 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 deformation of beam-column joints in frame analyses
have been developed [32], ETABS assumes that there is no deformation within beam-column
joints. The validity of this assumption has been questioned in the case of reinforced 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 deformations 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
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of uncoupled torsional frequency to uncoupled translational frequency, is about 0.93. Therefore,

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

seismic response of this structure. This will be discusse

d in more detail in the following sections.

Uncracked sectional properties (Table 3.1) have been used 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

Inthis section responses of the structure of Figure 3.1 to static lateral loads have been studied.

Toassess the effects of lateral load distribution profile on

theresponse of the structure, two different

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

base shear force for each profile is 13.5% of the total
the value that results from application of the force req
lateral seismic force. Values of lateral load acting ate

lateral load profiles are listed in Table 3.7.

For each lateral load profile three cases have been

lateral load resisting elements and mass are distribute

center of mass (CM) and center of stiffness (CS) of the
structure is called concentric. In the second and the th
and therefore the structure is called eccentric. The amo
the eccentric cases is assumed to be 96 and 192 inches v
of the maximum dimension of the building plan, D=15
In the following sections the responses of the st
load profiles are grouped as follows:
1. Displacements and inter-story drift indices.
2. Bending moments and shear forces in shear walls ar

3. Bending moments in girders.

reactive weight of the structure, which is
uired by UBC [16] as the minimum total

ach floor for both triangular and uniform

1 considered. In the first case, in which the
d uniformly in the plan of the structure,
structure are coincident, and therefore the
ird cases CM and CS are not coincident,
unt of eccentricity between CM and CS in
vhich are about 5% and 10%, respectively,
1 feet.

ructure of Figure 3.1 to the above lateral

1d columns.
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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 of UBC [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 corner 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 corner 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 corner 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. 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 corner 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 corner 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 corner 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 deformation, whereas those of frames are governed by their shear type of deformation.

Therefore when shear walls and frames are combined

between walls and frames will control the lateral disp

in a frame-wall structuze, the interaction

acements of the system. Because of this

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

and 3.11, occurs at the fourth story. It is important to no

in different lateral displacements and IDI, but the incr

eccentric case compared with the concentric case are pr

it can be concluded that, lateral displacements and IDI

¢ that, different lateral load profiles result
cases in these response parameters in the
actically the same. From the above results

in the structure increase with the increase

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

static analysis.

3.5.2 Bending Moments and Shear Forces in the Sh

ear Walls

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

uniform lateral load profiles for 5% and 10% eccents
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and shear forces of wall G, for 5% and 10% eccent
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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 B and 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 of distribution
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 1s 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 negative moments for 5% eccentricity are

increased by about 323.7 in-kip and 343.6 in-kip, resp
profile is used, and by 246.8 in-kip and 262.6 in-kip, re
profile is considered. For 10% eccentricity these diffe:

in-kip, respectively, when the triangular lateral load pr

ectively, when the triangular lateral load
spectively, when the uniform lateral load
rences are about 647.5 in-kip and 687.2
ofile is used, and 493.5 in-kip and 525.3

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

3.6 Linear-Elastic Dynamic Analysis

In the following sections three-dimensional line

ar-clastic dynamic time-history seismic

responses of the structure of Figure 3.1 are discussed. An earthquake record is selected based on

the dynamic characteristics of the structure. A series of
conducted for the concentric and the eccentric cases. 1
eccentricities of 96 inches and 192 inches are consider
maximum dimension of the building plan (151 feet), resp
by non-uniform distribution of mass at each floor. The co
in these studies; therefore the same mathematical dise
explained in Section 3.3, are valid.
3.6.1 Earthquake Input and Structural Damping R;:

The earthquake excitation that is considered in
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™
v
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red, which are about 5% and 10% of the
ectively. These eccentricities are obtained
mputer program ETABS [24] is employed

retization and assumptions, which were

atio
this study is the N21E component of the

ord [22], which is 54.4 seconds in length

and the peak accelerationis 0.156g at the 9.1 seconds mark of the record, where g is the acceleration

of gravity. The first 25 seconds of the acceleration time
normalized Fourier amplitude spectrum (FAS) is sh
response spectra (LERS) of the first 25 seconds of the

first three uncoupled translational periods of vibration

-history are presented in Figure 3.10a, its

own in Figure 3.10b. The linear-elastic

Taft record are shown in Figure 3.11. The

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

o

indicate that the dominant frequency content of the T

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
of 0.40g, 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 ATC [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 3.4 (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 t

weight and the superimposed dead load such as partit

load is not included.

Response of the structure of Figure 3.1 to Taft-

The value of each response parameter in the eccentric

response parameter in the concentric case. In orderto s

and dynamic torsion, these normalized response parame

he building is based on the structural dead

ions and mechanical equipment, but live

40 is presented in the following sections.
case is normalized by the corresponding
tudy the differences between static torsion

ters are compared with theircorresponding

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

clastic and therefore, in dynamic analyses these ratios

ground acceleration of the record. Similarly, in static an

are independent of the total value of applied lateral loa
3.6.2 Lateral Displacement and Inter-Story Drift In

The displacement time-histories of the structure

illustrated in Figure 3.12 for each floor. Since the floo
be rigid in its plane, these time-histories represent the d

Shapes of the displacement time-histories at all floors

are independent of the magnitude of peak
alyses the normalized response parameters
d.

\dices

due to Taft-40 in the concentric case are
r diaphragm of the structure is assumed to
lisplacement of all the points in each floor,

are similar and their amplitudes increase

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

response. The maximum displacement is 2.77 inches T the roof and (.28 inch at the second floor.

Because of torsional rotation of the whole building 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-his
time-histories of wall B, wall G and the corner of the §

shown in Figures 3.13 to 3.18. The maximum values ¢

tories in the eccentric cases. Displacement

tructure for 5% and 10% eccentricities are

f roof displacement of wall B, wall G and

the corner of the structure, for 5% eccentricity, are 3.06, 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
of IDI 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 corner of the structure, for 5% eccentricity, ai

These maximum values of TDI at the fourth story are 0.

maximum values of IDI at the seventh story of wall B,
10% eccentricity, are 0,.24%, 0.66%, and 0.76%, resps
the fourth story are 0.28%, 0.80%, and 0.91%, respect

re 0.36%, 0.56%, and 0.64%, respectively.
43%, 0.67%, and 0.77%, respectively. The
wall G and the corner of the structure, for
>ctively. These maximum values of IDI at

ively.

The maximum values of 1D of wall B, wall G, and the corner of the structure at each story,

in the concentric and the eccentric cases, are listed in Tlable 3.19 and shown in Figure 3.27. 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 3.19 that increasing ecc
increasing the values of maximum IDI. The maximun
corner of the structure for 5% eccentricity are, on t
respectively, than those in the concentric case, Maximum IDI of wall B for 10% eccentricity is,
on the average, 29% smaller than that in the concentz
and the corner of the structure for 10% eccentricity ar
respectively. It is important to note that increasing the
(from 5% to 10%) increases the maximum displacemc
and 3.19). This indicates that the increases of displac
to the increase in static eccentricity.

The above results indicate the importance of
frequency in conjunction with translational motion of]
to Table 3.6, translational and torsional periods of the
respectively. As was shown in Chapter Two large amg
be expected for a linear-elastic single-story system, w
close to unity and the static eccentricity ratio is small.

Figure 3.1 and, therefore, torsional and translational m

in the eccentric case. This in effect, induces large di

eccentric case compared with those of the concentric

entricity in the structure has the effect of
n values of IDI of wall B, wall G, and the

he average, 10%, 73%, and 99% larger,

ic case, whereas maximum IDI of wall G
¢, on the average, 104% and 136% larger,

value of static eccentricity by a factor of 2

ent and IDI by about 19% (see Tables 3.18

ement and IDI are not in direct proportion

torsional rotation of the structure and its

the structure and its frequency. According

structure are about 0.57, and 0.54 seconds,

lification of the response of a structure can

hen the uncoupled frequency ratio, UFR, is
This, in fact, is the case for the structure of
odes of vibration of the structure are excited
splacements and IDI amplifications in the

case.
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In order to understand the linear-elastic torsional response of the structure better, and since
most building codes prescribe static analysisin their simplified regulations of torsion, itis 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
of displacement and ID]I, 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 ihe 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 B and G for 5%
eccentricity are 7% and 70% larger, respectively, than those of walls B and 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 was discussed in the previous section, the
static analyses greatly underestimate the lincar-elastic torsional response of the structure. The
normalized values of moment at the bases of walls B and G 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 for 5% eccentricity due to Taft-40 are 1.07 and|1.70, respectively. The normalized values
of moment at the base of walls B and G for 10% eccentricity due to both the static triangular and
the static uniform lateral loads are 0.67 and 1.32, respectively, 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 and of wall G due to Taft-40 for 5% and 10%
eccentricity and for the concentric case are shown in Figure 3.30. The maximum base shear forces
of walls B and G for 5% eccentricity, which are listed in Table 3.21, are 0.97 and 1.57 times larger,
respectively, than that of wall B (or G) in the concentric case. These values fpr 10% eccentricity
are (.57 and 1.89 (see Table 3.21). The maximum shear forces of walls B and G along the height
of the structure, due to Taft-40, for the concentric and eccentric cases are listed in Tables 3.22 and
3.24 and shown in Figure 3.32. According to the values of Table 3.22, shear forces of wall B and
wall G for 5% eccentricity are, on average, 1.03 and 1.62 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
times 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 shear forces of wall G by about 22% (see
Tables 3.22 and 3.24).

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

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

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

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 shear forces of wall B along the height of the
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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 B and 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 B and 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".



40-

Total story shears of the structure, due to Taft-40, for 5% and 10% eccentricities and the

concentric case when total base shear reaches its maxitr

yum value (13.5 seconds for the concentric

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 from the results presented in this table, the

average values of total story shear for 5% and 10% ecc

larger than that of the concentric case. The maximum

entricities are 20% and 42%, respectively,

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%
varies from 0.970 (for frame B) to 1.861 (for frame H), w
and static uniform lateral load vary from 0.773 (for fr;
3.15). For 10% eccentricity (Table 3.30), the normaliz
by each frame, varies from 0.573 (for frame B) to 2.2

the static triangular and static uniform lateral load vas

eccentricity, that is carried by each frame,
'hereas these values for the static triangular
ame A) to 1.227 (for frame H) (see Table
zed value of the base shear, that is carried
74 (for frame H), whereas these values for

ry from 0.546 (for frame A) to 1.454 (for

frame H) (see Table 3.16). As mentioned earlier, static analyses (as compared with dynamic

analyses) underestimate (by more than 51% for 5% e
the total base shear carried by each frame.
3.6.4 Dynamic Eccentricity

Dynamic eccentricity in a single-story system i
torque around an axis passing through the center of s
dynamic base shear of the corresponding uncoupled sy
are coincident. For a multi-story system the dynamic ¢
the ratio of the maximum dynamic torque about C
uncoupled shear force at the same story. According to

is computed as

ccentricity and 56% for 10% eccentricity)

s the ratio of the maximum dynamic base

tiffness, CS, of the floor to the maximum

stemn, in which centers of mass and stiffness

ccentricity at each story may be defined as

5 at that story to the maximum dynamic

this definition the dynamic eccentricity, e,,

G.1)
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where T,is the maximum story torque and V,is the maximum dynamic total story shear of the

corresponding uncoupled system. The dynamic amplification of eccentricity is defined as

ea Ty
e Ve (32)

It must be noted that the concept of dynamic eccentricity is to define a torsional moment,
which is to be applied as an external load 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 of each 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 minimum of 3.75 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 of eccentricity, 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 ’thc
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 of eccentricity ratio (¢/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.

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 girders 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 maximum positive and negative bending
moments of girders for 5% eccentricity are 91% and 42% 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 structurT in Table 3.33. The normalized values of
the positive bending moments of girders, for 5% eccentricity, are 1.326 for the static triangular
load; 1.486 for the static uniform load; and 1.91 for Taft-40. These values for 10% eccentricity
are 1.652 for the static triangular load; 1.971 for the static uniform load; and 2.313 for Taft-40.

The normalized values of the negative bending moments, for 5% eccentricity, are 1.094 for the

static triangular load; 1.083 for the static uniform loa

10% eccentricity are 1.188 for the static triangular lo

1.89 for Taft-40. These results indicates that static analy

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 effec

"design eccentricity” (see Section 2.6) is employed

eccentricity consists of two components (see equati
eccentricity, is the product of static eccentricity and an
unity so that the dynamic and static eccentricities are as
is the accidental eccentricity. In UBC the accidental ¢

plan dimension perpendicular to the direction of grot

d; and 1.62 for Taft-40. These values for
ad; 1.167 for the static uniform load; and

yses significantly underestimate the effects

ts of most building codes, the concept of
. As described in Chapter Two, design
on 2.21). The first component, dynamic
amplification factor. In UBC this factor is
sumed to be equal. The second component
ceentricity is equal to 5% of the building

und motion excitation. Not only does the
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accidental eccentricity reflect the effects of unforeseen factors such as non-uniform 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 Qf 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 normalized 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 momentin 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

by UBC.
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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 structure subjected to translational, unidirectional

earthquake ground motion perpendicular to the eccentricity, results in coupling of lateral and

torsional responses. These responses are generally lar

7er than those which result in a concentric

system, in which centers of mass and stiffness are coincident. These studies clearly indicate that

a static analysis underestimates the effects of torsion on the seismic response of structures. The

following are the main conclusions that can be drawn from these studies:

L.

Lateral-torsional coupling in a structure has the

effect of increasing lateral displacements,

inter-story drift indices (IDI), shear forces of walls and bending moments in girders in both

static and dynamic analyses. The maximum values of these response parameters due to

Taft-40 ground motion increased with the increase in the static eccentricity ratio (e/D).

However, this increase was not in direct proportion to the increase in static eccentricity.

Effects of torsion on the seismic response of structures can be highly underestimated if a

static analysis is utilized. The underestimati
moments at the base of a wall, and shear forces
with dynamic analyses, increases monotonical

static eccentricity. Building codes should

on of maximum displacements, bending
of walls from static analyses, as compared
y, but not proportionally, with increase in

consider the importance of dynamic

characteristics of structures and of the ground motion on the torsional response of structures.

Moreover, they have to include such factors as eccentricity ratio (e/D), translational period

of the structure, and uncoupled frequency ratio (UFR) in their simplified regulations for

torsional effects.

Dynamic amplification of eccentricity of the structure for 5% and 10% eccentricities are,

on average, 4.1 and 2.8, respectively, whereas UBC in its regulations for torsion considers

an amplification of eccentricity equal to one. Therefore there is a need to increase the value

of amplification of eccentricity in the present code, especially when the uncoupled

frequency ratio (UFR) is close to unity and static eccentricity ratio (e/D) 1s 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 of UBC in estimating dynamic eccentricity, unless the accidental eccentricity,
required by the code, is larger than what can really be expected.

The value of 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-clastic 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),
usingidealized flat or hyperbolic pseudo acceleration spectra to characterize the earthquake
ground motion.

Lateral load distribution profile does not play an important role in amplifying lateral
displacements, inter-story driftindices (IDI), and shear forces of walls in the eccentric case
compared with the concentric case, in a static analysis.

The seven-story structure was assumed to have a uniform 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
of torsional coupling on the total story shear does not always provide a cdnscrvative estimate
of the value of the total story shear,

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 FOUR

STRUCTURAL MODELING FOR NONLINEAR ANALYSES

4.1 Introduction
The key ingredients in any structural analysis, linear-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 structure is developed. The model is then

analyzed with a special computational strategy, which depends on the type of problem

ways conducted by a computer program.

The results of the analysis of the mode! have to be inﬂerpreted, with ‘engineering judgement, to

(linear-elastic or nonlinear). This analysis is almost al

obtain results of the analysis for the real structure.

The computational strategy in lincar-elastic structural analyses is quite different from that
in nonlinear analyses. Linear-¢lastic analysis of structures is a standard procedure, and is
straightforward. There are many computer programs, which perform linear-elastic static and/or
dynamic analyses. These programs are generally reliable and ready-to-use. However, nonlinear
computer programs are not usually ready-to-use, and modification and/or correction of their source

code are usually needed for nonlinear analysis of structures. There are several reasons for this

diversity between linear and nonlinear analyses. A nonlinear analysis is not a standard procedure

and solution algorithms are problem dependent. This
effectively for one type of nonlinearity, but not for ot
Besides, nonlinear analyses are much slower and mor
by the user, therefore the cost for a nonlinear analysi
lincar-elastic one. As a result, mathematical modeling
special attentions.

Three-dimensional nonlinear analysis of the s
computer technology, is very expensive, because of t

of certain characteristics of frame-wall systems, which

means that a given algorithm may work
her types, unlike a linear-elastic analysis.
e elaborate input data need to be provided
s is significantly higher compared with a

of structures for nonlinear analyses needs

structure of Figure 3.1, with the present
he size of the structure. However, because

1 are explained in this chapter, it is possible

to localize the nonlinearity in the structure and to reduce 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 of Figure 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 formaterial 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.
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The first strategy is a mathematical iteration scheme, whereas the second one is a physical approach,
and hence is more reliable and stable. The latter approach, 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 of nonlinear dynamic response is achieved by directintegration, performing

a series of linear incremental analyses in essentially the same manner as for static nonlinear

analysis. All structural masses are assumed to be lumped 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 tangential stiffnesses of the structure.

Both static and dynamic FACTS aﬁalyses are executed in double precision (64 bytes) on a
Micro-Vax workstation at the University of California at Berkeley. The nonlinear
three-dimensional reinforced concrete beam-column element, 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 element was modified and corrected. 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 particular emphasis on the three-dimensional behavior. Yielding

is assumed to take place only in concentrated, zero-length plastic hinges located at the element

ends (lumped plasticity model [35]). The part of the element between the hinge is assumed to

remain linearly-elastic. This elastic part is defined by an 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 deformation effects are defined by means of
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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 colummns 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-extension relationships of beams, columns, and shear walls
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 F,;, F,
Y., Y., K, and K, (see Figure 4.2). Values of El, 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
K,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 those 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 connects the balance point to the maximum axial
force capacity of typical columns or walls, This part is an upper bound to the real moment-axial
force interaction curve. The yield surface type two (see Figure 4.3) is employed to model the
moment-axial force interaction curves of columns and walls (solid curves in Figure 4.4). As can
be observed from Figure 4.4, yield surface curves of columns 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 approximations of the real moment-axial force interaction

curves. However, this discrepancy of the model and real moment-axial force interaction is not

important here, because it was observed from the results of studies, performed in Chapter Three,
that the maximum axial forces of columns and shear walls are well below the balance value.
Therefore, the yield surface curves (solid curves) shown in Figure 4.4 are acceptable models of
the real ones (dashed curves), because they follow the 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 structure 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 (as for a linear-elastic analysis), but what is

more important it depends on the number of nonlinear elements. Since in many structures,
nonlinearity is localized, which means only certain elements undergo nonlinear behavior and the
rest of the structure remain linear-elastic, it is of great importance to study the possibility of
localizing the nonlinearity in the structure before 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 (IDI) 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 caﬁ-ied 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,EF, and H
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can be ~onsidered to remain linear-elastic, while frames B and G are nonlinear. This realistic
assumption reduces the total number of nonlinear ele1|nents from 560 to 70, and localize the
nonlinearity in frames B and 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, by a factor of 8, by localizing nonlinearity
in the structure. However, three-dimensional nonlinear dynamic analysis of this model is still
impractical, because the model is too big. Further simplification of the model is possible. As
discussed earlier and from Table 4.2, it can be easily observed that the total base shear of the
structure is predominantly resisted by the shear walls. This is an important characteristic of
frame-wall systems, and because of that the nonlinear response of the model very much depends
on the behavior of frames B and G. Hence, to simplify the model further, it was decided to combine
frames A,C,D.E,F, and H in two linear-elastic frames C” and F’ as shown in Figure 4.8. The
sectional properties of the frame C’ are nothing but the summation of those of the frames A,C,
and D. Similarly, the sectional properties of the frame F’ are defined as the combination of those
of the frames E,F, and H. The sectional properties of the longitudinal beams (I.1) in the model
are twice as much as those of a longitudinal beam in the structure, therefore the outriggering action
of the frames on the shear walls is simulated properly in the model. Sectional properties of the
longitudinal béams (L.2) 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, translational frequency and uncoupled frequency
ratio. Since the mass and damping of the model are the same as those of the real structure, the
model will simulate the response of the real structure if their frequencies are equal. Therefore

sectional properties of beams L2 can be best calculated by matching the frequencies of the real
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structure and those of the model. To achieve this, the frequencies of the 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 of beams L.2is 9 times larger than that of a longitudinal beam of the 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

C=a,M+q, K 4.1
where C, M, and K are the damping, the mass, and the stiffness matrices of the structure,
respectively. Factors a, and a, can be calculated by
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Where o; and &; 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 a; and a, 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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11 a
gi = 5( &9 + a10:;) (43)

These values are shown in Figure 4.10 for each mode shape.

4.7 Summary and Conclusions
The model of the structure of Figure 3.1 developed in this chapter has the following features:

1. 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 concentrated, 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, and axial force are considered by means of a

four-dimensional yield surface.

5. A kinematic hardening rule is assumed for post-yi|cld 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 typical 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 analvses 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 the initial location of the center of stiffness.
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 logical 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 the center of resistance (CR) coincides with
the center of mass (CM) and not with the center of stiffness (CS).

In all the above studies, the nonlinear dynamic response of the structure is compared with
that of the linear-elastic structure. This is particularly important in revealing the error that can be
made when the real elastic-inelastic seismic response of 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 record [22], which is 54.4 seconds in length
and the peak accelerationis 0.156g at the 9.1 seconds mark of the record, where g is the acceleration
of gravity. The first 25 seconds of the acceleration time-history are presented in Figure 3.104, its
normalized Fourier amplitude spectrum (FAS) is shown in Figure 3.10b. The linear-elastic
response spectra (LERS) of the first 25 seconds of the Taft record are shown in Figure 3.11.

Limitation of available computer memory storage and also the fact that the available version
of FACTS 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, from the 2.74 second to the 10.74 second mark

of the record, have been used in the nonlinear dynamic analyses. This part of the ground motion,

which is shown in Figure 5.2a contains important features of the record such as long duration
pulses and the peak ground acceleration. The FAS ami LERS of this acceleration time-history are
shown in Figures 5.2b and 5.2c¢, respectively. The first three uncoupled translational periods of
vibration of the model in the direction of the walls, which were estimated in Chapter Four, are

also shown in this figure. The FAS and LERS indicate 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 5.2¢), 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, 0.40g, 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 of 0.14g, 0.32g, and 0.48g, respectively. These values were obtained using the
procedure described by ATC {17], and summarized in Section 3.6.1 in Chapter Three.

5.3 Nonlinear Dynamic Response of the Mode! 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.
Asexpected, 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. These values are almost equal to those in the
concentric case. It is important to note that displacement time-histories of wall G, as shown in
Figure 5.4, attain a very large value at about 1.2 seconds of the response. The value of this large
displacement is very close to the maximum displacement of wall G, which occurred at 4.2 seconds,
and is about 34% larger, on average, than the peak displacement of the concentric case at about
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 behavior in the eccentric structure will become

clear when time-histories of plastic hinge rotation at the bases of walls discussed later.

The maximum displacements of wall B in this case, which are presented in Table 5.1,

occurred at 4.4 seconds of the response, except at the

the maximum displacements occur after 6.6 seconds. I

5.1 that displacements of wall B are 18% smaller, on

Itis important to note that between 4 and 6 seconds of tk

of wall B do not oscillate about the zero displaceme

second and the third floors. At these floors
t can be observed from the values of Table
average, than those in the concentric case.
e response, the displacement time-histories

nt axis. This is due to permanent inelastic

displacement of wall B that occurred at about 4.4 seconds. This is also true in the case of wall G.

Floor displacement time-histories of wall Gdue t
in Figure 5.5. It can be observed from these plots that

floors are similar while they attain larger values as the

0 Taft-40 for 25% eccentricity are illustrated
shapes of displacement time-histories at all

height of floor increases. The displacement

time-histories of wall G in this case are quite different from those of the concentric and 5% eccentric

structures. To explain this difference it is necessary to study the response of the model to a static

lateral load as shown schematically in Figure 5.6. In t
to the center of mass of the model. The effect of this
and a story torque, is lateral translation and torsional 1

of motion increases the lateral displacement of wall (

his figure lateral load V is applied statically
lateral load, which generates a story shear
otation of the model. This latter component

5 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 disptacement of wall GG 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 modcls.

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 practically 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 iliusirated

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 values at upper floors. The displacement

time-histories of wall B are quite different from those of the concentric and 5% eccentric structures.

The difference of the response of wall B in this case from those of the concentric and 5% eccentric

structures becomes more clear by comparing Figure
Figure 5.6, it becomes clear why the displacement of
concentric and 5% eccentric models.

Asexplained earlier and shownin Figure 5.6, the
of shear due to lateral force, induced by translational 1

induced by torsional inertia. The contribution of torqy

5.8 with Figures 5.3 and 5.7. Referring to

wall B is smaller in this case than for the

total shear force of the wall is a combination
nertia forces, and shear due to story torque,

le to the total shear of the wall is larger for

25% eccentricity and therefore the total shear force of wall B becomes so small that it does not

even yield during Taft-40 and basically responds elast
wall B, which not only depends on mass but also depe
case than that of the concentric and 5% eccentric mo
B at all floors occur at 4 seconds of the response in t
in Table 5.1. The smaller values of displacement of v
obvious from this table. The maximum displacement
69% lower than those of the concentric case.

In order to grasp the effects of different eccentrig
with linear torsion, and in an attempt to clarify the abov
responses of the structure are compared next. The Ii

walls B and G due to Taft-40 for the concentric case

ically. Therefore, the period of vibration of
nds on its current stiffness, is shorter in this
dels. The maximum displacements of wall
his case. These maximum values are listed
vall B, compared with those of wall G, are

s of wall B in this case are, on average, of

sities in the comparison of nonlinear torsion
e discussion further, the linear and nonlinear
near-elastic displacement time-histories of

5% eccentricity, and 25% eccentricity are

shown in Figures 5.9 to 5.13. The maximum displacements of the walls for these cases are listed

in Table 5.2. The following observations can be made.
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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
59 to 5.13.

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 of magnitude), 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.
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
carlier, behaves elastically in the 25% eccentric nonlinear structure.

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.

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 behavier 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 a

maximum linear-elastic displacement of wall G

nonlinear ones at all floors except at the seventh

Envelopes of the maximum nonlinear floor displa
5% and 25% eccentric structures are presented in Figur

maximum displacements of wall B along the height of

ction. For the same reason, the values of
for 25% eccentricity are smalier than the
floor and at the roof.

icement of walls B and G for the concentric,
e 5.14. Tt is obvious from Figure 5.14a that

the structure decrease with increase of the

initial eccentricity. For 5% eccentricity the maximum displacement of wall B decreases by a

maximum value of 20% at the fourth floor and a minimum value of 15% at the roof. For 25%

eccentricity, however, the maximumdecrease is 78% at

is 64% at the roof, From the results shown in Fig

displacements of wall G along the height of the struc

same as those for the concentric case, while these value
for the concentric case. The maximum displacement ¢

at the second floor. This was not the case when the st

the maximum displacement ratio was at the roof. For 5

the second floor and the minimumdecrease
ure 5.14b, it is clear that the maximum
ture for 5% eccentricity are practically the
s for 25% eccentricity are larger than those
of wall G increases by a maximum of 71%
atic eccentricity was 5%. In the latter case

% eccentricity, where the amount of plastic

rotation at the base of the wall is smaller, wall G behaves more like a cantilever beam with maximum

displacement at the roof, whereas for 25% eccentricity

and wall G behaves more like a shear beam with larg

the amount of yielding in wall G increases

e displacement at the second floor.

From the envelope of displacements shown in Figure 5.14 it becomes clear that the

displacements of wall B for 25% eccentricity are so sma
the displacements of wall G are significantly larger th
the large initial static eccentricity in this case, which

However, it is not clear why the maximum displacem

1 that wall B responds elastically. However,
an those for the concentric case because of
results in very early yielding of this wall.

ients 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 B and G
shown in Figure 5.15, must be studied. Zero plastic h

that the response of the wall is linear-elastic.

in the conceniric and eccentric structures,

inge rotation at the base of a wall indicates
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The plastic hinge rotations at the base of wall 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 5.15¢ 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 B and 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, whcreas 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 5.15¢ 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

AV
AVGS=AVBS=—2_ 5.1
(AV)e,
AVgr=AVy = D (5.2)

where

AVys is increment of shear force of wall B due to increment of applied lateral force,

AVgs is increment of shear force of wall G due to increment of applied lateral force,
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AVyr is increment of shear force of wall B due to incre
AV is increment of shear force of wall G due to incre
AV is increment of applied lateral load,

g, is current eccentricity between CM and CS, and

>ment of applied torque,

ement of applied torque,

D is distance between walls B and G (shown in Figure 5.1).

Therefore values of total increment of shear forces of

walls B and G are

AV (Al')@c

AVB————2 B (5.3)
AV (AV)e,

AVG=—r+—r (5.4)

Base shear of walls B and G, for 5% eccentrici

kips and 757 kips, respectively. In the next step these!

ty, right before yielding of wall G are 658

values increase to 711 kips and 986 kips,

respectively. Substituting these values in the above equation leads to

(AV)e,

=0.624

AV

> (5.5

Therefore, the decreasing effect of torque on the base shear of wall B cannot overcome the

increasing effect of lateral force. Hence wall B yields iﬁnmcdiately after wall G. On the other hand,

for 25% eccentricity the same calculations lead to

(AV)e,

Therefore, the decreasing effect of torque on the base
effect of lateral force. Hence wall B never yields even

rotation at its base.

=1.766

AV

> (5.6}

shear of wall B is larger than the increasing

after wall G experienced large plastic hinge

InFigure 5.16 total base shear forces of each wall against inter-story drift index (IDI) of the

first story at the time that wall G has just yielded are
shear forces produced by torque are small enough tha

that of wall G. Therefore wall B yields right after wa

shown schematically. For 5% eccentricity
1t the total shear force of wall B is close to

1l G. However, for 25% eccentricity shear
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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 maximum plastic hinge rotation at the base of wall G occurs between
the 1.34 and the 1.48 second marks of the response and 1s 1.93 times larger than thatin 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 (IDI) time-histories of the mode! 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 IPI 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 of 0.53%

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 thatin the concentric case. However, IDI time-histories

of wall G become similar to those in the concentric case after 2 seconds. The reason, as explained
in the previous section and illustrated in Figures 5.6 anc|1 5.16, is due to immediate yielding of wall
B after wall G in this case.

The maximum IDI of wall B at all stories occu1|'rcd at about the 6.5 seconds mark of the
response, except for the third story. These values, which are given in Table 5.4, attain a maximum
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 of wall B are 13% smaller, on average, than those for the concentric

case. It is important to note that, between 4 and 6 seconds of the response, the IDI time-histories

of wall B (Figure 5.19) do not show oscillation about the axis of zero displacement, and this is

due to permanent plastic rotation locked in at the base

The IDI time-histories of wall G due to Taft-40 f¢
5.20. The shapes of IDI time-histories at all stories are
1.3, 3.7, and 6.6 seconds of the response. The first disti
seconds, is also the maximum IDI of wall G. The IDI 1
from those for the concentric and 5% eccentric model

The maximum values of IDI of wall G along the

of wall B during this period.

ot 25% eccentricity are illustrated in Figure
similar. There are 3 distinct peaks at about
nct peak, which occurs during the first two
me-histories in this case are quite different
s (Figures 5.17 and 5.18).

height of the structure, which are presented

in Table 5.4, have a maximum of 0.79% at the fifth story and a minimum of 0.65% at the first
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 to these ratios, the maximum values of IDI

of wall G are generally larger than those for the concentric case. The average increase of maximum
IDI of wall G with respect to the concentric case is 57%.

The IDI time-histories of wall B for the 25% i:ccentric model, subjected to Taft-40, are
illustrated in Figure 5.21. The shapes of IDI time-histories at all stories are similar. However, the

IDI time-histories of wall B are quite different from those of the concentric and 5% eccentric

structures, as can be observed by comparing Figure 5‘.21 with Figures 5.17 and 5.19, The initial
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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 B and 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 can 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 shear 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

B is only 2% smaller, on average. From the values o
forces of walls B and G for 5% eccentricity are very

illustrated in Figures 5.6 and 5.16, is the main reason t

f Table 5.5, it can be observed that shear
close. This, as was already discussed and

hat wall B yields right after wall G for 5%

eccentricity. Therefore its response in this case is similar to that of the concentric model.

Story shear time-histories of walls G and B due to[Taft-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 and 5% eccentric models, shown in Figures
5.23 t0 5.25. The maximum values of story shear of wall B, which basically responds elastically,
occur at 4 seconds of the response, at all stories. These values, which are listed in Table 5.5, are
generally smaller than those in the concentric case. The average reduction of wall B shear in this
case is 51% compared with the concentric case. |

The maximum story shears of wall G, which are given 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

corresponding value in the concentric case. The maximum base shear of wall G for 25% eccentricity

is 1.713 times larger than that for the concentric case. "I‘his is a large increase considering the fact
that wall G yields in the concentric case (see Figure f‘3.15). Increase of the base shear of wall G
after yielding of the wall can be due to strain hardening of the wall. However, strain hardening of
the wall cannot be the only reason for this large increase. To explain this important observation,
story shear and distribution of lateral force profiles acting on wall G (due to Taft-40) at the time
of maximum base shear of wall G are illustrated in Figure 5.28a for 25% eccentricity and the
concentric case.,

Itcan be observed from Figure 5.28a that, lateral forces acting on wall G for 25% eccentricity,
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 wall G for the concentric case, whereas for

25% eccentricity the resultantis at 17.53 feet from the base of the wall (see Figure 5.28a). Therefore
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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 of wall G increases and that of wall 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 B and 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 of 71% 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% eccentricity are 12% smaller, on average,
than those of the concentric model, whereas these values 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,

To explain the above observations, the values of base shear carried by each frame of the

concentric and eccentric models, at the time that total ba

se shear is maximum, are shown in Figure
5.32. Values of IDI of each frame of the model, at the time of maximum total base shear are also
shown in this figure.

As explained in detail, in Chapter Four, frames C and F’ are assumed to behave elastically.

Therefore shear forces, carried by each of these frames, are directly proportional to the lateral

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% for the concentric case. This value for 5%
eccentricity is 0.39% and for 25% eccentricity is 0.41%. These values for the eccentric models
are smaller than that for the concentric one, because of 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

F’ for the eccentric models is smaller than that for the concentric case. This in effect, leads to

smaller maximum total base shear for the eccentric models compared with the concentric one.

Although the maximum values of total base shear in the eccentric models are smaller than

in the concentric case, shear forces of walls B and G for 5% eccentricity and those of wall G for

25% eccentricity attain larger values than those for the corresponding concentric models, because
of strain hardening of the walls and also as a result of rﬂedistribution of lateral forces acting on the
wall along its height. Therefore the designer must be %wvare that reduction of total story shear in
the eccentric structure from that of the concentric oriw, is not, necessarily, synonymous to the

reduction of shear force of the walls. Therefore total ‘i&‘.tory shear is not a good index to estimate

the effects of torsion on the seismic response of struc{urcs, particularly when realistic nonlinear

(inelastic) behavior is considered.
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Itis 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).

Valuss 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
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the values of total story torque of the model also increase!
From this discussion it now becomes clear that the
time-histories for 5% and 25% eccentricity, which are
different, because shear forces developed at the walls fc

earlier in Section 5.3.3, are different.

with the increase in the initial eccentricity.
shape and values of total story torque
shown in Figures 5.33 and 5.34, are quite

r 5% and 25% eccentricities, as discussed

The evaluations of torsional provisions in many

building codes [2,4,7,8], as explained in

Chapter Two, have been carried out by a common appll‘oach based on the "dynamic eccentricity"

|
concept. Dynamic eccentricity is defined as distance

measured from center of stiffness to be

multiplied by the uncoupled dynamic story shear in order to produce the same torsional moment

as computed by dynamic analysis. According to this
computed by

Ty

definition the dynamic eccentricity, e,is

5.7)

where T, is the maximum story torque and V, is the maximum dynamic total story shear of the

corresponding uncoupled system. The above definiti
system, because the location of CS is not fixed once yic
this problem, T, may be calculated about a fixed refe

Therefore values of e, will be given with respect to in

The dynamic amplification of eccentricity is de
€ T4
e Ve

The values of dynamic amplification of eccentric
for 5% eccentricity have a maximum of 3.29 at the fir:

story. However, for 25% eccentricity the dynamic an:

:

on, however, is not clear for a nonlinear
lding initiates in the system. To get around
rence point, such as initial location of CS.
itial location of center stiffness.

fined as
(5.8)

ity are presented in Table 5.7. These values

st story and a minimum of 2.45 at the third

plification of eccentricity is less than one,

except for the sixth story with a value of 1.16 and for tl!le seventh story with a value of 1.25. These
|

results are expected, because as was discussed in Chz‘:lpter Two the larger the static eccentricity,

the smaller the dynamic amplification of eccentricity
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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 B and 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 B and 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 of total 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 storics 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 external load 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 of displacement 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 the principle

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 deformation
of the corresponding structure with eccentricity. Moreover, total shear resistance in the concentric
system (V, 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.

Tsoand 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 of displacement, ID], 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 of maximum total base shear, and at the time of maximum total base torque, respectively.
In these figures the displacement profiles 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 5.43. 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 5.40 to 5.42, 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 motibn 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 5.2¢, with three different intensity levels (0.18g, 0.40g, 0.60g) are examined. Taft-18
with a PGA of 0.18g, but an EPA of 0.14g, 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
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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 of 0.60g, but an EPA of 0.48g, represents an extreme rare earthquake ground
motion. These two cases also represent structures with lower yieldin'g strength levels, in which
significant inelastic responses are expected even in the concentric case. As before, for each level
of excitation 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-18, 40, and 60
5.4.2.1 Displacements

Envelopes of lateral displacements of walls B and 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 .arc larger. The maximum displacements of wall B decrease with the
increase of initial eccentricity and the maximum displacements of wall 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% e¢ccentricity 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 of displacement
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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-18, 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 B and 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 0.40g and 0.60g 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 tinear-elastic
dynamic analysis can underestimate the real nonlinear response of the structure particularly when
the initial eccentricity is large. Therefore, it 1s 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 B and G along the height of the structure due to Taft-18,
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 of IDI 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 of wall 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 of IDI of wall G for the 5% eccentric and the concentric models
due to Taft-18, Taft-40, and Taft-60 are about 0.02%, 0.11%, and 0.18%, 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
maximum values of linear-elastic and nonlinear IDI of the walls. Maximum values of linear-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 of IDI due to Taft-18 in the linear-elastic and nonlinear
cases are practically identical. However, as the PGA increases to 0.40g and 0.60g 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 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 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 B and 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
higher yielding strength and therefore with less inelastic rotation at the bases of the 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-18, 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 of the 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 B and 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
of walls 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.

Itcan be observed from these results that base shear forces of wall 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.
Toclarify this, story shear and distribution of lateral 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 of the 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 of the 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 smatller than
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those for the concentric model. However, for 5% eccentricity the maximum total shears due to
Taft-18 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-18, Taft-40, and Taft-60 are shown in Figures
5.69 to 5.71. The values of IDI 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 B and G for the 5% eccentric model,
subjected to Taft-18, 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
of the wall and because of the redistribution of lateral forces along the height of the wall. Therefore,
the total base shear of the 5% eccentric model is slightly larger than for the corresponding concentric
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 IDI of wall 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 B and G shown in Figures 5.69 to 5.71 should not be mistaken
for the maximum base shear of walls B and G, because the values shown in these figures are shear
forces of walls B and 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 of total 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 Taf1-60, 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 of the structure, which in turnis 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-18, 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 B and 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-18, 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 (¢/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 3.8, 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 of eccentricity 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 of eccentricity 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-¢lastic ones at the first five stories. Similarly for 5% eccentricity, values of maximum
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 of torsion on the nonlinear seismic response
of structures.

5.5 Resistance Eccentricity
5.5.1 Introduction

In the following sections the effect of yielding 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 ﬁrét 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 of the 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 B and 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

299% and 101%, respectively. Tocompensate for the increase in the yielding strength of the 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 B and 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
B and 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 B and 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 (ID]) of walls B and 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 B and G reduce to smaller values at the lower stories. Note that the values
of IDIfor 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 thatin 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 of maximum IDI 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% and 25% 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 IDL 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 ID1. 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.
5.5.4 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 of wall G is about 0.0041
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, 0.40g, 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 (¢/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-clastic 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 3% static eccentricity and the concentric
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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.

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.

The maximum values of displacements, inter-story drift indices, plastic rotations at the
bases of walls, and story torque increase with increase in static eccentricity and peak ground
acceleration (PGA). The increases of these parameters are monotonic (but not proportional)
functions of the intensity level.

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 of eccentricity, 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 dispiacemcnt and
inter-story drift index, rather than the amplification of eccentricity, are more reliable indices
in identifying torsional effects, when nonlinear response of structures is of interest.

The nonlinear seismic response of the seven-story structure with a uniform mass
eccentricity over the height, produced a maximum value of total 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.
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.
The use of multi-story buildings with a dual structufal 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.
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.
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 major partof the nonlinear behavior was concentrated at the bases of the walls, therefore
values of displacements and inter-story drift indices at the first story level were particularly

reduced by introducing resistance eccentricity properly.
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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 of yielding 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 (®,), 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-¢lastic response of the system, become very important.
Moreover, unsymmetrical distribution of yielding strength of lateral load resisting elements in the
plan of a structure is quite possible, and therefore to study nonlinear torsion it is necessary to
accountforresistance eccentricity (as ameasure of unsymmetrical distribution of yielding strength)
in addition to static and accidental eccentricitics. 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 of providing a high degree of torsional redundancy to the structure
isnot 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 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 a realistic simplified regulation for torsion must account
for the effects of e/r, ,, UFR, along with torsional redundancy, irregularity, and the other dynamic
characteristics of the structure. It was pointed out that opinions differ regarding the importance
of different 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 of multi-story structures. This study of the 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 of walls, 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 of eccentricity 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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Itis well recognized that in the case of extreme, 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 lincar-¢lastic 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 of nonlinearity, 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.



-102-

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
lincar-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.  Alinear-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.

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 buildings 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.

Maximum values of response 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,
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. If it is desired to keep the stiffness distribution of the structure
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unchanged, seismic torsional responses of structures 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.

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.

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.

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-¢lastic 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 (¢/D) and
uncoupled frequency ratio (UFR) as those of the multi-story structure (see Figure 2.7),
using idealized flat or hyperbolic pseudo acceleration specira to characterize the earthquake
ground motion. It must be noted that the concept of dynami‘c 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.

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~dirnensiona1 nonlinear dynamic analysis should be performed
for the final design.

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.

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.

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.

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 deformation 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.

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
that the computer cost decreases to areasonable level. Therefore aslong as present computer
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 of multi-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:

Although it is recognized that torsional redundancy is an important issue in earthquake
resistant design of structures, its effects on the nonlinear torsional response of dual 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.

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.

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 of a 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.

In order to obtain a better understanding of the effects of various parameters such as static
and resistance eccentricity ratios, uncoupled translational frequency, and ratio of uncoupled
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.

More studies are needed for to improve the torsional regulations of the 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 of dynamic 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 yiclding strength
of resisting elements in the plan of the structure so that the centers of mass and resistance
are as close as possible.

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.



-109-

REFERENCES



{1].

[2].

{3].

[4].

[5].

[6].

[8].

REFERENCES

C.L. Kan and A.K. Chopra, "Coupled Lateral Torsional Response Of Buildings To
Ground Shaking”, Report No. UCB/EERC-76/ 13, Earthquake Engineering Research
Center, University Of California, Berkeley May 1976.

C.L. Kan and A.K. Chopra, "Effects Of Torsional Coupling On Earthquake Forces In
Buildings", Journal Of The Structural Division, Vol. 103, No. ST4 April 1977, pp.
805-819.

C.L. Kan and A.K. Chopra, "Elastic Earthquake Analysis Of A Class Of Torsionally
Coupled Buildings", Journal Of The Structural Division, Vol. ‘103, No. §T4 April 1977,
pp- 821-838.

C.L. Kan and A.K. Chopra, "Linear And Non-linear Earthquake Responses Of Simple
Torsionally Coupled Systems", Earthquake Engineering Research Center, Report No.
UCB/EERC-79/03, University Of California, Berkeley, 1979.

W.K. Tso and Dempsey, "Seismic Torsional Provisions For Dynamic Eccentricity",
Earthquake Engineering And Structural Dynamics, Vol. 8, pp. 275-289 (1980).

C.L. Kan and A.K. Chopra, "Torsional Coupling And Earthquake Response Of Simple
Elastic And Inelastic Systems", Journal Of Structural Division, Proceedings Of
American Society Of Civil Engineers, Vol. 107, No. ST8, August,1981.

A.M. Chandler and G.L. Hutchinson, "Torsional Coupling Effects In The Earthquake
Response Of Asymmetric Buildings", Engineering Structure, Vol. 8, October 1986, .
Butterworth & Co. Ltd., pp. 222-236.

A.M. Chandler and G.L. Hutchinson, "Evaluation Of Code Torsional Provisions By A
Time-History Approach”, Earthquake Engineering And Structural Dynamics, Vol. 15,
pPp- 491-516, 1987.

-110-



[91.

[10].

[11].

[12].

[13].

[14).

[15].

[16].
[17].

[18].

[19].

-111-

R. Hejal and A.K. Chopra, "Earthquake Response Of Torsionally-Coupled Buildings”,
Report No. UCB/EERC-87/20, Earthquake Engineering Research Center, University Of
California, Berkeley 1987.

W.K.Tsoand A.W. Sadek, "Inclastic Seismic Response Of Simple Eccentric Structures”,
Earthquake Engineering And Structural Dynamic, Vol. 13, pp. 255-269 (1985).

Y. Bozorgnia and W.K. Tso, "Inelastic Earthquake Response Of Asymmetric
Structures”, Journal Of Structural Engineering, Vol. 112, No. 2, February, 1986.

W.K. Tso and Y. Bozorgnia, "Effective Eccentricity For Inelastic Seismic Response Of
Buildings", Earthquake Engineering And Structural Dynamics, Vol. 14, pia. 413-427
(1986).

M. Bruneau and S. Mahin, "Inelastic Seismic Response Of Structures With Mass Or
Stiffness Eccentricities In Plan", Report No. UCB/EERC-87/12, Earthquake
Engineering Research Center, University Of California, Berkeley 1987.

L. Esteva, "Earthquake Engineering Research And Practice In Mexico After The 1985
Earthquakes”, Bulletin Of The New Zealand National Society For Earthquake
Engineering, Vol. 20, No. 3, pp. 159-200, September 1987.

E.L. Wilson, A. Der Kiureghian and E. Bayo, "A Replacement For The SRSS Method
In Seismic Analysis”, Earthquake Engineering And Structural Dynamics, Vol. 9, pp.
187-192, 1981.

Uniform Building Code, 1985 edition.

Applied Technology Council, "Tentative Provisions For The Development Of Seismic
Regulations For Buildings”, ATC 3-06, National Bureau Of Standards, U.S. Department
Of Commerce, Washington, D.C., 1984.

E. Rosenblueth, "Seismic Design Requirements In A Mexican 1976 Code", Earthquake
Engineering And Structural Dynamics, Vol. 7, pp. 49-61, 1979,

National Building Code Of Canada, 1985, subsection 4.1.9.1.



[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

-112-

New Zealand Standard NZS 4203: 1976, "Code Of Practice For General Structural
Design And Design Loadings For Buildings".

DIN 4149, "Bauten In Deutschen Erdbebengebieten Entwurf”, December 1976.
Analysis Of Strong Motion Earthquake Accelerograms, Volume III-Response Spectra,
EERL 72-80, California Institute Of Technology, Pasadena, California, August 1972.
EL. Wilson and HH. Dovey, "Three-Dimensional Analysis Of Building
Systems-TABS", Report No. UCB/EERC-72/08, Earthquake Engineering Research
Center, University Of California, Berkeley 1972.

E.L. Wilson , J.P. Hollings , H.H. Dovey, "ETABS, Three Dimensional Analysis Of The
Building Systems (Extended Version)", Report No. UCB/EERC-75/13 , Earthquake
Engineering Research Center, University Of California , Berkeley. April 1975.
U.S.-Japan Planning Group, Cooperative Research Program Utilizing Large-Scale
Testing Facilities, "Recommendation For a U.S.-Japan Cooperative Research Program
Utilizing Large-Scale Testing Fécilities", Report No. UCB/EERC-79/26, Earthquake
Engineering Research Center, University of California, Berkeley 1979.

S. Viwathanatepa, E.P. Popov, and V.V. Bertero, "Seismic Behavior Of Reinforced
Concrete Interior Beam-Column Subassemblages”, Earthquake Engineering Research
Center, Report No. UCB/EERC-79/14, University Of California, Berkeley, June 1979.
D. Soleimani, E.P. Popov, and V.V. Bertero, "Hysteretic Behavior Of Reinforced
Concrete Subassemblages”, ACI Journal, Vol. 76, No. 11, Nov. 1979,

F.A. Charney and V.V. Bertero, "An Evaluation Of The Design And Analytical Seismic
Response Of A Seven-Story Reinforced Concrete Frame-Wall Structure”, Report No.
UCB/EERC-82/08, Earthquake Engineering Research Center, University Of California,
Berkeley, 1982.

S. Moazzami and V.V. Bertero, "Three Dimensional Inelastic Analysis Of Reinforced
Concrete Frame-Wall Structures”, Report No. UCB/EERC-87/05, Earthquake

Engineering Research Center, University Of California, Berkeley, May 1987,



{30}

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

-113-

V.V.Bertero, A.E. Aktan, F.A. Chamey, R. Sause, "U.S.-Japan Cooperative Earthquake
Research Program : Earthquake Simulation Tests And Associated Studies Of A
1/5th-Scale Model Of A 7-Story Reinforced Concrete Test Structure”, Report No.
UCB/EERC-84/05, Earthquake Engineering Research Center, University of California
, Berkeley, June 1984.

E.L. Wilson, "The Static Condensation Algorithm", University Of California, Berkeley.
F.C. Filippou and A. Issa, "Analysis Of Non-linear Response Of Reinforced Concrete
Frames To Cyclic Loads Reversals", Report No. UCB/EERC-88/12, Earthquake
Engineering Research Center, University Of California, Berkeley, September 1988.
N.M. Newmark and W.J. Hall, "Earthquake Spectra And Design", Earthquake
Engineering Research Institute, 1982.

FACTS, "Finite-element Analysis of Complex Three-dimensional Systems”, Version
87.1, Developed by SSD, Inc., 1930 Shattuck Avenue, Berkeley, California 94704, April
1987,

P.F. Chen and G.H. Powell, "Generalized Plastic Hinge Concepts For 3D Beam-Column
Elements", Report No. UCB/EERC-82/20, Earthquake Engineering Research Center,
University Of California, Berkeley, 1982.

R. Meli, "Evaluation Of Performance Of Concrete Buildings Damaged By The
September 19, 1985 Mexico Earthquake”, The Mexico Earthquakes 1985-Proceedings
Of The International Conference (ASCE), Mexico City, 1986, pp. 308-327.

D. Mitchell, J. Adams, R.H. DeVall, R.C, Lo, D. Weicert, "Lessons Learned From The
1985 Mexican Earthquake”, Canadian Journal Of Civil Engineering, Vol. 13, No. 5,
October 1986, pp. 535-557.

V. V. Bertero, "Observations On Structural Pounding”, "The Mexico Earthquakes 19835,
Factors Involved And Lessons Learned”, Special Meeting, American Society Of Civil

Engineers (ASCE), pp.264-278, ISBN 0-87262-579-6.



-114-

[391. Corner Building In Mexico City On Nuevo Leon Street After 1983 Mexico Earthquake

(Picture Courtesy Eduardo Miranda).



-115-

TABLES



-116-

TABLE 3.2 : FLEXURAL AND SHEAR STRENGTH OF A TYPICAL BEAM [30]

E* A* I I*
Type of Member (ksi) {Gross) (Uncracked) (Cracked)
(in%) (in*) (in*)
Typical Column 3537.0 387.50 12510.0 3424.0
Typical Beam 3537.0 -—-- 14370.0 2711.0
Typical Shear Wall .
Level G-1 3537.0 21700 11181680.0 2940000.0
Level 1-2 3537.0 2170.0 11181680.0 2800000.0
Level 2-3 3537.0 2170.0 11181680.0 2650000.0
Level 3-4 3537.0 21700 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 Is Modulus of Elasticity.
A Is Cross Sectional Area.
I Is Cross Sectional Moment of Inertia.
TABLE 3.1 : SECTIONAL PROPERTIES [30]
L.ocation Wiﬁth* MCR; M?" 1\71_1—1*
(in) Sign (k-in) (k-in) (k-in_)_
196.9 - 3855 3146 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
+ 089 1540 2125
59.1 - 1885 1633 2121
+ 908 1380 1921
* Note : :
Width  Width of Contributing Slab.
MCR  Cracking Moment.
MY First Yield Moment.
MU Ultimate Moment,
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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 701250 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

(psf) (psf)
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
(psf) (psf)

Roof 125.0 20.0
Floors 7 To 3 146.0 400
Floor 2 150.0 40.0
Total 1005.0 260.0

(b) WEIGHT OF REACTIVE MASS AND LIVE LOAD

TABLE 3.5 : DESIGN LOADS




-119-

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 1229.32 265.08 89.63 163.56
1 1263.00 147.60 51.16 163.56

Total 8462.10 ———— 1145.00 1145.00

* Note :
Triang. Is Triangular Lateral Load Distribution.

Uniform Is Uniform Lateral Load Distribution.

TABLE 3.7 : REACTIVE WEIGHT AND LATERAL LOAD DISTRIBUTION
ALONG THE HEIGHT OF THE STRUCTURE
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Floor | 1.CCM* 2ECO* 3. EWG* | 4EWB* | (2)/(1) | B)/(1) | /(D)
(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* 2ECO* 3EWG* | 4EWB* | (2)/(1) | G) () | (D/I(1)
(in) (in) (in) (in)
m— e e
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 1223 | 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  Is Displacement of CM in Concentric.
ECO Is Displacement of Cormer of Structure for 5% Eccentricity.
EWG Is Displacement of Wall G for 5% Eccentricity.
EWB

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* 3EWG* | 4EWB* | @/ | Gy | @/
(in) (in) (in) _(im)
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 1446 | 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 1450 | 1.322 | 0.678
(a) DUE TO TRIANGULAR LOAD
Floor | 1.CCM* 2.ECO* 3EWG* | 4EWB* | 2)/(1) | B)/(1) | (4/(D)
(in) (in) (in) (in)
7 0.6083 0.8791 0.8017 0.4150 1.445 | 1.318 | 0.682
6 0.5305 0.7670 0.69%4 0.3616 1.446 | 1318 | 0.682
5 0.4437 0.6419 0.5852 0.3022 1.446 | 1319 | 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 1451 | 1.322 | 0.678
{b) DUE TO UNIFORM LOAD
* Note :

CCM  Is Displacement of CM in Concentric.

ECO  Is Displacement of Corner of Structure for 10% Eccentricity.

EWG  Is Displacement of Wall G for 10% Eccentricity.

EWB Is Displacement of Wall B for 10% Eccentricity.

TABLE 3.9 : LATERAL DISPLACEMENTS OF EACH FLOOR
FOR 10% ECCENTRICITY FROM STATIC ANALYSIS
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Story | 1.CCM* 2. ECO* 3EWG* | 4EWB* | 2)/(1) | 3)/(1) | (B/(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 | 1.15%9 | 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* 3EWG* | 4EWB* | 2)/(1) | GV | /(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  Is IDI of Center of Mass in Concentric Case.

ECO  IsIDI of Corner of Structure for 3% Eccentricity.

EWG Is IDI of Wall G for 5% Eccentricity.

EWB

Is IDI 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* 3EWG* | 4EWB* | ()/(1) | BY(D) | 4/
(%) (%) (%) (%)
7 0.0891 0.1284 0.1172 0.0611 1441 | 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 1444 | 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 1450 | 1.322 | 0.678
(a) DUE TO TRIANGULAR LOAD
Story | 1.CCM* 2.ECO* 3.EWG* | 4EWB* | (2)/(1) | B)Y() | B/
(%) (%) (% ) (%)
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 1.320 | 0.680
1 0.0476 0.0690 0.0629 0.0322 1.451 | 1322 | 0.678
(b) DUE TO UNIFORM LOAD
* Note :

CCM  Is IDI of Center of Mass in Concentric Case.

ECO  IsIDI of Comer of Structure for 10% Eccentricity.

EWG  Is IDI of Wall G for 10% Eccentricity.

EWB IsIDI 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 B Triangular Load | Uniform 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. Wall G 286042.3 788.4 250254.7 793.6

5% Eccentricity

4. Wall B 167531.4 4589 146453.5 461.9

10% Eccentricity

5. Wall G 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* | 2ESWG* | 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 449901 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  Story Shear of One Wall in Concentric Case.,

ESWG  Story Shear of Wall G for 5% Eccentricity.
ESWB  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 253212 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.ESW_Bi Ratio 2/1 Ratio 3/1
7 -61.908 -83.584 -40.236 1.350 0.650
6 74350 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  Story Shear of One Wall in Concentric Case.
ESWG  Story Shear of Wall G for 10% Eccentricity.
ESWB  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 Uniform Triangular Uniform
(kips) (kips) (kips) (kips)
Frame A 35.281 34,026 27.279 26,307
Frame B 695.615 699.379 583.050 586.170
Frame C 35.279 34.024 31.868 30.730
Frame D 35.329 34.063 34.187 32.963
Frame E 35.329 34,063 36.469 35.163
Frame F 35.279 34.024 38.690 37.318
Frame G 695.615 699.382 808.186 812.591
Frame H 35.281 34.026 43.283 41.745
Wall B 678.552 683.043 568.737 572.470
Wall G 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 Uniform Triangular Uniform
(kips) (kips) (kips) (kips)
Frame A 35.281 34.026 19.277 18.589
Frame B 695.615 699.379 470.483 472961
Frame C 35.279 34.024 28.456 27.436
Frame D 35.329 34.063 33.047 31.863
Frame E 35.329 34,063 37.608 36.263
Frame F 35.279 34.024 42.102 40.612
Frame G 695.615 699.382 920.753 025.801
Frame I 35.281 34.026 51.285 49.462
Wall B 678.552 683.043 458921 461.897
Wal G 678.556 683.043 808.189 904.193
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. Frame B 669.84 3317.05 261.47 2887.25

5% Eccentricity

3. Frame G 1317.25 4004.24 754.98 3412.52

5% Eccentricity

4. Frame B 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 3.03 393 4.77 5.53
Time (sec) 14.9 14.9 14.9 149 14.9 14.9 14.9
3. EWB* 0.29 0.69 1.16 1.67 2.17 2.64 3.06
Time (sec) 73 7.3 7.3 7.3 7.3 7.3 7.3

4, EWG* 0.47 1.09 1.84 2.63 341 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
D/(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 2.39 277
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 14.9 149 14.9 149 149 149
3. EWB#* 0.18 0.43 0.73 1.06 1.39 1.70 1.98
Time (sec) 7.3 7.3 73 73 7.3 7.3 7.3
4, EWG* 0.55 1.29 2.16 3.10 403 4.90 5.68
Time (sec) 149 14.9 149 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
@/ 1.964 1.985 2.019 2.039 2.046 2.050 2.051

(b) 10% Eccentricity

* Note :
CCM  Max. Displacement of CM in Concentric Case (in).
ECO  Max. Displacement of Corner of Structure in Eccentric Case (in).
EWB  Max. Displacement of Wall B in Eccentric Case (in).
EWG  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 1_" 4 | s 6 7
.CCM* | 0.1912 | 03078 | 0.3648 | 03866 | 0.3806 | 0.3570 | 0.3198
Time (sec) | 135 | 13.5 | 148 | 148 | 148 | 148 | 1438

2. ECO* 0.3629 | 0.6083 | 0.7271 | 0.7729 | 0.7621 | 0.7155 | 0.6400
Time (sec) 14.9 14.9 14.9 14.9 149 14.9 14.9

3. EWB* 0.1967 | 03348 | 0.4030 | 0.4299 | 0.4246 | 0.3989 | 0.3571
Time (sec) 7.3 7.3 73 73 73 7.3 7.3

4. EWG* 0.3158 | 05293 | 0.6326 | 0.6722 | 0.6626 | 0.6220 | 0.5565
Time (sec) 149 14.9 14.9 14.9 14.9 14.9 14.9

)/(1) 1898 | 1976 | 1993 | 1999 | 2002 | 2004 | 2001
G3)(1) 1029 | 1088 | 1105 | 1112 | 1116 | 1117 | 1117
@)/(1) 1652 | 1720 | 1734 | 1739 | 1741 | 1742 | 1740

(a) 5% Eccentricity

Story 1 2 3 4 5 6 7
1. CCM* 0.1912 | 0.3078 | 0.3648 | 0.3866 | 0.3805 j 0.3570 | 0.3198
Time (sec) 13.5 135 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) 149 149 149 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) 73 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) 149 149 14.6 14.6 14.6 14.6 14.6

/(1D 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
@/ 1.960 2.023 2.049 2.062 2.067 2.068 2.063

(b) 10% Eccentricity

* Note :
CCM  Max. IDI of CM in Concentric Case (%).
ECO Max. IDI of Corner of Structure in Eccentric Case (%).
EWEB  Max. IDI of Wall B in Eccentric Case (%).
EWG  Max. IDI 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.®V IDI®
Corner 1.224 1.222
Triangular® Wall G 1.160 1.159
Wall B 0.840 0.841
Corner 1.224 1.222
Uniform® wall G 1.160 1.159
Wall B 0.840 0.841
Corner 1.972 1.982
Taft-40° Wall G 1.716 1.724
Wall B 1.085 1.098

(a) 5% Eccentricity
Case Location Dis. W IDI®
Corner 1.447 1.445
Triangular® Wall G 1.320 1.318
Wall B 0.680 0.682
Corner 1.448 1.445
Uniform® Wall G 1.320 1.318
Wall B 0.680 0.682
Corner 2.359 2.361
Taft-40° Wwall G 2.022 2.042
Wall B 0.688 0.708

(b) 10% Eccentricity

1. Lateral Displacement Normalized With the Corresponding Value in the
Concentric Case.
2. Inter-Story Drift Index Normalized With the Corresponding Value in the
Concentric Case.
3. Triangular Static Analysis.
4. Uniform Static Analysis.

5. Taft Earthquake with PGA =0.40g.

TABLE 3.20 : NORMALIZED VALUES 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, Wall B 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) (71.3) (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

3. ESWG*

Story 1. CSW* | 2. ESWB* @1 3)/(1)
7 -215.61 -126.51 -299.64 0.59 1.36
6 245.38 206.89 503.39 0.84 2.05
5 573.52 42645 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
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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) (1.3) (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. ESWGH* @y I 3)(1) l
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
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| Moment™ =Shear(2)
[ Case WallB | WallG Wall B Wall G
Tria.ngular(?’) 0.84 1.16 0.838 1.162
Uniform® 0.84 1.16 0.839 1.161
Taft-40° 1.07 1.70 1.027 1.619
(a) 5% Eccentricity
Moment™ T E};-arm
Case WallB | WallG WallB | WallG
Triangular® 0.67 1.32 0.676 1.324
Uniform™ 0.68 1.32 0.678 1.322
Taft-40% 0.66 2.00 0.660 1.973

Notes:

1. Moment at the Base of Walls Normalized With the Corresponding Value in the

(b) 10% Eccentricity

Concentric Case,

2. Average Shear Force of Walls Normalized With the Corresponding Value in the

Concentric Case.

3. Triangular Static Analysis.
4. Uniform Static Analysis.
5. Taft Earthquake With PGA = 0.40g.

TABLE 3.26 : NORMALIZED VALUES OF BENDING MOMENTS AND
SHEAR FORCES OF WALLS IN STATIC AND DYNAMIC ANALYSES
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Story 1.Concentric 2.Eccentric 3. Eccentric R=atio Ratio
) (5%) (10%) of of
(kips) (kips) (kips) @D | G
F=
7 903.95 1049.53 -1181.33 1.16 1.31
(Time) (1.7 (10.1) (14.6)
6 1782.02 -2046.14 -2388.99 1.15 1.34
(Time) (14.8) (13.9) (14.6)
5 254271 -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 1.2%
(Time) (13.5) (139 (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

3.Eccentric

Story 1.Concentric 2.Eccentric Ratio Ratio
(5%) (10%) of of

(kips) (kips) (kips) 1) | B))
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) 135 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) 13.5 149
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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- 1.Concentric 2 Eccentric o)
Frame A (kips) 95.03 75.99 0.800
Time (sec) 13.5 1.5
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) 13.5 149
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 4203 576.75 3.004
6 40791 4.249 583.48 3.039
5 406.94 4.239 565.74 2947
4 404.13 4.210 545.70 2.842
3 396.74 4.133 540.21 2.814
2 375.54 3912 51741 2.695
1 359.59 3.746 497.68 2.592
* Note :
DE Is Dynamic Eccentricity (inch).
DEA 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. Frame B 5118.95 7251.55

5% Eccentricity

3. Frame G 8599.96 10732.56

5% Eccentricity

4, Frame B 3057.14 5101.29
110% Eccentricity

5. Frame G 10393.31 1252591

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 Neg. M@
Case Girder Girder
Triangular® 1.326 1.094
Uniform® 1.486 1.083
Taft-40° 1914 1.620

(a) 5% Eccentricity

Pos. M | Neg. M®
Case Girder Girder
Triangular® 1.652 1.188
Uniform™ 1.971 1.167
Taft-40° 2.313 1.890

(b) 10% Eccentricity

1. Positive Moment in Girders Normalized With the Corresponding Value in the

Concentric Case.

2. Negative Moment in Girders Normalized With the Corresponding Value in the
Concentric Case.

3. Triangular Static Analysis.

4. Uniform Static Analysis.

5. Taft Earthquake With PGA = 0.40g.

TABLE 3.33 : NORMALIZED VALUES OF BENDING MOMENTS
IN GIRDERS IN STATIC AND DYNAMIC ANALYSES
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Columns Shear Walls Beams ]
EI* 26195906 2.23x10" 25413345
(k-in%)
EA* 1370588 7675290 1627020
(kips)
GA¥* - 1970388 -~
(kips)
* Notes :
E Modulus of Elasticity (ksi).
G Shear Modulus of Elasticity (ksi).
I Sectional Moment of Inertia (in),
A Area of Cross Section (in®).
TABLE 4.1: Sectional Properties [30]
LOAD | CASE; 1IDI* 2.TS* 3.WS* | 4.FS* (3)(2) (4)/(2)
Triangular EY.* | 0.085 1217 1065 152 0.875 0.125
Profile I.C* | 0705 2241 1153 1088 0.515 0.485
Uniform EY.* | 0.088 1408 1242 166 0.882 0.118
Profile 1.C* 0.807 2773 1672 1101 0.603 0.397
* Notes :
EFY. First Yield.
LC. Incipient Collapse.
1DI Inter-Story Drift Index.

TS
WS
FS

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

e e

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

FLOCR =I\ES-§ (kips-sec’/in)
ROOF 2.72
3TO7 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) (/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  Displacement of CM in Concentric Case.
ECM  Displacement of CM in Eccentric Case.
EWB  Displacement of Wall B in Eccentric Case.
EWG  Displacement of Wall G in Eccentric Case.,

TABLE 5.1 : MAXIMUM LATERAL DISPLACEMENTS FOR THE
NONLINEAR INELASTIC CASE (TAFT-40, 0-8 Seconds)




-144-

* Note :

Floor | 1.LCM* | 2LEWB¥* | 3.LEWG* Ratio Ratio
N (in) ) | G | @y | @
- _TAFT-4O ; Static Eccentricity =5 %
Roof 5.786 4303 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 2214 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)
LCM  Displacement of CM in Linear Elastic Concentric Case.
EWB  Displacement of Wall B in Linear Elastic Eccentric Case.
EWG  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 e/D*! TAFT-40 TAFT-40
(0-2 Sec.)*? (0-8 Sec.)*’
1.0ne Wall (.00 0.00153 -0.00281
2.Wall B 0.05 -0.00087 0.00202
3.WallB 0.25 0.00 0.00
4. WallG 0.05 0.00245 -(.00267
SWallG 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. e/D Initial (Static) Eccentricity Ratio.
2. During 0 to 2 seconds of the response.
3. During O 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) 31
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 1.607
(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 0971
(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) (124
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 0317 1.561
(Time) (4.15) (4.00) (1.32)
1 -0.3814 -0.0839 0.6537 0.220 1714
(Time) (4.15) (4.00) (1.34)
* Note :
CCM IDI of CM in Concentric Case.
EWB IDI of Wall B in Eccentric Case.
EWG 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)




-147-

Story 1.CSW* 2. ESWG* 3. ESWB* Ratio Ratio
(kips) (kips) (kips) @)yQ) (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 24405 -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 47590 -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)
* Noté :
CSW Story Shear of One Wall in Concentric Case.
ESWB  Story Shear of Wall B in Eccentric Case.
ESWG  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 I 6 5 4 3 2 1
L TAFT-40
1.CN* -750.35 | -12403 | -15244 | -17485 | -2032.0 | -2189.8 | -22312
Time 7.15 420 4.20 4,15 4.15 410 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 1005.9 034.51 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 .61 0.61 0.65 0.75 0.93
* Note : ‘

CN Total Story Shear Force (kips) in Concentric Case.

EO5 Total Story Shear Force (kips) for 5% eccentricity.

E25 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
TEQS* | -230499 | -383396 | 476299 | 497946 | 478013 | 616978 | 705708
Time 7.645 7.645 4.295 4.295 585 5.85 5.85
TE25* 1 -423488 | -649941 | -633125 | -680598  -678555 | -713708 | -860076
Time 3.96 396 6.55 1.24 1.24 1.30 6.70
Td05* 3.20 322 3.25. 2.97 2.45 293 3.29
Td25* 1.25 1.16 0.92 0.86 0.74 0.72 0.85
* Note :

TEOS Story Torque (k-in) for 5% eccentricity.

TE25 Story Torque (k-in) for 25% eccentricity.

TdO05 Dynamic Amplification of Eccentricity for 5% Eccentricity.

Td25 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 S 4 3 ] 2 I 1
. TAFT-40
WTO5* | -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
RI1* 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 :
WTO05  Story Torque (k-in) Resisted by Walls for 5% eccentricity.
WT25  Story Torque (k-in) Resisted by Walls for 25% eccentricity.
R1 Ratio of WTO0S5 to Maximum Story Torque.
R2 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)



-150-

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 24597 -207.33 0.70 0.04

5 4.295 -15.10 -202.77 309.83 0.64 0.01

4 4295 -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

1 585 | -449.85 -732.50 262.30 0.83 0.22
Il 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  Total Story Shear in Eccentric Case.

SWB  Story Shear of Wall B in Eccentric Case.

SWG  Story Shear of Wall G in Eccentric Case.

R1 Ratio of Torque Resisted by the Walls to Maximum Total Torque.
R2 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)




-151-

Floor 1.CCM* | 2ECM* 3. EWB* | 4EWG* Ratio Ratio
_(in) (in) (in) (in) (3¥1) (4)yqQ)
. TAFT-18 ; Static Eccentricity =§ %
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 2447 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) (195) (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 Displacement of CM in Concentric Case.
ECM  Displacement of CM in Eccentric Case.
EWB  Displacement of Wall B in Eccentric Case.
EWG  Displacement of Wall G in Eccentric Case.

TABLE 5.10 : MAXIMUM LATERAL DISPLACEMENTS FOR THE

NONLINEAR INELASTIC CASE (TAFT-18, 0-2 Seconds)
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Floor 1.CCM* | 2.ECM* 3. EWB* | 4EWGH* 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 12,493 -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 %
m
Roof 2731 5.437 -1.083 6.210 0.397 2274
(Time) (1.15) (1.30) (1.54) (1.28)
7 2.366 4724 -0.9126 5.383 0.386 2275
(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 2441 -0.3748 2759 0.327 2.408
(Time) (1.20) (1.34) (1.54) (1.34)
3 0.739¢6 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 0.23% 2.659
(Time) (1.20) (1.34) (1.54) (1.34)
* Note :
CCM  Displacement of CM in Concentric Case.
ECM  Displacement of CM in Eccentric Case,
EWB Displacement of Wall B in Eccentric Case.
EWG  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* 3EWB* | 4EWG* Ratio Ratio
(in) (in) (in) (in) Gy (@/(1)
TAFT-60 ; Static Eccentricity =5 %
Roof 4710 4972 -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 2771 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 4710 8.357 -1.690 9.464 0.359 2.009
(Time) (1.20) (1.34) (1.54) (1.32)
7 4117 7.331 -1.421 8.293 0345 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 4474 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  Displacement of CM in Concentric Case.
ECM  Displacement of CM in Eccentric Case.
EWB Displacement of Wall B in Eccentric Case.
EWG  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 L.LEB* 2.LEG* 3. EWB* | 4EWGH* Ratio Ratio
(in) (in) (in) (in) (3)/(1) BI(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 | 01610 | -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 1277 1.281 0.866
(Time) (1.59) (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 Displacement of Wall B in Linear Elastic Eccentric Case.
LEG Displacement of Wall G in Linear Elastic Eccentric Case.
EWB  Displacement of Wall B in Nonlinear Eccentric Case.
EWG  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* | 4EWGH* Ratio Ratio
(in) (in) (in) (in) (3)/(1) (MDI2)
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 0912
(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 1410 1.921
(Time) (1.55) (1.70) (1.54) (1.34)
* Note :
LEB Displacement of Wall B in Linear Elastic Eccentric Case.
LEG Displacement of Wall G in Linear Elastic Eccentric Case.
EWB  Displacement of Wall B in Nonlinear Eccentric Case.
EWG  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* | 4EWG* Ratio Ratio
(in) (in) (in) (in) (3(1) B2
TAFT-60 ; Static Eccentricity =5 %
Roof 4328 6.174 -3.671 6.096 0.848 0.987
(Time) (1.90) (1.95) (1.645) (1.195)
7 3.666 15206 -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 . 0919 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 -1.650 9.464 1.535 0977
(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 4474 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 2336
(Time) (1.55) (1.70) (1.54) (1.38)
* Note :
LEB Displacement of Wall B in Linear Elastic Eccentric Case.
LEG Displacement of Wall G in Linear Elastic Eccentric Case.
EWB  Displacement of Wall B in Nonlinear Eccentric Case.
EWG  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-18 ; 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-I% ; 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 IDI of CM in Concentric Case.
EWB IDI of Wall B in Eccentric Case.
EWG IDI of Wall G in Eccentric Case.

TABLE 5.16 : MAXIMUM INTER-STORY DRIFT INDICES FOR THE
NONLINEAR INELASTIC CASE (TAFT-18, 0-2 Seconds)
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Story 1.CCM* 2.EWB* 3. EWGH* Ratio Ratio
(%) (%) (%) 2)/(1) 3D
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 0.4375 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 0416 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 IDI of CM in Concentric Case.
EWB IDI of Wall B in Eccentric Case.
EWG 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) (3
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 07672 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 =28 %
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 IDI of CM in Concentric Case.
EWB IDI of Wall B in Eccentric Case.
EWG IDI of Wall G in Eccentric Case.

TABLE 5.18 : MAXTMUM INTER-STORY DRIFT INDICES FOR THE
NONLINEAR INELASTIC CASE (TAFT-60, 0-2 Seconds)




-160-

Story 1.1ILEB* 2.LEG* 3 EWB* 4 EWGH* Ratio Ratio
(%) (%) (% ) (%) (3)/(1}= (4)/(2)
TAFT-18 ; Static Eccentric_ig_r_f 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 1277 1.236
(Time) (1.55) (1.70) (1.54) (1.30)
* Note :
LEB IDI of Wall B in Linear Elastic Eccentric Case.
LEG IDI of Wall G in Linear Elastic Eccentric Case.
EWB IDI of Wall B in Nonlinear Eccentric Case.
EWG IDI of Wall G in Nonlinear Eccentric Case.

TABLE 5.19 : MAXIMUM INTER-STORY DRIFT INDICES

(Linear vs. Nonlinear, TAFT-18, 0-2 Seconds)




-161-

Story 1.LEB* 2.LEG* 3 EWB* 4. EWG* Ratio Ratio
(%) (% ) (% ) (%) 3D (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 0.4563 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)
p 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 -(1.8295 -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) (1.5%) (1.32)
1 -0.0416 -0.3402 -0.0586 0.6337 1.409 1.922
(Time) (1.55) (1.70) (1.54) (1.34)
* Note :
LLEB IDI of Wall B in Linear Elastic Eccentric Case.
LEG IDI of Wall G in Linear Elastic Eccentric Case.
EWB IDI of Wall B in Nonlinear Eccentric Case.
EWG 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 0813 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 -(.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) (1.7 (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 0.1324 -1.368 -0.2315 1.160 1.519 (0.848
(Time) (1.70) (1.70) (1.59) (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 IDI of Wall B in Linear Elastic Eccentric Case.
LEG IDI of Wall G in Linear Elastic Eccentric Case.
EWB IDI of Wall B in Nonlinear Eccentric Case.
EWG 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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¢/D Initial Static Eccentricity Ratio.

. I\;I:aximum Values of Plastic
Rotation (radians) .

Location e/D* TAFT-18 _ TAFT_:&O TAFT-60
1.0ne Wall 0.00 0000062 |  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.wall G 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 :

TABLE 5.22 : MAXIMUM PLASTIC HINGE ROTATION (Radians)

AT BASE OF WALLS (0-2 Seconds)
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Story 1L.CSW* 2ESWG* 3 ESWB* Ratio Ratio
(kips) (kips) (kips) (2)/(1) (3)(1)
TAFT-18 ; 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-18 ; 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 1.49 022
(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 :
CSwW Story Shear of One Wall in Concentric Case.
ESWB  Story Shear of Wall B in Eccentric Case.
ESWG  Story Shear of Wall G in Eccentric Case.

TABLE 5.23 : MAXIMUM STORY SHEAR FORCES OF WALLS FOR THE

NONLINEAR INELASTIC CASE (TAFT-18, 0-2 Seconds)
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Story 1.CSW* 2.ESWG* 3.ESWB* Ratio Ratio
(kip) | (dpy) (kips) @D | 3N
TAFT-40 ; Static Eccentricity = § %

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 -69.88 224 0.42
(Time) (1.55) (1.34) (1.38)

6 262.64 -444.3G -88.21 1.69 0.34
(Time) (1.90) (1.62) (1.29) :

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) 1.549)

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 Story Shear of One Wall in Concentric Case,
ESWB  Story Shear of Wall B in Eccentric Case,

ESWG  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. ESWGH* 3. ESWB* Ratio Ratio
(kips) (kips) (kips) (2)/(1) (3(1)
TAFT-60 ; Static Eccentricity =5 %
7 -272.39 -359.63 -223.98 1.32 0.82
{Time) (1.20) (1.295) (1.145)
6 394.68 353.68 333.01 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 -108.66 191 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 12227 -398.45 1.44 0.47
(Time) (1.545) (1.38) (1.52)
1 10794 1307.6 -588.71 1.21 0.55
(Time) (1.00) (1.06) (1.52)
* Note :
CSw Story Shear of One Wall in Concentric Case.
ESWB  Story Shear of Wall B in Eccentric Case.
ESWG  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-18 :
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 1§ -1040.4 | -12229 | -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/ 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 195 1.95 1.65 1.65 1.15 1.55 1.00
2.E05* -434.47 | -804.14 1100.9 13314 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 1.22 124 1.34 1.34 1.08 1.06
@)(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
TAET-60
1.CIN* 755.34 -1339.6 -1680.2 1895.8 2103.6 23758 27535
Time 1.945 1.645 1.645 1.15 1.20 1.20 1.00
2.EQ5* 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 21553 2380.7
Time 1.52 1.26 1.32 1.34 1.34 1.38 1.38
(2)/(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 Total Story Shear Force (kips) for Concentric Case.
E05 Total Story Shear Force (kips) for 5% eccentricity.
E25 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 I 7 6 5 | 4 3 2 1
TAFT-18
TEO5* 75501 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 1.83 192 2.18 2.30 232
Td25* 0.845 0.811 0.826 0.852 0.837 0.820 0.810
TAFT-40
TEOQS* 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 1.24 124 1.30 1.30
Td05* 2.86 276 2.53 291 3.16 3.01 2.58
Td25* 1.05 1.09 1.11 1.08 0.97 090 0.80
TAFT-60
TEO5* | 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 1.06 092 0.83 0.81
* Note :
TEOS Story Torque (k-in) for 5% eccentricity.
TE25 Story Torque (k-in) for 25% eccentricity.
TdO5 Dynamic Amplification of Eccentricity for 5% Eccentricity.
Td25 Dynamic Amplification of Eccentricity for 25% Eccentricity.

NONLINEAR INELASTIC CASE (0-2 Seconds)

TABLE 5.27 : MAXIMUM TOTAL STORY TORQUES AND VALUES
OF DYNAMIC AMPLIFICATION OF ECCENTRICITY FOR THE
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Story 7 6 5 4 3 2 1

TAFT-18

WTO05*% | -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

WTO05* | 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

WTO05* | 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 :
WTO05  Story Torque (k-in) Resisted by Walls for 5% eccentricity.
WT25  Story Torque (k-in) Resisted by Walls for 25% eccentricity.
R1 Ratio of WT05 to Maximum Story Torque.
R2 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 4
e05* 221 202 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-18
e05* 1.99 I 1.89 1.83 1.92 2.18 2.30 232
e25% 0.845 0.811 0.826 0.852 0.837 0.82 081
NONLINEAR INELASTIC ; TAFT-40 ]
e05* 2.86 2.76 2.53 291 | 3.16 3.01 2.58
e25%* 1.05 1.09 1.11 1.08 097 | 090 0.80
NONLINEAR INELASTIC ; TAFT-60
e(5* 2.50 2.62 2.65 2.54 2.78 2.82 2.51
e25% 1.19 1.10 1.12 1.06 092 0.83 0.81
* Note :
e05 Dynamic Amplification of Eccentricity for 5% Eccentricity.
e25 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 1L.CCM* | 2EWG* | 3.RWB* | 4RWG* Ratio Ratio
(i) (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 4117 5.302 3.052 4.897 1.189 0.924
(Time) (1.20) (1.245) (1.175) (1.195)
6 3480 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 4710 9.464 -1.554 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
RWB
RWG

Displacement of Wall G in Mass Eccentric Case.
Displacement of Wall B in Resistance/Mass Eccentric Case.
Displacement of Wall G in Resistance/Mass 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* 2LEG* 3RWB* | 4RWG* Ratio Ratio
(in) (in) (in) (in) 3 D/(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 5206 -3.052 4.897 0.833 0.941
(Time) (1.90) (2.00) (1.175) (1.195)
6 2.950 4302 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 2316 1.535 2418 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 1475 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 1419 1.604
(Time) (1.55) (1.70) (1.535) (1.32)
* Note :
LEB Displacement of Wall B in Linear Elastic Eccentric Case.
LEG Displacement of Wall G in Linear Elastic Eccentric Case.
RWB  Displacement of Wall B in Resistance/Mass Eccentric Case.
RWG  Displacement of Wall G in Resistance/Mass Eccentric Case.

TABLE 5.31 : MAXIMUM LATERAL DISPLACEMENTS
(Linear vs. Nonlinear, TAFT-60, 0-2 Seconds)
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Story 1.CCM* 2. EWGH* 3. RWB#* 4 RWG* Ratio Ratio
(%) (%) (%) (%) i} A/(1) (‘U/SE)_____
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 04773 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 B in Resistance/Mass Eccentric Case.
RWG IDI of Wall G in 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 RWGH* Ratio Ratio
(%) (%) (%) (%) (3)(1) (4/(2)
TAFT-60 ; Static Eccentricity = 5% ; Resistance Eccentricity = 4%
e
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 IDI of Wall B in Linear Elastic Eccentric Case.
LEG IDI of Wall G in Linear Elastic Eccentric Case.
RWB IDI of Wall B in Resistance/Mass Eccentric Case.
RWG  IDI of Wall G in 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* TAFT-60 eX ex TAFT-60
1.0ne Wall 0.00 0.003819 0.00 | 0.00 0.003819
2.wallB 0.05 0.002416 0.05 | 0.04 0.002438
3.Wall B 0.25 -0.000101 025 | 0.11 0.000031
4.Wall G .05 0.005585 005 | 0.04 0.004106
5.Wall G 0.25 0.010608 025 | 0.11 0.005722

Ratio (2)/(1) 0.63 (2)/(1) 0.64
Ratio (3)/(1) 0.03 31 0.01
Ratio (4)/(1) 1.46 @/(1) 108 |
Ratio (5)/(1) 2.78 (5)/(1) 150 |
* Note :
€, Initial Static Eccentricity Ratio.
e, 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 1.1(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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UNCOUPLED FREQUENCY RATIO
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Figure 3.10(b): NORMALIZED FOURIER AMPLITUDE SPECTRUM
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Figure 3.14: DISPLACEMENT TIME-HISTORIES OF
WALL G DUE TO TAFT-40 (e/D = 0.05)
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Figure 3.20: INTER-STORY DRIFT INDEX TIME-HISTORIES OF
THE CONCENTRIC STRUCTURE DUE TO TAFT-40
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Figure 3.21: INTER-STORY DRIFT INDEX TIME-HISTORIES OF
WALL B DUE TO TAFT-40 (¢/D = 0.05)
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Figure 3.22: INTER-STORY DRIFT INDEX TIME-HISTORIES OF
WALL G DUE TO TAFT-40 (¢/D = 0.05) '
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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)
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Figure 3.24: INTER-STORY DRIFT INDEX TIME-HISTORIES OF

WALL B DUE TO TAFT-40 (¢/D = 0.10)



-211-

Inter—Story Drift Index (%)

STORY 1

5 10 15 20 25
TIME (second)

Figure 3.25: INTER-STORY DRIFT INDEX TIME-HISTORIES OF
WALL G DUE TO TAFT-40 (¢/D = 0.10)
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THE CONCENTRIC STRUCTURE DUE TO TAFT-40
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Figure 5.20: INTER-STORY DRIFT INDEX TIME-HISTORIES OF

WALL G DUE TO TAFT-40 {e/D = 0.25)
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WALL B DUE TO TAFT-40 (e/D = 0.25)
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_266-

Torque (k—in)

900000

-800000
200000

—300000
900000

—900000
200000

—-800000
900000

—900000
900000

~800000
200000

—-800000

] STORY 7
%MAU‘VAWW%J
; | | STORY 6
: STORY 5
A A e
: STORY 4

-\ M /‘“”\[\/\/\AM[\\L
VAR AMAVA Sy VRS

— STORY 3
_ STORY 2
-

— STORY 1
EERESENEEI NN RN EEE NN ENERE RN NN RN RN Y
0 2 4 6 8

TIME (second)

Figure 5.34: TOTAL STORY TORQUE TIME-HISTORIES
DUE TO TAFT-40 (¢/D = 0.25)



-267-

e/D = 0.25
6 -d
-——— e/D = 0.05
s4  JdLi e e/D = 0.00
1
Y,
G 4
|
&
2 [ U U S
9
L |
2 = _ 1]
|
1 - l ‘.;
0 1 T 1] T ; T 1 T
0 1 2 3 4
SHEAR FORCE (1000 x kips)
Figure 5.35: TOTAL STORY SHEAR ENVELOPES
{TAFT-40, 0-8 SECONDS)
7 T
] | e/D = 0.25
-— —— ¢/D = 0.05
5
1
o
5
|
S
S °
. |
TS
2 -
1 -
0 1 1 3 T T 1 ) 1
Q 1 1.2 1.4 1.6

TORQUE (Millicns kips)

Figure 5.36: STORY TORQUE ENVELOPES
(TAFT-40, 0-8 SECONDS)




FLOOR LEVEL

-268-

(a) 5% ECCENTRICITY

WALL G
- — — — WALL B
CONCENTRIC

FLOOR LEVEL

WALL G
WALL B
CONCENTRIC

(b) 25% ECCENTRICITY

| IR D AR SR B | LI SR |

2 4 ] 8 10

LATERAL DISPLACEMENT (inch)

Figure 5.37: DISPLACEMENT PROFILES AT TIME OF
MAXIMUM ROOF DISPLACEMENT



-269-

FLOOR LEVEL
7

(a) 5% ECCENTRICITY

............ WALL G
5 o~ WALLB
s CONCENTRIC
4 -
3 -
2
1 =~
o L + L ¥ 3 1 1 T 1
-10 -8 -6 -4 -2
FLOOR LEVEL
;
............ WALL G
1 — _— — _ WALLB
5 CONCENTRIC
4 -
3 -
2 —
1 -
G T T T T T T T T

-4 -2 0 "2 4 8 8
LATERAL DISPLACEMENT (inch)

Figure 5.38: DISPLACEMENT PROFILES AT TIME OF
MAXIMUM BASE SHEAR



-270-

FLOOR LEVEL (a) 5% ECCENTRICITY
7
i
&5 I
/
5 /
/
4 /
/
3 - /
/
2 WALLG II
(] -———wAlLB [
/
o} T T T T TT T T T T T
-10 -8 -6 —d4 -2 a 2 4 8 8 10
FLOOR LEVEL (b) 25% ECCENTRICITY
7
|
6 - |
l
5 - l
|
4- I
l
3- I
|
2 o WALLG |
] -——-waLsB
0] T T T T T T T T T T 7T T
-10 -8 -6 -4 -2 Q 2 4 [ 8 10

LATERAL DISPLACEMENT (inch)

Figure 5.39: DISPLACEMENT PROFILES AT TIME OF
MAXIMUM BASE TORQUE



-271-

FLLOOR LEVEL

(a) 5% ECCENTRICITY

............ WALL G
- — —— WALL B
CONCENTRIC

FLOOR LEVEL (b) 25% ECCENTRICITY
;
e -
5 -
4 i

____________ WALL G
34 — — — — WALL B

CONCENTRIC

2 —
1 —
o T T T T ~T T

-2 -1

0 1 2

SHEAR FORCE (1000 x kips)

Figure 5.40: SHEAR FORCE PROFILES AT TIME OF
MAXIMUM ROOF DISPLACEMENT



-272-

FLOOR LEVEL (a) 5% ECCENTRICITY
7
6 : él
]
51 ) 9,
1
4 1.
i
3 L
]
29 . WALL G ;
- — —— WALLB g
1+ Y -
CONCENTRIC i
o} T T T T 1 1 1
-2 - [y} 1 2
FLOOR LEVEL (b) 25% ECCENTRICITY
7 [
|
6 1
|
5 L
I
4 44
|
3 i
R WALLG | T
g4 m———WwALLB L) i
CONGENTRIC |
LT s T T

SHEAR FORCE (1000 x kips)

Figure 5.41: SHEAR FORCE PROFILES AT TIME OF
MAXIMUM TOTAL BASE SHEAR



-273-

FLOOR LEVEL (a) 5% ECCENTRICITY

| -— — = WALL B

-2 -1 0 1 2
FLOOR LEVEL (b) 25% ECCENTRICITY
1
I

6 - Y
|
5 4 L.
-I |
Y L
3 -
|
2 - I‘[
WALL G l
"1 o _ waLB |
o] T T T [ T T T
-2 -1 0 1 2

SHEAR FORCE (1000 x kips)

Figure 5.42: SHEAR FORCE PROFILES AT TIME OF
MAXIMUM BASE TORQUE



-274-

l

S T Y VOO T O O O |

0

ANOUOL ASVE () “UVAHS SV TV.LOL (9) ‘INTNIDVIISIA 100 (¥)
WNNWIXVIN 40 AALL LV SATI40d ANOYOL *€p's 34n31y

| OO I T O

Fln

-

4]

-9

©)

(ui— suol) 3NDYOL AYOIS

! 0 b~
___u__h_m_r_____L_O
_
| 4
|
_
¥4
_
_
| 29
—;
-
-G
|
_
_ L9
_
1 L
(q)
S00=4q/8 - — — -
GZ'0 = q/°

|

0

J I B S S

L1 1 3. )} __O

_
]
_
L
_
_

-

B

——e |

14

(0)

L
T13ATT 4OO01d



<275~

FLOOR LEVEL WALL B
7
[
; e/D = 0.25
-——— ¢e/D = 0.05
------------- e/D = 0.00
f
4] T T T T ! ) ' a '
: T H g 8 10
WALL G
—— ¢/D =0.25
-——- ¢/D=0.05
------------- e/D = 0.00
T T l : ' a ' 10

DISPLACEMENT (inch)

Figure 5.44: DISPLACEMENT ENVELOPES
' (TAFT-18, 0-2 SECONDS)



-276-

FLOOR LEVEL | WALL B

e/D = 0.25
- — — - ¢/D =005
""""""" e/D = 0.00
' H ' 6 ' 8 T 10
FLOOR LEVEL WALL G
7 ; r
o
5 /
S
5 /
i,
s/
4 ;
l v
s
o I
."'/
24 7y ——— ¢/D =025
i -~ — —— ¢/D = 0.05
1
/ ------------- e/D = 0.00
0 T Y T T T T T T T
0 2 4 8 8 10

DISPLACEMENT (inch)

Figure 5.45: DISPLACEMENT ENVELOPES
(TAFT-40, 0-2 SECONDS)



277

FLOOR LEVEL WALL B
7 7
/
6 /
/
. ] /
/
/
4 ,
/o
3 /
/ "'.
/v
27 //.,:‘ e/D = 0.25
, / -— — - ¢/D = 0.05
L e e/D = 0.00
0 1 7 T ] H T T T T
0 2 4 8 8 10
FLOOR LEVEL WALL G
7
/
/
® ] /
/
5 /
"" /
4 e
4
S/
3 E
R
-"‘ /
27 4 e/D = 0.25
| i -—— - ¢/D =005
| L7 e e/D = 0.00
o T T T T T T T T
o] 2 4 ] 8 10

DISPLACEMENT (inch)

Figure 5.46: DISPLACEMENT ENVELOPES
(TAFT-60, 0-2 SECONDS)



Displacement (inch)
10

-278-

- ROOF e/D = 0.25
x — o . e/D = 0.05
5——
S e/D = 0.00
. o o
0 T T T
10 10
FLOOR 6 FLOOR 7
5 — 5 —
X
0 T T T 0 T T T
10 10
FLOOR 4 FLOOR 5
5 5
o 0 T T T
10 10
FLOOR 2 FLOOR 3
5 - 5 —
0~ 0
0.0 0.4 0.8 0.0 0.4 0.8

PGA (Fraction Of g)

PGA (Fraction Of q)

Figure 5.47: DISPLACEMENTS OF WALL G VERSUS
PEAK GROUND ACCELERATION



-279-

(youy) juswaopidsig

(ALIDIMINADDA DILVILS %S)

D TIVM d0 SAdOTIANT INIWNIADV'1dSIA 8p°'S d4n31g

0 0l

(youy) juawaopidsig
8 9 14 4 0 01

(your) ucmeoc_am._o

8 9 14 4

i 1 1 1 | 1 1

0

o
FHBL L)L
(82°1)2
(027 1)
(0L L)Y
-(G0"L)S

(207 1)9

-(66°0)L

(onso|3/onsojaul) Auoys

QILSV13

1 i 1 1 ] 1 1 1 O |

O —L14vL .
‘Hee 1)L

F(01°1)2
H(66°0)8
(¥6°0)y
-(16°0)G

+(06°0)9

L(£8°0)L
(onsol3/onspjaul) Kioys

OLLSV1ANI

8l1—14vl

0
-(86°0) |
H(£6°0)2
H(16°0)¢
H(16°0)
-(56°0)S

- (86°0)9

L(86°0)L

(o3sp|3/onspjauy) A1oys



...280-

(youy) jusweop|dsi|

(ALIDIYINADDE DLLVLS %57)
D TIVM A0 SAdOTIANA LNAWADV'ISIA :6p'S 3an31g

8 9 ¥ ¢ 0O o0 8 9 ¥ T 0 0 8 9 ¥ T O
L i 1 1 1 1 1 .1 1 . O L 1 i | 1 1 i 1 i | O L. 1 {1 1 1 1 1 1 O
09—14v1L OF—L4vL / 8l—14vl
PR Hze 1) (4211
S Heez L)z L(20'1)Z
L (ze"1)g i Heze L (26°0)¢
(9L L) L0 1) L(L8°0)%
(907 1) (20" L)S L (c8°0)5
| (10°1)9 .. (86°0)9 (58°0)9
: L(86°0)L L(96°0)2 L(98°0)L
(onsp|3/2nsolpuy) Aojs (onsp|3/21spjay)) Aoys (onsp|3/onsojaul) Aoys
{11\ g J— OILSY1ANI

(your) juswadpidsiq

(youy) juswaopidsig




-281-

FLOOR LEVEL WALL B
5 } e/D = 0.25
; -——~ ¢/D =005
o L e/D = 0.00
A
I
sk
I
2 - /
l::
1 /
/

0 T T EH 1 I 1 1] T ] ¥ T 1 i 1
0 0.4 0.8 t.2 1.8 2 2.4 28
E;LOOR LEVEL WALL G

i
6 - ‘I e/D = 0.25
?I ~— —- ¢/D=0.05
S T e/D = 0.00
4 ~ §,
i
s
]
2 ]
i
147
F/
0 T T 1 i I 1 1 ¥ ! ¥ 1 1 ¥ T
0 0.4 0.8 1.2 1.8 2 2.4 28

INTER—STORY DRIFT INDEX (%)
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Figure 5.56: TIME-HISTORY OF PLASTIC ROTATION AT THE BASE
OF WALL G (0% VERSUS 5% STATIC ECCENTRICITY)
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Figure 5.60: SHEAR PROFILE ENVELOPES OF WALLS
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