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ABSTRACT

This report presents an evaluation of the effect of inelastic deformation on the preliminary
analysis and design of earthquake resistant structures. Three related, but seperate topics are

addressed.

The first part of the study deals with the interact.xn between ground motion and structural
response paramelers. The purpose is to provide a more consistent basis for selecting the design
earthquake for systems that response inelasucally. Major emphasis is placed on a;sessing wavs
10 define the damaging potential of a ground motion. A review of the various suygested indices
for measuring the damaging potential of a ground motion is presented. Validi'y tests of these
indices, including the effects of the severity of inelastic deformation and different structural

damage measurements, are conducted for 1wo sets of ground mations. Guidelines for scaling

ground motions are developed.

The second part of the study involves developing an efficient analysis procedure for use in
the preliminary siage of design. Response of typical shear-beam type structures in their initial
linear elastic mode shape coordinate systems is presented. Current practices of implementing
the response spectrum method for analysis of inelastic muitiple-degree-of-Treedom sysiems are
assessed. A rational procedure, using a proposed modal hysteresis model, for implementing the
response spectrum method is suggested. The reliability of the recommended procedure is

evaluated.

In the last part of the study, a preliminary investigation of the seismic behavior of non-
structural subsystems supported on inelastic structures is performed. Tae effects of the severity
of inelastic deformations, of different hysteretic characteristics of the structure and of the

amount of viscous damping of the subsystem are investigaied. Currenmt  design
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reccommendations Tor subsystems sccounting for yielding of the supporting structure are
assessed  An amplfication factor s defined 10 quantfy the effects of inclustic deformations of
the supporting structure on subsystem response Design puidelines are formulated for preducting
the ampificaton facor based on statistical evaluation of the results generated for wn carth-

quake ground maotions

The report conciudes with summaries of the results obuaned. In addiben. areas needing

further research are identified
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CHAPTER 1 INTRODUCTION

1.1 Entroductory Remarks

Earthquakes are a severe natural hazard in many parts of the world. Construction of
earthquake-resistant structures is of vital concern in these areas. Because of economic con-
s:iderations. structures are usually designed 1o respond inefastically when subjected to severe
earthquake ground motions. Such structures must be designed, detailed and constructed to
develop the required inelastic deformations. When this is properly done. the siructure will sus-
tain. without collapse, the earthquake loading with only local damages. This is 1n compliance
with the objectives of most current seismic design recommendations for buildings [Ref. 78]
which are the prevention of significant structural damages during a moderate .earthquake and
the avoidance of structural collapse during major earthquake ground shaking Some of the
problems rlated to a rational implementation of 1his philosophy in prefiminary stage of design

are discussed herein.

In designing buildings to resist strong earthquake ground motions. many codes [Refs. 7,
93} are available which provide an efficient and effective means for obtaining preliminary design
lateral forces In such codes, earthquake effects are usually represented by a set of equivalent
static lateral forces. For example, in the Uniform Building Cede (UBC) [Ref. 93} these forces
are distributed based on an approximation of the fundamental mode shape of a regular, uni-
form building. To account for possible higher mode response, an approximate correction force
is applied to the top floor. The magnitudes of the applied forces are scaled according 1o the past
seismic performance of the type of struciure considered, the imporiance of the siruciure, bs
setsmic characteristics and the intensity of the expected excitation. This code approach will pro-

vide laeral forces leading 10 reasonably satisfaciory designs for conventional buildings with no
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sigmficant irregularities in configuration, stiffnzss or strength {Refs. 7. 78).

For irregular structures, the current UBC code requires that the distribution of lateral
forces be determined considering the dynamic characteristics of the structure. Some desiygn
guidelines suitable for the preliminary design of such structures have been suggested. For
example. Smilawitz ¢r a/ [Ref. 88] have recommended lateral force distributions accounting for
higher mode contributions. setback effects and soil-siructure interacion. These distributions,
however, are for idealized structures derived on (he basis of elastic response. The extent 10
which they hold for other wypes of structures or for struciures expected o respond inelastically
1s not certain. Moreover, building codes do not usually attempt 10 quantify the degree of dam-
age expected for a given level of design force. Thus, such codes give fintle explicit guidance to

the designers of speciat structures where the tolerable level of doamuge may be reduced.

It 18, thus, often necessery 10 perform dynamic analyses of irregular and other special
siructures 10 assess thew adequacy during severe seismic events. Considerable research has
been directed at developing computer software capable of predicting the elastic as well as inefas-
tic response of structures [Refs. 4. 11, 34, 36, 59, 60. 77]. However. to use such analysis pro-
grams, it 15 necessary to know the mechanical and dvnamic charactenistics of the building and
nature of the design carthquake. If this information is accurately known, such programs are
generally capable of adequately simulating seismic response. However, at the preliminary slage
of design, precise imformation about the dynamic charactenstics of 1.2 building is generally
unavailable. Since the building properties depena on the magnitude and distribution of design
forces and influence the dynamic characteristic of the structure, such analyvses must be per-
formed on an ierauve basis. To facilitate this process 1n the preliminary stages of design. 1t
waould be desirable 10 develop approximate methods for characterizing the design earthquake in
terms of its damage potential and for selecting the magnitude and disiribution of preliminary
design forces accounting for the acceplable damage level and characteristics of the ground
motion. While considerable work on these topics has been done for elastic systems. conaider-

able uncertainties remain regarding their applicability 10 inelasiic sysiems. These topics will be
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invesugaled in this study. Addilionally, related problems associated with establishing design
forces for nonstructural elements in structures that yield during severe earthquake shaking will

also be addressed.

(a) Problems Associated with the Selection of Design Earthquake

Considerable uncertainly is associaled with the selectionlof the design earthquake or
earthquakes [Ref. 15). The selection of design‘ear!hquake(st involves many disciplines and
reguires the cooperation among many professionais such as geologtsts, seismologists, architects.,
structural engineers. geotechnical engineers and the owner. Although continual progress is
being made, there is still no consensus about what ground mouon characlenstics or parameters
are significant in exciling a building. and how they can best be quantified for design purposes.
especially for structures that respond inelastically. The various aspects of a ground motion
affecung struciural response include intensity, frequency content. duration, the number. size
and sequence of acceleration pulses. In addition, it is not certain what structural response
parameters should controt the design, particularly in the inelastic range  For example. displace-
ment. drift, ductlity. acceleration and other factors have been suggested. Moreover. it is not

certain how these ground motion and structural response parameiers are related.

The first objective of this study then, is to investigale the interaction between the ground
motion and structural response parameters. This will lead to a better understanding of the rela-
tionship and will provide a more consistent basis for selecting the design earthquake for sysiems

that respond inelastically.

(b) Simplified Methods of Analysis for Inelastic Multiple-Degree-of-Freedom Structures

At prescnt, inclastic dynamic analyses can only be conducted through step-by-step int2era-
tion. While campuier programs employing step-by-step integration are versatile and reliable.
they generally are unsuitable for preliminary design. In this stage of design, the designer needs
guidance on how to select the overall stiffness and strength of the structure in order to limit its

inelastic deformations 1o acceptable levels. Alternatively, the designer may wish 10 quickly
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assess the sensinvity of the overall response of a proposed structure o unceriginues o s
mechanical and dynamic charactenistics or to different excilations Step-by-step integration 1s
nme-consuming and reguires detatled knowledge of the mechanical characteristics of the strue-
ture Both of these factors dre contrary ta the conditions existing dunng preliminary design

Several smphfied anabviocal techmigues have been suggested for use in the preliminary
aage of dessen These include the equivalent linear structure method [Refs. 47, 5] the
L‘QUI\.I-'IL'I"H nonimear simgle-degree-of-freedom (SDOF) sysiem method {Refs 76, 86, 871 and
the response spevtrum method [Refs. 3, 6, 10, 1316, 17, 38, 54, 56, 91, 98. 99, 100}
Atthaugh the equitalent inearization concept 1s palpable and the procedure for iy implementas-
ton well-established. the method fails to recognized that the types of excitation that induce
manimum response tn elastic and inelastic systems may differ [Refs 13, 14] Consequentis,
the decuracy of the method relies on the design earthquake having characterisucs similar 1o
those used in developing the procedure

Procedures for implementing the equivaleat nonbincar structure methods are also well-
developed [Refs 76, 86, 87) In such cases. a complex structure 18 reduced 10 an equivaient
nonhinear single-degree-of-freedom s_vs'.lem This speeds up the computation, and. depending
on the method used 10 develop the equivalent SDOF structure. may require less exphail infor-
mation on the siructure. Thus, it may be suitable for preliminary design. However, unceriain-
Bes arise in the accuracy of the one degree-of-freedom ideahization and refinements in computa-

tion may be counter to preliminary design.

Response spectra can be generated for simple SDOF inelastic systems.  Suggestions exist
for developing these by madifying clastic response spectra or by computing them directh b
step-by-step integration  Such spectra can be useful in designing structures that respond s
SDOF sysiems. However, whether the method can be used for analysis of melastic mulupie-
degree-of-freedom systems (MDOF) s unclear. Although several procedures have been pro-
posed for implementing the response spectrum method [Refs. 3. 6, 10, 13, 16, 17, 38. 54_ 36,

91, 98, 99 100]. they vary considerably in their approach and often lack satisfactory theoretical
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Thus, the second objective of this investigation is to explore a rational procedure for
implementing the response spectrum method for the preliminary analysis of inelastic structures

and to evaluale the reliability of such a procedure.

{c} Design of Equipment Attached to the Structure

Observations following recent major carthquakes have indicaied that a considerable por-
ton of the total cost of damage is often associated, with nonstruciural components [Ref 9] In
additton 1o economic losses incurred by the damuges to the nonstructural elements and equip-
ments (will be called nonstructural subsystems or just subsystems hereafier), such subsystem
fatlures may also create life safety hazards due to falling ceiiings, facades. eiz.. and disrupt the
operation of essential facibties such as hospitals or important communication centers. To
ensure pubhc safety and 10 minimize properiy damages. i1t is important (0 have a proper under-
standing of the seismic behavior of nonsiructural subsysiems in addinion to having a sound

knowledge of the hehavior of the supporuing structure.

There is & wide range of nonstructural subsystems that may be encountered in practice.
In terms of how loads are induced. subsystems can be divided into two categories: deformation
sensitive subsysiems and acceleration sensilive subsystems. Loads in the first category of sub-
systems arise mainly as a result of the deformations imposed by the supporting structure, eg..
in-planc lorces in infilled walls. The second category includes subsysiems thal are sensitive (o
accelerations developed at their attachment points. This report focuses only the later category

of subsystems.

While increasing atlention is being focused on the design of subsystems. most studies
assume that the supporiing structure will remain elastic during a severe earthquake excitauon
This may be true for critical structures, such as primary structures it a nuctear power plant
[Ref. 30). Most other structures. however, are expected 10 experience inelastic deflormation

when subjecied to rare and unusually intense earthquake eacitations. Rational design miethods
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for equipment and other nonstructural elements in Lthis case are not certain.

The tast objective of this inveshgaticn is 10 conduct & preliminary investigation of the
seismic behavior of subsysiems supporied on inelastic structures. (o assess current design

methods in terms of this behavior, and to develop improvea design recommendations

1.2 Objectives
The muin objectives of this study are 1o investigate some of the problems associated with
the prehminary design of structures that respond inelasucallyv 10 major earthquake ground shak-

ing and 10 deveiop methods to resolve those problems. The specific tasks undertaken in this

stedy are
ta) Toonvedigete the relation between ground motion and struciural response parameters

fb)  To explore a ratonal procedure for implementing the response spectrum methed for me-

lastic structures and 1o evalaaie the reliability of such a procedure

ter To conduct a preliminary investigation on seismuic behavior of subsystems supported on
inelastic structures, to #ssess currem design methods in 1erms of this behavior. and 1o

develop improved design recommendations,

1.3 Organization

In Chapter 2. methods for characterizing design earihquakes for intense ground shaking
capable of significant structural damage are briefly reviewed. Major emphasis is placed on
assessing the effectiveness of various indices for characterizing the damaging potential of a
ground motion igcord.

In Chapter 3. the inelastic response of some selected inelastic structures is computed and
transformed into the initial lincar elastic mode shape coordinate system. These equivalen:
mndal responses are evaluated and a procedure tor applving the inelastic response spectrum

method is described. The reliability of this procedure is evaluated.

Preliminary analyses performed to idenify behavioral characteristics of subsystems sup-
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ported on structures that yield during severe earthquake ground motions are presented in
Chapter 4. In addilion, design guidelines for predicting subsystem response accounting for the
yielding are formulated.

In Chapter 5. conclusions reached in this report are summarized. Recommendations for

further research are also offered.
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CHAPTER 2 ON SCALING OF EARTHQUAKE GROUND MOTIONS

2.1 Introductory Remarks

For siructures desipned to deform inelastically when subjected 1o severe earthquake
ground motions, everall seismic safety will depend on the interaclion between i1s energy dissi-
pating capacity and the severity of ground shaking. This interaction 15 complex and difficult 1o
predict. This can be illustrated by considering the response of a single-degree-of-freedom
(SDOF} sysiem subjected 10 the 515W component of the Pacoima Dam record (originally
identified as the S16E cornponent) shown in Figure 2.1.a. Examinaiton of this ground motion
reveals that the record contains, 10 addnion 10 the sharp acceleration peak of 1.25g a1 abou! the
8th second. two acceleration pulses having a magnitude of about 8.6 ¢ and Quration of about 0.6
secand between the 2nd and 4th second. The inelasug response of two systems developing the
same maximum inelasiic deformation when subjected 10 (his record are shown in Figures 2.1.b
and 2 Y.¢  For a structure with an initial period of 0.3 seconds. the maximum response 15 pri-
marily due 10 the sharp scceleration peak of 1.25 g and is hittle affected by the 0.6 g acceleranion
pulses. On the other hand. if the structure has a period of 0.7 seconds. the largest plasuc
excursion is associated with the smaller acceleration pulses between the 2nd and 4th second.
Thus, different features of a ground mation can influence structural response and it may. there-
fore, be difficult 10 establish a single parameter 10 characierize 1the damaging potental of a

ground motion,

Traditionally, the imensity of a ground motion, for structural analysis purposes, has been
defined in lerms of the peak ground acceleration. There is increasing evidence that peak
ground acceleration, when used as an index of ground motion intensity, may lead 10 incon-
sistent resuits. On one hand. structures designed to curient code recommendations have
suffered damage that is more than would be expecied considering the moderate level of peak
ground acceleration recorded [Ref. 131, On the other hand, damages observed in other build-

ings have been relatively moderate in spite of high recorded peak ground acceleration [Refs. 5).
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81, 89] Because of this, il is generally felt that peak ground accelerations, especially those
associated with isolaied. short-duration, high frequency acceleration spikes. arc not effective in
exciting most structures. Consequently, the concept of "effective” acceleration has been sug-
gested [Refs. 21, 31, 103]. However, it remains difficult 10 quant:fy the "effective” acceleration

of a particular ground mation record.

Other ground motion inlensity indices have also been suggested. Those frequently used
in seismic design and seismic risk mapping were identified in Ref 8 The effects of vanous
ground motion characteristics on seismic behavior were was also qualitatively discussed. A few
attempis have alsa been made 1o evaluate quantitatively the relative effectiveness of some of
these intensity indices. For example, Nau {Ref 64) found tha' speciral intensity values calcu-
lated for three period ranges provide a good indication of damage potenual for buildings in each
range. Similarly, a modified spectral intensity based on weighted speciral acceleration was
found 1o be effective in measuring the structural damage potential of a ground motion {Ref.
§2]1. Cornell er ¢/ [Ref 27) indicaled that Fourier amplitudes of the ground acceleration record
at 0.25 seconds. 1.0 seconds and 3.33 seconds provided a betier set of intensity indices for
short, intermediate and long period buildings than peak ground acceleration, velocity or dis-
placement. Chang [Ref. 25] found that normaiizing parameiters directly related 10 ground
motion records (e.g. peak ground acceleration, elc) are not as good as parameters based on elas-
lic or inelastic spectrum. Nishikawa er a! [Ref. 72] conctuded that for structural periods greater
than 0.3 seconds, it is preferable to use maximum velocity or spectral intensity. for structural
periods less than 0.2 seconds, they suggested that the maximum acceleration of rool mean

square or the strong phase of the ground acceleration be used.

In most of these studies, structural damage was meesured by the maximum displacement
reached only once in the course of the ground shaking. When inelastic deformaticn is likely,
other response quantities may provide additicnal insight into the tehavior of the system {Refs.
$3, 57]. For example, the maximum inelastic excursion during one cycle, the 1otal cumulative

inelastic deformations, or other factors may be important paramelers for structures with limited
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energy dissipation capacity. Thus. inherent in characterizing ground motion intensity is how
structural damage is quanmiified. Given this fact and the inconsistencies in the previously men-
tioned findings. it appears that a comprehensive study using a variety of parameters and damage

indices should be undertaken.

2.2 Scope of Study

A preliminary investigation on the effeciiveness of various schemes for characterizing the
intensity of a ground motion for structures that respond inclastically is reported herein. Intrin-
sic in this obyective is the desire o scale ground motion records for the purposes of practical
seismiv response analysis and design.  In such cases. it is frequently necessary 1o use an
ensemble of records to ensure that a design does not depend on tihe features of one partwcular
record. However, the records used should all have an intensity capable of producing similar
overall levels of damage  Thus. guidelines for scaling ground motions in such cases are needed
with & clear stalement on limiations. Of course. it is expecied that @ comprehensive solution
can not be reached herein. bui that the relative effectiveness of various proposed intensits

mndicey can be evalualed.

In this study, two sels of ground meotions are used. Qne set contains five honizontal com-
ponenis of ground and frec field motion recorded at the Imperial County Service Building dur-
ing the 1979 Imperial Valley earthquake. These records represent motions with the same
source and magniiade on similar sie sail conditions. The ather set of ground motions includes
various moderate earthquake records obtained at different distances 10 the source on sites with
"firm” soil conditions. Both sets are lisred in Table 2.1. In view of the preliminary nature of
this study, buildings are represented as single-degree-of-freedom systems. They are assumed to
have 5% viscous damping and elasto-perfectly plastic hysteretic characteristics. The structural

periods considered range from 0.1 sec to 2.0 sec at 0.1 sec imervals.

2.3 Characterization of Ground Metion Intensity

Many intensity indices and schemes have been suggested for characterizing ground
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motan intensity. In order 1o achieve a compromise in design between the need lor accuracy
and simplicity, especially in the preliminary siages. only those parameters thal can be easily
deduced from geotechnical, seismological and structural information are considered :n this

study.

Intensity indices considered herein are grouped into two basic calegories. In one category,
indices are obtained from the basic fealures of the ground molion ilself. in the other. indices

are denived from information on tne structural response these ground motions would produce

2.1.1 Parameters Based on Grovnd Motion Features

Various measured and derived parameters based on ground motion records have been
used to characterize ;ntensity. The measured parameters include the instrumental peak ground
acceleration, velocity and displacement. Of ihese. the instrumental peak ground acceleration
has been most commonly used because it is conceptually simple and easily obtainable. Various
derived parameters have also been uszd. These include Arias iniensity [Refs. 2, 5. 46). root-
mean-squaie acceleration [Refs 37, 41, $1. 55, 102]) and Fourier amplitudes of the ground

acceleration record at certain period values [Rel 271,

Arias intensity {Al) represents. for a given earthquake and zero damping. the amount of
to1al energy per unit weight absorbed by a scrics of elastic single-degree-of-freedoms with fun-
damental frequencies uniformly distributed belween zero and infinity [Refs. 44, 46]. 1t is calcu-

lated as:

Togs

ar=Z | ild
2” f[iﬂ\ f

where Ty and Tgys are the times at which the above iniegral reaches S% and 95%. respec-
tively, of the ultimate value. The equation can also be written as

0

T
Al=0.902—g_f uldn

o

There are questions about how the total duration should be defined with this parameter; in this

study, duration is defined as the entire length of time for which the ground motion record is
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considered.

Root-mean-square acceleration (RMS) is defined as:

To 9 =

1 e 2 09 .2

RMS = T | ujdi= - t dr
Togs—Toas f[oc ! Toss—Toocrg f

As the definition implies. rool-mean-square acceleration represents a level of modified average
acceleration for the record By comparing it with the definiton of Aras Intensity. it can be
seen thal RMS is also relaied 10 the square root of the amount of 101al energy per unit weight
per unit time absorbed by a series of singie-degree-of-treedom sysiems uniformly distributed
belween the frequency interval of zero and positive infinitv. Tt has also been suggested that
RMS could be related to the acceleration level having a particular probability of exceedance in a

recardec accelerngram {Ref. 62) or in a -1ationary Gaussian ground motion [Ref. 97].

To improve intensity characterization for structures in different period ranges. Cornell
et a/ have proposed using Fourier amplitudes (FAS) obtained for the ground acceleration
record at 0.25 sec, 1.0 sec and 3.33 sec. These would be used as ground motion intensity
indices for structures in the shorl, intermediate and long period ranges. respectively. Fourier

amplitude of ground acceleration at a particular frequency, w. can be computed by [Ref. 45]

T T
FAS=\{[ i (r)coswrdr F + [[ it sinwrd s 21 2
o o
where 7 is a dummy integration variable. To improve stabilily, smoothing Fourier amplitudes

over the neighboring period ranges was suggested by Cornell ¢r af.

2.3.2 Parameters Based on Elastic Structural Response

Since the above parameters do not accoumt for the effects of ground shaking on the siruc-
ture, a variety of parameters have been proposed based on computed elastic response. Period
independent parameters such as speciral intensity (standard and modified) have been used as
well as period dependent indices such as speciral quantities evaluated at cenain specific natural
periods or period ranges. Spectral intensity (S1) has been proposed by Housner as a measure of

ground motion intensity [Refs. 40, 42, 43). It is defined as the area enclosed by the elastic
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pseudo-spectral veloacity spectrum of the corresponding ground motion between the periods of

0.1 sec and 2.5 sec

75
Siie.Ty=[ PSV(e. TVdT
0)
In this fashion, spectral intensity attempis 10 relate the strengih of ground shaking with the
peak elastic response of a range of single-degree-of-freedom systems with periods commonly
found in civil engineering practice. This index can be defined for any amount of viscous damp-
ing. Housner [Ref 40] noted that relative intensitics of several earthquake records varied
depending on the value of damping assumed. This 1s apparently because the response oi Lightly
damped structures is more sensitive to duration than that of more heavily damped sysiems. In

this report, spectral imensities are computed based on 5% and 20% damping.

In their studies of ground motion normalization procedures. Nau [Ref. 64] and Kennedy
[Ref 52| found that spectral intensities calculated over local period ranges provide improved
reliability for structures with fundamental periads in these ranges. Nau suggested three period

ranges {low. intermediate and high) for computing spectral intensity.

This dependence of the apparent intensity on structural period was recognized earlier by
Newmark o a/ in their recommendations for consiructing response spectra based on peak
greund acceleration, peak ground velocity and peak ground displacement [Refs. 58, 65, 66, 67,
68, 69] Kennedy refired this approach by computing a modified S based on a range deter-
mined by the initial fundamental period of the structure and an assumed design ductility of the
structure, using a variety of weighting functions. Although this modified spectral intensity has
produced extremely reliable results, it is not suitable for general guantification of ground

motions and will not be considered here.

2.3.3 Response Magnitude Effect

For all of the preceding intensity indices, earthquake intensity is independent of the dam-
age produced. Thus, for all of the indices considered except Arias intensity, il the original

ground motion is scaled by a factor of N, the intensity index is also scaled by N. For Arias
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intensity, if the original ground motion is scaled by a factor of N, the intznsity index will be
scaled by N°. Whether either of these variations is reasonable can be illustrated by considering
a SDOF steucture (with, for example, a 0.2 second period and $% viscous damping) subjected
10 two different ground mouaons the S15SW Pacoima Dam record and the EW 1940 E! Centro
recard  The values of any of the previous intensity indices will be denoted as /. and [, .
respectively. The yield strength of the structure 1s selected such that it is just on the verge of
vielding when subjected 10 the unscaled EW 1940 E| Centro record. Lei N,) ' denote the factor
v which the EW 1940 E! Centro record must be scaled 1o produce a displacement ductility of i
tie N.'" 15 unny)  Similarlv. let V' denote the factor by which the S16W Pacoima Dam
record must be scaled to have the same peak displacement ductility as the EW 1940 El Centro
record If 1the ground motion intensity considered 15 independent of response magnitude. we

would have

Fox NS =1, XNy for u=

for intensity indices that vary linearly with the ground motion. and

Lo (NS =] x(.‘\’,.:;")’ for =1

for intensity indices that vary quadratically with the ground motion. Rearranging the eguations.

we get
N e
.Nitjj ’pm
Or
(NLY 1,
(NY'Y T,

) ) 1
for 1he linearly and quadratically varying inlensity indices. respectively. Since —— is assumed
)
I

L]

constant regardiess of the displacement ductility, the ratio, —. should be constant for

el
linearly varying intensity indices. Similarly, {or quadratically varying intensity indices, the ratio,

(N

T should be constant. The actual ratios derivea for the case cited above are computed
Ny 1”
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for different displacement ductilities and plotted in Figure 2.2. As can be seen, the ratios are
not constani, implying that both categories of intensity indices are susceptible 10 a response
magnitude effect. Similar observations have been made by Vanmarcke [Ref 96! and Bertero
et al [Ref. 14]. They cautioned that scaling should be limited t¢ avoided distortion of ground
motion effects on nonlinear response. Thus, il is important 10 recognize that there is limited

range over which ground motion intensities might be used in scaling ground motions.

1.4 Characterization of Structural Response

In addition 10 the previous considerations, the intensny of 4 ground motion is related to
how damage is measured. To guantify the damage 1o a structure, maximum displacement duc-
ulity (defined as the maximum displacement . the structure divided by the displacement
corresponding 1o overall yielding) is frequently employed as meniioned previously. Other
measures taking into account the cyclic nature of the seismic structural respanse may he more
meamngful in assessing the structural damage. In stroctures with limited energy dissipation
capacines, measures of cyclic displacement ductility, accumulative inelastic displacement. hys-
terelic energy dissipation. and other inelasiic response quanlities can be defined. The
effecti eness of such measures of structural damage is discussed in Ref. 57. When the design
of the structure is conirolled by the serviceability of structural and nonstructural components or
by instability. story drift is also an important paramer2r. Unfortunately, it is difficult 1o include
al! of these factors in a preliminary study and only the maximum displacement ductility and the
hysteretic energy dissipation are considered herein. For convenience, the hysteretic encrgy is

normalized as u

HE

R, u,

K= +1
where HE is the hysieretic energy dissipation and R}, and u, are the yield strength and displace-

ment, respectively, of 1the structure.
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1.5 Schemes of Ground Motion Intensity Characterizatian Considered

Usually a ground motion is characterized by a single intensity index regardless of the
structural period, amount of damping in the structure and the expected structural damage level
As mentioned before, ground motion hiraclerization taking into account the initial structural
period have also been suggested [Refs 27, 82 64]  Typically, three period ranges (short. iner-

mediate and long) are used to categorize the structure

ln. this study. the peak ground accelerzuon, the peak ground velocily. 1the peak ground
displacerment, Anas intensity, RMS, Housner spectral ntensity at 5% and 20" damping.
pscudo-spectral vilocity at 8% damping at 0 25 seconds (PS40, 1.00 second (PSS, w). and
333 sec [PSHa), and Founer amplitude of ground acceleranon at 025 sec (F45,. 100
second { F45, 00 and 313 sc.onds (FAS::) are included individually 10 evaluale thewr
effectiveness  Numerical values for these parameters are listed in Tables 2.2 and 2.3 for the
first and second set ol ground moons. respectively  In addition, period deperdent intensuy
characterizavon schemes are included. When the peak ground acc:zleration, peak ground velo-
city and peak ground displacement are used 10 define the intensity of the ground motion in the
short, intermediate and long period ranges, respectively, this is denoted as min (A NV D1 Simi-
larty. when PS}h ., PSH o and PSF 4+ are used 10 define the intensity of the ground motion
in the three period ranges respectively, this is denoted as min{PSV1. Finally, when F45, -
F45, iy and F45: . are used. 1his 1s denoted as min(FAS}) The three period ranges lor each of
the three schemes may be different. The precise values of these penod ranges are discussed

later.

2.6 Methad of Evaluation

To evaluate the effectiveness of the various ground motion intensity indices considered.
constant ductility spectra were constructed for one reference ground motior. from cach of the
two sets of records mentioned. As will become apparent later. the choce of the reference 1y
arbitrary  Trace 10 from the Imperial County Service Building and the north-south component

of the 1940 Ei Centro earthquake record are selected as the reference ground motions.
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Although displacement ductility and normalized hysterelic energy were used as damage
indices 1n both cases, resulis for the normalized hysteretic encrgy were presenied only for the
first set of ground motions. Ductility levels of 8, 4. 2 and | are considered far the first set of
ground motions; while duculity levels of 4 and 1 are presemed for the second set. A ductility

level of 1 correspond: to elastic response.

The yield sirengih required to develop the target ductility value in a sysiem with a given
initial period can be found for the reference ground motion. When this system is subjected 1o
other ground motions, different ductility values will usually result. However. these ground
motions can be scaled up or down so that the system will develop the target ductility values.
Thus, for each ground motion and structural period value. one can oblain the factor by which a
ground motion must be scaled 1o produce the target ductility. These factors will be called the
“actual™ scaling faciors hereafier. They will generally vary with period and ductility level as well

as from one ground motion to another.

The actual scaling factors generally differ from that inferred from the paramelers used 10
characterize ground motion intensity. These factors will be denoted as the “predicted” scaling
factors, For example. if peak ground acccleration is selected as the intensily index. the
predicted scaling factor is computed as the ratio of the peak ground acceleration of the reler-
ence ground motion over the peak ground acceleration of the ground motion under considera-
tion, QOther predicted scaling factors are computed in a similar fashion except Arias intensity.
For Arias intensity, the predicted scaling facior is computed as the square root of the ratio of
the Arias intensity of the reference ground motion over that of the ground mation under con-

sideration.

In conirast with the actval scaling factors, the predicied scaling factors do not vary with
period. The difference between the predicled scaling factors and the actual scaling faciors can
be used to measure the effectiveness of a particular intensity index. Consequently, the ratio of
the predicted scaling factor to the actual scaling factor is calculated for each ground motion,

intensity index, ductility level and period value. A ratio of unity indicates that the particular
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intensity index predicts correctly the factor by which one ground mouon has 1o be scialed in
order for the svsiem to achieve the targ=t ductility value In general, 1hese ratios differ from
unity and typically. vary with period and duculity level These ratios will be denoted
“effectiveness” ratios To assess the overall effectiveness of a particular intensity index, the sum
of the squares of the deviation of the effectiveness ratwe from umty is computed. This sum s
accumulated over alt duculity levels and att ground mouons for the index considered  In order
to provide comparable results, mean square error per ground motion per ductihty level s calcu-
lated for each pertod value by dividing the sum by the product of the number of ground
motions considered {e.g. four for the first set of g.ound motions and ninc for the second set of
ground motons? and the number of ductiltty tevels {three for the first set of ground mouons
and two for the second set of ground motions)  In this way, curves of mean square error

versus period can be constructed for each of the intensity indices,

Similar curves for the period dependent ntensity characterizalion schemes. such as
mintA V. D} can then be constructed by taking the minimum mean square error value of the
three basic intensity indices at each period value. The period values where one of the three
intensity mdices 18 selected over the other two can also be determined in the process How-
ever, due 1o the preliminary nature of this study. no attempt is made here 1o find the opuimal

penod values

2.7 Results and Fvaluation

2.7.1 Actual Scaling Factors

In Figures 2.3 and 2.4, the actual scaling factor curves of the first set of ground motions
for constant displacement ductility and constant normalized hysteretic energy ductility of 4, 2
and 1 are presented. The curve for a displacement ductility of 8 is also shown for Trace 11 1o

illustrate the response magnitude effect mentioned previcusly.

Generaily speaking. the actual scaling factors for a particular ground maotion differ stightly

for different ductility levels (Figures 2.3 and 2.4) up to a ductility of 4. They might vary con-
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stderably more for a larger ducnlity, indicaung the effect of response magnitude indicaied previ-
ousiy. The difference among ductility levels of 4, 2 and 1 seems 10 be random and there does
not appear to be any correlation between ductifity Jeve! and the actual scaling factor. While
actual scaling factors remain nearly constant and clnse to umity for Trace 11. they frequently
deviate fromy uniy by a considerable amount and vary substantially over the period ranges con-
sidered. The latter observdation suggests that a definition which takes ito account thrs depen-
dence on structural penod should be hetter than one which ignaorey . In addition, the actual
scahne fuctors differ considerably among the records, indwating that, even lor ground matians
recorded 4l the samie site during the same carthquake. the apparent mtensuy of a ground
motion can vary considerably from one record 10 another .y well as for different structural
periods  Fraally, there does not scem 1o be much difference min the actual scalmp facior
between the displacement ductifity dand the normalized hysteretic energy ductility cases. This 1
expected since all ground mouons in this se( have sitmdar dutations of ground shaking

The actua) scaking factor curves obtained Tor the second set of ground motions for con-
stant displacemem ductility levels of 4 and 1 are presemed in Figure 2.5 For the east-west
component of the 1940 E{ Centro record. the actual scaling factors are nearly constant and rela-
tively close 16 unity. However, this is aot so for records oblained during different earthquakes
Far example, the actual scaling factor curves for the north-south component of the Helena
record differ greatly from unity and vaty quite significantly %ith period. Once apain, there does
notl seem 10 be significant corrclation between the actual scaling factor and the ductihins level

and the actual scaling factors differ considerably among the records.

2.7.2 Mean Square Displacement Ductility Frror Curves; First Set of Ground Motions.

To assess the effeclivencss of the various intensity indices considered 1o characterize the
above response trends, mean square error curves for all intensity indices are computed. These
are presented in Figure 2.6 for the first set of ground motions and the case of constant displace-
ment ductility. Typically, the mean square error curves vary sigaificantly with the initial strue-

tural period. In particular, for each intensity index, there are ccrtain period values where the
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mean square error curve reaches a minimum. For example, the mean square error curves for
peak grourd acceleration, pseudo-spectral velocity (a1 0.25 seconds) and Fourier amplitude :)é.
the ground acceleraton (a1 0 25 seconds) seem tu reach @ minimum at the short perod range:
whereas, the mean square error curves for peak ground velocnty, psecudo-speciral velocity (at
1.0 second) and Fourier amplitude of the ground acceleration (ai 1.0 second) seem to reach a
mintmum in the inicrmediate period range. For peak ground displacement, pseudo-spectral
velooity fat 3 33 seconds), and Fourier amplitude of the ground acceleration lat 3.33 seconds),
the mean square error curves seem 1o decrease as period increases. For spectral intensity, the
mean square error curve alantermediate and tong perind ranges seems to be slightly Jlower than
in the short peniod tange. For Arnias intensttv and root mean square acceleranon, the oppostie

N rue

To further simpltfy comparison of the effectiveness of the various intensity indices. the
averages of the mzan square errors over the period range considered in the study (from 0]
seconds 10 2.0 seconds) are computed and histed m Table 2.4 in ascending arder By averaging
over peniod, these indices neglect the fact thar one intensity index nught be better than others
at certain pertod values Fortunately, for the more effective intensity indices, the mean square
error curves are fairly constant, so that one simple index can be used (o compare the overall
effectiveness of these intensity tndices From Table 2.4, 11 appears that spectral intensity at 8%
viscous damming is the most effective intensity index with min{PSV) and PS1 | o follow closch
behind  Spectral intensity calculated for 20% viscous damping is slightly less effective than for
5% viscous damping. The worst intensity indices are provided bv Fd4Sq:. PS1 a0 F4S 3 and
P51 45 in that order. The traditianally used intensity index. the peak ground acceleration.
seems (0 be less cifective than the speciral intensity, Arias intensity and root mean square
acceleranon for this set of ground motions. The penod dependent mmensity scheme of
min{A.V.D) is only a slight improvement over the use of peak ground acceleration alone.
However. for this set of ground monons, peak ground acceleration seems to be betier than

peak ground velocity which in turn seams to be better than peak ground displacement.
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2.7.3 Mean Square Hysteretic Energy Ductility Error Curves; First Set of Ground Motions.

Because all ground motions in this case hav2 similar durations of sitrong shaking. il ¢tan be
expecied that the results based on normalized hysieretic energy will be similar 10 those for dis-
ptacement ductitity. This can be observed from the mesn square error curves shown in Figure
2.7. The observations made previously far constant displacement ductility about the tendency
of the mean square error curves to reach minima at certain peried values are equally applicable
here. "Similarly, (he averages of mean square errors over the period values considered are cal-
culated for the case of constant normalized hysteretic energy and are listed in Table 2.5 in
ascending order. The order is the same as for the case of constami displacement ductility.
However, because the ground molions used here have similar durations of strong shaking. it
should not be concluded that the intensity of a ground motion s independent of how damage

of the building is measured.

2.7 4 Mean Square Displacement Ductility Error Curves; Second Set of Ground Motions.

The mean square error curves are presented in Figure 2.8 for the second set of ground
motions. Again, the curves tend (o decrease toward certain period values, and the trends are
similar (o those observed previously for the first se1 of ground motions. Therefore, it appears
that these tendencies are related to how good cerlain intensity indices are in measuring the
damaging potential of a ground motion in certain period values. Again, averages of the mean
square error curves over the period ranges considered are calculated to facilitaie comparisons.
These values are tabulated in Table 2.6 in ascending order. Comparing the values of the aver-
age mean square displacement ductility error in Table 2.6 to those in Table 2.4, it seems that
the values in Table 2.6 are usually considerably greater than those in Table 2.4 for the
corresponding intensity indices (except for PSVy2s and FASy:5). This is expected since Table
2.6 corresponds 10 the second set of ground motions which includes a diversified grouping of
ground motions. For PS¥V; s, even though the average mean square error is higher for the first
set of ground motions than for the second set of ground motions, the mean square errors in the

short period range, where PSVy s is more effective than at other period ranges. are acwually
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lower for the first set of ground motions than those for the second set {compare Figures 2.6
and 2.8). However, for FAS s, both the average mean square error and mean square errors in
the short poriod range. where FA4S ¢ is also more effective than at other 1wo penod ranges. are
higher for the first set ground motions than thase for the second sct This 15 due to the
inherent unstable nature of FAS which may vary considerably for slight chiave in period value.
As menuoned previousty. 10 improve stability. Cornelt ¢r af suggesied smomning FAS over the

neighboring period ranges.

In addition. the order of ranking of the intensity indices has changed o~ For the second
set of ground motions. min{A V. D) represents the best way to define cronnd tinton mtensity
This conclusion differs from that reached by Nau [Ref. 24] For o similar ser of ground
motions. Nau concluded that sums of pseuda-speciral velocity values osver <hort, intermediate
and long period ranges represent a bhetter definition of ground mo o ntensity than
min{A.V. D). The difference may be due to two factors. First of all. in:tcad of the averages of
the pseuda-spectral velocity values over short. intermediate and long penod ranees, PSS as
PSSV o0 and PSVyi:are used in this study. These values would tend o fluciuaie mare than the
average over the neighboring period range. Secondlv. the method af evatuation differs from
that used by Nau. In Nau’s study. ground motions were first scaled to huve ihe same intensity
index. The scaled ground motions were then used o construct constant displacement ductility
spectra. The differences among the spectra were then measured by the cofficient of variation
of the required yield strengths. In the study here. the ground motions are scaled 10 achieve the
same ductility. This requires different scaling factors for different penod values. The
differences between the actual scaling factors and tnose predicted by the intensiy indices are

measured for gvalyating the effectiveness of the intensity indices

The conclusion reached for the second set of ground motion records also differs from that
for the first set. While the reasons for this are not perfecily clear. the differonce suggests that a
single simple index may be unable 10 characierize the damaging poicntial of strong earthquake

ground motions.

Reproduced from
best available copy
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From Table 2.6, it appears that if a period independent intensity index were 1o be
selected, Arias intensity {or root mean square acceleration) and peak ground velocity are
equally the most effective intensity indices. Peak ground acceleration is slightly warse than
peak ground velocily. Speciral intensity, at 5% viscous damping, which is the most effective
intensity index for the first sel of ground motions, becomes slightly less effective than peak
ground acceleration. This may be due to the inability of SI 10 diflerentiate among differem
spectral shapes. For the first set of records, spectra are simitar and SI worked weil. However,
the spectral shapes for the records in the second set vary considerably. In addition, spectral
intensity at 20% viscous damping performed betler than at 5%, reversing the observation of the
first record set. However, the differences between the results for spectral intensities at 5% and
20% viscous damping are small in both cases. Other changes in the order of ranking can be

directly observed by comparing between Tables 2.4 and 2.6

2.8 Summary and Conclusions

A preliminary investigation on the effectiveness of various schemes for characterizing the
intensity of a ground motion for s:iructures thai response inelastically has been reported.
Inherent in this study is the desire 10 scale ground motians for the purpose of practical seismic
response analysis and design. Results are oblained for single-degree-ol-freedom systems with
elasto-perfectly plastic hysleretic characteristics and 5% viscous damping., considering (wo sels

of ground motions and two measures of structural damage.

It seems that there is a limited range over which ground motion intensity parametets
might be used for scaling. This should always be noted in applying the results of this study.
From observations of Figures 2.3, 2.4 and 2.5, there does not appear to b2 any correlation
between ductility level and the "actual” scaling faclor. These factors may deviate considerably
from unity and vary with structural period. In addition, they differ substantially among the
recards, indicating the apparent intensity of a ground motion can vary guite significantly even
for ground motions recorded at the same site during the same earthquake. A definition of

ground motion intensity which takes the period dependence into account will generally be
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betier than a definition which ignores it

For the first se1 of ground motions consisting of ground motions from the same earth-
quake sile. speciral intensily al 5% viscous damping has been found to be the most effective
index for charactenizing the damaging potential of a ground motion. [t appears that speciral
intensity caleulated for differemt viscous damping values may be equally effective However,
for the second set of ground motions. min(A.V.D) is the most effective ground motion inten-
s v index. If only one intensity index is wanted for this sel of ground motion records. Anas
intensily and peak ground velocity are equally effective. The difference in the best intensity
indices between the two sets of ground motions suggests that a single ssmple index may be

unable to characterize the damaging potential of strong earthquake ground motions.

Because the results are based on a limited number of structural damage indices and
ground mouon records. additional research using other structural damage indices and more
ground motion records to include near-fault ground motion records which tend to contain
acceleration pulses, is recommended. In addition. because the resulls are based on ground
motien records of similar durations (first record set}. the effectiveness of using hysteretic
energy as 4 damaging index has not been fully explored. Extension of thesc studies to consider

other structural viscous damping and hysteretic characteristics is also desired
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CHAPTER 3 INELASTIC RESPONSE SPECTRUM METHOD

3.1 Introductory Remarks

In the design of buildings to resist strong earthquakes. it has bcen recognized that the
energy associated with inelastic deformations can be utilized 10 reduce the design forces. To
Tacilnate such design, analytical methods have been developed based on step-by-step integration
of the equations of motion derived from some convenient coordingte system.  Frequenily,
step-by-step integration is ume consuming even for simple structures. To expedite computa-
tion. 1 has been suggested {Refs. 12, 32, 33, 39, 61, 70, 74, 80, 84, 90] that the equations of
motion be transformed to the initial linear elastic mode shape coordinate system before per-
forming the siep-by-step integration. The idea is to take advantage of the fact that for lingar
elastic structures under seismic excitation, only the response from the first few modes 15 usually

significant.

A similar technique for reducing the number of degrees of freedom to be considered in
static analyses of nonlinear structures has been suggested using linear buckling shapes as 3 new
basis [Refs. 1. 63. 74). While transformation 16 the initial linear elastic mode shape (hereafter
called simply initial mode shape! coordinate sysiem for inelastic structures leads 10 coupled
equalions. it has been shown [Refs. 12, 32, 33, 39 61, 70, 73, 80, 84, 90] 1hat computational
efforts can be reduced by considering a smaller number of equations or by using larger integra-
tion lime steps in the modes considered. or both. Variations exist among the implemeniations
of the modal transformation concept. Some [Refs. 33, 39. 61, 70, 80] have suggested updating
the mode shapes, using the current tangent stiffness matrix, at sufficient intervals (o reduce the
amount of coupling. Others [Refs. 32, 90] recommend that :he difference between the actual
nonlinear force and the ideal lincar resistance force evaluated for the current displacement be

treated as an additional force input into the system.

In spite of these apparent increases in computational efiiciencies, these step-by-step

integration methods are still unsuitable in the preliminary stage of design where many analvses
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are needed to evaluate the sensitivity of response 1o various system and ground motion parame-
ters. Frequently. only the estimates of maximum response quantities are needed. rather than
detailed ime history ddata For elastic and inelastic single-degree-of-freedom systems. response
spevtra are vommonly used as g design aid, since various maximum response quantities of
imerest can be easily obtained. For lingar elastic MDOF systems, peak modal response quanti-
les can also be estimated from response spectra. Maximum structural response quantities in
the original coordinate system can then be estimated by appropriaely combining the
carresponding maximum modal response quantities  This mathod is commonly referred 1o as
the response spectrum method and can be generalized (o any orthogonal set of Raleigh-Ritz
vectors However, the respanse spectrum method based on modal transformauon is most {re-

guently used.

The implementation of the response spectrum method for the analvsis of inelastic
muluple-degrec-of-freedom systems is not straight-furward. While modal response of a lingar
elastic MDOF syst:m can be computed independently. modal response becomes coupled once
the structure becomes inelastic. It 18 uncertain how the modes interact with each other. For
the simple case of one "mode” dominating the response. modal interaction may be ignored.
Furthermore. 1if all the members of the structure yield simultaneously, then the response of this
muluple-degree-of-freedom systems can be approximated by the response of an elasto-perfectly

plastic single-degree-of-freedom sysiem  Unfortunately, this s not alwavs the case

Several procedures [Refs. 3, 6, 10, 13, 16, 17, 38, 54, 56, 91, 98, 99, 100] have been
used in implementing the response spectrum method for inelastic systems. The rehabilinv of
these procedures have been vestigated. It was found [Refs. 98 and 99] that the approximate
gesign rules for single-degree-of-freedom sysiems can. for all practical purposes, be exiended 10
two and three -degree-of-freedom shear-beam type structures with either uniform or “elastically
balanced” stiffness distributions. For these same systems with mcre than three degrees-of-
freedom, the design rules proposed for single-degree-of-freedom systems [Refs. 65. 66, 67, 68.

69] are not sufficient and may lead to an unconservative estimate of maximum deformation and
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required resistance [Refs. 98, 99]. Furthermore, it was found that the errors tend 10 increase
as the number of degrees-of-freedom increases. Other studies have been conducted for
multiple-degree-of-freedom moment-resisting frames. It was found [Refs. 3, 19, 38, 54] that
the average ductility factor of all the members is reasonably close to the intended level, how-
ever. local ductility demands may be excessive leading 1o an unacceptable design. To gain
insight about the way in which conservatisms and unconservatisms are introduced, Baggeu and
Martin [Ref. 10] conducted a parametric study of two-degree-of-freedom systems. Based on
the results obtained for a single artificial ground motion, they found the inelastic response spec-
trum method was, in general. conservative. It appears from these studies thal the response
spectrum method can be used for the preliminary analysis of inelastic MDOF sysiems; but,

further refinement in the implementation of the method is needed.

3.2 Fquation of Motion

For structures subjected to earthguake ioadings, the equation of motioﬁ in some con-
venient coordinale sysiem can be writien as

M)+ ICT i)+ RAu N=—IMNrli, an

where M), (C] are the mass matrix and damping matrix, of the structure respectively. The

resistance of the structure is denoted by {R(lu})). The displacement response of the structure

is denoted by {u). with a dot representing differentiation with respeci to time. The earthquake

base excilations are represented by —/M/lrli,, where {r} is a vecior relating the siructural

degrees of freedom to the ground movement while ¥, denotes the ground acceleration.

To gain insights on modal coupling and the exient of modal interaction when a MDOF
structure yields, it is illustrative to examine the response of a struciure in its initzal modal coor-
dinate system. This may be carried out by computing the structural responss in the original
coordinate system and then transforming the response to the initial modal coordinate system.
It should be emphasized that this change of basis can be done for both linear elastic as well as

inclastic structures. After the transformation, we oblain
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IM YA IC Y+ 6T IRAY ) N=={T lis, (32

where

M =] IMId]
IC, =l [Cila]
(v t=Is) IMIr)

ard [¢/ is a mainix whose columns consist of the mode shape vectors derived from the elastic
suffness mawrix of thz structure. The vector )1 s related to tuwi by lul=/a/i Y. and
rcprcs‘cm\ the generalized displacements 1n the inital modal coordinates. The ransformed
mass matnix, M, [ is diagonal 1f damping is mass or stiffness propertional, or both. the
transformed duamping mateix. /O, ], s alse diagonal. When the structure becomes inelastic. the
set of equations will be coupled, however, because [&/ TR Y] (1he product may be called the
modal force vector) depends on all the generahzed displacements. For small amounts of non-
lineanty. anaizses can be greatly simplified by neglecting the coupling. However. when
sigmficant amount of nonlinearnity js expected, the transformed set of equations will be highly

coupled

The transformed equations can be written in component form as follow
MY+C Y ROY I ==V i, (3.3
where M and C are the "i"th diagonal terms of the transformed mass and damping matrix.,

respectively. Itis desirable 10 replace the equations by

MYSC +RAY =T i, =1 .n (3.9)
where R 7} ) depends only on Y. in a nonlinear manner. In such a case, it 1s possible 10 evalu-
atc modal response independently and to implement the response specirum method for the

analysis of inelastic MDOF systems.

3.3 Scope (M Study

The purpose of the study in this chapter is 1o explore and evaluate a rational procedure
for implementing the response specirum method for preliminary analvsis of inelastic multiple-

degree-of-freedom systems. For this purpose, inclastic siructural responsc is examined in the
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initial modal coordinate system. Particular atiention is ‘ocused on the independence of the
modal responses and the relative change in response co1tributions of the modes (i.e. whether

or not higher mode contributions increase as a result of yielding and. if so, how much).

The analytical and design implications of the observed modal behavior are discussed.
Tentative definitions of modal yield strength, yield displacement and modal ductility are
offered Expressions relating 1he defined modal ductility 1o story ductility are derived. The
reliability of the defined modal hysteresis mode! for predicting response is assessed A pro-
cedure for implementing the response spectrum method for analysis of inelastic MDOF systems

and its reliability are discussed.

3.4 1 nelastic Structural Response in the Modal Coordinate System

The purpose of this section is to study the inelastic structural response of some typical
uniform buildings in their modal coordinate syslems. While Raleigh-Ritz coordinate sysiems
could also be used, imtial modal coordinates are used exclusively herein due to their prevalence
in design. The observations made here will form the basis for formulating a procedure for
implementing the response specirum method for the analysis of inelaslic multiple-degree-of-

freedom systzms.

For simplicity in analysis, only shear-beam type buildings are considered. All the build-
ings have uniformly distributed mass, linearly distributed story stiffness and elasto-perfectly
plastic story force-displacement relationships. Mass and stiffness proporuenal damping has
been assumed for the buildings with 5% damping :n the first and last mode. The earthquake

excitation used is the east-west component of the 1934 E] Ceniro earthquake ground motion

3.4.1 Building Number One

To investigate the modal hysteretic characteristics, a five-story shear building is analyzed
in its original coordinate system by the compuler program, DRAIN-2D [Ref. 77]. The story
strengths are derived from the Uniform Building Code requirements, including a concenirated

force at the roof 1o account for higher mode effects. To accoum for safety factors encountered
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in design, these working stress level story shears are tripled. The physical and modal properties
for the structure are summarized in Tables 3.1 and 3.2. The mode shape vectors are calculated
and normalized so that their vector lengths are unity (see Table 3.2; The structure is analyzed
for the 1934 EI Centro (EW) earthquake ground motion [Figure 3.1]. To ensure sufficient ine-
fastic deformation, the ground motion is scaled up by a factor of two. The resulting time his-
tories of the lateral story displacement vector and the resistance force vector (1R fw}) in Eg.
3.1) are then transformed into the initial modal coordinate sysiem so that the effects of inclasuc
deformation of the structure on the moedal response and the modai hysteretic characteristics can

be examined.

The relationships between story shear and story drift are plotted 1in Figure 3.2, From
these figures. n appears that moderate amount of inefastic deformation occurs in every siory
The peak story drift ductilities are listed in Table 3.2, It scems that story ductilities are gen-
erally uniform, ranging from 1.2 10 1 8 This may not be alwavs the case. as olper investiga-
tions [Refs. 22, 23, 24, 79] have reported that ductilities may be concentrated in some stories
The observed uniform ductilnty distribution can be atiributed 10 the dominance of the first
mode in the structural response and the similarity between the resistance force vector when all
staries ate yielding in the same direction, [R,] and the external force required 1o displace the

building in the first mode {see Figure 3.3).

The relationships between |é,! {R (1 Y1H and Y. for the five modes are shown in Figure
3.4, it appears that only the first mode exhibits significant hysteretic loops. These resamble the
elasto-perfectly plastic characteristics of the members of the structure. However, the transitions
10 yielding and to unloading are not as sharp. The gradual transitions are due 1o progressive

story yvielding.

Since the first mode exhibits significant hysteretic loops. its modal response merits further
examination. The computed instantaneous first mode “stifiness” when the structure yields
along with the yielding siories are listed in Table 3.4. It appears that when the structure is par-

tially yielding (not &l the stories are yielding). the values of the first mode’s 1angent "stiffness”
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can be erralic, ranging from negative 1o greater than the initial elastic modal stiffness. The
structure is in partially yielding when it is in transitions from elaslic 1o complete yielding or
when ground shaking is not strong enough to cause a complete yielding of the structure (all the

stories are yielding).

Some of the negative stiffness Vvalues occur when the earthguake load and the modal dis-
placement. | Y], continue to increase. This is because some stories are observed to unload and
become elastic while the increasing earthquake loads further concentrate inelastic deformation
in thee stories that continue to yield. This changes the shape of the resistance force vector.
{R}. Thus. the "modal force", which is the product of the transpose of the first mode shape
vector and the resistance force vector, may decrease, while modal displacement increases. Con-
sequently. the eflective tangent modal! stiffness becomes negative. On the other hand. the first
mode tangent "stiffness” has been observed 10 increase above the initial elastic modal stifiness
on occasions. This occurs when the overall magritude of the resistance force vector increases
while one or more, but not all, of the stories are yielding. Because the yielding s localized 10
few stories. the displacement vector is highly distorted making higher mode coniribution more
significant and lower mode contribution less significant.  This leads 10 a proportionally less first

mode displacement and therefore higher first mode stuiffness.

For the building considered here, the amount of time during v-hich these erratic hysteretic
characteristics occur is shorl so that generally speaking, the hystereti curve for first mode is
fairly stable and resembles the elasio-perfectly plastic characieristics of the members of the
structure. Furthermaore, it can be estimaiw.d from Figure 3.4 that the first mode ductility is

about 1.5 which corresponds to the average of all the story ductilities.

Super:icially. it appears that the product, {¢ ' {R,} is the maximum force that can be
developed in the first mode, where |R,| is the vectar of story yield strengths. This may be 1he
case if |R.} is parallel to {¢,]. However, this is not always the case and there may be some
resistance force vectar, [R (1Y])], which, by being closer in direction to the first mode shape

vector than, [R,!}, produce a higher effective modal force than the produc:. {é,}'{R,}. For the
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present building., the shapes of the first mode shape vector and the resistance force veclor,
[R.). are generally similar (see Figure 35) Thus, the product, {d}"1R, |, may actually

represent the maximum force in the first mode of the building

To examine the degree 10 which the imerference from other modes resulting from yield-
g of the structure affects the displacement response in the first mode, trials were made to find
an elasto-perfecily plastic single-degree-of-freedom system which, when subjecied to the EW
1934 E! Centro ground motion, would result in the same maximum displacement as that of the
maxvimum first mode displacement, Y ... of the present building. The single-degree-of-
freedom syvsiem has the same period and damping as the first mode of the bullding While 1t
may be possiple 1o find an equivalent inelastie single-degree-of-freedom svstem that results in
the same maximum modasl displacement in spite of significant modal interference. the required
vield strengths will usually be different if sigmificant modal interference exists  In the present
case, the required vield stirengih of the single-degree-of-freedom system is found to be 990
Newtons compared to 9.98 Newions, the maximum of the product. i) 1R} So. it appears
that the 1nterference from other modes is insignificant. This is also evident by comparing the
displacement time histories of the egquivalent single-degree-of-freedom system and of the first
made of the building. as shown in Figure 3.6 1t seems that 1the two 1iine histories are almost
identical except towards the end. This may be due to the slight difference in the maximum dis-
placements which are nat exactly maiched  in addition, the period and damping values used for
the equivalent single-degree-of-freedom system are not the cxact values corresponding 1o the
first mode of the building under study as a result of truncation. These faclors and modal
interference muayv largely account for the difference 1owards the very end of the displacement

time histories

To the extent that the well-behaved first mode hysterctic characteristics are due 10 the
similarity between the story yield strength distribution and the story shear forces induced in the
first mode, there is a need for further investigation for other buikiings and ground motions. In

the rext section. a bullding wil! be studied which has been designed so that the first two modes
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both contribute significamily to the siory shear.

31.4.2 Building Number Twe

This building has the same uniform mass distribution as building number one. The story
stiffness is again linearly distributed and story hysteretic characieristics are assumed (0 be
elasto-perfectly plastic. However, the new building has an initial fundamental period of 1.60
seconds compared to 0.53 seconds for the last building. From an examination of the elastuc
pscudo-acceleration spectrum [Figure 3.7). it is estimated that the response of the first 1wo
modes is expected lo contribute (o the response. The story shear strengths are again derived
from the Uniform Building Code which provides a concentrated force at the roof to account for
mgher mode eflects. However, to obtain a desired level of vielding. no factor of safety is used
10 increase slory strengths of this building. Moreover, the siructure is analyzed for three times
the 1934 EI Centro (EW) earthquake ground motion. The physical and modal properties feor
this building are summarized in Tables 3.5 and 3.6, The mode shape vectors normalized so
that their vector lengths are unity are idenlical to those for building number one. The resulting
analvsis time histories of the lateral story displacement vector and the story resistance force

vector are again transformed to the initial modal coordinate sysiem

The relationships between the story shear and story drift are shown in Figure 3.8. From
these plots. it appears that a moderate amount of inelastic deformation occurs in all stories.
The peak story drift ductilities are listed in Table 3 3 and range from 1.5 10 5.0, with an average
of 2.8 and z coefficient of vanation of 0.5]. It appears that the story strengths. distributed

according 1o UBC recommendations, now result in stery ductilities far from uniform.

The relationships between {¢ '{RA Y]} and ¥, for the five modes are shown in Figure
3.9 In terms of modal displacement, only the first three modes are sigmificant. However. 10
evaluate story deformation reguirements, it is useful 10 examine the siory drifis corresponding
10 the maximum modal displacements because the shapes of higher modes are more irregular
than those for the lower modes. This will give some insight into the contribution of each mode

10 the story ductility requirements. These are shown in Figure 3.10. It seems that only the
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firse three or four modes are significant in deforming the building

By examining the modal hysieretic characteristics in Figure 3.9, i1 sppears that the hys-
1eresis loops of the first two modes are similar o an 1dea! bilinear model. For the third mode.
“vielding” seems 10 occur al very small modal forces Tt may be difficul: 1o model this made
independently as being bilinear. Because the response for the fourth and fifth modes 15 less

significant, it may not be necessary 10 model them at all

3.4.3 Building Number Three

It was observed that butlding number two did not bhave very uniform stary ductlities
when subiected 1o the 1934 El Centro {EW) earthguake ground motion. This 1s apparentiy 4
cansequence of the contribution of the higher modes to the response  In this section. an
atiempt v made to madity the story strengths to achieve a more uniform story ductiiny distri-

bution
For this building. all properties are the same as for building number (wo excepi the storny

strengths are modified as follow:

Har

Mot

Fre= F (1.5}
where £, . is the required jth story strength and u, ., is the jth story ductility. 1a this way,
stories with ductiliies higher than the first story ductitty will have their strengihy mcreased.
while stories with ductility smaller than the first siory duculiy will have their strengihs
decreased. The choice of first story as reference here is arbitrary: in pracuice. one might use the
desired ductility level 1o change all values of £, , The resuliing ph_\'sicél properties for the
building are summarized in Table 3.7. The modal properties are the same as those in Section
342 The srructure is again subjected 1o three umes the 1934 El Centro earthqual e ground

motion in the east-west direction. The resulling time histories of displacement vector and resis-

tance force vector are again transformed to the modal coordinate sysiem

The resulting story ductilities are listed in Table 3.6. They range from [.7 10 2.7, with an

average of 24 and a coefficient of variation of 0.19. Compared 1o the building in the last
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section, the story ductilities are more uniformly distributed, indicating the modification of story
strengths by Eq. 3.5 is satisfactory.

Once again, the first three or four modes contribute significantly 1o the siory deformation
requirements as ¢an be seen from the plot in Figure 3.11 of story drifts corresponding to each
of the maximum modal displacements. The modal hysiereses for the firs1 three modes are

shown in Figure 3.12. They are very simtilar to those of building number two

3.4.4 Building Number Four

Rather than using the time consuming tterative procedure suggested in the previous sec-
tion to reduce the variation in story ductility demands resulting from higher mode effecis, it
would be desirable to obtain a better starting story shear strength distribution by using response
spectrum and modal analysis procedures. [t is thus interesting to compare the response of a
building designed according to the simplified UBC shear distribution and that of a building
designed using an elastic response spectrum. Maximum story shears are estimated by combin-
ing the peak story shears due to each mode, obtained from the elastic response spectrum, by
the square-root-of-the-sum-of-the-square modal combination (SRSS) method. These elastic
story shears are then reduced to achieve a comparable level of inelastic deformations and
assigned as design story shear strengths. For this building. the reduction factor used for each
mode is constant and selected such that the first story vield strength (base shear) is the same as
that of building number two. The reduction factor is found to be 342, The physical properties
for the building are symmarized in Table 3.8. The normalized mode shape vectors and other
modal properties are the same as those in Section 3.4.2. The structure is again subjected 10
three iimes the 1934 El Centro earthquake ground motion in the east-west direction. The
resulting time histories of the displacement vector and the resistance force vecior are

transformcd to the initial modal coordinate system.

The resulting story drift ductilities are listed in Table 3.3. They range from 1.9 to 3.2
with an average of 2.4 and a coefficient of variation of 0.17, Compared o building number

two, which is designed according to the UBC distribution, the present story ductilities are
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smaller (even with the same base shear) and more uniformly distributed. It should be noted
that in practice. the reduction factors needed 10 reduce the story strengths obtained from elastic
response specirum method for uniform story ductility and desired level of deformauon are no
known. so that a direct application of such method may be difficult  This example merely
shows the need for incorporating the effects of higher modes when they contribute sigmificantly
1o the story ductility requirements.

Once again, only the first three modes exhibit signiiicant modal hystereses. these hys-
tereses are shown in Figure 3.13. They are very similar in character to those observed previ-

ously

1.5 Analytical and Design Implications

To implemeni an response spectrum method for analvsis of inelastic MDOF svstems. 1t 1y
necessary 10 have some hysteretic model 10 characterize the modal behavior of the structure.
While it is recognized that the modal behavior can be highly coupled, the observed relationship
betwcen the transformed displacemen: and force veciors in the initia! modal coordination sys-
tem suggests that simple hysieretic models may be used 10 independently describe the behavior
in cach of the more significam modes. The purpose of this section 1s 10 develop a simple
moda! hysteresis model. examine some of the problems with the model and evaluate the
current practices of implementing the response specirum method in terms of this model and

the observed modal behavior.

3.5.1 Modal Hysteresis Model

Based on the observed form of the wransformed modal responses, the modal hvsieresis
model is assumed to be clasto-perfectly plastic  Decfinitions of modal vield strength and vield
displacement are developed. Subsequently. the relationship beiween modal ductilities and story

ductilities will be demonstrated,

The modal yield strength of a given structure is defined as |, 1 fA/ld, 1 Y, where {617,

is the maximum distortion of the structure in the direction of that mode shape vector just
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before any yielding in the struciure occurs. The mndal yield disptacement is denoted as Y.
The definition of mcdal yield point is illusirated in Figure 314 Assuming no interference
from other modes, this modal yield point corresponds 10 the point on a plot of modal force
versus modal displacement where deviation from the initial hincar elastic path starts  For sim-
pheity. the modal yield strength will be denoted by &6 1'{R. | for the ith mode. Note this
differs from the total story yield shear capacily. {R,]. defined in Section 34.1. While the
defined modal yield point corresponds to a distinct point on the modal force-displacemer' plot.
depending on the story yield strength distribution, the moedal force may increase until all stories
yield, increase 1o a certain point then siarts 10 decrease until alt stories yield, or may decrease
unil all stories yield beyond the modal yield point (see Figure 3.15). The modal force will
remain conslant once all stories have vielded if all members of the structure have elasto-

perfectly plastic force-deformation relationship.

Up to now. in defining the modal vield point. it has been assumed that each mode acts
independently and thal maximum modal responses nat only -occur at different times, but also
that at the time when the response due to any one mode is sufficient to induce yielding in al
least one of the stories, the combined response due to all other modes is insignificant. Tnese
assumplions are not valid since yielding of the structure depends on the tolal contributions of
all the modes at any instant of ume. It is entirely possible for the modal hvsteresis loops 10
deviate prematurely from the ideal curve (like paths a and b in Figure 3.16) as a result of 1he
combined response of all modes. I is also possible that the hysteresis loops would deviate from
the ideal curve (like paths ¢ and d in Figure 3 16) due 10 destructive modal interference delay-
ing structural yielding. Thus, it would greatly improve the modal hysteresis madel if the com-
bined response due to all the other modes could be taken into account in determining modal
yield strength. Typically, the previous definition of modal vield strength will be satisfactory for
those modes that dominate the response, because when the modal response reaches its max-
imum, the combined responsz due 1o all the nther modes is likely to be insignificant. For 1hese

modes, the defined modal vield displacement will generally be exceeded if the siructure under-
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goes some moderate amoun! of inelasiic deformation while the defined modal vield strength
are developed unless other significart modes {(if there are any) also altain their maxima at

about the same 1ime. This can be seen by examining the data in Section 3 4.

However, for the less significant modes. the assumption of modal independence s usually
not sansfied because the combined response due 1o the other modes. particularly the dominat-
ing modes leven when these modes are not at their maximal, will be greater than or equal (o
the response of the weak mindes. For these weak modes. the modul displacement mught also
exceed the defined modal vield displacement. Typically, the distribution of the induced ston
shear force will vary significantly with ume if more than one mode s responsive to the ground
motion. In this case. it s reasonable to expect that the structure might vield partally for am
story yicld strength distribution selected. If yielding 1 concentrated in oniyv certain floors. the
displaced shape of the structure can become highly distorted. Caonseguently. larger modal dis-
placemenis in the higher modes and slightly smaller modal displacements in the lower modes
than would have resulted from a more uniform pattern of vielding can be anticipated On the
other hund. if a structure. whose members all have an elasto-perfecty plastic force-deformation
relationship, is yielding completely, cach mode would act as if it is vielding independentiy und
there will be no interaction beiween the modes. While the modal displacemenis in the higher
maodes might in these cases exceed the defined m-4al vield displacements. the corresponding

madal forces rarely reach the defined modal yield strengths.

Another point about the modal hystercsis model should to be noted. For Lthe lower
modes. modal hysteretic characteristics will generally be bilincar for the tvpe of structure con-
sidered here. T4 general, it is difficuli to predict the exact post-vielding siiffness characteristics
and the elasto-perfectly plastic model 18 instead used 10 1dealize the modal hyvsteretic charac-
teristics. It is thought that the use of elasto-perfectly plastic modal modei is a reasonabie
approximation in this case. On the other hand, the interference of modes due 1o the concen-
trated partial yielding of the structure can lead to large modal displaicements in the higher

modes, which in many cases, exceed their modal yield displaceraents. Since the modal force is
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not expecied (o exceed the modal yield strength in the higher modes, the use of elasto-pecfectly
plastic model 1ogether with the defined modal yield strengith could lead to unconservative

response predictions in the higher modes.

3.5.2 Relationship Between the Modal Ductility and Story Ductilities

In this section. wun exact expression relating the defined modal ductility 1o story ductilities
will be developed. Modal duc:ility will be definrd simply as the maximum moda! displacement
divided by the defined moda! yield displacement. Since the jth story displacement in the ith
mode (v, ) and ihe nh modal displacement (Y,) are related by v,=«, Y, where &, is the jth
entry of the ith mode shape vector. the maximum jth story displacement in the ith mode is
given by

(T SRS N 4 S 36)
Because modal displacements are relaled 10 siory displaccment through coordinate transforma-
tion and can be viewed as describing response in a different coordinate system, the relations

given above and later are valid whether the struciure remains linear elastc or nol.

Subtracting from Eq. 3.6 an equation corresponding 1o the (j-1)th story, we get

vy, =t =6, 1 Y, 1, 3.7
Dividing Eq. 3.7 by the jik story yield displacement (5, ,). we get

(":"": 1)max= (dl,\,"‘d’, L.) (v

Iy 5 e (3.7b)

o=

or

(d]lrid'i r)(Yu) .
o= FL-—*—.u, (3.8)

where u,, is the jth story ductility in the ith mode and g, is the modal ductility of the ith
mode. The product (&, ,~¢, 1, )Y, is the story drift when the structure is distorted in the

direction of the ith mode shape vector by the amount V,,. Eq. 3.8 can also be written as

Kl(d’t.r_d't 1.‘)(Yn} B
My Kfﬁl.g A,

or
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Ko, =, MY, )
.= @ F ! u, (39)

The product K, (b, ~¢, 'Y, is the induced jth story shear force when the structure dispiace-
ment is given by 1} Y., corresponding to the initial yrelding of the structure In Eq 39, F,
repsesents the vield strength of the the jik story. Thus. we have arnved at an expression relat-

ing story ducthiies 1o modal ductilities

If we consider all modal contributions using the SRSS combinanon method then

M= ;— i}m. ~b, DY E L) 3.1m
where i, s the jth story ductility. 1 should be noted that the relation between story ductih-
nes and modal ducuhines depends on the story vield sirengths  In addiiion, the above relatinn-
ship between the modal ductitity and story ductilities is true regardless of how the moda! vield
displacement 1s defined. Only the numernical valucs of w . , will change for different defininons

of the modal vield displacement

31.5.3 Reliability of the Modal Hssteresis Mode!l

To eviluate the rehability of the modal hysterests model. moda! vield strengihs for build.
ings number two through four are computed as defined earlier and maximum modal displace-
menis are calculated independently from the computed modal vield strengths These “com-
puted” maximum modal displacements are then divided by the modal yield displacements and
are laheled "computed” ducthw in Table 3.9 "Actual” maximum modal displacements are
oblained by meoedal transformation of the displacement calculated by DRAIN-2D. These
"actual” maximum maodal displacements are again divided by the modal vield displacements and
arc labeled "actual” modal ductility in Table 3.9, In general. the computed modal ducaliues are
less than the actual modal ductilities. For higher modes. this 1s expecied as discussed previ-
ously. However. for lower modes. the results are uncxpected. Apparently, the assumed
elasto-perfectly plastic modal hvsteretic model does not realistically describe the modal response
and deviations from the ideal curve due to modal interference mentioned previoushy (Figure

316) significantly influence the modal response
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By applying Eq. 1.9, the story ductilities corresponding to each mode can also be com-
puted. If the modal contributions ate combined by the SRSS method, then Eq. 3.10 can be
used 1o compute the story ductilities. These are listed in Table 3.10. In addition to the actual
story ductilities obtained from DRAIN2D. story ductilities, computed by combining the story
drifts due to the actuai maximum modal displacements by the SRSS method. are also listed.
These are labeled SRSS story duculity in Table 3.10. By comparing the actusal, SRSS and
predicted story ductilities, it appears thal the errors involved by the SRSS method and using the
proposed modal yield sirength to predict structural response are of aboul the same order of

magnilude.

3.5.4 Evaluation of Current Practices of Implementing the Response Spectrom Method

It is useful 10 review the way the response specirum method it used in the design of
MDOF systems al present. For elastic design, the required jth stoiy shear in the ith mode. F/ .
is

F=F 08,0
where F, is the jth story shear force due to unit ith modal displacement, S, is the maximum
moda! displacemem determined from elastic design spectrum and T is {¢, V' /M ir) over
{6, 1'(MNé,}). The required jth story shear strength, F, ,. is {by SRSS modal combinaticn

method)

F, ‘,=_\/'frf;,,ﬂ-_\/zrr;ﬂmgﬁrfﬁ (311

One advaniage of this method is the ease by which S, can be obained from elastic design

spectra. This makes the evaluation of Eq. 3.11 very easy. and enables quick assessment of

alternate designs.

Typically. under current practices [Refs. 3, 6, 10, 13, 16, 17, 38, 54, 56, 91, 98, 99_[00].
to implement the response spectrum method for analysis of inelastic muliiple-degree-of-
freedom systems, il is assumed that the responses among the “modes” are independent. The

adequacy of the assumption has been discussed previously. Furthermore, it is usually assumed
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that the hysieretic characteristics (i.e. the relation between | ['{RAYIH and ¥,) in all the
modes are identical to some "global® hysteretic characterisiics of the structure (one possible
definition of the global ductility relating (o local member ductilities can be found in Refs. 3, 22,
23, 24, 38. 79) if the hysteretic charactensiics of the siructure and member differ From the
observations made in Section 3.4, such assumptions regarding a modal hysieresis model are not

unreasonablc.

Furthermore. the duculity demands in the modes that are included in the anaiysis are fre-
quently assumed 1o be uniform and the same as some measure of the "global” duculity. For the
simple case of one mode dominating the response, such an assumption appears reasonable
However. an examination of Eq. 3.10 suggests that modal duculities and member ductidities are

not the same and, in general, these terms should not be inerchanged.

When the structure undergoes inclastic deformation, i 1y expecied that the storyv strengths
required for elastic response can be reduced. Howevei, uniike the case of an ideal inelastic
SDOF system. il 1s unclear how the reduction in s.ory sirengths is related to the story or modal
ductilities. This relalionship can be examined as follows by using the results obtained in Sec-
tion 34 It will be assumed that the story yield strengths required 1o achieve uniform story

ductilities are known and are denoted as £ then Eq. 3.11 for inelastic structures becomes

e

Sey .
(—-1,)
"
N N VS | P
iyl )2 12 (F2 0 L | P
(F.lz) - fF?I (F_:) . (Fi) " (312
(i) (R D R Se L
(—1 .}
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One can solve for the p.'s. These p,’s are the reduction factors due o the inelastic energy dis-
sipation capacity of (he structure. Vherefore, any change from the elastic design can be inter-
preted as reductions in story shear contribution of the modes. expressed by the reduction fac-
tors, p.'s as shown in Eq. 3.12. Under current practices, the p,'s are assumed (o be the ratio

beltween the inelastic and elastic response spectra constructed for the SDOF systems. The
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actual g.'s corresponding (o buildings number two to four are obtained by solving Eq. 3.12 and

listed in Table 3.11.

For these same buildings, modal yield strengths have been compuied in the previous sec-
tion. Minimum story yield strengths for elastic response can also be obtained from Eq. 3.1}
corresponding 1o g, equals 10 unity in Eq. 3.12. For these story yield sirengths, another set of
modal yield strengihs can be computed. By comparing these modal yield strengths with the
corresponding modal yield strengths computed in the previous section, another set of reducnon
factors, (r . can also be obtained representing the effect of inelastic deformation on modal yield
strengths  These reduction factors are also listed in Table 3.11. In general, the values for the
two sets of reduction factors are different. unless the p.s in Eq. 3.12 are the same for all the
moades. In such a case, the direction of the veclor containing story vield strengths (the left
hand side of Eq 3.12) does not change Consequently, the modal yield sirength is changed by
the same factor as the p,’s. Note that even though the story yield strengths for building
number four are selected such that p,'s are the same. actually computed p,’s listed in Table
3.11 deviate slightly from uniformity due 1o truncation error in the actual smr& yield strengths
used. Similarly. the actually computed «,'s for building number four deviate slightly from umi-

formity for the same reason

In considering the difference between the reduction factors. g, and o, it is worth pointing
out that the modal yield strength. as defined. of a structure whose story shear strengths are
obtained from Eq. 3.11 corresponding to elastic design, is not (5,) (1",)K,  where K" is the ini-
tial linearly elastic modal stiffness. The difference between (S,), )K" and the defined modal
yield strength of a structure designed elast‘cally by Eq. 3.11 1o three times the 1934 EI Ceniro
earthquake ground motion in the east-west direction is shown in Fable 3.12  In summary, p, is
used to reduce the spectral displacement of an elastic response spectrum 1 account for inelastic
deformation, while «, represents the reduction in the modal vield strength due 1o structural

yielding.

Ft is difficult to predict structural response from the p,’s values. For example, by compar-
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ing tte p.'s used in buildings number (hree and four (see Table 3 11). one mighi infer that the
story ductilities should be differenmt. However, an examination of the story ductilities in these
buildings (Table 3.3) shows close similantes. In contrast, this similarity in structure behavior
15 easily undersiood by making a comparison between the reductions in modat yield strengths.

o (see Table 311,

It 16 rnteresung to consider the situation under which the current pracuice of specifying
# s will result in desirable story ductibties. I the excitation ard structure are such that only
the lowest mode is excited 10 cause significant story shears with httle combined contrtbution
from all the other modes. the required story strengths in Eq 317 will be domepated by the
contnibution from that mode only. In such 4 case. 1t is tnsignificant what reduction factors are

used for higher modes. including assuming them to be same as p like in the currenm practices

Unforiunatelv. 11 1s generally not possible to determine. @ priosi . the viiues for either set
of reduction factors so that uniform story ductility distribution will result. Thus. in a typical
design situation. one can not directly compute the story yield strengthy from Eq. 312 Rather.
it 18 best 10 assume lhe magnitude and distribusion of story yield strengths and compute the
modai yield strengths. Then. by using response spectra constructed for inelastic SDOF systems.
modal ductiliies and consequently. the story ductilities can be estimated to cvaluate the ade-

quacy of the assumed story yield strangths.

1.5.5 Suggested Procedure for Implementing the Response Spectrum Method

To use inelastic spectra constructed for SPOF systerms in the design of MDOF systems.,

the following iterative procedure 15 suggested:

(1) Assume story vield strengths, F, . (maybe using a code procedure or employing Ey. 3.12

and assuming some uniform value for p.)
{2} Calculate modal properties. fe/ /K, £ U m] ec.

{3) Calculate modal yield strength. 1. }'1R, |
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(4) From modal yield strengths and inelastic respons® spectrum, calculate modal ductilities,
Q.

(5} From modal ductilities, calculate u, , according to Eq. 3.9 using the assumed story yield

strengths
(6) Using Eq. 3.i0. find combined story ductilities. u .,

{7} Check whether u ., is satisfactory or not. If not, modify story vield sirengths using Eq

3.5 or a similar relation. then go back to step 3.

The accuracy of the suggested procedure depends greatly on two factors. The first factor
is the ability (o define equivalemt inelastic SDOF systems for reliable prediction af the inelastic
response spectrum. The other factor is the accuracy of the SRSS modal combination method
for predicting the combined story ductilities. The assumptions made in defining the modal
yield point (that maximum modal responses occur at different times and that when the
response in any one mode is sufficient to cause vielding in at least one of the s.mries, the com-
bined response due 10 other modes is insignificant) are not consistent with the concept underly-
ing the SRSS modal combination method. However. it appears that in general the SRSS
method might be conservative. this conclusion may be quite different under different condi-

tions.

3.5.6 Example

To illustrate the procedure, a six story shear building is selected. Story yield strengths are
derived from UBC requirements. The building has a linearly distributed story stiffness. Mass
and stiffness proportional damping has been assumed for the building with 5% damping in the

first and last modes. The properties of the building are listed in Table 3 13

The response of the building under the east-west component of the 1940 El Ceniro earth-
quake ground motion is calculaled by the computer program. DRAIN-2D, and listed in Table
3.14. Response calculated using the proposed procedure (steps 1 through 6} is also listed in

Table 3.14. As can be seen, the story ductilities predicted are within satisfactory range of the
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story ductilities computed by using DRAIN-2D except at the first story. Apparently, the pro-
posed model hysteresis model 15 not adequate for the higher modes. Refined definition of 1he
modal yield point may be needed in this case  One possibility is to assume some tnittal story
sheur forees. representing the presence of lower mode response, i determiming the modal yvield
strengths of the higher medes. Questions about how much the nitial stary shear forees should
be can only be answered 0 a more camprehoensive study usng more structures and ground

mouoens 1 owill not be pursued further here

1.6 Summary and Conclusions

Four shear-beam type structures have been analvzed  The response 1s then transformed
te thoir initiab linear elastic mode shape coordinate systems The relasonship bewtween the
transformed displacement and resistance farce vectors s exammed 1t was found that inetastiy
response 15 dominated by the fower modes as in the elastic case for this vpe of structure
Although modes are expecied 1o interfere with each other. the modal hystereses of the lower
modes can be adequately moedeled as being bilinear  Modal interference has bule effect on
these modes. Except the case where the structure has concentrated story ductlities. higher
mades are largely msignificant 1o the structure response and can be ignored. Otherwise. their

contributinns may be important.

An claste-perfeetly  plastic model s suggesiced for describing the modal  hysterasis
Definitions of modal vield strength and modal ductility are presented. The relationship between
the proposed modal ductthiny and story duculities s derived  The error invohved in predicting
the story ductilities by using the proposed modal hysteresis model appears to be about of the

same order of magnitude as inherent with the modal comhiration method (SRS5S) used

Current practives for implementing the response spectrum method for melastic anatyse.
are alsn evaluated. It was found that 11 is an over-simplification to assume that the modal due-
tilities are uniform and the same as the ductility of the structore. In addiuon, it is generally not
possible 1o determine directly how the elastic modal response should be reduced 10 account for

inelastic deformation.
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A simple iterative procedure is suggested for implemeniing the response specirum method
for the analysis of inelastic MDOF systems. The accuracy of the procedure depends
significantly on the veracity of the modal hysteresis model for predictions of the modal
response and the applicability of the SRSS modal combination method. More research using
structures other than the shear beam type and additicnal ground motuons is recommended.
Refined definition of the modal yield strength for higher mades is needed 10 account for con-

centrated story ductilities.
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CHAPTER 4 DESIGN OF NONSTRUCTURAL SUBSYSTEMS

4.1 Introductory Remarks

The importance of proper semmic-resistant design of nonstructural subsystems i ensuning
public safety and in mummizing property damages was mentioned in Chapter 1 In general,
both deformanon-sensitive and acceleration-sensitine subsystems need to be consudered  For
heht aceeleration-sensitive subsystems of the type considered herern, considerable research has
been performed for the ciase of elasue siruciuryd response However. mamy tvpes of structures
can be ¢ pected to experience significant inelastic deformations when subjected 1o severe earth-
quake ground motions. While nonstructural components mught also be expected 10 behave
inelasticallv, in many cases. safety and communications related subsystems must be designed 1o
remain essentially elastic to mnsure funcuonality during. and following. un earthquake [Rel 30]
Ranional design of subsvsiems in these cases requires that the inelustic deformations of the sup-

porting structure be considercd

In the most general approach (o analysis and design. subsystems are included along with
the supporting structure in the analytical model. This permits evaluation of their time hision
respanse 10 earthquake ground motions. This couple time history approach 15 not always feas-
ble because of the scarcity of informaton regarding the enginecring properties of the subsys-
tems. In addition, large differences in the stiffnesses und masses of the struciure and nonstrug-
tral components may lead to numerical difficulies. Furthermore. the coupled ume histors
approach is not very economical, considering the number of subsysiems usually encountered in
a structure, and that several analyses are usually required 10 account for the uncertaintics in the
ground maotions and properiies of the structure gand 1ts subsystems. This is espectally true i
inelastic response s anticipated. 1t is, therefore, desirable 10 have ssmple. approximate methods

for predicting maximum dynamic response of subsystems.

One simplifying techmyue is to use a response spectrum method applied to the coupled

structure and subsystem. Howcver, when a tight subsystem has a frequency egqual to. or near
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one of the natural frequencies of the structure, conventional modal combination methods mav
he tnadequate due to significant subsystems-structure interaction {Refs. 29. 491 Kelly and
Sackman [Refs. 29, 49, 50} have developed a simplified method for predicting subsysiem
response (1aking tnto account the subsysiem-structure interaction) from the ground response
spectrum and ihe uncoupled properties of the subsysiem and \heé\rumure However. those
methods assume that the structure is elastic and. therefore. are not applicable when the struc-

wire becomes inelastic.

Fartunately. in many cases of interest. subsysiem-structure mteraction can be neglecled
and computation of subsystem response can be simplified significanily For example. some
methods have been proposed for predicting the response of the subsystem by directly amplify-
ing the ground response specirum [Ref 20) However. the accuracy of these approximate
methods has not been fully evaluated. A more common appreach is to obtain a floor response
spectrum (FRS) through time history analysis (the so-called floor respanse spectrum method)
A ume history analysis of the supporting struciure is performed in this case 10 obtain the total
acceleration time history at the attachment location. A response spectrum generated for this
acceleration time history is then used in the analysis and design of nonsiructural subsysiems

attached at this location.

The floor response spectrum method is theoretically correct if the subsystem mass is zero
For light subsystems, the subsystem response thus obtained has been shown to be generally
conservative, although the conservatism can be very large for heavy subsvstems [Refs. 28. 49).
To account for these and nther uncertaintizs, guidelines [Refl. 95] have bsen develuped for
modification of FRS for design purposes in the elastic range. The FRS approach 1s amenable 10
structures that respond inelastically. While there have been a few case studies [Refs. 26, 48,
50, 101) on the seismic response of light subsysiems supportied on inelastic siructures, no
definite conclusions have yet been reached. In view of the likely inelastic behavior of struc-
tures during severe earthquake, it is. therefare, useful to systematically study the seismic

response of light, nonstructural subsysiems supporied on structures ~hich might be expected 1o
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yield. From studies [Refs 65, 66, 68, 89] of dynamic response »f inelastic single-degree-of-
freedom systems, it has heen shawn that the design lateral force for a siructure expected 1o
undergo elastic deformations can be reduved by as much as one over the target ductility of
the structure depending upon the period of the siucture It 15 desirable 10 establish similar

design guidehnes for subsystems

4.2 Scope of Study

The objective of this chapier is 1o conduct a preliminary investigaion on the seismic
behavior of subsysiems supported on structures that experience inelastic deformations. (o assess
current design methods in terms of this behavior, and to develop improved design guidelines
Due 10 the preliminary nature of this study, both the subsysiem and the structure are modeled
as single-degree-of-freedom systems. The resulting two-degree-of-Tfreedam system is shown in
Figure 4.1u. The subsystem will be assumed to reman elastic, while the supporting structure i
allowed to vield. It will be generally assumed that the mass of the subsystem is much less than
the mass of the structure so the floor response method {FRS) is applicable. Resulls are
presented to evaluate. for different periods of subsysterns and siructure. the effects that
different amounts of structural inelastic deformations, different structural hysteretic characteris-
tics, and different amounts of subsysiem viscous damping have on the subsysiem response
The effects of different earthquake ground motions are also evaluated statistically for a fow
specific cases 1o formulate pieliminary design guidelines. The applicability of the floor response
spectrum method is assessed by considering several coupled two degrees of freedom

structure/subsysiem models

4.3 Analysis Approach

Because the subsysiems studied in this report focused on those cuases where subsvitem-
structure interaclion can be neglected and because only the supporling Structure xpericnces
inclastic deformation. floor response spectrum method is considered the simplest and the most

efficient method of analysis. In practice. the floor spectrum method based on an elastic analysis
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of the supporting structure is widely used for analysis and design of acceieration sensitive sub-
sysiems. Thus, the resuiis oblained in this study might be directly used to modify those floor

spectra.

As this is a preliminary study. supporting structures are approximated as equivalent
single-degree-of-freedom systems. For some structures and ground motians where the
acceleration response of the structure is dominated by the first mode. this approximation is rea-
sonably satisfactory. For oiher structures and ground motions, higher modes may also
influence significantly the structural acceleration response and a more refined representation of

the supporting struciure would be required.

The location of the subsystem in the structure is importar! in determining the intensity of
excitation that the subsystem will experience. For this study. the subsystem is assumed 10 be
located a1t where the equivalent mass is. Because the supporting structure is modelfed as having
only one horizontal degree of freedem, rocking of the subsysiems as a result of the out-of-
plane deformanons of the floor and rotaton of the subsysiem as a result of torsional effects are

ignored.

Periods of the supporting structure are assumed to be 0.2 sec. 0.3 sec. 0.5 sec and 1.0 sec.
These period values provide structures ranging from ane to possibly ten stories high. Damping
of the structure is taken as 5% while that of the. subsystem is afternatively taken as 1% or S%.
Generally speaking, damping in many acceleration sensitive subsystems is smaller than that for
the supporting structure. However, for cabinets with loose drawers or for machinery and other
equipment with loose iniernal conneciions or attachments 10 supporis, considerable amounts of
energy mav be dissipated during seismic excitations which can be conveniently modeled as
viscous damping in the subsystems, For these reasons, camping of the subsystem is 1aken as
1% and 5% to represent a possible range that might be encountered. For buildings designed 10
convertional building codes, ductii..y of 4 or more can be expected when the earthquake
ground motion is severe; whereas important structures in a nuclear power plant or other indus-

trial facilities which must remain operative after an earthquake, a ductility of 2 or less has been
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suggesied [Ref. 65). For this study. ductilies of 1 (elastic) , 2, 4 and 8 are assumed for the
supporting structures. Hysteretic models considered are of the elasto-perfectly plastic (EPP. see
Figure 4.1b} or stiffness degrading type with no post-yield strain hardening (SDM . also see Fig-
ure 4 1¢}. The EPP model is lrequently used to model structures that exhibit stable and full
hysteretic loops The SDM model is used commonly (o represent reinforced concrete siruc-

tures that do not exhibit substantial degradation due 10 shear and/or bond deterioration

A 10tal of ten earthquake ground motons from five earthquake is used n this study
These earthquake ground molions are the same as the second set of ground monions considered
in Chapter 2 and are re-listed in Table 4 1. One ground motion, the north-south component of
the 1940 E! Centro record. is used to illustrate the sensitivity of subsysiem response to vanous
parameters. The other ground motions are used in the stansucal study for various structural

perinds and subsystems damping values.

In this report, the response of subsvsiermns is described by floor response specira expressed
in terms of pseudo-spectral acceleration (PSA)  Since the subsystems are elastic. this com-
pletely describes the peak subsysiem response values The first step in obtaining the FRS is 10
determine the yieid sirength required of the supporting structure 10 achieve the specified ductil-
ity when subjected to the ground motion under consideration Once the structure’s vield
strength has been determined corresponding 1o the spectfied ductility (+ 1), the total accelery-
tion response time history of the structure 1s calculated and used as input for determination of
the floor response spectrum. The FRS was determined for subsystem perinds ranging between
0.03 sec and 2.0 sec. Two computer programs are used 1o compute the floor response spec-
trum. First, the computer program NONSPEC [Ref. 57] is used to determined the required
yield strength 10 resull in the specified ductitity within the desired accuracy. Once the vield
strength required is known, total acceleration nme history s generated using the same com-
puter program. Then a second computer program SPECEQ/UQ [Ref 71l is used to compule

elastic floor response spectrum.
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4.4 Analysis of Results

As indicated, a large variety of cases has been evaluated. A few representative cases will
be presented to illustrate behavioral paiterns and design implications. Typical floor response
spectra are shown in Figures 4.2 and 4.3 for the El Centro record. 1t can be seen that the FRS
usually peaks near the natural period of the structure. This is because the dominant harmonic
components of the floor acceleration ume history have periods similar to the natural period of
the structure in addition 10 the high frequency companents that aje usually associated with
earthquake ground motions. Generally speaking, the eflect of inelastc aeformations of the
structure is to lower the spectra. The reductions are most evident in the short period range
where the subsystem PSA approaches the maximum total floor acceleration. By assuming that
the damping force is negligible compared with other forces, the magnitude of the 1o1al floor
acceleration can be approximated by dividing the maximum resisting force, K, . of the structure

by ils mass (M), These values are indicated in Figures 4.2 and 4.3.

In addition, the peaks of the FRS have shified slightly toward higher periods. It has been
suggested [Ref. 47] that the shifts in the dominani natural period of an inelastic struciure 1s
about 13 and 32 percents for ductilities of 2 and 4, respectivelv. In general, the shifts in the
periods corresponding to the peaks of the FRS observed for the cases studied are less than
these numbers for EPP structures, and slightly higher for SDM structures. In any case. the
shift in the peak floor response spectrum period is much less than square root of the ductility of
the structure as suggested in Ref 85 and in some subsysiem design recommendaticns [Refs.

16, 48L

The effects of different hysieretic models can be seen in Figure 4.3a for a representative
case with a structural period of 0.2 second, ductility of 4 and subsystem damping of 5%. h can
be observed that the FRS for the SDM siructure tends to be lower than the EPP ene fur sub-
systemn periods near the initial structural period. In addition, the period where the FRS peaks

shifts more f.r the SDM structure.
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The effect of subsystem damping 15 1o reduce the response of subsystem fexcept in the
very short period range) as can be scen from a representattve plot in Figure 4 36 However.

the period where the FRS peaks is not significantly affected by the damping of the subsvstem

4.4.1 Amplification Factor

To help quantify the effect of inelasue deformations of the struclure on subsystems
response. an amplification factor s defined as the rano of the floor response speciral value for
an nelastic situcture over the corresponding value for an elastic structure Values of
amphfication lactors greater than unity indicate mare severe subsystem response lor inelasic
structures aned values less than unity indicate less severe response. This amplification factor
may also be uselul for estimating the FRS of an mnelasue structure directls from the FRS of an
elastic structure. In thas regard. the amplificabon factor define? Yere is conceptudlly similar 10
the reduction factors presented in Refs 66, 67 and 69 which are used to obtain inelastic design

spectra for g building directly from an elastic design spectrum

A representative plat of the resulting amplification faciors is shown in Figure 4.44
Several general observations can be made from this and other such plots  Firsthv. the
amplhificauon factor varies with subsystem period. One might conjecture that the subsvstem
response should reduce 1n proportuonal to the reduction in the maximum total floor acceleration
caused by structural vielding. Based on this conjecture, the amplification fuctor should be equal
1o the ratio of maximum 1ol floor acceleration in the inelastie siructure 10 that n the

corresponding elastic structure.  Again assuming neghgibly small damping foree, this ratio can

R
be shown 1o equal R; where R, denotes the muximum chastic Toree that would be developed

by the structure if it remained elastic {(ductility =1} For design purposes. ong could estimate
this ratio from the structural design recommendations of Newmark and Hull [Refs. 66_ 67, 69]
However, the actual amplification factors are. with the exception of the short period range.

higher than this value. Thus, the entre reduction in design force that one can apply 10 the

structure on account of yielding is not available for the supporied subsvsiem. This is iNustrated
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in Figure 4.5a for different structural periods and ductility values. In this figure, (he actual
amplification factor computed for the case of structure and subsysiem having the same nalural

period is plonted. This is compared with the ratio of the maximum 1o1ai Noor acceleration in

R
inelastic siructure to that in a cortesponding elastic structure  In additon, the — ratio

o
inferred from the recommendations of Newmark and Hall are also shown. Except for short
period structures, these estimates unconservalively underestimate the vatue of the amplification

fuctor. Another commaon subsystem design recommendation [Refs. 26, 15] has been that the

peak of the elastic FRS can be reduced by one over the structural ductility factor to account for

R
ine astic deformations in the structure. This corresponds to the ? values recommendec by
e

Newmuark and Hall in the long period range. As can be seen by inspecling Figure 4.5a. this
approach would be even more unconservative, especially for the short peniod range. Thus, the
difference beiween the reduction in design forces available to the structure and 1o the subsys-

1em must be recognized in design.

Secondly. some systematic patiern of variation of the amplificauon factor with subsystem
period can also be observed from Figure 4.4a and other similar plots. For subsystem periods
fess than the initial structural period. the amplification factor generally increases with period up
to about half of the initial natural period of the structure. From there ¢, the amplification fa.-
tor decreases with subsysiem period 10 a relative minimum at about the initial natural period of
the structure. Then, the amplification factor again increases with period (o somewhere around
1.3 times the initial natural period of the supporting structure. Bevond that, the amplification
factor fluctuates around a value near unity. However, amplification lactors occasionally reach
values as high as 1.4 i.e.. for subsystems with periods in excess of the structure’s initiai period.
the response can be worse if the structure yields. This overall pattern of the variation 1s
schematicaily iltustrated in Figure 4.6 and appears to be generally independent of the level of
ductility or hysteretic characieristics assumed for the structure and the value of damping con-

sidcred for subsystem. However, higher damping or ductility levels lead to a lower
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amplification factor over most of the period range considered and the SDM structures resuit in
amplification factors that fluctuate about a higher plaleau in the long period range. Details per-

laining to each period range are discussed separately below.

4.4.1.1 Short Period Range

The FRS and consequently the amplification factor in the low period range (up to ahout
hall the initial natural period of the supporting structure} are predominantly influenced by the

maximum total floor acceleration. Thus, the amplification factor in this period range should

R
approach —RL as subsystern period approaches zero. Generally speaking, vield strength and

ductihnty are inversely related. This result in lower amplification factors for higher ducuhn

values in thes period range.

4.4.1.2 Period Range Near the Initial Period of the Structure

At periods around the initial natural period of the structure. the FRS s also very sensitive
1o the nelastic deformation of the structure. As can be seen from Figure 4.4, a relative
minimum of the amplification factor occurs at around this period range. This can be qualita-
tively explained as follows. The frequency content of the floor accelerstion time history s
dominated by the short period harmonic components in the input record. especially those com-
ponents with periods near the natural period of the structure {Ref. 92). When the maximum
1o1al fioor acceleration is himited by structural yielding, the resonance components are more
likely to be affecied than other harmonic components. Consequently, the reduction in
amplification factor is relatively large and the amplification facior reaches a relative minimum

around this period range.

4.4.1.3 Long Period Range

At the high pertod end of the FRS, the amplification facior fluctuales around unity or
slightly higher. In addition, no appreciable difference is observed between FRS for differem

levels of ductility at this period range. For EPP structures. the amplificalion facior averages



- 57.

about one in most cases. for SI'M structures, the average amplification factor may be in some
cases 10 or 20 percemt higher than unity. In this period range, the FRS is influenced by the
long-period harmonic components of the total floor acceleration. Since the inelastic deforma-
tion of the structure pnimarily affects the short and resanance companents of the Noor accelera-
tion time history. the floor response spectrum and amplification factor are not greatly affecied
by inelastic deformation of the structure. However, there is a tendency, cspecially for SDM
structures., 1o have longer effective natural periods as a resclt of yelding. This would naturally

tesult in increased response in this range.

4.5 Statistical Evaluation

Because of the uncertainties regarding future earthgaake ground motions, a statisigal
study involving ten earthquake ground motions (Table 4.1) was conducied to evaluate the pre-
vious observations. Al the parameters consideied in the previous sections are fetained except
that structural ductilities were limited to | and 4. To examine the possibility 61’ exiending the
results 10 other struciural ductiliies, «he particular case of a structural period of 0.5 sec was

evaluated for a structural ductility of 2..

One typical resutt of the statistical study is shown in Figure 4.4b for the mean, mean plus
and minus nne standard deviaiion levels of the amplification factor. For the purpose of deriv-
ing subsequent design recommendations. amplification factars of the mean plus one standard
deviation level were used corresponding to a probability level of 84 1% of nonexcedance of a
notmally distributed random variable. To facilitale comparison, the amplification factors are
plotied in Figure 4.7 for various structural periods considering different viscous damping and
hysteretic models. The variations of the amplification factor are similar 10 those observed for a

structure with the same initial period and damping subjected to the 1940 EI Centro record only.

4.5.1 Design Recommendations for Amplification Factors

On the basis of these results, it appears that the amplification factor plot can be divided

into five regions as shown in Figure 4.6. The regions are defined by four points, A, B, C, D.
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Point A is the point below which the amplification factor ts point C is the point with its period
close o the initial peniod of the structure where a relative minimum occurs. Point B 1 located
between point A and point C where a relative maximum of amphfication factor occurs. Poimt D

15 the point above which the amplification facior remains nearly constant.

The magnitude of point A can be estimated from the ratio. R /R .. as discussed previ-
ouslhy  To delermine the magnitude of point C. the magnuudes of point C at structure ductifis
of 4 are plotied versus initial structurzl periods in Frgure 48 for EPP and SDM supporting
structures with 1% and 5% subsystem damping. 1t appears that the magnitude of poimt C vanes
inversely and nearly hnearly with the nitial period of the structure. Therefore. straght hines
are fitted by the least squure method. These lines are also shown in Frgure 4.8 and i1 appears
that the lings would have o slope of -0 4 independent of hysteretic characteristics of the struc-
ture and/or subsysiem damping . Hovever. for SDM siructures. the lines are about 40 percent
lower. The magnitude of point B is determined similarly Tt was found that the magmitude of
point B also varies inversely and nearly hinearly with the mial siructural  (Figure 490 The

least square fit lines have a siope of about -0 2

To determune the magnitude of point I3, the average of the amplification factor for the
periods higher than the period of point D is computed for each case considered. Finally. the
means and coefficients of vanation of these average amplification faciors are computed for all
cases. Roasults dre listed in Table 4.2 The magnitudes of point D do not vary significanth and

average about 1.02 and 1.11 for EPP and SDM struciures respectively

The average results for all the ground motions considered confirm the observation made
on the basis of Figure 4 Sa that the reduction in the subsysiem acceleration s not generalh as
large as that for the structure accelerstion. The average amplification factors at points Band €
are plotted in Figure 4.5b. Again. the reduction in struciural acceleration shown in the figure is
approximated by Newmark and Hall [Refs. 66, 67, 69] recommendations.  As noted previously.
one over the structural ductility [Refs. 26. 35] is an unconservative cstimate of the

amplification factor, especially in the short period range. It should be noted that the asymptotic
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behavior of the least square fit lines is tncorrect. thus the recommended values should be

applied to structures with periods between 0.3 sec and 1.0 sec only

Generallv speaking. the minimum of amplification factors occurs when the siructure and
the subsysiem have about the same natural period. thus the penod of poim C s waken as the
natural period of the supporuing structure. From Figure 47 1t scems reasonabic that the
peniods of points B, € and D may be related and that the relationships may be independent of
the inirat period. hysteretic characteristics and ductility of the structure and/or subsysiem
damping. To determine these relationships, ratios and jogarithmie ratos of period of point €
(7.} 1o the period of point B {T,} are computed and listed in Table 4.2 for u structural ductility
of 4 The periods of poimi B and C are multiplied by one theusand to avoid taking logarithm of
1. which is equal to zero. By comparing the coefficients of variation assocrated with the linear
and logarithmic ratios. it is seen thai the logarnhmic ranos provide 4 more consistent basss for
relating the periods of points B and C. From Table 4.2, 1t can be said that, on the average. for
a structural ductility of 4 reeardless of the mitial period, hysteretic characteristics of the struc-
ture and/or subsystem damping. the natural logarithm of one thousand times the penod of
point C is about 10 percent higher than the natural logarithm of ane thousand times the period

of point B.

To determine the relationship between the periods of point C and poit D (7)), similar
loganithmic ratios are listed in Table 4 2 for a structural ductility of 4. The period of point D s
defined as the beginning period where the amphfication factor starts to exceed unity. Once
again, the ratios do not vary significantly for the different initial periods, hysteretic characteris-
tics of the structure and/or subsystem dampings. Moreover. on the average. the natural Joga-
rithm of one thousand times the period of point D is about 10 percent higher than the natural

logarithm of one thousand times the pcriéd of point ¢
To determine the period of point A or its relationship to other points such as point B or
point C, it would be necessary to extend the amplification faciars o subsvsiem periods much

Jess than 0.03 sec {the lower bound of the amplification factor calculated in this study). This is
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especially true for structure periods of 0.2 sec and 0.3 sec. For simplicity, the amplification fac-

R, , v
10t 1s assumed 1o approach a constant value, —— . at G 01 sec as shown in Figure 4.6 by point
el

A’ This assumption seems conservative for structural periods greater than 0.5 sec but it may

not be so for shorter period structures

Finallv, in Table 4 3, results for structural period of 0.5 sec and ductility of 2 are shown
As ¢in be observed from the table, statistical relationshup similat (o those for a structural ductil-
1y of 4 may be derived Therefore, 1the extension of the design recommendations for a struc-

tural ductility of 4 10 other structural ductiities may be possible.

With the results obtained in this section. the amplification factor curve can be constructed
casilv Tor a structural ductility of 4 and possibly for other structural ductilities as well. How-
ever. one consideration hmits the amplification factor to be no less than R, /R,. This pomnt will
be illustrated for the case of a structure designed 1o have a ductility of 4. Although the siruc-
ture 15 designed lo resist the design earthquake ground motion, it may also be subjected (o
other less intense earthquake ground motions. If one of these less intense earthquake ground
mations has similar frequency content and duration as that of the design earthquake ground
motion {e.g. 4 scaled down design earthquake ground motion) and causes the siructure 1o
respond elastically with a maximum base shear equa! o R, . the iotal floor acceleration time his-
torv in this case is exactly the same as thal of a structure designed to have ductility of 1 when
subjected to the original design earthquake ground motion {(design base shear = R..) except it
1S also scaled down by 4 factor R /R, Consequently, the floor response spectrum is the same

as that for o ductitity of 1, except it is also scaled down by the same factor. This corresponds 10

R, .
a constant amplificauon factor of —— (the zero-period amphification factor) for afl subsvstem
af

periods. However, amplification factors presented here for a ductility of 4 may sometimes be
less than the rero-period amplification factor. Such amplification fictors, which are based on
inelastic response 10 the design earthquake ground motion, may therefore be unsafe in the

event of some less intense earthquake ground motions.
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4.5, Example

To iltustrate the application of the design amplification factor. a FRS Tor subsysiems sup-
ported on a structure with a persod of 0.3 se¢ and a ductlity of 4 will be estimated {rom the
FRS for subsvsiems on an corresponding elastic structure ( 7,=0 3 sec, u=1).

For this example. the ground motion is the north-south cn‘mponem of the Helena. Mon-
tana record. The elastic stiuciure™s FRS was obtdined from floor response specirum mcthod.
although. in practice. 11 may be more convenient to use approximale methods suggesied in
Refs. 18 200 29, 49, 7S or 82. In Figure 4.10. the FRS obtained from the recommzndad
amplification factors and the actual FRS for structural ductility of 4 are plotted for both hyve-
teretic models considered. As can be seen. the estimated FRS will generally provide conserva-
tive design forces except for subsystems in the short period range. This uncanservatism was

anticipated when the period of A’ was selected.

4.6 Mass Tuning Effects

In developing the amptification factors. it was assumed that the floor response spectrum
method wus applicable. In ord.r 10 investigale the applicability of the amplification factors 10
the cases where the weight of the subsystem makes up a significant portion of the 1otal weight
of the structure, amplification faclors for the perfectly tuned cases (when the periods of the
subsystem and the supporting structure are identical) are computed. It has been shown for
elastic cascs that the cffect of non-zero mass of the subsysiem is most significant for the per-
fectly wned case [Ref. 28). therefore. these cases arc selected here for investigaling mass tun-
ing effects.

For this study. structure periods are kept the same as before a1 0.2, 0.3, 0.5 and 1.0
second  Amplificaton factors, accounting for mass tuning effects by analyzing a two degree of
freedom, subsysiem-structure maodel, are compuled for a structural ductility of 4. The resulis
are cvaluated in terms of mass ratios (defined as the mass of the subsystem over the mass of

the supporting structure) of 0.0001, 0.001, 0.0!, 0.1 and 1.0. The ground motion record used
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15 the north-south compoenent of the Lower Cahifornig carthquake.

The effects of non-zero subsystem mass on structural response can be seen in Figure 311
In these cases. the strength of the structure s selected as that required o achieve the tareet
duculin when the subsvstem mass 15 zera Genetally speaking, as the mass rann ncreases. the
structural ductility also increases, the rate of increase accelerates as mass ratio #pproaches ong
O the other hand. the shear force deveioped in the subsystem decreases iy 1he Mass fatio
increases. Those observations ate m agreement with thove by Crandait and Mark {Ref 28} tor

elastic structures subiected 10 white noise excitation.

The effects of noia-zero subsystems mass on the amplification factors for a structural duvnl-
ity of 4 can be seen in Figure 4.12. 1n general. the amphfication fuctors seem 1o be indepen-
dent of mass rano. Using the definition of amphfication factor to obtain the required shear
foree of the subsysiem on an inelasuc structure. one would mutuply the amphfication factor by
the shear force of a subsystem on an elastic structure, Since the amplification factors change
very little and shear force of the subsyitem on an clastic structure decreases substantally as
mass ratio increases for the range of mass ratio considered here. the use of the amplificanon
factor and subsysiem shedr force based on uncoupled analyses would appear 10 be conservative.
To use the amplification factors based on uncoupled analyses with subsvstem shear foree based
on coupied analvses maybe more realisuc, but will be more time consuming and might be
UNCONSErvative on some occasiony,.

Based on the these considerations. it 18 clear that the amphfication faciors derived from
uncoupled analyses can be used with response of a subsystem on an elastic structure based on
either uncounled or coupled analyses depending on whether conservatism or computationa)

efficiency is desired.

4.7 Summary and Conclusions

Some preliminary analyses have been performed to identify the behavioral characteristivs

of light nonsteuctural subsysiems sapported on systems that vield during severe earthgqudahe
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ground mations. The effects of the severny of the inclastic deformations, of different hys-

teretic characteristics of the structure and of the amoumt of viscous damping of the subsysiem

have been considered. To simplify the of development possibie design guidelines. the study

has been carricd oul using the floor response spectrum approach, which is reasonably satistac.

tory when subsysiem-structure interaction can be neglecied.

In the first pant of the study, the seismic response of subsystemy subiecied to the north-

south component of the 194C El Centro record was presented for @ wide varicty of paramelters.

In the second part, statistical analvses were made using ten carthquake ground motions for «

limited number of parameters. Finally, the effect of non-zero subsystem mass are examined.

{1

2)

(3}

The significant observations made from this study are summarized below

Inelastic deformations of the structure tend to shifi the flaor response spectrum down and
toward higher periods. For elasto-perfecily plastic structures, the shifting of floor
response specirum toward higher periods is insignificant. however, for stiffiness-degrading
structures. the shifting is slightly greater. Damping of the subsystem tends 1o decrease

1he response of the subsystem.
L ]

The reduction in design force of the subsystem is usually less than that permissible Tor
the structure; and when more reduction {5 theorentcaliv possible, such reduction mavbe
unsafe for some ground motions less intense than the design ground motion. It appears
that many current design recommendations [Refs. 26, 35] are unconservative in this

regard.

The vanations of the ratio of the floor response specirum on an inelastic siructure over
the floor response specirum on an elastic structure. defined as amplification facior. can be
characterized by three regions with two transition regions in between. In ihe low period
range up (o about half the natural period of structure, the amplification factor is controlled
by the maximum total floor acceleration and is nearly constant. In the period range
around the natural period of the structure. the amplification factor reaches a local

minimum. In the high period range. the amplification facior seitles into a fluctuating
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platcau around unity or slightly higher. Values have been recommendad for predicting
the amplification factors. Using these values, a design ﬂm":r response spectrum can he
obuained from a conventional linear elastic floor response spectrum without having 1o per-
form inelastic analysis.

The effects of non-zero subsystem mass are 10 increase the ductility demands of the sup-
poruing structure and to decrease tiic shear foree of the subsysiem. It appears that the
amplification factors can be conservatively used even when mass of subsystem i

significant.
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CHAPTER 5§ SUMMARY AND CONCLUSIONS

Because of economic considerations, butldings and other structures are usually designed to
respond inelastically when su  2cted 10 severe earthquake ground motions. Three related. but
separate prohlems in the preliminary analysis and design of carthquake-resistant structures

related 1o this inelasiic behavior have been considered in this report.

(a) Problems Associated with the Selection of Design Earthquake

The first part of 1he study involves investigating the interaction between ground motion
and structural response parameters to provide a more consistent basis for selecting design carth-
guakes for systems that response inelasticallv. In Chapter 2. methods for characterizing design
earthquakes for ‘nlense ground shaking capable of significant structural damages are briefly
reviewed. Major emphasis is placed on assessing the effectiveness of various indices for quanti-
fying the damaging potential of a ground motion record. Inherent in the objective is the desire

to scale ground motions for the purpose of practical seismic response analysis and design,

Two sets of ground motion records are considered. one set containing records of similar
nature and the other set containing various moderale earthquake records obtained at different
distances (o the source on sites with firm soil conditions. Buildings are reprisented as single-
degree-of-freedom systems and damages are measured by displacemeni ductility and normalized

hysteretic energy ductility.

From observations of the results, it seems that there is a limited range over which ground
motion intensity indices might be used for scaling. This should always be noted in applving the
results of this stufy. However, there does not appear 1o be any correlation between ductilinv
level and the "actual scaling” factors. These faciors may deviate considerably from unity and
vary with structural period. Furthermore, they differ substantially among the records con-
sidered, indicating the apparent intensily of a ground motion can vary quite significanily, even

for ground motion recorded at the same site during the same earthquake A definition of
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ground motion ntensily which tkes into account thes period dependence will genceralis be

beiter than one which 1ignores it

For the first set of ground motion records. spectral mitensity at 8% viscous damping bas
been found 1o be the most effecine index. 1 appears that spectral intensity caleulated for o
different viscous damping value may be equaliy effective. For the set of ground motion recaords
with a more diverse nature frecord set twol, the use of peak ground acceleration. velocin and
displacement in the shorl, intermediate and long period ranges has been found to be most
effective. For this latter set of ground motion records. 1f a single mdex of damaging potentis! is
desired, Ariss intensity and peak ground velocity are equally effective. The difference in the
most effective intensity ndices between the two sets of ground motions suggests that a sngle
simple mndex may be unable to characterize the damaging poteniial of strong earthyuake ground

motions

Because the results are based on ground maotinn records of similar durations {first record
scih. the effectivenass of using hysteretic encrgy as a damaging index has not been fully
explored Additional research using other structural damage indices. more ground mouons o
include near-fault records and different structural viscous damping and hysteretic characteristics

is recommended.

th) Simplified Methods of Analysis for Inelastic Multigie-Degree-Of-Freedom Structures

The second part of the study involves exploring a procedure for implemenung the
response spectrum method for the preliminary analysis of inelastically responding structures and
10 evaluale the reliability of such a © ocedure.

Several shear-beam 1vpe structures were analysed m Chaprer 3 using the computer pro-
gram_ DRAIN2D which emplovs the direct step-hy-step integrating technique. The resulting
time histories of displacement vector and resistance force vector are transformed to the initil

lingdr efasiie mode shape coordinaie sysiem to factlitate study of their relation.

From the results obtained. it can be concluded that inelastic response s dominated by

Reproduced from
best available copy
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lower modes as in the elastiv case and thal a simple hysteretic modef, such as an elasto-perfectly
plastic model. might be used 10 describe the relationship between the transformed displacement

and resistance force vectors in the lower modes for the structures considered

An clasto-perfectly plastic model 18 suggested 1o described modal hysteresss for this 1ype
of structure  Definitions of maodal yield strengih and modal ductility are developed in Chapter
3} The relationship between the proposed modal ductiity and story ductihties s derived  The
error involved in predicting the story ductibties by using the proposed modal hysteresis mode!

appears 10 be of about the same order of magnitude as the SRSS modal combinatinn method.

Current practices of implementing the response spectrum method are also evaluated It
was found that it s an oversimplification to assume modal ductilities are uniform and the same
as the overall ductility of the siructure. In addition, it s generaily not possible to determine
directlv how the elastic modal response should be reduced to account for the inelastic deforma-

tion.

A simple procedure for implementing ihc response specirum method for the analysis of
inelastic multiple-degree-of-freedom systems js suggested. The accuracy of the procedure
depends significantly on the veracity of the modal hysteresis model for predictions of modal
response and the accuracy of the SRSS modal combination method used. More research using
structures other than those of the shear-beam tvpe and additional ground motions is recom-
mended. Refined definition of modal yield strength for higher modes is needed to account for

concentrated story ductilities.

(c) Design of Nounstructural Components Attached to Yielding Structures

In the last part of study, preliminary analyse . are performed 1o identify behavioral charac-
teristics of nonstructural subsystems supported on structures that yield during severe carth-
quake ground motions. Both the subsystem and the structure are modeled as single-degree-of-
freedom systems. The subsysiem is assumed to remain elastic. while the supporiing structure

is allowed to vield. [t is found that inelastic deformation of the structure tends to shift the floor
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response specirum down and loward higher penods and that damping of the subsysiem wends w
decrease the subsystem response  The reduction in design force of the subsysiem is usualh
less than that permissible for the structure as a2 whole: and even if more reduction s theoreii-
cally possible. such reductions maybe unsafe in the event of another some ground motion with
less intensity than the design ground motion. It appears that many current design recommen-

dations are unconscrvative in this regard.

Design guidehines for predictng subsystem response accounting for vielding are formu-
lated in the form of recommended amplification fuctors, Using these factors a design flnor
response specirum can be obtained from a conventional linear elastic floor response spectrum
without having 10 perform inelastic analysis. The amplification factors are characierized by
three regions with two transition regions tn between  In the low period range (up 1o zbou! half
the natural period of the structurel, the amphfication factor is controlled by the maximum ine-
lastic floor Gotald acceleration and is nearly constant. In the period range aiound the natural
period of the structure, the amphficaton facior reaches a local mimmmum. In the higher penod
range. the amplification factar settles inio a fluctuating plateau around unity or slightly higher

The effects of having subsystem with non-zero mass are to increase the ductiluy demand
of the supporting structure and 10 decrease the shear force of the subsystem. The amplification

factors obtained in this study can be used even when mass of the subsystem is sigmificant,

Further study using more ground motions and more realistic structure and subsystem
characteristics are needed. In paruicular, consideration of the effect of yielding in multiple-

degree-of-freedom supporting structures on subsystem response should be investigated.
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" Date [ Earthquake [ Redording Site | Component | Abbreviation

First Set of Ground Motions

Imperia! County
1979, Oct. 15 Imperial Valley Service Building, TracelQ TRI10
Baseraent

Imperial County
1979, Oct. 1§ Imperial Valley Service Building, Tracell TR11
Basement

Imperial County
1979, Oct. 15 Imperial Valley Service Buiiding, Tracell TR13
Basement

’ Imperial County
1972, Oct. 15 Imperial Valley Service Building | Free Field ] FF1
Free Field

Imperial County
1979, Oct. 15 Imperial Valley Service Building | Free Field 3 FF3
Free Field

-

Second Set of Ground Motions

. . El Centro,
1934, Dec. 30 Lower California Imperial Valley S00W Lowcans
. . E! Centro,
1934, Dec. 30 Lower California Imperial Valley S90W Lowcaew
1935, Oct. 31 Helena, Montana Carrol College S0OW Helenans
193§, Oct. 31 Helena, Montane Carrol College S9OW Helenasw
1940, May 18 Imperial Valley Ei Centro SOOW Elcentrons
1940, May 18 Imperial Valley El Centro So0wW Elcentroew
. Olympia Highwa .
1949, Apr. 13 | Western Washington y T':st L;sta ¥ NOE Olympians
. 0l 1a Highw .
1949, Apr. 13 | Western Washington y".‘r':':l L‘:{’ ind N6SE Olympiaew
. . Taft, Lincoln
1952, July 21 Kern County Schoo!l Tunnel N2iE Taft21
Taft. Lincoln
1952, July 21 Kern County School Tunnel S69wW Taf69

TABLE 2.1 Ground Motion Records



B TRIO | TRI1 | TRI3 | FF1 | FF3 |

_A, fem/sec’) | 3306 | 2804 | 3250 | 2314 | 2090

B U U S ——

[V Gemise) | 433 | 424 646 | 64 | 362
D, (em) | 1435 | 160 | 274 | 282 | 164
| FAS, . {cm/sec) | 5280 | 3537 | 50104 | 991 | 5550
FAS, , (cm/sec) | 77.10 | 70.16 | 7321 | 9386 | $9.48
TFAS, ) (cm/sec) | 59.22 | 6940 | 18117 | 180.25 | 60.79
PSV, , (N7sec) | 1.5359 | 1.2966 | 0.8053 | 0.5019 | 0.6730
| PSVgq (Mtfsec) | 1.5359 , 12966 | 0.8053 | 0.5015
[ PSV, g (f/see) T 26404 | 26098 | 719551 | LEITS T 21651
PSV, , (Vsec) | 13657 | 14794 | 4.0503 | 3.9336 | 14485

ST, G0 1535 | 5227 | saes | 5055 | 4657

ST () 1 3152 1 3176 | 3625 | 3302 | 2784
[ AL imPsec) {5560 | 4880 | 3330 | 2505 | 2611
TRMS. (m/sec) | 0888 | 0815 [ 0643 | 0544 | 0362

TABLE 2.2 Computed Values of the Intensity
Indices Considered. (First Ground Motion Set)
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- - i}
L wcans_4 Lowcae“ i Helenans | Helenaew 1 Elcenlrons

._4__4

A (cmisec)) 568 L 1791 4 1435 1425 B
1 s ] ous T 133 i
a2 37 14 37

TFAS,, (gsec) | 60si1 1T 010307 | 00105 0.0300
TFAS (g sec)

+

4

-}

1

00511 |

00430 | 00811 | ouose | 00414

FASM, (g sec) ooosvj[ 0.0205 oum% 00091 | 0.0445 |

PSV, . (fusech | 04792 | 08124 | 02722 | 04le6 | 1175

PS Lm'm/sec) o633 ] 07958 T 01563 | 09M8 | 26355 |
1{

AT_[
b

(o *

o

s
ia

n
—4-——;—4—4;—-.

PSV, 5y (fU/sec) 7 0.7804" | 04596 | 0186 | 02813 | 15642

anum) ey T sis T osa 1472 ] 4404

: ] I At L
Slp. Gu_ | 1163 | 0889 | 0337 | 1010 | 268

TR (m rsec T)' “'f 1805 ; 2076 {"Ofié’(f i 0412 j[ ~5.528

[RMS (misech | 0367 1 0375 |7 0349 | 0456 068

[ . IR Elcemrne“ nl Ol\mplans OI\mmaew i Taﬁ_ll 1 Taf69 |
Agtemrsech T 200 ] Tl j 6 | 1527 ,,ﬂi"_
ﬂ»"‘u(gm/sec) 1 ey ] 214 Do st 1T
[ D (cm) :F 98 | 104 | 67 9.2
1

ASy 5 (E'sed) 0.0414 00406 00617 ! 60’210 [ 0.0289

' -4 e _.*

P FASlm (g sec) I 700694 | 00559 00598 | 0.025) | 0.0534
|

| FAS, , (g'sec) 007?4_1 00327 l 0.0862 *omso__uo:?o_
’PS";j(fl/sec)‘T 05723 -1 05&07J 0.7420 Toms 0.4649

PSV o (M/sec) | 14185 T 11876 | 0.9461 1 09219 | 08124
PS m(ﬂ/scc) 21482 | 07958 14932_ 0.4161 | 0.6622

| f0) 3769 2.598 2.457 1914 | 2114
} - 135 ] s ] 1296 ‘ 1780 ] 1238 | *

i A_l,li_rp-_/usgcw) [ 3se0 [ 2363 ; 3668 | 1.634 | 1845 |
[RMS im/secd | 0472 T 0380 | 0ass” !__g_ajs 0384 |

TABLE 2.3 Computed Values of the Intensity
Indices Considered. (Second Ground Mction Set)



-83-

Rank |,  Method ‘Average Mean S@E
R T 00497
2 | Min(PSV) 0.0565
3 PSV 0.0588
~ s.l_;ﬁ _00s62 T
s Min(FAS) 00778
6 FAS 0.0778
7 Arias Intensity 0.0862
8 Min(A V.D) 0.0904
9 A, o 0111
10 RMS. i 0.131 T
11 v, | oy
2 ] ﬁﬁp 0.199
13 PSV, 0.286
14 FAS, ., 0.298
I 7Y 0989
16 FAS, . 2.740

TABLE 2.4 Average Mean Square Error Based on
Displacement Ductility. (First Ground Motion Set)

Rank Method _l Average Mean Square Error

1 Sl., | 0.0487
2 Min(PSV) | 0.0587
3 PS\LL 0.0608
4 S 0.0651
5 Min{FAS) 090766
6 FAS o0 0.0766
7 Arias Intensity 0.0883
8 Min(A V.D} (.0BB9
9 A 0.112
10 RMS. 0.131
il v 0.135
12 D 0.197

[ 13 PSV. . 0.284

(14 FAS, .o 0.29% |
15 PSV, .. 1.013
16 FAS, ¢ 2811

TABLE 2.5 Average Mean Square Error Based on Normalized
Hysteretic energy Ductility. (First Ground Motion Set)
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LRank Method Average Mean Square Error !
L1 | MnlAVD) 0.115

2 | Arias lmensh}vﬁ n 0151

3 \A 0.152

4 R.M.3. 0.184

5 A 0.193

6 S1op, 0.220

7 51 0.221
8 D €239

9 Min(PSV) 0.245

10 Min{FAS) 0.266

T PV, Tosw

12 FAS, 5. 0.352
BB PSVig | 0.648
T FAs,e ] osm

15 PSY, o0 1.0%0

16 FAS, ., 3.363

TABLE 2.6 Average Mean Square Error Based on
Displacement Ductility. (Second Ground Motion Set)
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T Story : Story 11 Story k Story

. Number | Mass | Suffness - Yield Strength |

| | (kg) | (kg/sec/sec) I (Newton)

T 204 2010 |
2 [ 1920 ; 18.78 i

S B B | 1536 1613 |
&0 osL | 128

S R R N ] ] 6.86 %

TABLE 3.1 Physical Properties of Building Number One.

Period Modal Mass | Modal Stiffness | Modal Dampin
Mode | (gecond) (Kg) (Ke/secd) G
1 0.533 1.0 139. 50 7
:'2 0212 10 879 34
3 0136 ;| 1.0 2130, 37 i
4 0.102 1.0 3770 43
5 0.080 1.0 6137. 50
o Mode Shape Vectors
D.OF | Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode §

21207 | -2972 | -4199 | 8261 6664
S2569 | -5177 | -4578 | 1244 | - 6641
4039 | -4970 | 1299 | -.6830 | .3263
<5512 | -0902 | 6732 4758 | -091S
-6727 | 6233 | -3742 | -1217 | 0131 |

il —Io

TABLE 3.2 Modal Properties of Building Number One.

Story Building #1 | Building #2 | Building #3 | Building #4
Duculity Ductility Ductility Ductility
1 1.6 24 26 29
2 1.2 18 27 23
3 1.7 1.8 1.7 22
4 14 35 27 27
5 13 50 | 21 19 |

TABLE 3.3 Computed Story Ductilities.
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"T"irhTrYiemea First Time | Yielded First
Mode Mode
ecd | sy | T e | sy | S
(kg/sec?) (kg/sec?)
532 5 95 968 | 1,234 8
5331 45 15 969 | 1.34.5 91
534 4.5 + oo 970 1.34.5 1900
5.35 45 216 971 | 345 158
536 5 138 977 | 345 133
9.73 4 98
555 | 1,2.3.4,5 0
556 | 1,2,34.5 0 9.88 5 125
$57 [ 1,2.345 0 989 | 5 115
558 | 1,345 .36 9.90 3 95
§59 | 1345 .108 9.9] 45 115
560 | 1.3.4,5 -107, 992 | 34,5 129
$61 | 1345 -250 9.93 15 P
5.62 345 117 964 5 142
563 345 215 9.95 3 182
|
8.29 5 119 10.47 1 50
8.30 5 146 10.48 1.2 a7
BI1 4.5 112 || 1049 | 1.2 13
B.3z 345 32 10.50 1 -100
8.33 1.3.4 17 10.51 ] -100
8.34 1.3 100 10.52 ] 25
835 1.3 283 10.53 1 120
8.36 1,3 215
8.37 ] 123 10.74 S 140
1075 3 105
8.59 1,2 87 || 10.76 45 128
B.60 1.2 15 10.77 45 95
861 | 1.2.3.45 0 10.78 3 140
8.62 | 1.2.3.4,5 0 10.79 5 -100
8.63 34,5 233 ||
8.64 34,5 163 12.90 5 104
8.65 3.4 136 12.91 3 133
12.92 5 75

TABLE 3.4 Computed First Mode Instantaneous Stiffness
and the Yielding Stories.
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Mode Period Modal Mass | Modal Stiffness | Modal Damping
(Second} (Kg) (Kg/sec)) (%)
1 1.599 10 154 50
2 0.636 10 97.7 314
3 0409 10 236.7 37
4 0.307 1.0 4189 4.2
5 0.241 10 6819 50

TABLE 3.5 Modal Propcrties of Building Number Two.

Siory Story Story B Story
Number | Mass St:ffness Yield Strength
(kg) | (kg’/sec/sec) (Newton)
1 I 256.00 388
2 1. 21333 31644
3 1 170.67 3184
4 ] 128.00 2.496
5 1 85.333 1.58

TABLE 3.6 Physical Properties of Building Number

Two.
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Story Story Story Story
Number | Mass Stiffness Yield Strength
(kg) | (kg/sec/sec) {Newton)
1 1. 256.00 388
2 1. 21333 3.0
3 1. 170.67 2.85
4 1. 128.00 2.70
s I 85.333 230

TABLE 3.7 Physical Properties of Building Number Three.

Story 5101y Story Story
Number | Mass Stiffness Yiel¢ Stiength
(kg) : (kg/sec/sec) (Newton)

1 1. 256.00 KR ]

2 1. 213.33 314

3 1. 170.67 2.62

4 1. 128.00 251
L3 1. 85.333 233 |

TABLE 3.8 Physical Properties of Building Number Four.




Building #2 Building #3 Building #4
Modal Actual | Predicted Modal Actual | Predicted | Modal Actual ' Predicted
Mode Yield Modal Modal Yield Modal Modal Yield Modal Modal
(SL‘::'::::‘) Ductility | Ductility (NS: x‘:‘n) Ductility | Duciility (i:;:"t‘;:) Ductility | Ductility
1 1.94 1.83 1.68 1.60 2.10 1.77 1.60 193 1.717
2 2.54 292 2.78 3.6% 1.79 1.99 n 186 200
k] 416 2.10 1.38 6.06 1.60 1.08 6.10 1.47 1.07
4 105 1.47 0.53 7.62 1.34 0.49 7.40 1.43 0.89
5 876 0.6%9 0.51 7.23 1.61 0.62 7.53 1.34 1.01

TABLE 3.9 Comparison Between the Computed and Predicted Modal Ductilities.

»

Building #2 Building #3 Building #4
Mode Actual SRSS Predicted Actual SRSS Predicted | Actual SRSS Predicted
Story Story Story Story Story Story Story Story Story
Ductility | Ductility | Ductility | Ductility | Ductility { Ductility | Ductility | Duectility | Ductility
1 24 27 23 26 2.7 23 | 29 2.6 24
2 1.8 23 20 27 29 22 | 23 2.6 23
k] 1.5 24 19 1.7 29 20 22 29 23
4 15 30 2.4 27 17 21 27 27 23
5 50 40 34 21 27 24 19 26 24

TABLE 3.10 Comparison Among the Exact, SRSS and Predicted Story Ductilities.
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[Moaa | Building #2 | Building #3 | Building #4 |
e T e o[ o [ o o
1 | 264 | 283 | 348 | 343 [ 342 | 3.43
2 | 915 | 500 | 387 | 344 | 342 | 142
3 [462 ] 502276 ] 345 | 3.45 | 3.42
4 | 273 (359207 333|339 342
5 172611300 | 423 [ 363 | 3.45 | 3.48

TABLE 3.11 Comparison of Different Reduction Factors.

i TI(S )i 1K) | Mode Yield Sirength | !

i FNewmn) (Newton) \
T 453 T s 1
L-ﬁz_ S I R X
3 8.84 20. 9 |
Araat "77.'877*"”” 1% B
___5-"_’ Ty T 26 2 T

TABLE 3.12 Comparison Between (S4) (T} )(K)
i
and Modal Yield Strength



. 9] -

Story Story Story Story
Number | Mass Stiffness Yield Strength
{kg} | {kg/sec/sec) {(Newton)
1 1. 2025, 7.32
2 1. 1800. 698
3 1 1575. 6.32
4 1 1350. 532
§ 1 1125, 199
6 Lo 900. 233

TABLE 3.13 Physical Properties of Example Building.

Exact Story | Predicied Story

Story Ductility Ductility
1 3.60 269
2 2.89 2.67
3 2.36 2.65
4 2.44 2.65
L 243 270
6 2N 2.80

TABLE 3.14 Comparison Between the Computed and

Predicted Story Ductilities.
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~Date Earthquake “Recording Site Component
1) ) 3) (4)
1934, Dec 30 Lower California El Centro, Imperial Valley sst;;ﬁ
1935, Oct 31 Helena, Montana Carrol College g%:{
1940, May 18 Imperial Valley El Centro :%:
1949, Apr 13 | Western Wabsingion |  Olympis, Hwy. Test. Lab. :2;%
1952, Jul 21 Kern County Taft, Lincols School Tunpel ;462 ;g

TABLE 4.1 Ground Motion Records.



Structural | Subdsysiem Elasto-Perfeclly Stiffness Degrading
Plastic Model
Perid | Dampag | - TRTOW- T | (UnT000-7,) average T, | UaT000-T) UnTOOTT,V T aversge
T (In1000°'T,) | (ml1000-7,) | amplification ' (in1000-7,) | (m1000-7,) | mmplification
factor » factor @
(§)) (2) 1) @ (s) () 1) ® 8] am
0.2 1% 1.7 1.06 1.0§ 1.04 1.7 1.06 1.0¢ 11§
0.2 5% 1.37 1.0¢ 1.08 1.04 1.7 1.06 b12 1.1
0. 1% .16 1.16 .11 1.05 2.16 1.16 1.10 1.16
0.3 5% 2.16 1.16 1.20 1.02 2.16 1.16 1.12 1.11
oS 1% 1.46 1.06 1.10 1.06 1.75 1.10 1.06 117
0.5 5% .46 1.06 1.13 1.02 213 1.14 1.10 1.12
1.0 1% .02 1.11 1.06 0.99 1.30 1.14 1.07 I
10 5% 212 112 1.08 0.95 2.61 1.16 1.09 1.08
mean 1.77 1.10 1.10 1.02 1.98 1.12 1.09 1.11
std. dev 0.3% 0.04 0.04 0.0} 0.42 0.04 0.02 0.04
Ccov 0.20 0.04 0.04 0.0 0.21 0.04 0.02 0.04
* Period > 71,

tors For Structural Ductility Of 4.

TABLE 4.2 Statistical Values For The Proposed Amplification Fac-

-[6.



-94 .

EPP SDM
0.5 sec 0.5 sec
1% | §% | 1% | S%
) 2 {3 4) (%)
T/T, 1 1.64 {148 ] 175 1 213

in(100C 7,)/In(1000- T,) 108 107 1110 | 114
In(1000 7,)/in(1000- T} 104 [ 111 | 104 | 107
average amplification factor | 1.04 | 104 { 1.11 | 1.07

TABLE 4.3 Statistical Values For The Proposed Amplification

Factors For Structural Ductility Of 2 And Period Of 0.5 Second.
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Patoimas Dam (51W)

o0 30 40 L2 12¢ 130

Fig. 2.1 Ground Motion for the S15W Component of the
Pacoima Dam Record of February 9, 1971 and
the Response Ductility Time Histories.
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FIG. 2.2 Scaling Relationship Between the SI15W Pacoima
Dam Record and the EW 1940 El Centro Record.
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Ductility. (First Ground Motion Set)
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Energy Ductility. (First Ground Motion Set)



Actual Scaling Factor

el

10
El Centro, EW Olympia, NS
|, e F’ =| o+
- A S W R | 1 L L 1 L
00 04 08 1.2 1.6 20 00 04 0s 12 16 20
10 .
Olympia, EW ]

Helena, EW

b L j 1 i . 1 N | 'y i V' -] I N | Fi N N N i .
00 04 03 12 16 20 00 04 0s 1.2 16 20
Period (sec.)

Period (sec.)

Fig. 2.5 Actual Scaling Factors Based on Displacement
Ductility. (Second Ground Motion Set)
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Actual Scaling Factor
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Fig. 2.5 Actual Scaling Factors Based on Displacement
Ductility. (Second Ground Motion Set)
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Fig. 2.5 Actual Scaling Factors Based on Displacement
Ductility. {(Second Ground Motion Set)
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Fig. 2.6 Mean Square Error Based on Displacement
Ductility. (First Ground Motion Set)
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FI1G. 3.1 Ground Acceleration for the East-West Component of the 1934 El Centro Earthquake
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