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INTRODUCTION
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BACKGROUND AND NEED FOR THE STUDY

Although structural walls (shear walls)* have had a long history of
satisfactory use in stiffening multistory buildings against wind, not
enough information is available on the behavior of such elements under
strong earthquake conditions.

The thinking among most engineers, starting in the early 1950's and
persisting up to the present, has been that relatively flexible rigid
frames perform best under earthquake conditions. This preference for
the rigid frame in earthquake-resistant structures has been fostered, in
part, by the full treatment given the subject in design codes. This
preference for rigid frames tended to exclude consideration of alternative
and equally satisfactory or possibly better solutions.

Observations of the performance of buildings subjected to earth-
quakes during the past decade have focused attention on the need to
minimize damage in addition to ensuring the general safety of buildings
during strong earthquakes. The need to control damage to both structural
and nonstructural components during earthquakes becomes particularly
important in buildings such as hospitals and other facilities which must
continue operation following a major disaster. Damage control, in
addition to life safety, is also economically desirable in tall buildings
designed for residential and commercial occupancy, since the nonstructural
components in such buildings usually account for 60 to 80 percent of the
total cost.

There is little doubt that structural walls offer an efficient way
to stiffen a building against lateral loads. When proportioned so that

they possess adequate lateral stiffness to reduce the interstory

*In conformity with the nomenclature soon to be adopted both by the
Applied Technology Council and in the forthcoming revised edition of
Appendzf)A to ACI 318-71, Building Code Requirements for Reinforced Con-
crete, the term "structural wall" is used in place of "shear wall".
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distortions due to earthquake-induced motions, walls effectively reduce
the likelihood of damage to the nonstructural elements contained in a
building. When used with rigid frames, walls form a structural system
that combines the gravity-load-carrying efficiency of the rigid frare
with the lateral-load-resistirg efficiency of the structural wall.

Observations of the comparative performance of rigid frame builc-
ings and buildings stiffened by structural walls during recent earth-
quakes,(2’3’4) have clearly demonstrated the superior performance of
buildings stiffened by properly proportioned and designed structural
walls--from the point of view of safets and especially from the stand-
point of damage control.

The recognition of the need to minimize damage under strong earth-
quakes, in addition to the pr mary requirement of life safety (i.e., no
collapse), clearly imposes more stringent requirements on the design of
our structures. This need to minimize damage provided the impetus for
a closer examination of the structurail wall as an earthquake-resisting
element. Among the more immediate questions requiring answers for the

estabiishment of a rational design procedure are:

1. What magnitude of deformation and associated forces can
reasonably be expected at critical regions of structural walls

under earthquakes of varying intensity?

2. How many cycles of large deformations can be expected corre-
sponding to specific combinations of structure and ground

motion characteristics?

3. What stiffness and strength should structural walls in typical
plan configurations have in relation to the expected ground
motion in order to limit the deformations in the structure to

acceptable levels?



-4-

4. What design and detailing requirements must be met to provide
walls with the strength and deformation capacities indicated

by analysis?

The present analytical and experimental investigation was under-
taken in an effort to provide answers to the above questions. This
study is supported in major part by Grant No. GI-43880 from the National

Science Foundation.



OBJECTIVES

Part 1 - Dynamic Inelastic Analysis of Structures

This part of the investigation has the following objectives:

Major Objectives:

(a)

(b)

(c)

An evaluation of the relative influence cf various structural
and ground motion parameters on the dyncmic respunse, partic-
ularly with respect to forces (especially shear) and deforma-
tions in critical regions of structural walls.

The determination of estimates of critical force and deforma-
tion requirements in hinging regions of structural walls
corresponding to different combinations of earthquake intensity
and the~significant structural parameters.

The correlation of data on critical dynamic response obtainad
in (b) with data from laboratory tests of isolated walls under
reversing loads to arrive at recommendations on design force
levels. The design force levels would be intended to result
in structures for which the force and deformation requirements
under seismic conditions would be within the capacity indi-

cated by laboratory data.

Secondary Objectives:

(d)

The determination of the range of appropriate stiffness of
walls corresponding to specified conditions in order to limit
interstory distortions to acceptable levels. (The limits on
the interstory distortions will depend on the tolerable
deformations of specific nonstructural elements, including

mechanical ductwork attached to the wall.)



(e) The evaluation of dynamic response histories for different
parametric combinations in order to arrive at recommendations
on a representative loading history which can be used in
laboratory testing of structural walls under essentiall:

static, reversed cycles of loading.

During Phase I of the program, dynamic analyses were carried out
on isolated structural walls, with only exploratory runs made for
frame-wall and coupled wall systems. The study of isolated walls was
motivated aot only by the need to obtain dynamic response data on the
basic element of interest i this investigation, but also by a desire to
establish a reference with which results for the more complex structural
wall ~y:tem: can b2 compared.

In certain cases, where the frame in a frame-wall structure or the
coupling beams in a coupled wall structure are relatively flexible
compared to the structural wall, the wall can be considered to act
essentially as an isolated structural wall.

A detailed consideration of the dynamic response of frame-wall and
coupled wall structures is planned for the subsequent phases of the

investigation.

Part Il - Sectional Analysis under Combined Flexure and Axial Load

This second part of the analytical program, which involves the
static analysis of representative wall sections under combined flexure
and axial load over the full range of deformation, has three main

objectives.
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1. To determine the influence of different design parameters on
the chiaracteristics »f moment-curvature diagrams, including

r- (] L4

noft.~
ductiiity, of typical wall sections.

Since the basic input to dymamic inelastic structural
analysis consists of the force-deformation relationship of the
hinging regions of members, in addition to structural geometry
and member dimensions, the effect of the design variables on
structural response (mainly, deformation requirements) can be
examined in terms of their influence on the primary M-¢ curves

of the critical sections.

2. To develop charts (interaction diagrams) which can serve as
bzses for the design of walls in earthquake-resistant struc-
ture. It is understood that such designs wmust 21low for the

effects of shear and reversed cyclic loads.

3. To examine the reasonableness and applicability of certain
rules proposed to define the hysteretic moment-curvature

characteristics of wall sections under reversing loads.

Work on this part during Phase I has consisted mainly of parametric
studies to determine the effect of major design varijables on the moment-
curvature (M-g) response curve for sections, as well as “ne i:oment-
rotation (M-8) curve for finite segments of structural walls. In
addition, an initial effort was made towards objective No. 2 above by
preparing a set of interaction dizyrams applicable to wall sections

covering a wide range of the significant design parameters.



ANALYSIS PROCEDURE - AN OVERVIEW

Part I - Dynamic Inelastic Analysis of Structures

It was recognized early in the study that if the design prucedure
to be developed was to be cast in practical form, it would have to
involve only the most important parameters affecting the behavior of
structural walls under seismic conditions. A parametric study con-
sidering reasonable variations in what were thought %o be significant
structural and ground motion variables was thus planned as a logical
preliminary step to the compilation of data for the design procedure
itself. Once the major variables were isolated, the formulation of
the design procedure could proceed on the basis of these few major
parameters. ’

The general procedure followed in the dynami. rasponse study is

described below:

1. A reference 20-story isolated structural wall, representing a
typical element in a structural wall or "crcss-wall" structure,
was designed on the basis of the Uniform Building Code (UBC),(S)

Zone 3 requirements.*

A number of other designs were also considered to deter-
mine the practical range of variation of the required strength
(yield level) corresponaina to different stiffnesses and wall
cross sections. .On the basis of this study, the ranges of
variation of the diffarent structural parameters were estab-

1ished.

*It is pointed out that the use of UBC requirements to establish the
dimensions (mainly relating to strength) of the reference structure has
little bearing on the results of the analysis. The principal reason
for the use of the UBC provisions (or of any code provisions for that
mavte: ) is to establish the practical range of variation of certain
d:sigr parameters.
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The major structural parameters considered were the
fundamental period, Tl’ and the flexural yield level, My,
i.e., the force required to produce first yield in bending.
For the purpose of defining the “first yield", a bilinear
idealization was used to replace the actual curvilinear
force-deformation relationship of structural members. For the
basic 20-story structure studied, an initial fundamental
period ranging from 0.8 sec. to 2.4 sec. and a yield level for
the base of the wall ranging from 500,000 in-kips, to 1,500,000
in-kips were considered.

A number of strong-motion accelerograms and their correspond-
ing velocity response spectra were examined for possible use
as input in the dynamic analyses. Included in the study were
several artificially generated accelerograms.

Because the number of analyses which could be undertaken
to examine a particular parameter was ohviously limited, it
was necessary to limit consideration of input motions to those
which would produce maximum or near-maximum response, and at
the same time would represent realistic ground motions. An
effort was made to examine the general characteristics of
strong-motion records as a basis for judging the reasonable-
ness of certain artificially generated accelerograms. How-
ever, the question of the reasonableness of an input motion
for a given site was not considered.

In studying input motions, the following three charac-

teristics affecting dynamic structural response were recognized:

(a) intensity - used here as a measure of the amplitude

of the iarge acceleration pulses;
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(b) duration of the large-amplitude pulses;

(c) frequency characteristics.

Except where duration was the parameter of interest, all
the structures studied were subjected to 10 seconds of ground
motion. The input motions were normalized with respect to
intensity by multiplying the acceleration ordinates by a
factor calculated to yield a "spectrum intensity"* equal to
0.75, 1.0 or 1.5 times that of the N-S component of the 1940
E1 Centro record.

The velocity response spectra of a total of 27 natural
and i7 artificial accelerograms were examined for the purpose
of determining the frequency characteristics of these motions.
Characte}istic variations of the frequency distribution within
the period range from 0 to about 4 seconds were noted and used
as a basis for selecting the input motions for use in the

dynamic analyses.

3. A major requirement of the analysis to be used in the dynamic
response study was the consideration of inelastic deformations
at critical regions of structural members. Since economic
considerations in cesign generally result in structural
dimensions which allow inelasticity to develop when a struc-
ture is subjected to a major earthquake, the determination of
the magnitude of the inelastic deformations (or the ductility
requirement) clearly became the principal response parameter

of interest.

*Defined here as the area under the S%-damped relative velocity response
spectrum between the periods of 0.1 and 3.0 seconds.
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After examining a number of dynamic inelastic analysis
computer programs and consicering the availability of support
for modifications which were deemed essential for the planned
investigation, it was decided to use the program DRAIN—ZD.(G)
The program has been implemented on the CDC 6400 at North-
western University. The present version of the program, used
in the analysis of isolated structural walls, includes a
capability for considering a 'degrading stiffness' model for
reinforced concrete beams developed by R. W. Litton and G. H.
Powell. Also included is an option to output compact time
histories of response. Further modifications were introduced
into the program by S. K. Ghosh and A. T. Derecho(7) at
Portland Cement Association to allow plotting of response
data*.

An effort was made to examine the feasibility of mini-
mizing the cost per analysis without sacrificing accuracy in
the relevant data, to permit a more extensive evaluation of
the selected parameters. A preliminary series of analyses was
undertaken to examine such possibilities as the use of a
mathematical model of the isolated wall with lenser number of
concentrated masses than floor levels and the use of a rela-
tively longer time step for the numerical integration. Also
considered was the question of the most appropriate model for

the hinging region at the base of the wall.

*More recent (August 19/6) modifications to Program DRAIN-2D, undertaken
by I. Buckle and G. H. Powell at the request of PCA, include a model for
a shear-shear s1ip mechanism at plastic hinges with an option to consider
a third, descending branch of the M-¢ and V- curves.
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The frequency content of the input motion was considered

first because of the significant effect it can have on the
dynamic response of a given structure. It was deemed neces-
sary to identify early in the study the frequency content
distribution which would produce near-maximum response (for a
fixed intensfty and duration of the motion) in structures with
specific periods and yield levels so that the appropriate
input motion could be used in subsequent analyses where other
parameters were varied.

The dynamic analyses assumed structural elements with
unlimited deformation capacity (or ductility), since a major
objective of these analyses is the determination of the
magnituqe of the deformation requirements corresponding to
specific sets of parameter values. (The experimeﬁta] investi-
gation will then develop detailing precedures by which the
indicated deformation requirements can be provided.)

To isolate the effect of individual variables on the
response, only the particular parameter studied was varied in
the reference structure at any one time. Although the process
of modifying only one basic parameter of a structure while
suppressing any change in other parameters* is artificial and
may sometimes result in unrealistic structures, this device
was considered necessary as a research procedure in order to

avoid uncertainties in evaluating the effect of each variable.

4. For the purpose of the parametric study, the results of the
dynamic analyses are presented mainly in the form of envelopes

of selected response quantities, i.e., the maximum horizontal

*For instance, increasing the stiffness (and hence the frequency) of a
structural wall by increasing its overall dimensions or its depth will
ordinarily be accompanied by an increase in its strength or yield level.
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displacements, interstory displacements, moments, shears,
ductility ratios and cumulative plastic hinge rotations along
the height of the structure. Time history plots of a number
of response quantities were also obtained in the course of the
analyses and are presented where they help in understanding
the obsarved behavior. In addition, moment-rotation curves

are also shown for some cases.

In the development of the design procedure, the principal
concern was the determination of appropriate design force
levels that would ensure adequate stiffress and strength and
which, when combined with proper reinforcement details as
indicated by laboratory tests, would provide the reouired
deformation capacity.

To provide a broad base upon which the conclusions of
this part ot the study could rest, and to extend the results
to structures with heights other than 20 stories and ground
motions with intensities other than 1.5 (Slref_), a substan-
tial number of analyses were made in addition to those under-
taken for the parametric study. Much of this additional
computation was necessitated by the observed sensitivity of
the maximum base shear (an important design parameter) to
higher modes of response and by the observation that when
extensive yielding occurs, input motions which are critical
with respect tu displacements and rotational ductilities can
in fact result in relatively low shears.

The procedure used in determining design force levels is
based on a correlation of results from the dynamic analyses

with data obtained from the experimental progrem.
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6. The study aimed at formulating recommendations on a represent-
ative loading history (which can be used in testing specimens
under essentially static reversing loads) was undertaken to
establish reasonable bounds on the number of loading cycles
which can be expected under various ccombinations of structure
and ground motion parame*ers. To this end, the time history
plots generated in the course of the parametric study and the
development of the design procedure were examined, and char-

acteristic measures of displacement response noted.

Part Il - Sectional Analysis Under Combined Flexure and Axial Load

Work on this part of the project during Phase I was corfined mainly
to objective No. i, with an intial effort made toward objective No. 2.

The main purpose af the study under abjective No. 1 is to relate
the type of structural wall section, as characterized by the significant
design variables, to the expected deformation requirements. The design
variables considered were:

(a) shape of structural wall cross-sactions,

(b) percentage of longitudinal reinforcement,

(c) 1level of axial loading,

(d) degree of confinement of compression zone concrete.

The results of the study of the effect of sectional shape on the
behavior of wall sections under combined bending and axial load were
included in the Progress Report of August 1975.(8)

An initial effort was aiso made towards objective No. 2 by pre-
paring a set of interaction diagrams applicable to wall sections
covering a wide range of significant design parameters. These charts,

which were presented in Supplement 3(9) to the Progress Report of August
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1975, are intended to be used, in conjunction with data from the experi-
mental program, in proportioning structural wall sections for earthquake-
resistant structures.

In view of the fact that any recommendations on the detailed
proportioning of structural wall sections will have to await final
reduction and evaluation of the experimental data, it was decfded to
defer further work on Part I1* in favor of completing Part 1 to the
point where design force levels could be derived on the basis ¢’ the
results of the dynamic analyses and the initial data from the experi-

mental program.

*Beyond that reported in the Progress Report of August 1975, Reference 8.
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COMPUTER PROGRAMS

Dynamic Inelastic Analysis of Structures

DRAIN-2D - General Features: The dynamic analysis studies were

carried out using the computer program DRAIN-2D which was developed at
the University of California at Berkeley. The program, with certain
modifications and additions, has been implemented on the CDC 6400
computer at the Vogelback Computing Center of Northwestern University.
DRAIN-2D is a general purpose program for the dynamic analysis of
plane inelastic structures subjected to earthquake excitation. Detailed
information concerning the program is given in Reference 6 and 7. The
essential features of the program, as presently implemented at North-

western University, are discussed below.
1. The program consjders only plane structures.

2. A structure may consist of a combination of beam or beam-
column elements, truss elements or infill panel elements. The
moment-rotation characteristics for the beam elements can be
defined in terms of a bilinear relationship which may be
stable hysteretic or may exhibit the "degrading stiffness"

characteristic for deformation cycles subsequent to yielding.

3. The mass of the structure is assumed to be concentrated at

nodal paints.

4, Horizontal and vertical components of the input (base) accel-
eration may be considered simultaneously. The input motions
are assumed applied directly to the base of the structure (no

soil-structure interaction effects are considered).
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5. Several types of damping may be specified, including mass-

proportional and stiffness-proportional damping.

6. Shear deformations and the P-aA effect in frame elements can be

taken into account.

7. Output options include printouts of response quantities (2.g.,
displacement components and forces at node points and plastic
rotations at member ends) corresponding to specified nodes as
well as response envelop:s at given time intervals. Envelopes
of hasic response quantities are automatically printed at the
end of each computer run. Time histories of specified response

quantities presented in compact form can also be obtained.

For structures consisting of beam elements (including columns under
constant axial load) plots of a variety of response quantities can be
obtained during each run.

The structural stiffness matrix is formulated by the direct stiff-
ness method, with the nodal displacements as unknowns. The dynamic
response is determined using step-by-step integration based on the
assumption of a constant response acceleration duriﬁg each time step.

The elements of particular interest in this study are beams and
beam-columns, and especially beams characterized by a progressive
decrease in reloading stiffness with cycles of loading subsequent to
yield. In DRAIN-2D, both flexural and axial stiffnesses of these
elements are considered. Variable cross sections may be taken into
account by specifying the appropriate stiffness coefficients. Inelas-
ticity is allowed in the form of concentrated plastic hinges at the
element ends. For beam-column elements, the interaction between axial
force and moment in causing yielding is taken into account in an approxi-

mate manner.
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The moment-rotaticn characteristics of the inelastic hinges at the
ends of beam and beam-column elements are specified in terms of an
initial stiffness, k, and a post-yield or strain-hardening stiffness,
pk, as shown in Fig. 1.

Two types of hysteretic loops can be specified for the moment-
rotation curve characterizing the inelastic point hinges at element
ends. The first one is the more common stable loop, shown in Fig. 2a.
in which the unloading and re’oading stiffnesses ere equal to the
initial stiffness. For this case the program accounts for the behavior
of an element with inelastic hinges at its ends by assuming an equiva-
lent element consisting of two parallel components, one elastic and the
other elasto-plastic.

The second tybe of hysteretic loop is one which exhibits a decreas-
ing stiffness for reloading cycles subsequent to yield. The basic or
primary moment-rotation curve for the beam element with decresasing
stiffness is defined in Fig. 1. After yielding occurs, however, the
reloading branch, and to a minor degree the unloading branch, of the
curve exhibits a decrease in sliope (i.e., stiffness). This decrease in
stiffness is assumed to be a function of the maximum rotation reached
during any previous cycle; in DRAIN-2D it is determined by a cet of
rules representing an extznded version of the rules proposed by Takeda
and Sozen.(lo) A single element model is used for this case. A typical
plot of this moment-rotation hysteretic loop is shown in Fig. 2h,

Modifications Introduced into DRAIN-2D: Early runs using DRAIN-2D

indicated the desirability of certain changes in the program. At the
request of the Portland Cement Association, G. H. Powell and R. W.
Litton at the University of California, Berkeley, introduced changes

into the program to enable it to consider modifications of t{he basic
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Takeda model for the decreasing stiffness beam element. The parameters

a«a and B shown in Fig. 2b, which allow the basic decreasing stiffness
model to be varied to correspond more closely to experimental results,
were incorporated into the program. Powell and Litton also provided
options for printing and storing on file the time histories of most
respense quantities in a compact and convenient form.

In addition to the above modifications, a major effort was made at
the Portland Cement Association to incorporate plotting capabilities
into the program. Plots of time histories of forces and deférmations,
as well as response envelopes, can be obtained automatically with each
run. Options to punch cards for both envelopes and time histories of
response, which can be used for plotting curves in comparative studies,
have also been ingorporated.

A1l modifications to the program DRAIN-2D as used in the study of
isolated walls, have been documented and are discussed in detail in
Reference 7.

A more recent (August 1976) modification in DRAIN-2D, undertaken by
I. Buckle and G. H. Powell at the request of PCA, allows the modelling
of the hinging region in a beam element in the form of a flexural 'point
hinge' and a shear-shear slip mechanism designed tc simulate the trans-
verse relative displacement that can occur between the ends of the
hinging region in walls subjected to high shears. The force-displace-
ment relationships for both of these mechanisms can be specified in
terms of a three-segment curve, the third segment representing the loss
in strength accompanying displacements beyond the point of maximum
strength. The behavior of the hysteresis loops under cyclic reversed
loading can range from the ‘'stable ioop' to Clough's mode! for degrading

stiffness.(ll) Plotting routines developed for earlier versions of the
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program have already heen adapted to the subroutines for this latest
modification. These latest options added to DRAIN-2D have not been used
in the study of isolated walls reported here; it ic intended to use

these options in the study of coupled walls and frame-wall systems.

Sectional Analysis Under Combined Flexure and Axjal Load

The first step towards the realization of objectives No. 1 and 2 of
this part of the analytical investigition was the develupment of a com-
puter program for realistic nonlinear analyses of structural wall cross
sections under flexu-z and axial compression. The developed program is
quite general in that it allows a wide range in specifying the geometric
and materiol properties of tte sections to be analyzed. Sections of all
commonly encountered shapes, containing a large number of reinforcement
layers, can be dealt with. The stress-strain properties of steel and
concrete are represented by realistic analytical relationships built
into the program, or may be in the form of experimental data defined at
discrete points. The output for each section analyzad is obtained in
the form of a set of bending moment and curvature values, corresponding
to a given magnitude of axial load applied on the section. Detailed

documentation for this program is given in Reference 12.

Other Program:
Two dynanic analysis computer programs, DYMFR(13) and DYCAN,(14)

developed at the Portland Cement Association, were used primarily to
determine the undamped natural frequencies and mode shapes of the
buildings considered in the parametric study. DYMFR is a program for

the dynamic analysis of plane frame-will systems, while DYCAN is designed

specifically for the dynamic analysis of inelastic isolated cantilevers.
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Both of these programs are implemented on the META4-1130 computing
system at the PCA.

Another PCA-developed program, DYSDF,(IS) for the dynamic analysis
of single-degree-of-freedom systems (both linear and nonlinear) was used
to calculate and plot the response spectra for the various input motions
studied in connection with this investigation.

A number of other independent programs have been developed for
various specific purposes. Among these is a program, AREAMR,(IG) which
utilizes the punched data from DRAIN-2D to compute the cumulative areas
under moment-rotation diagrams, as well as the cunwlative ductilities.
The results can be plctted as functions of the elapsed time. Another
useful program is ANYDATA. Y7} Given a number of input arrays, this
program can produée plots according to various specified arrangements.

A number of smaller programs have been developed for preparing composite
plots of response envelopes and time histories. A separate class of
small programs has also been prepared for the processing of punched data

from the sectional analysis program.
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GENERAL

The primary objective of the analytical program is the estimation
of the maximum forces and deformations which can reasonably be expected
at critical regions in structural walls subjected to strong earthquakes.
In view of this, the selection of an appropriate set of acceleration
records for use as input horizontal base motions in the dynamic analyses
was considered an escential preliminary step in the investigation.

The statistical character of structural response to earthquake
motions requires the consideration of a sufficient number of input
motions in the dynamic analysis. In an effort to minimize the necessary
number of records for use in the analysis, an examination was made of
the major parameters characterizing strong-motion accelerograms. If
accelerograms can be classifiad into fairly broad categories according
to certain basic properties, it should be possible to cbtain, even with
the deterministic approach used in the present study, good estimates of
the maximun response of structures to earthquakes with a limited number
of input records. For this purpose, a group of about 20 records were
selected from a compilation of digitized strong-motion accelerograms
published by the California Institute of Technology.(l) In addition to
the natural records, a number of artificially generatcd accelerograms
were considered.

The principal ground mtion characteristics affecting dynamic
structural response are intensity, duration and frequency content.
Inten.ity indicates a characteristic measure of the amplir:i_ oi wue
acceleration recerd. Duration refers to the length of the record during
which relatively large amplitude pulses occur, with due allowance for a

reasonable build-up time. The frequency characteristics of a given
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ferent component waves (having different frequencies) which make up the
motion. Guzman, Crouse and Jennings(z) have pointed out that the best
available indicators of the damage capability of the ground motion from
earthquakes are the duration and the response spectra. The response
spectra inherently contain the measures of intensity and frequency
content.

By arbitrarily setting the duration of the input motion at 10
seconds, using Housner's “spectrum intensity" as a measure of intensity
and noting certain trends in the damped relative velocity response
spectra associated with the accelerograms, a basis is laid for the
selection of records for use as input in the dynamic analysis. This is

discussed in greater detail below.

DURATION

Because of the significant computer cost involved in dynamic
inelastic analysis, particularly for the coupled-wall and frame-wall
systems planned for the subsequent phases of this investigation, it was
decided at the outset to use a duration of 10 seconds of the base
excitation for most analyses. Only when studying the effect of duration
on the 12~27nse were 20-second records used.

A further justification for the use of a 10-second duration for the
input motion is that most sircng-motion accelerograms recorded on firm
alluvial soil contain a short phase (5-15 seconds) of relatively con-
~:am. -, <tationary high-intensity oscillations with dominant frequencies
in the range o1 - *n 5 cycles per second. Deterministic dynamic studies
by Bogdanoff(s) have shown th:i :!rustures subjected to a number of
these ground motions experience their peak relative displacements

during this shert intense phase. Penzien and Liu,(q) on the basis of
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the nonstationary response of linear systems to stationary "white
noise", suggest that for typically damped (5-10% of critical) linear
systems with fundamental periods up to 2 seconds, a 10-second duration
of excitation gives ample time for structures to approach their steady
state conditions; also, that increasing the duration of excitation
beyond 10 seconds has a relatively small effect on the probability dis-
tribution of peak response. In a study of critical excitations for the
design of earthquake-resistant structures, Drenick(s) also observed that
damage to a structure is most likely to occur during the first 5 to 10
seconds of strong ground motion. For nonlinear structures, Clough and
Benuska(s) have shown that the only significant effect of an increase in
the duration of high-intensity base excitation is the cumulative plastic

rotations in critically stressed members.

FREQUENCY CHARACTERISTICS

A typical strong-motion accelerogram shows an extremely complex
series of oscillations. Examples of earthquake accelerograms, the NS
and EW component of the May 18, 1940, Imperial Valley earthquake as
recorded at E1 Centro, are shown in Fig. 1.(1) Any such record may be
thought of as a superposition of simple, constant-amplitude waves, each
with a different frequency, amplitude and phase. The importance of
knowing the frequency ciraracteristics of a given input motion lies in
the phenomenon of resonance or quasi-resonance, which occurs when the
frequency of the exciting force or motion approaches the frequency of
the structure. Near-maximum response to earthquake excitation can be
expected if the dominant frequency components occur ir the same
frequency (or period) range as the dominant effective frequencies (or

periods) of a structure.
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A convenient way of studying the frequency characteristics of an
accelerogram is provided by the Fourier amplitude spectrum. Figure 2,
from Reference 7, shows the Fourier amplitude spectra for the NS and EW
components of the 1940 El Centro record. This spectrum provides a
frequency decomposition of the accelerogram, indicating the amplitude
(in units of velocity - a measure of the energy content) of the com-
ponent at a particular frequency. Another commonly used measure of the
frequency content of an accelerogram is the velocity response spectrum.
This is a plot showing the variation of the maximum absolute value of
the relative velocity of a linear single-degree-of-freedom system with
the undamped natural period (or frequency) when subjected to a particular
input motion. Figure 3 (Ref. 8) also shows the relative velocity
response spectra for the NS and EW components of the 1940 E1 Centro
record, for different values of the damping factor (specified as a
fraction of the critical damping coefficient). Hudson has shown(g)
that when the maximum response of a system occurs at the end of the
record, the undamped relative velocity response spectrum has a form
identical to that of the Fourier amplitude spectrum of the ground accel-
eration. Otherwise, these two plots are only roughly similar. As in
the Fourier spectrum, the peaks in the velocity response spectrum
reflect concentrations of the input energy at or near the corresponding
frequencies. For damped systems, these peaks are reduced, the reduction
befng greater for the shorter period systems.

Although both Fourier amplitude and undamped velocity response
spectra exhibit a jagged character, with peaks and troughs occurring at
close intervals, it is usually possible to recognize a general trend in
the overall shape of the curve. By noting the general shape of the
spectrum in the frequency range of interest, a characterization of the

input motion in terms of frequency content can be made.
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In this study, where a viscous damping coefficient of .05 of
critical for the first mode was used as the basic value for the dynamic
analysis model, the 5% damped velocity response spectra corresponding to
10 seconds of each of 20 selected records were examined. Figures 4(a)
and 4(b) show the velocity response spectra for the NS and EW component
of the 1940 E1 Centro motion, based on the initial 10 seconds of the
record. The remaining spectra considered are shown in Appendix A. On
the basis of this examinaution, two general categories were recognized,
namely:

1. A “"peaking" accelerogram with a spectrum exhibiting dominant
frequencies over a well-defined period ranga. The NS com-
ponent of the 1940 E1 Centro record is an example of this
class. |

2. A "broad-band" accelerogram with a spectrum that remains more
or less flat over the period range of interest. The vertical
component of the 1940 E1 Centro record may be classified under

this category.

A sub-class of the broad-band category is a record with a
spectrum which increases with increasing period within the
period range of interest. This may be referred to as an
“ascending” accelerogram. The EW component of the 1940 E1l
Centro record is typical of this type of record.

While the procedure proposed above represents a rather crude method
for classifying accelerograms in terms of frequency content, it neverthe-
less provides a sufficient basis for determining the potential severity

of a given input motion in relation to a speciic structure.
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For a liaear structure in which the dynamic behavior is dominated
by the fundamental mode, as is the case in most reinforced concrete
multistory buildings with structural walls, a strong response can be
expected when the fundamental pericd falls within the peaking range of
the input motion, i.e., within the period range where the dominant
components of the input motion occur. Lesser response can be expected
if the dominant period of the structure falls outside the peaking range.

The effective period of yielding structure changes with the extent
of inelastic action and the general state of deformation of the struc-
ture (i.e., loading or unloading). Thus, different components of an
input motion will exert varying influences on the behavior of the
structure at different times. Since the general effect o7 yielding is
to increase the period of vibration, the longer-period components in a
record will tend to play a greater role as yielding progresses in the
structure,

In a structure such as an isolated wall, where yielding at and near
the base can produce a significant increase in the effective period of
vibration, a peaking accelerogram with the spectrum peak centered about
the initial fundamental period of the structure produces its maximum
effect prior to yielding. After yielding, the effect of the dominant
frequency components diminishes as the effective period of the structure
moves beyond the peaking range. For such a structure, a broad-band
accelerogram of the same intensity may produce a more severe response.

In isolated walls where only nominal yielding occurs, or in
multiply-redundant structures such as frames and frame-wall systems,
where yielding in some elements may not significantly change the effec-
tive period of the structure, the initial fundamental period may con-
tinue to provide a good indication of the dynamic properties of the

structure even beyond first yield. A peaking accelerogram with its
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spectrum peak centered about the initial fundamental period will likely
produce more severe response when compared to a broad-band acceIerﬁgram
of the same intensity.

The above two cases are illustrated schematically in Figures 5(a)
and (b).

In order to have available a set of accelerograms for use as {nput
in the dynamic analysis, a number of representaiive records were chosen
from a compilation of natural records(l) énd augmented by a selection of
artificially generated accelerograms. The records were chosen to provide
a set of peaking accelerograms with 5%-damped velocity response spectra
peaking ranges covering the period range from about 0.5 to 3.0 seconds,
as well as some broad-band accelerograms. The set of peaking accelero-
grams and their respective peaking ranges are listed in Table 1. Since
the isolated structural walls considered in the dynamic analysis have
fundamental periods varying from 0.8 sec. to 2.4 sec., there will be
several records with their dominant frequency components near each of
the basic structure periods.

The peaking ranges shown in Table 1 were determined visually such
that the width of each range corresponds to an ordinate approximately
equal to 2/3 of the peak value. The peaking ranges for the undamped
spectra corresponding to the full records and those for the 5% damped
spectra corresponding to the first 10 seconds of each record are given.
In general, the peaks of the undamped spectra for the shorter,
10-second, segments of an accelerogram occur in the same period ranges
as for the full records; however, the values are slightly lower. The
period domain for peak ranges for the 5%-damped spectra differ slightly
from those for the undamped case mainly because of the greater attenua-

tion of the reponse due to damping for the shorter per.od structures.
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In addition to the natural records listed, several artificially
generated motions simulating earthquake accelerations were considered.
These include six of the CalTech design earthquake accelerograms (A-1,
A-2, B-1, B-2, C-1 and C-2) generated by Jennings, Housner and Tsai;(lo)
five records generated using the program PSEQGN (denoted here as P-1
through P-5), developed by Ruiz and Penzien;(ll) and six records gener-
ated using the program SIMQKE, developed by Gasparini.(IZ) The CalTech
accelerograms A, B, C were designed to simulate ground motions of
varying intensity and duration corresponding to earthquakes of specific
magnitude and epicentral distance. For instance, the A accelerograms
are designed to represent the ground motions close to the causative
fault of a magnitude 8.5 earthquake. The accelerograms P-1 through P-5
were generated to match, on the average, the spectrum, duration and peak
acceleration of the NS component of the 1940 El1 Centro record.

The accelerograms genérated usirr 1ve program SIMQKE, denoted here
as .-1 though S-6, are designed to match a target response spectrum
while retiining the general duration and envelope shape of reasonzbly
expected strong-motion reco~ds. The target spectrum used for these
records was essentially a flat, broad-band spectrum over the period
range from 0.3 to 3.0 seconds, which is similar in shape to the design
response spectra proposed by Newmark, Blume and Kapur.(13)

For the purpose of the dynamic inelastic analyses planned for tiis
study, the selected accelerograms were classified according to whether
they could be considered as "peaking" or "broad-band" with respect to a
particular basic structure fundamental period. The study considers
basic structures with (initial) fundamental periods of 0.8, 1.4, 2.0 and
2.8 seconds. As a guide to the possible choice of input motions which

could be used for any particular structure, Table 2 was prepared. Two
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types of entries are shown under each period (where they appl»! corre-
sponding to . given accelerogram. An "A" is entered under a given
period if the corresponding velocity response spectrum exhibits a narrow
peak at or near the period of interest. A "B" is used to indicate that
the velocity response spect:um shows a relatively high plateau extending

from the period of interest to at least one second higher.

INTENSITY

The best parameter to use as a characteristic measure of the ampli-
tude of tne acceleration pulses within the period range of interest has
not been clearly established. A commonly accepted measure of intensity
is important if acce1erograws are to be categorized according to inten-
sity. Some investigators(14’15) have chosen to normalize accelerograms
on the basis of the peak acceleration, velocity or displacement occur-
ring within the portion of the record considered. Others have chosen to
normalize their input accelerograms in terms of the "spectrum intensity“(s),
i.e., the area under the relative velocity spectrum curve* between
bounding values of the period representing the limits of the period
range of interest. Still others have used the root-mean-square {rms)

acceleration, defined as,

Xems = %- ; xZ dat /2
Figure 6 shows the (evolutionary) rms acceleration plot for the
first 20 seconds of the NS component of the 1940 E1 Centro record.
If the intensity measure is to reflect the variation of accelera-
tion amplitude over the period range of interest, the measure must have

the character of an average. By this criterion, the pesk acceleration

*Or Fhe integral of the velocity response spectrum, corresponding to a
particular damping value, between appropriate limits.
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is a poor measure. The spectrum intensity taken over the period range
of interest and using a vreasonable damping value should yield a more
representative measure of intensity. On the basis of a study of the
statistical properties of a number of strong-moticon records, Liu(ls)
concluded that the stationary root-mean-square (rms) acceleration
provides; a good measure of earthquake intensity. He further showed
that, for the ea-thquakes he considered, there exists a close correla-
tion betveen the stationary rms acceleration and Housner's spectrum
intensity.(17)
The spectrum intensity and rms acceleration were calculated for the
twenty horizantal components of the records listed in Table 1. The
results are shown plotted in Fig. 7; the ordinate is the peak rms accel-
eration during the first 10 seconds of each record while the abscissa is
the corresponding spectrum inteasity defined between 0.1 and 3.0 seconds,

for 5% damping and a 10 second curation. A linear relationship between

the two quantities js suggested, viz.,

Xpms = (0-51 % 0.12) SI

As an additional check on the appropriateness of the spectrum
intensity as a measure of the intensity of an accelerograw, a study of
the nonlinear response o7 single-degree-of-freedom (SDF) systems was
undertaken. The object here was to determine if a correlation could
be established between the duc:ility requirement and the spectrum inten-
sity. In SDF systems, the duc*i.ity ratio is defined as the ratio of
the maximum relative displacement to tke displacement corresponding to
first yield. For a given earthquake, the ductility ratio serves as a
good index of damage in structures or, for a given structure, it pro-

vides an indication of the potential destructiveness of an earthquake.
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For this study, the first 10 seconds of nine sample records were
considered and normalized in terms of spectrum intensity. Spectrum
intensities equal to 0.75, 1.0 and 1.5 times the spectrum intensity of
the initial 10 seconds of the NS component of the 1940 El1 Centro record
at 5% damping were used. The yield displacements of the structures

considered were calculated from the relation,

5/3

Ay='—°§§51 ,
which is basad on the UBC-75 provision governing the design base shear,
withZ=1=5=1.0. For this purpose, a value of K = 0.80 was used
and the vield fo:ce was assumed equal to twice the design base shear. A
yield stiffness ratio, ry = 0.05 (i.e., the ratio of the slope of the
post-yield branch to the initial slope of the force-deformation curve)
and a viscous damping coefficient,p = 0.05, were assumed. Ductility
ratio: corresponding to SDF systems having different initial periods
when subjected to different base motions were determined for the three
intensities of each of nine sample records.

Figures 8(a) and 8(b) show the displacement response spectra and
the velocity response spectra, respectively, for the different inten-
sities of the E-W comporent of the 1940 E1 Centro record. In hcth
figures, the scale factor "f" is the ratio of the spectrum intensity of
the input motion used to the reference spectrum intensity. The figures
indicate that for the bilinear stable hysteretic systems considered,
both the maximum displacements and velocities generally increase with an
increase in the intensity of the input motion and the severity of the
yielding. The curves corresponding to f = 1.0 in Fig. 8(a) show that
the maximum displacements for both linear and bilinear systems are more

or less the same over a broad period range, an observation also made by
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earlier investigators. A similar behavior was observed by Veletsos(ls)
in a study using a slightly different normalization scheme. Figure 9
shows the variation of the ductility ratio with the period for the same
acceleration record. Similar results were obtained by Clough and

Johnstont!9)

using unscaled accelerograms and the same yielding dis-
placement-period relation (with K = 0.67).

The mean ductility ratio and the mean ductility ratio plus une
(unbiased) standard deviation are shown plotted against period in
Fig. 10, for each of the intensity values of the nine-record sample.
For any given period, the mean and the standard deviatior both increase
with increasing intensity. Figures 11(a) and (b) show the variation of
the mean ductility with the spectrum intensity for two specific initial
periods. For simple, stable hysteretic systems subjected to base
motions normalized on the basis of spectrum intensity, the mean ductility
ratio correlates reasonably well with the spectrum intensity.

On the basis of the above observations, it was decided to use the
spectrum intensity as the characteristic measure of the intensity of an
accelerogram. Thus, where several acceleration records are used as
input in the parametric study, and intensity is not the parameter
investigated, each accelerogram is normalized to a reference intensity.
For this study, normalization of the intensity measure of the accelero-
grams is effected by scaling the amplitude of the acceleration records
so that the spectrum intensity for 10 seconds of the record, at 5% of
the critical damping, matches a speciiied proportion of a similarly
defined spectrum intensity for the NS component of the 1940 E1 Centro
record. Factors of 0.75, 1.0 and 1.5 have been used. The factor 1.5 is
generally thought to represent the magnitude of the motion from the

largest earthquake reascnably expected in California.(zo) Using the
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scaling procedure proposed by Guzman and Jennings,(ZI)

this scale factor
corresponds roughly to the motion expected from a shallow focus 8.5-

magnitude earthquake at an epicentral distance of about 8-10 miles.

SUMMARY

A set of accaleration records for use as horizontal base motion
input in structural dvnamic analysis have been selected on the basis of
intensity, duration and frequency content. From this set a minimum
number of accelerograms can be chosen which will have the frequency con-
tent to excite any structure in this study in both its initial elastic
condition and in the softened condition after yielding. The duration of
the r2cords has been limited to ten seconds of the most intense motion,
which will generaily be sufficient to determine the important features
of the response. The amplitudes of the accelerograms have been nor-
malized in terms of the spectrum intensity, which has been shown to be
an adequate measure as it correlates well with o.her measures of intensity

as well as with the response of simple linear and non-linear systems.
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Table 2 - Classification of Selected Accelerograms in Terms of the
Shape of Their 5%-Damped Velocity Response Spectra
(Duration = 10 seconds)

Type of Record @

Accelerogram Component Period (sec.)
0.811.41] 2.0 ] 2.4

Imperial Valley, 5-18-40 NS A - B -
E1 Centro EW - B B B

Vert B B B B
Kern County, 2-21-52 N21E A - - -
Taft Lincoln School Tunnel S69E B B B -
San Fernando, 2-9-71 S16E b= A - -
Pacoima Dam S74W - B - -
San Fernando, 2-9-71 NS - - A -
8544 Orion Blvd. EW - - A -
Kern County, 2-21-52 NS A - - -
Cal Tech Athenaeum EW A - - -

Vert A - - A
tureka, 12-21-52 N1lW B B - -

Eureka Federal Building

Eureka, 12-21-52 N4AE - B - -
Ferndale City Hall N46W 8 A - -

Vert A 8 - -
E1 Alamo, 2-9-56 NS B A - -
E1 Centro Vert - B - -
Borrego Mt., 4-8-68 NS - - B B
E1 Centro EW - - B B

@ A - "Peaking" relative to specified period value
8 - "Broad band"
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Table 2 (contd.) - Classification of Selected Accelerograms in Terms of
the Shape of Their 5%-Damped Velocity Response Spectra
(Duration = 10 seconds)

Type of Record
Accelerogram Component Period (sec.)
0.811.4]1 2.0 2.4
Borirego Mt., 4-8-68 EW A A B B
San Diego L/P
Kern County, 2-21-52 NS A - - -
Hollywood Storage Building
Parkfield, 5-27-66 N4QW B B B B
Cholame, Shandon No. 12 N50E - A - -
Cal Tech-Artificial Al B A - -
(Jennings, Housner, Tsai) A2 B B A -
Bl B - - B
B2 B A - -
C1l B B - -
c2 B B - -
PSEQGN-Artificial P1 B B B B
(Ruiz, Penzien) P2 - B B
P3 A - B B
P4 A - B B
PS - B B B
SIMQKE-Artificial S1 B B B B
(Gasparini) $2 B B B B
S3 - - B B
S4 B B B B
S5 A B B B
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APPENDIX A

Velocity Response Spectra
for 10-Second Accelerograms

The velocity response spectra corresponding to the most intense
portion of the nutural and artificial accelerograms selected for this
study are shown in Figures A-1 through A-42. Three values of damping,
viz., 0%, 2% and 5% of critical were evaluated. The spectrum inten-
sities for these records, based on the period interval 0.1 to 3.0

seconds, are listed in Table A-1.



Table Al - Spectrum Intensities for Selected Accelerograms
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Corresponding to Initial 10 Seconds of Record*

Spectrum Intensity (inches)

Accelerogram Component
0% Damping | 2% Damping | 5% Damping

E1 Centro, 5-18-40 NS 106.26 83.39 70.15
1 87.89 68.57 55.97
Vert 22.90 17.76 14.69
Kern County, 2-21-52 N21E 44 .35 34.61 28.67
Taft Lincoln Schuol Tunnel S69E 49.60 40.38 33.35
San Fernando, 2-9-71 S74W 182.02 141.19 116.20
Pacoima Dam S16E 244,85 207.78 177.25
San Fernando, 2-9-71 NS 60.34 50.54 42.87
Holiday Inn, Orion Blvd. EW 48.41 39.55 32.67
Kern County, 7-21-52 NS 18.43 15.34 13.06
Cal Tech Athenaeum EW 29.48 23.48 19.30
(2nd 10 seconds) Vert 9.97 8.03 6.66
Eureka, 12-21-52 N11w 59.06 50.13 43.39

Eureka Federal Building
E1 Alamo, 2-9-56 NS 12.90 10.32 8.39
£1 Centro EW 18.09 14.97 12.61
Vert 2.99 2.34 1.90
Eureka, 12-21-52 N4AE 96.63 85.50 75.18
Ferndale City Hall N4G6W 61.65 53.81 46.88
Vert 16.36 14.28 12.46
Kern County, 7-21-52 NS 20.02 15.31 12.47

Hollywood Storage Building

*except where noted.




-59-

Table Al (contd.) - Spectrum Intensities for Selected Accelercgrams
Corresponding to Initial 10 Seconds of Record

Spectrum Intensity (inches)

Accelerogram Component
0% Damping | 2% Damping | 5% Damping

Borrego Mt., 4-8-68 NS 53.59 48.24 42.33
E1 Centro EW 10.91 9.68 8.64
Borrego Mt., 4-8-68 NS 9.64 8.82 7.93
San Diego L/P - EW 7.49 6.50 5.71
Parkfield, 6-27-66 N4OW 12.62 9.76 8.02
Cholame, Shandon NSOE 12.83 10.32 8.44
Array No. 12 Vert 7.08 5.67 4.71
Cal Tech-Artificial A 137.03 114.01 94.79
(Jennings, Housner, Tsai) A2 117.11 101.15 86.33
: Bl 94.29 77.28 65.36

B2 92.59 76.58 62.93

C1 15.30 16.37 14.38

c2 17.24 13.89 11.50

SIMQKE-Artificial Sl 104.86 79.18 63.46
(Gasparini) s2 106.67 32.86 67.57
S3 54.00 44.01 36.43

sS4 55.87 43.05 34.84

S5 90.47 67.78 56.60

S6 93.85 70.22 58.21

PSEQGN-Artificial Pl 64.82 49.55 39.82
(Ruiz, Penzien) P2 109.40 86.53 70.84
P3 105.21 82.98 66.57

P4 131.77 108.49 91.01

P5 214.27 181.49 152.81
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DYNAMIC ANALYSIS OF ISOLATED STRUCTURAL WALLS
PART B - PARAMETRIC STUDIES
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GENERAL

A major step in the development of a design procedure for earthquake-
resistant structural walls is the evaluation of the relative influence
of the different structural and ground motion parameters on dynamic
inelastic response. By allowing a cowparison of the effects of the
different variables on the relevant response quantities, the parametric
studies serve to focus attention on the most significant variables. The
subsequent development can then be formulated on the basis of these
major variables, with due account taken of variations in response result-

ing from changes in the secondary variables.

PARAMETERS CONSIDERED

The behavior‘bf a building subjected to earthquake motions is
affected by a number of variables related to its dynamic and structural
properties and the characteristics of the ground motion. The variables
investigated in this study were those expected to have a significant
effect on the response of the structure, particularly in relation to the
deformation requirements on the individual members as well as the entire
structure. These variables may be grouped as follows:

a. Structure characteristics:

1.  fundamental period of vibration, as affected by stiffness,

2. strength or yield level,

3. stiffness in post-yield range,

4, character of the moment-rotation relationship of hinging
regions,

5. viscous damping,

6. variations in stiffness and strength along the height,

7. degree of fixity at the base of the structure,

8. variations in height (number of stories).
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b. Ground motion parameters:
1. intensity.
2. frequency characteristics,
3. duration.

The effects of these parameters on the seismic response of isolated
structural walls were investigated by carrying out dynamic analyses of
suitable mathematical models incorporating variations of the significant
parameters over a reasonable range of values. The various structural
models were obtained by changing the values of selected parameters in a
basic reference structure. The properties of the reference structure
and the range of variation in the individual parameters are discussed in

the following sections.

BASIC BUILDING PROPERTIES

The basic structure considered in the parametric studies is a
hypothetical 20-story buiiding consisting mainly of a1 series of parallel
structural walls, as shown in Fig. 1. The building is 60 ft. x 144 ft.
in plan and rises some 178 feet above the ground. All story heights are
8'-9" except the first story, which is 12'-0" high.

for the purpose of the dynamic analysis, the mass of the structure
was calculated to include the dead weight and 40 percent of the live
load specified for apartment buildings by the Uniform Building Code.(l)
This percentage of live load was deemed reasonable and is consistent
with the current specifications for the design of columns in the lower
stories of buildings. In calculating the design lateral forces {UBC
Zone 3) for the purpose of proportioning the wall, however, only the
dead weight of the building was used, as specified by UBC.

The stiffness of the structural wall in the basic building was
assumed uniform along the height since this provides a better reference

for the evaluation of the effect of stiffness taper.
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The reference structure, here denoted by ISW 1.4 nas an initial
fundamental period of 1.4 sec. and a corresponding drift index (i.e.,
the ratio of lateral deflection at top to total height) of approximately
17950 under the design seismic forces. The yield moment at the base was
assumed equal to 500,000 in-kips*.

A constant wall cross section was also assumed throughout the
height of the basic structure. However, a reduction in the yield level
of sections above the base was included to reflect the effect of axial
loads on the moment capacity. This, in effect, produced a moderate
taper in the strength or yield level. The taper in strenqth used in the
basic structure represents about the maximum that can be expected due to
axial load only and was aobtained on the basis of an examination of the
interaction diagrams for several types of structural wall sections with

varying percentages of longitudinal steel.

VARIATION OF STRUCTURAL PARAMETERS

The effects of the different structural and ground motion parameters
on selected response quantities, particularly the shear and rotational
ductility demand at the base of the wall as well as the interstory
distortions, were determined by a controlled variation of each parameter
in the reference structure. In most cases, only a single parameter was
varied in the basic structure while the other parameters were held
constant. Although this process sometimes resulted in unrealistic
combinations of structural properties, it was considered essential to a

proper evaluation of the effect of each variable on dynamic response.

*The design moment at the base of the wall, on the basis of UBC Zone 3
requirements, was calculated as 350,000 in-kips. This corresponds to a
yield moment of approximately 500,000 in-kips when allowance is made for
load factors, capacity reduction factors and the difference between the
yield moment and the maximum moment capacity of typical reinforced con-
crete sections.
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In varyinyg "ne sarameter . lues, the question of the appropriate
range to consider in each case becomes important if the results of the
parametric study are to have practical application. In the present
study, the values of each parameter were chosen so that they represent a
reasonable range of values commonly encountered in practice.

To examine the effect of the fundamental period of vibration, th:ce
other values were assumed in addition to the basic value of 1.4 sec.,
namely, 0.8, 2.0 and 2.4 sec. The stiffness of the reference structure
was modified--while keeping the stiffness distribution and the mass
constant--in order to arrive at the period variations. As an aid in
selecting the appropriate stiffness, Fig. 2 was prepared. relating the
stiffness with the fundamental period and the drift ratio corresponding
to the code-specif%ed forces. The above period values cover a rela-
tively wide range of structural wall buildings.

In order to arrive at a reasonabie range of values for the other
major structural parameter, i.e., the yield level, an examination of
various structural wall sections was undertaken. The sield strength
corresponding to various combinations of rectangular ard fianged wall
sections of practical proportions and varying longitudinal steel
percentages (0.5 to 4.0 percent) were determined for fy = 60 ksi and
f& = 4 ksi. Based on the results of these calculations, giving due
consideration to curreni design practice, it was decided to use yield
level values ranging from the 500,000 in-kips of the reference
structure to 1,500,000 in-kips. Intermediate values of 750,000 in-kips
and 1,000,000 in-kips were also considered.

Similar considerations were used in arriving at the ranges of

values of the other structural parameters.
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GROUND MOTION PARAMETERS

As explained in "Input Motions"~, a ground motion duration of 10

seconds was used for all analyses except when the effect of duration was
investigated. The effect of the intensity of the ground motion was
investigated by norma:izing each input in terms of the 5%-damped spec-
trum intensity corresponding to the first 10 seconds of the NS component
of the :940 E1 Centro record--the "reference intensity", SIref'
Intensities of 0.75, 1.0 and 1.5 relative to the 1940 E1 Centro (NS)

were considered.

With the duration of the ground motion fixed and the intensity
normalized, the only other ground motion parameter which could signifi-
cantly affect the variability of results is the frequency characteristic.
A basis for the broad classification of earthquake accelerograms accord-
ing to freguency characteristics was proposed in "irput Motions". Using
this system of classification, a number of tvpical records were chosen
early in the study to investigate the effect of this parameter (frequency
<naracteristic) on dynamic structural response. Once the effect of this
particular parameter on response was d<termined, the number of input
motions for use in the study of all the other parameters could be
narrowed down to one or two. This procedure was considered necessary in
order to 1imit the total number of analyses while still retaining a
reasonable assurance that the calculated responses would provide a good
estimate of structural requirements under a likely combination of
unfavorable conditions.

A complete list of the parameter variations considered in this
study is given in Tables 1(a) through 1(d). In preparing this list, it

was found convenient to divide it into parts according to the structure's

*Part A of this report.
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fundamental period. Thus, structures with a fundamental period of 0.8
sec. are listed under a bhasic structure denoted by ISW 0.8, and so on.
The third column in the table clearly shows the variations :n the basic
value which were used in tne parametric study.

Dynamic analyses were carriec out for each combination of parameters
shown in Table 1. Throughout the dynamic analyses !t was assumed that
structural elements possess unlimited inelastic deformation capacity
(ductility) since a major objective of the study is the determination of
vhe deformation requirements corresponding to particular values of

Larameter.

PRELIMINARY STUDIES

In the initial stages of the dynamic analysis study, a number of

preliminary runs were made to: (a) explore the possibility of using a
lesser number of lumped masses in the model than the number of floors in
the prototype; (b) check the reasonableness of alternative techniques
for modelling the hinging region at the base of the wall; and (c) deter-
mine the appropriate value of the integration time step to be used in
the analysis. Questions (a) and ‘c) were considered mainly in an effort
to reduce the amount of ccmputer :ime required to undertake each analysis.
Question (b) assumed importance in this particular study because of the
need %o obtain.reliable estimat:s of the expected deformations in the
hinging regior and to correlate these with data from the experimental
program.

Exploratory analyses were also carried out to assess the signifi-

cance of the so-called P-a effect on dynanic response,
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Number of Lumped Masses in Model

The effect of the number of lumped masses on the accuracy
of the results was studied using the models shown in Fig. 3.
The 20-mass model represents a full model for the 20-story
building shown in ¥ig. 1. The reduced models of five and
eight masses nave the nddes spaced at closer intervals near
the base so that the behavior of the hinging region could be
determined more accurately.

The results of dynamic analyses compared very favorably
for the full model and the 8-mass model. The 5-mass model
yielded the same maximum top displacement, but Sscmewhat
differen; moments, shears and plastic rotations in the lower
part of the wall. Based on these results and considering the
desired accuracy for relative story displacements, it was
decided to lump the masses at alternate story levels in the
upper portion of the wall. In the lower portion, the masses
were lTumped at each story level. The resu’ting 12-mass model
is shown in Fig. 4. A compérison of results obtained with
this model ana the full 20-mass model of the reference

structure ISW 1.4 showed excellent agreement.

Modelling of the P'astic Hinge Region

The proper modelling of the region of potential hinging
at and near the base of the wall is important if a reliable
assessment of the deformation requirements in this critical
region is expected. The model of the plastic hinging region

should not only be realistic but should allow meaningful
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interprétation of the dynamic analysis results in terms that
relate to measurable quantities in the experimental investi-
gation.

As previously explained, program DRAIN-ZD(Z) accounts for
inelastic effects by allowing the formation of cuncentrated
"point hinges" at the ends of elements when the moments at
these points equal the specified yield moment. The moment-
rotation characteristics of these point hinges can be defined
in terms of a basic bilinear relationship which develops into
either a stable hysteretic loop or exhibits a decrease in
reloading stiffness with loading cycles subsequent to yield.
Since the latter model represents more closely the behavior of
reinforced concrete members under reversed inelastic loading,
it was used throughout this study.

In modelling an element with bilin=ar moment-rotation
characteristics using DRAIN-2D, a major problem is the deter-
mination of the properties to be assigned to the hinge. These
properties can be derived by considering the model used in the
program and relating its properties to a real member (Fig. 5)
subjected to the same set of forces. The initial hinge stiff-
ness, K

S
two systems are identical up to the point when yielding occurs.

» can then be taken as a very large number so that the

In the post-elastic range the hinge properties can be derived
by imposing the condition that the total rotation in the rodel,
PY be equal to the total rotation in the recl element, 9,
This yields the following expression for the yield stiffness
ratio of the point hinge, r,, (i.e., the ratio of the slope of
the post-yield branch to the slope of the initial branch of

the bilinear moment-rotation curvej:
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2 KS ﬁ"‘ Y‘ly U -W 4
where:

r = yield stiffness ratio for the cantilever
element.

KS = rotational stiffness of the point hinge in
the model before yielding

vy = ratio of the tip moment to the moment at the
fixed end

The main difficulty in using the above expression is that
“he ratio of the end moments, y, is not known beforehand and,
in fact, varies throughout the analysis. In addition, if the
bending moment in the element is not uniform, the moment-
rotation.re1at10nship for the element or a segment of it does
not have the same shape as the sectional moment-curvature
relationship. Thus, the yield stiffness ratio, Ty and the
yield moment, My, corresponding to the moment-rotation rela-
tionship of the element, are unknowns. One way to cvercome
these problems is to divide each member into short elements so
that the moments at the two encs; are approximately equal and
thus y ~ 1. For this case, the moment-rotation relationship
is proportional to the moment-curvature relationship so that
the desired properties can be easily obtained.

In this study it was found desirable to use the minimum
number of nodal points consistent with an accurate determination
of deformations in the hinging region, in order to economize on
the cost of each run and thus allow a wider range of parametric
values to be examined. Preliminary studies indicated that if

nodal points were established at every story leve! near the
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base of the wall (where hinging is expected), the ratio of end
moments for each segment could be teken approximately equal to
0.9. For the model with nodal points as shown in Fig. 6a (the
same as those shown in Fig. 4) this ratio was used to deter-

mine ry and M from the moment-curvature relationship and rp

Yy
using equation (1). Analyses were then made using this model
and one where the lower region of the wall was divided into
much shorter elements (Fig. 6b) over which the curvature is
approximately uniform. The results of the dynamic analyses
were almost identical for rotations and forces in the hinging
region. The displacements in the upper stories also compared
very well although some discrepancies occurrcd in the displace-
ments of the lower stories. It was thus decided that for the
parametric studigs, it would be sufficiently accurate to use
element lengths equal to the height of a story near the base

of the wall and to assume a ratio equal to 0.9 for the end

moments in a segment.

Integration Time Step

The time step, At, to be used in the dynamic analysis is
of primary concern since it affects both the accuracy of the
results and the cost of the computer runs. Some preliminary
analyses using simple models indicated that an integration
step as long as 0.02 second would result in sufficiently
accurate results. Using the final 12-mass model for the
reference structure ISW 1.4 (with fundamental period,

Tl = 1.4 sec.), a comparison of results was made using values
of At = 0.02 sec. and 0.005 sec. The results showed very good

agreement. The plastic deformations were within 1 percent and
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the top displacements within 2.5 percent of each other. 0On
the basis of these results, an integration time step At = 0.02
sec. was uced for structures with initial fundamental periods
of 1.4 sec. or longer.

In using a time step of 0.02 sec., irregularities in the
solution were noticed in two cases: in walls with significant
discontinuities in stiffness, etc., and in input accelerograms
where largé changes in the values of acceleration occurred in
one time step. For both of these cases, the analyses were
carried out using At = 0.005 sec. For structures with initial
fundamental period, T1 = 0.8 sec., a time step of 0.02 sec.
appeared to be too large, even when extensive yielding occurred.
For these cases, values of At = 0.01 and 0.005 yielded almost

identical results.

The P-A Effect

The nonlinear effect of gravity loads on deformations was
examined for the reference structure ISW 1.4. Although
extensive yielding took place in the structure and the lateral
displacements were significant, the gravity load appeared to
have no appreciable effect on the respense. On this basis,

the P-A effect was not considered in the subsequent analyses.
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DISCUSSION OF RESULTS

GENERAL

Data from the dynamic analyses consist cf plots of response gquan-
tities directly relating to the specific objectives set for this study.
In selecting the response quantities to be plotted, primary importance
was given to the behavior of the hinging region at the base of the wall.
Generally, the base of the wall represents the most critical region from
the standpoint of expected deformations and its importance to the
behavicr of the wall and other structures which may be attached to the
wall,

In addition to quantities characterizing the response of the
hinging region, the horizontal interstory distortions along the height
of the wall have also been recorded. Here, a distinction should be
drawn between two measures of interstory distortion. In isolated
structural walls, which exhibit predominantly cantilever flexure-type
behavior, the interstory "tangential deviation", (i.e., the deviation or
horizontal displacement of a point on the axis of the wall at a given
floor level measured from the tangent to the wall axis at the floor
immediately below it (see Fig. 7)), rather than the "interstory dis-
placement", provides a better measure of the distortion that the wall
suffers. In fact, the tangential deviations vary in the same manner as,
and are directly reflected in, the bending moments that are induced by
the lateral deflection of the wall. For open frame structures char-
acterized by a 'shearing type' deformation (resulting from the flexural
action of the individual columns of the frame), the interstory displace-
ment varies in about the same manner along the height of the structure

as the tangential deviation and has been used as a convenient index of
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the potential damage to both structural and nonstructural components of

(4)

this type of building. Figure 8 shows the typical variation witﬁ
height of these two quantities for the case of a statically-Tloaded

cantilever wall.

TYPICAL RESULTS OF ANALYSIS

The results of a typical analysis are obtained in the form of
envelopes of maximum displacements, forces and ductility requirements
along the height of the structure. In addition, response history piots
of a variety of quantities, including plots cf moment-plastic hinge
rotation, moment-nodal hinge rotation and plots of moment vs. shear
values throughout the response, have been obtained. To allow convenient
comparison of responses for the parametric study, composite plots of
envelopes and composite response history plots were prepared from cards
punched during each run.

Figures 9 through 17 have been included to give an indication of
the types of results obtained from each analysis through the plotting
options introduced into Program DRAIN-ZD.(S) Figure 9(a), for instance,
shows the time history of horizontal displaceﬁgnt of the top of the
reference structure ISW 1.4 (with fundamental period, T1 = 1.4 sec. and
yield level, My = 500,000 in-kips) when subjected to the E-W component
of the 1940 E1 Centro record, normalized so as to yield a 5%-damped
spectrum intensity equal to 1.5 times the spectrum intensity of the N-S
component of the same record. Figure 9(b) shows the same type plots for
the intermediate story levels of the same structure.

Figures 10(a) and (b) are time history plots of the interstory
displacements between the different story levels of the same reference

structure. Rotation time histories are of particular interest in the
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lower part of the wall. Figure 11 shows the variations with time of the
total rotations from the base of the wall to story levels 1 and 2, while
Fig. 12 shows the time history of the plastic hinge rotation in the
first story. Plots of moment and shear at the base versus time are
shown in Figs. 13 and 14. Sample plots of two types of moment-rotation
curve are shown in Figs. 15 and 16 for the sam: reference structure.
Plots of moment vs. total rotation were used to determine the required
rotational ductility at the base of the wall.

The change with time in the cumula:ive nodal rotation at the first
story level {split into primary and secondary components as illustrated
in Fig. 31) is shown in Fig. 17. 7he nodal rotation at the first story
level represents the tetal rotation in the seament of the wall between
the base and the f%rst story level @nd serves as a convenient measure of
the deformation within this region. Figure 18 shows the variation with
time of the cumulative area urder the base moment-nodal rotation hysteresis
loop for the basic structure i5W 1.4. In calculating the areas for Fig.
18, the base moment was nondimensionalized by dividing by the corresponding
value of the base moment at first yield.

In order to study the variation of the ratio of moment-to-shear, as
well as the absolute values of these quantities, moment vs. shear plots
were obtained with each analysis. Figure 19 shows an example of such a
plot.

In presenting the results of the analyses the basic plots which
have been used for the purpose of the parametric study are envelopes of
maximum values of horizontal story displacements, interstory displace-
ments, bending moments, horizontal shears, rotational duc..:lity require-
ments, and cumulative plastic hinge rotations over the entire height of

the structure.
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The rotational ductility requirement for a member as plotted in

these response envelopes is defined as:

]
Pr = -é—"—;i (2a)

where emax is the maximum member rotation and Oy is the rotation corre-
sponding to yield. In terms of moments, this definition becomes:

( -M)
e 14 omax My (2b)
r rM
Yy
’,
where ry is the ratio of the slope of the second, post-yield branch to
the sTope of the initial or elastic branch of the primary bilinear
moment-rotation curve of the member, i.e., the yield stiffness ratio.
For the purpose of comparing hi.tories of response for different
values of a particular parameter, histories of normalized forces and
deformations were obtained by dividing the value of the particular
response guantity at any time by the corresponding value at first yield.
Figure 23, for example, shows the time variation of the normalized total
rotation between the base of the wall and stery level 1. The dashed,
horizontal lines through ordinates +1.0 and -1.0 correspond to first

yield in each case.
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GROUND MOVION PARAMETERS

Effect of Frequency Characteristics

As mentioned previously, it was considered desirable to study the
effect of the frequency characteristics of the input motion on dynamic
response early in the study in order to decide on the record(s) tc ute
for the analysis of other parameters. This question is basic to the
problem of determining the critical input motion in relation to the
properties of a given structure. For this purpose, and to confirm the
qualitative observations made in connnection with the response spectra
of single-degree-of-freedom systems under "Input Motions", three separate
sets of analyses were made. These are listed in Table 2.

The first set corresponds to the reference structure with funda-
mental period, Tl'= 1.4 sec. and consists of the four accelerograms
listed under set (a) in Table 2. All the accelerograms were normalized
to 1.5 times the 5%-damped spectrum intensity (SI) of the N-S component
of the 1940 E1 Centro record*; the normalization factors are listed in
Table #. The normalized accelerograms are shown in Fig. 20, and the
corresponding 5%-cdamped velocity spectra are shown in Fig. 21. Also
shown for comparison is the velocity spectrum for the N-S component of
the 1940 E1 Centro record. [Ihe entries in the fourth column of Table 2
indicate the classification of the accelerograw in terms of the general
features of its velocity spectra relative to the initial fundamental
period of the structure. Thus, a “peaking (0)" classification indicates
that the 5%-damped velocity response spectrum for this accelerogram

shows a pronounced peak at or close to the fundamen;allperiod of the
¥In the following discussion, the 5%-damped spectrum iitensity (SI) of
the first 10 seconds of the N-S component of the 1940 El Centro record

for the period range 0.1 sec. to 3.0 sec., will be denoted by "SI ref.
(which has a value of 70.15 in.).
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structure considered (in this case, T1 = 1.4 sec.). A "peaking (+)"
classification indicates that the peak in the velocity spectrum occurs
at a period value greater than that of the fundamental period of the
structure considered. A "broad band" classification, as discussed under
"Input Motions", refers to an accelerogram with a 5%-damped velocity
spectrum which remains more or less flat aver a region extending from
the fundamental period of the structure to 2t least one second greater.
A "broad band ascending" classification is similar to a "broad band"
accelerogram, except that the velocity spectrum exhibits increasing
spectral values for periods greater than the initial fundamental period.

The second and third sets of analyses undertaken to study the
effect of frequency characteristics of the input motion include two and
three accelerograms, respectively, and are also listed in Table 2.

These sets corrcspord to structures with fundamental periods of 0.8 sec.
and 2.0 sec, each.

In addition to the above three sets, a set of two analyses was made
using an input motion intensity equal to 0.75 (Slref.) to i1lustrate the
interaction between the intensity of .ne input motion and the yield
level of a structure in determiningc i:e critical frequency characteristic

of the input motion.

(a) Fundamental Period of Structure, T, = 1.4 sec., M. = 500,000
in-Kkips " J

Envelopes of response values for the structure with
period of 1.4 sec. and yield level, My = 500,000 in-kips, are
shown in Fig. 22*, Figures 22(a), (b) and (e) indicate that

the E-W component of the 1940 E1 Centro record, classified as

*In the envelopes for rotational ductility requirements, values less
than 1.0 represent ratios of the calculated maximum moments to the yield

moment, My.
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“broad band ascending" witn respect to frequency character-
jstics, produces relatively greater maximum displacements.,
interstory displacements and ductility requiremeats than the
other three input motions considered. However, _he same
record produces the lowest value of the maximum horizontal
shear, with the artificial accelerogram S1 producing the
largest shear, as shown in Fig. 22(d). Because all the
structures yielded and the slope of the second, -ast-yield
branch of the assumed moment-rotation curve is relatively
flat, the moment envelopes shown in Fig. 22(c) do not show
any significant differences among the four input motions
used.

An idea of the variation with time of the flexural
deformation at the base of the wall under each of the four
input motions of Set (a) in Table 2 is given by Fig. 23. This
figure shows the normalized rotations of the node at story
tevel "1", which represent the total rctations occurring in
the first story. To p1bt the curves in Fig. 23, the absolute
values of the rotationsfﬁ*f?din each case been Iiwided by ihe
corresponding rotation when yielding first occurred. The two
dashed lines on each side of the zero axis (at ordinates 1.0
and -1.0) thus represent the initial yield level for all
cases. The actual location of the 'state point' describing
the deformation of the first story segment relative to its
moment-rotation curve at eich instant of time is indicated in
Fig. 24, for the structure subjected to the 1940 E1 Centro,

E-W motion.
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It is interesting *» note in Fig. 23 that although the
intense motion s .rts relatively early under the artificial
accelerogram S1 (see Fig. 20), yielding occurs first under the
1940 E! Centro E-W motion. The relative magnitude of the
rotation at first yielding, hoqs;gnrfjﬁ‘greater under both Sl
and the Pacoima Dam S16E record, a “peaking (0)" accelerogram.

As expected, the Holiday Inn, Orion record, a "peaking
(+)" accelerogram, produced a much lower response during the
first few seconds, since the velocity spectrum for this motion
(see Fig. 21) peaks at a period greater than the initial
fundamental period (T1 = 1.4 sec.) of the structure. As the
structure yields and the effective period increases, however,
the response under this excitation increases gradually.

It is significant to note in Fig. 23 that as yielding
progresses and the effective period incruvases, it is the
“broad band ascerding" tyié of acceTerogram (iﬁ‘this case, the
1940 E1 Centro E-W component) which escites the structure most
severely, while response to the other types of accelerogram--
and particularly the peaking‘accelerograms--tend to diminish.

An indication of the change in fundamental period of a
structure as the hinging (yiefdgd, "softened") region pro-
gresses from the first story upward is given by Fig. 25, for
different values of the yield stiffness ratio, ry = EI:/EIl

or (El)yield/(EI)elastic.
erties of the reference structure with initial fundamentail

The figure i: based on the prop-

period, T1 = 1.4 sec. It is pointed out that since the
structure goes through unloading and reloading stages as it

oscillates in response to the ground motion (see Fig. 15), the
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general behavior reflects the effects of the "elastic" or
unloading stiffness, as well as its yield or reloading stiff-
ness. The effect of each stiffness value will depend on the
duration of the response under each stiffness value, and this
in turn will depend on the character of the input motion.
When yielding occurs early, and for the type of structure
considered here in which the condition at the critical section
(i.e., the base of the wall) determines to a large degree the
response of the structure, it seems reasonable to assume that
both elastic and yield stiffness play about equal roles in
influencing the “"effective period" of the structure. In the
Takeda mode1’3) of the hysteretic Toop, the initial portions
of the reloading branches of the moment-rotation loops (see
Fig. 15) have stiffness values intermediate between the
initial elastic and the yield stiffness of the primary curve.
Figure 22(f) shows the cumulative plastic hinge rctations,
i.e., the sum of the absolute values of the inelastic hinge
rotations over the 10-second response period. This parameter
reflects the combined effect of both the number and amplitude
of inelastic cycles and provides another measure of the
severity of the response. The fact that the artificial
accelerogram S1 produces a slightly greater cumulative plastic
hinge rotation at the base of the wall than does the 1940 E1
Centro E-W component, in spite of the lesser amplitude of the
associated maximum rotation (see Fig. 22(e)), indicates that
the response to S1 is characterized by a relatively greater
number of cy:les of inelastic oscillation than to El1 Centro
E-W. This is indicated in the more jagged character of the
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response history curve correspending t¢ S1 (shown in Fig. 23),
and is a reflection of the considerablv greater number of
acceleration puises over the 10-second duration in Sl than in
any of the recorded accelerograms shown in Fig. 20,

It can be seen in Fig. 22(b) that the relative effect of
the parameter considered (in this case, the frequency char-
acteristics of the input motion) is similar on both interstory
displacements and tangential deviations, the main difference
between the two quantities being in their distribution along
the height of the structure. For the subsequent cases, only
the horizontal interstory displacement envelopes are shown.

In considering these figures, the significance of the inter-
story displacement relative to the distortion in an isolated
wall, and particularly its distribution along the height as

compared to the corresponding tangential deviations, must be

borne in mind.

Fundamental Period of Structure, T, = 0.8 sec., M = 1,500,000
in-kips " 7

To study the effects of frequency characteristics for the
case of short-period structures with relatively high yield
levels, a “peaking (0)" accelerogram (N-S component of the
1940 E1 Centro) and a “"broad band ascending” type (E-W com-
ponent of the 1940 £1 Centro) were considered.

Figure 26, which shows response envelopes of displace-
ment, moments. etc., irdicates that the peaking accelerogram
consistently produces a greater response in the structure than
does a broad band record. A comparison of Fig. 26(e) with

Fig. 22(e), shows that the ductility requirements are not only
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significantly less for this structure with a high ;ield level,
but that yielding has not progressed as high up the structure
as in the case of the structure considered under (a), with
period T1 = 1.4 sec. and a low yield level. For the type of
structure considered here, where the displacements of the
lower stories are generally in phase (fundamental mode pre-
dominating), the magnitude of the ductility requirements at
the base of the wall is a direct function of the extent to
which yielding has progressed up the height of the wall.

The greater response of the structure under the N-S
component of the 1940 E1 Centro (peaking) follows from the
fact than the dominant frequency components for this motion
occur in the vicinity of the period of the structure, (see
Fig. 21). In tﬁis region the E-W component has relatively
low-power comporicnts. Also, because of the high yield level
of the structure, yielding was not exiensive, particularly
under the E-W component and apparently did not cause the
period of the yielded structure to shift into the range where
the higher powered components of the E-W motion occur. On the
other hand, Fig. 26(e) indicates that under the N-S component
of 1940 E1 Centro, yielding in the structure extended up to
the 4th story level, as against the 2nd story level under the
E-W component. The greater extent of this yielding and the
accompanying increase in the effective period of the structure
could easily have put the structure within the next peaking

range of the input motion (see Fig. 21).
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(c) Fundamental Period of Structure, T, = 2.0 sec., M = 500,000
in-kips ° 7

For this structure, the peaking accelerocram used was the

E-W component of the record taken at the first floor of the
Holiday Inn on Orion Boulevard, Los Angeles, during the 1971
San Fernando earthquake. The record has a 5%-damped velocity
specirum that actually peaks at about 1.75 sec. and can thus
be classified as a "peaking (-)" accelerogram relative to the
structure considered. The other input motion considered is
the E-W component of the 1940 E1 Centro record ("broad band
ascending").

The response envelupes of Fig. 27 indicate, as in Set (a)
with a structure period T1 = 1.4 sec. and My = 500,000 in-
kips, that where yielding is significant, the horizontal and
interstory displacements, as well as the bending moments and
ductility requirements near the base, are greater for the
broad band accelerogram than for the peaking motion. Also, as
in Set (a), the extensive yielding which occurs near the base
results in a reduction of the maximum horizontal shears.

Thus, Fig. 27(d), like Fig. 22(d), shows the maximum shears
corresponding to the E-W component of the 1940 E1 Centro to be
less than those for the other input motions. The greater base
shears associated with these other input motions can be par-
tially attributed to the effect of the higher (effective)
modes of vibration. A comparison of lig. 13 with Fig. 14
clearly indicates the greater sensitivity of the horizontal
shears, as compared to bending moments (and displacements), to

higher mode response. Figure 21 shows that most of the other
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input motions considered have spectral ordinates in the low-

period range that are generally greater than those of the 1940

El Centro E-W record.

The results of the preceding analyses serve to confirm the observa-
tions made earlier (see "Input Motions") in relation to the velocity
spectrum. Thus, for structures where extensive yielding results in a
significant increase in the effective period of vibration, the "broad
band ascending" type of accelerogram can be expected to produce greater
deformations than a "peaking" accelerogram of the same intensity. Where
the expected yielding {s of limited extent so that the ircrease in effec-
tive period is minor, a peaking type of accelerogram is more likely to
produce greater deformations than a broad band accelerogram of the same
- intensity. Since the extent of yieiding is a function of the earthquake
intensity, the yield level of the structure, and the frequency charac-
teristics of the input motion, these factors must be consideved in
selecting an input motion for a2 given structure to determine a reascnable

estimate of the maximum response.

Interaction Between Earthquake Intensity and Structure Yield Level in
Determining Critical Frequency Characteristic of Input Motion

In order to verify the above observation concerning the relation-
ship of the input motion intensity and the structure yield level, the
reference structure ISW 1.4 (T1 = 1.4 sec., My = 500,000 in-kips) was
subjected to two input moticns with intensity equal to 0.75 (Slref.)'
The two motions used were the S16E component of the 1971 Pacoima Dam
record and the E-W component of the 1940 E1 Centro record. As indicated
in Table 2, the Pacoima Dam record is a "peaking (0)" type relative to
the initial fundamental period of the structure, while the E1 Centro

motion is of the "broad band ascending" type.
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The resulting envelopes of response, shown, in Fig. 28, serve to
further confirm the observation made earlier that when yielding in the
structure is not extensive enough to cause a significant increase in the
effective period of the structure, the peaking type accelerogram is
1ikely to produce the more critical response. Figure 28(e) shows that
in this case, yielding in the structure has not extended far above the
base when compared to Case (a) where the input motion was twice as
intense; see Fig. 22(e).

Note that in Case (a) considered earlier, the 1940 El1 Centro, E-W
record (a '.road band" accelerogram), with intensity equal to 1.5
(Slref)’ represents the critical motion, while the Pacoima Dam record
(a "peaking” motion) produces a relatively lesser response. By reducing
the intensity of the motions by one-half so that yielding in this
structure is significantly reduced, the Pacoima Dam record becomes the
more critical motfon, as Fig. 28 shows.

To summarize, it is pointed out that because the extent of yielding
in a structure is influenced by the yield lev.” of the structure, My, as
well as the intensity of the input motion, both parameters must be takan
into account when selecting the appropriate type of motion to use as
input with particular reference to its frequency characteristics.

In selecting an input motion for use in the analysis of a structure
ai a particular site, the probable epicentral distance and intervening
geology should be considered. These considerations, which affect the
frequency content of the ground motion at the site, may logically rule
out the possibility of dominant components occurring in certain frequency
ranges. Because in seismic waves the high-frequency components tend to
be attenuated more rapidly with distance than the low-frequency components,

it is reascnable to expect that beyond certain distances, depending on
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the geology, most of the high-frequency components from a given source
are damped out so that only the low-frequency (long-period) components

need be rackoned with.

Effect of Duration of Earthquake Motion

In studying the effect of duration of the earthquake motion, the
response of the reference structure, with period T1 = 1.4 sec. and My =
500,000 in-kips, to the first 10 seconds of the E-W component of the
1940 E1 Centro record was compared with its response to an accelerogram
with a 20-second duration. Both accelerograms were normalized to yield
a spectrum intensity equal to 1.5 (Slref_).

The 20-second accelerogram consists of the first 12.48 seconds of
the E-W component of the 1940 El1 Centro record followed by that portion
of the same record between 0.98 sec. and 8.5 sec. The intent in putting
together this composite accelerogram was to subject the structure to
essentially the same first 10 seconds of input motion but to extend the
period of excitation using acceleration pulses of about the same inten-
sity as those occurring in the first 10 seconds. Because the 1940 E1l
Centro, E-W component has its peak acceleration at about 11.5 seconds,
it was decided to include thic peak in the composite record and add a
segment from the more intense portion of the first 10 seconds to make a
20-second record. The inclusion of the peak acceleration at 11.5 sec.
and the addition of the extra 7.5 sec. of fairly intense pulses, how-
ever, sufficiently altered the velocity response spectrum so that a
normalizing factor smaller than that used for the 10-sec. input motion
was indicated in order to yield a spectrum intensity equal to 1.5 times
that of the 1940 E1 Centro, N-S component. Thus, a normalizing factor

of 1.54 was calculated for the 20-second composite accelerogram,
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compared to a factor of 1.88 used for the 10-second input record. This
means that the amplitude of the pulses in the 10-second record wasv
larger than in the first 10 seconds of the 20-second composite accelero-
gram by a factor of 1.88/1.54 or 1.22. A plot of the unnormalized 20-sec.
composite accelerogram is shown in Fig. 29(a), with the corresponding
relotive velocity response spectra given in Fig. 29(b}.

In Fig. 30, showing response envelopes, the curves corresponding to
the 20-sec. composite accelerogram described above are marked "20 sec.-
(a)". This figure shows that the displacements, interstory displace-
ments, moments, shears and ductility requirements are greater for the
10-sec. record than for the 20-sec. cumposite record naving the same
spectrum intensity. In spite of this, the cumulative ductility, i.e.,
the sum of the absclute values of the plastic rotations in the hinging
region, is greater for the 20-sec. long record, as shown in Fig. 30(f).
This, of course, follows from the fact that the structure goes through a
greater number of inelastic oscillations when subjected to longer
excitation. The cumulative plastic hinge rotation plotted in Fig. 30(f)
represents the sum of the "primary" and the "secondary" plastic rota-
tions illustrated in Fig. 31. Because it is a measure of the number and
extent of the excursions into the inelastic region which the critical
segment in a member undergoes, the cumulative plastic hinge rotation
represents an important index of the severity of deformation associated
with dynamic response. This is particularly true for members which tend
to deteriorate in strength with repeated cycles of inelastic deformation,
i.e., with relatively short low-cycle-fatigue lives.

The time history of rotation of the node at the first story level
of the wall when subjected to the two input motions discussed above is

shown in Fig. 32. The curve m.rked "10 sec." actually corresponds to
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the first 20 seconds of the 1940 El1 Centro, E-W record, normalized so
that the spectrum intensity for the first 10 seconds equals 1.5 times

SI As might be expected, the response of the structure during the

ref.’
second 10 seconds of the normalized 1940 E1 Centro E-W record (marked
“10-sec.” in Fig. 32) decays after 12 seconds while the structure
continues to oscillaie through several cycles of relatively large
amplitude under the 20-sec. composite accelerogram.

The third curve $n Figures 30 and 32, marked “20 sec.-(b)",
represents the response of the structure to the 20-sec. composite
accelerogram when scaled by the same factor used in normalizing the 10-
sec. record. Note that the curves marked "10-sec.” and "20 sec.-(b)" in
Fig. 32 coincide over the first 10 seconds.

Both Figures 30(f) and 32 indicate that the major effect of
increasing the duration of the large-amplitude pulses in the input
accelerogram is to increase the number of cycles of large-amplitude
deformations which a structure will undergo. This conclusion assumes
that the intensity and ‘requency characteristics of the additional
motion do not differ significantly from those of the shorter duration

input.

Effect of Earthquake Intensity

For the purpose of examining the effect of earthquake intensity,
three sets of analyses were run corresponding to different combinations
of the fundamental period, T1 and the yield level, My. In all tl.e cases
considered, the input motion used was the first 10 seconds of the E-W
component of the 1940 E1 Centro record, normalized to different intensity

levels in terms of Slref .
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Table 3 shows the values of the periods and yield levels assumed
for the structure, together with the different intensity levels of input
motion used for each set. The envelopes of response for all of these
cases are shown in Figures 33, 34 and 35. In all cases, there is a
consistent increase in the response pakameters considered with increasing
intensity, a behavior also observed by other investigators.

Figure 33 shows that the displacements, interstory displacements
and ductility requirements increase with increasing intensity in an
almost proportional manner. The maximum moments and shears, however, do
not show a proportional increase to reflect the increase in intensity.
Thus, Figs. 33(c) and (d) show that an increase in intensity level from
1.0 to 1.5 produces about the same increase in the maximum moments and
shears as an increase from 0.75 to 1.0 in intensity level.

Figure 34(e) indicates that with a yield level, My = 1,000,000 in-
kips, the yielding, even under a 1.5 intensity level input motion, does
not extend toc high up the structure. For this case, the N-S component
of the 1940 E1 Centro record, which has a velocity spectrum that peaks
at about 0.8 sec. produces a greater response--for the same intensity

(see Case (b) of "Effect of Frequency Characteristics”).
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STRUCTURAL PARAMETERS

The combinations of significant structural parameters used in
investigating the effect of each parameter on dynamic response have been
sutmarized for convenient reference in Table 4. In almost all cases,
the parametar values in each set have been chosen so that only the
parameter of interest is varied while the other variables remain constant.

The fundamental period, T;, and the yield level, My, (the basic
parameters characterizing the force-deformation curve of the structuiel,
were extensively studied using different combinations of structural
parameters. The slope of the post-yield branch of the primary bilinear
moment-rotation curve, as defined by the yield stiffness ratio, Ty was
also considered in detail. Studies were 21so made to determine the
sensitivity of the dynamic response to varying degrees of stiffness
degradation in hinging regions of the wall. The effect of the shape of
the hysteretic loop was examined by assuming different values of the
parameters « anc¢ p which define the slopes of the unloading and reloading
branches of the Takeda model of the M-9 Toop (see Fig. 51) of potential
inelastic hinges. Other parameters investigated included viscous damp-
ing, taper in stiffness and strength along the height of the structure,
the fixity condition at the base, and the number of stories.

Based on the study of the effects of the frequency character‘stics
of the input motion, it was decided to use the first 10 seconds of the
E-W component of the 1940 E1 Centro record, (with intensity adjusted so
that its 5%-damped spectrum intensity equaled 1.5 times SIref.)’ as
input motion for the analyses of the effects of all the structural

parameters on dynamic response.
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Effect of Fundameatal Period, T1

The effect oi the initial fundamental period of the structure, Ty,
was investigated by using four sets of data as shown in Table 4, each
corresponding to a different yield level, My. Because of the close
interrelationship between these two major structural pzrameters, it was
de=med necessary to study the effects of the structure period under

varying values of the yield level.

(a) Yield Level, ﬂy = 500,000 in-kips

Corresponding to this value of the yield level, four
values of the fundamental period were used, namely, 0.8, 1.4,
2.0 and 2.4 secs. Even though the stiffness associated with a
period vqlue, Tl’ of 0.8 sec. is rather high for a structural
wall cection having a yield level of 500,000 in-kips, this
parameter combination was considered in order to provide some
indication of the behavior of structures which might fall in
this range.

Figure 36 shows the envelopes of response quantities for
this set. In Fig. 36(a) and (b), the maximum horizontal and
intersto.y displacements show a consistent increase with
increasing fundamental period (or decreasing stiffness) of the
structure. The rotational ductility requirements expressed as
a ratio of the maximum rotation to the rotation at first
yield, however, become greater with decreasing fundamenta]
period, a trend al<o abservea by Ruiz and Penzien.(s) Figure
36(e) indicates, as do similar plots shown earlier, that the
greater the ductility requirements at the base, the higher the
yielding generally extends above the base.
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As might be expected from the fact that all the struc-
tures considered in Fig. 36 have the same yield level, and
also because of the relatively flat slope of the pusi-yield
branch of the M- curve (r‘.y = .05), the maximum moments and
shears shown in Figs. 36{c) ard (d) do not differ signifi-
cantly for all four cases considered; the shorter period
structures show only slightly greater moments at the base.
Figure 36(e) also indicates that for relatively low yield
levels where yielding is significant, the ductility require-
ments do not decrease significantly with an increase in period
beyond a certain value of the fundamental period. Thus, the
ductility requirements for the structures with periods of 2.0
and 2.4 §ec. are about the same.

It is worth noting that although Fig. 36(t) shows the
rotational ductility requirements--expressed as multiples of
the corresponding yield rotations--as increasing with decreas-
ing period of the structure, the absolute value of the maximum
rotation for the stiff structure is lers than that for the
more iiexible structure. The distinction between these twu
measures of the deformation requirement is illustrated in
Fig. 37, for the case of structures with My = 500,000 in-kips.
Figure 36(f) shows the cumulative plastic hinge rotation,
ij.e., the sum of the absolute values of the inelastic hinge
rotations, as increasing with increasing period of the
structure. This trend follows directly from the larger

deformations of the more flexible structures.
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The variatiun with time of the flexural deformation in
the first story for the four structures considered in this set
is shown in Figs. 33(a) and (b). In Fig. 38(a) the rotations
have been normalized by the respective yield levels of each
structure. For instance, the rotations for the structure with
T1 = 0.8 sec. have been divided by its yield rotation value of
0.00014 radians and those for the structure with T1 = 2.0
sec., by 0.00070 radians. Thus, the absolute magnitude of the
rotations for the latter structure are actually 0.00070/0.00014
or 5.0 times those of the former on the basis of the ordinates
shown in this figure. The variaiion with time of the actual
magnitu@e of the rotations (in radians) for the four cases
consideréd are shown in Fig. 38(b).

(c) and (d) Yield Level, My = 750,000, 1,000,000 and 1,500,000
in-kips, respectively

The same general trends observed in Set (a) above with
respect to displacements, moments and du.tility requirements
are also apparent in Figs. 39 through 41 for the higher
values of the yield level, My. Thus, as in Set (a), an
increase in period results in an increase in the horizontal
and interstory displacements and a decrease in the moments and
the ductility requirements (expressed as a ratio). Although
the horizontal shears do not change much with changing period
for a given yield level, no clear trend can be observed
insofar as the effect of period variation on the base shear is
concerned. Generally, though, the shears tend to be higher

for the shorter-period structures.
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A comparison of Figs. 38(f) and 39(f) with Figs. 40(f)
and 41(f) shows that while for structures with relatively low
yield levels (i.e., My = 500,000 and 750,000 in-k) the cumula-
tive plastic hinge rotation tends to decrease with decreasing
period of the structure, the reverse trend holds as My
increases beyond a certain value. As noted earlier in Set
(a), the ratio of the maximum rotation to the yield rotation
(as expressed by the rotational ductility) diminishes with
increasing period of the structure, for a given yield level,
My. This means that the relative extent of yielding (with
respect to the corresponding yie]d.leveI), diminishes with
increasing period of a structure. Also, as the yield level
increaseﬁ, the degree of inelastic action generally
diminishes, as might be expected and as indicated by a com-
parison of Figs. 36(e), 39(e), 40(e} and 41(e). Thus, an
increase in both yield level and fundamental period would
combine to reduce the amount of inelastic action in a struc-
ture; and where this combined effect is such as to make
yielding in a structure insignificant, the cumulative plastic
rotation becomes less for the long-period structure than for
the short-period structure. Figure 40(e) shows that for the
structure wiih My = 1,000,000 in-kips and T1 = 2.0 sec.,
yielding is not too significant, while Fig. 41(e) indicates
that the structure with My = 1,500,000 in-kips and T1 = 2.4
sec. remains essentially elastic under a base motion with

intensity SI = 1.5 (Slref.)'
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Effect of Vield Level, M
For this study, three sets of yield level values were consideréd

corresponding to fundamental period values of 0.8, 1.4, and 2.0 sec.
The different values included in each set are listed in Table 4.

Envelopes of maximum response values showing the effect of yield
level are given in Figs. 42, 44 and 45 for the three values of the
fundamental period assumed.

The following general comments apply to all cases shown in these
figures. For the same fundamental period, the horizontal and interstory
displacements decrease sharply as the yield level increases from 500,000
in-kips to a value associated with nominal yielding at the base (a value
which tends to decrease with increasing value of the fundamental period,
as is evident from'a comparison of Figs. 42(a) and (b) with Figs. 45(a)
and (b)). Above this value, the trend s reversed and an iacrease in
yield level is accompanied by an increuse in horizontal and interstory
displacements. The maximum moments and shears increase almost propor-
tionally with the yield level, as shown in plots (c) and (d) of Figs.
42, 44 and 45. As observed earlier under "Effect of Fundamental Period”,
the rotational ductility requirements increase significantly as the
yield level decreases. This qualitative trend has also been observed in
connection with the response of single-degree-of-freedom systems.(7)
Figure 42(f) shows that the cumulative plastic hinge rotations also
ijncrease as the yield level decreases. A normalized time history plot
of the total rotation in the first story is shown in Fig. 43 for the

four structures with fundamental period, T1 = 1.4 sec.
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Fundamental Period and Yield Level Effects on Dynamic Response--Summary

The interrelationship between the effects of the initial funda-
mental period, Tl’ and the yield level, My. on the dynamic response of
20-story isolated structural walls is summarized in Fig. 46, (a) through
(f). The plots in the figure correspond te only one input mction,
i.e., the E-W component of the 1940 E1 Centro record, with the acceler-
ation amplitude adjusted to yield a 5%-damped spectrum intensity equal
to 1.5 (Slref.)' The properties of the structures considered are those
for the basic structures listed in Table 1.

Figure 46 shows the effects of both T1 and My on the maximum
horizontal displacement of the top of the structure, the maximum inter-
story displacement along the height of the wall and the maximum moment,
(in tevms of the yield moment, ”y)' the maximum shear, rotational
ductility (expressed as a ratio of the maximum rotation to the corre-
sponding yield rotation) and the cumulative plastic hinge rotation at
the base of the wall. The maximum values of the response parameters
are also listed in Table 5.

The following significant points, noted eariier in relation to the
study of the separate effects of the fundamental period and the yield
level, are summarized below for convenience in considering the curves

shown in Fig. 46.

(a) Maximum Top Displacement and Maximum Interstory Displacement

For a particular value ot the yield level, My, an
increase in the fundamental period (indicating a decrease in
the stiffness of the structure) results in an increase in

horizontal and interstory displacements.
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For a given fundamental period and for relatively low
values of the yield level so that significant yielding occurs,
the maximum displacements decrease with incrcasing yield
level. Beyond a certain value of the yield level (which tends
to decrease with increasing value of the fundamental period)
associated with nominal yielding, the above trend is reversed,
j.e., the maximum displacements increase with increasing yield
level.

Figure 46(a) shows a dotted curve representing the top
displacement resulting from the distributed design base
shear, Vb’ as specified in the Uniform Building Code (1976
Edition)--with the factors Z, S and I set equal to 1.0.

yaximum‘Moment and Rotational Ductility at Base

For a particular value of the yield level, the ratios
Mmax/Myie]d and emax/Qyield as measures of the maximum moment
and rotational ductility at the base, respectively, generally
decrease with increasing fundamental period, the decrease
being more rapid for the lower yield levels. For a constant
fundamental period, the above ratios consistently increase
with decreasing yield level.

1t should be pointed out that the yield level of 500,000
in-kips is not too realistic for structural walls having
stiffiesses associated with fundamental period values less

than 1.4 sec.

Maximum Base Shear

For a particular yield level, My, the maximum base shear

decreases as the fundamental period increases from 0.8 sec. to
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a certain value which increases with increasing yield level.
Beyond this value of the fundamental perijod, the maximum base
shear increases with increasing period of the structure.

For a fixed furdamental period, the base shear increases
consistently with increasing yield level, the rate of increase

being greater for the stiffer (shorter-period) structures.

Cumulative Plastic Hinge Rotation at Base

Figure 46(f) indicztes, as noted earlier, that for
structures with relatively low yield levels (i.e., My =
500,000 and 750,000 in-k) in which significant yielding
occurs, the cumulative plastic hinge rotation at the base
increases with increasing fundamental period over the entire
period r;nge (0.8 - 2.4 sec.) considered. For higher values
of the yield level, the cumulative plastic hinge rotation
increases with increasing period up t> a point where the
combination of high yield level and long period results in
only nominal yieldina. Beyond this value of the fundamental
period (which decreases with increasing yield level) the
trend is reversed and the cumulative plastic hinge rotation
decreases with increasing fundamental period until the case
is reached where no yielding occurs.

Curves corresponding to the design base shear as speci-
fied in the Uniform Building Code (UBC-76), multiplied by load
factors of 1.4 and 2.0, are shown in Fig. 46(d) for comparison
with the results of the dynamic analysis.



-110-

Effect of Yield Stiffness Ratio, ry

The effect of the slope of the second, post-yield branch of the
primary bilinear moment-rotation curve o° the members which make up the
structural wall was investigated by considering a value of the yield
stifrness ratio, rye (i.e., the ratio of the slope of the secord, post-
yield branch to the slope of the initial, elastic branch of the Mg
curve), equal to 15%, in addition to the value of 5% used for most
cases. As indicated in Table 4, these two values of the yield stiffness
ratio were used with three combinations of the fundamental period and
yield level. In addition, a value of ry 0.01 was considered for the
case of structures with Tl = 1.4 sec. and l“l.y = 500,000 in-kips.

Envelopes of response quantities for the three sets considered are
given in Figs. 47, 48 and 49. These figures show that even when there
is significant yielding at.the base, as indicated by the plots for
rotational ductility, an increase in the value of the yield stiffness
ratio from 5% to 15% generally does not produce any significant effect
on the response. As might be expected, the effect of 1 change in the
value of the yield stiffness ratio, e is more apparent in structures
with relatively Tow yield levels (My = 500,000 in-k). There is a sub-
stantial (50%) reduction in the rotational ductility requirement at the
base for the long-period (T1 = 2.0 sec.) structures and a 20% reduction
in the horizcntal and interstory displacements for the moderately-iong
period (T1 = 1.4 sec.) structures accompanying an increase in the yield
stiffness ratio from 5% to 15%. The effect of increasing the yield
stiffness ratic is less apparent in structures with relatively high

yield levels, as shown by Fig. 48.
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A decrease in the yield stiffness ratio from 5% to 1% results in an
increase in the rotational ductility requirement at the base by a factor
of 1.85 (see Fig. 47(e)) with a lesser increase in the cumulativs
plastic hinge rotation. Except for these, the effect of ry on the
response is relatively minor for the range of values considered. An
increase in the slope of the post-yield branch of the M-8 curve tends to
reduce the horizontal and interstory displacements as well as the
ductility requirements at the base while increasing the moments and
shears slightly.

It will be noted that for the Takeda model of the hysteretic M-6
loop, the effective stiffness of an element during most of the response
after yielding may be governed not so much by the primary M-© curve as
by the rules goveréing the slope of the reloading stiffness associated
with this model. The effect of ry becomes significant only when the
motion of the structure proceeds in a particular direction long enough
for the primary curve to govern. However, because the post-yield slope
in the bilinear M-8 curve represents the least value of the stiffness of
the structure, it can be expected to have a greater effect on the
maximum displacements and rotations than the subsequent "reduced" stiff-
nesses. The effect becomes most pronounced for structures with low
yield levels (relative to the intensity of the input motion), and signif-
icant displacements and ductility requirements can then be expected
particularly for low values of ry. An idea of the percentage of the
total response time during which the post-yield branch of the primary
curve governs the effective stiffness of the structure can be obtained
from Fig. 50, which shows the moment-rotation loop for the base of the

structure with T1 = 1.4 sec., My = 500,000 in-kips and ry = 15%.
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Effect of Character of M- Hysteretic Loop

In the analyses undertaken to investigate the effects of other
parameters, the quantities a and p defining the slopes of the unloading
and reloading branches of the Takeda model hysteretic loop (see Fig. 51)
were assigned values of 0.10 and 0.0, respectively. The sensitivity of
the calculated response to variations in the values of these two
parameters was examined by analyzing structures using different values
of a and B.

A value of 0.30 was considered for the unloading parameter o in
addition to the basic value of 0.10 (w:th g = 0), for a structure with
T1 = 1.4 sec. and My = 500,000 in-k. For the Takeda model reloading
parameter B, values of C.4 and 1.0 were assumed in addition to the basic
value of 0 (with §'= 0.10). Furthermore, results for a model with a
stable bilinear hysteretic loop (see Fig. 51) were obtained for com-
rarison with the response of structures with different values of p. The
effect of the reloading parameter g was investigated for two sets of
structures, one set representing low yield levels (My = 500,000 in-k, T,
= 1.4 sec.) and the other relatively higher yield levels (My = 1,000,000
in-k, T1 = 0.8 sec.). The various combinations used in this study are
also listed in Table 4.

Figure 52, which shows response envelopes for cases where the
parameter a is allowed values of 0.10 and 0.30 (with B = 0) indicates
practically no difference in the maximum response values corresponding
to the two assumed values of a.

Figures 53 and 54 show the response envelopes for cases when the
reloading parameter g is varied. Both figures indicate that the effect

of this parameter on dynamic response is not significant.
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For the case of structures with low yield level (M.y = 500,000 in-k,
see Fig. 53), an increase in che slope of the relcading curve--corre-
sponding to increasing values of B--results in slight reductions in
horizontal and interstory displacements and cumulative plastic hinge
rotations. Where yielding is not as extensive as in structures with
My = 1,000,000 in-k (compare Fig. 54(e) with 53(e)), the effects of
variations in the value of B are even less significant. For this case,
the trend with respect to maximum horizontal displacements is reversed,
s0 that the structure with the stable bilinear hysteretic loop exhibits
siightly greater displacements than any of the structures with decreasing-
stiffness loops. The cumulative plastic hinge rotations, however, still
increase as the va]ue of B decreases (see Fig. 54(f)). Note that this
same trend in the maximum response values was observed in the study of
the effect of the yield level, My (see Fig. 42).

In each of the two sets of analyses where the reloading parameter
B was varied, the maximum moments, shears and rotational ductility
requirements 3t the base are practically the same in spite of the
significant difference in the slopes of the reloading curves.

The variation with time of the nodal rotations at the first story
level for the structures with T, = 1.4 sec. and My = 500,000 are shown
in Fig. 55. For all cases the figure shows that the maximum response
to the particular input motion used occurs very early when the primary
bilinear curve (which is identical for all cases) governs; the envelopes
of maximum response values do not differ significantly from each other,
However, after the first major inelastic cycle of response occurs and

the rules assumed for the reloading stiffness in each case take effect,

the responses reflect the different characteristics of the M- hysteretic
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loop. Thus, after first yield, the rotations tend to be greater for the
lesser values of B (corresponding to reloading branches with flatter
slopes or lesser stiffness).

Moment vs. nodai rotation plots for the structure with a stable
hysteretic loop and that with § = 0.40 are shown in Fig. 56. The
corresponding plot for tke structure with $ = 0 is shown in Fig. 16.

Effect of Damping

The viscous damping assumed for the structures considered in this
study consists of a linear combination of stiffness-proportional and
mass-proportional damping. The damping distribution among the initial
component modes is defined in terms of the percentage of the critical
damping for the first mode and the second mode, which are assumed to be
equal. For most of the analyses, a damping coefficient of 0.05 was
assumed.

To study the effect of damping, a second value of the damping
coefficient, equal to 0.10, was considered. The responses corresponding
to these two values of damping were compared for two combinations of the
fundamental period, Tl, and the yield level, Hy, as shown in Table 4.

Envelopes of response corresponding to structures with intermediate
period and lcw yield level (i.e., T = 1.4 sec., ﬂy = 500,000 in-k) are
shown in Fig. 57. As observed in other studies, the general effect of
increasing the damping in a structure is to reduce the response. For
the structures considered in this particular set, increasing the damping

coefficient fron 0.05 to 0.10 produced only a relatively sma'l (about

12% in tne maximum top displacement) reduction in response.
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Figure 58 shaws the response envelopes of structures with low-
perind and relatively nigh yield level, i.e., T1 = 0.8 sec., My =
1,000,000 in-k. The effect of increasing the value of the damping
ccefficient from 0.05 to 0.10 for this set is likewise insignificant.
When compared with the results for the first set of structures with low
yield level, Fig. 58 indicates that the increase in the viscous damping
coefficient from 5% to 10% produces a slightly lower reduction (9%) in
the maximum top displacement. However. in terms of deformation require-
ments, the increase in damping produces a relatively greater percentage
reduction in the high-yield-level (M.y = 1,000,000 in-k) structure than
in the structure where extensive yielding occurs (M

Y
19% as against 8% for the rotationzl ductility requirement and 41% as

= 500,000 in-k):

compared to 13% for the cumulative plastic hinge rotation. This increase
in the energy dissipated through damping as the extent of inelasticity

diminishes, and vice versa, was also noted by Ruiz and Penzien.(7)

Effect of Stiffness Taper

In examining the effact of other parameters the structures considered
all have uniform stiffness throughout their entire height. To study the
effect of a taper in stiffness, tne response of a structure with the
stiffness variation shown in Fig. 59 was compared to that of a structure
with uniform stiffness. A ratio of (El)base to (EI)top equal to 2.8 was
used (corresponding to A/B = 4.0, see Fig. 59), the absolute value of
the stiffness being adjusted to yield a fundamental period of 1.4 sec.

Figure 60, which shows the carresponding response envelopes,
indicates that for the period and yield level (My = 500,000 in-kips)

consdered, the horizontal and interstory displacements as well as the
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cumulative plastic rotations at the base are less for the tapered than
for the uniform structure. However, the moments, shears and rotational
ductility requirements at and near the base are greater for the tapered

structure than for the wall with uniform stiffness.

Effect of Strength Taper

In order to evaluate the effect of a taper in the strength (yield

level) of the wall, the following three cases were considered:

(a) A taper ratio, (i.e., the ratio of the yield level at the base
to that at the top of the wall) of 2.0, with equal changes in
strength occurring regularly at every :=tory level. This is
the taper used in the reference structure, which reflects the

effects of axial loads on the moment capacity.

(b) A taper ratio of 3.8, with equal cianges in strength occurring
at every fourth story level, in a manner similar to the stiff-
ness taper shown in Fig. 59. In addition, changes reflecting

the effect of the axial lo.d occur at every story level.

(c) A taper ratio of 1.0, representing uniform strength throughout

the height of the wall.

Response envelopes for this set are shown in Fig. 61. Except for
the increased rotational ductility requirement in the intermediate
stories of the structure with a taper ratio of 3.8 as shown in Fig.
61(e), the effect of strength taper for the particular period and yield

leve" considered appears to be negligible.
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Effect of Fixity Condition &t Base

The effect of yielding of the foundation at t'ie base of the wall
was considered by introducing a rotational spring (with linear M-g
characteristic) at the base of the analytical model. If the base fixity
factor, F, is defined as the ratio of the moment developed at the base
to that which would be develcped if the base were fully fixed, under the
same deformation, the spring stiffness, Ks’ for the model shown in

Fig. 62 is given by

K = L lp X (3)

In the analysis, the (linear) spring representing the rotational
restraint of the foundation was modelled by an extension of the wall
below the base héiing the appropriate flexural stiffness. This is shown
in Fig. 63. The stiffness of the element used to simulate foundation
restraint corresponding to each degree of base fixity éssumed is also
shown in the figure for the two sets considered.

Figure 64 shows a compariscn of response envelopes for the first
set in which the reference structure (Tl = 1.4 sec., My = 500,000 in-k)
has a fully fixed base (i.e., F = 1.0). with cases in which the base
fixity factor was assigned values of 0.75 and 0.50. Note that the
initial fundamental period value of 1.4 sec. applies only to the fully-
fixed-base structure. The calculated fundamental period for the struc-
ture with F = 0.75 was 1.43 sec. and for the structure with F = 0.50,
1.52 sec.

Increases in the maximum horizontal and interstory displacements,
in almost the same proportion as the increase in the fundamental period,
accompany the decrease in the base fixity factor, F, from the fully

fixed value of 1.0 to 0.75 (20% increase in the maximum top displacement)
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and then to 0.50 (80% increase). It is interesting to note that for
this group of Iow-yie]d-le§e1 structures where significant yielding
occurs, the relaxation in Lhe base fixity results in increases (though
slight) in the maximum moment and shears and in the rotational ductility
requirement at the hase. In the case of the rctational ductility
requiremént, there is a 20% increase accompanying a decrease in the base
fixity factor from 1.0 (fully fixed) to u.50.

Figure 64(f) indicates that even thcugh the ductility requirement
at the base increases with decreasing base fixity as shown in Fig. 64(e),
the cumulative plastic hinge rotation decreases with decreasing base
fixity. Since the yield rotation is the same for all three structures
in each set and the periods do not differ significantly from each
other, this reversal in trend for these two measures of deformaticn may
at first appear contrary to expectation. Figure 65, which shows the
variation with time of the'plastic hinge rotaetion at the bases of the
walls, provides some explanation for this reversa! in trend. The figure
shows that although the maximum plastic hinge rotation increases with
decreasing base fixity, the number of oscillations and hence the cumula-
tive plastic hinge rotation tends to increase as the base fixity increases
(and the period decreases).

To examine the effect of the base tixity condition on structures
with high yield levels, a second set aof analyses was undertaken for a
basic structure with T1 = 0.8 sec. and M

Y
the base fixity factor equal to 0.75 (T1 = 0.83 sec.) and 0.50 (Tl =

= 1,500,000 in-k. Values of

0.238 sec.) were considered in addition to the fully fixed case.
Figure 66 shows envelopes of response quantities for this set. As
in Set (a), Figs. 66 (a) and (b) show the expected increase in maximum

displacements due to a relaxation of the base fixity. However, for the
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structures in this set in which yielding was relatively small (compare
Fig. 66(e) with Fig. 64(e)), the maximum moments and shears as well as
the rotational ductility and the cumulative plastic hinge rotation at
the base tend to decrease with a decrease in the base fixity factor. A
60% decrease in the rotational ductility requirement at the base accom-
panies a decrease in the base fixity factor from 1.0 to 0.50.

Apart from the increase in the maximum displacement which consis-
tently results from a relaxation of the base fixity, the following
points are worth noting from the zbove comparisons: when the yield level
is relatively low so that e.tensive yielding resuits, a reduction in the
base fixity factor can result in slight increases in the maximum forces
and the rotational ductility requirement at the base of a wall; for
structures with h{éh yield levels, a relaxation of the base rotational
restraint results in reductions in the maximum forces and deformations
at the base. The effect of a change in the base fixity condition is
more significant in structures with high yield levels where yielding is

not extensive than in walls with relatively low yield levels.

Effect of Number of Stories

The effect of the number of stories or the height of the structure
on dyramic response was investigated by considering 10-, 30- and 40-
story variations of the basic 20-story reference structure. The stiff-
ness of the structure in each case was adjusted to yield the same
furdamental period (Tl = 1.4 sec.) as the basic structure. Two sets of
analyses were made, as listed in Table 4. 1In the first set, a common
value of the yield level, My, equal to 1,000,000 in-kips, was assumed
for all four structures. The purpose here was to isolate the effect of

the number of stories on the response. In practice, however, the
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strength of walls would normally be expected to increase with the height
of the building. In recognition of this, a second set of analyses was
made with the value of the yield level in each case adjusted to result
in a ductility ratio of about 4 to 6 at the base of the wall.

A 12-mass model was used for both the 10- and 40-story walls, with
the masses spaced at every half-story in the lower two stories of the
10-story wall and at every other floor in the lower eight stories of the
40-story structure. For the 30-story structure, a l4-mass model was
used, with the lumped masses spaced at every floor in the lower five
floors.

Figure 64 shows response envelopes corresponding to the first set,
i.e., with a constant yield level, My, equal to 1,000,000 in-kips,
assumed for all fédr structures. As indicated in Fig. g7(e), all
structures except the 10-story wall yielded at the bases in varying
degrees, the extent of yielcing increasing with increasing height of
structure. In the case of the 40-story structure, yielding extended
above mid-height.

Except for the 10-story structure, which responded elastically, the
maximum displacements and interstory displacements for the 20-, 30- and
40-story structures were essentially the same at corresponding floors
above the base. For the same yield level, the maximum bending moments,
shears and ductility requirements (expressed as a ratio of maximum to
yield rotations) generally increase with increasing height of structure.
The cumulative plastic hinge rotations, however, tend to decrease with
increasing height of structure. This behavior follows from the fact
that in order to obtain the same fundamental period of 1.4 sec., the 40-
story wall had to be relatively much stiffer than say, the 20-story

wall. In this case, the sectional stiffness of the 40-story wall had to
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be 15.8 times that of the 20-story wall in order to obtain the same
period, and for the same yield moment had a correspondingly lesser yield
rotation. Thus, for about the same maximum rotation (see Fig.g7 (a)),
the ductility ratio for the 40-story structure comes out greater than
for the 20-story structure. Figure 6% shows a timé history plot of the
nodal rotations at a point corresponding to the 2nd floor above the base
in each of the four structures considered under Set (a) as listed in
Table 4.

Response envelopes for the second set of analyses--with the funda-
mental period, Tl’ still equal to 1.4 sec. but with the yield level, My,
adjusted so that the resulting ductility ratios at the base for all
structures fall in the range of 4 to 6--are shown in Fig. 69. The yield
level assumed in ééch case and the corresponding ductility ratios at the

base are listed below, see Fig. 69(e).

Assumed
Yield Level, M Ductility Ratio
No. of Stories {in-kips) at Base
10 200,000 5.4
20 750,000 4.9
30 1,500,000 6.0
40 2,500,000 5.9

For the conditions assumed in this set, the maximum displacements
at the top of all four structures are about the same, as shown in Fig.
ga(a); the slight differences reflect the relative magnitudes of the
base ductility ratio. The equal maximum deflection at the top for
different heights of structure immediately implies increasing interstory
distoftions with decreasing height. This is shown in Fig.gg (b). The
increase in the yield level with height of structure leads to a very

regular in<rease in the maximum bending moment and shear with the
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number of stories. Figure 67(f), however, indicates that the cumulative
plastic hinge rotations at the base tend to increase with decreasing
yield level and structure height, the effect of the former apparently

predominating.



-123-

SUMMARY AND CONCLUSIONS

The preceding essentially qualitative discussion of the effects of
various structural and ground motion parameters was meant to establish
the relative importance of these parameters with respect to the signifi-
cant structural response quantities. The major considerations involved
in assessing the effects of the various parameters are the magnitude and
extent of the deformation requirements as well as the accompanying
forces. At the base of the wall, which represents the critical region,
the major concerns are the amplitude and number of deformation cycles
associated with dynamic response to a specific input motion intensity.
Along the height of the structure, the magnitude and distribution of the
interstory distortions are of major interest, the interstory distortion*
being a good index.of the potential damage in buildings. The significant

observations made in connection with this study are summarized below.

1. The most important parameters insofar as deformation demands
are concerned are the intensity, duration and frequency
content characterizing the ground motion, and the fundamental
period and yield level of the structure. The other parameters
studied had relatively lesser effects on the deformation

demand for the range of values considered.

2. Where significant yielding can be expected ir a structure,
i.e., yielding which would appreciably alter the effective
period of vibration, an input motion with a velocity spectrum

of the "broad band ascending" type is likely tc produce more

*Expressed appropriately as 'interstory tangential deviations' for
isolated walls and as 'horizontal interstory displacements' for frame-
wall systems.
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severe deformation demands than other types of motion of the
same intensity and duration. For cases where only nominal
yielding is expected, "peaking" type accelerograms tend to

produce more severe deformations.

The above considerations are important in determining
near-maximum or critical response values for design purposes,
or in specifying input motions for use in the analysis of

particular types of structures.

The shear at the base of an isolated structural wall (which
can significantly affect the deformation capacity of the
hinging region) is more sensitive to higher mode response and
genera11y undergoes a greater number of reversals than the
moments or deformations (horizontal displacements and rota-
tions). Because of this, the maximum base shear can be
appreciably lower for input motions which produce extensive
yielding and are critical with respect to moments and dis-
placement than for motions which produce lesser displacemenis.
The criticality of response with respect to shear will depend
on the relationship of the frequency characteristics of the
input motion to the significant higher effective mode fre-

quencies of the yielded structure.

The major effect of the duration of ground motion is to
increase the cumulative plastic rotations in hinging regions.
(The cumulative plastic rotation is another useful index of
the severity of the deformation demand in critical regions of
a structure and reflects both the magnitude and the number of

cycles of loading associated with dynamic response.)
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The deformation requirements increase almost proportionally

with an increase in the intensity of the ground motion.

The determination of the appropriate intensity to use in
a particular case will depend on such factors as earthquake
magnitude, epicentral distance and site geology, all of which
are beyond the scope of this report. As a matter of fact, the
selection of the proper intensity, duration, and to some
extent, the frequency characteristics of the input motion for
use in the analysis of a particular case will be determined to
a large degree by factors not considered in this report. The
observations based on this study, however, can help guide the
selectiqq of the input motion parameters in the sense of
providing information concerning the influence that a particular

parameter can have on the structural response.

The ductility reaquirement, expressed as a ratio of the maximum
rotation to the rotation at first yield, generally increases
with decreasing fundamental period (or increasing stiffness)
of a structure. In structures with relatively low yield
levels where significant yielding occurs, however, the cumula-
tive plastic rotation in hinging regions tends to decrease
with decreasing period. This trend is mainly a reflection of
the lesser absolute magnitude of the rotations for the stiffer
structures. When the yield level is high enough (relative to
the intensity of the ground motion) so that only insignificant
yielding results, the above trend is reversed, i.e., the
cumulative plastic hinge rotation tends to decrease with

increasing period.
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A direct result of increasing the stiffness of a struc-
ture and thus decreasing its fundamental period (assuming
essentially the same mass) is the reduction in the maximum
horizontal displacements and the interstory distortions along

the height of the structure.

The magnitude of the defcrmation requirements in hinging
regions--in terms of ductility ratios and cumulative plastic
hinge rotations--generally decreases with increasing values of
the yield level. The maximur horizontal displacements and
interstory distortions also tend to diminish with increasing
yield levels, as long as significant yielding occurs. Within
a narrowvrange, where only nominal yielding occurs, the
maximum displacements--particularly in the upper stories of a
structure--tend to increase with increasing yield level, until
a value is reached when no yielding occurs, i.e., linear

elastic response.

Altnough the yield level in a structure usually does not
vary independently of the fundamental period (an increase in
stiffness is generaily accompanied by an increase in the yield
level), the effect of this major variable is worth noting,
because of its interaction with the initial fundamental
period and also because it affects the dominant or effective
period of a yielding structure. The latter has importaat
bearing on the type of ground motion that is likely to produce

near-maximum or critical response.
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The work represunted by the preceding discussion, undertaken in
pursuance of the first objective stated at the beginning of this
discussion, constitutes a major segment of Part 1 of the Analytical
Investigation. A total of some 60 analyses are included in this study,
covering variations in eleven parameters.

By making possible an assessment of the relative importance of the
different parameters affecting structural response, these parametric
studies allow the subsequent effort directed towards the second objec-
tive, i.e., the determination of estimates of critical force and deforma-
tion requirements in hinging regions of structural walls, to concentrate
on a manageable few of the more significant parameters as bases for the

design procedure tq be developed.
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Table 1(a) - BASIC STRUCTURE PROPERTIES AND VARIATIONS

Structure ISKW 0.8

PROPERTIES

BASIC VALUE
OR CHARACTERISTIC

VARIATIONS

STRUCTURAL
Fundamental pericd
Number of stories
Height

Weight (for mass
computation)

Stiffness parameter EI
Yield ievel, My
Yield stiffness ratio, r

Character of M-6 curve

Damping

El) base
Stiffness taper ETi op

(M) base

Strength taper T“¥7-1§ﬁ7-|

Y
Basic fixity condition

INPUT MOTION
Intensity

Frequency characteristics

Duration

0.8 seconds

20

178.25 “1.

4370 k/wal’

6.346 x 101} k-1n?
1,660,000 in-k

0.05

Decreasing stiffness
=.10, B=20
5% of critical

1.0

2.0

Fully fixed

SI=1.5 (SIref.)*

1940 E1 Centro, E-W

10 seconds

50,000 750,000
1,000,000 1,500,000 in-k

0.15

10% of critical

1.0 (ST p¢ )

1940 E1 Centro, N-S
1952 Taft, S69E
Artificial Acc. Sl

* SIref = 5%-damped spectrum intensity - between 0.1 and 3.0 seconds -

of the 1940 E1 Centro record.

corresponding to the first 10 seconds of the N-S component
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Table 1(b) - BASIC STRUCTURE PROPERTIES AND VARIATIONS

Structure !SW 1.4

BASIC VALUE

PROPERTIES OR CHARACTERISTIC VARIATIONS
STRUCTURAL
Fundamental period 1.4 seconds
Number of stories 20 10.4¢
Height 178.25 ft.

Weight (fo~ mass
computation)

Stiffness parameter LI

feld .
Yield level My

Yield stiffness rétio, r

v
Character of M-0 curve
Damping
. El) base
Stiffness taper ET) top
(M) base
Strength taper M. T top

y

Basic fixity condition

4370 k/wall

2.052 x 1011 k-inZ”

500,000 in-k
.05

Jecressing stiffness
ea=.,10,B=0

% of critical

1.0
2.0

Fully fixed

750,000 1,000,000
1,500,000 in-k, and
elastic

0.01, 0.15

a= .30, p=0.4,
1.0 and sable loop

10% of critical

2.8

1.0, 3.8

50% and 75% of fully
fixed condition**

* EI = 5.004 x 101! k-+n for stiffness taper 2.8

** Period of 1.4 sec. corresponds to fully fixed condition.

INPUT MOTION

Intensity

Frequency cnaracteristics

Duration

SI = 1.5 (S]ref.)

1940 E! Centro, E-W

10 seconds

0.75 and 1.0 x (SIref.)

1971 Holiday Orion, E-W
1971 Pacoima Dam, S16E,
Artificial Acc. S1

20 seconds
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STRUCTURE PROPERTIES AND VARIATIONS

Structure ISW 2.0

PROPERTIES

BASIC VALUE
OR CHARACTFRTSTIC

VARIAT IONS

STRUCTURAL
Fundamental period
Number of stories
Height

Weight (for mass
computation

Stiffness parameter EI
Yield level, My
Yielo stiffness ratio, r.y

Character of M-0 curve

. EI) base
Stiffness taper {fT%‘TEﬁT'

(M) base

Strength taper (ﬁxT-EEF_

Y

Basic fixity condition

INPUT MOTION
Intensity
Frequency characteristics

Duration

2.0 seconds
20
178.25 ft.

4370 k/wall

11

2.990 x 10! k-in?

500,000 in-k

0.05

Decreasing stiffness
a=.10,p=0

1.0

2.0

Fully fixed

SI = 1.5 (srref.)

1940 E1 Centro, E-W

10 seconds

750,000 1’000’000 in-k
and elastic

0.15

1.0 x (Slref.)

1971 Holiday Orion, E-W
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Table 1(d) - BASIC STRUCTURE PROPERTIES AND VARIATIONS

Structure ISW 2.4

PROPERTIES

e

BASIC VALUE
OR CHARACTERISTIC

VARIATIONS

STRUCTURAL
Fundamental period
Number of stories
Height

Weight (for mass
computation)

Stiffness parameter EI
Yield level, My

Yield stiffness ratio, ry

Character of M-g curve

Damping

Stiffness taper %%%%—%%%3

(M. ) base

My top

Basic fixity condition

Strength taper

INPUT MOTION
Intensity
Frequency characteristics

Duration

2.4 seconds
20
178.25 ft.

4370 k/wall

0.684 x 10'! k-inZ

500,000 in-k

0.05

Decreasing stiffness
a=.10,8=0

5% of critical

1.0

2.0

Fully fixed

SI = 1.5 (Slref.)

1940 E1 Centro, E-W

10 seconds

750,000 1,000,000
1,500,000 in-k

10% of critical
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Table 3 - Structure Properties and Earthquake Intensity

Levels Considered

set Fundamental Yield Level, Levels of
Period, T1 M Intensity Used*
Y
a 1.4 sec. 500,000 in-k 0.75, 1.0, 1.5
b 0.8 sec. 1,000,000 in-k 1.0, 1.5
c 2.0 sec. 500,000 in-k 1.0, 1.5

*In terms of SIref
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Tebie 5 - EFFECT OF FUNDAMENTAL PERIJD AND YIELD LEVEL
ON DYNAMIC PLSPONSE OF 20-STORY TSOLATED
STRUCTURAL WALLS

Earthquake Input: 1940 E1 Centro, E-W Component (10 sec., SI = 1.5 Slmf )

Yield Level, My Initial Fundamental Period, T1 {sec.)
(in-kips) 0.80 1.40 2.00 2.40

Max. Top Displacement (in.)

500,000 8.33 14.97 20.50 25.12

750,000 4.74 10.87 17.00 23.72
1,000,000 4,04 9.19 19.98 22.43
1,500,000 4.50 10.99 23.06 24.49 (E)*
Elastic 5.17 11.01 23.16 24.49

Max. Interstory Displacement (ir.)

500,000 - 0.47 0. 86 1.24 1.56

750,000 0.28 0.65 1.12 1.51
1,000,000 0.24 0.58 1.25 1.5
1,500,000 0.29 0.75 1.57 1.76 (E)
Elastic 0.35 0.76 1.57 1.76

Max. Horizontal Shear at Base (kips)

509,000 1030 830 1050 1060

750,000 1190 950 1070 1179
1,000,000 1330 1190 1120 1240
1,500,000 1610 1300 1150 1300 (E)
Elastic 1700 1420 1240 1300

*Elastic, i.e., structure did not yield.
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Table 5 (contd.) - EFFECT OF FUNDAMENTAL PERIOD AND YIELD LEVEL
ON DYNAMIC RESPONSE OF 20-STORY ISOLATED
STRUCTURAL WALLS

Earthquake Input: 1940 E1 Centro, E-W Component (10 sec., SI = 1.5 ST of )
Yield Level, M Initial Fundamental Period, T14£§ec.)
(1n-k) 0.80 1.40 2.00 2.40

Moment at Base (in-k)

500,000 813,000 711,000 651,000 648,000

750,000 996,000 941,000 862,000 903,000
1,000,000 1,214,000 1,149,000 1,126,000 1,107,000
1,500,000 1,701,000 1,583,000 1,609,000 1,519,000 (k)
Elastic 2,419,000 1,677,000 1,782,000 1,519,000

Rotational Ductility Ratio

500,000 13.6 8.1 6.2 5.7

750,000 6.3 4.9 2.9 3.92
1,000,000 4.1 2.9 2.5 2.1
1,500,000 2.6 1.1 1.4 1.0

Cum. Plastic Hinge Rotatiun at Base (radians)

500,000  1.06x10"%  1.50x1072 1.76x1072 2.31x10°2
750,000 .92x1072  1.01x1072 1.13x1072 1.69x10°2
1,000,000  0.73x10"2  0.89x10°2 .66x1072 1.02x10°2

1,500,000 .50x10"2  0.04x1072 .09x1072 0.
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Story Level 20p—— — — — @ — —— —@

Base 77 7
20 - Masses 8 -Masses 5-Masses
Fig. 3 Preliminary Models for 20 Story Building

Story Level 20

Fig. 4 Final Model - 12 Masses
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Fig. 5 Computer Model of Bilinear Element
(After Yield)
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Fig. 6 Mocdels for Lower Portion of Structural Wall
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(a) Relative Horizontal Displacements Between Nodes
Story levels 24
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Fig. 10 Time Histories cf Relative Horizontal Displacements - Bldg. ISW1, 4
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Bending Moment at Base
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Fig. 14 Time History of Horizontal Shear at Base - Bldg. IsSW1.4
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Fig. 25 Fundamental Period vs. Height of Yield Hinge,
20-Mass Cantilever
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Accum. primary rotations = Sa', Sa”
Accum. secondary rctations = Sb' b~

Fig. 31 Components of Curaulative Plastic Rotations
for Takeda Stiffness Degrading Model
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o Moment at Base

vs.
o Nodal Rotation at First Story Level
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APPENDIX B

This Appendix presents a compilation of normalized time-
histories of the rotation in the first story of structural
walls corresponding to variations in specified parameters.
Unless specifically indicated, the ground motion used was the
first 10 seconds of the E-W component of the 1940 E1 Centro
record, with intensity normalized to yield a spectrum in-

tensity equal to 1.5 (SI)*, ¢

*SI af (reference spectrum fntensity) = the area under the 5%-damped
*  relative velocity response spectrum corresponding to the first
10 seconds of the N-S component of the 1940 E1 Centro record,

between periods of 0.1 sec. and 3.0 sec. SI',ef = 70.15 inches.



1300 7

-265-

Parameter: ¥/Q FREQUENCY CHARACTERISTICS
o000
Artificlal Aeeclero‘nm.‘ st
500
1940 El1 Centro,
N-8
.00 .
§ d
3
‘]
1.8 ) Y
-l S . 100 Y 0\ e\
¥ 1
E AN : \,‘;
& 2 wayy "w‘ =
: Ay ST
£ A 8 4 tessenes
g | ;
-3.8%
1940 El Centro, Ty = 0.8 sec.
o E-V NODAL ROTATIONS
My = 1,000,000 a-k lst Story Level
~8.000 + + — - + - — "
0.000 800 - 1090 30 3.2% [ .0 P 7,200 000 s40 9.0 10.%0
TIME N SECONDS
Fig. Bl
NS00 9
Parameater: E/Q FREQUENCY CHARACTZRISTICS
3.500
1940 E1 Centro, N-S 1940 E1 Centro, E-W~
0

§

ROTAYION/YIELD ROTATION

;

«8.500

«3.500

A58

.00

T, = 0.8 sec. .NODAL ROTATIONS
] “7 e 1,500,000 tn-k Ist Story Level
3 A% 2% s e ) 5.8 ) 7.200 .00 0.900 950
TIME IN SECONOS



ROTATION/YIELD ROTATICN

. FOTATION/YIELD ROTATION

-266-

13400 9
Farameter: E/Q FRTJIVENCY CHARACTERISTIES
@000
1940 F1 Centro,
Artiftetat E-W
Accelerogram, Sl
& .50
S0
180 ¥
00 PorrecscrscsMpresciaiassierflbiie e dome AN AT A el S
-3.500
l??l Pacoima Dam
S16E 1971 Holid2y Inn Orion
-8.000 E-W
'l'l a 1,4 sec. NODAL ROTATIONS
500 4 . lst
e "My, = 503,000 fa-k Story Level
R ‘ + : . — v
0.000 20 ) T 3.103 [ y.¢3 £.420 590 - 7.600 5.020 .00 9.60) 10.800
: TIvE IN SECONDS :
Fig. B3
10.000 9
Parameter: E/Q FREQUINCY CHARACTERISTICS
.02
.00
1971 Holiday Orion, £E - W
1940 El Centro,
000 4 E-W
250
)
000
«2.000
«4.008
Ty ® 2.0 sec.
400 = $00,000 fo-k NODAL ROTATIONS
My ' " 1st Story Level
4000 - - + 4+ + 4 4 s
000 200 1.0 . 2.8 220 “0 LT ] S50 $.4%0 1.309 (X~ ] e.00n .50 10000

TIvE IN STCONDGS
Fig. B4 :



-267-

Paramater: " EARTHQUAXE INTENSITY
.00
8.1. =18
. " 10

230

1000
g
B-s»n |
E v
=
&
3

-9.500

o0

Ty = 0.8 sec. -
NODAL ROTATIONS
-84 M, = 1,000,000 in-k lst Story Level
et ) Y R Y I I Y Y P T)
TIME IN SECONOS
Fig. B5
P00 7
1 Paramuter: EARTHQUAKE INTENSITY

10.000

7-000

9000

»
]

ROTRTION/YIELD ROTRTION

&
]

19,4

1.4

-5.00
1.4 sec.
_rl ) oo NODAL ROTATIONS
a0 i M, = 500,000 fn-k 1st Story Level
N e T R T R T T nu T Y- T
TIKE IN SECONDS



RCIATION/YIELD ROTRTION

1508 4
| Paremetent  EarTHOQUAKE INTENSITY
8000
s
s = LS
- xn’
0.000
1.900
1200
.80
.00
T, » 2,0 sec,
1 NODAL ROTATIONS
230 M, = 500,000 la-k lst Story Level
P 200 1.9 t.0 12 ) % 5.2 "o 7.20 0.00 .00 e o
TIME IN SECCNDS
Fig. B7
s
T Pparameter: E[Q_FPTQUENCY CHARACTER'STICS & INTENSITY
wo |
1971 Pacoima Dam,
SI6E
som | 194’.‘_.}’:.1- S;ntro
L

8

ROTATION/YIELD ROTATION

-268-

A
P

Pres . cosecssssossnsensorevcsncy. evesecncarsndane

. ‘\....

R IR R e B B R LU R R ¥ A N Y T TR T I PN
-2.000

™. 1.4 sec.

$00, 00 =

e My = 500,000 io-k .NODAL ROTATIONS

8l ® 0.75 (Siyesf.) lst Story Level
Ao \ s . . , . . . . e,

o L) 1.000 - 20 t Eo ] LLR we 3. [ AL .20 $.000 0.8 [ X ] 30.%00 )

TIMC IN SECCNOS



4
B

.
B

500

*)1.008

ROTATICN/YIELD ROTATION
B
.

-269-

=2
Q.

12.500

new v
Parametert EARTHQUAKE DURATION
50 Composite accelerogram ——
20-s0c. (a)
.Jﬂ.
A0
8
Y
<
Bixo
S by A AN AL T
e
B
1340 E1 Centro, E-W.
=3.£00, {10-sec.)
Composite accelersgram
20-see, (b)
-+.000
'J.‘1 = 1.4 sec,
' ‘NODAL ROTATIONS
-¢.500 M’ s 500,000 inek 1st Story Level
]
=11.009 - 4 + +
0800 .50 3.0c0 “.5%0 0,003 7603 8,259 19.5%0 12.000 13.5% 15,003 18.500 19000
TIME IN SECONDS
Fig. B9 '
19300
Parameter: FUNDAMENTAL PERIOD, T,
10.00 §
Ty = 0.8 sec.
‘e 1.4 sec.
k2~
= 2,0 wec. '
= 2,4 sec. . N
00

»
M, = 500,000 15k NODAL ROTATIONS
ist Story Level
= ) % o ) .28 ) ) .20 .00 ) vo0
) TIME IN SECCNOS

Fig. Bl0



-270-

Prrameter; FUNDAMENTAL PERIOD, Ty
.00 ¢
T - 0.8 sec.
'.ﬁ s 1.4 eee.
= 2,0 sex
800

'é .

ROTATION/YIELD ROTRATION

B

2,000

- , 900 fa~k ;
wsn | My = 750,000 Hn NODAL RO” ATIONS
1st Story Level
3000 -+ 4 + - > 4~ -4
0.000 £00 129 2,00 3.200 .00 L=y $.203 [ 7.200 8,008 9.500 .00 10.%00
TIME IN SECONDS
Fig. Bll
£.500 o
Parameter: FUNDAMENTAL PERIOD, Ty
00 4 Ty = 1. 4 sec.
= 2.6 sec.

£.500

‘m - ’ . . IIIIII
]
[ )
& i/
5 200 [
&
—
B

«3.500

Ty *» 0.8 sec.
~4.00 1
NODAL ROTATIONS
5.0 My - 1,000,000 fn-k Ist Story Level
e ¥ g1 Y v R Y Y~ R ¥R " R~ Ry P
T1KE IN SECONDS J -

Fig. Bl2



4.000

3.£0

P8 B

ROTATION/YIELD ROTAY1ON

B

-2.000 1

-271-

Paramatert FUNDAMENTAL PERIOD, T1i

Ty - 0.8 eec.
" 1.4 sec.

= 2,0 sec..

------------

My = 1,500,000 in-k

.00

-

NODAL ROTATIONS
lst Story Lcvel

000 &0

80000 -

10.000

5

ROTATJON/YIELD ROTATION

-2.000

A.000

§

LK -] L0 [ BG]

TIME IN SECCNDS

1.000 N0 .20

Fig. B3

Parameter: YIELD LEVEL, M,

M, = 500,000 in-h
= 750,000 o=k
= 1,000,000 in-k

= 1,500,000 in=k

T s 0.8 sac. ‘ *

7.209 8000 ".000

NODAL ROTATIONS
1st Story Level

(L2 b}

19,40



~-272-

K ]
Paremeter: YIELD L.EVEL, 5!
0.0m
8500 M, = 500,000 in-k
L 750,000 in-k
oo = 1,000,000 in-%
.3 1,500,000 In-k
-
gum
g freereeeeeereeeinn
=]
€ e
ot
=
8
-3.00
-4.000
o NODAL ROTATIONS
- ‘.l'l = 1,4 sec, lst Story Level
-11.0% i + -
Q.00 k] -8R 2.5 ) N.00 v.e00 $.8602 .39 T.000 9.000 9-000 8.608 $0.%00 .
' TIME IN SECCNDS
Fig. BIl5
11300 1
Paramoter: YIELD LEVEL, "f‘y_
2.00
#4500 9 .
M = 500,000 in.k
y- - 150,000 in-k
w00 = "1, 000,000 in.k
5
Y
£
B
S Nl S N5 7. A\ - A "
g
.50
-*om
] : NODAL ROTATIONS
0.0 T = 2,0 sec, lst Story Level
1
11,600 —_— +- . . ‘ R » .
00 200 180 2.0 3200 «.000 ) $.00 1 1.2 T 1.5 v
TI4E IN SECONIS s

Fig. Bl6



. =273-

N0 | Parameter YIELD STIFFNESS RATIO, r,
200
.00
r = 5%
om
8
P
[
€i1am
poy teseatessacrcsssacMuanes casaan - S taseman sreserenes Y A ETTTTTIRS
g f 3 £y
%-l-un TR oI ' SOU0. O - SNSRI WP SUUTE YO SUNOR T/ N Vg W ..............
tod
&
2
=300 ;
-0
T = 0.8 oeecc.
} ‘NODAL ROTATIONS
.50 “Y = 1,000,000 in-k 1st Story Level
1000 - —— LY . + - . + "
0.000 500 1.5C0 - 250 2.200 $.C0 L o] 6.600 .90 7.200, .00 9.800 #.62¢ 10.4%0
TIME IN SECONOS
Fig. B17
40 ¢ pirameter:  YIELD STIFFNESS RATIO. 7y
.00 '
ry = 5%
. = 15%
500
000
8
—
&
eax
fo e
o
g - e vereneens cereerieieanen,
23 .
2000
4000
T - 1.4 sec.
4.0m | My = $00, 009 {o~k NODAL ROTATIONS
1st Story Level
Py . . . . , , ——
o0 Y 140 900 8300 .00 €0,  $LX 6.0 7.0 w000 8.00 ) T
TINE IN SECONOS

Fig. Bl8



-274-

1 Parsmeter: YIZLD STIFFNESS RAT:O,

Fig. B20

*y
0008
42 x T o 5%
, .
. - 15%
«.00
&
[
[
B
%.]“ pPresscersscnsProscae
=
g
2
2350
-t.0m
T 2.0 .
" sec NODAL ROTATIONS
.50 M, - 500,000 in-k lst Story Level
"l-ﬂaﬂ“ +B00 Ic.m 20 '-‘m .0 ‘-“Z $.900 - 8400 1.20u $.000 $.500 2.8 2 -3
TIME IN SECONDS
Fig. Bl9 .
1.9
1  Perameter: TAkEDA MODEL PARAMET=R CL
9000 <+
0.503
4000
E
-
=
25>
’ §-|-e:.a
—-
3
2
3220
a0
Ty o 14 see _-NODAL ROTATIONS
-2.500 uy » 500,000 in-k 1st Story Level
N B0 EAD 3N Sam  vem e e 10 son  ssm sam e
TI2E IN SECONDS [ S



~275-

Fig. BZ2

TIPE IN SECSNDS

11900 ¢
Parameter: _'l'AK!:DA MODEL PARAVETZR 6
9,000
8500 1Stable’ loop
.00
&
g
150
g ' 7
=3
3 RV IR TTTTTTT T SO A.) A, S A
o
3
g
-3.500
-.000
Tl .= 1,4 sec, NODAL ROTATIONS
o930 1st Story Level
M’ = 500,000 in-k
~114000 - 4 4 + =t +
0.000 &0 1000 2800 3220 %.000 v.200 5.20 9.500 7.200 8.000 .80 o 10.%00
TIME IN SECONTS
Fig. B2l
7300 1
- Parameter; DAMPING
.00
.0 T‘ = 0.8 sec.
M' = 1,000,000 in-k
2.000
8
-
[
8 1
3
—
-
g
-1.500
«3.000
10% Damping
- 5% NODAL ROTATIONS
1st Story Level
4000 + + +
0.000 2% 1.000 2900 .20 ~.000 [ .00 [ 7.200 0.0 9.200 9.600

10.430



199

§

b

ROTRTION/YIELD ROTATION

g.

-8.000

5400

=11.000
©.

“1.0m

13.00

74000

ROTATICN/YIELD ROTATION _
.

3
5

~HL0

~11.000

=% 008

»
;

-276-

Parameter: DAV ™G

S$% Damping—-—-

. 1.4 B
Tl L4 sec

) My a 500,000 in-%

- —— - TR

-NODAL ROTATIONS
1st Story Level

1

-+

% 1,603 280 I %4000 .50 $.633 840

TIME IN SZCONIS
Fig. B23

Paremeter: STIFINESS TAPER

*.20 9020 .00 .600 10400

- 1.4 sec.

T

M, ® 500,000 in-k

NODAL ROTATIONS i
1st Story Level

4% 1.809 2.900 3000 %00 .“rn | & el 9.0

TIFE IN SECCNDS
Fig. B24

T.020 9.000 040 0.829 12.v0



=277~

1900 N
Parsmeter: STRENGTH TAPER
sam
Uniform

o0

w00
8
|
£
g ¢ 4 N F M AN
%-t.om RPN -G W sesvccnsvsesdeassscancssssasnans ressssesseasces
s
£
2

-3.50

-$.000 1

'x'l = 1,4 sec. -

. : NODAL ROTATIONS
~0.500 1 'm’)b‘" » 800,000 in.k 1st Story Level
) 00 0% T 3200 %.000 V.t 5.000 TN - 700 050 Py 0.c0 0.

’ . TIME IN SECONDS
Fig. B2 5
1o ¢ ]
Parameter: BASE FIXITY CONDITION
0000 |
8400
%000
&
13
Biun |
E om |
2
2
~3.500 ‘1
8000 1 ‘l‘l = 1.4 ue..
uy = 500,000 in-k ‘NODAL ROTATIONS
9300 : st Story Level

¢ for fully fixed base

R =) 1400 fa% 9.0 (=) 0900 Y N,

Fig. B26

.0 $.800
TIFE IN SECOKOS

6000 8.000 #.800 10,400



-278-

TIME IN SECOROS

Fig. B28

940 -
Paramater: NUMBER OF STORIES
N800
9.500 40 Storice
30 Stories
.00 20 Stories
é 2
[ 3
b3
Brwe
S
=
&
o
<
480 4
.00
430 1 Ty a L4 oeec. NOMAL ROTATIONS
2nd Story Level
My = 1,000,000 in-k
i 0 Y T Y T R - Y
TIME IN SZCONCS :
Fig. B27
8300
Parameter; NUMBER OF_STORIES
e 40 Stories
30 Stories
M ¢4
1 20 Stories
10 Stories
Y4000
&
—
=3
8 r19m
§t-m
o
&
8 .
300 9
200 ~
1‘ al.4 sec.
-3.508 ’ Adjusted to yleld ductility NODA
" ratlu at base of 4 to 6. 2nd ’;uﬁ,?r:;rvx:‘;Ns
«5.000 — s + - "
.00 400 1800 - 2A% 2.20 8.0 (B $.600 0.900 123 8.00 0 9.£00



ROTRTICN/YIELD ROTATION

-279-

Parametsr: MASS IN STRUCTURE

1.6
Py 1.2% x {mass in -
Relerence Str.)

500 1

Reference

Structure
LF ]
1.500
1008
-2.500
200

Ty = 14 v NODAL. ROTATIONS
ey M = 500,000 fn-k 2nd Story Level
-11.000 + <

0.000 £ 1.400 %0 2.0 v.000 ) 5.0 ..00 7.2 2.0 s.am 9000 0.0
’ TIME IN SECONDS



