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BACKGROUND AND NEED FOR THE STUDY 

Although structural walls (shear walls)· have had a long history of 

s~tisfactory 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 relativ~ly flexible rigid 

frames perform best under earthquake c.onditions. This preference for 

the rigid frame in earthquake-res;~tant structures has been fostered, in 

part, by the full treatment given the subject in design codes. This 

preference for rigid frames tended to exclu<.ie cons"jderation 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 ~amage in addition to ensuring the general safety of buildin~s 

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 facilitip.s 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 efficienr way 

to stiffen a bui lding against lateral loads. When proportioned so ti,at 

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 
Appendtt)A to ACI 318-71, Building Code Requirements for Reinforced Con-
crete, the term "structural wall II 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 fra~ 

with the lateral-load-resistirg efficiency of the structural wall. 

Observations of the comparative performance of rigid frame build

ings and buildings stiffened by structural walls during recent earth

quakes.(2.3.4) have clearly demonstrated the superior performance of 

buildin~s stiffened by properly proportioned and designed structural 

walls--from ~he point of view of safety and especially from t.he stand

point of damage control. 

The recognition of the need to minimize damage und~r 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 ~amage pro~ided the impetus for 

a closer examinatio~ ~f the structurai wall as an earthquake-resisting 

element. Among the more immediate questions requiring answers for, the 

establishment 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. ~hat 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? 
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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. 
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OBJECTIVES 

Part I - Dynar,lic Inelastic Analysis of Structures 

This part of the investigation has the following objectives: 

Major Objectives: 

(a) An evaluation of the relative influence cf various structural 

and ground motion parameters on the dyn<'.mic response, partic

ularly with resp~ct to forces (especially shear) and deforma

tions in critical regions of structural walls. 

(b) The determination of estimates of critical force and 1efonma

tion requirements in hinging regions of structural walls 

corresponding to different combinations of earthquake intensity 

and the significant structural parameters. 

(c) The correlation of data on critical dynamic response obtained 

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 onier to Hmit 

interstory distortions to acceptable levels. (The li~its on 

the interstory distortion~ will depend on the tol~rable 

deformations of specific nonstructural elements. including 

mechanical ductwork attached to the wall.) 
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(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 1 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 ir.olated walls was 

motivated ~ot only by the need to obtGin dynamic response data on the 

basic element of interest in this investigation, but also by a desire to 

establish a reference with which results for the more complex structural 

wall '."~ ":.em~ can b2 compared. 

In certain cases, where the frame in a frame-wall structure or the 

coup1 ing beanl~ 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 aria 

coupled wall structures is planned for the subsequent phases of the 

investigation. 

Part II - Sectional Analysis under Combined Flexure and A~ial Load 

This second part of the analytical program. which involves the 

static analysis of representQt~ve 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 iflfluence of different design parameters on 

the characteristics 0f moment-curvature diagrams, including 

ductility, of typ~'r wall sections. '.. ... 

Since the basic input to dyrlamic inelasti( :;tructural 

analysis consists of the force-deformation relationship of the 

hinging regions of :nembers, in addition to structural geometry 

and member dimension~, the effect of the design variables on 

structural response (mainly, defonmation 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 

bases for the design of walls in earH.quake-res;stant struc

ture. It is understood that such designs .nust ('1low for the 

effects of shear and reversed cyclic loads. 

3. To examine the reasonableness and applicability of certain 

rules proposed to define the hysteretic mo~nt-curvature 

characteristics of wall sections under reversing loads. 

Work on this ~~rt during Phase I has consisted mainly of parametric 

studies to determine the effect of major design variabl~$ on the moment-

curvature {M-qJ response curve for sections. as well as ~;ne i,'oment

rotation (M-9) curve for finite segments of structural wall~. In 

addition. an initial effort was made towards objective No. 2 above by 

preparing a set of interaction d;a~rams applicable to wall sections 

covering a wide range of the significant design parameters. 
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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 stud,y con

sidering reasonable variations in what were thought ~o be signific~nt 

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 variab1es were isolated, the formulation of 

the design procedure could proceed on the basis of th~s~ few major 

parameters. 

The general procedure followed in the dynamic response study is 

described below: 

1. A reference 20-story isolated structural wall, representing a 

typical element in a structural wall or "cress-wall" structure, 

was designed on the basis of the Uniform Building Code (UBC),(5) 

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) corresponQ;~g to different stiffnesses and wall 

cross sections •. On the basis of this study, the ranges of 

variation of the d1ff;-rent structural parameters were estab

lished. 

*It is p01nted out that the use of USC 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 t~e use of the UBC provisions (or of any code provisions for that 
ma~tel) is to establish the practical ra~ge of variation of certain 
d.:s 19r. parameters. 
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The major structural parameters considered were the 

fundamental period, T1, and the flexural yiel~ 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. 

2. 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 olotions to thos~ 

which would produce maximum or near-maximum response. and at 

the same time would represent realistic ground motion~. 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 chay"ac

teristics affecting dynamic structural response were recognized: 

(a) ;ntensi~y - used here as a measure of the amplitude 

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

(c) frequency characteri3tics. 

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 

El Centro record. 

The velocity response spectra of a total of 27 natural 

and 17 artifi~ial accelerograms were exam1ned for the purpose 

of detenmining the frequency characteristics of these motions. 

Characteristic variations of the frequency distribution within 

the period range from 0 to about 4 seconds were noted and used 

as a basis for sc"'ecting 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 defonmations 

at critical regions of structural members. Since economic 

considerations in aesign generally result in structural 

dimensions which allow inelasticity to develop when a struc

ture is subjected to a major earthquake, the detenmination 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 5%-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 consi~Q~ing the availability of support 

for modifications which were deemed essential for the planned 

investigation, 1t was decided to use the program DRAIN-2D.(6) 

The progrdm 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 

datc*. 

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 let,ser number of 

concentrated masses than floor levels and the use of a rela-

t;vely 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 1976) modifications to Program DRAIN-2D, undertaken 
by I. Buckle and G. H. Powell at the request of peA, incl~de a model for 
a shear-shear slip mechanism at plastic hinges with an option to consider 
a third, descending branch of the M-e and V-y curves. 
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The frequency content of the input motion was considered 

first because of thp. significa~t 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 respons~ (for a 

fixed intensity and duration of the motion) in structure~ 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 

magnitude of the deformation requirP.ments corresponding to 

specific sets of parameter values. (The experimental investi

gation will then" develop detailing prccedures by which the 

indicated deformation requirements can be provided.) 

To isolate the effect of individual variables on the 

response. only the particular parameter st~died was varied in 

the reference structure at anyone time. Although the process 

of modifying only one basic paraw~ter 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 th~ 

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 al~ng 

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 ~'here they help in und~rstanding 

the obs~rved behavior. In addition, moment-rotation curves 

are also shown for some cases. 

5. In the development of the design procedure, the principal 

concern was th~ Jetermination of appropriate design force 

levels that would enSllre adequate stiffness and strength a,ld 

whi ch, when combi ned wi th proper rei nforcenlent deta il s as 

indicated by laboratory test:, would provide the requir~d 

deformation capacity. 

To provide a broad base upon l'/hich the conclusions of 

this part ot the study could rest, and to extend the results 

to structures with heights ot~~r than 20 stories and ground 

motions with intensities other than 1.S (SI ref .>, a substan

tial number of analyses were made in addition to those under

taken for the parametric st~dy. 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 t~ 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 progr~m. 
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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 combinations of structure 

and ground motion parame~ers. To this end, the time history 

plots generated 1n the course of the parametric study and the 

development of the design procedure were examined, and char

acteristic measures of displacement response noted. 

Part II - Sectional Analysis Under Combined Flexure and Axial Load 

Work on this part of the project during Phase I was cOt"~fined mainly 

to objective No.1, with an intial effort made toward object;ve No.2. 

The main purpose of the s.tu.dy lffider objecti.~ No~ 1 is to relate 

the type of structural wall sectlon, as characterized by tile significant 

design variables, to the expected deformation requirements. The design 

variables considered were: 

(a) shape of structural wall cross-s~ctions. 

(b) percentage of longitudinal reinforcement, 

(c) level 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 also made toward~ objective No. 2 by pre

paring a set of interaction diagrams applicable to wall sections 

covering a wide range of s~gnificant 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 s~ctions 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 

redu~tion and evaluation of the experimental dat~. it was decided to 

defer further work on Part 11* in favor of completing Part I to the 

point where design force levels could be derived on the basis 0; the 

results of the dynamic analyses and the initial data from the experi

mental prograw. 

*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 Vogel back 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 considers 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 tenms of a bilinear rela!ionship which may be 

stable hysteretic or may exhibit the "degrading stiffness" 

characteristic for defonmation cycles subsequent to yielding. 

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

noda 1 poi nts. 

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 a~d stiffness-proportional damping. 

6. Shear deformations and the p-~ effect in frame e1ew.ents can be 

taken into account. 

7. Output options include printouts of response quantities (e.g., 

displacement components and forces at node points and plastic 

rotations at menber ends) corresponding to specified nodes as 

well as response envelo~;:s at given time intervals. Envelope~ 

of hasic response quant;t;es 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 dxial load) plots of a variety of response quantities can be 

obtained duri Il9 each run. 

The structural stiffness matrix is formulated by the direct stiff

ness ~thodl 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 during each time step. 

The elements of particular interest 1n 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 concentr'ated 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

Illite manner. 
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The moment-rotati~n characteristics of the inelastic hinges at the 

ends of beam and beam-column elements are specified in terms of an 

initial stiffness. ~. 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 in~lastic point hinges at element 

ends. The first one is the more common stable loop, shown in Fig. 2a. 

in which the unloading and re:uading stiffnesses are 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 type 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 decreasing 

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 slope (i.e., stiffness). ~his decrease in 

stUfness is assumed to be a function of the maximum rotation reached 

dur;ng any previous cycle; in DRAIN-2D it is determined b.v a set of 

rules representing an ext~nded version of the rule~ 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. 2b. 

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

indicatej 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 the basic 
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Takeda model for the decreasing stiffness beam element. The parameters 

a and p shown in Fig. lb, which allow the basic decreasing stiffness 

model to be varied to correspond more closely to experimental results, 

were incorporated 1nto the program. Powell and litton also provided 

ovtions for printing and storing on file the time histories of most 

re~ponse 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 deformations, 

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 curv~s in comparative studies, 

have also been incorporated. 

All modifications to the program DRAIN-2D as used in the study of 

isolated walls. have been documented and are discussed in detail in 

Reference i. 

A more recent (August 1976) modification in DRAIN-2D, undertaken by 

1. Buckle and G. H. Powell at the request of peA. 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 1n 

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 '~table "loop' to Clough's mode! for degrading 

stiffness.(ll) Plotting routines developed for earlier versions of the 
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program have alrea1y been adapted to the subroutines for this latest 

modification. These late~t options added to DRAIN-2D have not been used 

in the study of isolated walls reported here; it 1~ intended to use 

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

Sectional Analysis lIr1~~r Combinp.d Flexure and Axial load 

The first step towards the realization of objectives No. 1 and Z 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 flexLi:"2 dnd 'lxial compression. The ~eveloped program is 

quite general in that it allows a wide range in specifying the geometric 

and materiel pruperties of t~e sections to be analyzed. Sections of all 

co~monly encountered shapes. containing a large number of reinforcement 

layers, can be dealt with. The ~tress-stra;n 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 a'1(11yz~d is obtained in 

the form of a set of bending moment and curvature value~, 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 cyna.:!ic analysis computer programs. DYMFR(13) and DYCI\N, (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-\ti't11 systems, while DYCAN is deSigned 

specifically for' t.he dynamic analysis of inelastiC isolated cantilevers. 
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Both of these programs are implemented on the META4-1130 computing 

system at the PtA. 

Another peA-developed program, DYSDF,(15) for the dynamic analysis 

of single-degree-of-freedom systems (both linear and nonlinear) wa~ 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 progranl, AREAMR,(16) which 

utilizes the punched data from DRAIN-2D to compute the cumulative areas 

under moment-rotation diagrams, as well as the cumulative ductilitfc~s. 

The results can be plotted as functions of the elapsed time. Another 

useful program is ANYDATA. (17) Given a number of input arrays, this 

program can produce 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 es~ential preliminary step in the investigation. 

The statistical chardcter of structural response to earthquake 

motions requires the consideration of a sufficient number of input 

n~tions 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 classified into fairly broad categories according 

to certain basic properties. it should be possible to obtain, even with 

the deterministic approach used in the present study, good estimates of 

the maximt..n 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 compilat;o~ of digitized strong-motion accelerograms 

published by the California Institute of Technology. (1) In adrl;~iun to 

the natural records, a number of artificially generat~d accelerograms 

were considered. 

The principal ground motion characteristics affecting dynamic 

structural response are intcrisity, duration and frequency content. 

Inten,,;ty indicates a characteristic measure of the ampl i r· ... ~_ v, :..i .. ~ 

acceleration record.' Duration refers to the lcn~th of the record during 

which relatively lar'ge amplitude pulses occur, with due allowance for a 

reasonable build-up time. The frequency characte~istics of a given 
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ferent component waves (having different frequencies) which make up the 

motion. Guzman. Crouse and Jennings(2) 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 

st~lection 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 out~et to use a duration of 10 seconds of the base 

~xcita'tion for most analyses. Only when studyir.g the effect of duration 

on the I~~;~nse were 20-second records used. 

A further justification for the use of a 10-second duration for the 

input motion is that most s;;:'\l!'lq-motion accelerograms recorded on firm 

alluvial soil contain a short phase (~·15 seconds) of relatively con-

:-"1:1 •. _. c-tationary high-intensity oscillations .... ith dominant frequencies 

in the range OT .:. tn 5 cycles per second. Deterministic dynamic studies 

by Bogdanoff(3) have shown th::~ ~ ~l·!.l.~tures subjected to a number of 

these ground motions experience their peak relative displacements 

dur'ing this short intense phase. Penzien and Liu, (4) 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(5) 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(6) 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 El 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 ci~~racteristics 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 ;s 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 spectr~ 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 al'ld [W 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(9) 

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 

being greater for the shorter period systems. 

Although both Fourier amplitude and undamped velocity response 

spectra exhibit a jagged chclracter, 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 fn 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 El Centro motion. based on the initial 10 seconds of the 

record. The remaining spect~a considered are shown in Appendix A. On 

the basis of this examimltion. two general categories were recognized. 

namely: 

1. A "peaking" accelerogram with a spectrum exhibiting dominant 

frequencies over a well-defined period range. The NS com

ponent of the 1940 El Centro record is an example of this 

class. 

2. A "broad-band" accelerogram with a spectrum that remains mort. 

or less flat over the period range of interest. The vertical 

component of the 1940 El 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 El 

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 spec;·;c structure. 
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For a 11.1'~ar 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 period falls within the peaking range of 

the input motion, i.e., within the period range where the domi~ant 

components of the input mot~on 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 of yielding is 

to increase the period of vibration, the long!!r-period components in a 

record will tend to playa 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 tne dominant 

frequency components diminishes as the effective period of the structure 

moves beyond the pea~ing range. For such a structure, a broad-band 

accelerogram of the same int&nsity may produce a more severe response. 

In i~olated 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 ~eriod 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 accelerogram 

of the same intensity. 

The above two cases are illustrated schematically in Figures Sea) 

and (b). 

In order to have available a set of accelerograms for use as input 

in the dynamic analysis. a number of representative records were chosen 

from a compilation of natural records(l) end augmented by a selection of 

artificially generated accelerograms. The records were chosen to provide 

a set of peaking accelerogra~s w~t~ 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. Sf nee 

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 undar:lped spectra for the shorter, 

la-second, segments of an acctlerogram occur in the same period ranges 

as for the full records; however, the values are slightly lower. Th~ 

period domain for peak ranges for the S%-damped spectra differ slight1y 

from those for the undamped case mainly because of the greater attenua

tion of the reponse due to damping for the shorter period structures. 
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In addition to the natural records listed. several artificially 

generated motions simulating earthquake accelerations were considered. 

These include si~ of the CalTech design earthq~ake accelerograms (A-I. 

A-2. B-1, B-2, C-l and C-2) generated by Jennings. Hausner and Tsai;(lO) 

five records generated using the program PSEQGN (denoted here as P-l 

through P-5), develop~d by Ruiz and penzien;(ll} and six records gener

ated using the program SIMQKE, developed by Gasparini.(12) The Ca1Tech 

accelerograms A, S, C were designed to simulate ground motions of 

varying intensity and dlJration cOI'responding to earthquakes of specific 

magnitude and epicentral distance. For instance, the A acce1erograms 

are designed to repr-esent the ground motions close to the causative 

fault of a magnitude 8.5 earthquake. Th~ accelerograms P-l through P-5 

were generated to match, on the aVt;>r~ge. the spe:ctrum. duration and peak 

acceleration of the NS component of the 1~40 E1 Centro recvrd. 

The accelerograms generated us;::' l',e program SIMQKE. denoted here 

as ~-1 though 5-6, are designed to match a target response spectrum 

while retlining the general durati1n and envelope shape of reason~bly 

expected stron9-mo~ion reco~ds. The target spectrum used for these 

records was essentla~!y 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 t:lis 

study. the selectej 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 

2.4 seconds. As a guide to the possible choice of input motions which 

could be ~sed for any particular structure, Table 2 was prepared. Two 
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types of entr~es are shown under each period (where they appl:.') corre-

sponding to L given accelerogram. An IIAII is fJitered under a given 

period if the corresponding velocity response spectrum exhibits a narrow 

peak at or near the period 01 inter~st. A "8" is used to indicdte that 

the velocity response sped,'um shows a relatively high plateau extending 

from the period of interest to 3t least one second higher. 

INTENSITY 

The best parametel' to use as a characteri stic measure of the ampl i-

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 accele~ogra~l<' are to be categorized according to inten

sity- Some investigators(14,15} hwe chosen to normalize accelerograms 

on thl basis of the peak acceleration, velocity or displacement occur-

ring with'in the portion of the record considered. Others have chosen to 

normalize their input accelerograms in terms of the II spec trum intensityll(8). 

i.e., the area under th~ 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, 

Xrms = 

t 
1 i dt 1/2 
t 0 

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 acceler?-

tion amplitude over the period range of interest, the measure must have 

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

*Or the integral of the velocity response spectrum. corresponding to a 
particular dampiri9 value, between appropriate 1 imits. 
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is a poor measure. ihe spectrum intensity taken over the period range 

of interest and using a \'easonable damping value should yield a more 

representative measure of intensity. Oil the basis of a study of the 

statistical properties of a number of strong-motlon records. Liu(16) 

concluded that the stationary root-mean-square (rms) acceleration 

provide~ a good measure of earthquake intensity. He further showed 

that, for the ea"thquakes he considered, there exists a close correla-

tion betl':opn the stationar'Y rms acceleration and Hausner I s spectrum 

intensity. (17) 

The spectrum intensity and rrns acceleration were calculated fOT the 

twenty horizontal components of the records listed in Table 1. The 

results are shown plotted in Fig. 7; the ordinate ;s the peak rms accel

eration during the first 10 seconds of each record while the abscissa is 

the corresponding spectrum inte1sity defined between 0.1 and 3.0 seconds. 

for 5% damping and a 10 seconll C:uration. A linear relationship between 

the two quantities ;s suggested, viz., 

Xr = (0.51 + 0.12) 5I ms -

As an additional check on the appropriateness of the 5j)ectruHl 

intensity as a measure of the intensity of an accele~o9ralll. a study of 

the nonlinear response 0; single-de9ree-of-freedom (SOF) 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 the di~~lacement 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 stu~, the first 10 seconds of nine sample records were 

considered and nonmalized in terms of spectrum intensity. Spectrum 

intensities equal to 0.75. 1.0 and 1.5 times th~ spectrum intensity of 

the initial 10 seconds of the NS component of the 1940 El Centro record 

at 5% damping were used. The yield displacements of the structures 

considered were calculatEd from the relation. 

6. ;; .03~K T 5/3 
Y , 

which is based on the UBC-75 provision governing the design base shear, 

with Z ;; I = S • 1.0. For thi~ 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 ~tiffness 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, 13 = 0.05, were assumed. Ductility 

ratio! corresponding to SDF systems having different ~nitial periods 

when subjected to different base motions were detenmined for the three 

intensities of each of nine sample records. 

Figures 8(a) and 8(b) show the displacement respon~e spectra and 

the velocity response spectra. respectively, for the different inten

sities of the E-W component of the 1940 E1 Centro record. In beth 

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 

yieldi~g. The curves corresponding to f = 1.0 in Fig. 8(a) sho~ that 

the maximum displacements for both linear a~d 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(18) 

in a study using a slightly different normalization scheme. Figure 9 

shows the variation of the ducti1ity ratio with the period for the same 

acceleration record. Similar results were obtained by Clough and 

JOhnston(19) 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 (lne 

(IJnbiased) 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 standa~d deviatior both increase 

with increasing intensity. Figures ll(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 ?f 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 nornalized to a reference intensity. 

For this study, normalization of the i~tensity measure of the accelero

grams is effected by scaling the amplitude of the acceler~t1on records 

so that the spectrum intensity for 10 seconds of the record, at 5% of 

the critical damping, matches a specified proportion of a similarly 

defined spectrum intensity for the NS component of the 1940 El 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 reasonably expected in California.(20) USing the 
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scaling procedurp proposed by Guzman and Jennings,(21) 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. 

SUr~ARY 

A set of acc~leration records for use as horizontal base motion 

input in structural dynamic analysis have been selected on the basis of 

intensity, duroation 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 r1cords has been limited to ten seconds of the most intense motion, 

which will generally be sufficient to determine the important features 

of the response. The amplitudes of the accelerograms have been nor

malizpd 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 Tenms of the 
Shape of Their 5%-Oamped Velocity Response Spectra 

(Duration = 10 seconds) 

-
Type of Record @ 

Accelerogram Component Period 
0.8 1.4 

Imperial Valley, 5-18-40 NS A -
El Centra EW - B 

Vert B B 

Kern County, 2-21-52 N21E A -
Taft Lincoln School Tunnel S69E B B 

San Fernando, 2-9-71 S16E - A 
Pacoima Oam S74W - B 

San Fernando, 2-9-71 NS - -
8544 Orion Blvd. EW - -
Kern County, 2-21-52 NS A -
Cal Tech Athenaeum EW A -

Vert A -
Eureka, 12-21-52 NllW B B 
Eureka Federal Building 

Eureka, 12-21-52 N44E - B 
Ferndale City Hall N46W B A 

Vert A B 

El Alamo. 2-9-56 NS B A 
El Centro Vert - B 

Borrego Mt •• 4-8-68 NS - -
El Centro EW - -

@ A - "Peaking" relative to specif;ed period value 
B - "Broad band" 

(sec. ) 
2.0 2.4 

B -
B B 

B B 

- -
B -
- -
- -
A -
A -
- -
- -
- A 

- -

- -
- -
- -
- -
- -

B B 
B B 
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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.) 

0.8 1.4 2.0 2.4 
.-

Bor.e~o Mt., 4-8-68 EW A A B B 
San Diego lIP 

Kern County, 2-21-52 N5 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. Tsa;) A2 B B A -

81 B - - B 
82 B A - -
CI 

I 
B B - -

C2 B B - -

PSEQGN-Artificial PI 8 B B B 
(Rulz. Penzien) P2 - A B B 

P3 A - B B 
P4 A - B B 
P5 - B B B 

SIMQKE-Artificial SI B B B B 
(Gasparini) 52 B B B B 

S3 - - B B 
54 B B B B 
55 A B B B 

I , 
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APPENDIX A 

Velocity Response Spectra 
for IO-Second Accelerograms 

The velocity response spectra corresponding to the most intense 

portion of the n~tural and artificial accelerograms selected for this 

study are shown in Figures A-I 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-I. 
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Table Al - Spectrum Intensities for Selected Accelerograms 
Correspond1~g to Initial 10 Seconds of Record* 

Accelerogram Comp')Mnt Spectrum Intensity (inches) 
0% Damping 2% Damping 5% Damping 

El Centro, 5-18-40 NS 106.26 83.39 70.15 
::'W 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 NllW 59.06 50.13 43.39 
Eureka Federal Building 

E1 Alamo, 2-9-56 NS 12.90 10.32 8.39 
E1 Centro EW 18.09 14.97 12.61 

Vert 2.99 2.34 1.90 

Eureka, 12-21-52 N44E 96.63 85.50 75.18 
Ferndale City Hall N46W 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. 
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Table Al (contd.) - Spectrum Intensities for S~lected Acceler"ograms 
Corresponding to Initial 10 Seconds of Record 

Accelerograrn Component Spectrum Intensity (inches) 
0% Damping 2'"; Damping 5% Damping 

Borrego Mt.t 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 lIP . EW 7.49 6.50 5.71 

Parkfield, 6-27-66 N40W 12.62 9.76 8.02 
Chelame, Shandon N50E 12.83 10.32 8.44 
Array No. 12 Vert 7.08 5.67 4.71 

Cal Tech-Artificial Al 137.03 114.01 94.79 
(Jennings, Housner, Tsai) A2 117.11 11)1.15 86.33 

Bl 94.29 77.28 65.36 
B2 92.59 76.58 62.93 
Cl 19.30 16.37 14.38 
C2 17 .24 13.89 11.50 

SIMQKE-Artiflcial S1 104.86 79.18 63.46 
(Gasparini) S2 106.67 82.86 67.57 

S3 54.00 44.01 36.43 
S4 55.87 43.05 34.84 
55 90.47 fi7.78 56.60 
S6 93.85 70.22 58.21 

PSEQGN-Artificial PI 64.82 49.55 39.82 
(Ru1z, 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 

I 
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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 

inelast;c response. By allowing a cOI,lparison 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 1n response result

ing from changes in the secondary variables. 

PARAMETERS CONSIDERED 

The behavior of 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 foll~: 

a. Structure characteristics: 

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

2. strength or yield level, 

l. 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. ; n tens i ty , 

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 discusse~ in 

the following sections. 

BASIC BUILDING PROPERTIES 

The basic structure considered in the parametric stUdies is a 

hypothetical 20-story building consisting wainly of 1 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 buil~ings by the Uniform Building Code.(I) 

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. howevel'. 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 l.~ 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 

1/950 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 assun~d 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 dxial 

loads on the moment capaci ty. Th; s, in eff'!ct, produced a moderate 

~aper in the strength or yield level. The taper in strength used in the 

basic structure represents about the maximum that can be expected due to 

axial load only and was obtained 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 ',,,hile 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 USC 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 varyiny '..ht ,J:,rdmeter i hies. the question of the appropriate 

range to consider in each case becomes important if the results of the 

parametric study are to have practical applicatio". 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 fundi1l1lt:01tal period of vibration. tit E.:E' 

other values were assumed in addition to the basic value of 1.4 sec .• 

namely, 0.8, 2.0 and 2.4 Sf:C. The stiffne~s of the :-efenmce structure 

was modified--while keeping the stiffness distribution and the mass 

constant--in order to arrive at the period variations. As an a:d in 

selecting the appropriate stiffness, Fig. 2 was prepared. relating the 

stiffness with the fundamental period and the drift ratio corresponding 

to the code-specified forces. The above per'ied values cover a rela

tively wide range of structural wall buildings. 

In order to arrive at a reasonable range of values for the other 

major structural parameter. i.e., the yield level, an examination of 

various structural wall sections was undertaken. The field strength 

corresponding to various combinations of rectangular ard flanged 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 current 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 

second~ 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

t.rum int~l!sity corresponding to the first 10 seconds of the Nc) l.omponent. 

of the ~940 [1 Centro record--the "reference intensity", SIref" 

Intensities of 0.75, 1.0 and 1 .• 5 relative to the 1940 El 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 ba~is for the broad classification of earthquake accelerograms accord

ing to frequency characteristics was proposed in "lr.put r·totions". Using 

this system of classification. a num~,er of typical records were chosen 

early in the study to investigate the effect of this parameter (frequency 

~~aracteristic) 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 limit 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 l(a) through led). In preparing this list. it 

was found convenient to divide it into part~ 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 basic structure denoted by ISW 0.8, and so on. 

The third column in the table clearly shows the variation~ :, the basic 

value which were used in tne parametric study. 

Dynamic analyses were carrie~ out for each combination of parameters 

shown in Table 1. Throughout the dynamic analyses It was assumed that 

structural elenlents possess unlimited inelastic deformation capacity 

(ductility) since a major objective of the study is the determination of 

~:he deformation requirements corresponding to particular values of 

J:,arameter. 

PRELIMINARY STUDIES 

In the initial stages of the dynamic analy~is 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 1n 

the analysis. Questions (a) and ~c) were ~onsidered mainly in an effort 

to reduce the amount of cCllputer:ime required to undertake each analysis. 

Question (b) assumed importnnce in this particular study because of the: 

need :0 obtain reliable estimat':~; of the expect£d 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-callert p-~ effect on dyna~nlc response. 
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(1) Number of lumpec Masses 1nModel 

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 fig. 1. The reduced models of five and 

eight masses nave the nodes 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 somewhat 

diffel'ent moments. shears and plastic rotations in the lower 

par't 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 lumped at each story level. The resu1ting 12-mass model 

is shown in Fig. 4. A ~omparison of results obtained with 

this model ano the full 20-mass model of the reference 

structure ISW 1.4 showed excellent agreeaent. 

(2) Modelling of the Plastic Hinge Reg;~n 

The proper modelling of the region of potential hinging 

at and near the basp. 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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interpretation of the dynamic analysis results in terms that 

relate to measurable quantities in the experimental investi

gation. 

As previously explained, program ORAIN-20(2) accounts for 

inelastic effects by allowing the formation of cuncentrated 

"point hinges" at the ends of elements when the moments at 

these pOints equal tl'le 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 rever~ed inelast1c loading. 

it was used throughout this study. 

In modelling an element with bilinear moment-"I)tation 

characteristics using DRAIN-20, a major problem is the deter

minat~~~ of the properties to be assigned to thp. 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, Ks ' c~n then be taken as a very large number so that the 

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

In the post-elastic range the hinge properties can be derived 

by imposing the condition that the total rotation in the ~odel. 

02' be equal to the total rotation in the l·e~l element, 91. 

This Yields the following expression for the yield st;ffness 

ratio of the point hinge. r2, (i.e., the ratio of the slope of 

the post-yield branch t9 the slope of the initial brpn~h of 

the bilinear moment-rotat;~n curvej: 



where: 

-80-

[ 
rl 1 lEI 

r 2 = Ks ( 1 - r 1) ( 1 - 'Y) 2 

r1 = yield stiffness ratio for the cantilever 
element. 

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

(1) 

y - ratio of th~ tip moment to the moment at the 
fixed end 

The main difficulty in uS1ng the above expression is that 

;h,:, 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 relationship 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. r l , and the 

yield moment, My' corresponding to the moment-rotation rela

tionship of the element, are unknowns. One way to overcome 

these problems is to oivide each member into short elements so 

that the moments at the two en~~ 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 ord~r 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 \"Iere 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 taken 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 r 1 and My from the moment-curvature relationship and r2 
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 occurred in the displace

ments of the lower stories. It was thus decided that for the 

parametric studies. it would be sufficiently accurate to use 

element lengths equal to the height of a stOt'Y near the hase 

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

moments in a segment. 

(3) Integration Time Step 

The time step. ~t, 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-rnass model for the 

reference structure ISL~ 1.4 (with fundamental period, 

T} = 1.4 sec.), a comparison of results was made using values 

of ~t = 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. On 

the basis of these results, an integration time step ~t = 0.02 

sec. was used 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 large 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 3tructures 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 thes~ cases, values of At = 0.01 and 0.005 yielded almost 

identical results. 

(4) The p-~ Effect 

The nonlinear effect of gravity loads on deformations w~s 

examined for the reference structure ISW 1.4. Although 

extensive yielding took p1ace in the structure and the lateral 

displacements were significant, the gravity load appeared to 

have no appreciable effect on the resp~nse. 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 of plots of response quan-

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 hing~ng region at the base of the wall. 

Generally, the base of the wall represents the most ci'itical region from 

the standpoint of expected deformations and its importance to the 

behavior of the wall and other structur~s 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 devf~tion", (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 I 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 nonstructura1 components of 

this type of building. (4) Figure 8 shows the typical variation wit"h 

height of these two quantities for the case of a statically-loaded 

cantilever wall. 

TYPICAL RESULTS OF ANALYSIS 

The results of a typical analysis are obtained in the form of 

envelopes of r.~ximum displacements. forces and ductility requirements 

along the height of the structure. In addition, response history plots 

of a variety of quantities, including plots of 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 res~onses 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 type~ of results obtained from each analysis through the plotting 

options introduced into Program DRAIN-2D. (5) Figure 9(a). for instance, 
", 

shows the time history of horizontal displacement 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 

Jisplacements between the different story levels of the same reference 

structure. Rotation time histories are of rarticular interest in the 
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lower part of the wall. Figure 11 shm·/s 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 th~ 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 detl~rmine the required 

rotational ductility at the base of the wi!l1. 

The change with time in the cumula:ive nodal rotation at the fil'st 

story level (3plit into primary and ~econdary components as illustrated 

in Fig. 31) is shown in Fig. 17. i'he nodal rotation at the first story 

level represents the total rotatIon fn the segment of the wall between 

the base and the first story lr·vel fond serve~ as a convenient measure of 

the deformation within this region. Figure 18 shows the variation with 

time of the cumulative area ur.,det' the base moment-nodal rotation hysteresi s 

loop for the basic structure lSW 1.4. In calculatinq 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~llity require

ments. and cumulative plastic hinge rotations over the entire helght of 

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

these response envelopes is defined as: 

9 
" max 
r = a-r y 

(2a) 

where emax is the maximum member rotation and e y is the rotation corre

sponding to yield. In terms of mom~nts, this definition becomes: 

, 
where ry is the ratio of the slope of the second, post-yield branch to 

the srope 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 hL tories of response for di fferent 

values of a particular parameter, histories of normalized forces and 

deformations were obtained by dividing the value of the particular 

(2b) 

.,. response quantity 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 story 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 Klj·ION PARAMETERS 

Effect of Frequency Characteristics 

As mentioned previously, it was considered desir3ble to study ~~e 

effect of the frequency characteristics of the input motion on dynamic 

response early in the study in order to decide on the record(s) to I .. !·e 

for the analysis of other parameters. This question 1s basic to the 

problem of determining the critical input motion in relation to the 

prope~ties 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, T1·: 1.4 sec. and consists of the four accelerograms 

listed under set (a) in Table 2. All the accelerograms were normali~ed 

to 1.5 times the 5%-damped spectrum intensity (S1) of the N-S component 

of the 1940 El Centro record*; the normalization factors are listed in 

Table~. The normalized accelerograms are shown in Fig. 20, and the 

corresponding 5%-damped velocity spectra are shown in Fig. 21. Also 

shown for comparison is the velocity spectrum for the N-S component of 

the 1940 El Centro record. Ihe entries in the fourth column of Table 2 

indicate the classification of the accelerograli1 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 thi; accelerogram 

shows a pronounced peak at or close to the fundamental period of the 

" .,~ 

*In the following discussion, the 5%-damped spectrum" ii.tensity (51) of 
the first 10 seconds of the N-S component of the 1940 E1 Centro record, 
for the period range 0.1 sec. to 3.0 sec., will be denoted by "SI ref II 

(which has a value of 70.15 in.). . 
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structure considered (h this case, T} = 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" c1hssification. as discussed under 

"Input Motions", refers to an accelerogram with a 51-damped velocity 

spectrum which remains more or less flat over a region extending from 

the fundamental period of the structure to at least one second greater. 

A "broad band ascending" classification is similar to a "broad band" 

acce1erogram. 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 corr~J~urd 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 m~de 

using an input motion intensity equal to 0.15 (SI ref .) to illustrate the 

interaction between the intensity of .he input motion and the yield 

level of a structure in determ;nin~ be critical frequency characteristic 

of the input motion. 

(a) Fundamental Period of Structure. Tl = 1.4 sec., My = 500,000 
in-kips 

Envelopes of response values for the structure with 

period of 1.4 sec. and yield level. My = SOO.OOO in-kips. are 

shown -jn Fig. 22*. Figures 22(a). (b) and (e) indicate that 

the E-W component of the 1940 El Centro record. classified as 

*In th-i 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-

istics. produces relatively greater maximum displacements. 

interstory displacements and ductility requireme;lts than the 

other three input motions considered. However • .:he same 

record produces the lowest value of the maximum horizontal 

shear. with the artificial accelerogram 51 producing the 

largest shear. as shown in Fig. 22(d). Because all the 

structures yielded and the slope of the second. o Jst-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 ~f 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 

level "I". which represent the total rctations occurring in 

the first story. To plot the curves in Fig. 23. the absolute 

values of the rotation" (h·,i~ ,in each cas~ been ~'f-.. ided by !'-~e 
. . " , .... ! ~ 

corresponding rotation when yielding fil'st 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' describ',ng 

the deformation of the first story segment relative to its 

moment-rotation curve at elch instant of time is indicated in 

Fig. 24. for the structure subjected to the 1940 El Centro. 

E-W motion. 
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It is interp.sting ~, note in Fig. 23 that although the 

inttnse motion srrts relatively early under the artificial 

3ccelerogram SI (see Fig. 20), yielding occurs first under the 

1940 E1 Centro E-W motion. The relative magnitude of the 

rotation at first yielding, h~~·f,r., ,'i,~}teater under both 51 

and the Pacoima Dam S16E record, cl "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 ?eriod (Tl = 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 eTfective period lncr~ases, it is the 

"broadbnnd ascendi,ng ll ty;;e of acce'terogram (;~·t"lis case, the 

1940 E1 Centro E-W component) which e.\cites the structure most 

severely, while re~ponse 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 h~nging (yielded. "softened") region pro

gresses from the first story upward is given by Fig. 25. for 

different values of the yield niffness ratio, ry :: E~;::/EIl 

or (EI)yield!(EI)elastic. The figure ~~ based on the prop

erties of the referenc,. structure with initial fur:darrelltal 

period, Tl = 1.4 sec. It is pointed out that since the 

structul''1 goes through unloading and reloading stages as it 

os~il1ates 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 .ell 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 model(3) of the hysteretic loop, 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 lO-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 Sl produces a slightly greater cumulative plastic 

hinge rotation at the base of the wall than does the 1940 El 

Centro E-W component, in spite of the lesser amplitude of the 

associ!ted maximum rotation (see Fig. 22(e», indicates that 

the response to Sl is characterized by a relatively greater 

number of cy;les,of inelastic oscillation than to El Centro 

E-W. This is indicated in the more jagged character of the 
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response history curve corresp~nding t.o $1 (shown in Fig. 23). 

and is a reflection of the ronsiderab1y greatEr number of 

acceleration pulses over the lO-second duration in 51 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 

rtispl~cements and tangential deviations, the main differ~nce 

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 consjdering these figur~s, 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, T1 = 0.8 sec., My = 1,500,000 
j n-ki ps 

To study the effects of frequency characteristics for the 

case of short-per~od 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 El Centro) were considered. 

Figure 26, wh;ch shows response envelopes of displace

ment, moments. etc .• ir.~icates 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 TI : 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 (fund~mental mode pre

dominating), the magnitude of the ductility requirements at 

the base of the wall is a direct functinn of the extent to 

which yielding has progressed up t~e height of the wall. 

The greater response of the structure under the N-S 

component of the 1940 El Centro (peaking) follows from the 

fact than the dominant frequenty components for this motion 

occur in the vicinity of the period of the structure. (see 

Fig. 21). In this region the E-W component has relatively 

low-power c(~ponc"ts. Also. because of the high yield level 

of the struct~r~. yielding was not extensive. 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 th~ 

other hand. Fig. 26(e) indicates that under the N-S component 

of 1940 El 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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(e) Fundamental Period of Structure, Tl = 2.0 sec., My 2 500.000 
jn-kips 

For this structure, the peaking accelerogram used was the 

E-W component of the record taken at t~e first floor of the 

Holiday Inn on Orion Boulevard, Los Angeles, during the 1971 

San Fernando earthquake. The record has a 5%-damped velocity 

spec~rum that actually peaks at about 1.75 sec. and can thus 

be classified as a Ilpeaking (_)11 accelerogram relative to the 

structure considered. The other input motion considered is 

the E-W component of the 1940 El Centro record (Ilbroad band 

ascending l' ) . 

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 El Centro to be 

less than those for the other input motions. The greater base 

shears associated with these other il1~ut motions can be par

tially attributed to the effect of the higher (effective) 

modes of vibratior.. A comparison of rig. 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 oth~r 
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input motions considered have spectral ordin~tes in the low

period range that are generally greater than those of the 19~0 

El Centro E-W record. 

The results of the preceding analyses serve to confirm the observa

tions made earlier (see II Input Motions") in relation to the velocity 

spectrum. Thus, for structures where extensive yielding r~sults in a 

significant increase in the effective period of vibration. the 'Ibroad 

band ascending" type of accelerogram can be expected to produce greater 

deformations than a IIpeaking'l accelerogram of the same intensHy. Where 

thp. expected yielding is of limited extent so that the hcrease in effec

tive period 1s 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 yielding 1s 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 consid~'~ed in 

selecting an input motion for a given structure to determine a reasonable 

estimate of the maximum response. 

Interaction Between Earthquake Intensity and Structure Yield Level in 
Detenmining 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 

referen(e structure ISW 1.4 (T1 • 1.4 sec •• My • 500.000 in-kips) w~s 

subjected to two input moticns with intensity equal to 0.75 (SI ref.). 

The two motions used werp the S16E component of the 1971 Pacoima Dam 

record and the E-W component of the 1940 El 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 El Centro 

motion is of the "broad band ascendingll 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 signHkant increase in the 

effective period of the structure. the peaking type accelerogram is 

likely 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 El Centro, E-W 

record (a I '"road 'band" accelerogram). with intensity equal to 1.5 

(SI ref ), represents the critical motion, while the Pacoima D~ 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 motion, as Fig. 28 shows. 

To summarize. it is pointed out that because the extent of yielding 

in a structure is influellced by the yield lev, ~ of the structure, My' as 

well as the intensity of the input motion, both parameters must be taken 

into account when selecting the appropriate type of motion to use as 

input with pa~ticular reference to its frequency characteristics. 

In selecting an input motion for use in the analysis of a structure 

dt 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 occ~rrin9 in certain frequency 

ranges. Because;n seismic waves the high-frequency components tend to 

be attenuated more rapidly with distance than the l~-frequency components, 

it is reasonable 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 r~ckoned with. 

Effect of Duration of Earthquake Motion 

In studying the effect of duration of the earthquake motion, the 

response of the reference structure. with pariod Tl c 1.4 sec. and My • 

500.000 in-kips. to the first 10 seconds of the E-W component of the 

1940 El Centro record was compared ~fth its response to an accelerogram 

with a 20-second duration. Both accelerograms were normalized to yield 

a spectrum intenSity equal to 1.5 {SIref .}. 

The 20-second accelerogr4m consists of the first 12.48 seconds of 

the E-W component 'of the 1940 El Centro record followed by t~at portion 

of the same record between 0.98 sec. and 8.5 sec. The fntent 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 excltation using acceleratfon pulses of about the same inten

sity as those occurring in the first 10 seconds. Because the 1940 E1 

Centro. E-W component has its pedk acceleration at about 11.5 seconds, 

it was decided to include thi£ peak in the compostte 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.S times 

that of the 1940 El 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 fOI· the 10-second input record. This 

means that the amplitude of the pulses in the 10-second record was 

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 

rel~tive veloci~ response spectra given in Fig. 29(b}. 

In Fig. 30, showing response envelopes, the curves correspond)ng to 

the 20-sec. composite accelerogram described above al'e marked "20 sec.

(a)". This figure shows that the displacements, interstory displace

ments, moments, shears and ductility requirements are greater for the 

la-sec. record than for the 20-sec. c~posite record having the same 

spectrum intenSity. In spite of this, the cumulative ductility. i.e •• 

the sum of the absolute values of the plastic rotations in the hinging 

region, is greater for the .20-sec. 10ng 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 'I 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 rot~tlon 

represents an important index of the severity of deformation a~sociated 

with dynamic response. This is particularly true for member~ which tend 

to deteriorate 1n 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 s~bjected to the two input motions discussed above is 

shown in Fig. 32. ·:-tre curve mc.rked "10 sec," actually corresponds to 
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the first 20 seconds of the 1940 El Centro. E-W record. normalized so 

that the spectrum intensity for the first 10 seconds equals 1.5 times 

51 f. As might be expected. the response of the structure during the re • 
second 10 seconds of the normalized 1940 El Centro E-W record (marked 

"IO-sec." in Fig. 32) decr.ys after 12 seconds while the structure 

continues to oscillate through several cycles of relatively large 

amplitude under the 20-sec. composite accelerogram. 

The third curve in 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 "IO-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 

defonnations which a structure will undergo. nis conclusion assumes 

that the intensity and frequency 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, T 1 and the yield level. My. In all ti,e! cases 

considered, the input motion used was the first 10 seconds of the E-W 

component of the 1940 El Centro record, normalized to different intensity 

levels in terms of SI ref •• 
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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 parameters considered with increasing 

intensity. a behavior also observed by other investigators. 

Figure 33 shows that the displacements. lnterstory displacements 

and ductility requirements increase with increasing intenSity 1n 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(,) 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 too 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 

summarized for convenient reference in Table 4. In almost all cases, 

the parametp.r values in each set have been chosen so that only the 

parameter of interest is varied while the other variables remain CO'lstant. 

The fundamental period, T1, and the yield level, My' (the basic 

parameters characterizing the force-defonnation curve of the structt.,"e}) 

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, ryt was 

also considered in 'detail. Studies were also 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 ~hape of 

the hysteretic loop was examined by assuming different values of the 

parameters a an~ ~ which define the slopes of the unloading and reloading 

branches of the Takeda model of the M-e loop (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'~tics 

of the input motion. it was decided to use the first 10 seconds of the 

E-W component of the 1940 El Centro record. (with intensity adjusted so 

that its 51-damped spectrum intensity equaled 1.5 times SI ref .), as 

input motion for the analyses of the effects of all the structural 

parameters on dynamic response. 
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Effect of FundlJ'l1l:1tal Period, T 1 

The effect ~; the initial fundamental period of the structure, T1, 

was investigated by uSlng four s~ts of data as shown 1n Table 4, each 

corresponding to a different yield level. My. Because of the close 

interrelationship between these two major structural p~rameters, it was 

de~med necessary to study the effects of the structure pertod under 

v!ryiny values of the yield level. 

(a) Yield Level, My = 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 sees. Even though the stiffness associated with a 

period v~lue, T1, of 0.8 sec. is rather high for a structural 

wall !.ect:on !i\iving a yield level of 500,000 in-kips. this 

parameter combination was considered in order to provide some 

indication of the be~av;or 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 shew 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 fundamental 

period, a trend al~o observeQ by Ruiz and penzien.(6) 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 ~truc

tures considered in Fig. 36 have the same yield level, and 

also because of the relatively flat slope of the p~st-yield 

branch of the M-9 curve (ry = .05), the maximvm mom~~ts and 

shears shown in Figs. 36(c} ar.d (d) do not differ signifi-

cantly for all four cases consider~'d; 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 d~ctility require

ments do not decrease signiflcantly with a,l increase in period 

beyond a certain value of the fundamental period. Thus, the 

ductility requirements for the structure~ with pp.riods of 2.0 

and 2.~ sec. are about tr~ same. 

It is worth noting that although Fig. 36(~~) shows the 

rotational ductility requirements--expressed as multiples of 

the corresponding y~eld rotations--as increasing with decreas-

ing period of the structure, the absolut~ value of the maximum 

rotation for the stiff structure is le~s than that for the 

more fiexible structure. The distinction between these two 

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, 

i.e •• the sum of the absolute values of the inelastlc 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 var1at1un with time of the flexurAl deformation in 

the first story for the four structures considered 1n this set 

is shown in Figs. 3B(a) and (b). In Fig. 38(a) the rotations 

have been nonnalized by the respe('t-jve yield levels of each 

structure. For instance. the rot;ttions 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 ma;nitude of the 

rotations for the latter structur~ 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 var1?tion with time of the actual 

magnitude of the rotations (in radians) for the four cases 

considered are shown in Fig. 38(b). 

(b). (cl and (d) Yield Level, My = 750,000, 1,000.000 and 1,500,000 
1n-kips, respectively 

The same general trends observed in Set (a) above with 

I'espect to di s? 1 acements. moments and du\. ti 11 ty requi rements 

are al~o apparent in Figs. 39 through 41 f~r the higher 

val'Jes of the yield level, My. Thus, as in Set (a), an 

increJse in period results in an increase in the horizontal 

and interstory displacements and a decrease in the moments and 

the ductili~ requirements (expressed as a ratio). Although 

the horizontal shears do not change much with changing period 

for a given yield level. no clear trend c'" 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 stru,tures 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 yield level), diminishes with 

increasing period of a structure. Also, as the yield level 

increases, the degree of inelastic action generally 

diminishes, as might be expected and as indicated by a com

parison of Figs. 36(e), 39(e). 4O(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 insi'lnificant. 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 with My = 1.000.000 in-kips and Tl = 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 ess~ntially elastic under a base motion with 

intenSity SI = 1.5 (SI ref .). 
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Effect of Yield level. My 

For this study, three sets of yield level values were considered 

correspondi~g 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 1ncreasinq value of the fundamental period, 

as is evident from'a comparison of Figs. 42(a) and (b) with Figs. 4~(a} 

and {b}}. Above this value, the trend. s reversed and an i 11cr@ase in 

yield level is accompanied by an incre~se in horizontal an~ interstory 

displacements. The maximum moments and shears increase almost propor

tionally with the yield 1ev~1. 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 observeu in 

connection with the response of single-degree-of-freedom systems.(7) 

Figure 42(f} shows that the cumulative plastiC hinge rotations also 

increase 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 a 1.4 sec. 
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Fundamental Period and Yield Level Effects on Dynamic Response--Summarl 

The interrelationship between the effect.s of the initial funda

menta 1 peri od ~ T l' and the yi e 1 d 1 eve 1. I~y' on the dYnllmi c response of 

20-story isolated structural walls is summarized in Fig. 46. (a) through 

(f). The plots in the figure correspond to only one input mction. 

i.e., the E-W component of the 1940 [1 Centro record. with the acceler

ation amplitude adjusted to yield a 5%-damped spectrum intensity equal 

to 1.5 (SIref.). The properties of the structures considered are those 

for the basic structures listed in Table 1. 

Figure 46 shows the effects of both Tl 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 tenns of the yield moment, I~y). the maximum shear. rotational 

ductility (expressed as a r~tio 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 earlier 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 of 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 displ~cements decrease with increasing 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 revers~d. 

i.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. 

(b) ~ax;mum Moment and Rotational Ductility at Base 

For a particular value of the yield le~el. the ratios 

Mmax/MYield and 9max/9yield 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. 

It should be pointed out that the yield level of 500.000 

in-kips 1s not too realistic for struct~rdl walls having 

stiffncsses associated with fundamental period values less 

than 1.4 sec. 

(c) 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 period. the maximum base 

shear increases with increasing period of the structure. 

For a fixed furdamPntal period. the base shear increases 

conSistently with increas)ng yield level. the rate of increase 

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

(c) Cumulative Plastic Hinge Rotation at Base 

Figure 46(f) indic~tes. as noted earlier, that for 

structures with relatively low yield levels (i.e., My = 
500,000 and 750.000 in-k) in whfch significant yielding 

occurs. the cumulative pl~stic hinge rotation at the base 

increases with increasing fundamental period over the entire 

period range (0.8 - 2.4 sec.) considered. For higher values 

of the yield level. the cumulative plastic hinge rotation 

lncreases witn increasing period up tJ a point where the 

combination of high yield level and long period results in 

only nominal yieldin~. 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. 
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Effect of Yield Stiffness Ratio, ry 

The effect of the slope of the second, post-yield branch of the 

primary bilinear moment-rotation curve oe the members which make up the 

structural wa'il was investigated by considering a value of the yield 

stiffness ratio, ry ' (i,e., the ratio of thE: slope of the second. post

yield branch to the slope of the initial, elastic branch of t:,e M-e 

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 valu~ of ry = 0.01 was considered for the 

case of structures with T1 = 1.4 sec. and My = 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 indicaten 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 l change in the 

value of the yield stiffness ratio, ry ' is more apparent in structures 

with relatively low yield levels (My = 500,000 in-k). There is a sub

stantial (50%) reduction in the rotational ductilitj 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-,on~ 

period (T1 = 1.4 sec.) structures accompanying an increase in the yield 

stiffness ratio from 5% to 1~%. The effect of increasing the yield 

stiffness ratio is less apparent in structures with relatively high 

yield levels. as shown by Fig. 4B. 
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A decrease in the yield stiffness ratio from 51 to 11 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 cumu1ativ~ 

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-9 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-9 

loop. the effective stiffness of an element during most of the response 

after yieldi~q may be governed not so much by the primary M-8 curve as 

by the rules governing the slope of the reloadi~g 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-9 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" 5tiff

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 ducti11ty 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 soverns 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 z 1.4 sec., My = 500.000 in-kips and ry = 15%. 
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Effect of Character of M-9 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 hy~teretic 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 ~. 

A value of 0.30 was considered for the unloading parameter a in 

addition to the basic value of 0.10 (w;~h P = 0). for a structure with 

T1 = 1.4 sec. and M
J 

= 500.000 in-k. For the Takeda model reloading 

parameter p, values of ~.4 and 1.0 were assumed in addition to the basic 

value of 0 (with a' = 0.10). Furthermore. results for a model with a 

stable bilinear hysteretic loop (see Fig. 51) were obtained for com-

~arison with the response of structures with different values of p. The 

effect of the reloading parameter p was investigated for two sets of 

structures, one set representing low yield levels (My = 500.000 in-k, Tl 

= 1.4 sec.) and the other relatively higher yield levels (My = 1.000,000 

in-k. Tl = 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 p = 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 p 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 (My • 500,000 in-t, 

see Fig. 53). an increase in ,he slope of the t'eloading curve--corre

sponding to increasing values of P--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 p are even less significant. For this case, 

the trend with respect to maximum horizontal displacements is reversed. 

so that the structure wlth the stable bilinear hysteretic loop exhibits 

~jightly greater displacements than any of the structures with decreasing

stiffness loops. The cumulative plastic hinge rotations. however. still 

increase as the value of P decreases (see Fig. 54(f». Note that this 

same trend in the maximum response values was observed in the ~tudy of 

the effect of the yield level, My (see Fig. 42). 

In each of the two sets of analyses where the reloading parameter 

~ was varied. the maximum moments. shears and rotational ductility 

requirements at 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 Tl = 1.4 sec. and My = 500.000 are sh~~ 

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 identic~l for all cases) governsi 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-e hYsteretic 
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lnop. Thus, after first yield, the rotations tend to be greater for the 

lesser values of p (corresponding to reloading branches with flatter 

slopes or lesser stiffness). 

Moment vs. nodai rotation plots for the structure with a stable 

hysteretic lQ9p and that '~ith p = 0.40 are shown in Fig. 56. The 

corresponding plot for tte structure with P = 0 is shown in Fig. 16. 

Effect of Dampi~ 

The viscous damping assumed for the structu~s 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 fi'rst mode and the second mode. which are assumed to be 

equal. For most of the ana,'Y$es. 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, T1, and the yield level, My' as shown in Table 4. 

Envelopes of response corresponding to structures with intermediate 

period and low yield level (i.e., Tl = 1.4 sec., My = 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. increas'ing thE: damping 

coefficient froo O.OJ to 0.10 produced only a relatively small (about 

12% in tne maximum top displacement) reduction in response. 
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Figure 58 shows the response envelopes of structures with low 

period and relatively nigh yield level, i.e., T1 = 0.8 sec., r~y = 

1,000,000 in-k. The effect cf 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. i~ t~nns of deformation require-

ments, the increase in damping produces a relatively greater percentage 

reduction in the high-yield-level (My = 1,000,000 in-k) structure than 

in the structure where extensive yielding occurs (My: 500,000 in-k): 

19~ a5 against 8%. for the rotation~l ductility requirement and 41% as 

compared to 13% for the cumulative plastic hinge rotation. ;his increase 

in the energy dissipated through damping as the extent of inelasticity 

dir.linishes, and 1Ih;~ versa, was also noted by Ruiz and Penzien. (7) 

Effect of Stiffness Taper 

In exami ning the eff,~ct of other parameter:; the structures considered 

all have uniform stiffness throughout their entire heigr.t. To study the 

effect of a taper in stiffness, the 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 (EI)base to (EI)top equal to 2.8 was 

used (corresponding to AlB = 4.0, see Fig. 59), the absolute valu~ of 

the stiffness being adjusted to yield a fundamental period of 1.4 sec. 

Figure 60, which shows the corresponding response envelopes, 

indicates that for the period and yield level (My = 500,000 in-kips) 

cons';dered, 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 ~tructure. However, the moments, sh~ars 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 T~pel: 

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 p.very ~t~t~ level. This is 

the tap~r used in the reference structure, which reflects the 

effects of lxial loads on the moment capacity. 

(b) A taper ratio of 3.8, with equal c:langes in strength occurring 

at every fOlll'th story level, in a manner sim'flar 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 unifonn strengtl. throughout 

~he height of the wall. 

Response envelopes for this set are shown in Fig. 61. Except for 

the increased rotational ductlllty requirement in the intermediate 

stodes of the strccture with a taper ratio of 3.8 as shown in Fig. 

61(e). the effect of str~n9th taper for the particular period and yield 

leve' ronsidered appears to be negligible. 
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Effect of Fixity Condition ~t Base 

The effect of yielding of the foundation at V"le base of the wall 

was considered by introducing a rotational spring (with linear M43 

characteristic) at the base of the analytical ~odel. If the base fixity 

factor, F, is defined as the ratio of the moment developed at the base 

to that which would be developed 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 = s 

In the analysis. the (linear) spring representing the rotational 

restraint of the fo~~Jation was modelled by an extension of the wall 

below the base having the appropriate flexural stiffness. This is shown 

in Fig. 63. The stiffness of the element used to simulate foundation 

restraint corr'esponding to each degree of base fixity assumed ;s also 

shown in the figure for the two sets considered. 

Figure 64 sho\'1s a comparison (\f response envelopes for the first 

set in which the reference structure 1)1 = 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 ~undamental 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 ilnd 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 (20i increase in the maximum top displacement) 
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and then to 0.50 (60% increase). It is interesting to note that for 

this group of low-y1eld-level structures where significa"t yielding 

occurs. the relaxation in the basp. fixity results in increases (though 

slight) in the maximum momen~ and shears and in the rotational ductility 

requirement at the hase. In the case of the relational ductility 

requiremant. there is a 20% increase ~ccompanyin9 a decrease in the base 

fixity factor from 1.0 (fully f~xed) to u.SQ. 

Figure 64{f) indicates that even though 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 1S the same far all three structures 

in each set and the periods do not differ si9nifir.a~t1y from each 

other, this reversal in trend for these two measures of deformation may 

at first appear contrary to expectation. Figure 65. which shows the 

variation with time of the plastiC hinge rotation at the bases of the 

walls. provides some explanation for this reversa1 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 plast~c hinge rotation tends to increase as the base fixity increases 

(and the period decreases). 

To examine the effect of the base fixity condition on structures 

with high yield levels, a second set of analyses was undertaken for a 

basic structure with Tl = 0.8 sec. and My = 1,500,000 in-k. Values of 

the b~se fixity factor equal to 0.75 (11 = 0.83 sec.) and 0.50 (T1 = 
O.ed sec.) were considered in addition t? 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 

~isplacements 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 above comparisons: when the yield level 

is relatively low so that eA~ensive 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 hi9~ 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 dyrldm1c response was investigated by ccmsidering 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 (T1 = 1.4 sec.) as the basic structure. Two sets of 

analyses were made, as listed in Table 4. In the first set, a common 

value of the yield level. My' e~ual 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 nonmallJ be expected to increase with the height 

of the building. In recognition of this. a second set of analyses was 

madp. with the value of the yield level 1n 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 4O-story walls. with 

the masses spaced at every half-story 1n the lower two stories of the 

10-story wall and at every other floor 1n 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. 

F1gure 64 shows response envelopes corresponding to the first set. 

i.e .• with a constant yield level, M , equal to 1,000,000 in-kips. 
. y 

assumed for all fo~r structures. As indicated in Fig. 67(e). all 

structures except the 10-story wall yielded at the bases in varying 

degrees, the extent of yielGing increasing with increasing height of 

structure. In the case of the 40-story structure. yielding extended 

above mid-height. 

Except for the la-story structure. which responded elastically. the 

maximum displacements and interst~ry 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 stiffne~s 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 

per1od~ and for the same yield moment had a correspondingly lesser yield 

rotation. Thus, for about the same maximum rotation (see Fig.67 (a), 

the ductility ratio for the 40-story structure comes out greater than 

for the 20-story structure. Figure 6r. shows a time 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, T1, still equal to 1.~ 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 ass~med in each 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 (ir.-ki~s) y 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. 

69(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 immedi~tely implies increasing interstory 

distort~ons with decreaSing height. This 1s shown in Fig.59 (b). The 

increase ill 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 &l(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. 
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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 the~e parameters with respect to the signifi

cunt structural responsp. 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. \",hich represents the crtt-ical 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 at"e 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 sUrmlarized bel')W. 

1. The most important parameters insofar as deformation demands 

are concerned are the intensity, duration ~nd frequency 

content characterizing the ground mot10n, 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 tJ produce more 

*Expressed appropriately as 'interstory tangential deviations' for 
isolated walls and as 'horizontal interstory displacements' for frame
wall systems. 
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se~ere deformation demands than other types of motion of the 

same intensity and duration. For cases where only nominal 

yi~lding 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. 

3. 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 

generally undergoes a greater number of reversals than the 

moments or defonmations (horizontal displacements and rota

tions). Because of this, the maxim~m 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 displacemerlls. 

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. 

4. 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 dyna~1t response.) 
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5. 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 011 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 

observdtions based on this study. however. can help guide the 

selectiqn of the input motion parameters in the sense of 

providing information concerning the influence that a particular 

parameter can have on the structural response. 

6. The ductility reQuirement, 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. 

7. The magnitude of the deformation ~equirements in hinging 

regions--in terms of ductility ratios and cumulative plastic 

hinge rotations--generally decreases with increasing values of 

the yield level. The maxi:nur.: horizontal displacements and 

interstory distortions also tend to diminish with increasing 

yield levels, as long as significant yielding occurs. Within 

a narrow range, where only nominal yielding o,:curs. the 

~aximum 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 generally 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 importo"t 

bearing on the type of ground motion that is likely to produce 

near-maximum or critical response. 
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The work repres~nted by the preceding discussion. undertaken in 

pursuance of the first objective stated at the beginning of this 

discussion. constitutes a major ~egment of Part I 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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PART B - PARAMETRIC STUDIES 
TABLES AND FIGURES 
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Table l{a) - BASIC STRUCTURE PROPERTIES AND VARIATIONS 
Structure ISW 0.8 

PROPERTIES BASIC VALUE 
OR CHARACTERISTIC 

I 
VARIATIONS 

~------- .. ------------~----------------+-------------------~ 
STRUCTURAL 

Fundamental pericd 

Number of s tori es 

Height 

Weight (for mass 
computation) 

Stiffness parameter EI 

0.8 seconds 

20 

17g.25 ct. 

4370 k/,o'Ial' 

6.346 x 1011 k-in2 

Yield ievel, My 1,G~O.OOO in-k 

Yield stiffness ratio. ry 0.05 

Character 0 f M-.9 curve 

Damping 

Decreasing stiffness 
a :: . 10, 13:: 0 

5% of critical 

Stiffness taper ~~;; ~~~e 1.0 

(M ) base 
Strength taper (RY) top I 2.0 

Y 

Basic fixity condition Fully fixed 

INPUT MOTION 

Intensity SI = 1.5 (SI ref .)* 

Frequency characteristics 1940 El Centro. E-W 

Duration 10 seconds 

SCO,OOO 750,000 
1.000.000 1,500,000 in-k 

0.15 

10% of critical 

1.0 (SI ref ) 

1940 El Centro. N-S 
1952 Taft, S69E 
Artificial Ace. S1 

* Slref • = 5~-damped spectrum intensity - between 0.1 and 3.0 seconds -
corresponding to the first 10 seconds of the N-S component 
of the 1940 El Centro record. 
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Table l(b) - BASIC STRUCTURE PROPERTIES AND VARIATIONS 

Structure :SW 1.4 

1-- BASIC VALUE 
L.~ PROPER_T_IE_S ___ --+-_O_R_CH_A_R_AC_T_E_R I_S_T_IC_+-__ V_A_R_IA_T_I_ON_S ___ --1 

STRUCTURAL 

Fundamental period 

Number of stories 

Height 

Weight (fo:" mass 
computation) 

Stiffness parameter II 

Yield level, My 

Yield stiffness ratio, ry 

Character of M-9 curve 

Damping 

Stiffness taper LEI}ba~ 
~top 

(My) base 
Strength taper {My} top 

Basic fixity condition 

1.4 seconds 

20 

178.25 ft. 

4370 k/wa 11 

2.052 x lOll k-in2* 

500,000 in-k 
I 
I 

0.05 

Jecreaiing stiffness 
a=.1O.I3=O 

~% of critical 

1.0 

2.0 

Fully fixed 

* EI = 5.004 x lOll k-;n for stiffness taper 2.8 

10.40 

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** 

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

INPUT MOTION. 

Intensity SI = 1.5 (SIref .> 

F~equency characteristics 1940 [1 Centro. l-W 

Duration 10 seconds 

0.75 and 1.0 x (SI f) re • 
1971 Holiday Orion, E-W 
1971 Pacoima Dam, 516f t 

Artificial Ace. 51 

20 seconds 
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Table l(c) - BASIC STRUCTURE PROPERTIES AND VARIATIONS 
Structure ISW 2.0 

PROPERTIES BASIC VALUE 
OR CHARACT~~TSTIC VARIATIONS 

~----------.--------~-----------------4-------------------~ 

STRUCTURAL 

Fundamental period 

Number of stories 

Height 

Weight (for mas~ 
computation 

Stiffness para~eter EI 

2.0 seconds 

20 

178.25 ft. 

4370 k/wall 

0.990 x lOll k-in?' 

Yield level, My 500,000 in-k 

Yie)o stiffness ratio. ry 0.05 

Character of M-9 curve 

Stiffness taper (EI) base 
(EO top 

(My) base 
Strength taper (My) top 

Basic fixity condition 

INPUT MOTION 

Decreasing stiffness 
a = .10. P = 0 

1.0 

2.0 

Fully fixed 

IntenSity SI = 1.5 (SIref .) 

Frequency characteristics 1940 E1 Centro, E-W 

Duration 10 seconds 

750.000 1,000,000 in-k 
and elastiC 

0.15 

1.0 x (SIref ,> 
1971 Holiday Orion, E-W 
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Table l(d) - BASIC STRUCTURE PROPERTIES AND VARIATIONS 
Structure ISW 2.4 

PROPERTIES BASIC VALUE 
OR CHARACTERISTIC VARIATIONS 

~------------------~----------------~-------------------~ 

STRUCTURAL 

Fundamental period 

Number of stories 

Height 

Weight (for mass 
computation) 

Stiffness parameter EI 

Yield level, My 

Yield ,tiffness ratio, ry 

Character of M-e curve 

Damping 

Stiffness taper (EI) base 
(EI) top 
(My) base 

Strength taper (My> top 

Basic fixity condition 

INPUT t-10TION 

2.4 seconds 

20 

178.25 ft. 

4370 k/wall 

0.684 x 1011 k-in2 

500,000 in-Ie 

0.05 

Decreasing stiffness 
a = .10, j3 = 0 

5% of critical 

1.0 

2.0 

Fully fixed 

Intensity SI = 1.5 (Slref.) 

Frequency characteristics 1940 E1 Centro, E-W 

Duration 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 FundamClntal Yield Level, Levels of 
Period, Tl M

t 
Intensity Used* 

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 SI ref . 
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Table 5 - EFFECT OF FUNDAMENTAL PE.RIOD AND YIELD LEVEL 
ON DYN~MIC Pf.SPONSE OF 20-STO~Y lSOLATED 
STRUCTURAL WALLS 

Earthquake Input: 1940.E1 Centro. E-W Component (10 sec~ SI = 1.5 Sl ref .) 

Yield Level. My Initial Fundamental 

{in-ki!;!s} 0.80 1.40 

Max. T02 Dis21acement tin.) 

500.000 8.33 14.97 

750.000 4.74 10.87 

1.000.000 4.04 9.19 

1,500.000 4.50 10.99 

Elastic 5.17 11. 01 

Max. Interstor~ Dis21acement {}~ 

500,000 0.ft,7 0.86 

750,000 0.28 0.65 

i,OOO.OOO 0.24 0.58 

1,500.000 0.29 0.75 

Elastic 0.35 0.76 

Max. Horhontal Shear at Base {kiES} 

500,000 1030 830 

750,000 1190 950 

1,000,000 1330 1190 

1,500,000 1610 1300 

Elastic 1700 1420 

*Elastic, i.e., structure did not yield. 

Period! 
2.00 

20.50 

17.00 

19.98 

23.06 

23.16 

1. 24 

1.12 

1. 25 

1. 57 

1. 57 

1050 

1070 

1120 

11:;0 

1240 

Tl {sec.} 
2.40 

25.12 

23.72 

22.43 

24.49 {E)'" 

24.49 

1.56 

1.51 

1.51 

1. 76 (E) 

1. 76 

1060 

1179 

1240 

1300 (E) 

1300 
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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 El Centro, E-W Component (10 sec., SI = 1.5 SI f) . re . 

Yield Level, M Initial Fundamental Period, Tl~c.) 
(in-k) Y 0.80 1.40 2.00 2.40 

Moment at Base (i n- k) 

500,000 813.000 711,000 651.000 648.000 

750,000 996.00C· 941, 000 862.000 903,000 

1,000,000 1,214,000 1,149,000 1,126,000 I, lOi' ,000 

1,500,000 1,701,000 1,583,000 1,609,000 l,b19,OOa (E) 

Elastic 2,419,000 1,677 ,000 1,782,000 1,519,000 

Rotational Ductilitl 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 ?1 

1,500,000 2.6 1.1 1.4 1.0 

Cum. Plastic Hinge Rotatiun at Base (radians) 

500,000 1. 06x10- 2 1. 50x10-2 1. 76x10- 2 2.31)(10-2 

750,000 • 92x10-2 1.01x10-2 1. 13x10-2 1. 69x10-2 

1,000,000 0.73x10-2 0.89xl0-2 .66x10-2 1.02x1O-2 

1,500,000 .50dO-2 0.04xl0-2 .09xl0 -2 O. 
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a .. (a) Displacement of Top of Structure 
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(b) Horizontal Nodal Displacements 
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Fig, 9 Time Histories of Hori:!~ntal Displacements - Bldg. ISWl.4 



. ... 

. .-

-.-D 

-148-

(a) Relative Horizontal Displacements Between Node. 
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Fig. 10 Time Histories of Relative Hortzonbl Displacements - Bldg. ISW 1.4 
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Nodal Rotations 
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Fig. 11 Time Histories of Nodal Rotations - Bldg. ISW 1.4 
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Bending Moment at Base 
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Time History of Bending Moment at Base - Blc1.g. ISWl.4 
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Moment at Base 
VS. 

Plastic Rotation of First 
Story 'Hinge' 
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Fig. 15 Moment - Plastic Hinge Rotation Relationship - Bldg. ISW 1. 4 
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Fig. 16 Moment-Nodal Rotation Relationship - Bldg.ISWl.4 
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Fig. 37 Rotational Ductility Ratio vs. Maximum Absolute Rotation 
as Measures of Deformation Requirements 
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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)*ref. 

(reference spectrum intensity) • the area under the SS-damped 
relative veloci~ response spectrum corresponding to the first 
10 seconds of the "-S cOMponent of the 1940 E1 Centro record, 
between periods of 0.1 sec. and 3.0 sec. SI ref• • 70.15 inches. 
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