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SYNOPSIS

Although structural walls have a long history of satisfac­

tory use in stiffening buildings against wind, there is insuf­

ficient information on their behavior under strong earthquakes.

Observations of the performance of buildings during recent

earthquakes have demonstrated the superior performance of build­

ings stiffened by properly proportioned and designed structural

walls from the point of view of safety and especially from the

standpoint of damage control.

This report describes an analytical investigation of isolated

walls subjected to ground motions of varying intensity. Esti­

mates of maximum forces and deformations that can reasonably be

expected in critical regions of structural walls subjected to

strong ground motion are obtained. Results of the analytical

investigation are combined with data from a concurrent experi­

mental program to develop a procedure for determining design

force levels for isolated structural walls. These design forces

can be used for proportioning earthquake-resistant structural
walls using static analysis methods.

The procedure is based on the two major structural vari­

ables, fundamental period and yield level in flexure. Using

this procedure, the minimum yield level and associated maximum

dynamic shear force are determined for an assumed or available

ductility and a particular value of ground motion intensity.





DYNAMIC ANALYSIS OF ISOLATED STRUCTURAL WALLS

DEVELOPMENT OF DESIGN PROCEDURE - DESIGN FORCE LEVELS

by

A. T. Derecho, (I) M. Iqbal,(2}

S. K. Ghosh, (3) M. Fintel, (4)

W. G. Corley, (S) and A. Scanlon(6}

BACKGROUND

Although structural walls (shear walls)* have a long his­

tory of satisfactory use in stiffening multistory buildings

against wind, much less information is available on the be­

havior of such elements under strong earthquake.

Observations of the performance of buildings subjected to

earthquakes during the past decade have focused attention on
the need to minimize damage in addition to ensuring the general

safety of buildings during strong earthquakes. The need to

control damage to structural and nonstructural components dur­

ing earthquakes becomes particularly important in hospitals and

other facilities that must continue operation following a major

(l)Former Manager and (2) Former Senior Structural Engineer,
Structural Analytical Section, Engineering Development
Division: (3)Principal Structural Engineer and (4)Director,
Advanced Engineering Services Department, (S}Divisional
Director, Engineering Development Division, and (6}Manager,
Analytical Design Section, Portland Cement Association, Skokie,
Illinois.

*In conformity with the nomenclature, adopted by the Applied
Technology Council(l) and in the forthcoming revised edition of
Appendix A to ACI 318-77, Building Code Requirements for Rein­
forced Concrete(2), the term "structural wall" is used in place
of "shear wall."
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disaster. Damage control, in addition to life safety, is also

economically desirable in tall buildings designed for residen­

tial and commercial occupancy, since the nonstructural compo­

nents in such buildings usually account for 60 to 80 percent of

the total cost.

There is little doubt that structural walls offer an effi­

cient way to stiffen a building against lateral loads. When

proportioned so that they possess adequate lateral stiffness to

reduce interstory distortions due to earthquake-induced motions,
walls reduce the likelihood of damage to nonstructural elements

in a building. When used with rigid frames, walls form a struc­

tural system that combines the gravity-load-carrying efficiency

of the rigid frame with the lateral-load-resisting efficiency
of the structural wall.

Observations of the comparative performance of rigid frame
buildings and buildings stiffened by structural walls during
recent earthquakes(3,4,5), have highlighted better performance

of buildings stiffened by properly proportioned structural

walls. Performance of these structural wall buildings was

better both from the point of view of safety and from the

standpoint of damage control. The need to minimize damage

during strong earthquakes, in addition to the primary

requirement of life safety (i.e., no collapse), clearly imposes

more stringent requirements on the design of structures.

Among the more immediate questions to be answered before a

rational design procedure can be developed are:

1. What magnitude of deformation and associated forces

can reasonably be expected at critical regions of

structural walls for specific combinations of
structural and ground motion parameters? How many

cycles of large deformations can be expected in

critical regions of walls under earthquakes of

expected duration?
2. What stiffness and strength should structural walls

have relative to the expected ground motion in order

to limit deformations to acceptable levels?

-2-



3. What design and detailing requirements must be met to

provide walls with the strength and deformation capa­

cities indicated by analysis?

The combined analytical and experimental investigation of

which this study is a part was undertaken to provide answers to

these questions. The objective of the overall investigation as

indicated in Fig. lea) is the development of practical and
reliable design procedures for earthquake-resistant structural

walls and wall systems.

The program to accomplish the objectives of the analytical

portion of the investigation consists of the following steps:

a. Characterization of input motions in terms of the

significant parameters to enable calculation of

critical or "near-maximum" response using a minimum
number of input motions(6).

b. Determination of the relative influence of the various
structural and ground motion parameters on dynamic
structural response through parametric studies(7).

The purpose of this study is to identify the most

significant variables.
c. Calculation of estimates of strength and deformation

demands in critical regions of structural walls as

affected by the significant parameters determined in

Step (b). A number of input accelerograms chosen on
the basis of information developed in Steps (a) and
(b) are used (8) •

d. Development of procedure for determining design force

levels(8) by correlating the stiffness, strength,

and deformation demands obtained in Step (c) with the
corresponding capacities determined from the concurrent
experimental program(9,lO) .

Another important result of the analytical investigation is
the determination of a representative loading history that can

be used in testing laboratory specimens under slowly reversing
loads (11) •
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Two previous reports(6,7) dealt with Steps (a) and (b) of

the anaytical investigation. The first report(6) dealt mainly

with the characterization of input motions in terms of duration,

intensity, and frequency content, with particular regard to the

effects of these parameters on dynamic inelastic response. The
second report(7) presented results of parametric studies

designed to isolate the most significant structural and ground

motion parameters. A brief description of the major tasks

involved in the analytical investigation of isolated structural
walls is shown in Fig. lb. ,

This report discusses the procedure used to establish

estimates of stiffness, strength, and deformation demands in

isolated structural walls subjected to ground motions of vary-

ing intensity. Results of some 300 cases are analyzed. The

analytically derived information on demands is correlated with
data on capacity obtained from the concurrent experimental pro­

gram. A procedure for determining design force levels for

earthquake-resistant structural walls is developed. A signifi­

cant part of the material presented here first appeared in Ref. 8.
This part of the analytical investigation corresponds to Steps (c)

and (d) listed above.
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INTRODUCTION

In developing design procedures for earthquake-resistant

structures, information on demand as well as on capacity has to
be developed. As indicated in Fig. la, this information relates

mainly to stiffness, strength, and inelastic deformation capa­

city or ductility. Reasonable estimates of both demand and

capacity are necessary to achieve economy in engineering design.

The relative infrequency of intense earthquakes and the

dependence of the resulting forces and deformations on struc­

tural properties as well as ground motion characteristics, make

systematic accumulation of field data on earthquake demands a

difficult task. Furthermore, it is unlikely that a building

exposed to an intense earthquake will be adequately

instrumented to record its response.

In view of the difficulty of obtaining data on earthquake

demands from field measurements, the best alternative is to

obtain estimates of these demands through dynamic inelastic

analysis. Estimates of capacity are usually obtained by

testing large-size specimens under slowly reversed loading to
simulate earthquake response.

Objective

The primary objective of this part of the investigation is

the development of a procedure for determining design forces

for earthquake-resistant structural walls. The intent is that

these forces will be used in design assuming static loading

conditions. The overall design objective is to provide

structures capable of sustaining, without significant loss of

strength, the dynamic forces and deformations associated with

particular ground motion intensities. Based on results of the
. d' h b d (9,10)experlmental program, recornmen atlons ave een rna e

for detailing wall sections to ensure adequate strength and

deformation capacity.
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Structure Considered

The basic structure considered in this phase of the

investigation is an isolated structural wall. Such a structure

may be thought of as being one of a series of parallel walls in
a building having a plan configuration as shown in Fig. 2. The

isolated wall was chosen not only to obtain dynamic response

data for this basic element but also to establish a reference

with which to compare response of more complex wall systems.

In certain cases, the frame in a frame-wall system or the

coupling beams in a coupled wall system are relatively flexible
compared to the structural wall. In these cases, the wall can

be considered as acting essentially as an isolated structural
element.

Basic Approach

The approach adopted in establishing design force levels

for earthquake-resistant isolated structural walls involved
compilation and analysis of comprehensive inelastic response

data for a wide range of values of the significant structural

and ground motion parameters. For simplicity it was necessary

to base the procedure for determining design force levels on a

few of the most important parameters.

Identification of the most important parameters for use in
the design formulation was accomplished by means of a

parametric investigation(7). Included in the investigation

was a study of the effects on dynamic inelastic response of the

three major parameters characterizing earthquake ground

motions. These parameters are intensity, duration, and

frequency content. Other structural parameters considered were
fundamental period, yield level in flexure, ratio of post-yield

stiffness to initial elastic stiffness, parameters

characterizing the moment-rotation hysteretic loop, damping,

stiffness taper, strength taper, number of stories, and base

fixity.

-8-
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The computer program DRAIN-2D(12), developed at the

University of California, Berkeley, was used in the analyses.

Results of the parametric study show that, within the practical

range of values of the variables considered, the most

significant structural parameters are fundamental period and
yield level in flexure. The major ground motion parameter is

intensity.

After the major variables affecting inelastic dynamic

response were identified, an extensive series of analyses was

carried out. Over 300 analyses were performed. The objective

of the work was to compile response data corresponding to a

wide range of values of the major variables. These data were

then organized, evaluated, and correlated with relevant
experimental data to develop a procedure for determining design

force levels.
In developing a design procedure for earthquake-resistant

structural walls, it was considered desirable to formulate the

resulting recommendations in terms similar to those used in

current practice. It is believed such an approach will make
the results of the study of immediate value to design engineers

and code-formulating bodies.

-10-



COMPUTER PROGRAM

Dynamic response analyses were carried out using the
computer program DRAIN-2D(12) developed at the University of

California, Berkeley. A number of modifications, designed

mainly to allow more efficient extraction and plotting of out­

put data, have been introduced into the program at the Portland
Cement Association (13) . The program has been implemented on

the computer facilities at Northwestern University, Evanston,

Illinois.

Program DRAIN-2D - Basic Features

Features of the program, as implemented at Northwestern

University, are as follows:

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. Moment-rotation characteristics for beam

elements can be defined by a bilinear relationship.
This relationship may be stable hysteretic or may

exhibit "degrading stiffness" in deformation cycles

subsequent to yielding. More recent modifications to

the program relating to force-displacement
characteristics are discussed in a subsequent

paragraph.
3. Mass is assumed to be concentrated at nodal points.

4. Horizontal and vertical components of input (base)
acceleration may be considered simultaneously. Input

motions are assumed to be applied directly to the base

of the structure. Soil-structure interaction effects

are not considered.
5. Several types of damping may be specified, including

mass-proportional and stiffness-proportional damping.

6. Elastic shear deformation and the P-~ effect in frame

elements can be taken into account.

-11-



7. Output options include printouts of response quanti­

ties and response envelopes at given time intervals.

Envelopes of basic response quantities are automati­

cally printed at the end of each computer run. Time

histories of specified response quantities can also be

presented in compact form. For structures consisting
of beam and column elements, plots of a variety of

response quantities can be obtained during each run.

The structural stiffness matrix is formulated by the direct
stiffness method, with nodal displacements as unknowns.

Dynamic response is determined using step-by-step integration

assuming a constant response acceleration during each time step.

Element properties characterized by a progressive decrease

in reloading stiffness with cycles of loading subsequent to

yield are of particular interest in this study. In DRAIN-2D,

both flexural and axial stiffnesses of these elements are

considered. Variable cross sections may be taken into account

by specifying appropriate stiffness coefficients. Inelasticity

is allowed in the form of concentrated plastic hinges at the

element ends. For beam-column elements, yielding resulting
from interaction between axial force and moment is taken into

account in an approximate manner.
Primary moment-rotation curves for inelastic hinges at ends

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

initial stiffness, k, and a post-yield stiffness, ky = ryk

as shown in Fig. 3. The ratio r y = ky/k is referred to as

the yield stiffness ratio.

Two types of hysteresis loop can be specified for the

moment-rotation curve characterizing inelastic point hinges at

element ends. The first type is the more common stable loop,

shown in Fig. 4a. For this case, the unloading and reloading

stiffnesses are both equal to the initial stiffness. The

.program accounts for inelastic behavior of this type of element

by assuming an equivalent element consisting of two parallel

components, one elastic and the other elasto-plastic.

The second type of hysteresis loop is one that exhibits

-12-
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Fig. 4b Dnloading and Reloading Parameters a and B Characterizing
Hysteretic Loop of Decreasing Stiffness Model
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decreasing stiffness for reloading cycles subsequent to yield

as shown in Fig. 4(b).

After yielding occurs, the unloading and reloading branches

exhibit decrease in slope (i.e., stiffness). This decrease in

stiffness is assumed to be a function of maximum rotation

attained during any previous cycle. Detailed behavior of

inelastic point hinges, such as unloading and reloading from

intermediate point$ within the primary envelope, is determined

by a set of rules that are an extended version of those proposed
by Takeda and Sozen(14).

Modifications To Program DRAIN-2D

Early runs using DRAIN-2D indicated the desirability of

making several 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 to

enable the program to incorporate modifications to the basic

Takeda model for the decreasing stiffness beam element.

The unloading and reloading parameters a and ~ shown in

Fig. 4b allow the basic decreasing stiffness model to be varied

to correspond more closely to experimental results. These

modifications have been incorporated into the program. Powell
and Litton also provided options for printing and storing on

file the time histories of most response quantities in a

compact and convenient form.

Plotting capabilities were incorporated in the program by

the Portland Cement Association. Plots of time histories of

forces and deformations, as well as response envelopes, can be

obtained automatically with each run and may be stored for

retrieval at a later date. Options to punch cards for both

envelopes and time histories of response 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 Ref. 13.
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COMPILATION OF CRITICAL RESPONSE VALUES

A major step in determining design force levels for

earthquake-resistant structural walls was the compilation of

maximum or near-maximum values of the significant response

quantities. To do this, a comprehensive series of dynamic

inelastic analyses was undertaken, using several accelerograms

as input. Over 300 analyses were made to serve as basis for

this part of the investigation. Of this number, about 45

represent analyses carried out in connection with the parametric
studies reported in Ref. 7.

Summary of Results of Parametric Studies

Among the more important conclusions of the parametric
studies(7) was the observation that when significant yielding

ina structure can be expected, a "broad band" accelerogram

tends to produce more severe deformations than a 'lpeaking" acce­
lerogram. Basic shapes for broad-band and peaking spectra are

shown in Fig. 5. Definitions for peaking and broad-band

accelerograms are given in Ref. 6.

Significant yielding may result from a relatively low

structure yield level or a high earthquake intensity relative

to the yield level. On the other hand, when only nominal

yielding is expected, a peaking accelerogram represents the

more critical excitation for the same duration and intensity of

motion.
It was also observed, however, that in cases where signi­

ficant yielding occurs, a broad band accelerogram that is

critical with respect to deformations often produces relatively

low maximum base shears. This behavior has been attributed

mainly to the greater sensitivity of base shear to higher modes

of response.

Conversely, cases arise in which an accelerogram that is

critical with respect to shear produces relatively small

deformations. Apparently the criticality of an accelerograrn

-15-
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with respect to shear depends on the character of its velocity

response spectrum in frequency ranges where the significant

effective higher frequencies of the yielded structure occur.

Determination of critical base shears is important because of

the significant effect that high shears can have on deformation

capacity of hinging regions in reinforced concrete members.

Where yielding is not significant, the peaking accelerogram

is more likely to be critical with respect to deformations and

usually gives near-maximum values of the base shear. To cover
a range of periods, different peaking input motions were used.

A number of accelerograms were thus selected to span the period

range of interest.

Use of several input motions also provides better estimates

of critical base shears. As indicated above, the choice of

input motions for producing maximum base shears is determined

by factors other than those that apply to maximum deformations.

The parametric studies also indicated that, for a structure
of given height, the most significant structural variables

affecting forces and deformations are initial fundamental
period, TI , and yield level in flexure, My. If an input

motion of reasonable duration is chosen with the appropriate
frequency content to critically excite a particular structure

then the only other ground motion parameter that need be varied
is intensity. For a particular site, the estimated ground

motion intensity can be related to seismic risk. This

correlation is, however, not considered in this study.

Effects of shear yielding on dynamic response and associated

design force levels were not considered in this phase of the

investigation.

Ranges of Principal Structural Parameters

To compile data on maximum values of force and deformation

demands in the hinging region of walls, a comprehensive series

of analyses was undertaken. The analyses covered a wide range

of values of the principal structural parameters and used six

different accelerograms were used as input motions. The main

-17-



structural variables considered are initial fundamental period,

Tl , and flexural yield level, My.

Fundamental period was assigned values ranging from 0.5 sec.

to 2.4 sec. Yield level values from 150,000 in. kips (16,950 kN m)

to 3,000,000 in.kips (339,000 kN m) were considered. For com­

parison, results were also obtained for the case of linearly
elastic response, i.e., very high yield level. In addition to

the basic 20-story wall considered in the parametric studies,

responses of 10-, 30-, and 40-story structures were also

analyzed.

The parameter combinations used in the 300 cases considered

in this investigation are summarized in Table 1. Basic

properties of the reference structure for each wall height

category are listed in Table 2.

The largest number of analyses was carried out on 20-story

structural walls using the reduced l2-mass model shown in Fig.

2. Analytical models for the other wall heights are shown in

Fig. 6.

The basic moment-rotation relationship assumed for the
hinging region in the walls is a bilinear idealization of the

primary curve. The hysteresis loop, a modified version of the

Takeda model(14) , exhibits decreasing stiffness in unloading

and reloading cycles subsequent to yield. The basic hysteresis

loop is shown in Fig. 4b, where unloading and reloading

parameters are denoted by a and~, respectively. An example of

a calculated moment-rotation loop, for an isolated wall with

fundamental period, Tl = 1.4 sec., a = 0.10, and ~ = 0, is

shown in Fig. 7.

Parameters Held Constant

Values of other structural parameters, assumed constant for

all of the walls considered, were: yield stiffness ratio,

r = 0.05; hysteretic loop unloading parameter, a = 0.10;
Y ,

reloading parameter, ~ = 0; damping coefficient = 0.05; stiff-
ness uniform throughout height of wall; strength, M , uniform

y
throughout height except for adjustments to reflect effect of

-18-
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axial load; and wall fully fixed at base with input motion

assumed directly applied to the base. Figure 8 shows the

distribution of mass, stiffness and strength over the wall
height.

Input Motions Used

For most of the parameter combinations considered in the

analyses of 20-story structural walls, the six accelerograms
shown in Fig. 9(15) were used. These include the five

accelerograms used in the parametric studies in addition to the

S69E component of the record taken at the Taft Lincoln School

Tunnel during the July 12, 1952, Kern County earthquake. The

corresponding 5%-damped velocity response spectra are shown in

Fig. 10. In subsequent analyses of structures of other heights,

it was possible to use fewer input motions since a basis for

selecting the critical input was available from analyses of

20-story structures.

Most analyses were carried out using a duration of 10

seconds and a spectrum intensity, SI*, equal to 1.5 (SI ref .).
To have a basis for adjusting design values for the "strong"

ground motion intensity of 1.5 (51 f) to valuesre .
corresponding to lesser intensities, analyses were made using

input motion intensities equal to 0.75 and 1.0 (51 f).re .
Also, to obtain estimates of cumulative deformation requirements

corresponding to ground motion durations exceeding 10 seconds,

a number of analyses were made using 20-sec.-duration input
motions.

*Spectrum intensity (SI) is defined in this investigation as
the area under the 5%-damped relative velocity response spectrum
corresponding to the first 10 seconds of an accelerogram,
between periods of 0.1 sec. and 3.0 sec. The spectrum intensity
corresponding to the N-5 component of the 1940 El Centro
(Imperial Valley earthquake) record is used as the reference
measure, SIref.. 5I re f. = 70.15 inches (1,782 rom).
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Each of the 20-sec. composite accelerograms was synthesized
by appending to the IO-sec. motions shown in Fig. 9, another 10

seconds of the strong-phase portion of the same accelerogram.

It was suggested in Ref. 6 that 20 seconds of strong ground

motion should provide an adequate basis for the design of most

structures.

Maximum Response Values

The major effort in developing a design procedure involved

compiling comprehensive data on the relevant dynamic response

quantities as functions of the two principal structural parame­

ters Tl and My. Variations in level of response corres­

ponding to changes in input motion intensity were also

considered.

Plots were prepared showing maximum values of top displace­

ment, interstory displacement, bending moment, shear, rotational

ductility, and cumulative plastic hinge rotation at the base of

the wall. Definitions for ductility measures are given under

the heading "MEASURES OF DUCTILITY DEMAND IN HINGING REGION."

Data for particular combinations of fundamental period, Tl ,

and yield level, My' were obtained for each input motion.
Separate sets of data were compiled for different

wall heights. Results for the case of 20-story structures with

M = 750,OOD in.-kips are shown in Fig. 11.y
Plots summarizing results of analyses for the different

structure heights and combinations of My and TI are
included in Appendix A as Figs. Al through A16. Numerical

values of the maximum response quantities corresponding to

Figs. Al through Al6 are also listed in Tables Al through A14

of Appendix A. All of these results correspond to a ground

motion intensity equal to 1.5 (SI ref .) and a duration of 10

seconds.

It is significant to note in Fig. 11 that although the 1940

EI Centro E-W and the 1971 Pacoima Dam S16E motions produce the

largest displacements (Figs. lla and lIb), moments (Fig. lIe)
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and rotational ductility (Fig. lle), these motions produce

relatively low maximum shears compared to the artificial accel­

erogram 51 (Fig. lld). This difference in criticality of input

motions with respect to moments and displacements on one hand

and shears on the other is even more pronounced when signifi­

cant yielding occurs. This effect is evident in Fig. 12 for

the case of walls with My = 500,000 in.-kips (56,490 kN m) .

This behavior is attributed mainly to the greater sensitivity
of maximum base shears to higher mode response.

Critical Response Values

From plots of maximum response values corresponding to

different input motions, a second set of plots was prepared

showing only the critical values of the response quantities.

Figure 13 shows plots of critical response values for 20-story
walls with different My-values.

A curve in Fig. 13 for a specific yield level, M , isy
defined by points representing the largest values of the
response quantity indicated in the corresponding maximum
response plot, such as shown in Fig. 11. Points on a curve in

Fig. 13 can thus correspond to different input motions. An "en

beside a point in Figs. Al through A16 in Appendix A indicates

that the maximum bending moment associated with the response

quantity plotted did not reach the assumed yield moment.

The use of critical response values for design assumes that

an earthquake with the most unfavorable frequency characteris­

tics with respect to a specific structure is possible. It was

decided to take this approach in the absence of specific

information concerning particular sites. It is recognized that

for some locations, geological conditions and the distance from

potential earthquake foci may make the occurrence of ground

motions having dominant components over a particular frequency

range unlikely. Thus, because high-frequency waves tend to be

attenuated relatively rapidly with distance, it may be

reasonable to assume that beyond a certain distance from

-31-
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a potential epicenter, component frequencies above a certain
value are unlikely to occur.

The fact that an input motion that is critical with res­
pect to moments and deformations is not necessarily critical

with respect to shear made it necessary to use other accelero­
grams to obtain near-maximum values for shear. In view of

this, the critical values of the moments and displacements

shown in Fig. 13 are generally not concurrent with the maximum

shear values. This aspect will be examined more closely later

in the report.

Three-dimensional plots showing the maximum response quan­
tities as functions of fundamental period, Tl , and yield

level, My' are shown in Fig. 14. This figure presents in
three dimensions, the data shown in Fig. 11. Also shown in

Figs. 14a, l4c, and 14d are surfaces corresponding to the

design forces specified under the Uniform Building Code, 1976

Edition (UBC-76) (16), for seismic Zone No.4.

The forces used to calculate top displacement and base

moment were obtained by multiplying the base shear, V, as given
by Eq. (12-1) of the code by a factor of 1.4. The forces used

to determine the base shear were obtained by using a factor of

2.0.

The coefficients I and S in the equation for V in UBC-76

were both taken equal to 1.0, with K = 1.33, in calculating the

UBC values for Fig. 14. Values of the unfactored forces corre­
sponding to the different wall heights as specified in UBC-76

are listed in Table 3.

Curve Fitting

In fitting curves to calculated data points for critical

response values, it was decided to disregard some points in

order to preserve the trends indicated by the majority of

points. In some cases a data point is significantly detached

from a curve representing the trend exhibited by other data

points. This indicates that the criticality of the input

motion relative to the structure for this case is not of the
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Fundamental P~rjoG.
T {-;ec. ),1

rarameters

I0.5 0.8 1.4

10 Stories
i
I

Height (ft) 90.75

I
90. ?5 90.75

Weight (k) 2,174 2.174 ,~174

E1 (lOll inZ_k) 1.21 .46 .15
Base Shear (kips) 273.3 215.5 163.3

Base Moment (106 in-k) 0.2 .16 .12
Top Displ. (in.) 0.54 1.17 2.76
Drift Ratio 1/2030 1/930 1/400

Fundamental Period. T1 (sec. )

Parameters

I0.8 1.4 2.0 2.4

20 Stories I i

Height (tt) 178.25 I 178.25

I
178.25 17S.~5

Weight (k) 4,374 I 4,374 4,374 ~,374

I
E1 (lOll in2.1e) 6.44 I 2.05 i .99 .68
Base Shear (leips) 435.0 329.0 275.0 252.0

Base Moment (106 in-Ie) .64 .49 AZ .39
Top Displ. (in.) 1.26 3.10 5.57 7.46

Drift Ratio 1/1690 1/690 I 1/380 1/290

I I
Fundamental Period, r1 (sec). I

Parameters
- 1.4 2.0 2.4

30 Stories

Heigilt (ft) 265.75 I 25:;.75 265.75

wel9ht (1:) 6,574 6,574

I
6,574

E1 (lOll in2_k) 9.81 I 4.72 3.27

Base Shear '(kips) 494.0 413.0 377.0 I
Base Moment (106 in-k) I

I
1.10 , .94 .87

Top Dlsp1. (in.) 3.23 5.80 B.95

Drift Ratio 1/1000 1/550 1/31)0

Fundament~l Period, T1 (sec. )

Parameters
1.4 2.0 2.4 3.0

40 Stories

Height (ft) 353.25 353,.25 353.25 353.25

Welgllt (k) 8.774 a,774 8.774 8,774

E1 (1011 in2_k) 32.4 16.7 10.22 6.48

Base Shear (kips) 659.0 Ss,a.O 503.0 450.0

Base M~ent (106
In.~) 1.96 1.67 1.54 1.41

Top Disp1. (In.) 3.07 5.79 7.il 11.37

Drift htla 11l38D

I
1/7J() 1/540 11370
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same order as that corresponding to the other data points. In

all cases, however, the data points are shown in the figures.

In practically all cases, the plotted curve was passed

through the largest calculated values so that the curve repre­

sents an upper bound with respect to the calculated data. The

only exceptions to this are a few cases where the artificial

accelerogram 51 was the critical input motion with respect to

shear. The accelerogram 51 is characterized by pulses of nearly

uniform amplitude and a relatively larger number of zero­

crossings when compared to most natural records. This can can

be seen in Fig. 9. These features tend to give the artificial

accelerogram stronger components in the low-period range than

might be expected in most natural records. It was therefore

decided to disregard data points corresponding to 51 when these

departed appreciably from those for other input motions.

Plots of critical response values, similar to Fig. 13, for

10-, 30-, and 40-story isolated structural walls are shown in

Figs. 15, 16, and 17. Plots of critical response values corres­
ponding to the four heights of structural walls considered have

also been reproduced in Appendix A as Figs. A17 through A23 for

completeness of the set.

Discussion of Results

An examination of the charts shown in Fig. 13 leads to the

following significant observations relating mainly to the
effects of the two principal structural parameters Tl and My

on the different response quantities considered.
1. Critical horizontal and interstory displacements

increase with increasing fundamental period of a struc­

ture. This follows from the greater flexibility of

longer-period structures. However, displacements are
not- significantly different for different yield
levels.*

*This result confirms the observation made by earlier investi­
gators concerning the approximately equal maximum displacements
of elastic and inelastic structures having the same initial
fundamental period.
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2. Critical bending moments and shears at the base of the
wall increase with increasing yield level. This would

be expected where all structures yield under the

specified ground motion intensity. These forces, how­

ever, do not vary significantly with fundamental
period, except in the elastic case, where an increase

in forces accompanies a decrease in period.

3. Rotational ductility demands increase with decreasing

flexural yield level and fundamental period of a
structure.

It is important to note the relationship between flexural

yield level, rotational ductility demand, and critical base
shear. An increase in flexural yield level results in a de­

crease in rotational ductility demand. However, it also
increases the magnitude of shear in the critical hinging region
at the base of the wall. Since the presence of high shear
st~esses tends to reduce the deformation capacity of the

hinging region in reinforced concrete members, particularly
under reversed loading, a balance between decreasing the duc­
tility demand and increasing the shear must be worked out in
determining the optimum level to use.
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MEASURES OF DEFORY~TION DEMAND IN HINGING REGION

Rotational ductility ratio was calculated from the maximum

moment at the base of the wall using the relationship*

IJ:ro

emax= e;- (I'

Other measures of deformation requirement near the base of
the wall were considered. A major reason for considering other

measures of deformation was to obtain estimates of the relative
magnitudes of these measures. This information was obtained to

determine the suitability and adequacy of each measure as an

index of deformation demand, particularly in relation to

deformation capacity. The intent was to determine relation­
ships between these various measures of deformation demand as

indicated by dynamic analysis and compare them with similar

data from laboratory tests. The objective was to identify a

readily determinable parameter that could be used in design for
correlating deformation demand with capacity.

Definitions for Measures of Deformation

In the analytical model used, hinging is assumed to occur at

a point. In actual walls, however, inelastic deformation occurs

over a finite length. Measures of deformation considered are

based on nodal rotations calculated at a nodal point located at

the top of the assumed hinging length as shown in Fig. 18. The

calculated nodal rotation represents total rotation of the

assumed hinging length.

*Equation (1) above is based on an assumed moment-rotation (M-B)
curve for the "point hinge" at the base of the analytical model
of the wall. Since the point hinge in the model represents an
idealization of the hinging region in a member, the assumed M-e
curve implies a particular, yet unspecified, hinging length. In
terms of the model itself, the above expression for the rota­
tional ductility, ~ro' accounts only for the rotation at the
point hinge. Most experimental data indicate that the hinging
length is primarily a function of the depth of a member.
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Fig. 19 Measures of Inelastic Deformation in Hinging Region
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~ =r

=~r

~ ~rc =

% A =r

Using moment-nodal rotation (M -8) curves as shown in Fig.

19, the following measures of deformation requirement for the

hinging region near the base of the wall were considered:

a. Rotational ductility ratio:

8y

where 8max is maximum nodal rotation and 8y is rotation
corresponding to moment M at first yield

y
b. Cyclic rotational ductility ratio:

8y

where 8c
max represents the maximum algebraic diference between

maximum nodal rotation and point where M-8 curve intersects the

zero-moment axis
c. Cumulative rotational ductility:

~~max

8y

where ·~8~ax represents the cumulative sum of the absolute

values of the nodal rotations for the entire duration of the

response

d. Cumulative rotational energy ratio:
%A .

rl

Ay

where ~ Ari represents the cumulative sum of the absolute
values of the areas unde the M-8 hysteretic loops for the entire

duration of the response and Ay = My8y/2

Maximum deformation alone does not provide complete

information on the deformation demand associated with dynamic

response. Information on maximum deformation must be

supplemented by data on the number of cycles of large-amplitude

(comparable to the maximum) deformation. This is important

since the behavior of structures loaded in the inelastic range
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can be significantly affected by the number of large-amplitude
cycles imposed.

Figures 20 and 21 show examples of the variation with time

of cumulative nodal rotation and cumulative rotational energy,

respectively. The structure considered in these figures has a

fundamental period, Tl = 1.4 sec. and yield level, My =
500,000 in.-kips (56,400 kN m). The base motion used was the
E-W component of the 1940 El Centro record. The hysteretic M-e

loop for this case is shown in Fig. 7. These figures show the
variation of the total cumulative quantities as well as the

"primary" and "secondary" components, as defined in Fig. 22.

In subsequent evaluation of data, the cumulative measures of

deformation are nondimensionalized. Thus, the cumulative

rotation is divided by the associated yield rotation and the

cumulative rotational energy by one-half the product of the

yield rotation and the yield moment.

Hinging Length at Base of Wall

To determine the effect of assumed hinging length on the

different measures of deformation, analyses were performed for
two assumed hinging lengths. Assumed hinging lengths for each

analysis are listed in Table 4.
Figure 23 shows the variation of critical rotational

ductility demand with fundamental period for the two values of

assumed hinging length considered. The plot is for the case of

20-story walls with M = 750,000 in.-kips (84,740 kN m).y
Ductility demands ~ 1 and ~ 2 correspond to hinging lengths·r r
listed for Case Nos. 1 and 2 respectively in Table 4. Also

shown is the rotational ductility ~ calculated from thero
moment at the base of the wall using Eq. (l)~ In relation to

the curves based on nodal rotations at the first and second

floor levels, the curve for ~ considers only the rotationro
at the hinge nearest the base. A slight decrease in calculated

ductility demand with increase in assumed hinging length is
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Table 4 - ASSUMED HINGING LENGTHS .

CASE 1 CASE 2

No. of Hinging No. of Stories Hinging No. of Stories
Stories Length in hinging Length in hinging

( ft) length ( ft) length

10 6.00 1/2 12.00 1

20 12.00 1 20.75 2

30 12.00 1 20.75 2

40 20.75 2 38.25 4
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apparent in Fig. 23. This indicates that deformation
requirements based on nodal rotations at lower floor levels

provide slightly more conservative estimates of demand than

those based on nodal rotations at higher floor levels.

Figure 24 shows the variation of critical rotational

ductility demand with assumed hinging length for 20-story walls.

The results shown represent a wide range of values of funda­

mental period (Tl = 0.8 to 2.4 sec.) and yield level (My =
750,000 to 1,500,000 in.-kips). The ordinate in Fig. 24

represents the factor equal to f~ the ratio of ductility demand
for an assumed hinging length to ductility demand calculated

for hinging length corresponding to the first two stories.

Observations of tests on walls(9) indicate that in most

cases, inelastic deformation is concentrated within a length

approximately equal to the width of the wall. On this basis,

it is reasonable to assume a hinging length equal to the width

of the wall. Thus, if the 10-story wall considered here is
about l2-ft wide, the nodal rotation at the first floor level,

12 ft above the base, should provide a reasonable estimate of
the deformation demand in the hinging region at the base of the

wall. If the 10-story wall is significantly wider than 12 ft,

the deformation demand based on nodal rotations at the 12-ft

height (1st floor level) will give a conservative estimate of

demand. Likewise, a reasonable estimate of rotational deforma­

tion demand in the 3D-story walls considered here is provided
by the nodal rotation at the 3rd floor level if the wall is

about 30-ft wide. Similar remarks apply to 20- and 40-story

walls if these are about20-ft and 40-ft wide, respectively.

Critical values of the four measures of deformation demand

for 10-, 20-, 30-, and 40-story walls are shown as plots (e),

(f), (g), and (h) in Figs. 13, 15, 16, and 17. All values are

based on nodal rotations at the second level discussed above

for each wall height.
In the remainder of this report it is assumed that the wall

widths are at least equal to the height from the base to the
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nooe at the secono level* noteo above for each wall height

examineo. Thus, only oeformation requirements associateo with

nooal rotations at the secono level, ~r2' are consioereo.

For cumulative measures of oeformation, which oepeno on

duration of input motion, the values for 10-secono input

motions were adjusted, as oescribeo in the next section, to
reflect a 20-secono ouration of strong grouno motion.

Aojustment of 10-Secono Cumulative Measures of

Deformation to Reflect 20-Secono Duration of Input Motion

In the parametric stuoies reported in Ref. 7, it was noteo

that the major effect of ouration of strong ground motion is on

cumulative oeformation. This assumes not only that the short­

ana long-ouration earthquakes have the same intensity, measureo

in terms of spectrum intensity, but also that the average
amplitude of the input acceleration pulses is about the same

for both cases.
The increase in cumulative oeformation with longer ouration

of the input motion essentially reflects the greater number of
cycles of oscillation that a structure unoergoes under the

longer-lasting excitation. It was further noteo that for the
same intensity ana frequency characteristics of the input

motion, maximum response values are not significantly changeo

by increasing the duration of the input motion.

*For the oevelopment of oesign charts, discussed in the subse­
quent sections, the measures of deformation demano for 30-story
walls were baseo on the nooal rotation at the 3rd floor level.
This is consistent with using the rotations at the 1st, 2nd ana
4th floor levels for estimating the rotational ouctility re­
quirements for 10-, 20-, ana 40-story walls, respectively. This
approach is baseo on the assumption that the length of the hing­
ing region is approximately equal to the wioth of the wall and
further that the width of the wall is proportional to the height
of the structure.
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It was pointed out in the study of input motions reported
in Ref. 6 that most recorded motions(15) have their strong

phases lasting from 10 to 15 seconds. It was concluded,

on the basis of several studies mentioned in Ref. 6, that a
duration of 20 seconds for the strong motion excitation should

provide an adequate basis for determining design requirements.

Twenty-Second Input Motions

To obtain a basis for adjusting the cumulative measures of

deformation corresponding to 10 seconds, listed in Tables Al

through A14, a number of analyses were made using 20-second

input motions. These 20-second motions were synthesized from
the first 13 seconds of the same records from which the

10-second motions shown in Fig. 9 were obtained. The four
20-second accelerograms used are shown in Fig. 25. The cor­

responding 5%-damped velocity response spectra are shown in
Fig. 26. The first 10 seconds of the accelerograms shown in

Fig. 25 are identical to the respective records in Fig. 9. The

portions of the records used to make up the second 10 seconds

of the composite accelerograms are indicated in Table 5. The
same intensity normalization factors used for the 10-second

accelerograms in Fig. 9 were used for the corresponding
20-second motions of Fig. 25.

A total of 12 analyses, all for 20-story walls, were mad~.

Fundamental period values considered ranged from 0.8 sec. to

2.4 sec. Yield level values ranged from 500,000 in. kips

(56,400 kN m) to 1,500,000 in.kips (169,460 kN m). The input

accelerogram used in each case was intended to produce

near-maximum displacement response.

Results of 20-Second Analyses

Results of 20-second analyses are listed in Table A14,

Appendix A. The last column in Table A14 indicates the ratios

of response quantities for 20-second base motions to the corre­

sponding quantities for 10-second base motions. The ratio
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varies from 1.0 to 1.4 for maximum response values and from 1.6
to 2.3 for cumulative measures of deformation. A summary of the

data presented in Table A14, showing average ratios for each

value of yield level (with fundamental period values ranging

from 0.8 to 2.4 sec.) is given in Table 6. Table 6 indicates
the average ratio for maximum responses ranging from about 1.0

to 1.2, and from about 1.8 to 2.2 for the cumulative measures

of deformation.

An examination of Table A14 shows that the highest value of

the ratio R20/R10 , i.e., the ratio of the 20-second maximum
to the corresponding 10-second maximum, of 1.4 is associated

with the E-W component of the 1940 El Centro motion. A major

reason for the significant increase in the calculated maximum

response for this particular 20-second composite acce1erogram

is the fact that it represents a more intense motion than the

corresponding 10-second accelerogram. Because the peak

acceleration occurs after 10 seconds (at about 11.5 sec.), the

20-second composite acce1erogram has a spectrum intensity

(68.16 in.) that is 1.22 times greater than that of the 10­
second motion (55.97 in.).

As mentioned, the same intensity normalization factor of

1.88 was used on the 20-second motion as on the 10-second

motion. This makes the 20-second motion 1.22 times more

intense than the corresponding 10-second motion. If the same

value of the spectrum intensity were to be used for both 10­
and 20-second acce1erograms, a slightly lower intensity

normalization factor (1.54 ipstead of 1.88) would have to be

applied to the 20-second composite motion. This would result

in correspondingly lower maximum response values and hence a

lower R20/R10 ratio for this particular input motion.

Table 6 indicates that similar reductions in maximum

response can also be expected for the other input motions if

the same spectrum intensity were used for both 10-second and
20-second acce1erograms. For the 20-sec. motions to have the

same spectrum intensity as the la-sec. motions, the intensity
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Table 6 Average Ratios* of Maximum and Cumulative Response
Quantities Corresponding to 20-Second and IO-Second

Duration Input Motions
20-Story Isolated Structural Walls

Average Ratio, RZO/RI0

Response Parameter Yield Level, Mv (in-kips)

500,000 1, 000, 000 ! 1,500,000
~

Top Displacement 1.23 1.15 I 1.12
Interstory Displacement 1.25 1.16 1.10
Horizontal Shear at Base 1.06 1.07 1.04
Bending Moment at Base 1.06 1.03 1.02
Rotational Ductility Ratio, ~rO 1.23 1.16 I 1.11

(Based on Equation 1) I
Deformation Measures Based on Nodal Ro:ations at 1st Floor Level
Rotational Ductility, ~rl 1.23 1.16 1.14
Cyclic Rotational Ductility, ~rcl 1.17 .1.15 1.03
Cum. Cyclic Rotational Ductility, kllrc1 2.33 2.14 1.99
Cum. Rotational Energy, kArl 2.18 1. 97 1.78
Deformation Measures Based on Nodal Rotations at 2nd Floor Level
Rotational Ductility, ~r2 1.18 1.17 1.20
Cyclic Rotational Ductility, ~ 2 1.16 1.13 1.08rc
Cum. Cyclic rotational Ductility, kllrc2 2.32 2.11 2.00
Cum. Rotational Energy, LA 2 2.18 1. 95 1.82. r

* Using four different accelerograms as input ~ith 5I = 1.5 (SI ref). Funda­
mental period range: 0.8 to 2.4 sec. See Table A 14, Appendix A, for details.
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normalization factor, i.e., the factor by which the as-recorded

acceleration amplitudes are to be mUltiplied, should be equal

to 1.5 (SIref.)/(SI20)' This quantity is listed in the
last column of Table 5.

In the case of the 1971 Holiday Orion, E-W motion, the

ratio of the spectrum intensity for the 20-second composite

motion to that of the 10-second motion is even slightly greater

(1.3l) than the corresponding value for the 1940 El Centro, E-W

motion. However, Table A14 shows that the maximum increase in

the 20-second response occurs only for structures with initial
fundamental period of 1.4 sec.

Figure 26 shows that this particular accelerogram has a

velocity spectrum that peaks near this period value. If

allowance is made for reductions in maximum response values for
the 20-second input motions to account for their greater

effective intensity, as discussed above, a value of R20/R10
closer to unity is obtained for the maximum response quantities.

In view of the above, it was decided to adopt, without
change, the critical response values for displacements, moments,

shears and ductility ratios obtained for the 10-second input
motions as representative of 20-second response values. The

cumulative measures of deformation, however, were adjusted to

reflect the considerable increase due to the longer-duration

input motions.

Figure 27 shows the variation of the ratio R20 /R10 with the

yield moment, M , for the cumulative cyclic rotational duc-
y .

tility, ~'~rc2' and the cumulative rotational energy,~Ar2' in
20-story structural walls. These deformation measures are based

on the nodal rotation at the second floor level.

Although Fig. 27 appears to indicate a decrease in R20/R10
for values of My greater than 1,000,000 in.-kips, there is a

lack of consistency in the trends exhibited by the relatively

few data points for the different fundamental period values. It

was therefore decided to use a single correction factor for

each parameter for all combinations of My andTl . This

correction factor was applied to the appropriate measure of
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cumulative deformation for 10-second input motions to obtain

values corresponding to 20-second duration input motions.

On the basis of the tabulated values shown in Tables 5 and

A14, and allowing for the greater effective intensities of the

20-second accelerograms used in obtaining these values, a

factor of 2.0 was used for cumulative rotational ductility,

k~rc2' and 1.9 for cumulative rotational energy, kAr2. It
is pointed out that for the input motion intensity used (1.5

SI ref .), the yield level value of 500,000 in.-kips appears to

be too low for most cases and can, therefore, be considered

impractical. The factors 2.0 and 1.9 are to be applied to the

critical cumulative rotational ductility and the critical

cumulative rotational energy for IO-second input motions to

obtain estimates of the corresponding values for 20-second

motions.
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EVALUATION OF ROTATIONAL DUCTILITY AS A MEASURE OF DEFORMATION

To assess the adequacy of each of the various measures of

ductility as a representative index of deformation demand, a

comparison with corresponding measures of capacity obtained

from tests was undertaken.

The evaluation involves ratios of each of the various

measures of deformation to a specific "reference measure."

Rotational ductility is used as the reference measure. The

check on adequacy then refers to rotational ductility. Ratios

of deformation demands from the analytical investigation are

compared with corresponding ratios of deformation capacity from

tests. The experimental data considered are results from the
concurrent experimental investigation(9,10).

Relative Magnitudes of Measures of Deformation Demand

Figures 28, 29, and 30 show relative magnitudes of the

different measures of deformation demand representing critical

dynamic response. These figures correspond to 20-story struc­
tural walls subjected to input motions with intensity SI = 1.5

(SI f)' Data for these figures are based on the criticalre .
response plots shown in Figs. l3e, f, g, and h.

Cumulative measures have been adjusted to reflect a

20-second duration of the input motion. In these figures, the

ratio of each measure of deformation to ~r2 is plotted against

fundamental period for different values of ~r2' Solid lines

in Figs. 28 to 30 represent the mean of the plotted points.

Dashed lines represent upper bounds for the" corresponding

data. The distribution of the plotted points does not appear

to indicate a dependence of the different ratios on the value

of the reference measure ~r2.

Figure 28 shows the average ratio of the critical cyclic

rotational ductility to the critical rotational ductility,

~ 2/~ 2' to be 1.2. The ratio of the cumulative rotationalrc r
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ductility to rotational ductility, ~rc2/~r2' varies from about
12.5 to 20.5, with a mean value of 16.2. The ratio of cumula­

tive rotational energy to rotational ductility, Ar2/~r2

varies from about 5.0 to 14.6, with a mean value of 11.8.

A plot showing the mean of all three ratios discussed above is

shown in Fig. 31. The mean values are plotted as solid lines.

The dotted curves in Fig. 31 represent the upper bound envelopes

of the corresponding data points in Figs. 28 through 30.

Experimental Investigation

Th . t I . . t' (9,10). . d d 1"e experlmen a lnvestlga lon lS alme at eve-

oping procedures for design of structural walls to provide the

strength and deformation capacity indicated by dynamic response

studies.

During the first phase of the experimental investigation,

isolated structural walls with three different cross sectional

configurations were constructed and tested. Summaries of

observed results on strength and deformation have been repro­
duced from Refs. 9 and 10 as Tables 7 and 8, respectively. Out

of the 16 tests reported, one was conducted under monotonic

loading and 2 were retests of repaired specimens that had been

tested earlier. Results of the 13 tests form the basis for the

comparison discussed in this section.

For most of the tests, loading was applied in three

increments until yielding occurred. At each load increment,

three complete cycles of loading were applied. Subsequent to

yielding, loading was controlled by deflections in I-in.

increments. The largest absolute value of deformation in which

at least 80% of the maximum observed load was sustained was

considered ~he "ultimate deformation" stage(9,10). A typical

loading program of this type is shown in Fig. 32a.

To determine the effect of loading history on the behavior

of specimens subjected to reversed cyclic loading, three speci­

mens, two virgin and one repaired, were tested using a loading
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program developed on the basis of dynamic response data(ll).

This loading program is shown schematically in Fig. 32b. It is

distinguished primarily by the occurrence of a loading cycle

corresponding to the maximum expected deformation early in the

test, with only one small inelastic cycle preceding it.

Ductilities of Test Specimens

The rotational ductility, ~ , cyclic rotational ductility,,r
~rc' cumulative rotational ductility, ~~rc' and cumulative

rotational energy, ~rc' were computed from digitized data

for each of the test specimens considered. Values of these

measures of deformation for each specimen are listed in Table 9.

Listed values are based on the measured rotation of a section

about 74 in. above the base. These correspond to moment-rota­

tion curves such as are shown in Figs. B2 to Bl4 of Appendix B.

Most of the inelastic deformation in the walls tested was

confined to the first 6 ft at the base of the walls. This

segment of wall will be referred to as the hinging region.

Calculated values of measures of deformation at various load

stages are listed in Tables BI to Bl3 for each specimen
considered. Table 9 presents a summary of measures of ductility

corresponding to the ultimate deformation stage.

Also listed in Table 9 are the observed yield moments, cor­

responding yield rotations and maximum observed shear forces.

It should be noted that the yield rotations listed in Table 9

correspond to "full yield" or to yielding of all the tension

re~nforcement in the boundary element, rather than rotations

"at first yield" corresponding to the onset of yielding in the

extreme tension reinforcement. "Full yield" corresponds more

closely to the definition of yielding (i.e., marked deviation

of response from the initial linear elastic behavior) used in

the dynamic analyses. Thus, the yield rotations corresponding

to full yield as listed in Table 9 have been used in the

computation of ductilities. The ratios of ductilities

~ /~, ~:~ / ~, and 4A / ~ are also listed in,rc ' r ,rc, r r . r
Table 9. These ratios are discussed later in this section.
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The rotational ductility, rr' of the "hinging region" at

the ultimate deformation stage for the thirteen test specimens

is plotted against the corresponding nominal shear stress in

Fig. 33. The data "points" shown in this figure, as well as in

Figs. 34 through 36, indicate the sectional shape of each speci­

men. A "c" appearing beside a data point in this figure indi­

cates confined boundary elements in the corresponding specimen.

An "a" beside a point indicates that an axial compressive load

equivalent to approximately SOD psi was imposed on the specimen

during the test. The rest of the specimens had no axial load.

The dashed line drawn in this figure represents a lower bound

to the plotted points. Any point on this line thus indicates

the minimum rotational ductility which, according to test

results, is available under the corresponding nominal shear

stress.

Figures 34, 35, and 36 show similar plots of cyclic rota­

tional ductility, ~ , cumulative rotational ductility,rc
~~ , and cumulative rotational energy, kA , respectively.rc rc
These are plotted against the maximum applied nominal shear

stress.
The dashed line in Fig. 34 represents a magnification of

the values corresponding to the dashed line in Fig. 33 by a

factor of 1.5. In other words, for the same value of the nomi­

nal shear stress, the dashed line of Fig. 34 yields a cyclic

rotational ductility, ~ ,equal to 1.5 times the correspond-,rc
ing rotational ductility, ~. It can be seen that the dashed

r
line of Fig. 34 constitutes a lower bound to the plotted points.

This means that for the same nominal shear stress, a minimum

cyclic rotational ductility equal to 1.5 times the minimum

available rotational ductility can be counted on.

The dashed lines in Figs. 35 and 36 similarly represent

magnifications of the values corresponding to the dashed line
in Fig. 33 by factors of 22.0 and 21.0, respectively. It may

be seen that in each figure, all plotted points except that

corresponding to Specimen Fl lie above the dashed line.
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Specimen Fl was the very first specimen tested. Subsequent

to the yielding of this specimen, the top deflection was in­

creased directly from 2 in. to 4 in. instead of three inelastic

load cycles being applied at one-inch deflection increments as
in other specimens. The first inelastic cycle at 4-in. deflec­

tion was stable~ but the specimen then failed suddenly by web
crushing. It appears very likely that the specimen would have

easily withstood three inelastic load cycles at a top deflection

of 3 in. If this had been the case, the cumulative ductility

and the cumulative rotational energy of this particular specimen

would very probably have been much larger than the values

appearing in Figs. 35 and 36. The points representing Specimen
Fl in Figs. 35 and 36 can thus be disregarded. Disregarding Fl,

the dashed line in each of these figures thus constitutes a

lower bound to the plotted points.

The dashed lines in Figs. 34, 35, and 36 indicate that if a

minimum rotational ductility, ~r' of 3, say, is available

under a particular nominal shear stress, a minimum cyclic
ductility of 3 x 1.5 = 4.5, a minimum cumulative ductility of 3

x 22 = 66, and a minimum cumulative rotational energy of 3 x 21
= 63 are also available. It is of interest to compare the

factors of 1.5, 22.0, and 21.0 with the corresponding ratios of

ductilities in Table 9 (1.65, 25.76, and 24.88, respectively).

By noting the relative magnitudes of the different measures

of available ductility in terms of a reference measure (in this

case, ~r)' a comparison with the corresponding quantities re­
presenting ductility demands can conveniently be made.

Comparison of Measures of Demand and Capacity

Figure 37 shows a comparison of the different measures of

deformation demand with corresponding measures of capacity.

The ranges of the ratios representing demand shown in Fig. 37

are based on the Figs. 27 to 30 while those representing capa­

city are based on Figs. 33 to 36. In Fig. 30 and in the subse­

quent discussion, the subscript "2" attached to the symbols for
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measures of deformation demand has been dropped for convenience.
Ductility demands are based on nodal rotations at a level above

the base approximately equal to the width of the wall.

Ratios of ductilities relating to demand are relatively

insensitive to changes in fundamental period. A horizontal

line in each of Figs. 28 through 30 sufficiently describes the

variation of the mean ratio with Tl . It is apparent from
Fig. 37 that the demand in terms of the three ratios is less

than the corresponding available capacity.

The test results as shown in Fig. 34 indicate that the

minimum available ductility in terms of ~ is at least 1.5rc
times the available ductility in terms of ~. Figure 28 shows

r
that the maximum ductility demand in terms of the ratio of

~rc to ~r is only 1.3. It follows that satisfaction of the

ductility requirements in terms of ~r automatically implies

satisfaction of the same requirements in terms of ~rc.

Similarly, the test data of Fig. 35 indicate that the mini­

mum available ductility in terms of ~rc is at least 22 times

the available ductility in terms of ~r. The analytical
results in Fig. 29 show that the maximum ductility demand in
terms of the ratio of ~ to ~ is about 20.2. Thus, ifrc r
the ductility requirements are satisfied in terms of ~r' they

will automatically be satisfied in terms of ~rc also. The
same observation can be made concerning the adequacy of ~r as

an index of the satisfaction of ductility requirements in terms

of the cumulative rotational energy ~Ar.

Although th~ data considered are limited, the above compar­
ison provides a strong indication of the adequacy of rotational

ductility, ~ , as a measure of deformation demand and capacity,r .
in the sense that satisfaction of ductility requirements in

terms of ~ automatically implies satisfaction of the samer
requirements in terms of the other three measures of ductility.

Because ~ is the most conveniently determined measure among. r
the four measures considered, and one that has been widely used

in the literature, it was decided to adopt it as the basic

measure of deformation demand and capacity.
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Assumptions Underlying Comparison

In comparing measures of deformation demand obtained from

dynamic analysis with deformation capacity from laboratory

tests, it was implicitly assumed that the test conditions cor­

responded to the response of isolated walls to 20-second input

motions having an intensity equal to 1.5 (51 f). It shouldre .
be pointed out that a 20-second strong motion with a spectrum

intensity of 1.5 (51 f) represents a very severe earthquake.. re •
Another important assumption made in carrying out the above

comparisons is that the behavior of reinforced concrete walls

is not significantly affected by differences between tests and

analyses with respect to number of cycles of large-amplitude

deformations or the sequence in which these large deformations

are imposed. Thus, an equivalence in deformations from analyti­

cal and experimental results was assumed as indicating that

specimens tested under the loading pattern used in the labora­

tory could sustain the same deformations under typical dynamic

response conditions.
Whether the sequence of loading used for most of the test

specimens (Fig. 32a) represents an equivalent or more severe

loading than that which would typically occur under earthquake

excitation is an important question. This question requires

further investigation to more fully establish the validity of

the preceding comparison.

A detailed study of deformation response histories for most

of the cases considered in this investigation for the purpose

of characterizing a representative loading history is discusSed

in Ref. 11.
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DETERMINATION OF DESIGN FORCE LEVELS - BASE OF WALL

A procedure for determining design forces has been developed

based on critical response quantities compiled and plotted for

a wide range of values of the principal structural parameters,

fundamental period, Tl , and yield level My' Design forces

of major interest are those necessary for proportioning wall

sections located in critical regions. For an isolated wall,

the most critical region is located at the base of the wall.

The design procedure is presented in a form suitable for

design office use. Dynamic response data are reduced to static

design values. A comparison was made between design values

obtained by the proposed procedure and by the Uniform Building
Code(16) procedure.

Preparation of Design Charts

The basic steps involved in the preparation of charts for

use in determining design force levels are illustrated in Fig.
A on the following pages. The main objective of the procedure

is to determine design moments and shears at the base of the

wall corresponding to particular combinations of four basic

parameters, namely, fundamental period, flexural yield level,

expected earthquake intensity, and deformation capacity of the

structure.
The basic steps for determining design force levels shown

in Fig. A use rotational ductility factor, ~r' as the

measure of deformation. The schematic chart shown under Step

(4) in Fig. A indicates how experimental data ~n capacity can

be presented for correlation with analytical results on demand.

Steps indicated in Fig. A are concerned primarily with the

forces and deformations in the critical region at the base of

the wall.
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Basic Steps in Preparing Design Charts
-----------~- ---._---------

Response Values Obtained
from Dynamic. Analysis

assumed
available

ductility
fLO

~Ol

For a given heiqht of wall and

ground motion intensity

Obtain mimimum yield moment, ~in (at base)
corresponding to assumed available cut~~'~~

ductilitY/~~ , and particular values of the
initial fundamental period, Tl • (Any value
of My less than this minimum can result in
ductility requirements greater than av~;'_L'

Fundamental Period, T 1 sec.
I
I

T
1

UBC-76
distribution .
of Vr : af W

w

__ ___ ~VT

I. '111111111111.

M min.
y

Determine value of a f • VT/W which produces
a moment at the base of the wall equal to

~in, using UBC-76 distribution of base
shear. (This gives a static design force,
afw, similar to the UBC design base shear,
for detemining the flexural r~inforcement

at the base of the wall. The minimum yield
moment capacity, M~in, is needed to limit

the reqUired ductility under the design
ground motion intensity to the assumed

available ductility.)

For different values of the
fundamental period, Tl , and

assumed available ductility,
~~, a chart such as is shown
at right is obtained.

a f = W
4
5
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-------- - --. ~ --- - - - ~ -

Response Values Obtained

from Dynamic Analysis~Ol

,..----------...

Determine maximum dynamic base shear,
v~yn, corresponding to ~~ assumed in
Step (1) and particular values of the
fundamental pe:iod, T1 • Then ~alculate

rati.o v~yn/VT .. Q v' The factor a <,T is

generally 9teater than unity. (The

force ~ vV',!: .. v~yn pro"'ides a oasis for
~~e aesign of the shear reinforcement

at the base of the wall.]

Rotational I Ductility, }J-r
T1

ror different values of available
ductility, ~~' and fundamental ?eriod
T1 , a chart such as is shown at ri9ht
is obtained.

Vdyn.
Ci" .::: ..........1_v....

I

Fuodamentol Period 1 T I sec.
l
i 1

Max. Nominal Shear Stress

~ato from E:tperimentot
~ Progrom

Res~lts of laboratOry tests on wall
specimens subjected to reversed loading,

suer. as indieatad in tn~ ske~cn at left,
wi~ serve as bases f~ est~atin9 the
available rotational ductility for any

particular Combination of wall cross­
section and ma~imum applied nominal shear
stress. (This chart will correspond to a
more-or-less constant M!V ratio and a
specified loading sequence).

M-V
J[~
-------

~/~
I
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Steps in Design Procedure Using Design Charts

The procedure for determining forces needed to design the

critical region at the base of a structural wall, uses charts

developed following Steps 2 and 3 in Fig. A.

The major steps in the design procedure are briefly

described below:

a. Select a preliminary wall section, with associated

initial fundamental period. The preliminary section

could be based, for example, on gravity and wind load

requirements.

b. Assume an available rotational ductility, ~~. An esti­

mate may be obtained by using a chart, based on experi­

mental data, similar to the plot shown under Step (4)

in Fig. A.

c. Determine the flexural design factor, af' from a

chart similar to that shown under Step (2b) of Fig. A.

Determine the corresponding required flexural reinforcement
'd minto provl e My .

d. Determine ~ and the "effective static nominal shearv
stress"* from a chart similar to that shown under

Step (3b) of the outlined procedure.

e. Using a chart similar to that shown under Step (4) of

the outlined procedure, check if the available

ductility, ~:' assumed in Step (a) above can be

developed under the design shear stress determined in

Step (c) above.

If the assumed ductility can be developed, then

determine the required shear reinforcement using

*This is an equivalent static design shear value obtained by
applying a reduction factor to the calculated critical dynamic
shears. The reduction is intended to account for the effect of
a number of factors discussed under "Reduction in Critical
Dynamic Shear Forces" and allows a comparison with capacity
values obtained experimentally under slowly reversed loading.
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design recommendations to be developed on the basis of
the results of the experimental program.

If the assumed ductility cannot be developed

under the calculated design shear, adjust the assumed

ductility value accordingly and repeat Steps (a)

through (d) until a reasonable agreement between

assumed and developable ductilities is obtained.

Preparation of Design Charts for

20-Story Isolated Structural Walls

To illustrate the procedure, design charts were prepared for

20-story isolated walls. In this particular case, the walls
were subjected to input motions having an intensity, SI, equal

to 1. 5 (SIre f . ) .
On the assumption that the width of the walls is at least

20 ft,* rotational ductility ratio based on nodal rotation at

the 2nd floor level was used as the measure of deformation in

the critical region at the base of the wall.
Figure 38a, corresponding to the plot shown in Step (1) of

the procedure outlined in Fig. A, shows the variation of rota­
tional ductility demand with fundamental period, Tl , and

yield level, M. (Figure 38a is identical, except for size,y
to Fig. l3e.) From this, another chart, Fig. 38b, was prepared,

to allow a closer determination of M -values lying betweeny
curves in Fig 38a. Each plotted point in Fig. 38b, corres-

ponding to a particular value of the fundamental period, T l ,

represents the intersection of a vertical line through the
period value with the corresponding M -curve in Fig. 38a.y
Here again the curves have been passed through as many points

as would permit a fairly smooth upper-bound curve to be drawn.

By assuming available ductility ratios, ~~, equal to 3, 4,

5, and 6, and using Fig. 38b, a set of values for the minimum

*A procedure for adjusting the ductility demand for cases where
the width of the wall, and hence the length of the hinging
region, is less than the minimum assumed in deriving the design
charts, is given in Fig. 24.
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yield level at the base, Mmin , is obtained as a function ofy
fundamental period, Tl , and available ductility. This re-

lationship, as shown in Fig. 39, indicates that the minimum

design yield level, Mmin , increases with decreasing availabley .
ductility and fundamental period. M~ln represents the minimum

value of yield moment at the base needed to ensure that the

ductility demand does not exceed the assumed available ductil­

ity. A higher value of M will result in a lower ductilityy
demand, but a correspondingly higher shear force at the base.

This will in turn tend to reduce the available ductility or
deformation capacity of the wall.

Figure 40, corresponding to the figure in Step (2b) in Fig.

A, shows the flexural design factor, a f , as a function of the

fundamental period, TI , for different values of the available

rotational ductility ratio, ~~. The factor a f is used to obtain

the total design horizontal force, VT (= afw, where W is the

total effective weight of the structure) for designing the

flexural reinforcement at the base of the wall. Figure 40 is

essentially a re-plot of Fig. 39, with the minimum yield level
at the base, Mmin , expressed in terms of the corresponding totaly
lateral force, VT• The total lateral force, VT, is conveniently

expressed as a fraction of the total effective weight of the

structure, W, and is assumed to be distributed as prescribed in
UBC-76 (16) and indicated in Fig. 41.

Using a technique similar to that applied to the critical

base moment in preparing Fig. 40 for the flexural design

factor, a f , Fig. 42b was prepared from the plot of critical

base shears shown in Fig. 42a. (Figure 42a is identical,

except for scale, to Fig. 13d.) Figure 43 shows the shear

design factor uv ' as a function of the fundamental period, TI '

and the assumed available ductility, ~~.

Figure 43 was prepared using Figs. 38b, 40 and 42b. To

determine the ordinate, a , of a point on d curve in Fig. 43
v
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Mmin/Vdyn with the fundamental
y T

period for different values of the ductility ratio, ~r' is
shown in Fig. 44. This ratio may be interpreted as the distance

above the base of the wall of the equivalent resultant static

horizontal force necessary to produce M;in and v~yn simulta­

neously at the base. The ordinate on the right side of the
figure shows this distance in terms of the total height of the

wall. It will be noted that for all cases the equivalent

resultant force lies below the 2/3 point associated with the

triangular loading specified in codes. This is consistent with

the observation that the shear design factor, ~' is

generally greater than unity.
Figures 45 and 46 show critical values of the top displace­

ment and interstory displacement, respectively, as functions of

fundamental period and the rotational ductility at the base of

corresponding to particular values of ~~and Tl , use was made

of Fig. 3ab to determine the yield level, My' associated

with ~~ and Tl . Using these values of My and Tl , the maximum
dynamic base shear, v~yn, is then obtained from Fig. 42b. The

shear design factor, Uv results from dividing v~yn, by the base

shear v T corresponding to My and Tl . The value of VT = afw,

where W is the total effective weight of the wall, is obtained

using Fig. 40. As in previous plots, a major consideration in

drawing curves for different values of ~~ in Fig. 43 was to

obtain a reasonably conservative estimate of the variable
concerned, in this case; .v _

The design shear factor, uv ' is the factor by which the cal-
culated dynamic shear force at the base, v~yn, exceeds the base

shear, VT' associated with the design yield moment, My' at the

base. My is related to VT by assuming the latter to be distrib­
uted along the height of the wall in accordance with UBC-76 pro­

visions. It is significant to note that the factor a~ ha: ~alues

that are generally greater than unity. Figure 43 shows av in­

creasing with increasing values of available ductility and fun­

damental period.
The variation of the ratio
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the wall. The figures are for 20-story walls subjected to input

motions with intensity 51 = 1.5 (51 f). The clustering ofre .
the curves within a narrow band indicates the relative in-
sensitivity of displacements to rotational ductility at the

base. These figures and similar ones for other structure

heights and earthquake intensities can be used as guides in

selecting the appropriate fundamental period, and hence

stiffness, of a wall once the tolerable maximum displacement

has been selected.

Design Charts for 10-, 30, and 40-5tory Walls

Following the same procedure described in the preceding sec­

tion for 20-story structural walls, flexural and shear design

factors were prepared for the other wall heights considered.

Charts for these cases are shown in Figs. 47 and 48. The charts

for 20-story walls have been reproduced in these figures for

completeness.

Integration of Results for Walls of Different Height

Figures 49 and 50 were prepared to permit combining charts

for walls of different heights. Each of the first five charts,
(a) through (e), in these figures shows plots corresponding to

a particular value of rotational ductility, for all wall heights
considered. The smooth curves shown in these figures represent

approximate averages of the plotted points. The last charts,
Figs. 49f and 50f, show the curves for all five rotational

ductility values.
Larger scale plots for the flexural and shear design fac­

tors, without the data points shown, are given in Figs. 51 and

52. The charts shown in Figs. 47 through 52 correspond to

input motions with intensity 51 = 1.5(51 f).re .
The charts of Figs. 51 and 52 show the flexural and shear

design factors as functions of the initial fundamental period

and the available rotational ductility factor. The latter is
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directly related to the flexural yield level of a structure.

Both charts are for a ground motion intensity SI = 1.5

(SI f)' the reference intensity (SI f) being that ofre . re .
the N-S component of the 1940 El Centro record. These charts
reflect the effects on design force levels of the most

significant structural parameters, for a specific ground motion

intensity.

To complement the design information provided in Figs. 51

and 52, data on maximum interstory and top displacements for

walls ranging in height from 10 to 40 stories are summarized in

Figs. 53 and 54. The displacements are plotted against funda­

mental period. They are given in terms of absolute values and

as ratios of displacement to total height (in the case of top

displacement) or to story height (for interstory displacements).

Figure 53a gives the absolute value of the top displacement

while Fig. 53b shows this in terms of its ratio to the wall

height, At/H. A single least-squares-fit line appears to

adequately represent the variation of the critical top

displacement with fundamental period in 53a. When expressed as

a ratio, At/H, however, a distinction between the top
displacements corresponding to the different wall heights is

indicated by the four least-squares-fit lines shown in Fig. 53b.

For the critical interstory displacement, distinct least­

squares-fit lines correspond to each wall height. This occurs

for both absolute interstory displacements as well as for the

ratio of interstory displacement to story height, Ai/h, as

shown in Figs. 54a and 54b.
In generating data for Figs. 51 through 54, other variables

characterizing the structure were held constant. ~he constant

values assumed for these other parameters were those considered

as averages for the normal range of variation of each parameter.

The values of these constant parameters are as follows:

Yield stiffness ratio, r y = 0.05

Parameters characterizing hysteretic loop
(see Fig. 4b):
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Unloading parameter, a=
Reloading parameter, ~=

0.10
o

Viscous damping coefficient
(for first and second modes) = 0.05

Uniform stiffness throughout height of wall

Strength (My) uniform throughout height
except for adjustments to reflect effect
of axial load due to dead weight

Wall fully fixed at base

Response of a structure characterized by parameters differ­

ent from those indicated above, may differ from the calculated

response used to prepare Figs. 51 and 52. However, based on

results of the parametric studies reported in Ref. 7, it is

believed that for most practical cases the values obtained from

Fig. 51, 52 and similar charts will be conservative.

A method of adjusting for differences between mass of a

particular structure and mass of the structures used for Figs.

51 and 52 is discussed in the following section.

Adjusting Flexural Design Factor for Difference in Mass

Variation in fundamental period of structures considered in

preparing Figs. 51 and 52 was obtained by varying only the

effective stiffness of the walls. For each wall height, the

effective mass (corresponding to the weight that would be
effective in the lateral motion of the wall) was kept constant.

Thus, as shown in Table 3, total weights of 2174 kips, 4374

kips, 6574 kips, and 8774 kips were assumed for the 10-, 20-,

30-, and 40-story walls, respectively.

Where the effective mass of a given structure differs

significantly from that of the corresponding structure of the

same period considered in developing the data for Figs. 51 and

52 (hereafter referred to as "basic walls") an adjustment in
the yield level is necessary. This is because an increase in

the effective mass (assuming the same mass distribution along
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the height of the wall} will require a corresponding increase

in the effective stiffness of the wall to obtain the same

fundamental period.
Two structures having the same fundamental period and yield

level but with different stiffnesses can be expected to have
about the same maximum displacement under a given base

excitation. However, because the stiffer structure will have a
smaller yield rotation it will register a higher ductility

requirement than the more flexible structure for the same

maximum displacement or rotation. This is shown in Fig. 55.

In order for both structures to have about the same ductility
requirement, the yield level and hence the yield rotation of

the stiffer structure will have to be increased such that both

structures yield at the same rotation.

As an example, if a 20-story wall has an effective mass

twice that of the corresponding basic structu~e of the same

period, this would imply that it also has twice the stiffness

of the basic wall. If such a wall had the same yield level as

the basic wall of the same period it would be expected to have
twice the ductility demand associated with the basic wall. For

such a wall to have the same required ductility as the basic

wall, its strength or yield level would have to be twice that

of the corresponding basic walL
In using Fig. 51 for the above example, the value of a f

obtained from the figure would have to be multiplied by 2.0.
This adjustment effectively doubles the strength or yield level

of the wall resulting in the same rotational ductility as the
basic wall. The flexural design factor would thus have to be

multiplied by the ratio of the effective mass of the given wall

to that of the corresponding basic wall having the same

fundamental period. No adjustments need be made in the value of
a

v
The masses of 'basic walls' having heights between the four

wall heights listed in Table 3 can be estimated by linear

interpolation between the closest two basic cases for which

masses are given in the table.
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Critical Response Values for Different Earthguake Intensities

To extend the procedure developed in the preceding sections

to a broader class of problems in terms of seismic exposure,

analyses were carried out for input motion intensities equal to

0.75 and 1.0 times (SI f)' Results of these analyses, whenre •
combined with the extensive data for SI = 1.5(SI f)' providere •

developed for 1.5
to a reasonably wide

a basis for adjusting the design values

(SI f) to obtain values correspondingre .
range of input motion intensities.

The additional analyses using input motion intensities

other than 1.5 (SI f) were done only for 20-story walls.re •
Fundamental period values ranging from 0.8 sec. to 2.4 sec. and

flexural yield levels from 250,000 in-kips .(28,250 k N) to
1,000,000 in-kips (112,980 k N) were considered. Results of

these analyses are listed in Tables A15 through A26 of Appendix

A. Since the critical input motion corresponding to each

parameter combination had already been indentified earlier,

only a few of the six input motions considered earlier were

used for these supplementary analyses.

Critical values of maximum top displacement, maximum

bending moment, maximum base shear, and rotational ductility
for walls with different yield levels are shown in Figs. 56 and

57. The curves in Fig. 56 correspond to an input motion

intensity SI = 0.75(SI f)' while those in Figs. 57 are forre •
SI=1.0(SI·f )·re .

Critical response values corresponding to the three input

motion intensities considered, for the case of walls with yield
level M = 750,000 in-kips (84,740 kN m), are shown in Fig. 58.

Y -
The earthquake intensity ratio, SI, in Fig. 58 represents the
ratio of the spectrum intensity, SI, of a particular input

motion to the reference spectrum intensity, SI f. There •
curves for critical top displacement, base moment, shear, and

rotational ductility for intensity ratios of 0.75 and 1.0 were

obtained using the same procedure described for the case of

SI = 1.5. An almost regular decrease in the magnitude of all

response quantities occurs with a decrease in input motion

intensity.
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Design Factors for Different Earthquake Intensities

Based on critical response plots such as shown in Fig. 58,

flexural and shear design factors a f and a~ were determined for

81 = 0.75 and 1.0. These are shown plotted in Figs. 59 and 60.

To allow use of the extensive response data for input

motions with 81 = 1.5 for other earthquake intensities, an

approximate relationship was established between the design

factors for 81 = 1.5 and those for the lesser intensities.

This was done by calculating the ratios of the flexural and

shear design factors for 81 = 0.75 and 1.0 to the corresponding

factors for 81 = 1.5. Plots of these ratios against 81 are

shown in Figs. 61 and 62.

Figures 61 and 62 show least-squares-fit lines for the

respective data. The linear regression line in each case was

obtained by assuming the value of the intensity factor of 1.0,

corresponding to 81 = 1.5, as representing 100 data points. It

will be noted, from a comparison of the data points in Figs. 61

and 62, that the scatter of data for the shear intensity factor

is wider than that for the flexural intensity factor.

To further simplify the expressions relating the flexural

and shear intensity factors, I a and Iii with the earthquake

intensity ratio, 81, lines passtng thro~gh the points I a = 1.0,
- x81 = 1.5 (x = f, v) and closely parallel to the respectlve

linear regression lines are proposed, as shown in Figs. 61 and

62. The algebraic expressions for the lines are as follows:

1- = 1.6 - 0.4 Sf for the shear design factor. (3)av

and

I a = 0.67 81
f

for the flexurual design factor,. (2 )

The above relationships, when used in conjuction with Figs.

51 and 52, give design forces for the critical region at the

base of isolated walls subjected to a range of earthquake

intensities. Thus, the total base shear, VT , required for the

design of the flexural reinforcement at the base of walls

-142-
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ranging in height from 10 to 40 stories subjected to a ground

motion of intensity SI = SI x (SI f) is given byre •

w, (4 )

where I a is given by Eg. (2) above and af
Fig. 5l. f The corresponding expression for

for the shear design of the base is

VTS = 1-· a VTa vv -= 1- a af Wa vv

is obtained from

the total base shear

(5 )

where I - is given by Eg. 3 above and a is obtained froma v
Fig. 52. v

Figures 63 and 64, also based on data for 20-story walls

subjected to different input motion intensities, provide guides

for adjusting the maximum top and interstory displacements

corresponding to SI = 1.5 given in Figs. 53 and 54.

Spectrum Intensity and Seismic Zones

No attempt has been made to relate the various levels of

input motion intensity with the different seismic zones

prescribed in seismic risk or regionalization maps of codes.

This step is beyond the scope of the investigation.

However, it is hoped that, as more data on earthquakes are

accumulated, seismic regionalization maps can be established

defining seismic risk in terms of the expected maximum

earthquake intensities and their corresponding return periods

or recurrence intervals. with the availability of such maps,

it will be possible to directly utilize the proposed design

force levels developed in this study for different ground

motion intensities. This assumes that earthquake intensity

will be defined in terms of some measure with which spectrum

intensity as used in this study can be correlated. In the

absence of maps defining spectrum intensities and their
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corresponding recurrence intervals for different regions, the

design force levels presented here can still be utilized by

estimating the spectrum intensity associated with particular
seismic zones on the basis of available information.

In an effort to provide some guidance in this direction, a

comparison was made of the velocity response spectra of the six

accelerograms used in this study with the velocity spectrum

associated with the "effective peak velocity" defined in the

Applied Technology Council's "Tentative Provisions for the

Development of Seismic Regulations for Buildings," (ATC
3-06) (1). In the subsequent discussion, Ref. 1 will be

referred to as "ATC-3".
In ATC-3, the maximum effective peak velocity (EPV)

assigned to the most seismically active parts of California is

12 inches per sec. This corresponds to the contours labeled

"0.4" in the effective peak-velocity-related acceleration (Av )

map shown in Fig. 65, which is taken from Ref. 1. As explained

in Ref. 1, the spectral velocity, Sv' associat~d with EPV is

obtained approximately from the relationship

Sv = 2.5 EPV

Similarly, the spectral acceleration is obtained from

Sa = 2.5 EPA,

(6)

(7)

where EPA is the "effective peak acceleration" as defined in

Ref. l.

With the maximum effective peak velocity, (EPV)max = 12 in./sec.

the maximum spectral velocity

(S ) = 2.5 (EPV) = 2.5 (12) = 30 in./sec.v max max

This value of the maximum spectral velocity, which is applicable

to the period range from about 0.5 sec. to about 4.0 sec.,

corresponds to the most seismically active regions of California,
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classified as Zone 4 under the Uniform Building Code (UBC-76). (16)

Similarly, with (EPA) = 0.4g,the maximum spectralmax
acceleration is given by

(Sa)max = 2.5 (EPA)max = 2.5(0.4g) = 1.Og

This value of (Sa)max is applicable to the period range
from about 0.1 sec. to 0.5 sec.

Figure 66 shows a tripartite, log-log plot of the 5%-damped

velocity response spectra for the six accelerograms used in

this study. All six accelerograms were normalized with respect

to intensity such that their spectrum intensity was equal to

1.2 times the reference spectrum intensity, (SI f).* There .
heavy dashed lines in the figure represent constant values of

Sa = 1.0 g (for the period range 0.1-0.5 sec.) and Sv = 30
in./sec. (for the period range 0.5-3.0 sec.). In the period

range 0.5 - 3.0 sec., which is of primary interest in this

investigation, Fig. 66 shows that an intensity factor, SI,

equal to about 1.2 or 1.25 yields spectral velocities for the
six accelerograms considered averaging 30 in./sec.

The above comparison leads to the conclusion that, at least

for the period range of interest, i.e., 0.5 to 3.0 sec., a

design spectrum intensity equal to 1.2 or 1.25 (SI ref .) would

roughly correspond to the intensity recommended by ATC-3 for

the most seismically active regions in California. Equivalent

intensity ratios, SI, corresponding to the other contours in

Fig. 65 can be obtained by direct proportion. Thus, if we take

an SI of 1.2 as corresponding to S = 30 in./sec. thev
intensity ratio corresponding to the contour marked "0.2" in

Fig. 65, would be

*Corresponding to the first 10 seconds of the N-S component of
the 1940 El Centro record.
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S1 0 • 2 1.2 0.2 0.6= 0.4 =
or, in general, for any value of Av

S1A = 1.2
Av

0.4v

Comparison of Proposed Design Force Levels with Calculated

Response Values

The design force levels implied in Figs. 51 and 52,

together with the flexural and shear intensity factors defined

by Eqs. (2) and (3), essentially summarize the basic results of

this investigation. These results were obtained by a procedure

involving a number of approximations including curve fitting

techniques. Because of the subjective nature of some of the

procedures used, effects of these procedures on the final

results were examined. Of particular interest was the degree

of conservatism or unconservatism represented by the proposed

design forces relative to the calculated dynamic response data

from which they were developed.
Figures 67 and 68 provide a comparison between the proposed

design forces and the corresponding dynamic response data.
Figure 67a shows a histogram indicating the frequency distri­

bution of the ratio of the maximum base moment calculated from
dynamic analysis to the corresponding value indicated by Fig.

51 (and Eq. (3), where appropriate) for the same combination of

Tl , ~r and S1. As indicated in the figure, this ratio was

determined for a total of 175 cases representing fundamental
period values ranging from 0.5 sec. to 3.0 sec., wall heights

from 10 stories to 40 stories, ductility ratios from slightly

less than 2.0 to slightly greater than 6.0, and earthquake

intensity ratios of 0.75, 1.0 and 1.5. Six different input

motions are included in the 175 cases considered.

Figure 67b shows a percentage exceedance plot, which is the

complement of the cumulative frequency plot associated with
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Fig. 67a. This plot gives the percentage of the total number
of cases considered for which the moment ratio

M~:~e (from analysis)

Mdesign (proposed)
base

exceeds a specific value (as indicated on the horizontal scale

in the figure). Figures 68a and 68b show similar figures for

base shear.

Figure 67 indicates that of the 175 cases considered, the

majority (70 percent) of these have moment ratios between 0.55

and 0.95. The mean for the entire set is 0.69. Figure 67

shows that the proposed design base moment underestimates the

calculated maximum moment in 3 percent of the cases, the

underestimate being as much as 15 percent.

The histogram for base shear shown in Fig. 68a shows that

about 80 percent of all cases have values of shear ratio

V~:~e (from analysis)

vmax
base (proposed)

between 0.55 and 0.95. The mean for all cases is 0.71. Figure
68b indicates that the proposed design base shear underestimates

the calculated maximum dynamic base shear in about 3 percent of

all cases; the underestimate being as high as 15 percent.

Based on the above statistics and considering the

uncertainties associated with earthquakes and earthquake­

resistant design, it is believed that the proposed values for

both flexure and shear at the base of isolated structural walls

represent a reasonable basis for design.

Reduction in Critical Dynamic

Base Shears for Design Use

In deriving values of the shear design factor, a , it was
v

implicitly assumed that the critical dynamic shears on which
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these were based represented reasonable upper-bound values for

the combinations of structure and ground motion parameters

considered. A comparison with the design shears corresponding

to the provisions of UBC-76 for Seismic Zone 4 shows that the

calculated critical shears at the base of the wall are signifi­

cantly (about 2 to 3 times) greater than the UBC values.

The significant divergence from current UBC-76 specified
values does not, in itself, constitute a valid argument for a

reduction in the calculated critical dynamic shears for design

purposes. The following reasons can, however, be put forward

to support a reduction in av-values for design.

1. The model of the hinging region used in the analyses

allowed for yielding in flexure only. The force­

displacement relationship assumed for shear behavior

was always linearly elastic. Although several inves­
tigators(17,18) have suggested that yielding of

shear reinforcement should be minimized, if not com­

pletely avoided in design, the effect of reversed
loading cycles of large amplitude tends to reduce the

stiffness of the "flexural" hinging region with respect

to transverse ("shear") displacements. Laboratory re­
sults(9,lO) show that the contribution of the shearing

component of displacement in the hinging region to the

total displacement increases significantly with in­

creasing amplitude of inelastic deformation.

These observations indicate that under inelastic

flexural deformation, the hinging region exhibits

behavior corresponding to yielding in shear. Such

shear yielding would increase the effective period of

vibration and hence the maximum displacements of a

structure. It would also set a practical upper limit

on the magnitude of shear, developed at the base of the

wall. Thus, if a reasonable yield level in shear were
\

assumed in the dynamic analysis model, the calculated

maximum shear values would not be as high as in the

linearly elastic shear model used in obtaining the

critical shears reported above.
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2. As pointed out in the section on "Maximum Response

Values," the critical dynamic shears are generally not

concurrent with the critical dynamic moments and duc­

tility demands. Because of the reduced likelihood of

the critical shears occurring simultaneously with the
critical ductility demand, a reduction in the critical

shears to reflect the relatively low probability of

simultaneous occurrence with the critical (design)

ductility appears warranted.
To provide an indication of the probability of

the critical shear occurring simultaneously with the

critical moment and ductility demand, Fig. 69 was pre­

pared. This figure is based on data for isolated walls

of different heights, periods, and yield levels.

Results from 43 cases were considered. The abscissa
in Fig. 69a represents the ratio of the maximum shear

due to the same input motion that produced the
critical ductility demand, to the critical shear as

obtained from Fig. 42.
Figure 69a indicates that the ratio "maximum

shear/critical shear"* ranges from 0.6 to 1.0 with a
mean value of 0.81. An alternative way of presenting

the data in Fig. 69a is given in the percentage
exceedance plot of Fig. 69b, which is the complement

of the associated cumulative frequency plot.

Figure 69b gives the percentage of the total number

of cases considered for which the ratio V IV 't' 1max crl lca
exceeds a specific value, as indicated on the horizon-

tal scale. Figure 69 shows that in only 20 percent of

the total number of cases considered did the ratio

V IV 't' 1 exceed 0.9.max crl lca
It is important to note that the shears considered

in Fig. 69 are the maxima that occur in the IO-second

*The "critical response value (e.g., shear, moment, etc.) is
defined as the largest among the maximum response values
produced by the six input motions considered, for a particular
structure.
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response period and are not necessarily the shears that

are concurrent with the maximum moments and ductility

demands.

Figure 70 illustrates the relationship between
the maximum shear and the shear that is concurrent

with the maximum moment and rotation. The "concurrent

shear" is the base shear that occurs at about the same

time as the critical moment and base rotation.

It may be equal to or less than the "maximum shear".

Both shears are produced by the same earthquake that

produces the critical moment and ductility demand.

Response histories for two cases are shown in Figs.

71a and 71b to illustrate the distinction between

"m~ximum shear" and "concurrent shear".

Figure 70a shows the distribution of the ratio

"concurrent shear/maximum shear" for the forty-three
cases considered in Fig. 69. The ratio ranges from

0.30 to 1.0, with a mean value of 0.59. Figure 70b

shows the corresponding percentage exceedance plot.

The above comparisons indicate that the simulta­
neous occurrence of critical dynamic shears, such as

shown in Fig .. 42, and critical rotational ductility,

such as shown in Fig. 38, is unlikely.

3. In correlating force and deformation demands indicated
by dynamic analyses with corresponding capacities ob­

tained from tests of specimens under essentially static

loading conditions, some adjustments have to be made

in the values of either the demand or the capacity to

reflect the difference in loading condition. This is

essential if a valid comparison is to be made between

demand and capacity.

If capacity values are determined from slowly­

reversed loading tests in which the deformation,

moment and shears are all in phase, then the critical

dynamic response values must be adjusted in some manner

to yield values comparable to these experimental

results.
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A major difference between dynamic response

shears and those obtained in laboratory tests under
slowly reversing loads is the transitory character of

the shear under dynamic conditions. Figures 72a
through 72e, show the time variation of the base shear

for 20-story walls sUbjected to different input
motions. Also shown are the corresponding histories

for base moment and nodal rotation at the first floor
level. These figures indicate that the shear force

generally changes more rapidly with time than the
corresponding moment and rotation.

As previously mentioned, this is a reflection of
the greater sensitivity of the base shear to higher

modes of vibration. A loading condition in which the

shear force fluctuates relatively rapidly with respect

to moment and deformation, and reaches its peak value
only for very short durations, represents a less

severe loading than the usual slowly reversed loading
test. In the slowly reversed loading test, the shear,

moment, and deformation reach their peak values
simultaneously and are sustained over a longer

duration.
Although the need for an adjustment in critical

dynamic shears is apparent if a comparison with results
of slowly reversed loading tests is to be made, the

magnitude of such an adjustment is not easily de­
terminable on the basis of available data. A sound

basis for determination of such an adjustment would

involve tests of large-size specimens in earthquake

simulators, i.e., shaking table tests.

On the basis of the above arguments, it is expected that a

reduction factor, r v ' less than unity can be determined so

that a shear design factor uv ' given by
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- -
a = r av v v (r

v
< l.0)

is obtained. Although the magnitude of r v cannot be deter­
mined from existing data, preliminary calculations given under

the heading DESIGN EXAMPLE suggest that a value of r v in the

range of 0.4 to 0.6 may be appropriate for design purposes.
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CHECK ON DISTRIBUTION OF DESIGN FORCES FOR UPPER
PORTIONS OF WALL

Design forces developed in the preceding sections are

intended for design of the potential hinging region at the base

of a wall. The base of the wall is generally the most critical

part in terms of the magnitude of force and deformation

requirements. The tests of isolated walls, conducted as part

of the overall project, were aimed primarily at determining the
behavior of the hinging region near the base of the walls.

In determining design forces for flexural design of the

base of the wall, total base shear, V
1

was assumed to be

distributed in accordance with UBC-76 16). This distri­

bution, i.e., an 'inverted triangular' distribution with a top

force, Ft , as shown in Fig. 41, reflects the dominant effect

of the fundamental mode on response. To verify the applica­

bility of this distribution to the design of the upper portions

of a wall, a comparison was made between distributions of

maximum moments and shears associated with the assumed (UBC-76)
distribution of forces and those obtained from analysis.

Normalized Maximum Force Distribution

An indication of the spread in the distribution of the
maximum dynamic story shears along the height of isolated walls

is given in Fig. 73. This figure is based on data from

twenty-four 40-story walls with Tl = 2.4 sec. and varying

yield levels. The walls were subjected to five different input

motions. The values of the maximum story shears plotted in

Fig. 73 have been normalized by dividing ·the shear at each
floor level by the corresponding calculated maximum base

shear. Thus, at the base, where maximum shear occurs, the

normalized base shears all equal unity. The length of the

horizontal bars in the figure indicate the range of scatter of

the data. For this particular set of data, the scatter is

least near the base and largest near midheight.
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Fig. 73 Scatter Plot for Normalized Shear Force
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Figure 74a shows the frequency distribution of the lateral

force at the top, Ft , for the same set of twenty-four cases.

The maximum top force, Ft , has also been normalized by

dividing by the corresponding maximum calculated base shear.

Figure 74b shows a percentage exceedance plot for the
normalized top force.

Information such as shown in Figs. 73 and 74 can be used to

determine a suitable design shear distribution over the wall

height. From this the corresponding lateral force distribution

can be obtained. In view of the scatter of the data, the

question of what value to use as a basis for design naturally
arises. A distribution based on average values cannot be

justified since many cases fall outside such a distribution.

On the other hand, a distribution encompassing all values

appears undUly conservative.

In this study, a distribution covering at least 90% of all

cases considered was adopted as a reasonable compromise between

economy and safety. In statistical terms, such a distribution

is called a 0.90 fractile distribution (0.9 F.D.). Figure 73
shows both the mean and the 0.9 fractile distribution of

maximum story shears. Figure 74b indicates that the 0.9

fractile value of the normalized top force, Ft , for the data

set considered is about 0.29(Vbase )max.

Comparison of Distribution of Maximum Dynamic Forces
with Corresponding UBC-76 Distribution

For the purpose of comparing the distribution of maximum

dynamic forces along the height of isolated walls with that

recommended by UBC-76, the 0.9 fractile distribution of

normalized maximum forces was used. The comparison was made
using normalized story shears and moments along the height of

the structure. These quantities were used instead of lateral

forces since the former are more directly related to design.

Normalization of the maximum dynamic forces serves to focus
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attention on the distribution or relative magnitudes of these

forces rather than their absolute magnitudes.

The lateral forces specified by UBC-76 were determined by

distributing the base shear, V, according to the expression

=
n
!

i=l

w. h.
1 1

where

Ft (top force) = 0.07 T V

T = fundamental period of vibration

Wx = weight of mass of floor level "x"

hx = distance of floor level "x" from base of wall

n = total number of floor levels.

After the story shears and moments were determined from the

lateral forces, these were normalized by dividing by the base

shear, and the total overturning moment, respectively.

Distribution of Normalized Maximum Story Shears

Figure 75 shows a comparison of the maximum normalized

shear 0.9 F.D. with the corresponding normalized story shear

distribution prescribed by UBC-76 for specific fundamental

periods of walls ranging from 10 to 40 stories. The cases

selecteq cover the entire range of wall properties investigated.

A total of 18 cases were considered for each wall height,

representing three different yield levels and six input motions.

Figure 75ashows that in terms of relative magnitude (or for

the same total base shear) the UBC story shears exceed slightly

the ~orresponding 0.9 fractile shears over the lower three­

fourths of the wall height. However, the UBC distribution gives

story shears that are less than the 0.9 fractile shears near the

top of the wall. The same observation applies to Figs. 75b, c,

and d for the other wall heights. The percentage difference

between story shears at the top is greatest for the short-
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period, low walls and diminishes with the longer-period, taller
walls. For comparison, the distribution corresponding to the

ATC-3(1) equivalent lateral force procedure is also shown in

Fig. 75. The observations made relative to the UBC-76

distribution when compared to the 0.9 fractile shears also'

apply to the ATC-3 distribution.

To obtain design story shears that are in close agreement

with the distribution indicated by the 0.9 F.D. shears from

dynamic inelastic analysis, the following modification to the

story shears resulting from lateral forces distributed according

to UBC-76 is proposed:

(1) The story shears in the top 25% of the wall should be

increased by a factor

~l = 2 - T/3, where 1.0 <" ~l <:1.50

(2) Use of ~l should not result in a story shear greater

than that calculated from the UBC-76 lateral force
distribution for any portion in the lower 75% of the
wall.

The factor ~l was determined using regression analysis.

The proposed correction represents a simple method of modifying

the story shears from the familiar UBC lateral force distri­

bution to obtain results closely conforming to that indicated

by dynamic inelastic analysis.

The above proposed correction is to be applied directly to

story shears resulting from the lateral forces distributed
according to UBC-76. Thus, no change need be made in the

procedure developed earlier for determining design forces for
the hinging region near the base of the wall. The correction

proposed above need be applied only to the story shears in the

top 25% of the wall to remedy the unconservativeness of the

shears associated with the UBC-76 lateral force distribution.
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Figure 76 shows a comparison of normalized story shears

for the same cases considered in Fig. 75, with the above­

proposed correction included in the UBC shears. In most

practical cases, the design of the upper 25% of a wall is

governed by code wall-slenderness requirements so that the

application of the proposed story shear correction, may not

alter wall dimensions.

Distribution of Normalized Bending Moments

Normalized bending moments for the four cases examined

earlier, corresponding to the 0.9 fractile of the dynamic

analysis results and the UBC-76 lateral force distribution are

shown in Fig. 77. Also shown for comparison are normalized

moments corresponding to the ATC-3 equivalent lateral forces.

It will be noted that insofar as distribution over the height

is concerned, UBC-76 and ATC-3 are very close to each other.
Figure 77 shows that the UBC-76 (as well as the ATC-3)

normalized moment requirements are less than the 0.9 fractile
moments for all four cases considered. The difference between

UBC-76 and 0.9 fractile normalized moments is particularly

significant near midheight. At about two-thirds of the height

of the walls, the 0.9 fractile moments exceed the corresponding

UBC moments by as much as 100 percent for the longer period

walls.

To bring the normalized moments calculated from the UBC-76

lateral force distribution into closer agreement with the 0.9

fractile moments, it is proposed that the former be multiplied

by a factor, ~2' given by

where

= k (-!-)
H II x

(~)] ,

H = total height of wall

x = distance of level "x" from base

k = a constant, equal to the initial fundamental period,

Tl , but not greater than 1.2.
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The expression for P2 was also determined using regres­

sion analysis. Normalized UBC moments for the four cases

considered, with the correction factor P2 applied, are shown

plotted in Fig. 78. Also shown for comparison are the 0.9

fractile moments from dynamic analysis.

It should be pointed out that the proposed modifications to

the design forces for the upper portions of walls are based on

results for isolated walls with uniformly distributed mass and

stiffness over their height.
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PROPOSED DESIGN PROCEDURE - SUMMARY

The proposed design procedure follows essentially the same

basic steps presently used in designing for earthquake

resistance. Development of a design procedure has been made
easier by the existence, both in current codes and in recently

published literature, of a strong and logical basis for the

design of structures for earthquake resistance.

The availability of analytical and experimental data has

allowed the treatment of such major design parameters as

ductility, yield level, and earthquake intensity in a more

explicit manner than was possible before.

The basic steps in the design procedure are summarized

below for the particular case of isolated structural wall

buildings. A similar general procedure can be developed for

wall systems, with appropriate modifications to cover the

additional considerations involved in the more complex systems.

(1) Preliminary Design. A logical first step is a design
satisfying gravity and wind loading requirements.
From the preliminary design, an effective initial

stiffness and the corresponding initial fundamental

period, Tl , can be determined.

(2) Stiffness Design for Damage Control. As far as

stiffness and the associated displacements due to

ground motion are concerned, the major design

considerations are (a) stability of the structure, and

(b) damage control. Generally, the considerations

related to damage control govern.

Figures 53 and 54, used in conjunction with Figs.

63 and 64, can be used as guides in selecting the appro­

priate fundamental period, and hence stiffness, once the

tolerable maximum displacements have been determined. For

convenient reference, the above four figures have been

reproduced as Figs. B through E in the following pages.
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(3) Design for Strength and Deformation Capacity - Base of Wall.

This step in the design may be conveniently divided into

the following sub-steps:

(a) Determination of Design Forces - Assume an

available rotational ductility, ~i ' at the base

of the wall. A trial value may be obtained from

a chart similar to Fig. F. This chart based on

experimental data from Ref. 19 shows available

rotational ductility as a function of nominal

shear stress. A trial value of rotational

ductility can be obtained by entering the chart

with an estimate of the maximum nominal design

shear stress.

(b)

(c)

Calculate the mlnlmum required flexural yield

level at the base of the wall, Mmin , by, Y
determining af from Fig. 51 (reproduced as Fig. G)

and distributing the resulting total horizontal

force, VT = afw, in accordance with UBC-76.

Values from Fig. 51 may be adjusted for design

earthquake intensities other than S1 = 1.5 by

using Fig. 61 (reproduced as Fig. I).

From Mmin , determine the required flexuraly
reinforcement at the base.

-Determine the shear design factor a from Fig.v

52 (reproduced as Fig. H).

Fig. 52 may be adjusted for

intensities other than S1 =

Values of a fromv
design earthquake

1.5

by using Fig. 62 (reproduced as Fig. J).

Calculate the effective static design shear

for proportioning the shear reinforcement at the

base,

= =

where r v is an appropriate reduction factor
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to account for the overconservatism inherent in

the critical dynamic shears as determined in this

study when compared to the shear capacity

obtained from the experimental program.

(d) Using a chart similar to Fig. F, check if the

available ductility, ~a, assumed in Step (a) can
r

be developed under the stress determined in Step (c).

If the assumed ductility can be developed,

determine the required shear reinforcement using

current codes or design and detailing recommen­

dations developed on the basis of the results of

experimental investigation.

If the assumed ductility cannot be developed

under the calculated design stress, adjust the

assumed ductility value, ~~, or modify the section
dimensions accordingly and repeat Steps (a)

through (d) until reasonable agreement is
obtained.

The above comparison between assumed and

developable values can alternatively be carried

out in terms of shear stress instead of ductility.

Ductility can then be assumed fixed.

(4) Design of Upper Portions of Wall. Determine flexural and

shear reinforcement required in upper portions of walls on

the basis of the distribution of VT = (afw) and VTS
=(r v U

V
VT) as specified in UBC-76, with corrections as

follows:

(a) Bending Moments. The design bending moments

corresponding to the distribution of VT over

the height of the wall according to UBC-76 should

be multiplied by a factor ~2 given by

= k (-lL)
H
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where

H = total height of wall

x = distance from base to level "x"

k = a constant, equal to fundamental period

TI , but not greater than 1.2.

(b) Story Shears. The story shears resulting from

the application of the total design shear, VTS
= r v av VT ' distributed according to UBC-76,

should be modified in the top 25% of the wall by

a factor ~l given by

~ = 2 - Tl/3,
~l

where 1.0 <: 131 ~ 1.50,

I

provided that the use of the factor ~l shall not

result in a story shear greater than the unmodi­

fied story shear calculated for any portion of

the lower 75% of the wall.
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DESIGN EXAMPLE

Application of the design charts will be illustrated for

the particular case of a 24-story structural wall building as

shown in Fig. K, with the following properties and loading:

No. of stories = 24

Building height, = 213.25 ft.

Tributary floor area/wall = (24) (60) = 1440 sq. ft.

Floor live load = 40 psf

Roof live load = 20 psf

Partition load = 20 psf

Roofing = 5 psf

Floor/Roof slab thickness = 8 in.

A ground motion characterized by a spectrum intensity, SI, equal

to 1.2 (SI ref .), as defined in this report, will be assumed.

This intensity is considered to be approximately equivalent to
UBC specified forces (Zone 4).

Material Properties:

Concrete unit weight,

Concrete cylinder strength,
Steel yield strength,

Concrete modulus of elasticity,

Assume the shear strength-available

Fig. F*.

w = 150 pcf

f~ = 4000 psi
f y = 60 ksi

Bc = w1 .
533 ~fc = 3800 ksi

ductility curve shown in

* The use of Fig. F for the particular case considered here
is only a rough estimate since Fig. F is based on data for
"barbell" sections, failing by 'web crushing'. Results of
the few tests of rectangular section walls conducted at
PCA(9,IO,19) suggest that, for the same amount of
reinforcement and loading conditions, barbell sections tend
to exhibit relatively greater rotational ductility than
rectangular sections.
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SOLUTION

Calculations given below cover only the determination of

basic wall properties as influenced by drift, ductility and

shear stress. Determination of required reinforcement can be
carried out using the design provisions in either UBC-76(16)
or ACI 318-77(2).

From the given data and assuming a wall of rectangular section,

the following preliminary values are obtained:

Wall width, d

Wall thickness, bw

Weight/floor

= 34 ft.

= 10 in.

= 230 kips

Weight/wall
(including tributary loads
for mass computations) = 5500 kips

Wall moment of inertia (gross), I ; 5.66 x 10 7 in. 4

EI = 2.15 x lOll kip-in 2

Fundamental period, Tl
(from Fig. L*) = 2.0 sec.

Drift under wind loading, 0t/H
(UBC-76 20 psf basic pressure zone)= 1/1670 .

(A) Flexural Design of Base of Wall

Using Fig. F as a guide, assume an available rotational

ductility ratio ~~ = 3, corresponding to a nominal shear stress

(with N/Ag = 0)

* Figure L, which shows the variation of the fundamental
period, Tl' and the ratio, H/Ot (where H is the total
height of the wall and 0t is the displacement at the top
due to wind) with the stiffness parameter, EI, was prepared
for the particular 24-story wall structure considered here.
The mass of the structure was assumed to remain essentially
unchanged with changing width of the wall. The wind loading
corresponds to the UBC-75 20-psf wind pressure zone. A 12­
mass lumped parameter model, as shown in Fig. K, was used
for the period determination.
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=v
\.l.

From Fig.

we obtain

V
hd =

51 (reproduced

a f = 0.165.

0.105 f~ = 0.105(4000) = 420 psi.
aas Fig. G) for Tl = 2.0 sec. and ~r = 3.0,

Adjust a f for variation of mass of example structure from mass

of corresponding 'basic structure':

Figure M gives the variation of the total weight of the 'basic

structures' with the number of stories. This figure can be used

to estimate the weight corresponding to any 'basic structure'

between 10 and 40 stories high. For a 24-story basic structure,

Fig. M gives a weight of 5250 kips. Hence,

Wstr.

Wbasic str.
= 5500

5250
= 1.05 (correction factor

for mass)

Adjust a f for particular earthquake intensity:

SI = 1. 2 (SI f)'re .
intensity factor of 0.8

For an assumed earthquake intensity

Fig. 61 (reproduced as Fig. I) gives an

(correction factor for intensity).

Incorporating the above two correction

yields:

factors into a f

a f (adjusted for mass and intensity) = (0.165) (1.05) (0.8)

= 0.139

Total lateral force for flexural design of base

VT = afW = (0.139) (5500) = 765 kips.

For a distribution of VT along the height of the wall

according to UBC-76, it can shown that the moment at the base,

Mb is given by
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where H is the total height of the wall. For the structure
considered,

M = Mmin
b y (at base) = (0.67+ (0.023) (2.0» (213.25) (765)

= 116,800 ft-kips

This minimum flexural yield level has to be provided at the base

of the wall if the assumed available ductility ~a is not to be. , r
exceeded under the design earthquake intensity.

Flexural Design of Upper Portions of Wall
For flexural design of portions of the wall above the base,

moments obtained from a distribution of VT over the height of the

wall according to UBC-76 should be modified by a factor ~2 given

by

= 1.2

where x is the distance, in feet, from the base of the wall to the
point considered.

(B) Shear Design of Base of Wall

Dynamic base shears are obtained from Figs. 51 and 52 (Figs. G

and H). From Fig. 52 (Fig. H):

For Tl = 2.0 sees, ~a = 3, S1 = 1.5,rav = 2.15

Adjust av for intensity (S1 = 1.2) using Fig. 62 (Fig. J)

I av = 1. 6 - O. 4 S I = 1. 6 - (a. 4 ) (1. 2) = 1. 12

av = (1. 12) (2 •15 ) = 2. 41

Unadjusted base shear is obtained from
VTS = av VT = (2.41) (765) = 1844 kips

As pointed out under the heading "Reduction in Critical
Dynamic Base Shears for Design Use" a reduction factor, r ,v
is applied to critical dynamic base shears obtained from the

inelastic dynamic analyses. An indication of the probable

range of values for r v can be obtained by comparing VTS
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with the design shear obtained for flexure and also with design

shears obtained from current UBC requirements.

(a) Based on total shear used for flexural design, VT = 765,

r v = l~~~ = 0.41

(b) Unfactored shear obtained from UBC requirements is 516

kips as shown in Item (D).

Based on UBC shear with load factor of 1.4,

r
v

= (1.4) (516) = 0 39
(1844) •

=

OK

Based on UBC shear with load factor of 2.0

= (2.0) (516) = 0 56
r v (1844) .

These simple comparisons suggest that a reduction factor,

r v ' in the range of 0.40 to 0.60 may be appropriate for

design use.

Nominal shear stress at base (using r v = 0.40),

VTSV =
<p bwd

(0.40) (1,843,000
(0.85) (10) (34) (12)

= 222 psi

<: 420 psi

Shear Design of Upper Portions of Walls

For shear design of upper portions of the wall, the story
shears in the top 25% of the wall height corresponding to the

distribution of the total base shear, VTS ' are adjusted by

the factor

l?l = 2 - Tl/3

= 2 - 213 = 1.33.

1.0 <: l?1 <- 1.5

However, in no case should the shear obtained by applying ~l

be greater than that calculated for the lower 75% of the wall.
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(C) Calculation of Drift

The horizontal displacement at the top of the wall under the

total lateral load VT, distributed according to UBC~76 as
shown in Fig. 41 can be shown to be given approximately by

F H3
t

3EI =12 in.

The above value of top displacement, obtained from the static
application of VT, can be compared with the maximum

displacement from dynamic analysis. Thus, from Fig. 53a (Fig.

B) and Fig. 63 (Fig. D),

= (0.8) (20) = 16.6­t(max)
.6-

tor -H- = 16 =(213.25) (12)

in.

1 =160 0.0063

The corresponding maximum dynamic interstory displacement ­

from Fig. 54a (Fig. C) - interpolating linearly between curves
for 20- and 30- stories) and Fig. 64 (Fig. E) - is given by

i (max) = (0. 8) (1. 1) = O. 9 in.

i = 0.9 0086or 11 (8.75) (12) = •

The above estimated value of the interstory displacement should

be compared with the tolerable distortion in the most critical

nonstructural element to determine if the stiffness provided by

the wall is adequate.

(D) Comparison with UBC-76

In UBC-76, the design base shear, V, is given by

V=ZIKCSW.
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It will be assumed that

corresponds to UBC Zone

cons i dered,

I = 1.0

8 = 1.5

K = 1.33

a spectrum intensity of 1.2 (8I f)re •
4, for which Z = 1.0. For the case

and

Thus,

1C = = 0.04715 'lT l

v = (1.0) (1.0) (1.33) (0.047) (1.5) (5500) = 516 kips

For flexural design, the applicable load factor is 1.4,

Vd . (flexure) = 1.4 (516) = 722 kipseSlgn

The corresponding required ultimate moment at the base (assumed

equal to My in UBC) is

My(base) = (0.67 + 0.023T l )H Vdesign

= 0.67 + (0.023) (2.0) (213.25) (722)

= 109,935 ft-kips.

For shear design of walls UBC-76 requires a load factor of

2.0. Thus,

Vd . (shear) = 2.0 (516) = 1032 kips.eSlgn
It is important to observe that the UBC design forces imply

a certain minimum available ductility, with the specified

forces remaining unchanged for any given material or type of

construction. In contrast, the procedure in this investigation

determines the design forces as a function of both fundamental

period and available ductility. An increase in the available

ductility would lead to a corresponding reduction in design

forces.
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SUMMARY

This report presents a procedure for determining design
force levels for earthquake-resistant reinforced concrete

structural walls. The procedure is the result of an extensive

analytical investigation that considers the following problems:

(a) characterization of earthquake ground motions for the
purpose of selecting critical input motions.

(b) identification of the most significant structural and

ground motion parameters.

(c) formulation of a simple design procedure for correlat­

ing earthquake demands with structural capacities.

Previous reports on this investigation presented results of

studies addressing to the first two aspects of the investi­

gation. This report considers Item (c).
The main purpose of the extensive parametric study reported

previously was to identify the most significant variables

affecting dynamic response. These parameters were then

incorpo~ated in the proposed design procedure.
Some 400 dynamic inelastic analyses were undertaken to

develop data for this investigation. The bulk of the data

pertains to 20-story walls sUbjected to ground motions of

intensity SI = 1.5 (SI f). The reference intensity,re .
SI , used in this study corresponds to that of the N-S

component of the 1940 El Centro record. The principal

structural variables, as indentified in the parametric study

reported in Ref. 7, are fundamental period and flexural yield

level. Six different input motions were used to obtain

critical or near-maximum response for each combination of the

principal variables.

The basic procedure is illustrated for the case of 20-story

walls subjected to input motions of intensity SI = 1.5

(SI f)' This illustration establishes the logical sequencere .
of data reduction leading to the practical results sought.
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To extend application of the results to walls of different

heights and other ground motion intensities, two additional

series of analyses were made to establish a basis for adjusting

the results for the basic 20-story, SI := 1.5 (SI f) casere .
for these other conditions. Other variables characterizing the

structure were held constant. The constant values assumed for

these other parameters were those considered as averages for
the normal range of variation of each parameter. The values

assumed for these constant parameters are as follows:

(a) Yield stiffness ratio, r y := 0.05

(b) Parameters characterizing hysteretic loop

(see Fig. 4b):

Unloading parameter,a:= 0.10

Reloading parameter,~:= 0

(c) Viscous damping coefficient

(for first and second modes) := 0.05

(d) Uniform stiffness throughout height of wall

Strength (My) uniform throughout height

except for adjustments to reflect effect
of axial load due to dead weight

(e) Wall fully fixed at base

Another series of analyses was made to investigate the

effect of varying the degree of base fixity. The results of

this series are given in Appendix C.

The basic results are presented in Figs. 51 and 52. These

figures, as well as other related figures developed as aids in

the application of the procedure for determining design force

levels for earthquake-resistant isolated walls have been

reproduced as part of the Design Example.

As more test data on structural walls become available, it

will be possible to establish relationships similar to that
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shown in Fig. F for other types of failure mechanisms. It will
be noted that Fig. F is based on data for walls that failed by

web crushing. This type of failure is usually associated with

flanged sections.
A major feature of the proposed method is the explicit

relationship established between the principal structural

parameters, i.e., fundamental period and yield level, and the
force and deformation (ductility) requirements.

Another major aspect of the study is the comparison of
ductility demand as indicated by analysis with deformation

capacity of test specimens in terms of various quantities

representing maximum amplitude of flexural deformation as well

as cumulative deformation and energy. This comparison has led
to the important observation that, at least for the cases

considered, the satisfaction of the rotational ductility
requirement generally ensures the satisfaction of the

deformation requirements in terms of other measures of

ductility. This observation and the explicit relationship

established between the principal structural parameters and the
corresponding force and deformation demands have allowed the
correlation between analytical and experimental results in a
simple and practical manner suitable for design.

Although several ground motion intensities were considered
in the study, no specific effort was made to relate these

intensities to the different seismic zones defined in seismic

risk or regionalization maps found in some codes. This

correlation is beyond the scope of this study.
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C:ARTHCUAI{~ INPUT MOTIONS
[SI • L5lSlre f), Durotion • 10 sac.]

My : V~ry L.orge (Elastic)

20 - Story Isolated Structural Woll

E.O. FuM_nul PeriOd, T1 (soc.)
\n~ut

i No. o.a 2.4 2.0 2.4

/'AX. TOP 0I 5PlACE1'I£NT (J N. )

I 5.6 15,7" 17.2 IS.4

2 S.S 13.4 21.6 lS.2

3 a,r ll.S 16.0 14.9

4 S.Z ll.O 23.3" 24.5

5 6,0 12.5 13.7 ZO.7

6 7.9 a.o 16.0 24.9"

!'AX. INTE~STOIlY OISPlACE/'lENT (IN.)

1 0.38 1.03· 1.21 I.U
, 2 0.37 0.92 1.62· 1.22

3 0.61· 0.82 1.17 1.21

4 0.35 0.76 I.S7 1.7S<

0.41 0.91 1.04 1.57

0.54 0.54 1.06

i /'AX. BASE SH,AA (xIPSl

\ 2,300 2,090 1,490 1.1ilIQ"
I 1,900 1,750 2.400· l,lSOI
I 2,734 .l,aS7 I,BOO L,437

i 1.700 1,420 1.240 1,300

i 2,9l00 2.400" 1.6E1l I,SEIl

I 2.780 1.423 1,200 I,Z34

I I'Ax. BASE ,'lQf<ENT (IN.XIPSI

12,764.000 2.582,000* 1.144,000 1.018.000

i 2.490.000 1.905,000 2,091.000* 907,000

1 4,025,000* 1.799,000 1,407,000 916,000

12'419'000 1,667,000 1,782.000 1,519,000"

3.023,000 2,192.000 1,387,000 1,218.000

13,635,000 1,191,000 1.225,000 1.028,000

40- Story ISQlated Struc:llltol watt

E.O. i Funoalftenu1 PeriOd. T1 isr..)
tnQl.&t •
No. l I.a 2.0 2.4 3'.0

!'AX. TOP 0ISPLAC£MENT ! IN. )

IS.a' 17.7 15.5 17.9

2 12.9 22.S" 15.4 14.2

3 11.2 17.6 24.~ 37.0 •

4 11.3 l7 .5 24.8 37.0
5 12.0 13.4 21.0 10,2

6 a.o 13.9 25.3 22.9

!'AX. IN7E~STQRY OISPlACEMENT (IN.)

O.SO· 0.62 .S7 ,69
0.44 .i!6' .62 .53

.39 .$4 .66 0.78
0.39 .59 .90 1.35 '
0.44 .51 .00 1.12
0.27 .47 .n" 0.92

10- Story Isolated Structural Wall

LQ. r\H'ld3ftlef\ta \ ?eriod., T1 \ ''''.)
Inout
lio. 0.5 0.8 1.4

/'Ax. TOP DISPLACEMENT: rN. :

I 3.5 5.3 15 .. 4-

2 2.9 5.3 12.6

3 4.0 a.2" n.o
4 4.4 4.a 11,0

5 4.3 Sel U.8

6 4.6" 7.7 7.6

MAl. IIfT!llSTQRY OlSPLACI:MEN7 (IN.)

1 0.45 0.70 2.70·

2 0.37 0.71 1.68
3 0.51 1.09" 1.sa

4 0.56 0.65 1.52

5 0.56 0.64 1.78

6 0.59- L.03 \.02

MAX. 9ASE SHEAR r~ I PS I

I 1.765 1,092 1,061

2 1,1~ 1.026 a27
3 1,644 -1,:rT? 1,027

4 1;643 ass 805

6. 2.346' 1,473· 1,359·

6 2.206 t.413. sn

/'AX. 9ASE MOMENT !IN.~IPS)

1 1.210.000 704,000 720,000-

2 960.000 720.000 518.000

3 1.301.000 1,051,000- 531.000

4 1,447.000 641,000 466,000

5 1.460.000 393,000 569.000

6 1.537.000· ~~7 ,000 330.000

30- Story Isolated Struc:lurol Woll

!.O. Fun.damenta.l )e.r'od .. T1 ('e':.)
Input
No. 1.4 2.0 2.4

~X. rop 0ISPlAC,MENT ! IN. )

I 15 .. 9- 16.9 1S.3
2 13.6 22.0' 15.3

3 U.7 15.1 16.7
4 3.5 17.2 18.4

5 12.5 13.8 21.0
6 8.1 15.5 25.3"

AAX. INTERSTORY OISPlACE~ENt..ll!!J.

1 0.71· O.SO 0.76

2 0.62 LlZ" 0.82

3 0.56 0.76 0.85
~ 0.55 1.10 1.2e

5 .62 0.71 1.06
6 0.37 0.70 1.24"

!'AX. BAS, SHEAR IXIPS)

1 3,006 2,122 2~S93"

2 2.662 3,589 ' 1,744

3 2,887 2,491 2.136
4 2,014 1,668 1.955
5 3.647' 2.478 2,302

5 1.108 1,747 1.945

~,p..';(. 9.l.SE. ~:hT r iN ... ;qP$i

I 5.540.000' 2. 410.000 2.320.000
2 4.2ll,OOO 4.642.000' 1,984.000

3 4,0".000 2.a7a.000 1.046.000
<\ 3.190,000 3,920,000 ).350.000"
; 4.aS9,000 3,030.000 3,710.000
6 2.S99.COO 2,568.000 2.743,000

4,120

1,270

3,464

2.702

4,333'

2.7S8

i10,360.000'

i 7·,511 ,000

I 7.225,000

I I 6,430,000

I ! 8.210.000

_ 6 \ 4,716,000

h-I1

AAX. BASE SHEAR (XIPS)

3,421 1.244'

5.CSS' 2,304

~.109 3,020

2.720 2,545

3,544 3,149

Z,552 2.40S

MAX, BASE MOMENT rrN·~IPSl
5,460,000 3.860,000

9.30S,000' 3,514,000

6,304.000 3.649,000

6,166.000 5,847.000'

5.950,000 4,630,000

4,571,000 4.681.000

Z.08lI
1.562

2,271

2.643

2,979 i

3.05a" \

i

2,780.·000 I
1.992,000 I

2,252.000 !
4.730,000' !
4,lIc,COO :

4.061,000 I



Table A 14

Effect of Duration of Input Motion on Maximum Response Values
and Cumulative Measures of Deformation

20-Story Isolated Structural Walls - SI = 1.5 (SI ref .)

Fund_nUl
,"IaXlmOO1 or CumulHlve va.ues

Ratio£artl1.quue In9ut Yield Corresoondin9 to:
Period, T1 ~evel, "'y 10-sec. Ouration20-sec.buration R2G

- see. (in-kips) (RIO) (~O) liO
Top Olsplacement lin.}
£1 Centro. £-11 o.a 500,000 8.3 - -
HOliday Orion, £-11 1.4 500,000 11.0 12.0 1.09
£1 Centro. E-II 2.0 500,000 20.5 29.3 1.43
E1 Centro, £-11 2.4 500,000 25:1 29.4 1.17
PacoiJl14 Cam, S16E 0.8 1,000,000 8.8 1l.1 1.26
Pacoima Cam, S16E 1.4 1,000.000 13.6 16.0 1.18
Holiday Orion, E-II 2.0 1.000,000 18.6 18.6 1.00
E1 Centro, £-W 2.4 1,000,000 22.4 Z6.2 1.17
£1 Centro, ll-S 0.8 1,500,000 5.7 6.7 1.17
Pacoima Cam. SloE 1.4 1,500,000 15.3 18.7 1.22
IIoliday Orion. E.w 2.0 1.500.000 20.1 ZO.7 1.03
El Centro, E-W 2.4 1,500,000 24.5 25.4 1.04

Inter!tory Disolacement lin.)
£1 Centro. E-W 0.8 500.000 0.47 - -
Holiday Orion. E-ll 1.4 500,000 0.56 0.79 1.20
E1 CentJ'o, E-W 2.0 500.000 1.23 1.13 1.41
El Cerotro. E-W 2.4 500.000 1.56 l.n 1.13
?acoillll DaIII, S16E 0.8 1,000,000 0.48 0.63 1.31
Pacoima Oam. Sl5E 1.4 1,000,000 0.82 0.97 1.18
Holiday Orion, E-ll 2.0 1,000.000 1.27 1.27 1.00
El Centro, E-W 2.4 1.000,000 1.50 1.72 1.15
E1 Centro. If-S 0.8 1,500,000 0.34 0•.39 1.17
Pacoima Oam, Sl5E 1.4 1.500.000 0.96 1.14 1.19
Holiday Orion, E-II 2.0 1,500.000 1.57 1.57 1.00
E1 Centro. E·W 2.4 1,500,000 1.75 1.85 l.05

Horizontal Shear at Sase (kips)
El Centro. E-II 0.8 500,000 1.240 - -
Moliday Orion. f-II 1.4 500,000 1,148 1,148 1.00
E1 CentJ'o. E·II 2.0 500.000 1,044 1,044 1.00
£1 Centro. E-\I 4.4 500,000 1,052 1,227 1.1'
PlcOiJl14 Dam, S16E 0.8 1,000,000 1.515 1,521 1.00
Pacoiml 0-. SlIi£ 1.4 1.000.000 1,146 1,183 1.~

Maliday Orio~, E-W 2.0 1,000,000 1.547 1.547 1.00
E1 Cantro. E·W 2.4 1,000,000 1.2:32 1.542 1.25
E1 Centro, If-S 0.8 1,500,000 - 1,794 -
Pacoima Dam, 516£ 1.4 1,500,000 1.613 1,153 1.00
Holiday Orion, £-1/ 2.0 1,500,000 2,114 2,114 1.00
E1 Centro, E-W 2.4 1,500,000 1,297 1.458 1.13
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Table A 14 (contd)

Effect of Ourat; en Of Input .'lotion on Maximum Response Val ues
and Cumulative ~leasures of Deformation

20-Story Isolated Structural Walls - 51 : 1.5 (SI ref .)

~und_!Ital Yield
I'la;omum or l.umulHwe Hlues

RatioEarthquake Input ~orreSpondi"Q to:
Per-iod. T1 Level. My IO~sec. Duration 26-sec. Oura~lon RZO

sec. (in-kips) OtI0) (R,O) ~

!enoin9 Moment at Sase (In.kios)
£1 Csntro, E-W O.S 500.000 813.000 - -
Ho liday Ol-ion. E-ll 1.4 500,000 658.000 704.000 1.07
E1 Csntro, E-II 2.0 500,000 6"1,000 nS,OllO 1.10
El C4ntro, E-II 2.4 500.000 648.000 648,000 . 1.00
Pacaima Oadl, S16£ 0.8 1,000.000 - 1,315.000 1.486.000 1.08
Pacoima Cadi, S16E 1.4 1,000.000 1,231,000 1,240.000 1.01
Holiday Orion. E-~ 2.0 1.00G,OCO 1.147,000 1.147.000 1.00
£1 Centro. E-W 2.4- 1.000.000 1,106,000 1,143.000 1.03
E1 Cantro. ll-$ o.a 1,500.000 1,780,000 1.a50.ooo Ul4
Pacoima O~, SloE 1.4 1,500,000 1,712,000 1.797,000 1.01
Holiday Orion, E-W 2.0 1.500.000 1.547,000 1,561.000 1.01
El Centro. E-W 2.4 1,500.000 1.513,000 1,522.000 1.00

Rotational Ductility Ratio at gas~! ~

(aased on Equation 1)
E1 CBItro.E-W 0.8 500,000 13.60 - -
Holiday Orion. E-,if 1.4 500,000 6.01 7.82 1.29
£1 centro, E-W 2.0 SOO.OOO U8 8.62 1;39
El Centro. E-W 2.4 500,000 5.69 5.69 1.00
Pacoima Oadl, S16E o.a 1,000,000 7.25 9.30 1.28
Pacoima Oam, S16E 1.4 1.000,000 4.56 4.62 l.01
HOliday Orion, g-W 2.0 1,000.000 2.85 2.85 1.00
E1 Centro, E-W 2.4 1,000,000 2.07 Z.71 1.34
E1 centro, It-S a.a l,SOO.OOO 3.64 4.49 1.ZS

Plcoi=a Dam. 516£ 1.4 1,500,000 3•.50 3.82 1.09
Holiday Orion, E-W 2.0 1,500,000 1.90 2.09 1.10
E1 Centro, E-W 2.4 1,500,000 0.96 0.97 1.01

Rotat~onal Quctilitv Ratio at Ba5!, ~
(aasea on Hoaal Rotation at 1st Floor level)
£1 Centro, £.jj o.a 500,000 9.6 - -
Holiday Orion, E·jj 1.4 500,000 6.1 a.4 1.21
nCl!1Itro, £-1/ 2.0 500,000 S... 9.0 \.41
£1 Cl!1Itro, E-W 2.4 Soo,OOO 5.1 5.1 1.00
P"oima Calli, S16E a.s 1.000,000 6.8 8.8 1.29
Pacoima Oae. S16£ 1.4 l,OOO,OOC 4.5 4.S 1.02

Holiday Orion. E-W 2.0 1,roo.COO 2.1 2.1 1.00
£1 Centro, E-I/ 2.4 1,000,000 2.1 2.8 1.33
El centro. Il-S o.a 1,500.000 3.7 4.5 1.22
Pacoi~a Cam, S16E 1.4 l,SOO,OCO 3.4 3.7 1.10
Holid~y Orion. E-W 2.0 1,500,000 1.8 Z.O 1.10

E1 Centro. E-W 2.4 1,500,000 elutic elutl~ -
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Table Al4 (contd)

Effect of Duration of {tlAnit t-lotion on t~ai<imum Response Values
and Cumulative Ness\Jres of Deformation

~O-Story Isolated Structural Walls - S1 = 1.5 (S1 ref .)

~~lmum or Curnutatlve Va ues
RatioEarthquake Input Fundamental Yield Ccrrespondinq to:

Period, T1 Level. 1'1 IO-sec. Durativn 20-sec. Duration RZO
SK. ( in-killS) (RIO) (RZO) lfiO

Rotational Ductility Ratio (at B~sel, ~

(Based on Nodal Rotation at 2nd Floor Level)
E1 Centro, E-ll 0.3 500,000 9.6 - -
Holiday Orion, E-ll l.~ 500.000 5.1 5.6 1.08

E1 Centro, E-fl 2.0 500,000 5.4 7.8 1.43
E1 Centro, E-W 2.4 500,000 4.0 4.7 1.03

?ace ima Dam. S16E 0.8 l,OGO,OOO 0.3 8.1 1.30

Pacoi~a O~D. Sl6E 1.4 1,000.000 3.5 3.9 1.11
Holiday Orion. E·W 2.0 1,000.000 2.1 2.1 1.00
El Centro. E-W 2.4 l,OCO.OOO 1.7 2.1 1.25
El Centro, IC-S 0.8 1, 500, COO 3.0 3.7 1.25
Pace ima Oalll. Sl6E 1.4 1,500,000 2.5 3.2 1.24
Holiday Orion, E-W 2.0 1,500,000 1.4 1.6 1.09
E1 Centro. E·W 2.4 1.500,000 elastic elastic -
Cyclic Rotational Ductility Ratio (at Base), ~
(Based on ~odaj Rotation at 2nd Floor Level)
£1 Centro, E·\i 0.8 500,000 12.6 - -
Holid~y Orion. E·W 104 500.000 8.9 9.4 1.05

E1 Centro. E-W 2.0 500.000 6.4 8.7 1.37
El Centro. £-W 2.4 500.000 5.7 6.1 1.07
Pacoima Dam. 516£ 0.8 1.000,000 8.9 10.7 1.20

?acoim! Dam, S15£ 1.4 1,000,000 4.4 4.5 1.04
Holiday Orion, E-W 2.0 1,000,000 2.5 2.5 1.CO
E1 Centro, E-\1 2.4 1.000,000 1.7 U 1.l8

E1 Centro, N-S 0.8 1.500,000 4.1 4.5 1.09
Pacoima Dam, S16E 1.4 1,500,000 2.5 2.9 1.13
Holiday arion. E·W 2.0 1,500.000 1.4 1.5 1.03
E1 Centro. £-\1 2.4 1,500.000 elastic ~1ast1c -
Cumulative Cyclic: Rotational Ductility Ratio (dt Bas~),!'/JJC

(Based on Nodal Rotation at lnd Floor Level)
E1 Centro. E-W 0.8 500.000 86.0 - -
Holiday Orion. E-W 1.4 500.000 57.7 144.5 2.51
E1 Centro. E-W 2.0 500,000 30.2 ; 69.1 2.29
£1 Centro, E-W 2.4 500.000 26.0 55.9 2.15
Pacoima Oam. S1S£ 0.8 1,000.000 46.0 95.3 2.01
Pacoima Dam, S15E 1.4 1,000.000 25.8 52.9 2.05
Holiday Orion, E-W 2.0 1,000.000 19.8 40.3 2.04
E1 Centro, E·\1 2.4 1,000,000 12.1 27.6 2.Za
El Centro, ~l-S 0.8 1,500,000 35.9 72.9 2.03
Pacoima Dlm, S16E 1.4 1,:00,000 17.6 36.3 2.06
Holiday Orion, E-w 2.0 1,500,000 14.3 27.1 1.90

EI Ce"tro, E-W 2.4 1,500.000 elastic elastic -
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Table A 14 (contd)
Effect of Duration of Input /ototion on rlaximum Response Vall!les

and Cumulative Measures of Deformation

lO-Story Isolated Structural Walls - 51 = 1.5 (51 ref .)

Fundasental
~aximum or cumulative ~alues

Rat10Earthquake Input Yield Corresoonding to:
Period, T1 Level, "'y 10-sec. OuratlCn 20-sec. Ouration Rzo

- sec. (in-kills) (R10) (R,O) ~

CyliC Rotational Ductility Ratio {at easel. ~
(Based on Hadal Rotation at ~st Floor Level)
E1 Centro, E-W 0.8 500.000 13.0 - -
Holiday Orion, £.'1 1.4 500,000 11.0 11.3 1.03
El Centro. E-Ii 2.0 sao, 000 7.8 11.0 1.39
El Centro. E·1i 2.4 500.000 5.9 7.4 1.08
Pacoima Oam, SlSE o.a 1,000,000 10.2 12.2 1.19
Pacoima Oam, SlSE 1.4 1,000,000 5.9 5.9 1.00
Holiday Orion, E-W 2.0 1,000,000 3.7 3.7 1.00
E1 Centro, E-W 2.4 1,000,000 2.1 2.9 1.39
E1 Centro, H-S 0.8 l,sao, 000 5.S 5.0 1.06
Pacoima Oana, SlSE 1.4 1,500,000 3.4 3.5 1.01
Holiday Orion, f·W 2.0 1,500,000 1.8 1.8 1.01
E1 Centro, E-Ii 2.4 1,500,000 elastic elastic -

Cumulative Cyelic Rotational Oucitility Ratio lat Basel, ~
(Based on Hoaal Rotation at 1st Floor Level) ,

El Centro, E-II 0.8 500,000 92.6 - -
Holiday Orion, [-W 1.4 500,000 70.5 178.3 2.53
£1 Centro, £-11 2.0 500,000 3a.0 86.7 2.28
El Centro, [·W 2.4 500,000 31.3 58.0 2.17
Pacoima Oalll. SlSE 0.8 1,000.000 53.3 110.4 2.07
Pacoima Dam, SlSE 1.4 1,000.000 33.8 57.7 2.00
Holiday Orion. E·1i 2.0 1,000,000 .21.8 so.a 2.13
El Centro, E·W 2.4· 1,000,000 14.9 34.8 2.34
E1 Cantro, lC-S 0.8 1,500,000 45.6 92.0 2.~

Pacoima Oalll, SlSE 1.4 1,500,000 22.2 44.5 2.01
Holiday Orion. E-W 2.0 1.500,000 16.2 31.3 1.94
E1 Centro, E-W 2.4 1.500,000 4l1astic: elas"tic: -

Cull'lllative Rotational Energy (at Sase), !N

(Based on Ilodal Rotation at 1st Floor Level)
E1 C!ntro, E-W 0.8 500,000 56.1 - -
Holiday Orion. E-W 1.4 500,000 37.9 91.2 2.41
E1 Centro, E-W 2.0 500,000 17.6 38.0 2.111
E1 Centro, E-II 2.4 500,000 13.3 25.7 1.94
Pacoima Oillll. Sl6£ 0.8 1,000,000 49.7 96.0 1.94
Pacoima Dam, SlSE 1.4 1,000,000 2S.2 47.8 1.82
HolIday Orion, E·II 2.0 1,000,000 17.0 31.4 1.85
E1 Centro. E-II 2.4 1,000,000 10.3 23.4 2.25
El Centro. H-S 0.3 1,500,000 38.2 72.5 1.a9
Pac:oima Cam, S16E 1.4 1,500,000 1S.5 28.2 l.~

Holiday Orion, E·II 2.0 1,500,000 10.0 15.4 1.64
E1 Cantro, E-W 2.4 1.SOO,C~O e14stic: elastic: -
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Table A 14 (contd)

Effect of Duration of Input Motion on Maximum Response Values
and Cumulative Measures of Deformation

20-Story Isolated Structural Walls - SI = 1.5 (SIref.l

Earthquake rnput Fundamental
?eriod. Tl

sec.

Yie ld
l.evel, /11

1
(in-kips)

l'1axlmum or Cumulat1'le '/alues
Corre!~or.ain~ to:

IO-sac. Duratlon ZO-sec. Duratlon
Ratio
R20
~

Cumulative Rotational Energx (at Base). IN
(Based on Nodal Rotation at 2nd Floor Level)
E1 Centro, E-W 0.8 500.000 103.5

Holiday Orion, E-W 1.4 500,000 50.5 n.3 2.39
E1 Centro. E-W 2.0 500,000 27.2 30.1 2.22
;;1 Centro. E-W 2.4 500,000 21.2 20.4 1.92

Pacoima Dam. SlSE 0.8 l,nOO,OOO 42.4 82.4 1.94
~acoima Dam, SlSE 1.4 1,000,000 18.3 35.5 1.39
Holiday Orion, E-W 2.0 1,000,000 13.1 23.0 l.n
E1 Centro, E·W 2.4 1,000,000 7.5 17.0 2.20

El Centro. II-S 0.8 1.500.000 27.5 53.6 1. 94

?acoima Dam, Slot 1.4 1,500.000 11.2 21.5 1.93
Holiday Orion. E-W 2.0 1.S00.0CO S.4 !.3.2 . l.Se
E1 Centro, E·;./ 2.4 1.500,000 elc1Stic elastic
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Table A 20

RESPONSE VALUES CORRESPONDING TO DIFFERENT
EA,fHHQUAKE INPUT MOT10NS

(51 " 1.0(Slref.l, Duration" 10 secJ

20- Story Isolated Structural- Walls

My .. Ver'J Large- (Elastic)

E.Q. Fundanental Period r1 (sec) .
Input No.

I0.8 1.4 2.0 2.4 I

rop Displacement (in.)
1 - 1.05* · 10.2

2 · · 12.4* ·
3 5.9'" - - -
4 · · - 15.3'"

5 4.0 8.3. . · -
5 - · - -

Interstory Oisolacement (in.)
1 · 0.59'" · 0.75

2 · · 1.08'" ·
3 0.39* · · ·
4 · · · 1.17*
5 - 0.60 · ·
5 · - - ·

florixonta I Shear at Sase (k)
,
I

1 - 1.339 · 1.120* I
I

2 · · 1.595* · I
3 1.838 - · · ;

I
4 · · · 865 i
5

5

1

2

3

4

5
/)

1.514*

Sending Moment at Base (in-k)
1.699.000*

2.673.000* 1.394.000*

2.082.000 1.466.000

579.000

1,013.000*

~r1t1cal (lIIilx1_1 value for partic:ular T
1

A-28
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Table A26

RESPONSE VALUES CORRESPONDING TO DIFFERENT
EARTHQUAKE INPUT MOTIONS
(SI=O.]5(Slref), Duration = 10 secJ

20.;.S tory Isolated Structural Walls

My : Very Large (Elastic)

0.5S
0.81 ..

0.8 1.4 2.0 2.4

718
649

840"

0.60"

458,000

750,000"

509,COO

."

1.045.000"

933,000

1.099.000

Fundamental Pe~iod, T1 (sec.)

Sendino Moment at Sase (in-~l

1.291,000"

Intersto~y Oisplacement (in).

Top Displacement (in.)

0.29" 0.41

0.78

0.21 0.45

Ho~izontal Shea~ at Sase (kl

1,041

1,19S"

1.379 940

617

1,442" 1,210"

2.005,000"

E.Q. \
Input No. ,

I

I
1

I 2
I
I 3
I 4

i
I

1

2

3

4

5
6

1

2

3
4

5

6

1

2

3

4

5

6

-er1tical (~ximum) value for particular T1

A-34
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Table 8 I

Ductilities by Various Definitions - For the Hinging Region in Specimen Rl
Based on Rotation of a Section 74.0 in. Above Base of Test Specimen

I
~oad Stage

Cbserve,j I ! -load 1"'· ,..,
Cyclic CUlllUl~the

Yield RetJt ion at I ·t.oad Cycle Retat 1ena I Rotat jond 1 Cumulative Rct.at. :enal
!!oment I Full Yield (S Mas) I (S ,~ax) (S Max) ~o. Ouctil ity, Ductility, Ouc:ti 1ity, Energy,
(k-in.) I (Rad.)

! ~,. ~rc ~c t.l. ~
r

81.8 12.8 17.3 10 1.00 1.1 2.1 1.94
80.3 12.6 16.5 11 1.04 1.3 A.6 2.48
10.6 14.9 72.7 12 1.13 1.2 1.1 3.00

92.5- 84.8 88.7 13 2.09 1.7 12.0 6.10
83.6 19.8 81.7 14 2.05

I
2.9 17.5 9.56

81.4 17.9 19.7 15 2.04 2.8 22.9 12.16
99.4 91.0 95.2 16 4.04 6.3 33.9 2'.00
SO.1 55.3 87.7 17 I 4.02 6.3 46.3 32.24<:>

8 "" 86.1 84.8 85.5 18 4.08 6.1 58.4 41.;0

I
0

~ <:>.., .; lCO.O 94.1 97.1 19 5.13 9.8 15.8 59.04"

I
90.5 89.0 89.1 ZO 5.e8 9.1 95.0 75.10
88.5 85.3 a6.9 21 .5.10 9.5 113.7 ~C.~4

I
98.3

,
93.3 95.8 25 7.93 12.9 134.9 115.30··I

90.8 64.8 77 .8 25 7.a5 11.7 150.1 I l~~.n

59.1 52.3 75.7 27 14.35 18.4 191.0 155.6"

I 64.7 66.9 65.8 28

I
18.17 25.3 236.5 189.72

I 56.7 26.5 4t.6 29 19.22 20.2 286.4 210.38
! 51.6 17.9 j4.7 30 19.39 27.0 339.8 227.36,

The cumulative rotational energy has been normalized in terms of observed yield
moment and the rotation at full yield.

Maximum load stage.

"" Last stable cycle.

Table B 2
~uctilieies by Various Oefinitions - For the Hinging Region In Specimen R2

Based on Rotation of a Section 74.0 In. Above Base of Test Specimen

I I lOilol Stilge I !
Obsi!"ved I Cyclic ClJllulative I

I Yle;d R~tat1on !t -t.oad -t.oad I AV9. Load Cycle Rotational Routinnal i Ct:llUlathe Ro~at;Mal I
~:ment Full Yield

I
(1 Max) (: Max)

I
(: Max) :10. Ouct illty, IOuctl1ity, IOuctillty, :ner<;y,

I (k-ln.) (Rad.) I',. ~,.c ~c "A ~
- r

86.4 83.5 as.O 19 1.08 1.3 2.4 3.10

82.0 SO. 5 8t.3 20 1.06 1.3 ~.O 1.12

SO.3 79.2 79.7 21 1.05 1.3 7.S 5.02

92.9 9t.0 91.9 22 2.31 ~.5 13.4 U.04

87.8 87.4 87.6 23 2.26 3.3 20.0 17.18

86.0 as.5 as.s 24 2.22 3.2 2S.J 21.90

94.5 96.5 95.5 25 3.38 5.3 35.8 34.24

... 91.1 92.7 91.9 25 3.28 5.0 45.8 4;1.70
0 ...

91.2 90.4 27 3.19 4.9 5~.S 52.Sa
~

<:> 89.7 I0... .,; 96.0 98.7 91.4 31 4.33 5.8 66.8 70.15

92.0 87.5 89.1 3? 4'.14 5.2 1'.1 a2.3~ I

84.0 92.6 88.3 33 3.62. 5.S 89.S 92.::0 I

94.S lCO.O 97.4 34 4.52 7.7 I 104 .4 I 112.~2~ ,
89.5 92.4 91.0 35 4.39 7.5 I l1a.7 I 115.95 ...

I
I

18.3 78.9 78.6 I 36 I
4. 4~ 5.3 131. 9 137.23 I

63.0 I 59.3 51.1 37 4.35 9.1 149.1 15'.10

I
43.9 36.1 40.0

I
38 I 5.28 10.~

!
15'),2 151.34I

19.0 I 21.5 .0.3 39· I 6.88 11.3 191.. 153.;4
!

@ The cumulative rotational energy has been normalized In terms of observed y~eld

moment and the rotation at ~ull yield.

* Maximum load stage.

•• ~st stable cyc~e.
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Table 83

Ductilities by Various Definitions - For the Hinging Region in Specimen 81
Based on Rotation of a Section 74.0 in. Above Base of Test Specimen

I Load Sta'le
Cye! Ie CumulativeQb$erved

Yield Rotation at I ·Load I ·Load
Av'l. Load Cyr.le Rot at fona 1 Rotatfona I Cumulative Rotat ;onal

MoIIIent Full Yield (% Max) (~ ~a.l) (:: Max) No. Ouctil fty •. Oucti I ity. Ouctil Ity, Energy.
(~-in.) (Rad.) I \'or \'ore l:\I,-e l:A @

r

89.8 89.1 89.5 13
I 1.34 1.8 3.1 4.42

81.1 84.8 83.3 14 1.32 1.6 6.4 5.90

80.1 83.2 81.6 15 1.33 1.6 9.6 7.2'1

98.0 93.2 95.6 19 2.74 4.3 L6.7 lS.sa
91.7 89.4 9O.S 20 2.74 4.0 24.8 22.80

88.9 87.0 88.0 21 2.59 3.9 32.6 28.32

99.8 97.1 98.7 22 4.15 6.9 44.8 42.85

·93.9 n.7 93.a 23 4.09 6.7 58.0 55.1a
N

I0 .... so.a 90.9 9'J .a 24 3.9S &.a 71.0 66.22::a 8
G 0 99.2 100.0 99.6 28 5.53 8.9 85.4 86.54;

94.3 94.1 94.2 29 5.03 a.a 102.4 1(12.~6

92.4 90.5 91.4

I
30 5.28 a.7 119.4 117.SO

91.2 9S.4 94.S 31 0.40 10.7 139.4 lJS.90

85.4 S9.2 a7.3 32 5.26 10.1 159.6 156.86 ....

80.9 59.8 75.4 I 33 5.74 9.9 179.0 172.16,

Table 8 4

Ductilities by Various Definitions - For the Hinging Region in Specimen 82
Based on Rotation of a Section 74.0 in. Above Sase of Test Specimen

Load Sta'le
Ob$erved Cyelfe ClJlll/Jative

Yield ~otat10n at +load ·Load I\v9. Load Cyde Rotational ~otationaI CUlIlIIht1ve ~otational

MQIllent Full Yield (:: /lax) (~ Max) (: Max) no. auctil fty. Ouctil ity. aucti! ity. En.rgy.
(k-fn.) (Rad.) I llr llre ~e J:.l.@

r

93.9 91.4 9l.6

I 19 1.75 2.7 4.5 7.0S
88.3 as.4 88.3 20 1.73 :I. 5 9.4 10.40
86.7 86.a 85.7 21 1.69 2.4 14.2 13.46
95.S 95.2 96.0 2l ?.59 4.0 21.4 21.76

I
0 N 93.3 94.0 93.7 23 2.47 3.a 28.9 27.SS
0 ...

9~.l~ 8 n.6 92.4 Z4 2.40 3.5 35.9 3~.00

N ... 99.1 100.0 99.6 25 3.11 5.0 45.0 43.S0-
95.9 97.5 96.7 25 2.95 4.6 54.1 51.66

92.9 95.0 93.9 l7 2.ES 4.3 62.6 ;8.68'"
94.4 92.2 93.3 28

\

2.93 5·l 72.7 59.64
34.9 25.8 30.4 29 '- 3.9 79.7 _.
16.1 16.0 16.4 30 .. 4.0 84.8 -

The cumulat~ve rotational energy has been normalized in terms of observed yield
moment and the rotation at full yield •

•
••

Maximum load stage •

Last stable cycle.
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Table 8 5

Ductilities by Various Definitions - For the Hinging Region in Specimen 83
Based on Rotation of a Section 74.0 in. Above Base of Test Specimen

LJad Stag..
Cyelle IOb~ .....ed

I CUllltl1at;v~
YIeld Rotation at 'Load I -l.aad I ~vo. Load I ~ycl~ ~otat lana J noeaeional I C"","I.e! ... ~\)~H1t'1naJ

MOlI..,C Full y,.ld (: Max) (: Mox) (i II.. ) ~o. Oucti 1fty, Ouet i liCy, Ouet 11 fCy, energy.
(k-(n.j (Rad.) 1',0 I'~c """c tA ~,

as.3 8oS.Q 86.1 13 1.29 1.7 t.g 1.51
82.3 SO. 6 81.4 14 1.28 1.~ 5.Q 4.84
80.6 79.1 79.S 15 1.29 1.5 9.Q 5.98
~.S as.S 91.6 19 2.69 4.1 15.6 14.18
S1.S 85.5 86.S 20 2.69 4.0 23.4 21.10
.as.5 83.5 84.5

\
21 ~.66 3.S 31.0 25.36

95.6 93.1 ~.4 22 4.13 6.3 42.3 38.86
90.1 90.0 SO.3 I 23 4.02 6.2 54.3 '9.J<)
a9.4 as. 5 89.0 " 3.91 5.9 6~.1 59.22
91.5 94.8 96.2 \ 28 5.09 8.2 79.9 78.70
93.9 92.4 93.1 I 29 '.94 3.0 95.1

\
93.52

~
..,

91.4 90.5 91.5 30 \ '.18 1.1 110.8 101.7.~..,
98.9 97.5 I.; .. 96•• 31 5.91 9.9 129.5 13l.JS
95.4 93.3 95.1 J2 5.52 9.5 148.4 149.~8

14.8 91.5 93.2 13 5.31 9.0 166.1 151.04
100.0 96.5 91.3 3' 6.53

I
10.3 186.9 19~.32·

I 91.4 93.3 95.3 35 c.n 10.5 207.5
\

213.6Z
95.3 91.4 93•• 36 6.00 9.3 <21.1 232.36
99.1 9~.1 91.1 37 S.M 11.3 243.1 257.12
95.9 91.1 93.3 38 6.21 10.8 270.0 278.15
87.6 &I.' SS.O 39 6.02 10.2 290.2 295.84-
at.8 18.4 SQ. 1 .a 1.01 11.9 313.0 316.54
63.3 50.3 61.S 41 6.80 11.9 335." 311.65
55.5 '9.J S2.~ ~2 6.17 !l.a JS9.3 JU.oa

Table 8 6

Ductilities by Various Definitions - For the Ringing Region in Specimen as
Based on Rotation of a Section 74.0 in. Above Base of Test Specimen

load Sta9~
C:Jmuht1v~Observed CJellc

Yield ~otatlon at -load -toad Av'l. load Cyda Rot atlona 1 Rotational ClJ':lUlative Rota'innal
!!anent Full Yield (: Ma~) (% Ma~) (: Max) ~o. Oueti11ty, Quetil Hy, Cucti! ity, Ene'9Y,
(k-in.) (Racl. ) \II' \I,c: ~'c: t,\ ~

I',
86.9 87.4 81.1 19 1.44 2.1 3.4 5.70

82.1 83.8 83.0 20 1.38 1.9 7.2 7.82

SI.2 82.6 81.9 21 1..'5 1.8 10.9 10.25

89.6 9t.9 90.7 22 UJ 3.2 16.6 11.52

87.6 89.1 88.7 23 2.06 3.0 22.S 22.80

86.S 88.9 87.11 24 2.00 2.9 2S.1 27.64

8 ..
4.1 35.S 37.82

..,
93.3 96.5 94.9 25 2.64<>e '" 91.S 94.2 92.S 26 2.51 3.8 43.1 dS.20N 0
90.1 92.9 9t.S 27 2.43 3.S 50.3 51.92

96.1 100.0 98.3

I
28 3.05

1
4.7 59.. 1 63.9a..~ ..

93.0 SO.S 85.S 29 2.54 4.4 61.4 71.86

65.5 58.5 62.0 I 30 2.12 3.2 13.6 7~.S2

@ The cumulative rotational energy has been normalized in terms of observed y~eld

moment and the rotation at full yield.

.. Maximum load stage.

.... Last stable cycle.
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Table 8 7

Ductilities by ~arious Definitions - for the Hinging Region in Specimen fl
Sased on Rotation of a Section 74.0 in. Above Sase of Test Specimen

l.oad Stage
Obsel'ved Cyel1c Ct."Ilulative

Yield aotation at "'I.oad -!'oad Avg. Load Cycle Rotational Rotat ional Cumul ative Rotational
!!anent Full Yield (% Max) (% Max) (% Max) No. Dueti1 lty, Ductility, Duetl1 fty, enel'gy,
(k-fn.) (Rad.) J.I.,. ~~e ~e tA @

~

SO.l SO.5 80.3 1.1. 1.08 1.1 2.1 1.18
78.5 so.a 79.7 14 1.13 1.2 4.4 1.36
79.1 SO.O 79.6 15 1.10 1.1 6.6 1.54

i 91.0 90.5 90.a 19 2.73 'J.7 12.7 7.34
., . 89.4 87.6 as.S ZO 2.56 3.4 19.4 1l.14
g.

..,
0 87.7 86.0 86.9 Zl Z.Sl 3.2 Z5.8 14.50-0,..
ciN 100.0 94.1 97.1 Z2 4.32 6.8 38.4 31.18*

Z2.0 18.9 ZO.4 Z3 -. 9.3 50.9 --
11.1 12.4 11.7 Z4 -- 9.4 58.7 -
13.2 9.0 11.1 2S - 18.S 102.3 _.

*
**

The cumulat~ve rotat~onal energy has been normalized 1n terms of observed yleld
moment and the rotation at full yield.

M~~imum load stage.

Last stable cycle.

Table 8 8

Ductilities by Various Definitions - For the Hinging Reqion in Specimen S6
Baaed on ~otation of a Section 74.0 in. Above Sase of Test Specimen

I Load Stag.. I

Obs.. rv<Kl Rotation at Cyelic Clm-ulativ..
'!leld ?Illl 11eld +i.oad -Load ...vq. Load Cyele Rotational Rotational CUlOulative Roeational
MOIII.nt (rad.) It .,ul

" "'''1 (\ 1lIa"1 ~o. Cuctillty, 1Juctility, Ollctility, <:nergy,
(It-in.)

fLr fLrc I !fLrc ZAi
97.S 95.1 96.6 22 1.10 2.3 4.0 4.10

91.9 93.3 92.0 23 1.10 2.3 ~.6 6.69

I
co ..
0 ...., co 91.4 91.8 91.0 24 1.09· 2.2 13.C 8.64**... ~.., co 97.9 100.0 ".0 25 2.18 4.1 20.3 14.50-;'·

-'
~,.S 37.6 43.5 26" 3.4 26.1

@

,.
.ow

The cumulative rotat~onal energy has been normalized in terms of observed yield
moment and the rotation at full yield.

Maximum load" stage.

Last stable cycle •

Web crushinq occurs in this cycle.
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Table 89
Ductilities by various Definitions - For the Hinging Region in Specimen 87

Based on Rotation of a Section 74.0 in. Above Base of Test Specimen

c.oad Staqe

ObseJ:v~ Rotation at Cyclic CUlIIulativ..
'!leld N11 'lield +Load -Load All'!!. Load Cycle Rotational Rotational CUMulative Rotat ional
MOlllent (rad.) (' maxI (, maxI (l l1laxl NO. DuetHl t'l. Ductility, DucUli ty. £n~,qYI

(k-lll.) fJ-r fJ-rc ZfLrc r.Ar~

91.4 90.5 90.9 19 1.39 2.5 4.2 5.~0

87.5 88.3 88.2 20 1.89 2.4 9.0 9.12

86.6 87.8 81.2 21 1.87 2.4 13.9 12.51

93.4 95.0 94.2 22 3.03 4.3 21.8 20.53

90.2 92.8 91.5 23 2.96 4.2 29.8 :17.91
0 ...

89.1 91.8 90.4 24 2.94 4.1 38.1 34.81... •... 0. 0..
0 95.2 97.5 96.3 25 4.05 6.2 49.:1 47.10..

91.9 95.8 93.1 26 3.98 5.0 61.2 59.7)

91.5 94.5 93.0 21 3.96 5.9 72.9 72.00

91.2 100.0 9S.6 28 S.lS 8.1 81.8 93.9S·

93.1 91.5 95.6 29 5.0S 7.7 103.3 119.16

92.6 96.4 94.5 30 5.06 7.5 118.4 142.87··

67.9 5&.2 52.0 31 5.08 7.4 132.9 158.37

•
**

The cumulat~ve rotat~onal energy has been normal~zed ~n terms of obserVed y~eld

moment and the rotation at full yield •

Maximum load stage.

Lalit stable cycle.

Table 810

Ductilities by Various Definitions - For the Hinging Req~on in Specimen sa
~sed on Rotation of a Section 74.0 in. Above Sase of Test Specimen

Load Sta'!!"
Observed Rotation at Cyellc Cu.....lative
'!leld Full Yield +L04d -L04d "vq. Load Cyde Rotational Rotational Cuaulativ.. Rocational
Moment: (ud.) (\ lIIaxl (' '1Ia"1 (' IN,,) 110. Ouctility, Ductility, Ducti li ~y # En"rqy,
(k-ln.)

fJ-r fLrc !fJ-rc r.A'
90.5 90.2 90.3 19 1.91 2.5 4.3 6.13

86.8 a7.7 81.2 20 1.'1 2.5 9.3 10.19

35.6 86.S 86.1 21 1.33 2.5 14.3 13.H

93.1 95.0 94.3 22 3.04 4.4 22.1 .22.05

90.1 92.5 91.S 23 2.99 4.3 30.7 30.00

0 ... n.s 91.5 90.1 24 3.02 4.4 39.4 37.680 ..
0 0.' 0 96.S n.2 97.4 25 •• 11 6.2 50.9 50.89... .;

' •• 5 9&.lI U.3 26 4.08 6.2 63 • .3 n.8S

93.1 94.1 94.2 27 4.06 6.1 15.5 76.19

98.5 100.0 99.3 28 5.23 S.3 90.9 95.67·

91.0 97.8 91.4 29 5.21 8.3 107.0 115.08

9S.7 96.5 96.1 30 5.19 '8.3 123.2 133.1.1··

99.3 40.1 70.0 311 5.43 9.5 lH.S

The cumulat~ve rotat~on~l ener~y has been norrnal~zed in terms of observed Yleld
moment and the rotation at full yield.

Maximum load stage •

• it Last stable cycle.

Web crushing occurs in this cycle.
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Tobie B JI

Ductilities by Various Definitions - For the Hinging Region in Specimen 89
Based on Rotation of a Section 74.0 in. Above Base of Test Specimen

Observe<!
Load Stage

CumulativeRotation
Rotational Cyel fe eyc1 fc Cumulatfve

Yield at Full Load load Averaqe Cycle Rotationa I Rotational
~t Yield (: Max) (~ Max) load No. Ouctil f ty, Oucti 1fty, Ductl1ity, Energy,
(It-fn. ) (Rad. ) (~ Max) IIr lire

l:llre
tA 9

r

100.0 .99.7 99.8 2· 4.96 S.Z 13.2 19.85*0 CD
0 ...
~ 8 59.3 33.1 46.2 J 1.10 4.0 18.5 22.73..,.., 0

91.7 76.4 84.0 4 3.96 5.7 28.8 33.35

Table B 12

Ductilities by various Oefi,liitions - For l:11e llinqinq Reqion in Specimen 3l,0
Baaed on Rotation of a Section 74.0 in. Above Base of Test Specimen

Load S~aq~

Obs~l'.,.d Rotaticn at Cye 1.I~ Cur...l .. .,lv..
Udd !"JJ.1 'ltdd H.~d -t.oad Avq. t.oad C'{eJ.ot llo":ltlonal llo.,,],.,!onal CUOlula.,lv" llot3tlon".
l1CllIene (cad.l (, ...x, (\ _x, (1 ,,..,,, NO. Cueti lity, CucciUt.,. Cuctilley, !:nQt'1Y,

(Jr.-Ltl.) fL, I fJ-r<: !p.rc !.Al
100.0 H.J '11.& 1 S.O 1.3 1J.4 19.77-

51.1 45.9 S~.3 3 1.1 4.1 19.0 2~.OO

91.4 11.0 I'LJ 4 4.1 '.5 30.0 3%.83

5~.J 411.7 4'.5 S L1 3.% 14.$ 14.4%

91.% ItS .1 ~1.1
, 4.1 '.$ 45.8 'S.U.. ..

50.1 H.S'Cl ... 5•• 1 411.S 50.S 1 1• .1 3.5
,of Cl. co.. .. ' •• 5 ".-4 n.s 9 5.1 9.J , •• S- 61.&0...

50.4 42.& 411.5 , 1.1 4.4 70.4 '3 •. 53

14.0· 12.1 83.3 10 •• 1 4.1 n.1 73 ••6

46.J· 41.3 43.8 11 1.3 3.' n.7 H.9'··

7&•• 84.0 90.1 U 5.1 1.1 100.1 87.&4

40.$ 37.1 31.8 13 1.J •• 5 106.0 n.30

'4.4 '9.' 51.' U 5.' 1.9 118.& 101.1.1

@ ,The cUllIu.latJ.ve,rotatJ.ona.l energy nas cePon normalJ.zed Jon terms of ouservea jl'J.eld
moment and the rotation at ful~ yield.

* MaximUlll lead stage.
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Table B 13

OUCtilities by Various Oefinitions - For the ainqinq Region in Specimen F2
Based on Rotation of a Section 74.0 in. Above Base of Test Specimen

t.o.o SU9_
Obsu..,<td Rautio" at Cyclic C~...lativ.

yield 7~11 UeJ.d +to~d -!.olId AvC;. Load Cyc.!.e RaUtio""l Rota,l:i o"al CwsuJ.ative llota eiQnal
McIlI-.st: (cao.) (\ CWlxl (\ =4al (\ llIu) 110. Ouctil1ty, ouc1:ility, ouc::Uity, £11.'9Y,

(ll-in.)
!-Lr !-LTC !!-Lre ~

n.3 91• .s 91.3 13 2.26 3.1 '.3 1.91
~

91.1 91.3 91.a 20 2.22 3.0 11• .2 11.35

90.S 9O.' '0.1 U 2.21 3.0 11.2 11.S7

!S.S ,..., 95.2 22 3.54 '.3 2'.5 H •.so

95.% 9••3 '5.1 23 3.57 5.2 3'.a 33.48
0 ..... '" "'.3 H.1 94.' 24 3." 5.3 41.3 U.91• 0. 0... ci 11lO.0 ~,., "., 25 4.1f 1.4 $1.1 '5.a8·..

91.2 91.0 ".1 Z5 4.80 1•• 15.8 n.19

95.1 ".0 95.4 21 4.75 7.3 90.2 a3.~··

9'.0 20.' ".% 28 '.38 a.' 101.3 103.71

0.0 0.0 0.0 2' 1).0

..
...

The cumulative rotat~onal energy has been normal~zed in terms of observed yield
lIlOlIIent and the rotation at: full yield.

Maxim1.llll load stage •

Last stable cy~le.
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i

(a) Flanged Section

4~ I
75" 4i!-- ..:...;:;. ---.i..

life::..' .. '... '. . . '. . {;~71--L~lI
...L~" . . • .. , ., .' t2::lT'

~ 75" ~
( b) 8arbell Section

Top Slab

(c) Rectangular Section

Fig. Bl Specimens and Loading in the Experimental Investigation
on Isolated Structural Walls
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APPENDIX C

EFFECT OF DEGREE OF BASE FIXITY

Results presented in the main body of the report, are based

on the assumption of full fixity at the base. An additional

series of analyses was carried out to evaluate effects of

rotation of the base.

The degree of base fixity is expressed in terms of a base

fixity factor, FB, defined as the ratio of the moment

developed at the base of the wall due to a given lateral
displacement to the moment that would be developed if the base

were fully fixed. Thus, the fully fixed case corresponds to a

fixity factor of 1.0. The rotational restraint at the base is

represented in the analytical model by a linear spring as shown
in Fig. Cl.

Analyses were made using 20-story isolated walls only.

Base fixity factors equal to 0.75 and 0.50 were considered.

Results are summarized in Tables Cl through C6 and plotted in

Figs. C2 through C4. These figures show the variation of

different response quantities with fundamental period and

degree of base fixity for different values of the yield level,

M. In these figures, the fundamental period plotted along
y

the horizontal axis corresponds to the fully-fixed-base

structure. Thus, for a wall with a 50% base fixity, the

fundamental period considered is that for the same wall when

its base is fully fixed. Although in s~veral cases the data do

not exhibit clear trends, an attempt has been made to indicate

what appear to be trends by drawing the smooth curves shown in

the figures.

Figures Cl through C6 indicate that for a particular yield

level and fundamental period, the rotational ductility, the

maximum moment and the shear at the base decrease while the top

displacement increases with a decrease in the degree of base

fixity.
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Figures C5 and C6 present the variation of the maximum top

displacement, ~t' with fundamental period for different values

of rotational ductility (reflecting the effect of flexural yield

level). The .dashed curves in these figures are meant to

represent upper bounds on the plotted data. The increase in top

displacement with increasing fundamental period is apparent in

both curves, the rate of increase becoming less as the base

fixity decreases.

Figures C7 and C9 show the flexural design factors corres­

ponding to FB = 0.50 and 0.75 respectively. It will be

noted from a comparison of Figs. C5, C7, and Fig. 40 for the

fully-fixed-base walls that the effect of ~a (or the yield
·r

level, My) on af diminishes as the base fixity factor decreases.

This is reflected in the decrease in spacing between the curves

for different ~~ as the base fixity factor decreases from 1.0 in
Fig. 40 to 0.50 in Fig. C7. The same trend is noticeable,

though less pronounced, in the curves for i v shown in Figs.C8

and CIO, when compared to Fig. 43 for the fully-fixed-base

condition.

Charts were developed for varying degrees of base fixity.

The charts shown in Figs. Cll and C12 are similar to those for

intensity factors developed in the main body of the report for

adjusting the flexural and shear design factors of Figs. 51 and

52 (for SI = 1.5. f)' The figures were prepared by takingre •
the ratio of the design factor for a particular Fb-value to

that for the corresponding fully fixed 20-story wall. Figures

Cll and Cl2 may be used with Figs. 51 and 52 to obtain design

factors for different base fixity conditions. A similar chart

that can be used in conjunction with Fig. 53b for maximum top

displacements is given in Fig. C13.
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APPENDIX C

Tables Cl-C6

Figure Cl

Figures C2-C4

Figures C5-C6

Figures C7-C10

Figure Cll

Figure C12

Figure C13

Maximum Response Values
20-Story Walls, for Each Base Fixity Factor

Definition of Base Fixity Factor

Critical Response Plots
20-Story Walls, for Each Base Fixity Factor

Maximum Top Displacement Plots
20-Story Walls, for Each Base Fixity Factor

Flexural and Shear Design Factors
20-Story Walls, for Each Base Fixity Factor

Base Fixity Factor for Flexural Design
Coefficient

Base Fixity Factor for Shear Design
Coefficient

Base Fixity Factor for Maximum Top
Displacement

List of TableS

Cl Response Values Corresponding to Different Earthquake Input
Motions, 20-Story I.S.W, My = 750,000 in.-k, Base Fixity
Factor = 50%

C2 Response Values Corresponding to Different Earthquake Input
Motions, 20-Story I.S.W, My = 1,000,000 in.-k, Base
Fixity Factor = 50%

C3 Response Values Corresponding to Different Earthquake Input
Motions, 20-Story I.S.W, My = 1,500,000 in.-k, Base
Fixity Factor = 50%

C4 Response Values Corresponding to Different Earthquake Input
Motions, 20-Story I.S.W, My = 750,000 in.-k, Base Fixity
Factor = 75%

C5 Response Values Corresponding to Different Earthquake Input
Motions, 20-Story I.S.W, My = 1,000,000 in.-k, Base
Fixity Factor = 75%
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C6 Response Values Corresponding to Different Earthquake Input
Motions, 20-Story I.S.W, My = 1,500,000 in.-k, Base
Fixity Factor = 75%

List of Figures

Cl Definition of Base Fixity Factor, FB

C2 Critical Response values as Functions of Fundamental period,
Tl' and Degree of Base Fixity - 20-Story I.S.W., My =
750,000 in.-k

C3 Critical Response Values as Functions of Fundamental period,
Tl, and Degree of Base Fixity - 20-Story I.S.W., My =
1,000,000 in.-k

C4 Critical Response Values as Functions of Fundamental period,
Tl' and Degree of Base Fixity - 20-Story I.S.W., My =
1,500,000 in.-k

C5 Maximum Top Displacement as a Function of Fundamental
Period, Tl' and Rotational Ductility at Base, 20-Story
I.S.W. with Base Fixity Factor = 50%

C6 Maximum Top Displacement as a Function of Fundamental
Period, Tl' and Rotational Ductility at Base, 20-Story
I.S.W. with Base Fixity Factor = 75%

C7 Flexural Design Factor as a Function of Fundamental period,
Tl' and Available Rotational Ductility, 20-Story I.S.W.
with Base Fixity Factor = 50%

C8 Shear Design Factor as a Function of Fundamental Period,
Tl' and Available Rotational Ductility, 20-Story I.S.W.
with Base Fixity Factor = 50%

C9 Flexural Design Factor as a Function of Fundamental period,
Tl' and Available Rotational Ductility, 20-Story I.S.W.
with Base Fixity Factor = 75%

CIO Shear Design Factor as a Function of Fundamental Period,
Tl' and Available Rotational Ductility, 20-Story I.S.W.
with Base Fixity Factor = 75%

Cll Base Fixity Factor for Flexural Design Coefficient, 20-Story
I.S.W.

C12 Base Fixity Factor for Shear Design Coefficient, 20-Story
I.S.W.

C13 Base Fixity Factor for Maximum Top Displacement, 20-Story
I.S.W.
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