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ABSTRACT

EVALUATION OF STRUCTURAL RESPONSE AND DAMAGE
RESULTING FROM EARTHQUAKE GROUND MOTION

Steven Lee McCabe, Ph.D.
Department of Civil Engineering
University of Illinois at Urbana-Champaign, 1987
Professor William J. Hall, Advisor

The design of structures to limit or preclude strong response and
damage from earthquake ground motion is a complex problem and is the
subject of this thesis. The factors leading to strong response are not
well understood and clearly involve more than peak acceleration and
yield level. Present methods for evaluation of damage are approximate,
generally focusing on the maximum ductility. This study was undertaken
to identify the parameters responsible for strong response and to
develop comprehensive new approaches for evaluating damage in simple
structures.

The 1initial studies reported herein involve the response of
various single-degree-of-freedom (SDOF) elastoplastic structures to
pulse-type ground excitation and to actual earthquake ground motion;
among the results documented are structural deformation response, input
and hysteretic energies and number of yield excursions. Also included
are the results of a 1limited Fast Fourier Transform study and
experimental investigation of a SDOF structure subjected to pulse-type
excitation.

The second set of studies reported involves development of two
comprehensive seismic damage criteria. One criterion converts the
dissipated hysteretic energy into an equivalent number of identical
hysteretic cycles employing three different cycle definitions. The

second damage criterion accounts for the accumulation of structural



damage caused by random inelastic cyclic response through hysteretic
plastic ductility and Damage Index parameters founded on low-cycle
fatigue concepts. These damage criteria are evaluated against
experimental data and found to depict damage well.

Three applications of these damage criteria are presented, namely
(a) evaluation of the dissipated hysteretic energy using equivalent
cycle and fatigue damage concepts, (b) use of the fatigue damage
criterion to construct inelastic response spectra, and (c) use of the
fatigue damage criterion as the basis for a proposed drift criterion to
limit the damage caused by cyclic response.

The study concludes with observations regarding the contribution
of the wvarious ground motion and structural parameters to strong
response, performance of the proposed damage criteria, and the impact

of this investigation on current design philosophy.
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bending stress for yielding of extreme fibers of member
cross section :

bending stress for yielding of entire member cross
section

summation

angle of plastic hinge rotation



CHAPTER 1

INTRODUCTION

1.1 Research Objectives

The development of seismic design procedures for buildings has
benefited from the strong program of earthquake engineering research in
recent Yyears. Improved knowledge about the nature of possible
earthquake ground motions and better understanding of the behavior of
structures and structural elements from which they are constructed has
led to improved design provisions and building codes. An example of
the latter are the modern building design provisions incorporated into
the Applied Technology Council Report ATC-3 (3) and the subsequent
National Earthquake Hazards Reduction Program (NEHRP) Provisions (14).
However, in spite of these improvements, as strong earthquakes occur
throughout the world, deficiencies are still observed in construction
practice, structural design details, and conceptual design philosophy.
This latter observation is particularly true in strong earthquakes when
significant mnonlinear behavior occurs in building systems and is
aggravated when this nonlinear behavior occurs repeatedly over several
cycles of response.

This research is part of a National Science Foundation
investigation entitled "Studies Towards New Seismic Design Approaches.™
Among the objectives of this study are two topics related to specific
aspects of structural response to earthquakes, mnamely (a) the
examination of input ground motion to identify the parameters
responsible for strong response and (b) the development and explanation

of mnew approaches for structural damage assessment. Improved



definition of the latter topic is badly needed as a part of future
improvements in building codes and standards, and for post-earthquake
damage assessment; no satisfactory approaches currently exist.
Accordingly, this research investigation was undertaken to obtain
; better understanding of the generation of response and damage in
simple structures. The contributions of this research are significant
in that the interaction of structural and ground motion parameters in
causing strong response has been studied and documented herein,
confirming some previously known results and identifying new factors to
consider in design. Moreover, new damage criteria are developed which
provide a greatly improved ability to accurately describe damage in
structures. The underlying goal of this research was to produce
results that would be wuseful in design; therefore, this thesis

concludes with some specific design applications of this research.

.

1.2 Scope of Research Undertaken

This dissertation centers on the findings from two interreléted
studies that have been conducted to meet the foregoing objectives. The
first study focused on defining the ground motion and structural
parameters that combine to produce strong response; this goal was
accomplished through detailed study of response to simple pulse-type
excitation and to actual earthquake ground motion. This general topic
has been addressed partially by other investigators. However, the
present investigation isolated and studied the effects of these
parameters from a design perspective, in a limited yet more systematic

manner than previously had been the case.



The insight gained from the initial phase of this investigation
then was applied to the important question of how best to describe and
evaluate structural damage that may result from strong response. As a
result, two new damage measures were developed to quantify the damage
sustained during earthquake response. These measures are based on
hysteretic energy and cyclic deformation considerations together with
low-cycle fatigue theory adapted to this problem. These damage
criteria provide a means to <convert hysteretic energy into a
quantitative, realistic measure of cyclic response as well as a method
to modify conventional ductility concepts for the additional, and
significant, damage that accumulates when plastic deformations occur
over repeated cycles of response. Comparison with laboratory results
suggest that these measures more accurately predict the damage caused
by cyclic deformations than is possible with present ductility methods.
Moreover, the usefulness of these damage measures in design situations
is demonstrated through specific application of these criteria to the
evaluation of hysteretic energy, to the construction of inelastic
response spectra and to the development of new building drift limits.

The research contributions of this study, as summarized above,
concern the basic single-degree-of-freedom (SDOF) system defined in
Fig. 1.1. It can be observed from this figure that for a base excited
simple system, clearly defining the input ground motion is an important
part of the design process. At present, design methods frequently
employ the peak ground acceleration as the sole description of the
earthquake loading, ignoring the nonmaximum accelerations as well as
the cyclic nature of the acceleration application. The problem is

further complicated when the peak ground acceleration occurs in the



form of high frequency spikes or pulses of unusual configuration.
Accordingly, the first phase of this investigation focused on the
evaluation of ground motion involving simple acceleration pulses and
spikes as well as actual earthquake records to study the parameters
ﬁhat are significant in causing response. The results of this work are
reported in Chapter 2.

The evaluation of structural response to earthquake ground motion
is another important part of the design process. The response can be
depicted in terms of peak response, as reflected in response spectra,
or in terms of an entire response time history. Regardless of the
analysis procedure employed, once the response has been determined an
evaluation must be made to compare the actual behavior with that
allowed or desired. Traditionally, this evaluation has utilized the
ductility factor, defined as the ratio of maximum displacement to yield
displacement as shown in Fig. 1.2, as the basic criterion by which the
strength of the response is judged. The ductility concept, proposed by
Newmark (47), has been used extensively but is limited in application
especially for repetitive type response.

The advantage of the ductility factor is that it can be readily
applied in design to provide both a measure of the maximum deformation
to be expected as well as an indication of the damage associated with
the response. The problem is that the maximum ductility is an
inadequate damage measure; it only addresses the maximum deformation
and ignores all of the other factors of the response that may influence
the damage level. Improvements in evaluation of damage require more
complete information about the response. Recent research by Zahrah and

Hall (72) has produced a more complete description of the response and



damage through calculation of the structural energy balance during
response thereby providing a basis for the further advances reported
herein. As will be developed later in this dissertation, the
nonmaximum cycles of deformation, together with the hysteretic energy,
play an important role in the generation of damage and must be included
in any damage evaluation.

Therefore, the present investigation focused on the development of
comprehensive means to quantify the damage sustained, and the reserve
margins present, in a simple structure subjected to an earthquake. It
is important to be able to quantify such factors if significant
advances in design procedures are to be developed in the near future.
Thus, a damage criterion was proposed employing low-cycle fatigue
theory adapﬁed to the earthquake response problem to account for the
additional damage caused by the load reversals during the response.
The advantage of this approach is that the damage assessment involves
the entire response history of the structure, not one isolated peak
value. Furthermore, damage is based on conventional ductility concepts
that have been improved to account for the additional structural damage
caused by cyclic deformations. A second damage criterion was proposed
based on the number of equivalent hysteretic cycles of structural
response. Structural deformation response is erratic and not easily
assessed. When plotted on a resistance-deformation diagram, the
response appears as hysteretic cycles of various sizes. A quantitative
damage measure can be developed if this actual response is transformed
into a number of identical, complete hysteretic cycles required to
dissipate the actual amount of hysteretic energy. The development of

these damage criteria is presented in Chapter 3.



The equivalent hysteretic cycle damage criterion and the Damage
Index are evaluated in Chapter 4. This evaluation is a detailed
comparison of the predicted damage levels from the proposed criteria
with the experimental results of cyclic tests of structural members.
The evaluation studies show the damage criteria to be accurate
descriptors of the test results.

As a result of the foregoing studies, an improved understanding of
the role of the wvarious features of the ground motion and of the
structure in generating damage has been developed. The results of this
thesis point the way toward new building code procedures that address
the entire response and are not based solely on the peak ground
acceleration or maximum structural deformation. The procedures
developed in this study provide the designer with the means to
accurately assess the damage arising from the deformation pattern, yet
in a way suitable for design application. Thus, an opportunity to
improve existing design and building code provisions is clearly present
through application of the concepts developed herein. The implicatibns
regarding building code philosophy are demonstrated in Chapter 5 where
specific design applications of this research are presented. A brief
overview of this study and its impact on design is contained in
Chapter 6.

Four appendices contain supplementary material that supports the
information presented in this dissertation. The results from tests of
a small SDOF structure to pulse-type ground acceleration are reported
in Appendix A. The detailed results of damped and undamped structural
response to actual earthquake acceleration time histories are

summarized in Appendix B. The results of structural response



calculations using filtered ground motions to explore the frequency
coupling between earthquake and structure are presented in Appendix C.
The derivations of strain-displacement and strain-ductility

relationships employed in Chapter 3 are contained in Appendix D.

1.3 Previous Research and Review of Present Analysis Practice

Three basic methods have been developed to estimate the effects of
earthquake excitation on structures. The most comprehensive technique
available is response time history analysis usually employed only when
detailed information is needed. Another way to estimate response is by
employing pseudostatic methods, as typically found in building codes
(3,14,68), that are based on simple representations of the earthquake
ground motion and structural response. A third widely used technique
is the response spectrum method, which is a plot of the maximum
response of a family of SDOF oscillators to a particular earthquake
excitation (51,52). Because the spectrum is based on the maximum
response to the particular ground motion in question, the spectrum can
provide more accurate estimates of response than pseudostatic methods.
However, the response spectrum concerns only the single maximum
response value and does not provide the complete information about the
behavior that is contained in a response time historxy.

Response spectra can be constructed for elastic and inelastic
response. Inelastic spectra traditionally have been based on maximum
ductility considerations wherein the yield displacement is adjusted and
the response computed until the actual maximum ductility matches the
specified value for each structural frequency. An advantage of the

inelastic spectrum 1is that smaller design loads result, and thus



smaller members can be used, if some degree of nonlinear behavior is
permitted.

One drawback to the spectrum concept is the calculations required
to construct an elastic or inelastic response spectrum. Housner
'(23,26), Veletsos and Newmark (69), Newmark and Hall (49) and Newmark,
Blume and Kapur (48) developed procedures to construct smoothed elastic
design spectra from basic structural and ground motion parameters
without detailed calculation. This concept was extended to nonlinear
response with the modified design spectrum based on an elastic design
spectrum modified by a ductility-based factor to estimate the effects
of inelastic behavior. An example of a modified design spectrum is
that developed by Newmark and Hall (49,50).

These analysis procedures are limited because they employ the
maximum ductility value as both the measure of the response and as the
primary measure of damage and, secondly, because they evaluate the
earthquake hazard based generally on the peak ground acceleration.
Concentrating on the single value of maximum ductility alone produées
incomplete damage estimates because the nonmaximum response is ignored;
for example a structure reaching a ductility value once or many times
would be considered to be equally damaged. Moreover, use of the
ductility factor as a means of constructing modified spectra must be
limited to only small values of maximum ductility because the accuracy
of this approach decreases with larger specified ductilities, as
observed by Mahin and Bertero (41).

The structural response is influenced by more factors than the
peak ground acceleration; factors such as changes in frequency content,

pulse shape, acceleration amplitude, impulse area and overall duration



of motion can substantially affect the structural response.
Furthermore, the peak ground acceleration, which is used as the anchor
point for design spectra, has been shown in several studies to be a
poor indicator of damage potential (2,4,35,54). In summary, the
present analysis procedures are not able to predict the damage
resulting from response to an .earthquake because these methods are
founded on peak input and peak response parameters. The nonmaximum
values of ground excitation and structural response are generally
ignored, yet it is these parts of the excitation and response that are
responsible for generating structural deformations and damage, as will
be developed later herein.

The 1limitations of the present techniques have motivated
researchers to propose other methods to predict and evaluate structural
response. Several researchers have proposed improved response spectra
methods to predict the response to earthquake ground motions. Among
these studies are those by Shibata and Sozen (65), Riddell and Newmark
(63), Nau and Hall (45), and Perez and Brady (55). The common factor
in these studies was the use of the ductility factor as the basis of
spectra scaling as well as the primary damage measure.

Several studies focused on the energy dissipated by hysteretic
behavior such as those by Housner (24,25), Berg and Thomsaides (10),
Blume (13), Jennings (31), Zahrah and Hall (72), Kennedy (35), and
Kennedy and Short (36). Other researchers have recognized the need to
address the accumulation of damage from cyclic deformations caused by
earthquake response and have applied low-cycle fatigue theory to this
process. Examples of these studies are those by Suidan and Eubanks

(66), Kasiraj and Yao (34), and Lashka-Irvani (40) . These
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investigations produced methods too complex for design purposes,
however, they do illustrate the potential for using fatigue theory to
assess the structural damage from earthquakes.

It is for these reasons that the current studies were undertaken,
némely to determine the parameters of the ground motion and of the
structure that are responsible for strong response, and to propose
improved methods to evaluate the damage caused by the response. The
present methods are based on examination of only the maximum values of
the input acceleration or the response deformation. The results of
this particular study indicate that there are other factors involved
that strongly influence the response and damage caused by earthquake
excitation. These factors are identified and new measures proposed to
evaluate damage more thoroughly than has formerly been possible. Such
advancements 1in practice are necessary if improved rational design

approaches are to be developed and implemented in the future.
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CHAPTER 2

STRUCTURAL RESPONSE TO GROUND MOTION EXCITATION

2.1 Introduction

This chapter contains a brief examination of specific types of
input ground motion and their effect on structural response. It is
recognized that a great deal of such information already exists in the
literature on this topiec. However, for the purposes of this
dissertation, wherein structural damage mechanisms are under study, it
is important to examine strong ground motion input and its effects in
special cases centering around 1limited nonlinear behavior. Such
studies are important from several standpoints, not the least of which
is that the development of comprehensive and consistent damage
estimation procedures will lead in the future to more rational building
code provisions, as well as methods for evaluating remaining margins of
safety.

In order to accomplish the foregoing objective, the chapter begins
with some introductory remarks on analysis procedures and follows with
two major sections that summarize the input and response studies. The
first section concerns simple regular triangular base-type excitation
of single-degree-of-freedom (SDOF) systems and the examination of the
influence of certain selected key parameters on response. The second
portion of the chapter follows the same line of development for
earthquake-based excitation studies. As a part of this study a great

deal of computation was carried out and the material presented was
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selected as being the most pertinent to the subsequent developments in
this thesis.

Some additional comments on the matter of strong shaking are in
order to place this portion of the study in perspective. It has been
observed in earthquakes, as well as in various forms of military
related shock-type studies, that high-frequency spikes of acceleration
have little effect upon the response of simple systems, which is not
particularly surprising in light of the fact that the impulses are
quite small (30,70). On the other hand, when one examines the existing
literature, there i1s not a well-organized systematic development of the
patterns of behavior that would be expected for pulses of various types
including those with high amplitude and high frequency; For this
reason an attempt was made to develop a somewhat more concise picture
than currently exists of the role of various ground motion excitations
in terms of their effect upon the response of simple systems. Such
studies were carried out for simple types of pulses as well as
earthquake excitation; in turn these studies were helpful in providing
a basis for development of damage criteria, one of the major

contributions of this thesis.

2.2 Structural Response Evaluation Methods

2.2.1 Structural Response Calculations

The ground acceleration, Y(t), causes the basic SDOF structure

(Fig. 1.1) to respond as described by the equation of motion,

MO(t) + CU(t) + R(U(t)) = - MY (L), (2.1)



13

where U(t) is the structural displacement with respect to the ground, M
is the structural mass, and C is the velocity-dependent energy
dissipation capacity modeled as damping. Dots above the wvariable
indicate differentiation with respect to time.

The structural resistance, R(U(t)), is based on an elastoplastic
resistance model, as shown in Fig. 1.2. For elastic displacements, the
resistance is a linear function of the stiffness, K, and displacement;
for inelastic deformation, the resistance is equal to the yield value.
Previous research has shown that the elastoplastic resistance model
normally is an adequate representation of resistance for nondegrading
structures as compared to other more complex models (45,51,72). This
behavior also was confirmed by experimental results pfesented in
Appendix A.

The closed form of the Newmark Beta Method (7) was employed to
solve the equation of motion numerically using a value of 1/6 for g8,
corresponding to a linear variation in ground acceleration (27,46). A
time step size of one-twentieth of the structural period (T) was used
except when yielding or unloading was detected. In this situation, the
resistance model corners were more precisely located by redoing the
calculations using a T/80 time step. Once the particular corner was
located again, the time step was reset to T/20.

2.2.2 Structural Energy Expressions

Computation of the structural energy balance <can provide
additional insight into the response process. The energy can be
calculated by integrating the forces in each term of Eq. (2.1) through
the distance, dU, moved in each time step. However, integration

through time is more convenient than through distance, so a change in
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integration variable was accomplished By noting that dU is equal to
Udt. This change results in the energy expression,

t ' t t
o MOCE) UCe) de + [ cU(t) UCe) de + of KU(t) U(t) dt =

t
- of MY(t) U(t) dt. (2.2)

For a B value of 1/6, the following expressions were obtained by
Zahrah and Hall (72) for the amount of energy imparted to the structure
between t and t + At, with the incremental contributions as listed

below,

Incremental Kinetic Energy,

. . L2
AE, = M[U_AU + (80°/2)], (2.3)

Incremental Damping Energy,

2 )
AE; - = C([UL + UAU + (AU°/2)]at

- 1/6 (U0 + 1/2 AUAT ] AL

+ 1/120 [AﬁzAt3]), (2.4)

Incremental Strain Energy (Linear Response),

AEg, = KAU(U + AU/2), (2.5)

Incremental Hysteretic Energy (Yielding Response),

AE g = (R ) AU, (2.6)

HY yield

Incremental Input Energy,

AEINPUT = AEKE + AEDE + AESE + AEHYS' (2.7)
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The total energy value 1is computed by summing the incremental
energies over the total time of the record. The results of the energy
calculations can be presented as energy time history plots, or as
energy spectra where the maximum energy values are plotted as functions
of the structural frequency.

2.2.3 TFourier Transform Analysis

It was believed the information about the frequency components
that comprise the earthquake ground motion would be of wvalue in
interpreting the factors affecting the structural response to various
types of ground motion input. For this reason, a limited study was
undertaken using the Fast Fourier Transform (FFT) technique (53) to
determine the frequency composition of the ground motion excitation.

In addition to examining the overall earthquake excitation by the
FFT technique, segments of the acceleration time history were examined
through use of the Hamming Window Function to ascertain the change in
frequency composition with time as the window was stepped through the
excitation (20). Clearly, a rectangular window could have been
employed, but the abrupt transition at each end of the window can
distort the FFT results; this distortion can be reduced by tapering
each end of the window in the same manner as one commonly does with a
filter function. This tapering was produced through application of the

Hamming Function.

2.3 Structural Response to Pulse-Type Ground Acceleration

The response of various SDOF structures to pulse-type ground
acceleration is presented in this section. The pulses include single

pulses, multiple pulses, and limited cases of repeated pulses with a
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high amplitude spike interposed. As one would expect, these studies
show that several key factors influence the structural response in
addition to the peak ground acceleration, namely such factors as the
synchronization of the frequency of the ground acceleration pulse to
the mnatural frequency of the structure, the pulse configuration
including the impulse contained therein, duration of the motion,
damping, and yield resistance of the structural system. The specific
role of these items will be described briefly in the material that
follows. Additional observations pertaining to input and hysteretic
energy as well as yielding cycles that serve to provide a foundation
for the subsequent damage observations that are developed herein, also
are presented.

The trends in response to a simple, triangular pulse of one cycle
are presented in Fig. 2.1. The input energy versus pulse duration
relationship presented in Fig. 2.la shows that the maximum input energy
for each pulse duration occurs in a structure with a period equal to
the pulse duration. A 2 hz structure exhibits the maximum input energy
when subjected to a 0.5 second pulse; a 5 hz structure has the maximum
input energy when a 0.2 second pulse duration is employed. Also
indicated in this figure is the increase in input energy values for all
structures as the pulse duration, and hence the impulse, increases.

The same trends are evident in Fig. 2.1b. Of particular note is
that for the single pulse, a minimum pulse duration is required before
the response is strong enough to cause yielding and hysteretic energy
dissipation. 1In fact, the lower frequency structures do not experience
cyclic yielding and thus produce no hysteretic energy even with pulse

durations of one second.
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In Fig. 2.2a and b similar trends are shown for the case where a
single pulse has more positive area than negative area. The frequency
tuning effects are still present, but the response energies are
suppressed as contrasted to the first case. Careful study will show
that the suppression is related to the amount of impulse involved,
which is less in the latter case.

The effects of damping on response are illustrated in Table 2.1.
As would be expected, for the structures having the three frequencies
shown, the displacement decreases as the damping increases. Also, the
role of tuning or synchronization of the 1input pulse with the
structural frequency is clearly shown, wherein the peak wvalue of input
energy and the maximum hysteretic energy occur for a 2 hz structure
with a pulse duration of 0.5 second. For the other lower and higher
structural frequencies, the response to this pulse is reduced.

In the case of repetition of the basic pulse, some of the trends
are illustrated in Figs. 2.3, 2.4, and 2.5. It will be observed from
Fig. 2.3, that the maximum relative displacements for durations of one,
two, or five seconds are the same. This result was identified some
years ago in connection with the estimation of the maximum deformation
response for modified spectra to account for inelastic action. It is
not known that such a graphic representation of this phenomenon has
been reported previously. On the other hand, the energies are a
function of duration as shown in Figs. 2.4 and 2.5. The increases in
the input energy, as well as the hysteretic energy, is significant when
the duration is increased from one to two, and then to five seconds,

and also is a function of the frequency as shown therein.
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The next demonstration of the effect of base excitation on
response is presented in Fig. 2.6 where there is shown a series of
repeated small amplitude simple pulses with one large amplitude spike
in the center of the train of pulses. 1In Fig. 2.6b it will be noted
that the yield resistance is reached just before the time at which the
large spike occurs because the excitation is in resonance with the
structure. Significant yielding takes place during the spike time with
the resistance continuing at the yield level. As shown in Fig. 2.6c, a
strong step in the energy curve also occurs at the time of the large
pulse, further illustrating the effect of the strength of the response.
Next a 2 hz structure is subjected to the same 5 hz excitation and the
response (Fig. 2.6d and 2.6e) is smaller than for the 5 hz structure
until the time of the large pulse. At that point there is sustained
response, but not yielding; the energy input is reduced as well, as
shown in Fig. 2.6e. Similarly for a stiff structure of 10 hz subjected
to the same excitation one finds the results presented in Fig. 2.6f and
2.6g. As a result of the mistuning of the structure and the spike, the
response is relatively low, as was observed for the 2 hz structure.
Again, one sees the major influence of the excitation as it approaches
the frequency of the structure.

The structural deformation was computed as a function of the
resistance for various structures responding to a repeated triangular
pulse of 0.5g maximum amplitude and 0.5 hz frequency. The plot of
yield resistance versus deformation for a 0.5 hz undamped structure
shown in Fig. 2.7a reveals that the deflection occurring at the first
unloading is nearly constant for all of the resistance values.

Moreover, systems with lower yield resistances were prone to slightly
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larger unloading displacements. When these displacements are converted
to ductilities and plotted on a logarithmic scale versus the yield
resistance, the plot presented in Fig. 2.7b results. It can be
observed from this result that the displacement at the first reversal
can be directly predicted from the yield resistance value alone. These
two figures provide partial verification of the assumptions by Veletsos
and Newmark (69) that deflections are conserved.

As the number of reversals or unloadings is increased from one to
five, the situation becomes more complex. The results shown in
Fig. 2.7c indicate the changes in maximum displacement for each of the
first five unloadings during the response as a function of the
structural yield resistance level for a 0.5 hz undamped structure. For
the lower values of structural resistance, the ground motion excitation
continued to push the maximum displacement of the structure in one
direction resulting in large maximum displacements that were additive
from one cycle to the next. For structural resistances in the middle
regions, above 20 pounds for this example, the maximum structural
deformations over each response cycle began to oscillate causing
considerable shifting in the values of maximum structural displacement
at the unloading positions. As the resistance value approaches the
value required for elastic response, the maximum deformations for each
loading cycle were similar. From this figure it can be observed that,
as discussed above, at the first unloading position the wvalue of
maximum displacement 1is essentially identical for all of the yield
resistance .values. Another observation can be made regarding the
dotted 1line in this figure which shows the trends in the overall

maximum excursions observed for the positive displacements from the
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first five reversals. If the excitation were continued, some shake
down of these maximum values would have been observed and a steady-
state condition ultimately would have been reached. For the lower
yield resistances, the excitation would have continued to increase
significantly.

In summary, the foregoing observations serve to place 1in
perspective the trends and limits in structural response caused by

simple excitation and measured by deformation, resistance and energy.

2.4 Structural Response to Farthquake Ground Motion

The previous 1investigation into response to simple pulse
excitation provided a basis for the study of structural response to
actual earthquake excitation. Seven earthquake records were employed
to observe the trends in response caused by these different earthquake
ground motions. The results of response to three earthquakes, El1
Centro, Pacoima Dam and Melendy Ranch, were selected as being
representative of the trends of response that occur with earthquake
excitation. These earthquakes were selected from the standpoint of El
Centro being sustained strong shaking, Melendy Ranch representing an
earthquake with a short burst of energy and Pacoima Dam representing
strong pulse-type excitation as well as a record with large
acceleration amplitudes in the middle of the earthquake record.
Information about the seven earthquake records employed in this study
is presented in Table 2.2. It will be noted in this table that overall
durations on the order of one-half of the total record duration were

used and this period of time in all cases covered the principal strong
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motion excitation. Detailed response results are presented in Appendix
B for these seven records.

The trends in the response will be described in the following
discussion with the significant parameters identified in light of the
observations made earlier about simple pulses. All the results
presented here are for a 2 hz simple structural system with damping of
zero and five percent. 1In Fig. 2.8a is shown the ground acceleration
and velocity for the El Centro record as taken from the California
Institute of Technology's studies (28). The relative displacement and
velocity for a 2 hz undamped structure are shown in Fig. 2.8b and c,
and it will be observed that the principal responses occur at or near
the times when the major excitations occur in the ground motion. This
is further demonstrated in Fig. 2.8d4, wherein the yield level is seen
to be reached and sustained in those regions where the strong
excitation takes place; similarly, the steps in the energy curve in
Fig. 2.8e occur in those same regions.

Figure 2.8f contains a plot of the so-called "power" which is the
slope of the energy curve as well as plots of the differential
displacement and the equilibrium displacement. The differential
displacement is a measure of the displacement change during the
response between unloading points. It will be observed that the
principal changes in displacement from positive to negative, denoted
there by the differential displacement, occur when the power is the
greatest. The equilibrium position, presented in Fig. 2.8f, is the
residual plastic offset at any point in time. This parameter can be

predicted by dividing the difference of the positive resistance and



22

negative resistance hysteretic energies by the corresponding yield
resistance.

The Fourier amplitude spectrum (amplitude versus frequency) is
shown in Fig. 2.8g for the entire duration of the El Centro record. It
will be noted that the principal amplitudes occur around 2 hz, which
suggests that 2 hz systems would experience the greatest excitation
from E1l Centro. To further examine this point, a FFT calculation was
carried out using a Hamming Window Function, as illustrated in Fig.
2.8h, to taper the edges of selected segments the time history to
preclude biasing of the results over the frequency range of interest.
The results of this operation for a series of windows of approximately
five seconds in length, with the window translated by about 2.5 seconds
in each step, is shown in Fig. 2.8i, j, k, and 1. It will be noted, in
line with the previous discussion, that the first and second windows
show the primary excitation in the 1-3 hz region, and thereafter, the
windowing illustrates that the ground motion at later times is of less
significance with regard to excitations observed.

The Fourier Amplitude data are summarized briefly in Table 2.3
wherein the results for the El Centro, Pacoima Dam, and Melendy Ranch
earthquake records can be compared. Of interest in this table are the
values of the four largest Fourier amplitude components and their
frequency values, which are noted to change as the window is moved
along the time axis in 2.5 second intervals. When the results for the
three earthquake records are compared, the configuration of the
acceleration time histories represented by these three earthquake
records can be noted. Specifically, the robust consistent composition

of E1l Centro can be compared with the high frequency composition of
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Melendy Ranch and the frequency composition of Pacoima Dam that changes
sharply with window position. Also contained in this table are the
Fourier amplitude acceleration spectrum area values which would appear
to suggest that larger damage potential might be associated with larger
Fourier spectrum area. However, the link between the area of the
Fourier amplitude spectrum and the resulting structural response was
not readily identifiable or consistent in trend. A separate study of
the effects on the structural response of changes in the frequency
content of several of these seven records was performed and is
summarized in Appendix C. The results of these studies, although
confirmatory of information already known, did not serve to identify
any new response trends applicable to these studies.

The results of damped structural response for a 2 hz structure
with five percent damping are presented in Fig. 2.8m, n, o, and p.
The effect of damping is generally to reduce the levels of structural
response, with the displacement and velocity maxima reduced, although
only slightly. The more significant effects are the reduction in the
amount of hysteretic energy dissipated and the lower numbers of yield
excursions and hysteretic cycles, which are reduced substantially over
the undamped case. The effects of damping are particularly illustrated
in Fig. 2.8p where the hysteretic energy is less than the input energy
with the damping energy a substantial portion of the overall total
energy.

The structural response curves resulting from the Pacoima Dam
earthquake record are presented in Fig. 2.9. This record 1is
interesting because of the large ground velocity that exists early in

the record 1is not repeated in any form as a result of the large
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acceleration amplitudes that occur later. The structural resistance
time history contained in Fig. 2.9b also indicates the role of the
ground velocity in driving the structural resistance during the early
portion of this record. The‘energy time history, shown in Fig. 2.9e,
also shows the strong response generated by the ground velocity. The
large acceleration pulses are not particularly effective in causing
response for low and middle range frequency structures, The low
frequency composition, which causes the large ground velocity, 1is
capable of dominating the structural response.

The response to Melendy Ranch is contained in Fig. 2.10. This
record represents a short duration, large amplitude record that
provides a short burst of input energy. The structural regponse
results indicate that while Melendy Ranch has large acceleration
amplitudes, the structural response levels reached are substantially
lower than those obtained from El Centro and Pacoima Dam. Another
aspect of this lower response is the reduced number of hysteretic yield
excursions that occur during Melendy Ranch, in most cases the respoﬁse
is entirely elastic.

It was noted earlier herein for simple pulse-type excitation that
the relationship between the maximum ductility and the yield resistance
was highly predictable and consistent. For more random-type
excitation, such as that of earthquakes, it would be expected that this
same relationship may not be as predictable or consistent. In order to
test this relationship, the data in Fig. 2.1la were plotted. 1In spite
of the fact that some of the resistances and other model parameters are
unrealistic from a practical point of view, the plot is illustrative of

a similar trend between ductility and yield resistance for both the 2
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and 5 hz structures with Pacoima Dam excitation. Note that in this
case the ductilities presented were calculated directly from the
deformation responses.

Another technique for estimating the ductility versus yield
resistance relationship 1is that of dividing the total (final)
hysteretic energy by the product of the yield resistance and yield
displacement. Such plots for the same conditions as just noted are
presented in Fig. 2.11b. It will be noted that the trends are the same
as in Fig. 2.l1lla but clearly, because of the negative and positive
features of the response and the multiple cycles, this procedure leads
to an estimate of ductility that is extremely high and unreasonable.
However, the important point is that the trend exists and lends
confidence to the fact that one can wuse these relationships for
parameter evaluation and prediction purposes.

The studieé summarized in this chapter have centered around the
effects of two types of excitation on the response of simple
structures. Such a concise yet comprehensive understanding of loading
versus response is essential to the development of damage measures that

is the subject of the remaining chapters of this thesis.
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CHAPTER 3

STRUCTURAL DAMAGE EVALUATION CRITERIA

3.1 Introduction

As a part of the process of developing better seismic design.
provisions for buildings there is a pressing need to obtain techniques
for estimating and evaluating response that incorporate an accurate
measure of the structural damage and margin of safety. Unfortunately,
at present we have only rudimentary techniques for estimating damage or
for assessing the margin of safety remaining after some degree of
nonlinear deformation of the building as a whole.

Current methods of assessing damage have focused on the maximum
displacement or, when normalized by the yield displacement, the maximum
ductility. This approach is an outgrowth of the evaluation of elastic
response where the maximum displacement provides the designer with the
corresponding maximum structural resistance developed to oppose this
motion and 1is considered to be all that is needed for design.
Nonlinear response complicates the damage evaluation because the
'displacement and resistance no longer are linearly related but form
hysteresis loops associated with the reversal of motions. The damage
that results is a function of not only the maximum displacement but
also the hysteresis pattern that lies within the maximum displacement
envelope.

Analysis techniques such as pseudostatic, response time history
and response spectrum methods generally focus on the single value of
maximum displacement and provide information to gauge appropriately the

response under elastic conditions only. The information provided by
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these methods for inelastic response situations will in many cases lead
to reasonable estimates of maximum response but is not adequate to
assess the actual damage, or the amount of inelastic deformation, that
has occurred. For example, design spectrum methods, which will be
discussed in the next section, are simple and have been adapted for use
in modern building codes. However, the design spectrum only provides
information about the maximum acceleration, velocity, or displacement
in the system; in current building codes (force type approaches) only
the former item receives attention. The design spectrum does not
provide any information as to the effects of duration on the response,
the number of cycles of repeated response, the amount of hysteretic
energy absorbed through the deformation process, or any good measure as
to damage mechanisms or margins of safety.

The development of improved damage measures is the major thrust of
this dissertation. Accordingly, in the next section there is presented
a brief review of the existing techniques for describing damage
associated with inelastic action. The following two sections contain
new approaches for estimating the damage that is associated with the
inelastic response to earthquakes; specifically these developments
center around low-cycle fatigue concepts adapted to seismic building
design. This adaptation includes such factors as the number of cycles
of response, loading levels, the amount of hysteretic energy involved,
and factors that address unequal hysteretic energy patterns in the
response.

In contrast to previous studies of this type, a major
consideration has been the development of an approach that can be used

in practice. The development of the theory depends to some significant
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degree on possessing knowledge about the response process, which in
turn was the reason for the background work regarding excitation and
response reported in the previous chapter. The development of the
suggested application techniques, and the confirmation of the
applicability of these techniques through comparison with experimental

results, are presented in Chapter 4.

3.2 Summary of Existing Damage Criteria

The design methods currently in use involve evaluation of the
maximum displacement of a structure and comparison of this wvalue with
an allowable or desired value. Refinements to this basic approach have
included computation of the hysteretic energy dissipated during
response or changes in member stiffnesses. These methods are described
in the following paragraphs and represent the current state of damage
evaluation. The advantages and limitations will be discussed briefly
to put the new damage criteria developed in the following sections in
perspective.

In the case of elastic response, no damage normally is expected
except where some localized damage in the form of buckling, brittle
fracture or other nonductile failures may occur. The value of maximum
deformation provides the designer with the limiting value of the
motion, and from the stiffness the corresponding wvalue of structural
resistance can be estimated. This information permits the structure to
be evaluated for the dynamic loading because the maximum response value
normally is sufficient for elastic design purposes. When the maximum

elastic response is computed for a collection of structural
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frequencies, a response spectrum can be plotted to obtain the maximum
elastic response for the entire frequency range for a simple system.

The concept of the response spectrum has been further refined
through the use of the design spectrum to tailor the spectrum to
reflect the judgment of the designer and to reduce the computational
effort needed to produce a spectrum. The Newmark and Hall design
spectrum (50) wutilizes the peak ground acceleration, velocity and
displacement values, such as those obtained for a ground motion record,
and amplifies these ground motion wvalues through the statistically
obtained amplification factors found in Table 3.1. An elastic design
spectrum of the form shown in Fig. 3.1 results when plotted on
tripartite axes.

Nonlinear structural response to earthquake ground motion may
occur in several forms such as localized yielding in a specific
location in an element, buckling, and genefalized vielding in a
framework. In a gross sense, the maximum deformation of the element
may be employed as an index (in the same way as maximum stress)
depicting the behavior. This approach has been borrowed from the
evaluation of elastic response where the maximum deformation is the
parameter of interest, and over the years has been used extensively in
the blast dynamics field.

When the maximum displacement is divided by the yield
displacement, the maximum ductility is defined, as illustrated in
Fig. 1.2. In the context of monotonic loading, the ductility is a
reasonable way to assess the damage caused by the deformation of the

structural element because the ductility can be compared readily with
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allowable or failure ductility values obtained through prior experience
or laboratory tests.

In the case of oscillatory dynamic response, the cycles of
deformation represent a challenge to the designer to properly evaluate
the damage that has occurred during this motion. At the present time,
the maximum ductility, based on the ratio of the maximum displacement
in any direction divided by the yield displacement as shown in
Fig. 1.2, is the primary means used to describe damage. The maximum
ductility is employed implicitly in pseudostatic direct design methods
such as those employed in the Uniform Building Code. -Similarly, the
ductility is implicitly included in the determination and evaluation of
the maximum drift. Ductility also can be employed in the evaluation of
the results of response time history calculations if desired.
Inelastic response spectra also can be computed in which the specified
maximum ductility value is used as the response criterion in that the
yield displacement is adjusted, and the response recomputed, until the
desired maximum ductility 1is achieved. Spectral plots of yiéld
displacement for wvarious specified ductilities as a function of
structural frequency then can be produced. As described next, these
calculations are the basis for so-called modified spectra that reflect
inelastic action.

The resistance values attained during inelastic response are
reduced from those values reached during elastic response. Veletsos
and Newmark (69,70) observed that this reduction was a function of the
specified maximum ductility and used the ductility factor as the
scaling parameter to reduce the elastic design spectrum. The ductility

factor serves a dual purpose in this procedure being used to reduce the
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required structural resistance and also as the measure of damage. The

reduction factors commonly in use are as follows (49,50),

—%_ for the low and intermediate frequencies,

and (3.2)
1

for high frequencies.
J2u-1

These factors are based on the observation that for low and
intermediate frequencies, the maximum elastic and inelastic
displacements are approximately equal, while in the higher frequency
acceleration region the absorbed energies for elastic and inelastic
systems are assumed to be about equal. The application of these
factors is presented in Fig. 3.2 (50).

Another measure of the level of damage related to the ductility is
the secant or reduced stiffness of a structure. As the ductility
increases, the secant stiffness decreases and can be employed as a
measure of damage (6).

The hysteretic energy has been proposed by some investigators as a
more comprehensive means to represent the response so as to include the
other, nonmaximum response cycles. Because the area under the
resistance-displacement Thysteresis curve equals the dissipated
hysteretic energy, the hysteretic energy has been employed in some form
as a measure of damage. Since all of the nonlinear excursions are
represented in the area, the hysteretic energy is potentially a more
descriptive measure of the overall damage process than a single value

of maximum displacement or ductility. Several researchers have
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published results of studies where the hysteretic energy alone was used
in some form as a basis for damage evaluation (10,19,24,31,32,72).

There are advantages and limitations to all of these existing
methods. The use of the maximum ductility as the damage measure
ignores the effects of the other nonlinear excursions. Based on the
maximum ductility, a structure responding once or many times to a value
of maximum deformation would be assessed the same damage level. The
maximum ductility is easy to use, however, and has been shown to be
useful in computing modified spectra. The hysteretic energy concept is
conceivably a more rational basis for damage determination but the
level of allowable hysteretic energy is difficult to define at present,
and for complex structures it is not easily estimated. Substantial
experimental determination of allowable energy values would be
required, or careful estimates of deformation modes based on existing
knowledge, as well as revision of traditional design philosophy from an
equilibrium to an energy approach.

Obviously other methods, or variations of the foregoing, must be
developed to provide more information about the response in a
convenient form for use in design. The following sections address two
proposed appreoaches as a result of work undertaken as a part of this
investigation. One damage measure 1is based on the equivalent
hysteretic cycles computed from the response, the other measure stems

from fatigue theory.

3.3 Structural Damage Measured as Equivalent Hysteretic Cycles

The number of hysteretic cycles that a structure undergoes while

resisting earthquake ground motions can be employed as one form of
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damage index. If the cycles were all identical in size, as shown by
path abcde in Fig. 3.3, then the number of cycles actually counted
during the response could constitute an index of the response strength.
However, the response is often erratic resulting in partial hysteretic
cycles, shown by path abefg in Fig. 3.3, and full hysteretic cycles of
different energy content shown by paths abcde and abhie in Fig. 3.3.
Thus, the counted number of hysteretic cycles may be based on different
cycle sizes and configurations. This difference from one cycle to
another makes the actual counted number of cycles an inconsistent basis
for damage evaluation.

One way to provide a more consistent measure of damage 1is to
compute the number of equivalent, identical hysteretic cycles that
would be needed to dissipate the actual total hysteretic energy. These
equivalent cycles would be full cycles with identical configuration and
energy content. The number of equivalent cycles would provide a
quantitative measure of the cyclic nature of the hysteretic energy.

A displacement must be used, together with the yield resistance,
to define the equivalent hysteretic cycle. Because no single
displacement value was obviously superior to any other, three different
equivalent hysteretic cycles based on different displacements were used
as a part of this study. These displacements were the maximum
displacement response, the yield displacement and the weighted
displacement obtained from evaluation of the hysteretic energy pattern.

The maximum displacement obtained from the structural response
calculations can be employed as the basis to define the equivalent
hysteretic cycle, as proposed by Zahrah and Hall (72). The hysteretic

energy content of this cycle is obtained by multiplying the yield
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resistance by the difference of the maximum and yield displacements.
The total hysteretic energy is obtained from the response calculations
and represents the total area within the hysteresis loops. When the
total hysteretic energy is divided by the energy in an equivalent
hysteretic cycle, the number of Equivalent Maximum Deformation

Hysteretic (EMDH) Cycles results,

NUMBER OF TOTAL HYSTERETIC ENERGY

= 3.2
EMDH CYCLES (Ryield) (Umax - ineld) ( )

where Ryje1q is the yield resistance, Uyjelq is the yield displacement,
and Up,yx is the maximum deformation. A "cycle" here is clearly for
one-half of a full cycle and as will be noted later calculations are
made for both positive and negative hysteretic energy. This equivalent
hysteretic c¢ycle is based on the maximum deformation response, a
quantity that is readily obtained. However, this deformation may not
be representative of the actual response. The maximum displacement may
not have occurred in one cycle but may have resulted from plastic
offset deformation from earlier response that added to deformations
taking place later in the response. Thus, the maximum displacement
value may not be the result of a single excursion, but the sum of
several cycles. This situation will be evaluated in the following
chapter.

A second equivalent hysteretic cycle definition investigated in
this study was based on the energy corresponding to the yield
displacement for the structure; the energy equals the elastic strain
energy at yield. The number of Equivalent Yield Displacement

Hysteretic (EYDH) Cycles were computed as,
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NUMBER OF _ TOTAL HYSTERETIC ENERGY (3.3)
EYDH CYCLES 1/2 (Ryield)(ineld)

The results of application of this equivalent cycle are presented
in the following chapter. The yield displacement energy is a small
value which results in a very large number of equivalent yield
displacement cycles, much larger than the counted number of actual
cycles. The difference between the number of equivalent and actual
cycles made it difficult to relate this equivalent cycle to actual
response. This equivalent cycle was found to be an unsatisfactory
measure of response.

The third equivalent hysteretic cycle examined in this study is
based on a weighted deformation intended to recognize the difference in
damage caused by a lower number of large deformations versus a larger
number of smaller deformations beyond yield. Furthermore, the weighted
deformation also minimizes the effects of any plastic offset from prior
response from biasing the size of the équivalent hysteretic cycle as is
the case with the maximum deformation cycles. The weighted deformation

was computed from the positive and negative deformation response as,

Z[(HYSTERETIC ENERGY) * (DEFORMATION) ]

PER YIELDING PER YIELDING

EXCURSION EXCURSION
U = ’ (3.43)
wt TOTAL HYSTERETIC ENERGY

to obtain separate positive and negative weighted deformation values
with the number of Equivalent Weighted Deformation Hysteretic (EWDH)

Cycles defined as,
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NUMBER OF _ TOTAL HYSTERETIC ENERGY ‘ (3.4b)
EWDH CYCLES Ryield (th - ineld)
Here again the "cycle" is based on independent calculations using
positive and negative hysteretic energy so that the total hysteretic
energy employed in Eq. (3.4) 1is either the total positive or total
negative resistance hysteretic energy as appropriate.
These three quivalent cycle definitions were applied in the
response calculation of structures subjected to wvarious earthquake

ground motions. The performance of this damage measure will be

evaluated and discussed in the following chapter.

3.4 Structural Damage as Measured by Fatigue Criteria

3.4.1 Introductory Remarks

The deformation pattern of a structure responding to earthquake
ground motions is composed of an oscillatory motion that is similar to
the deformations that induce fatigue damage in metals. Therefore, it
is reasonable to expect that the same types of conceptual models that
have been helpful in predicting damage from fatigue might be applicable
as a basis to assist in the development of a damage evaluation
criterion for earthquake response. The following discussion addresses
the general topic of fatigue damage and then a specific damage
criterion for earthquake-induced damage is developed.

Several investigators have applied fatigue theory to evaluate the
damage generated in structural response to earthquakes. These studies
typically were not oriented towards producing design methods but were

aimed at in-depth analytical studies of detailed input and response
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time histories and the damage effects at specific local structural
locations. Examples of these previous studies include Krawinkler (38)
who applied fatigue theory to evaluate experimental data from tests of
structural steel members and frames under reversing loads. Krawinkler
compared the actual damage observed with that predicted by analytical
models but did not develop a theory for design purposes. Suidan and
Eubanks (66) applied fatigue theory to predict the damage sustained in
a structure subjected to earthquake loading by employing the Rain Flow
Method (17) to determine the exact strain cycle pattern. Their
procedure is far too complicated for general design purposes. Other
studies by Lashkan-Irvani (40), Fischer and Wolfe (18), Kasiraj and Yao
(34) and Tang and Yao (67) employed fatigue theory in various forms to
the structural response question.

These previous studies are important because the investigator
recognized the similarity of the fatigue problem to damage accumulation
in structures responding to seismic excitation. However, these studies
did not present methods that could be used readily in design because
the computational requirements were‘ typically quite substantial and
complex. Moreover, mno application of fatigue theory to response
spectra or other design applications were developed in these studies.
Because response spectra are widely used in design, adaptation of
fatigue concepts to the response spectra concept could be quite useful.

3.4.2 Fundamental Fatigue Damage Concepts

Basic fatigue information is obtained through extensive testing of
structural elements. These tests involve applying perhaps many
thousands or millions of identical, prescribed load cycles to the

element until failure occurs. This process 1is repeated with a
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replacement element, tested with a different load cycle amplitude,
until the relationship between the amplitude of the load or stress
cycle and the number of cycles required for failure is established for
a wide range of amplitudes. This relationship is the S-N curve, an
example of which is presented in Fig. 3.4. The S-N curve has gained
wide acceptance and wusage 1in fatigue application because of the
information it provides and because of its simplicity.

If the individual stress cycles portrayed in the S-N curve for the
high-cycle portion were examined, they would be found to be essentially
elastic. Because each maximum stress amplitude would fall below the
yield point, no perceptible damage would be caused by a single stress
cycle. However, the material will be damaged and the structural
element will fail when thousands or millions of identical stress cycles
are applied. This type of fatigue is known as high-cycle fatigue, and
occurs in situations involving many elastic stress cycles where each
cycle incrementally damages the structure as is the case in machines,
aircraft structures, and highway bridges. This type of fatigue cleafly
is not a source of damage resulting from seismic excitation.

During earthquakes the structural response 1is characterized by
large, nonlinear displacements that occur over, at most, a few dozen to
a hundred cycles. Obviously, in these situations, some type of damage
process 1is at work stemming from deformation into the nonlinear region
during -each loading cycle, causing hysteretic energy generation and a
greatly reduced fatigue life. This region, shown in Fig. 3.4, is known
as low-cycle fatigue. The damage sustained is a function of the
plastic deformation that occurs over a small number of load cycles. As

the number of cycles is decreased, the amount of deformation that can
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be withstood is increased. In the limit, a monotonic tensile test
represents a low-cycle fatigue test were the load is applied once in
only one direction until failure occurs.

There have been several studies that have proposed rules for
fatigue life prediction in the low-cycle region. Typical of such
studies is one by Yao and Munse (71) who proposed a low-cycle fatigue
theory, wvalid up to 1000 cycles, based on a series of tests of steel

samples in axial fatigue. The basic form of this theory is

n Aet 1/m
Lo lg=) 1 <10, (3.5)
= t

. i
i=1 1

where Ae = cyclic tensile change in plastic strain, percent,

Ae = cyclic tensile change in plastic strain for failure
in a single load application, percent,
m = the slope of the log Aet versus log N (cycles to
failure) diagram,
1l/m = 1-0.86r, where r is the relative strain ratio of
compressive strain to tensile strain.

This equation relates the accumulation of plastic strains as a
function of the plastic failure strain in monotonic loading. ~ The
exponent reflects the shape of the strain cycle and the slope of
normalized strain versus load application curve. When the summation
reaches one, the material is damaged. The theory by Yao and Munse is
complex and not readily applicable to design situations involving
seismic excitation because of the nature and form of the calculations

required.
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Another fatigue criterion of greater applicability in this case
was proposed by Manson (42) and Morrow (44) based on the damage
contribution’ of plastic strain reversals in the low-cycle region
combined with elastic stress reversals in the high-cycle region. This
theory can be adapted for seismic application because of its form. The

statement of Morrow’s damage theory is

o !

£
E

Ae ’ c
- € (2Nf) +

b
5 (28D, (3.6)

where eé = fatigue ductility coefficient,
of = fatigue strength coefficient,
b = strength exponent ranging from -0.7 to -0.12 for most
metals,
¢ = ductility exponent ranging from -0.5 to -0.7 for most

metals,
2N _. = number of load reversals to failure,
5 = maximum total strain amplitude required for failure in

2Ng¢ reversals,

E

Modulus of Elasticity.

Examination of Fig. 3.5 reveals the meaning of the terms of this
equation. One complete load cycle (2Ng) 1is composed of two load
reversals. The fatigue ductility coefficient, e%, represents the
plastic strain amplitude that causes failure in monotonic loading. The
fatigue strength coefficient, aé, when divided by the Modulus of
Elasticity represents the intercept of the elastic strain amplitude
curve for one load reversal. The coefficients b and ¢ are the slopes

of the high and low-cycle fatigue curves, respectively. The equation
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is stated in terms of load reversals for convenience and direct
application to complex loading histories.

The total maximum strain, Ae in Eq. (3.6) is the elastic plus
plastic strain that will cause failure in 2Ng¢ load reversals. The
maximum total strain amplitude, Ae¢/2, is presented as one-half of the
total because the amplitude of the strain from zero to the maximum
strain is one-half of the total range from maximum to minimum, as shown
in Fig. 3.6. All of the loading cycles are assumed to cause identical
strain cycles.

3.4.3 Structural Fatigue Damage as Defined in this Study

The fatigue concepts presented above may be adapted to the seismic
damage problem as described next using Morrow'’s theory because of its
simple form. Morrow’s relationship will be converted into a more
usable form for structural applications and will be employed in a
Damage Index parameter to define damage levels resulting from
earthquake excitation. However, prior to presenting the details of the
development of this damage criterion, a brief overview is in order.
The basic fatigue theory cited contains contributing components of low
and high-cycle fatigue. In Morrow’s equation, the high-cycle term
becomes important only in applications where the load reversals are
well above 1000. Most earthquakes, however, induce load reversals in
structures that are well below 1000 reversals. Therefore, the low-
cycle term controls the damage generation in this region and the minor
contributions of the high-cycle fatigue terms of Eq. (3.6) can be
ignored. The low-cycle components can be modified to accommodate the
earthquake response application because earthquake response resembles a

low-cycle fatigue situation. Part of this modification involves
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developing equations in terms of ductility instead of strain, because
ductility normally is more easily estimated as part of structural
response analysis. Once the theory has been tailored to suit the
earthquake problem, an evaluation method can be presented so the level
of damage and margin of remaining strength can be estimated.
Accordingly the remaining low-cycle term of Morrow’s Theory can be

expressed as follows,

Aex _ 0.6
5 = €¢ (2Nf) , (3.7)

where é%i = plastic strain amplitude (single) during cyclic
response,
eé = fatigue ductility coefficient,
2N¢ = number of load reversals to failure.

This equation relates the plastic strain amplitude, the load
reversals and the fatigue ductility coefficient. The fatigue ductility
coefficient, e%, represents the amount of strain that can be tolerated
in monotonic loading. It is the upper limit of the possible plastic
strain that can be withstood before failure and is experimentally
determined. The plastic strain amplitude, Ae*/2, is the amplitude of
the identical strain cycles that damage the material. For one load
reversal, the plastic strain amplitude 1is equal to the fatigue
ductility coefficient. As the number of reversals increases, the
amount of strain that can be tolerated over each of these reversals
drops. In this equation, a value of -0.6 for the exponent on the load
reversals term was selected based on published test data (44); it
represents an average for metals and is typical for most steels,

Studies by other researchers, notably those by Coffin and Tavernelli
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(16) and Benham and Ford (9), have reported similar low-cycle fatigue
damage relationships to those proposed by Morrow.

The next step is to convert the plastic strain relationship from
Morrow into a form employing ductility, a more useful parameter for
structural applications. The total ductility, pu, conceptually can be
thought of as containing elastic and plastic components. The elastic
portion, pg, has a maximum value of 1.0 corresponding to a generally
yielded element. The plastic ductility, Hps has a value that is zero
during elastic response and 1is greater than zero during nonlinear
excursions. The total displacement can be computed by multiplying the
total ductility, u, by the corresponding yield displacement, Ay. The

applicable expression is as follows,

A
T
o= u= gt (3.8)

BT T T

This relationship is illustrated in Fig. 3.7 and is based on equal
positive and negative hysteretic cycles.

On the assumption that the elastic portion of the response is not
responsible for structural damage during earthquake response, Morrow'’s
fatigue relationship, Eq. (3.7), can be converted from plastic strain
into an equivalent expression depending only on the plastic component
of ductility. Specifically, the Morrow theory can be written in terms
of a hysteretic plastic ductility, wp*, that would cause damage over 2Ng¢
reversals equivalent to that caused by a monotonic plastic ductility,
Bp- Therefore, the low-cycle fatigue behavior can be described in

terms of ductility as

-0.6
px = #p(2Nf) , (3.9)
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where p* = hysteretic plastic ductility,
“b = monotonic plastic ductility,
2Ng = number of reversals to failure.
A detailed proof of this conversion is presented in Appendix D.

The equation is illustrated in Fig. 3.8. The reversals term, 2Ng,
reflects the number of times the structural velocity changes sign when
the structural velocity decreases to zero and the structure unloads in
the opposite direction. The number of velocity reversals are
equivalent to the number of load reversals in a structure where the
load is directly applied. It can be noted from Fig. 3.8 that as the
number of load reversals is increased from the monotonic case, the
hysteretic plastic ductility necessary to cause equivalent damage is
reduced. This behavior reflects the fact that the accumulation of
damage that occurs when the structure is cyclically loaded is strongly
dependent on the amount of nonlinear deformation in each cycle. Large
nonlinear excursions quickly damage the structure while slight
nonlinear deformations may require many cycles to completely damage the
structure.

The relationship between the monotonic plastic failure ductility
and the hysteretic plastic ductility required to cause failure after a
number of reversals could be directly applied if all of the hysteretic
cycles were of identical size, as required by this damage theory.
However, an earthquake is composed of random amplitude acceleration
pulses so the response deformation in each cycle may be different, a

complexity that is addressed next.
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If the deformation amplitudes are of equal size, then each cycle
would produce an equal amount of hysteretic energy. Because the
deformations are not equal, some cycles will produce more hysteretic
energy than others. For purposes of damage assessment, however, it is
the overall process that is important and not just one cycle. The
large and small deformations may be averaged to produce a median
deformation that produces the total hysteretic energy during the lecad
reversals. Once the hysteretic energy required for a completely
damaged structure is determined, it can be compared then to the actual
hysteretic energy dissipated using a form of Miner’s Rule.

The hysteretic energy corresponding to the hysteretic plastic
ductility, up*, can be computed based on Eq. (3.10) as developed next.
This plastic ductility produces a completely damaged structure after
2Nf wvelocity reversals. The total amount of hysteretic energy
dissipated during this response is the area under one cycle of
hysteretic response times the total number of cycles of response. The
area under one-half cycle of response 1is the hysteretic plastic
ductility, p¥, times the product of the yield displacement and yield
resistance. There are Nf cycles where each cycle contains two of these
areas or a total of 2Ng. This relationship is illustrated in Fig. 3.9

and can be stated as,

= u*
HYST = p RYUY(ZNf), (3.10)
where HYST = total hysteretic energy for a fully damaged simple
structure,
u* = hysteretic plastic ductility,

I

Ry ‘yield resistance,
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Uy = yield displacement,
2Nf = number of reversals to failure.

Once the amount of hysteretic energy that corresponds to a fully
damaged condition is established, it can be compared to the hysteretic
energy actually dissipated. When the actual hysteretic energy meets or
exceeds the fully damaged value, the structure is completely damaged.
Comparison of actual energy values may not be convenient or easily
performed. Possibly, a better way to present the level of damage would
be to form a normalized ratio of actual hysteretic energy to total
hysteretic energy for a fully damaged condition, similar to Miner’s
Rule (33).

The immediate question, 1if a Miner’'s Rule type of damage
evaluation is employed, is whether or not the normalized relationship
is linear, as in Miner’s Rule, or is nonlinear. Experimental data from
several sources provides evidence that this energy ratio is not linear,
particularly where multilevel or random deformation response histories
are concerned. For example, Richart and Newmark (62) explored fhe
cumulative damage process for loadings applied at several different
stress levels. Their research indicated that the damage level was
related to the cycle ratio, that is the ratio of the number of cycles
at a given stress level to the total number of cycles for failure, in a

form,

D=R", (3.11)

where D = damage level, where 1.0 corresponds to a fully damaged

condition,



47

R = ratio of cycles at a stress level to the total number of
cycles for failure,
n = cycle ratio exponent.

This relationship is illustrated in Fig. 3.10. Richart and
Newmark determined that for the steels tested, the damage accumulation
was not linear but approximately quadratic, that is with a value of n
of about two.

Morrow also studied the rate of damage accumulation in various
materials on the basis of plastic strain energy. His results were
presented as a ratio of the plastic strain energy per cycle to the
monotonic plastic strain energy at failure. The data from Morrow (44)
suggests that the relationship between the number of reversals and this
ratic of plastic strain energy per cycle to the failure plastic strain

energy is not linear but approximately quadratic as well, namely

1/(b+c)
Aw
2Nf = (w:f) ) (3.12)

where 2Nf¢

I

number of reversals to failure,
Aw = plastic strain energy per cycle,
wg = monotonic plastic strain energy at failure,
b = material constant equal to -0.10,
c = material constant equal to —0.60.

In another study on cumulative fatigue damage, Landgraf (39)
applied the Morrow theory to damage processes resulting from random
deformation cycles. The accumulated fatigue damage was approached
through the ratio of plastic to elastic strain ranges in each reversal.

This relationship indicates that the damage accumulates during each
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reversal approximately as the square of the ratio of plastic to elastic

strain range, or

Ae_ 1/b—-c

Damage/reversal = (1/2N_.) (—2) , (3.13)
g Aee

£

where b = material constant equal to -0.10,

c material constant equal to -0.60,

Aep plastic strain range,
Aeg = elastic strain range.

The results from these studies indicate that the cumulative damage
relationship is approximately quadratic, and is consistent with the
findings of other researchers including Yaoc and Munse (71). The exact
value is not important in this particular investigation and is probably
a function of several parameters. For purposes of defining a plausible

relationship for cumulative damage, a quadratic relationship was

assumed. This approach corresponds to modifying Miner’s Rule to the
form
P12
D = Z(ﬁ—) , (3.14)
i

where D = damage level,

nj = number of cycles at stress level i,

Ni = number of cycles required for failure at

stress level i,
In this form the fraction of the fatigue life exhausted within a block
of cycles at a discrete stress or strain range is computed, squared and

added to the square of the other fractions.
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The form of Eq. (3.14) could be employed directly 1if the
earthquake response could be defined in terms of discrete strain
blocks. However, the response amplitudes change in a random pattern
and cannot be defined easily in the form needed with the modified
Miner’s Rule. This difficulty was overcome by assuming that the entire
earthquake response represented one block of response, so the summation
of Eq. (3.14) could be represented by a single quadratic term.
Furthermore because the actual response is difficult to characterize in
terms of deflection, the hysteretic energy was used to represent the
level of response. The total hysteretic energy corresponding to the
damage sustained at the specified monotonic plastic ductility can be
computed from Eq. (3.10). The total hysteretic energy actually
absorbed can be computed from the structural analysis as the sum of the
positive and negative resistance hysteretic energies (Fig. 3.11).

Based on these hysteretic energies, a Damage Index can be defined as

HYSP + HYSN.2

Damage Index = | HYST 17, (3.15)
where HYSP = Total fositive Resistance Hysteretic Energy,
HYSN = Total Negative Resistance Hysteretic Energy,
HYST = Total Hysteretic Energy for a fully damaged
structure, Eq. (3.10).
This concept is illustrated in Fig. 3.11. When the Damage Index
reaches 1.0, the structure 1s considered damaged to a level

corresponding to the monotonic plastic ductility, I specified in
Eq. (3.9).
An enhancement of this relationship can be made by observing that

the level of damage also is a function of the balance between the
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positive resistance hysteretic energy, HYSP, and the negative
resistance hysteretic energy, HYSN. A structure that responds with
unequal amounts of positive and negative resistance hysteretic energies
will experience more residual drift, and thus more damage, than a
building subjected to equal hysteretic energies as discussed in the
previous chapter. For purposes of this study, a comprehensive Damage
Index is proposed that addresses the total hysteretic enérgy as well as
relative sizes of the positive and negative resistance hysteretic
energies or

HYSP + HYSN]2 + [HYSP - HYSN]Z
HYST HYST ’

Damage Index = [ (3.16)
where the terms are as defined earlier. When the Damage Index reaches
1.0, the structure is considered to be completely damaged; that is,
damaged to an extent corresponding to the monotonic plastic ductility.
The second term of Eq. (3.16) is nearly zero for most cases, except
when HYSP and HYSN are significantly different in magnitude,
representing the additional damage from unequal hysteretic energy
distribution.

The margin of safety can be computed once the Damage Index 1is
known. The total of the Margin of Safety and Damage Index must equal

one, so the Margin of Safety can be defined as,
Margin of Safety = 1.0 — Damage Index. (3.17)

When the Damage Index reaches one, the structure is assumed to be

completely damaged and the Margin of Safety is zero. This procedure
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permits the designer to assess the margin in a quantitative manner and
provides a basis for engineering judgment.

In summary, two damage criteria were presented in this chapter.
One criterion (Section 3.3) was based on representing the total
response to the earthquake, as obtained from the hysteretic energy, in
terms of complete and identical hysteretic cycles. The second
criterion (Section 3.4) is based on low-cycle fatigue and permits the
designer to convert a monotonic plastic ductility into a hysteretic
plastic ductility that causes equivalent damage under cyclic loading
and to estimate of the margin of safety that remains.

The procedures defined in this chapter are design oriented. The
relationships represent a philosophy that 1is consistent with the
current emerging design philosophy such as that found in the fatigue
provisions of the American Institute of Steel Construction steel
specifications. As such, the methods proposed here are not as
complicated to wuse as other procedures that have been previously
developed and do not represent a significant compromise of accuracy.
These procedures will be employed in the following chapter and compared

to existing damage measures.
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CHAPTER 4

EVALUATION OF STRUCTURAL DAMAGE CRITERIA

4.1 Introduction

The presentation in this chapter consists of a demonstration of
the damage criteria developed in Chapter 3 and their applicability to
the response of simple structures. The demonstration involves
evaluation of the reasonableness of the criteria through their
application to specific situations, especially laboratory results. As
will be subsequently observed, the applications indicate that these
criteria are good predictors of damage levels. As such they definitely
have the potential for application to damage assessment procedures that
may be incorporated in future building code provisions.

Specifically, this chapter contains material concerning the two
damage criteria developed in the previous chapter. The next section
contains a review and comparison of damage as described by the thfee
equivalent hysteretic cycle definitions. The second section thereafter
contains a comparison of the fatigue-based damage criterion with actual
test data from experiments. This evaluation provides confirmation of
the applicability of the damage theory by direct comparison of the
predicted damage with that obtained by tests. As a by-product of the
foregoing, specific design applications of these damage criteria are

developed and discussed in the following chapter.
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4.2 Evaluation of Performance of the Equivalent Hysteretic

Cycles as a Damage Measure

The first damage measure to be evaluated is the equivalent
hysteretic cycle concept wherein the total amount of hysteretic energy
is converted into a number of identical, complete hysteretic cycles.
The evaluation of this damage measure involves two factors, the first
is the concept of an equivalent hysteretic cycle and its usefulness as
a damage measure, and the second is the definition employed to define
the size of the hysteretic cycle.

Three different definitions, as presented in Chapter 3, are
employed to calculate the number of equivalent hysteretic cycles.
These concepts center around the maximum displacement achieved during
the response, the yield displacement and the weighted displacement;
each one involves a definition of the cycle size and the amount of
hysteretic energy content per standard cycle. The number of cycles is
obtained by dividing the total amount of hysteretic energy dissipated
by the energy content per cycle.

The evaluation in the case of the hysteretic cycles as a damage
measure was carried out for earthquake records only. One may wonder
why this evaluation method was mnot employed for uniform cyclic
excitation; the reason is that in this case the number of cycles can be
obtained directly by counting and in fact this 1s part of the
evaluation process for the experimental data studied in subsequent
sections. Accordingly, the hysteretic cycle concept was applied only
in the earthquake case.

As noted 1in Chapter 2, detailed studies were made for seven

earthquakes with the key results for three earthquakes, El Centro,
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Pacoima Dam and Melendy Ranch, summarized therein. Similarly, in this
chapter the detailed studies employing hysteretic cycles as a damage
measure were carried out for all seven earthquakes and a detailed
summary of these studies is contained in Appendix B. For purposes of
illustrating the trends exhibited by these detailed calculations, a
sampling of results for El Centro, Pacoima Dam and Melendy Ranch are
presented in Table 4.1. The table entries include the total positive
and negative resistance hysteretic energies, the number of counted
yield excursions and the computed numbers of equivalent hysteretic
cycles based on the three cycle definitions. Results are presented for
structural frequencies of 0.5, 2.0, and 5.0 hz with zero percent
damping.

The wvalues of hysteretic energy are approximately symmetric
between the positive and negative resistances and are a function of
both the structural frequency and the excitation. It is to be
recognized that the tabulated hysteretic energy can vary from being a
small fraction of the total input energy to accounting for nearly éll
of the input energy; such comparisons can be made from the data in the
appendix. The important thing to note here is that the hysteretic
energy i1s the component related to damage. Larger values of hysteretic
energy indicate more severe response and a greater potential for damage
to the structure than smaller hysteretic energies.

However, present design philosophy is not oriented towards energy-
based design, in time such methods may enter building codes as the
phenomenon is better understood. Irrespective of that observation, in
order to convert this response into a more usable form to provide the

designer with information regarding the cyclic nature of the response,
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the number of equivalent hysteretic cycles can be computed from the
three cycle definitions developed in the previous chapter. Typical
results of this conversion to equivalent cycles are presented in
Table 4.1 as is the number of counted yield excursions, which is the
actual number of times the yield resistance value was attained. The
number of counted yield excursions is normally larger than the number
of equi&alent hysteretic cycles because the actual hysteretic response
is erratic, composed of cycles of different sizes that are not all
complete. If all of the hysteretic cycles were complete and of equal
size, then the number of counted yield excursions and the number of
equivalent hysteretic cycles computed from the maximum or weighted
deformation equivalent cycle would be the same; the results using the
yield deformation would not compare because this cycle is not based on
the actual response.

Moreover, the difference between the equivalent hysteretic cycles
and the number of actual yield excursions is one measure of the random
nature of the response. For example, large numbers of counted yield
excursions together with low levels of hysteretic energy, indicate that
the structural response was not forming complete hysteretic cycles.
Conversely, low numbers of counted yield excursions occurring with
large hysteretic energy values indicate that the hysteretic cycles were
large and complete, and may well be more damaging to the structure than
the former situation.

It will be noted that in general, as the number of yield
excursions 1increases, the maximum deformation basis produces the
smallest number of equivalent hysteretic cycles while the weighted

deformation produces a more average number of cycles, one that
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addresses the features of the response and is probably the more
realistic equivalent cycle basis. The number of equivalent cycles
computed employing the energy at the yield displacement normally
produces a very large number of equivalent cycles that may exceed the
actual number of yield excursions by a large margin, and in some cases
may exceed one thousand. This equivalent cycle was not found to be a
realistic basis with which to estimate the c¢yclic nature of the
response. Accordingly, although the equivalent yield displacement
hysteretic cycles are presented in Table 4.1 and again in Appendix B
for the wvarious cases, because of the unrealistic nature of this
counting technique, no further discussion of this equivalent cycle is
presented in this dissertation.

In summary, the computation of the hysteretic energy is one
measure of the strength of the response. Computation of the number of
equivalent hysteretic cycles provides the designer with a measure or
estimate of the number of complete hysteretic cycles of response that
may occur. The number of cycles permits the appropriate steps ﬁo be
taken in the structural design to ensure that members and connections
are able to withstand the commensurate amount of cyclic response.

Although this damage measure 1is not pursued further in this
dissertation, it is believed that it will have a place in the future as
a part of the design procedures and philosophy contained in the next
generation of building code provisions. The number of cycles of
deformation, as well as hysteretic energy, are inherently a major
factor in the nonlinear deformation process; accordingly the concepts
must be reflected as a part of rationally developed procedures. The

concept is not completely dismissed in the next development centered
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around low-cycle fatigue theory in that the number of cycles and
strength of each cycle are employed there, and are directly related to
hysteretic energy. Thus, this type of damage measure is indirectly an

important part of the following discussion as well.

4.3 Evaluation of Fatigue Damage Index Criterion

Against Experimental Data

4.3.1 Introduction

The literature was reviewed to identify the previous experimental
studies containing data that could be used to verify the accuracy of
the proposed low-cycle fatigue damage criterion. Several studies were
found in which structural steel specimens or complete steel members
were tested under cyclic loading. In the following discussion, the
term specimen will refer to small steel test samples or coupons removed
from a full size steel member for fatigue testing. The results of
these studies were compared against the predicted results obtained from
the fatigue Damage Index criterion proposed herein. These comparisons
are divided into three sections concerning data from fatigue tests of
small steel specimens, data from tests of actual steel members and data
from fatigue tests of steel members of large flange aspect ratio
subject to local buckling behavior. In the majority of the reported
experiments, the fatigue cycling was continued until a complete failure
of the specimen or member occurred. Therefore, in the following
discussion the term failure refers to a loss of 1load carrying
capability of the member or a loss of functional capacity. Of course

in design, this complete loss of capacity would not be acceptable and a
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lower level of damage would have to be employed so that a margin of
safety against complete failure would exist.

4.3.2 Evaluation Based on Data from Small Fatigue Test Specimens

The first group of experimental studies to be reviewed are those
involving tests of structural steel specimens under cyclic loading.
The comparison of the experimental results from Yao and Munse (71),
where they proposed a comprehensive fatigue damage law based on low-
cycle axial fatigue tests of steel specimens, with those predicted by
the Damage Index concept from this study are shown in Table 4.2. The
comparison reveals close agreement between the number of cycles to
failure obtained experimentally with the predicted results from this
study. It must be noted that under simple, cyclic loading of the type
employed by Yao and Munse, the Damage Index, which becomes one at
failure, is not needed in the analysis because all cycles are of equal
size and shape and the low-cycle fatigue damage relationships can be
applied directly.

Sawyer (64) presented data obtained from Welding Research Council-
supported research 1into low-cycle fatigue behavior of typical
structural steels. These experimental results are compared with the
predicted values from this study in Table 4.3. As before, for complete
damage using identical fatigue cycles, the fatigue damage relationships
can be applied directly and the Damage Index attains a value of one for
reasons just discussed. The results from experiment clearly follow the
trends predicted by the fatigue damage criterion proposed in Chapter 3.

The next two tables concern the experimental work performed as a
part of this study involving a small scale steel structure as

summarized in Appendix A. In Table 4.4 there is presented the numbers



59

of cycles, each at a hysteretic plastic ductility value, u*, of 1.88,
required for failure when plastic failure strain values varying from
five to thirty percent are assigned. The actual monotonic failure
strain was found by separate tensile test to be about twenty-four
percent, which corresponds to about seven cycles of loading at this
hysteretic plastic ductility.

In Table 4.5 there is presented the number of full cycles, each at
a hysteretic plastic ductility value of 1.88, that produces the same
damage as the various combinations of monotonic plastic ductilities,
Hp and Damage Index wvalues. As observed and expected, a larger
monotonic plastic ductility results in a larger number of cycles to
reach the specified damage level. Moreover, increases in the Damage
Index value result in more cycles of response that can be absorbed for
any monotonic plastic ductility. All of which are in support of the
theory being evaluated and indicate that a ductile member is more
capable of absorbing damage from cyclic motion than a brittle member.

4.3.3 Evaluation Based on Data from Actual Structural Members

The preceding data were developed from tests of small steel
specimens representative of the material utilized in structures. This
information is important, however, the behavior of actual steel members
must be evaluated to ensure that this low-cycle fatigue theory
correctly predicts the damage absorbed in actual structures. Any
damaging effects arising from the arrangement and size of the member or
its components, which are not significant in small steel specimens, are
potentially prominent components of the behavior of steel members and
elements wunder mnonlinear behavior and must be included 1in the

evaluation of this damage criterion. The results presented in this
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section do not include local buckling, fatigue tests of members that
experienced this behavior are the subject of the following section.

The literature was reviewed to identify experimental studies where
actual steel members were cyclically loaded to failure, that is loaded
until either the load capacity was lost or the member became
functionally wunacceptable. ASCE (1), Beedle (8) and Hodge (22)
provided a useful foundation for this investigation. This search was
difficult in that frequently not enough data were provided by the
authors, or the test procedure was not adequate, to permit a proper
evaluation against the damage theory developed in this study. In
general, the agreement between the experimental and theoretical results
is good. This conclusion can be confirmed by reviewing Tables 4.6 to
4.12 and the brief discussion of these tables that follows.

The data from Popov and Pickney (59,60), summarized in Tables 4.6
and 4.7, involved fatigue tests of cantilever wide-flange sections and
is helpful because the testing was preceded by a nearly monotonic test
of a similar section. The data are evaluated in Table 4.6 based on fhe
results of three and one-half cycles of loading, with all of the
displacement cycles occurring in one direction, rather than fully
reversed loading. The results reveal that the equivalent monotonic
loading can be computed using the Damage Index concept together with
the fatigue theory. A total tip deflection of 9.5 in. imposed during
loading, unloading, and reloading in the same direction generates about
100 in-kips of hysteretic energy. This loading pattern produces damage
equivalent to 456 in-kips of hysteretic energy if the beam had been

loaded in one direction monotonically.
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The equivalent monotonic hysteretic energy was utilized in Table
4.7 as the basis to evaluate the other tests conducted by Popov and
Pickney (59,60). These tests involved alternating load cycles of
constant amplitude wuntil fatigue failure occurred. The last two
columns of this table reveal the comparison of the experimental results
with the theoretical predictions. Here, the ratio of the hysteretic
energy dissipated under cyclic loading to the hysteretic energy
dissipated in monotonic loading is compared to the ratio of hysteretic
to monotonic plastic ductilities predicted by theory. It can be seen
that the theory closely predicts the actual behavior of the section
under the load reversals. The damaging effects of the load reversals
on the structure can be observed as the fraction of monotonic capacity
drops with increasing numbers of load reversals.

Popov and Stephen (61) tested two different sizes of wide-flange
beams connected to column stub assemblies where the beams were loaded
cyclically wuntil a fatigue failure occurred. A summary of the
evaluation of this data 1is contained in Table 4.8, The actual
hysteretic energy dissipated during testing was computed from the
experimental results and was used to determine the number of hysteretic
cycles of identical size required to dissipate this energy. Hysteretic
cycles of either 2.0 or 2.5 in. total displacement were assumed for
calculational purposes. From this assumed displacement and the yield
load, the number of reversals, 2Ng, can be computed as shown in the
table (see Appendix D for background theory). For the assumed total
displacement amplitude, an equivalent hysteretic plastic strain, e¥*,
can be computed using plastic hinge theory as shown in Note 7 of the

table. The equivalent monotonic plastic strain can be computed using
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the fatigue theory as shown in Note 8. These results indicate that the
computed monotonic plastic strain is a realistic value in the range of
10-20 percent, depending on the section. This analysis procedure is
typical of the evaluation of experimental data when no firm monotonic
plastic failure values are provided, but must be inferred from the
results. Plastic strain values were used here but are essentially
equivalent to ductility values as shown in Appendix D; strain was
utilized because of the ease of calculation of plastic hinge rotations
for this data.

Another study of interest is one performed by Krawinkler and
Zohrei (37) which involved testing of cantilevered W4 x 13 steel
sections under cyclic loading until failure occurred. The experimental
results suggest a Morrow-Manson type relationship for failure,

~2.12
Nf = 0.0198(Aep) ,

where Nf is the number of cycles to failure, A¢p is the plastic strain
range in each cycle and the constants were found from the experimental
data. This result can be converted into a relation similar to that

presented herein in terms of reversals and plastic strain amplitude as

2.12

b

2Nf = 0.0396(Aep)

or by multiplying by (%)_2’l2 and simplifying, the final result is

obtained
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Ae

—B 0.109(2N,)

~ -0.470
5P - :

This result is similar to that obtained by Manson-Morrow and adapted
for use in this study. The relationship shows the close link between
the results from steel specimen tests and those from tests of actual
steel members.

Popov and Bertero (58) reported separate test results for W24 x 76
beams attached as cantilevers to stub columns, and as simply supported
beams with 7.5 ft. columns attached at the beam midspan position. In
both test series, the beams were cyclically deformed until a fatigue
failure occurred. No monotonic failure data was provided; thus in
Table 4.9 a plastic hinge analysis was employed to convert an assumed
value of maximum monotonic strain into a monotonic deflection that
could be used in the fatigue analysis. The results presented in this
table clearly indicate that the analysis procedures provide theoretical
predictions of fatigue life that are quite close to the experimental
values. It must be .noted that because the loading cycles were
identical, the Damage Index criterion was not needed and the fatigue
damage relationship could be applied directly. Moreover, the analysis
uses both strain and ductility terms because the ratio of hysteretic to
monotonic plastic strain 1is equal to the ratio of hysteretic to
monotonic plastic ductility.

A similar study was reported by Bertero, Popov and Krawinkler (12)
in which beam and column assemblies were cyclically loaded through the
column producing plastic hinge rotations in the beams. The evaluation

of this data is contained in Table 4.10. No monotonic failure results
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were provided so a maximum monotonic plastic strain of twenty percent
was assumed and the corresponding hinge rotation was computed. By
using the fatigue damage criterion, the number of identical hysteretic
cycles required to equal the damage from the assigned monotoﬁic plastic
strain was calculated. The results from theory correlate well with the
experimental results.

Similar results are presented in Table 4.11 based on tests
performed on beam-column assemblies by Popov et al. (56). These
evaluations follow the same procedures as before where monotonic strain
values were assumed because no monotonic failure wvalues were provided.
Popov measured the amount of deflection caused by shear strain in the
beam panel zone. For this particular section orientation, the shear
deflection could not be ignored and was subtracted from the overall
deflection so the correct fatigue results could be obtained. The test
reported in Table 4.1lla involved constant amplitude cyclic loading so
the fatigue theory could be applied directly. The second test
summarized in Table 4.11b involved variable amplitude cyclic testing
and thus required the calculation of the hysteretic energy dissipated
and an equivalent hysteretic plastic ductility required to dissipate
the same amount of hysteretic energy over the assigned number of 18
reversals. The analytical results for both tests are in close
agreement with the results provided by Popov.

Krawinkler et al. (38) «compiled data from wvarious sources
regarding the cyclic behavior of various steel members. Two particular
test series involving the cyclic testing of W4 x 13 sections were

presented in the form of a low-cycle fatigue relationship as
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-1.99
Nf = 0.0BOA(Aep) ,

where Nf is the number of cycles to failure and Aep is the plastic

strain range per cycle. This equation can be converted to an

expression of reversals and plastic strain amplitude of the form

-1.99
(2Nf) - 0.0608(Aep) )

. . 2.-1.99 . . . .
or by multiplying by (5) and simplifying, the final result 1is
obtained as

A¢p = 0.12202n )70 2.
2

This result is similar to the fatigue criteria reported by Morrow for
steel specimens tested under fatigue loading. Thus, the application of
the Morrow theory as a design basis for structural members subject to
fatigue appears reasonable.

Additional data from Krawinkler (38) can be evaluated using the
fatigue theory developed in this study. One particular test series in
this study involved various W4 x 13 sections loaded montonically and
other sections subjected to cyclic testing to failure. These sections
did not undergo local buckling during the testing. The first set of
results was evaluated in Table 4.12 where a monotonic plastic strain of
25 percent was computed, corresponding to the maximum monotonic tip
deflection of 12 in. actually applied.

Krawinkler tested the other sections to failure under constant
maximum deflection amplitude cyclic loading, where the maximum
amplitude was different for each separate test. This change in

deflection amplitude resulted in different fatigue lives for these test
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specimens as reflected in the numbers of reversals to failure. For
comparison purposes, various values of monotonic plastic strain ranging
from 20 to 40 percent, and including the actual wvalue of 25 percent
computed from the monotonic data, was employed to compute the
corresponding monotonic plastic ductility, Bp - These values of
monotonic plastic ductility were used then to compute the wvalues of
hysteretic plastic ductility, u*, corresponding to the number of
reversals involved. The results noted in Table 4.12 indicate that a
monotonic plastic strain value of 25 percent would correspond to a
conservative value of hysteretic plastic ductility that would induce an
equivalent damage level over the number of reversals. A value of 30
percent would more closely match the data.

Based on the different studies that have been evaluated, the
design approach developed in this study has every appearance of
providing a reasonable basis for assessing the damage caused by cyclic
loading of steel members. The difference in behavior between steel
test specimens and full-size steel members has been found to be sméll
and can be ignored. Thus, the Morrow-based fatigue damage criterion
for small steel specimens can be used to predict the degradation of
actual structural members subjected to cyclic loading. Moreover, in
situations where variable amplitude cycles are involved the Damage
Index concept, which is based on hysteretic energy, was found to
predict adequately the behavior and fatigue life of these members.

4.3.4 Evaluation Based on Data from Actual Structural Members

Where Local Buckling Occurred

One major problem that occurs in actual members is local buckling

of the flanges. The previous studies involved actual members of small
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flange aspect ratio, b/t, so that failure occurred through fatigue of
the material with no significant complications from local buckling.
Yet, local buckling can occur and must be evaluated against the
fatigue-based design procedure developed herein. However, one should
note in those cases in earthquake engineering where adequate provisions
have been taken for strong cyclic response, smaller flange aspect
ratios are employed so the possibility of local buckling is reduced.

Several studies were identified where slender wide-flange members
were loaded cyclically and where local buckling was observed. These
tests were continued after the onset of local buckling until failure
occurred by fatigue. The presence of flange buckling obviously changes
the member behavior and the damage accumulation under the cyclic
loading. The question is whether or not the proposed design method
adequately represents the material behavior when fatigue is aggravated
by local buckling.

Krawinkler et al. (38) published data for W6 x 9 sections that
were cyclically loaded. These sections possessed a larger flange
aspect ratio than did the W4 x 13 sections discussed earlier and
experienced severe local buckling during the tests. The results of the
tests in terms of cycles or reversals to failure, are contained in
Table 4.13 together with the predicted results from the fatigue-based
theory. Two W6 x 9 sections were monotonically loaded to 6.1 and 8.5
in. corresponding to a monotonic plastic ductility ranging from 19 to
27. When this value of the monotonic plastic ductility is employed in
the fatigue theory to predict the number of reversals to failure, the
computed number of reversals are higher than the test data. This

situation suggests that additional damage 1s caused by local buckling
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resulting in a fastef rate of degradation than occurs without local
buckling. If the monotonic plastic ductility is reduced to 16, in
recognition of the effect of local buckling, a result reasonably close
to the data is obtained. A further reduction of the monotonic plastic
ductility to a value of 10 produces results that match the smallest
hysteretic plastic ductility value and conservatively underestimate the
others. Clearly, the addition of 1local buckling changes the
relationship between damage and the number of reversals; the most
probable change is in the value of the exponent on the reversals term
which changes the slope of the reversals-ductility relationship.
However, the proposed method can be used to estimate the effects of
cyclic loading on members subject to local buckling so long as adequate
care is exercised to specify a monotonic plastic ductility wvalue that
results in conservative results for all cyclic loading cases.

The results of tests by Popov and Pickney (59,60) were evaluated
previously in Table 4.6. The experimental results indicating the
reversals to failure relationship was found to be closely predictedAby
the fatigue damage theory developed in this study. These sections were
observed during the testing to locally buckle to some degree at a tip
deflection of about two inches. During the cyclic loading, the flange
buckles were straightened and re-buckled until failure occurred.
Obviously, the effects of the local buckling on this particular test
series was not severe enough to affect the overall fatigue behavior and
the close agreement between the test data and the fatigue damage
relationship.

As a cross check of the overall procedure using plastic hinge

theory, the reported 2 in. tip deflection was employed and the flange
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strains were determined to verify that this strain would be sufficient
for local buckling. As shown in Table 4.14, the predicted strain of
2.37 percent is sufficient to cause local flange buckling as reported
by ASCE (1).

This result can be further confirmed by test data from Bertero and
Popov (1l) where 4M 13 sections were mounted as cantilevers and
subjected to fully reversed cyclic 1loading. . These sections were
slender with flange aspect ratios that varied from 8.8 to 12.7. The
beams were loaded to specified values of flange strain that varied from
1.0 to 2.5 percent as measured at the fixed end. Separate plots of the
number of cycles for the onset of local buckling and for the onset of
total failure as a function of the maximum flange strain were produced.
The data can be converted into a fatigue 1life equation for local

buckling and fatigue failure as follows for local buckling failure,

3.5

’

-6 -
Np = 2.8 x 10 (ae_/2)

and for fatigue failure,

-4 -3.0
Nf =2.9 x 10 (Aep/2) .
Both of these relationships are in terms of the complete cycles to
failure, Ng, the plastic strain amplitude per cycle, Aep/2, and the
constants from the data. These expressions can be converted into a
similar form to that employed in this study by transforming the

expressions from cycles to reversals, 2Ng. This transformation results

in new expressions for the local buckling failure,
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-0.286

(Aep/Z) = 0.0316(2Nf) )

and for fatigue failure,

(8 _/2) - 0.0834(2Nf)‘°'333.

Both expressions are of the same form as that proposed in this study.
The reversals term in these expressions, when raised to powers of
-0.286 and -0.333, results in a larger wvalue than that obtained from
the reversals term from this study which uses an exponent of -0.6.
Thus, the results from the proposed fatigue damage criterion would be
conservative even though local buckling was not specifically addressed.

On the basis of the material presented in this section the fatigue
damage criterion has been demonstrated to be an extremely effective
approach for incorporating the effects of cyclic response of a
structure subjected to earthquake motion. The fatigue relationship
employed was originally based on material tests of steel specimens But
was found to accurately predict the fatigue life of structural members
and thereby could be employed as a damage measure. The effects of
local buckling were found to change the experimental behavior in some
cases, but the fatigue damage concept can be used to predict the
overall fatigue life without significant error. Moreover, it is to be
appreciated that well-designed structures preclude local buckling for
these limited strain wvalues. The tests where variable amplitude
loading was employed permitted the Damage Index to be used and verified

against the experimental results. The Damage Index and its hysteretic
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energy basis were demonstrated to be a sound criterion and resulting in
accurate prediction of fatigue life under complex loading.

In conclusion, fatigue damage and the Damage Index theory based on
Morrow's work were found to be effective techniques to evaluate cyclic
response and structural damage. There is every reason to believe that
this type of approach will form at least one basis in the next
generation of building codes for arriving at consistent design
procedures for building structures subjected to earthquakes. More
specifically, it is to be noted that design will not be made to the
same damage level but instead the design will be made in such a manner
that if damage does occur, it is predictable and thus accounted for,
hopefully explicitly, as part of the design procedure. Techniques such
as this when applied to frame structures will go along way towards
providing a higher degree of reliability for carrying loads and less

uncertainty in predicted response.

4.4 Conclusions About the Damage Criteria Evaluation

The results and comparisons preéented in this chapter reveal that
the damage criteria developed in Chapter 3 are accurate, effective
means of quantifying damage. These procedures enable the designer to
obtain a more complete description of the resulting damage from an
earthquake than that provided by traditional means. The equivalent
hysteretic cycles permit the ‘conversion of the hysteretic energy into a
measure of the strength of the cyclic response, thus enabling the
engineer to address this response in the design of the members and

connections.
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A perhaps more useful damage criterion is provided by the Damage
Index and its low-cycle fatigue basis. This criterion permits the
well-used ductility concept to be accurately modified to account for
the significant damage caused by nonlinear cyclic response. The
resulting hysteretic plastic ductility reflects the entire response,
not just the peak response value. The experimental results confirm
that the structural damage obtained in the laboratory can be correctly
predicted by the Damage Index. Moreover, this procedure is easily
applied and can be useful in design situations.

These results point to the improvements that can be made in design
methods and philosophy. More than peak values of response must be
addressed in design if more predictable and controlled response is the
goal. The damage criteria evaluated in this chapter illustrate that
improved methods can be accurate and readily usable in a design
environment. This topic is explored in greater detail in the following

chapter where design applications are explored.
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CHAPTER 5

DESIGN APPLICATIONS OF THE DAMAGE CRITERIA

5.1 Introduction

The ultimate goal of any research aimed at improved design methods
is to produce new procedures that can be readily applied to design and
yvet lead to more accurate and efficient final products. The damage
criteria were shown in the previous chapter to be accurate measures of
the damage sustained by simple structural elements in response to
earthquake excitation. The question may be asked as to how these
criteria could be employed in the design of structures. The purpose of
this chapter 1s to illustrate three possible applications of these
criteria.

Structures can be analyzed and designed wusing response time
history analysis, response spectra concepts or pseudostatic building
code procedures. The sections that follow contain application of the
damage criteria for each of these three types of analysis. The
equivalent hysteretic cycles and Damage Index concepts will be employed
to evaluate hysteretic energy vresults from response time history
results. The Damage Index will be wused as a basis to construct
inelastic response spectra. Finally the Damage Index, and its fatigue
basis, will be employed to illustrate the development of a proposed
maximum drift criterion to supplement present drift limits found in
building codes.

These applications represent demonstrations of the possible ways
that the concepts developed here can be applied to structural design.

With additional development, these methods can be extended to the more
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complex structural systems commonly used. It is not the intent of this
study to examine all of the possible applications, but rather to
provide a sound foundation to permit development of these new

procedures.

5.2 Application of the Damage Criteria to the Evaluation of Response

Time History Results

The hysteretic energy computed during response time history
analysis has been shown to be a useful description of the behavior.
This energy parameter provides the designer with a measure of the
overall severity of the inelastic response. Because the hysteretic
energy 1is representative of the nonlinear response, this parameter is
more characteristic of the response history than the single maximum
displacement or ductility wvalue.

The hysteretic energy has a drawback in that there are no
allowable energy values, nor any design or analysis procedures which
presently can utilize hysteretic energy. Because of this lack of
information, hysteretic energy has been used primarily in’ research
where it provides valuable insight into nonlinear response. However,
through application of the damage criteria developed in this study, the
hysteretic energy can be adépted to the design process. This
application of hysteretic energy can be accomplished in two ways.

The first application involves the wuse of the equivalent
hysteretic cycle definitions to convert the energy into a measure of
the severity of the cyclic response. The computed number of equivalent
hysteretic cycles can be employed to ensure that members and

connections have adequate ductility capacity to withstand the cyclic
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response. This evaluation would serve to provide increased safety in
the structural design because not only the deformation was addressed
but also the estimated number of cycles that could occur. The results
of this type of evaluation were discussed earlier in conjunction with
Table 4.1.

The second way to adapt the hysteretic energy for design purposes
is through application of the Damage Index. The procedure developed in
Chapter 3 allows the monotonic plastic ductility corresponding to a
fully damaged condition to be converted into a hysteretic plastic
ductility that accounts for the number of reversals sustained and the
damage caused by these reversals. This hysteretic ductility was
utilized in the computation of the hysteretic energy corresbonding to
the plastic ductility wvalue occurring over a specified number of
reversals. The Damage Index was presented to compare this computed
value with the actual dissipated hysteretic energy.

To 1illustrate the use of these concepts, the response data
discussed in Chapter 2 was reviewed and the results for damped response
to the El Centro and Pacoima Dam records were selected for evaluation.
The actual hysteretic energies were compared against computed
hysteretic energies corresponding to specified monotonic plastic
ductilities; the Damage Index was computed as a result. The
computations are presented in Tables 5.1 and 5.2 for the El Centro and
Pacoima Dam records, respectively.

The results show that the Damage Index can be employed to provide
a comparison energy value for evaluation purposes. Without the
comparison hysteretic energy value, the parameter HYST in these tables,

the energy values are illustrative of the response but are not in a
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form that a designer could use. By comparing the dissipated values to
the HYST value, the Damage Index provides the designer with a basis for
estimating how much of the capacity of the member has been used in
responding to the earthquake.

The actual values presented in Tables 5.1 and 5.2 reflect the
amount of response computed as a function of the record and of the
structural frequency. The yield resistances were all set to 100 1b and
the damping was five percent throughout. The monotonic plastic
ductilities ranged from 0.5 to 5.0 which are realistic wvalues. The
resulting Damage Index values are illustrative of the fact that the
damage 1levels wvary strongly with frequency and with the monotonic
plastic ductility value. Moreover, in some cases the structures would
be heavily damaged, as in the higher frequency structures with lower
monotonic plastic ductilities. Lower damage levels are sustained for
structures with larger values of monotonic plastic ductility, which
corresponds to the classic definition of a ductile structure.

The next step in the design process would be to wvary the yiéld
resistance, or yield displacement, and compute the Damage Index,
repeating this process until a desired level of damage is reached.
This procedure is discussed in the next section in conjunction with
construction of inelastic response spectra based on the Damage Index

concept.

5.3 Application of the Damage Index to the Construction of Inelastic

Response Spectra

The purpose of this section is to apply the Damage Index to the

computation and construction of inelastic response spectra. As
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discussed in earlier sections, the traditional response spectrum is a
plot of the maximum value reached during response of a simple system to
ground excitation. These plots are quite useful in assessing the
overall envelope of response and particularly helpful in evaluating the
maximum deformation and the maximum structural drift. However, as
illustrated in the prior chapter, the damage processes are a function
of not only the maximum values of response such as deformation but also
of the cyclic nature of the response.

The evaluation of the Damage Index and its low-cycle fatigue basis
has revealed that this concept correctly predicts the accumulation of
damage during cyclic deformation. Moreover, this damage concept
correctly addresses the factors such as the deformation amplitude and
the number of velocity reversals that have been shown to strongly
"influence the damage level in a structure. The application of this
damage theory to the construction of inelastic response spectra is a
logical next step in the demonstration of this theory, and something
that previously has not been possible for lack of adequate data of the
type developed herein.

The first spectra that are presented for comparison purposes are
produced using traditional maximum ductility methods by computing the
actual response, adjusting the yield displacement and recomputing the
response until the specified maximum ductility value is obtained. The
spectra, shown in Fig. 5.1, are based on the response of a simple
system with five percent damping to the El Centro record with specified
maximum ductility wvalues of 1.0 (elastic), 1.5, 2.0, 3.0, 5.0, and
10.0; the overall shapes of these curves are quite irregular as

expected. In general, one can see that the increase in the specified
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ductility causes an increase in the maximum displacement as shown in
Fig. 5.1a. This ductility increase necessitates a decrease in the
yield displacement value, Fig. 5.1b. The hysteretic energy spectrum
presented in Fig. 5.1c has a shape that is smoother than the other
spectra because this curve is based on the overall hysteretic response
rather than just the single maximum displacement value. As with the
other curves, the changes in the maximum ductility value shifts the
energy spectrum curves accordingly.

The spectra presented in Fig. 5.1 are based on actual computed
response and require many calculations to complete. As discussed in
Chapter 2, an elastic design spectrum can be constructed based on
statistically obtained amplification factors and the features of the
maximum ground motion (50). This spectrum assumes constant
displacement, velocity and acceleration regions which are
approximations to the actual behavior but permit the rapid construction
of the design spectrum. In Fig. 5.2a there is presented the ground
motion and elastic design spectra for the El Centro record.

The elastic design spectrum can be reduced to estimate the effects
of nonlinear behavior using a deamplification factor based on the
ductility. The overall shape is still trapezoidal, however, the
resulting velocity and acceleration values are reduced by the
deamplication factor to reflect the lower response values as shown in
Fig. 5.2b. The displacements are essentially equal to the elastic
deflection except in the higher frequency region. The assumption in
this method is that the displacements resulting from nonlinear response
will be approximately equal to the elastic displacements. This

assumption was partially verified in Chapter 2.
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Comparison of the actual maximum displacements from Fig. 5.1 with
the predicted values from Fig. 5.2b reveals the approximate nature of
the modified spectrum. Because the irregular features of the computed
spectrum are not carried over to the modified spectrum, there is an
over estimation of displacement in some cases and an under estimation
in other cases. Thus, the ductility factor is not a totally reliable
factor to be employed in constructing these design and modified
spectra. This fact was pointed out by Mahin and Bertero (41).

The objective of the design and modified spectra must be kept in
mind. These spectra are approximations to the actual response spectra
and are not intended to be completely in agreement with actual spectra.
The effort required to construct one of these spectra is much less than
that required to actually compute a spectrum for a specific earthquake
ground motion record. Thus, a compromise between level of accuracy and
level of effort was clearly made and is justified.

The real issue here is not the difference in values predicted
between computed and modified spectra. Rather the issue is whether or
not the ductility factor is a reasonable means to employ to describe
damage and to construct a spectrum. As described earlier, the Damage
Index was found to be a more accurate way to describe the damage caused
by cyclic deformations than methods based on maximum response alone.
The application of the Damage Index to the El1 Centro record is
presented in Fig. 5.3. Each spectrum contains lines of constant damage
of 0.0 (elastic), 0.25, 0.50, 0.75 and 1.0 (fully damaged) fractions of
the damage level corresponding to the specified monotonic plastic
ductility. In the case of Fig. 5.3, the specified monotonic plastic

ductility was 0.5 indicating that a member monotonically deflected to a
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total ductility of 1.5, thus a plastic ductility of 0.5, would
represent a completely damaged condition. This assigned damage level
was used to compute actual damage levels, adjust yield displacements
and recompute response until the desired damage level was reached.

The maximum displacement spectrum, Fig. 5.3a, reveals relatively
smooth curves that are close to the elastic curve. As frequency
increases, the constant damage lines run slightly above the elastic
line as expected. The yield displacement spectrum, Fig. 5.3b, also is
smooth with lines of constant damage that run parallel to the elastic
curve and slightly below; the reduction in displacement being a
function of the level of damage desired. The important fact to notice
is the smooth nature of these curves as compared to the yield spectrum
based on maximum ductility presented in Fig. 5.1b.

Maximum ductility wvalues, presented in Fig. 5.3c, are not
excessive and generally are at or below 2.0 over most of the frequency
range. It is important to note that the Damage Index is based on the
ratio of the amount of hysteretic energy dissipated to the hysteretic
energy corresponding to the specified monotonic plastic ductility as
modified in Eq.(3.10). When this concept is used, the response is
controlled by the overall hysteretic energy dissipated versus that
permitted, and is not based on one of the displacement peaks. Thus,
the result is more reflective of the overall response. This fact is
illustrated in Fig. 5.3d wherein the hysteretic energy spectrum is
presented. The smooth shape of the curves reflects the more consistent
basis for the spectrum as compared to the irregular maximum ductility

spectrum shown in Fig. 5.lc.
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One may ask what happens if the specified monotonic plastic
ductility is increased. This ductility increase would permit more
damage to occur and thus smaller yield displacements would be expected.
As shown in Fig. 5.4a when the specified monotonic plastic ductility is
increased to 2.0, the yield displacements are reduced. Similarly, in
Fig. 5.4b there 1is presented the maximum ductility spectrum which
reflects ductility values that are larger than before, ranging between
2.0 and 10.0. As with the previous results, the curves are smooth and
are nearly parallel to one another. When the specified monotonic
plastic ductility is set at 4.0, the yield displacement spectrum is
reduced further and the maximum ductility spectrum is increased as
shown in Fig. 5.4c and d, respectively.

The same trends are evident in Fig. 5.5 wherein the yield
displacement and maximum ductility spectra for damped response to
Pacoima Dam are presented for specified monotonic plastic ductilities
of 0.5 and 4.0. This record has large ground acceleration and velocity
values and causes large levels of response. The nature of the curves
is similar to that of El Centro revealing the consistent basis for
these spectra. The Pacoima Dam record requires somewhat larger yield
displacements to limit damage to the specified levels as compared to El
Centro. Moreover, the resulting maximum ductilities are larger than
for El Centro, also reflecting this large response to the excitation.
The more consistent nature of the Damage Index prevents these isolated
large ductility excursions from controlling the overall damage
evaluation. Rather, these maximum ductilities are one point of
response that are important, but not the sole criterion to judge

response. Moreover, the actual maximum ductility wvalues are not
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excessive ranging from 3.0 to about 20.0 for the 4.0 specified
monotonic plastic ductility.

Similar spectra are presented for the Melendy Ranch record in Fig.
5.6 for these same two specified monotonic plastic ductilities. This
record induces modest response that 1is reflected in lower maximum
ductilities and lower yield displacements necessary to induce the
desired level of damage.

In conclusion, the inelastic response spectrum is an important
analysis tool that has traditionally been based on the maximum
ductility. This basis is not a consistent method to employ in
construction of a spectrum because all of the nonmaximum cycles of
response are ignored. These nonmaximum responses are important and
lead to structural damage that accumulates with each cycle. The Damage
Index has been shown to correctly predict the damage accumulation in
the laboratory from the entire cyclic response history. The results
presented in this section illustrate that the Damage Index also can be

employed as a basis for construction of inelastic response spectra.

5.4 Application of tﬁe Damage Index to Building Code Provisions

5.4.1 Qverview of Code Provisions for Design

Present building code provisions such as those found in UBC (68),
ATC-3 (3) and NEHRP (1l4) are based on strength and maximum deflection
criteria intended to ensure adequate member strength capacity while
limiting deflections to reasonable values for stability and to preclude
damage as much as practical. 1In these Codes, the strength criterion is
evaluated through the use of response spectra, pseudostatic or response

time history methods to determine the forces acting on, and generated



83

within, the structure. Once these forces are determined, the members
can be evaluated for adequacy to resist these loads.

The displacement or drift criterion 1is evaluated through
calculation of the estimated maximum displacement and by checking to
insure that this wvalue is within the code drift limit. There are no
provisions in the drift limit, as presently defined, to include any of
the structural or ground motion parameters that have been observed to
be important factors in the inelastic deformation process. The drift
limit is based solely on the story height and in some cases on the
general nature of the structure. Accordingly, the purpose of this
section is to propose a supplemental drift limit criterion for use in
code analysis procedures that is based on the low-cycle fatigue damage
theory developed earlier.

This proposed drift limit accounts for the fatigue damage aspects
of the response by limiting the amplitude of the oscillation to levels
that can be withstood over the number of total load reversals. This
criterion is a supplemental limit, not intended to replace the existing
drift limit that accounts in part for stability considerations. The
latter consideration is a separate, important and complex issue that is
not addressed here, and that incidently deserves much additional study,
especially for combined translational and torsional type behavior.

Any new drift criterion should be of the same form as presently
employed wherein a minimum amount of calculation 1is required.
Parameters must be employed that are representative of the response and
damage factors while at the same time are easily incorporated into the

design procedure. Moreover, any such criterion must be conservative in
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the sense of ensuring an adequate margin of safety, because the exact
behavior is represented by a simplified model.

The present code provisions are based on assumed structural and
ground motion models, as can be seen by examining the pseudostatic
procedures for calculating the base shear. For example the UBC

procedure for computing the base shear is

V = ZIKCSW, (5.1)

where Z is the Seismic Zone Coefficient ranging from 3/16 to 1.0, I is
the Occupancy Importance Factor ranging from 1.0 to 1.5, K 1is the
Horizontal Force Factor ranging from 0.67 to 1.0, C is the Structural
Period Factor, S is the Soil Structure Interaction Coefficient, and W
is the total weight of the structure. The product CS need not exceed
0.14.

The ATC-3/NEHRP base shear is determined by computing a
coefficient, Cg4, and multiplying the structural weight by this

parameter, or

V=2C_CMW,
s
where CS = 1'2AVS, (5.2)
RT2/3

and Ay, is the Effective Peak Velocity Coefficient ranging from 0.1 to
0.4, S is the Soil Structure Interaction Coefficient ranging from 1.0
to 1.5, R is the Response Modification Factor that accounts for the

structure type and implicitly the allowable 1level of nonlinear
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behavior, and T is the Structural Period. ATC-3/NEHRP states that Cg
need not exceed 2.5 A,/R where Ay is the Effective Peak Acceleration
Coefficient.

Both building codes distribute the total shear force over the
stories of the building based on an assumed, approximate first mode
deflected shape. The story shears then can be employed by the analyst
to check the adequacy of the member design strengths.

The UBC and the ATC-3/NEHRP provisions implicitly assume that the
details of the structural design will permit, if necessary, a limited
amount of nonlinear behavior during response to earthquakes. The UBGC
provisions incorporate major allowance for nonlinear behavior
implicitly into the K factor to reduce the member design loads, while
the ATC-3/NEHRP provisions reduce the design loads using the R factor.
Both of these factors are based on the anticipated performance of the
specific building type during ground motion excitation.

Because the structure is assumed to act inelastically, both codes
provide a maximum drift or deflection criterion to limit horizontal
movement to control damage and insure stability. The UBC requires that
the elastic deflection must be computed using the story loads as
determined above. The total design drift is found then by multiplying
the elastic deflection by the factor (1.0/K); the resulting deflection
must be less than or equal to 0.005 times the story height. ATC-
3/NEHRP requires that the elastic deflection, computed using the story
forces determined above, must be multiplied by the Deflection Amplitude
Factor, Cgq. This Cyq factor is a deflection amplifier similar to the
ductility factor used to amplify spectral displacements while reducing

the structural forces. The factor ranges in value from 1.25 for
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masonry to 6.5 for reinforced concrete. In any event the total drift
normally must be less than 0.015 times the story height for most
structures.

These provisions are similar in form to the modified spectrum
wherein the design loads are reduced from the elastic wvalues by
dividing by the ductility factor; it is to be appreciated that other
factors than Jjust inelastic behavior are involved in selecting a
modified design spectrum, such as the assessment of risk, economics,
importance of the structure, consequences of failure, etc. The maximum
spectral deflections are estimated by multiplying the elastic
deflection from the reduced loads by the ductility factor.

When the building code drift 1limits are converted into an
equivalent ductility, the results illustrate the level of ductility
permitted by the codes. Examination of typical values shown in Table
5.3 reveals that the ductility allowed in a building undergoing
primarily shearing behavior is in the range of 1.2 to 14.5 depending on
the member size and story height. These results illustrate that.a
level of nonlinear behavior is allowed that must be addressed by the
designer in proportioning members and detailing of connections,
especially if acceptable Dbehavior 1is to occur wunder overload
conditions.

Clearly, the effects of cyclic motion of the structure can
compound the mnonlinear behavior as has been demonstrated earlier
herein. Any improved drift criterion should protect the structure from
the accumulated damage caused by repeated cycling through large
deformation amplitudes. The question is whether or not the level of

ductility permitted by the codes is too large, thus allowing excessive
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damage to occur when the structure cyclically responds to an
earthquake. Moreover, the previous damage results indicate that
several structural and ground motion parameters are important to the
generation of damage. These parameters should be considered for
inclusion in any improved drift or damage criterion.

5.4.2 Proposed Drift Criterion

The results of the previous chapters have shown that the number of
reversals is a key factor in the structural damage accumulation. To
determine how the number of reversals is affected by the structural and
ground motion parameters, a study was performed using the El1 Centro,
Pacoima Dam and Melendy Ranch earthquake records to excite structures
of various frequencies and different specified maximum ductilities. As
illustrated in Fig. 5.7a, when the first 40 seconds of the El Centro
record was employed to excite structures of frequencies from 0.1 to
10.0 hz, the number of reversals was approximately a linear function of
the frequency. The results indicate that the number of reversals is
essentially a function of only the structural frequency and the
duration of shaking. Moreover, note that changes in the specified
maximum ductility, and therefore in the yield resistance value, did not
affect the number of reversals to a large extent. Other earthquake
records were employed and found to induce a similar number of
reversals.

Furthermore, the duration of excitation was found to be an
important parameter in causing reversals. As shown in Fig. 5.7b,
elastic structures underwent about the same number of reversals when
subjected to 20 seconds of El Centro and Pacoima Dam, a value

approximately one-half of the number of reversals induced by 40 seconds
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of excitation as reported in Fig. 5.7a. Similarly, when Melendy Ranch
was employed, the 15 second duration induced three-quarters of the 20
second values from E1 Centro and Pacoima Dam. From these results, it
can be seen that the number of reversals 1is 1independent of the
particular earthquake record involved and is primarily a function of
the structural frequency and the duration of ground excitation. These
interesting observations need to be studied further for a wide range of
earthquakes.

Based on this information, the number of reversals that a
structure undergoes during earthquake response can be estimated without
having to perform response time history analysis. Thus, the fatigue-
based damage criterion developed in Chapter 3 can be employed to
compute the hysteretic plastic ductility wvalue accounting for the
number of reversals that occur and more closely reflecting the true
damage state of the structure.

Any new drift or ductility 1limit must address the important
parameters involved in the generation of damage. The 1limit shoﬁld
include the estimated number of reversals as well as the natural
frequency and type of structure. Moreover, the design level of the
earthquake must be defined to determine the amount of conservatism
employed. A large earthquake, such as that associated with UBC zone 4,
would cause strong response and should have 1limits adjusted
accordingly.

The parameters of structural frequency, building type, and
excitation duration were combined with the fatigue-based damage
criteria to produce a possible new drift limit that includes the

important features of the damage process. The drift limit is in the
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form of a total ductility criterion, that is a ductility that reflects
the total overall displacement normalized by the yield displacement.
Thus, both elastic and inelastic components of the deformation are

included in this criterion which has the form of

REV.-0.6

By = L0+ ottt e e’ EEHTY, (5.3)

where p,; is the allowable maximum total ductility, Cgq is the NEHRP
Deflection Amplification Factor, f,; 1is the fundamental natural
frequency of the structure, REV is the number of reversals obtained
from Fig. 5.7c. The Q symbol is a duration coefficient that varies as
follows, for UBC zone 4, Q equals 1.0; for UBC zone 3, Q equals 1.33;
for UBC zone 2, Q equals 1.67; and for zone 1, Q has a wvalue of 2.0.
This proposed criterion provides the designer with the value of maximum
ductility that can be tolerated as a maximum deformation during the
cyclic response of a structure based on the duration of shaking,
structural frequency and the building type.

The results presented in Table 5.4 show that the allowable total
ductility wvalues generally are comparable to, if not less than, the
present ductility wvalues from the Codes discussed earlier. The
relative size depends in large part on the building type that is
involved. Typical results are presented in Fig. 5.8 where the proposed
criterion is plotted on a maximum ductility spectrum produced using the
Damage Index concept. The results indicate that this simplified
procedure falls slightly below the actual computed maximum ductility
curves. The conservatism indicated would be desired in an approximate

design tool of this type because the actual behavior 1is not computed,
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rather a simplified representation is employed. This equation contains
the important parameters that should be included in the drift
evaluation. Adjustments in the individual terms might be required
following detailed study, however, the basic trends are evident as
depicted in Fig. 5.8.

The conclusion to this section is that the drift limits found in
UBC, ATC-3, and NEHRP, when viewed from a fatigue perspective, may be
too large. A ductility wvalue of 7.5 reached once will cause a
different level of damage than the same ductility level reached many
times. The results presented herein indicate that the Code drift
limits may exceed the levels required for complete damage; reduction of
these drift 1limits should be considered to account for the damage
accumulation caused by the cyclic response, however, more study of this

question is required.
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CHAPTER 6

OBSERVATIONS

6.1 Introduction

The important results and findings of this investigation are
summarized in the sections that follow. The chapter concludes with a
section devoted to possible future applications of this research in
structural design practice as well as the research needed to answer

questions posed by this study.

6.2 Observations Regarding the Parameter Study of Structural Response

to Ground Motion

The first phase of this research involved the identification of
the parameters responsible for strong response through detailed study
of the response of simple structural systems. The structural response
in terms of deformation, resistance, and energy time histories was
computed and the effects of parameter changes were observed. A variety
of ground motions were employed, ranging from simple pulse-type
excitation to selected actual earthquake records. These analytical
computations were supplemented by a small series of experiments
involving a simple structure subjected to pulse-type excitation.

The response was found to be a function of several parameters;
overemphasis of one parameter and the exclusion of other parameters can
lead to erroneous assessments of the potential of an earthquake to
cause strong structural response. A summary of the important findings

includes the observation that the peak ground acceleration, when
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employed by itself, is a poor response predictor; peak acceleration can
be associated with high frequency excitation that will not induce
strong response in typical structures as has been observed herein and
in actual earthquakes. In contrast, the ground velocity, which is
related to the impulse area of the acceleration record, was found to be
a good indicator of the response potential of a record.

Individual pulse characteristics also can affect the response,
particularly where a large area unbalance exists between the positive
and negative acceleration sides of the record. This unbalance can
cause the structure to respond more in one direction than the other
potentially resulting in a larger residual plastic offset. Such
effects are not reflected in current earthquake design criteria.

Finally, the overall duration of excitation was found to cause
displacements to increase with time in structures close to the ground
motion frequency. In these cases, elastic structures responded with
increasing displacement  amplitudes 1limited only by damping.
Elastoplastic structures responded with increasing displacements unﬁil
controlled by hysteretic action; longer excitation duration in these
structures resulted oﬁly in increased numbers of hysteretic cycles.

This observation confirms the well-known fact that the structural
frequency is an important factor in causing strong response when its
value is close to the ground motion frequency; as a rule structures
strongly respond to excitation that is no more than twice the
structural frequency. High frequency excitation, significantly higher
than the structural frequency, results in inertial accelerations of
small impulse area that do not cause large response. Another important

structural parameter is the damping that 1is relatively ineffective in
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reducing peak displacement and velocity values as compared to
hysteretic energy dissipation. However, the damping does dissipate
energy and thereby often 1leads to reduced numbers of yielding
excursions and lower hysteretic energy levels.

The complex combination of ground motion and structural parameters
means that the effects of an earthquake cannot be predicted on the
basis of a single parameter such as peak ground acceleration. Instead,
this research indicates that other techniques, such as energy
calculations, can be employed effectively to describe the ground motion
and structural response interaction in a more complete manner than is
possible with present methods. Future Iimprovements in building
analysis and design will depend in part on the application of
information such as that presented herein to the development of these
new procedures that need to address the entire range of parameters
shown to play an important part in generating response. For example,
the concepts studied may well lead to design criteria guidelines that
force the designer to consider the zones or regions in a structure
where yielding or deformation is to be concentrated; such design

planning will lead to safer structures.

6.3 Observations Regarding the Proposed Damage Criteria

Two damage criteria were proposed, one based on equivalent
hysteretic cycles and the other founded on low-cycle fatigue concepts.
Computation of the number of equivalent hysteretic cycles, the first
damage criterion studied, provides a way to convert the total
hysteretic energy into a quantitative measure of the cyclic response

strength, which can be employed as an indicator of damage as well as
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part of the design basis for structural members and connections. Three
standard hysteretic cycle definitions were developed. The weighted and
maximum deformation cycle definitions were found to provide useful
representations of the cyclic response; in contrast, the strain energy
at yield was evaluated and not found to be an adequate cycle
definition.

A second damage criterion was developed from low-cycle fatigue
theory, modified so as to describe the structural damage accumulated
during the erratic cyclic response to earthquakes. This damage measure
converts a specified monotonic plastic ductility, required to
completely damage a structural element in monotonic deformation, intoc a
hysteretic plastic ductility that accounts for the additional damage
caused by cyclic deformation. This fatigue-based damage criterion was
compared against experimental data from a variety of cyclic tests
reported in the literature and found to accurately predict the damage
state in actual structural members.

Major improvements in the ability to design for earthquake
excitation in the future depend in part on developing methods to
evaluate the damaging-effects of repetative, cyclic deformations during
response. Present ductility methods are at best approximate because
they examine only the maximum response value and ignore the other
nonmaximum cycles of response. The two damage criteria developed in
this dissertation represent significant improvements iIn damage
evaluation because they are reasonably accurate for simple systems and
they are in a form that can be readily adapted to conventional design

methods.
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6.4 Observations Regarding Design Applications of the Damage Criteria

Applications of the damage criteria developed in this study to
three different damage evaluation problems were presented to
demonstrate the use of these procedures in design situations. The
cases presented included the evaluation of hysteretic energy dissipated
in response, the construction of inelastic response spectra and the
development of a new drift criterion for building code provisions. 1In
the first application, the two damage criteria developed in this
research provided a comparison basis for dissipated hysteretic energy
values to permit this energy parameter to be directly employed in
design. The equivalent hysteretic cycles produce a quantitative
measure of the cyclic nature of the inelastic response that can be
employed in the design of structural elements. Furthermore, the low-
cycle fatigue and Damage Index concepts can be employed to convert a
specified monotonic plastic ductility into a corresponding hysteretic
energy that can be compared against the actual hysteretic energy
dissipated.

The second application of the Démage Index was as a basis for the
construction of nonlinear response spectra. The Damage Index nonlinear
spectra reflect the entire response history including the maximum and
nonmaximum cycles, as compared to conventional nonlinear spectra where
only the maximum ductility is employed and damage from nonmaximum
cycles is ignored. The Damage Index nonlinear spectra contain nearly
parallel spectral lines that are smoother and more consistent in shape
than the irregular spectra produced based on the maximum ductility.
Moreover, the actual maximum ductility values permitted by the Damage

Index nonlinear spectra are comparable to, and in some cases slightly
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larger, than those ductility values obtained from maximum ductility
spectra, these results reflect the fact that the damage is a function
of all of the deformation cycles of response and not just the single
maximum deformation. The inclusion of all of the response cycles in
effect averages the peak response with the other values, de-emphasizing
the peak response so that a structure frequently can absorb more
damage, as measured by the Démage Index, than would be permitted during
response limited to a maximum ductility value. This observation agrees
with actual post-earthquake damage surveys where structural failure, or
even severe damage, frequently does not occur following large
displacement excursions that would exceed wusual maximum ductility
limits.

A third design application concerned a proposed drift criterion,
based on low-cycle fatigue concepts together with a new representation
of the effects of the earthquake ground motion, in terms of numbers of
response reversals occurring in the structure. This limit provides a
comprehensive means to control the amplitude of the oscillatory motion
so the damage that accumulates over the total number of reversals will
be acceptable. E#isting drift criteria generally are based on
stability as well as other considerations and will be supplemented by
this proposed criterion; in most cases the new 1limit 1is more
restrictive than present drift limits. The results from application of
this new criterion are promising, indicating that a rigorous drift
limit that addresses the features of the ground motion and response,
can be developed for building code implementation. If it can be shown
that such drift control leads to reduced damage and acceptable margins

of safety following response, the economic impact could be substantial.
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The applications presented in this dissertation indicate that
these damage criteria reflect the damage from the entire response
history and are developed in such a way that they can be readily
employed in design. This result is fortunate because the additional
damage that occurs from cyclic deformation of structural elements is
not predicted or addressed by present maximum ductility-based methods.
Improvement in design procedures will first require improved techniques
to predict damage. The application of comprehensive methods of the
type developed in this study represent a feasible way to accomplish

this goal.

6.5 Observations on Future Applications of this Research

Successful structural design requires some form of response
prediction and evaluation of this response to ensure that the resulting
displacements will occur in a controlled and acceptable manner. The
designer must have a sound understanding of the structural resistance
as a function of displacement as well as a knowledge of what is
acceptable for functional use or overall safety, and the implications
of the adequate or inadequacy of the remaining margins of strength.
These details of nonlinear behavior are not well addressed in current
design guidelines, for most designs are carried out in the elastic
domain. As limit design concepts are developed and adopted often
permitting limited inelastic response, a great deal more research in
the area of structural resistance behavior will be needed, if rational
improvements in the building code criteria are to be adopted and

enforced.
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The results of this research point to new approaches in evaluating
the damage potential of earthquake ground motion as well as ways to
evaluate damage from cyclic structural response.

Clearly other applications and extensions of this work can be
envisioned. For example, research into the design of complex frames
and building systems employing comprehensive techniques such as
hysteretic energy 1is continuing; progress has been substantial in
recent years. Application of the damage concepts concerning SDOF
systems from this dissertation will assist in development of new design
criteria for such frameworks. Another area of potential application is
in post-earthquake evaluation of buildings to determine why certain
buildings performed well and others collapsed. The damage measures
from this study permit evaluation of the response and corresponding
damage from a new perspective which should aid in future damage surveys
and the attendant assessment of adequacy of the surviving structures.
After an earthquake, difficult decisions must be made about certifying
a structure as adequate for future use, authorizing necessary repairs,
or requiring that the structure be demolished because the structural
damage is too severe. At present we have no rational methods for
making such assessments.

The overall conclusion to this study is that comprehensive
measures are needed to evaluate the hazard posed by earthquake ground
motion on a structure as well as the resulting damage. The methods
proposed in this study represent a starting point for further
development of design and building code provisions to better predict
structural response and damage than 1is ©possible with present

approaches.
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Table 3.1 Elastic Design Spectrum Amplification Factors (49)

Cunulative Nonexceedance

Damping, Probability, Percent
Percent of 84.1 (One Sigma) 50 (Median)
Critical A v D A A\ D
0.5 5.10 -3.84 3.04 3.68 2.59 2.01
1.0 4. 38 3.38 2.73 3.21 2.31 1.82
2.0 3.66 2.92 2.42 2.74 2.03 1.63
5.0 2.71 2.30 2.01 2.12 1.65 1.39
10.0 1.99 1.84 1.69 1.64 1.37 1.20
20.0 1.26 1.37 1.38 1.17 1.08 1.01

A = Acceleration factor

V = Velocity factor

D = Displacement factor
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Table 4.2 Comparison of Failure Strain Values for Specified Fatigue

Lives Obtained from Yao and Munse (71) with the Predicted
Values from the Proposed Criterion

Ratio of Hysteretic Plastic Strain, e*, to Plastic Strain at Failure in
Monotonic Loading, €p> in percent:

Number of Cycles Yao and Munse, This Study,
to Failure, Ng(1l) ¥/ep, % (2,3) */ep, % (4,5)
1 . 66.0 ' 66.0
10 19.5 16.6
100 5.5 4.2

NOTES:

1. Each hysteretic cycle contains two reversals, therefore the number
of reversals is twice the number of cycles or 2Ng.

2. All hysteretic cycles are identical in this comparison.

3. Hysteretic cycles are produced by identical triangular strain
pulses in which the strain is fully reversed, corresponding to a
relative strain ratio of r = -1 from Yao and Munse data, Fig. 7,
Ref. (71).

4, Ductility is defined as p = e/ey where €y is the yield strain.

5. Sample Calculation using the design concepts from this study:

Hysteretic Monotonic
Plastic = Plastic X Reduction
Ductility Ductility Goefficient
p = Bp x (2ng) 0.6

but pu = e/ey

¥/ey = (ep/ey) (2Mg) 706

or

¥ = ep(2Ng) 06

Let N = 1.0 cycles or 2.0 reversals
¥ = ep (2.0)70-6 = 0.66 «

or
€*/ep = 0.66 = 66.0%

p
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Comparison of Low-Cycle Fatigue Data Presented by Sawyer
(64) with the Predicted Values from the Proposed Criterion

Sawyer summarized low-cycle fatigue data from Welding Research Council
studies on various steels subjected to cyclic loading. These failure
results can be compared to the predicted results from this study:

WRC Data
Number of Total Strain Strain Range
Reversals, Range for Predicted from this
2Ng¢ Failure, % (1) Study for Failure, % (2)
1 100.0 100.0
10 38.0 25.1
100 13.0 6.3
1000 4.0 1.6
10000 1.1 0.4
NOTES :
1. Total strain range is twice the strain amplitude in any cycle.

The monotonic plastic strain was found to be 1.0 or 100% for these

steels.

The strain range required for failure was found to be a

lower value as the number of reversals increases as shown.

2. Failure strain is the hysteretic plastic strain computed from

where Aep,
percent.

* -
Ae* = pep(2Np)0-6

the monotonic plastic strain was set equal to 100
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Table 4.4 Computation of Damage
Experimental Results from Appendix A

From experimental results:

from

Assigned Corresponding Corresponding

Hysteretic Response

Yield Displacement = 1.04 in.

- Maximum Displacement = 3.00 in.
3 Complete Hysteretic Cycles Applied
Modulus of Elasticity, E = 29,555 ksi
Failure Strain = 24.2%

Using

Number of Cycles
to Failure, N,

Monotonic Monotonic Monotonic Applied Corresponding
Plastic Plastic Plastic Hysteretic To This Assigned
Failure Failure Failure Plastic Monotonic
Strain, Displacement, Ductility, Ductility, Failure

ep, % (1) Ap, in. (2) pp, (3) w4 Strain, (5)

5 2.0 1.92 1.88 0.52
10 4.0 3.85 1.88 1.64
15 6.0 5.77 1.88 3.23
20 8.0 7.69 1.88 5.21
25 10.0 9.62 1.88 7.57
30 12.0 11.54 1.88 10.25

NOTES:

1. Separate tensile testing indicated a failure plastic strain of
approximately 24% for this material in monotonic loading.

2. Corresponding plastic failure displacement computed as

[Hinge Rotation] « [Section Height]
Monotonic Plastic e h
Failure Strain €p - [Hinge Length]
a
€ _aL e (1.0)(17.5)
Plastic Displa;ement Ap = 8L = ﬁ = -B WESE
where "h" is equal to 0.4375 in., the height of the
reduced area, "L" is 17.5 in., the length of the bar and
the parameter "a" equals 1.0 in., the length of the
reduced area section of the bar.

3. Plastic ductility computed as bp = Ap/1.04 in. where 1.04 in. is
the yield displacement.

4. Applied hysteretic ductility is p* = 3.0 - 1.04/1.04 where 3.0 in.
is the maximum displacement and 1.04 in. is the yield
displacement.

5. Number of cycles computed from theory as

*
* _ -0.6 _ B
B o= il-p(?-Nf) or Ne = 1/2[#p]
where u* = 1.88 and bp is the assigned failure value for monotonic
loading.

-1/0.6
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Assigned
Damage
Index,
percent

100
90
80
70
60
50
25
10

NOTES :
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Computation of Required Numbers of Hysteretic Cycles to
Match the Assigned Damage Index Values for Various Monotonic
Plastic Ductility Values Using Appendix A Data

Number of identical cycles at 1.88 maximum hysteretic
plastic ductility, p*, resulting in the assigned damage

index wvalue, for the monotonic plastic ductility wvalues
of: (1)

bp = 2 Bp = 4 Hp = 6 Bp = 8 Bp = 10
0.55 1.75 3.44 5.56 8.07
0.52 1.66 3.27 5.28 7.65
0.49 1.57 3.08 4.98 7.22
0.48 1.52 2.98 4.82 6.99
0.43 1.36 2.67 4.31 6.25
0.39 1.24 2.44 3.93 5.71
0.28 0.88 1.72 2.78 4.03
0.17 0.55 1.09 1.76 2.55

The number of cycles required to reach the specified damage index

level

where

Damage Index

Damage Index =

is computed as:

HYSP = HYSN = N(Ry) (Uy)u™

N = numbexr of cycles

Ry = yield resistance
Uy = yield displacement
p* = maximum hysteretic plastic ductility

_ [Hysp + HysN 2 . [H¥SP - HYSN 2
*
N Ry Uy w¥) INRy Ugn*
(2N)R_U <12
GRS
(2Nf)RYUYp* (continued)
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Table 4.5 (continued)

Damage Index = [2N/(2Nf)]2
where (2Ng) is the number of reversals required for failure at the
assigned ductility value or
-0.6
*
Bo= #p(ZNf)
-0.6
1.88 = pp(ZNf)

1.88

#p

-1/0.6

[==2) = (2N

Substitute into Damage Index = [2N/(2Nf)]2

2N = (2Nf)/DI

- (L:88,-1/0.6
i
P
N = 1/2[l;§§]'1'67<lﬁf)
P

Sample Calculation
For up = 10 and Damage Index = 100%

N = 8.07 cycles
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. Table 4.6 Computation of Monotonic Failure Parameters for Popov Data

Popov and Pickney (59) loaded sample F1-S in one direction wuntil
failure but this was not monotonic loading. Seven reversals were
involved in 3.5 cycles when the specimen was unloaded and reloaded in
the same direction. All hysteretic energy generated was from positive
resistance causing unbalanced damage.

From data, full yield displacement, Uy =~ 0.525 in.

full yield load, Ry = 11.19 kips

Total
Deflection Plastic Hysteretic
over this Deflection, Energy,
Cycle No. cycle, in. in. in-kips
1 0.667 0.142 1.589
2 0.444 0.444 4.968
3 4,722 4,722 52.839
4(3%) 3.667 3.667 41.034
Total Tip
Deflection 9.50 in. 8.975 in. 100.43 in-kips

From this study:

Damage Index - | HYSE + HYSN 2 , [HYSP - HYsN 2
* *
IRy Uy INRy Uyp

wheré
Damage Index = 1.0 represents full damage
HYSP = 100.43 in-kips, loaded and re-loaded in one direction
HYSN = O
N = 3.5 Cycles (7 Reversals)
Ry = 11.19 kips
Uy = 0.525 in.
p* = Hysteretic Plastic Ductility

These values can be substituted into the equation above and the value
of u* can be found. (continued)
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Table 4.6 (continued)

1o - | 100.43 + 0 2o, 100.43 - 0 2
0 = 13375)11.19) (0.525) o% 2(3.5)(11.19)(0.525) u*
100.43 + 0 2
1.0 = 237375y (11.19) (0. 525) o
u = 3.45

This is the hysteretic plastic ductility causing failure over 3% cycles
under the test conditions.

The hysteretic energy corresponding to this hysteretic plastic
ductility is

hysteretic energy = 2(3.5)(11.10)(3.45)(0.525) = 142 in-kips

From the fatigue damage theory developed earlier:
g = Mp(ZNf)'o'6
where
p* = hysteretic plastic ductility = 3.45
pp = monotonic plastic ductility
2Ng = 7.0 Reversals
The monotonic plastic ductility is:
*

pp— 3% _ 9110

P (2Nf)'0‘6 (7)-0.6

Thus, a monotonic plastic ductility of 11.10 causes the same damage as
a hysteretic plastic ductility of 3.45 applied over 3% cycles.

11.10
3.45

Corresponding Hysteretic Energy (142 in-kips) = 456.4 in-kips

This value corresponds to a monotonic hysteretic energy value causing
the same damage level as the actual damage induced by the seven
reversals or 3% cycles.
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Table 4.9 Evaluation of Experimental Data from
Popov and Bertero (58)

For Test Series No. 1
The beam is a W24 x 76 attached to a column stub
Moment Arm, L = 7.5 ft
Shape Factor, f = 1.136
Section Height, 2¢ = 23.92 in.
Modulus of Elasticity, E = 29000 ksi
Yield Stress, oy = 36 ksi

For this shape factor, the plastic hinge length is

0.136

a = ETIEEL = 0,1197L

Assume ¢ = 20%
max

_ 8(2¢c) oo - £2 _ 0.20(0.1197)(7.5)(12) - 0.090 radians
a 2c 23.92

€
Deflection at fully yielded condition
3 2 fo1?
y

ANV _1.136(36) (7.5)2(12)
A = £385T = 7381 " 3cE T T3(23.92/2)(29000)

= 0.318 in.

From plastic hinge theory, the rotation of the hinge is

o - Ap 4y
L - a/2

For this plastic hinge rotation, the total monotonic deflection, Ar,
corresponding to a strain of 20% is: :

a
AT = Q(L - E) + AY

- 0.090[7.5(12) - LA U2)

] + 0.318

= 7.615 + 0.318 = 7.933 in.

From cyclic test data, maximum tip deflection, is Apyx = 1.5 in., the
plastic portion of this deflection is

*

A¥ = Agax - Ay = 1.5 - 0.318 = 1.182 in.

From the fatigue damage theory, the number of cycles at a plastic
deflection of 1.182 corresponds to a damage level attained at a

monotonic plastic deflection of 7.615 in. of:

p* = up(ZNf)'o'6 (continued)
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Table 4.9 (continued)

A
__P
1.182; Ap = Ay - Ay = 7.933 - 0.318 = 7.615 in.
7.615(2N)"0-6

22.30 reversals

11.15 cycles for failure

and Bertero data, the number of cycles to failure is
This value is compared to the 11.15 cycles computed

above and based on a maximum allowable strain of 20%. Lower values of
allowable monotonic strain will drop the number of cycles accordingly.

For Test Series No, 2

From Popov and Bertero data, a simply supported W24 x 76 beam 15
feet long was attached to a column stub at midspan where the column was
3.75 feet long on either side of the beam.

Deflection of column end was 1.0 inch so rotation of hinge was

8 = —7—%—9——— = 0.0222 radians
(—~1(12)
The beam hysteretic plastic strain, ¥ = 9&%91
0.14L 1 0.1228L

where a =

.14

The computed value of hysteretic plastic strain is

If ¢
P

This

i

“p(sz)

* 0.0222(24)
T 0.1228(7.5)(12)

€ = 0.0482 or 4.82%

20% for monotonic loading

0.6

€
P -0.6
o (2Ng)

20.0(2N
10.714 Reversals

£

0.6

5.36 cycles

result compares well with the experimental data.
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Table 4.10 Evaluation of Experimental Data from
Bertero, Popov and Krawinkler (12)

This data concerns a beam-column assembly using a 14B22 section.

The following data was obtained:
Moment Arm, L = 6 ft.
Shape Factor, f = 1.14
Section Height, 2¢c = 13.70 in.
Modulus of Elasticity, E = 29000 ksi
Yield Stress, oy = 36 ksi

Total Deflection, Ay, from hinge rotation = 3.77 in.
The deflection corresponding to full yield is
2

(Ll 1 1436) (72)2
Ay = T3cE 3(13.70/2) (29000)

= 0.357 in.

Ar - A 3,77 - 0.357

L - a/2 0.14
7211 - 714)

Hinge Rotation & = = 0.054 radians.

This result agrees with Figure 8 of this reference.
The corresponding strain for this rotation is

¥ _ 8(2c) _ 0.054(13.70)

a 0.14
1.14(72)

= 0.0837

*% .
e = 8.37% This is the hysteretic strain applied over each

cycle.

If the monotonic plastic strain, €p» permitted 1is 20%, then from
fatigue theory, p* - yp(ZNf)'o'6

e*

Then -
€

y

* -0.6

€
P -0.6
€ (2Nf)

1L
[}
1Ly
~~
No
2

6

o

w

~
i

-0.
20.0(2Nf)

4,27 Reversals

N
2
i

= >
Nf 2.14 cycles

This is a realistic result from theory and agrees with experimental
results.
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Table 4.1la Evaluation of Experimental Data from Popov et al. (56)

Popov et al. tested beam-column assemblies and obtained the following
results:

For Specimen No. 1 W18 x 50 beam
Shape Factor, £ = 1.120
Modulus of Elasticity, E = 29000 ksi
Yield Stress, oy = 46.4 ksi
Moment Arm, L = 5.4 ft.
Section Height, 2¢ = 18.0 in.
Maximum Cyclic Displacement, in. = 1.20 in.
Maximum Shear Strain in Panel Zone = 0.008
Loading is constant amplitude cycling

Deflection at fully yielded cross section:

2
L2 e Ly 10046.4) (64.75)°
Ay = TTEGE T 3(18.0/2)(29000)

= 0.278 in.

The maximum deflection, A, is 1.20 in. The deflection caused by the
rotation of the plastic hinge, A,, is the total deflection minus the
fully yielded deflection and deflection caused by shear strain of panel
zone.

A
o - P _1.20 - 0.278 - 0.008(64.75) _ § 10699 radiane
L-2 64.75(a - —22
2 : 2(1.12)

The corresponding hysteretic plastic strain is

_8(2c) _ 0.00699(18.0)
max = a 0.12

€

= 0.0181 or 1.81%

(156475
g = up(ZNf)'O'6

fi - §R<2nf)_o'6

y y

e* = ep(ZNf)‘0'6

If the monotonic plastic strain is assumed to be 15%, then

-0.6

1.81 15(2Nf)

2Nf 33.94 reversals

N

£ = 16.97 cycles

This result agrees with wvalues reported in this reference.
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Table 4.1l1b Evaluation of Experimental Data from Popov et al. (56)

For Specimen No., 7 W18 x 71 Beam
Shape Factor, £ = 1.142
Yield Stress, oy = 43.5 ksi
Modulus of Elasticity, E = 29000 ksi
Yield Resistance = 85k
Moment Arm, L = 5.4 ft
Section Height, 2¢ = 18.71 in.
Maximum Cyclic Displacement, in. = 2.25 in.
Maximum Shear Strain in Panel Zone = 0.022
Number of Reversals = 18

Loading is variable amplitude thus requiring calculation of the total
energy dissipated to apply the damage index approach.

The deflection at a fully yielded cross section is

2
L.16200L © 1.142(43.5)(64.75)*

Ay 3cE 3(18é71) (29000)

= 0.265 in.

The maximum deflection is 2.25 in. but many cycles at a smaller

deflection were applied so the total hysteretic energy dissipated will
be computed.

This value is the total deflection at the end of the beam. A portion
of this displacement is caused by the shear strain in the panel zone.

The net hysteretic energy dissipated in the plastic hinge in the beam
is

net hysteretic energy = (total - shear strain) hysteretic energy .

From Figures 27 and 28 of the reference, the following values were
computed

Total hysteretic-energy dissipated = 1716 in-kips

Shear strain hysteretic energy
dissipated in the panel zone = _765 in-kips

Net hysteretic energy dissipated
in the beam plastic hinge = 951 in-kips

The hysteretic plastic ductility required to dissipate this amount of
hysteretic energy in uniform cycling can be computed from the total
number of reversals and the net hysteretic energy.

HYSP + HYSN:] 2 [HYSP - HYSN

2
Damage Index = * *
[ZNfRY Uy # 2NeRy Uyh :] (continued)
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Table 4.11b (continued)
where HYSP + HYSN = Total Actual Hysteretic Energy Dissipated
HYSP - HYSN = O; The hysteretic cycles are symmetric
Yield Resistance, Ry = 85k
Yield Displacement, Ay = 0.278 in.
Number of Reversals, 2Ngf = 18

Damage Index = 1.0

1.0 _[:Actual Hysteretic Energy] +0

RyAy2New*

or taking square root of both sides and solving for p*

* _ Hysteretic Energy -

# (—Yield , _ YVield | [Reversals]
Resistance Displacement

* 951

B~ T85k)(0.278) (18) 2.236 Hysteretic Plastic Ductility

But this can be converted into a monotonic plastic ductility by the
fatigue damage theory:

6 6

* -0. -0.

- 2N - 18 = 0.1765
B #p( £ #p( ) o
Therefore,

u¥ 2.236

Py = 0.1765 ~ 0.1765

This corresponds to a plastic deformation of 12.67(0.278) = 3.52 in.
Thus, one plastic excursion of 3.52 in. would cause identical damage to
18 reversals at 2.25 in. of total (elastic plus plastic) deflection.

12.67
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Table 4.12 Further Evaluation of Krawinkler et al. Data (38)
for W4 x 13 Beams

Further evaluation of the Krawinkler data presented for tests of a W4 x
13 cantilever specimen reveals the relationship with theory presented
herein.

The full yield displacement for this W4 x 13 member can be computed as

2

fo L
A R A
P 3¢E

where £ is the shape factor, o, is the yield stress, L is the moment
arm, c¢ 1is one-half of the section height and E is the Modulus of
Elasticity.

For this section
Shape Factor, f = 1.15
Yield Stress, oy = 49 ksi
Moment Arm, L = 40 in.
Maximum Monotonic Deflection Ap = 12.0 in.
Section Height, 2¢ = 4.244 in.
Modulus of Elasticity, E = 29000 ksi

The deflection at a fully yielded cross section is

_1.15(49) (40)2
Ay = 3(2.122) (29000)

= 0.488 in.

The plastic hinge rotation can be computed as
i Bl 38
(L - a/2)

where @ is the rotation in radians, At is the total deflection and the
hinge length, a, is (0.15/1.15)L.

e

The specimen was monotonically loaded to 12 inches, this corresponds to
a plastic hinge rotation of

0 = 12 - 0.488 = 0.3079 radians
40[1 - _.Q_L_]
2(1.15)

and a corresponding monotonic plastic strain of

¢ = 9(2c) _ 0.3079(4.244)

a 0.15
272640

= 0.250 or 25%

(continued)
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Table 4.12 (continued)

This strain is equivalent to a monotonic plastic ductility of

~12.0 - 0.488

p 0.488 = 23.59

U

For comparison purposes, set the maximum monotonic plastic strain to
other values.

Monotonic Monotonic
Maximum Total Plastic Plastic
Strain, Deflection, Deflection, Ductility,
Case Number €ps % A, in. At - Ay, in. pp(l)
A 20 9.68 9.19 18.83
B 25 12.00 11.51 23.59
G 30 14.28 13.79 28.26
D 35 16.58 16.09 32.97
E 40 18.87 18.38 37.66

The values of hysteretic plastic ductility, p*, causing failure over
the specified number of reversals obtained from the data can be
compared with the predicted results from theory.

Reversals p* from Predicted u* for

2Nf data Case A Case B Case C Case D Case E
28 5.30 2.55 3.19 3.83 4.47 5.10
16 5.38 3.57 4.47 5.35 6.25 7.14
30 5.32 2.45 3.07 3.67 4.29 4.89
42 4.11 2.00 2.50 3.00 3.50 4.00
36 4.10 2.19 2.75 3.29 3.84 4.39

184 1.91 0.82 1.03 1.24 1.44 1.65
90 1.98 1.27 1.59 1.90 2.21 2.53

Based on the information presented in this table, the results from Case
C with a corresponding maximum plastic strain of 30% would closely
match the data.

NOTE:
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Table 4.13 Evaluation of Krawinkler et al. Data (38)
for W6 x 9 Beams

Krawinkler reported data for a W6 x 9 cantilever loaded to failure.
This data was expanded from that found in Ref. 37 and addressed slender
members more prone to local buckling. The experimental results can be
compared against the results predicted from the theory developed in
this study.

The deflection of the fully yielded beam can be computed from

fo L2

A
AY 3cE
where Ay is the deflection for fully yielded cross section, f is the

section shape factor, o, is the yield stress, L is the moment arm, c is
one-half of the section height and E is the Modulus of Elasticity.

For this W6 X 9 member

36 in.

= 1,12
29000 ksi
53 ksi
2.95 in.

0 Q
R <o B e
[ |

. 1.12(53)(36)2
Ay = 3(2.95)(29000)

= 0.30 in.

The cantilevers were loaded monotonically to 8.5 inches and 6.10 inches
of total deflection in two separate tests. The corresponding monotonic
plastic ductility can be computed as:

Monotonic plastic ductility 85 - 0.3

for 8.50 in. total displacement “p = ———6—3—4— = 27.33

Monotonic plastie ductility 6.10 - 0.3

for 6.10 in. total displacement #p = —*—6—3——;— = 19.33
Averaging these values, up = 23.33. This value can be used in the

fatigue damage theory to predict the hysteretic plastic ductility, u*.

Predicted from Predicted from Predicted from

Reversals From Data Theory, p* Theory, p* Theory, p*
2N u* with pp = 23.33 with pp = 16 with py = 10
27 2.25 3.23 2.21 1.38
31 2.32 2.97 2.04 1.27
43 1.44 2.44 1.68 1.05
49 0.95 2.26 1.55 0.97
22 2.30 3.65 2.50 1.57

where p* = up(2Nf)'0'6
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Table 4.14 Further Evaluation of Experimental Data from Popov and
Pickney (59) - Monotonic Results

For monotonic test F1-S, a total displacement of 9.5 in. was applied.
The strain corresponding to this deflection can be computed as:

Section Data: Yield Stress, oy = 38.9 ksi
Modulus of Elasticity, E = 29000 ksi
Shape Factor, f = 1.144
Section Height, 2c = 8.26 in.
Moment Arm, L = 66 in.

The tip deflection at a fully yielded cross section is

fo L2

N A
AY 3cE

1.144(38.9) (66)°
By = 3(8.26/2) (29800)

= 5.25 in.

During the test, the maximum tip deflection was 9.5 in. From plastic
hinge theory, the hinge rotation, 6 is

by by

S =1 Tan

9.5 - 0.525

where 8 = plastic hinge rotation in radians = 55—7—5731575 =

0.1451 radians = 8.315°

At = total tip deflection, in., = 9.5 in. for this test

Ay = tip deflection at full yield, in.

L = moment arm, in. = 0.525 in.

. . 0.144L .
a = hinge length, in. = 1144 = 0.126(66) = 8.316 in.
L = 66 in,

Test results indicate that local buckling was first observed at a
tip deflection of 2.0 inches. The strain at a tip deflection of 2.0
inches can be computed from the plastic hinge rotation, ® or

_ 2.0 - 0.525
66 - (8.316/2)

2] = (0.02385 radians

The corresponding strain is

~0.02385(8.26)
€= 8.316

= 0.0237 = 2.37% (continued)
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Table 4.14 (continued)

This result indicates that a strain of 2.37% existed in the flanges
when local bﬁckling occurred.

The computed strain can be checked using local buckling criteria
from Ref. (1). From Fig. 6.13 from this source, local flange buckling

would occur for b _2.268 in. 13.94, at a predicted value of buckling

t 0.378 in.
strain of approximately 2%. This result confirms the computed strain

value of about 2 percent for a 2.0 in. tip displacement when local

buckling was reported.
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Table 5.3 Determination of the Ductility Values
Corresponding to Code Drift Limits

For a Shear Building the maximum moment is M = QE%A; this equation can
ML2 -
be solved for deflection, or A = 6ET" From ATC/NEHRP, the maximum

allowable story drift is Apyy = 0.015L. This corresponds to a value of
ductility, p, times the yield displacement, Ay, or pAy. Equating the
drift limit, Apsx, to this multiple of the yield displacement, pAy, and
noting that at the yield point My = oyI/c where I is the moment of
inertia, ¢ is the distance from the neutral axis to the maximum tensile

stress and oy 1s the yield stress. The following result is obtained:

oI 2 o L
0.015L = u[(—— - A

L
¢ ge1! ~ #lgcE!
For typical values of yield stress, oy = 36 ksi, and Young’s Modulus,
E = 30,000 ksi, then the ductility is u = 0.015[60(22300 ] = 75¢/L
where ¢ is one-half the section height and L is the story height.

For various values of ¢ and L

¢ (in) L {dn) o L in m L in m
3 180 1.21 120 1.81 90 2.42
6 180 2.42 120 3.62 90 4.84
9 180 3.62 120 5.44 90 7.26
12 180 4,83 120 7.25 90 9.68
18 180 7.25 120 10.88 90 14.50

Ductility values corresponding to drift limits of 0.010L and 0.005L are
2/3 and 1/3, respectively, of the values above.
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Table 5.4 Example of the Application of the Proposed Drift Criterion

NEHRP

Deflection Allowable

Structural Amplification Duration Maximum

Frequency, Number of Coefficient Coefficient  Ductility

hz Reversals Ca Q Ba

0.1 40 6.5 1.0 5.55
0.5 60 6.5 1.0 3.00
1.0 100 6.5 1.0 2.64
2.0 160 6.5 1.0 3.07
5.0 390 6.5 1.0 4.61
10.0 690 6.5 1.0 7.55
0.1 40 5.0 1.0 4.50
0.5 60 5.0 1.0 2.54
1.0 100 5.0 1.0 2.26
2.0 160 5.0 1.0 2.59
5.0 390 5.0 1.0 3.78
10.0 690 5.0 1.0 6.04
0.1 40 4.0 1.0 3.80
0.5 60 4.0 1.0 2.23
1.0 100 4.0 1.0 2.00
2.0 160 4.0 1.0 2.27
5.0 390 4.0 1.0 3.22
10.0 690 4.0 1.0 5.03
0.1 40 2.0 1.0 2.40
0.5 60 2.0 1.0 1.61
1.0 100 2.0 1.0 1.50
2.0 160 2.0 1.0 1.64
5.0 390 2.0 1.0 2.11
10.0 690 2.0 1.0 3.01
0.1 40 5.0 2.0 6.30
0.5 60 5.0 2.0 3.33
1.0 100 5.0 2.0 2.91
2.0 160 5.0 2.0 3.41
5.0 390 5.0 2.0 5.21
10.0 690 5.0 2.0 8.63
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Figure 1.1 Single Degree of Freedom Structural System
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Figure 1.2 Definition of Maximum Ductilicy Based on an

Elastoplastic Resistance Model



133

500.0 1 +193,2 [N/sec?
) SINGLE PuLse
UNDAMPED RESPONSE

o

l \/ £ = 2.0 nz

400.0 4 1.0 nz

2
4
1
z
. 300.07 5.0 Hz
=
=
L
5
Z 200.01 10.0 uz
0.5 Hz
100.07
0.1 Wz
T 1 L) 1 LIl
0.0 0.10 0.20 0.30 0.40 0.50
| PuLse DuraTtion (Seconps)
Figure 2.1la Input Energy Spectra for Undamped Structures Responding

to a Balanced Simple Pulse



134

500.0 4
£193.2 IN/SEC2
SINGLE PuLSsE
UNDAMPED RESPONSE
~ 400.0 4 -
7
E £ = 2.0 Hz
o 300.0
& 5.0 Hz
=
ot
- 10.0 wHz
o 200.0 4
[
g
=
1.0 Hz
100.0 A :
0.1,0.5 Hz
0.0 0.10 0.20 0.30 0.40 0.50
PuLse DuraTioN (Seconps)
Figure 2.1b Hysteretic Energy Spectra for Undamped Structures

Responding to a Balanced Simple Pulse



400.0

INPUT ENERGY (IN-LBS)

100.0 7

Figure 2.2a

300.0 1

200.0 1

0.0

135

+193.2 IN/SEC?
SINGLE PuLse
UNDAMPED RESPONSE

\\\\¢///, i
£ = 1.0 Hz

-96.6 IN/SEC2 . 2.0 Wz

T 1

0.10 0.20 0.30 0.40 0.50
PuLse DuraTion (Seconps)

Input Energy Spectra for Undamped Structures Responding
to an Unbalanced Simple Pulse



136

400.0 -

+193.2 1N/sEec2
SiNGLE PuLSE
UNDAMPED RESPONSE

300.0 1 ‘\\\///r >

-96.6 1N/sEec?

HysTerReTIC ENERGY (IN-LBS)

£, = 2.0 nz
200.0 1
5.0 Hz
1.0 HZ
100.0 10.0 uz

_ Z0.1.0.5 HZ

0.0 0.10 0.20 0.30 0.40 0.50
PuLse DuraTion (Seconps)

Figure 2.2b Hysteretic Energy Spectra for Undamped Structures
Responding to an Unbalanced Simple Pulse



137

A Y

NN

7.0 =

STRUCTURAL FREQUENCY =5.0 Hz

5.0 L YIELD DISPLACEMENT = 0.20 in
DAMPING = 5.0%

® 1 SECOND DURATION

5.0 A 2 SECOND DURATION

B 5 SECOND DURATION

4.0 =

MAXIMUM RELATIVE DEFORMATION, u

2.0 -

1.0 r

0 i L i 1 1 —
0 2,0 4,0 6,0 8.0 10.0
PULSE FREQUENCY, Hz
Figure 2.3 Maximum Input Energy of a 5 hz Structure Responding to

a Repeated Simple Pulse of Various Duration and
Frequency



138

A Y
Ho 8[;7\\\ ///\\\ ///\\;
A4 A4 St
14000 -
STRUCTURAL FREQUENCY =5.0 Hz
12000 YIELD DISPLACEMENT =0.20 in
DAMPING = 5.0%
® | SECOND DURATION
& 10000 b A 2 SECOND DURATION
N ® 5 SECOND DURATION
k-
5
& 8000
E=
()
L
1=
2
= 6000 H
4000
2000
0 1 1 1 1 —
0 2.0 4.0 6.0 8.0 10.0
PULSE FREQUENCY, Hz
Figure 2.4 Maximum Input Energy of a 5 hz Structure Responding to

a Repeated Simple Pulse of Various Duration and
Frequency



14000

12000

=
—
L 10000
ol
o
Q
=]
=
Z 8000
Q
[
=
=3
o~
=
& 6000
>
==}
4000
2000
0

Figure 2.5

139

\ VAR

STRUCTURAL FREQUENCY =5.0 Hz
YIELD DISPLACEMENT = 0.20 in
DAMPING = 5.0%

® | SECOND DURATION
A 2 SECOND DURATION
® 5 SECOND DURATION

i 1

2.0 4.0 6.0 8.0 10.0
PULSE FREQUENCY, Hz

Dissipated Hysteretic Energy of a 5 hz Structure
Responding to a Repeated Simple Pulse of Various
Duration and Frequency



146

S5 ELASTIC

5 Ryjeld = 45.0 1b

40 4=
= Ryijeld = 35.0 1b
g 2
3 30 4
= 2
%5 3 5112 Ryjeig = 25.0 1b
8
g Ryjeld = 20.0 1b MAKTMOM
DISPLACEMENT
a N\ ENVELOPE
(.
IS

2 3 = 5.0 1b
Y A ~ IS\RYleld
2 3 4 ™~ . _ Ryielg = 2.0 1b
“ @ & 5 e
: $ : ' L. o
10 15 20 25

NOTE: THE REVERSAL NUMBER IS SHOWN NEXT TO THE DATA
POINT INDICATING THE REVERSAL WHEN THE DISPLACEMENT
OCCURRED

Figure 2.7c¢ Maximum Displacement Versus Yield Resistance for Each
of the First Five Reversals for Response of a 0.5 hz
Undamped Structure to a 0.5g, 0.5 hz Repeated Pulse



147

jusuodwo) FOOS ‘061 ‘81 ABW JOo piodsy oxajus) 13

92Uyl I0J SSTI0JSIH SwWI] AITO0[2\ PUB UOTIBIS[BOOY punolsn eg 'z 2and1yg
AHOLSTH 3WTL ALTID013A ONNOYSY
(SAONOJ3S) 3IANWIL
0 o2 0 °s1 0 01 0o°s 0 -0
H “ } { 0 "0~
- 0 01—
0°0
-0 01
4 002
AHO1LSTH NI L NOI1IUH3I133349W aNNods
(SONOJ3S) 3NWIL
0 02 0 's1 0 01 0-s 0-0
} { { { 0 "0Si-
ﬁ/ 4 0 -SsL-
/g +4+ o0-s¢
4 o0-ost

ALT3013A

(33S/NI)

NCI1-"y31330Y

(233S/NI)



(SAONO3T3S) 3SWIL
0 -0z 0 st

oi3uan 19 o3 Burpuodsay sanioniaas
paduwepun zy g ®© 103 KioasTH ouwy] A3Fdolep o@aTIBISY og 'z @anf14g

001t

o
i
T

‘s

00

i
¥ ¥

T T T IV YTV Ty

1

0 02—

4+ o0-01-

Al

LA A A s

%MWZOUM@ mzH._ﬁ.saHHHD zy g ® 10j ?SHHWEH Jusweoe1dsiq 9,“2& a8 2 S:mz.
Maaat A A syl
<<<<<<<<< URA'ATRY <<<<< <<

Lo

ALTID0T3A

(33S/NI

IN3IW33U1dSTAa

(NI



149

ox3us) 19 o3 Jujpuodsay
aanjoniayg podwepun zy 7 ® 103 Axoisiy owr] AZasuj

2g 7 2and14g

(SAONO33S) 3IWIL
[0 Jle A 0 st 0 °01 0°'S 00
+ + 00
+ 0 "00e
+ O °009
JIL3d3LSAH
INdN] 4+ © 008
-~ 00021
ox3jua)n 1§ o3 Jurpuodsey
aanjoni3s padwepup zy g B 103 AI103ISTH QW] 90UBISISIY pg 7z 2and1y
(SONGCI3S) 3WIL
0 02 0 sl 00t 0°S 0°0
3 } _ i : } 0 “00T~
| I
3 3 , : ; : + o0 -os-
> \ > ) AN Al -
< Al 1
AR TR
c : : : : t : f | c C c 4 o001

ASY3INS

(Sg71-NI)

3ONYLSTIS3d

(S8



150

oajuan 17 o3 SBurpuodssy ainjoniag pedwepupn zy g
® I10J S$91I03SIH 8wr] juswedeldsig pue iIamod TBINIONIALS 3g ¢ @and1yg

AYHOLSTH 3WIL UINIWITIYUIHSTAO IATIYHIE3Y
(SONO33S) 3WIL

0 ‘02 0 -st 0 ‘01 0°s 00
= “ “ r o -
)
) Ay I\ TO 2"
: \l +0-2
INIWIOVISTIQ IVILNINIISI([ ---- |
NOILISO4 WNI¥EITIND] —no
Lo
AHOLSTH 3WIl Y3MOd
(SONGCJ3S) 3INWIL
0 -0z oSt 0 ‘ot 0°s 00
F - + ¥ 002~
+o -ose-
00
+0 "ose

-0 “00L

IN3W3OEIdSTd

(NI)

dg3M0d

(03S/5871-NI)



151

013u89)
14 103 unizoadg epnaTrduwy I9TINOJ UOTIRIS]DOOY pUNOIH 8g ¢ 2and14g

WNY103dS NOI1-gd3N320" 30NLINdWY Y3ITHNOod

(ZH) AJON3IND3IYS

0“0

oy § o~

o a1 0ot 0 0°0

- - o 4 “ 00
+o0 -0z
+0 “ob
40 -09
+0 08

3aNLI1dWY

(O3S/NI



152

4
RECTANGULAR WINDOW
1.0
0.8 ~
Gl
=2
‘é’ 0.6 =
B
~
:
B 0.4 o
z
oo
0.2 -
0.0 + + -
N-1 N-1 3(N-1) (N-1)
4 2 4
NUMERICAL POSITION WITHIN WINDGW, N
RECTANGULAR WINDOW Wn) = 1.0; 0 <n <N-1
0.0: ELSEWHERT
2TmTn
YAMMING WINDOW W(n) = 0.54 - 0.46 cos 0 < n < N-1

Figure 2.8h Time Window Functions

0.0; ELSEWHERE



153

013u’8) 1§ JI03J SPuUODBS g9°/-9G°Z WOIJ MOpPUTM BWIL Yl I10J
UOT3EII[IDOY punoiy 9yl Jo unilodoadsg apniirduy 191anoy
(ZH) ADN3INO3Y4
O o2 0 st 0 °01 0o-'s

L 1 } i

fg 'z =2an81y4

0°0

J L 1

0I3Ua) T4 I0J SPUODdS 21 °G-0 Q0 WOIJ MOPUTM awWI] 9yl JoJ
UoT3eI9[200y Ppunociy aya 3Jo umilzoads spniijduy as7Inoyg
(ZH) AJN3INO3Yd
0 ‘o2 O st [o e ]! oS

| 1 i
} 1

00

I
4
(o]
o
=

+o0 -2€

18°7 2an31y4

[ ) A

l
¥
o
o
m

117
o
¥

3NLINaWY

(33S/NI)

30NLIdWE

(33S/NID



013u’®) 14 A0J SpuUoOOSS (8 ¢T-89°/ WOIF MOPUTM OWIL 9yl I0J
uoI3eBIS[AOOY punoay a4yl Jo uwnazoads epniirduy I19TaInoyg 187 @and14g
(ZH) AJON3IND3IYA
0 ~o2 0 ‘st 001 0 -s 0 -0
i 1 4.] 4 (6 2]
+0°8
+0 ‘9%
+ 0 v
“+ 0 "2€
-0 "0Ob
o13uan
m T3 303 Spuodsg H¢'Q1-¢1°G WoI3 mMOpUlM dBwij] 3yl 3oz
uoT1eI91900Y punoiay 8y Jo umiajzoadg opnaiidwy Is8Tanoyg Ag 'z @2and 14
(ZH) A3N3INO3HA
O o2 0 "st 0 "ot oS 0 -0
e~ } K t 00
+0°'8
+ 0 91
~+ 0 ‘2
40 2e
400

34NLINdWY

(O3S/NI)

30NLIdWY

(O3s/NID



ox3uen T4 03 fuipuodssy sanyonaazg padue(q

juedisd ¢ ‘zZYy g ® 103 A103aSIH Bwrl A3IIo0T3 2AaI3e]9Y ug- gz 2an314
(SONOJ3S) 3NWIL
0 02 0 -st 0 "0t o s 00
b t ¥ } —t 0 "oz~
+ 0 01—
o0
- O 01
-~ 0 02
uy
uy
—
ox3ua) 13 021 Fuipuodsey san3zoniag padweq usoasyg
¢ ‘zy ¢ ® 103 Aro3asTH ouwr] 2JuswedeldsIiqg oarIvIdY wg-7 2i1nd1g
(SAONOJ3S) FWIL
0 o2 0 st 00t 0°s 00
“ " + + 02~
V) >>>>\</ |- .
+0-t
lﬁ.o 2

ALI30O3A

(O3S/NI)

INIW3OHIdSTIA

(NI)



156

ox3ua) 19 o3 Butpuodsey sanjoniag

pedueq QJuedied ¢ ‘zy ¢ ®© 10 AKA1oasiy owij AKSisujy dg -z @2an814g
(SONC33S) 3INWIL ‘
0 02 0°S1 001 0°s O 0
R . ' 00
— + © "00E
INTdWY(]
<+ O 009
JT13431SAH
— - et + o -oos
. INdN}
-~ 0 -00ct
ox3us) ¥ o3 Burpuodssy 21In3ona3g
pedueq Qusoxag ¢ ‘zy g © I0J KI0ISTH SWI] ©OURISTSIY og'z 2an81g
(SONOJ3S) 3WIL
0 02 0 st 0 °01 0°s 00

" j 3 “ : , : 0 001~

LA AL AN an LR o o
YWV éc< i I < TRAR! T 1

: c 1A .

©
S

ASQY3N3

(Sg71—-NI)

FONULSIS3d

edgm



157

quauodwon H491S ‘T/6T ‘6 Aaeniqad Jo piooey WR(] BW]0OB]
84yl 10J SO9TIA0]STH SUT] A3y1o07ep pue adﬂumumﬂwoo< punoin Bg 7 2and1yg

AHOLSTH 3IWIL ALT3I0T3A GONNOH9
(SAONOJ3S) 3FNWIL

0 o2 0 'St 0 o1 0°s 0 -0
} } —+ } 0 "0s-
+ 0 "sZ-
S \—ﬁ,%QS(HSK\\/{J a gﬁ/ \f/\?ldl!ill! O 0
+ 0 'sZ
- 0°0S
AHOLSTIH 3WI1 NOILUY33238 ONNOW9
(SONOJ3S) 3WIL
0 02 0 st 0 -0t 0°s 00
“ “ —+ } o "00s~

-~ 0 °00S

ALI3OT13A

(O3S/NI)

NOI 1543133304

(€J3S/NI



158

weq euioord o3 Furpuodssy sinioniag
padwepun 24y 7 ® 103 K301STH odwil K3ITOo0[ep BATIIB[SY 26 7 9anT 14
(SONOJ3S) 3WIL
0 "oc [ = | O 01 : o°s 0o

— _ i 1
1 ¥ T T

A A And st AU Al [ T
M

<<a<-«««_‘<q<_<‘¢1f‘_< < <<J.

+ 0 °S1
- 0 "0E
weq ewjooed o3 Fujpuodssy sanjyoniag
podwepup 2y g e 103 L103STH awj] 3Juswade]dsiq oa13e[3Y qe 7 2and1g
(SONOJ3FS) 3WIL
0 02 0 °s1 0 01 0°s 00
! * : “ 0 ¢
l.lm -mll
a Vo S ‘0
< o
+S°E

¢ o€~

- O S1-

ALTI3013A

(03S/NI)

INIWI3TY1d4STA

(NI



159

weq ewiooeg o3 Fulpuodsay
aanjoniag padwepun zYy g B 103 Ax0asTH ouwil AFasujy

(SONODJ3S) 3NWIL
0 -o2 0°s1 0 -0t 0°s

» + 3

26 ¢ 2an3t1g

0

"0

> + +

JI1343LSAH

weq ewtooed o1 Fuilpuodsay
aan3yonigg pedwepupn zy g ® 303 KI01SIH SWIL 3OUBISTISDY

(SONOJ3S) 3FNWIL
ooz - 0 st 0 -ot 0°s

P6 ¢ 21314

¢]

0 -0

+ O 0S8

1

0 "00L1

- O “0S5Se

- O "00be

‘0
O 001~

i i
T

MY, |

-

\on

) ,

,<c<9

- O 05—

- O *0S

- 0 "001

ASY3N3

(S971-NI)

3ONG1STIS3d

g™



160

jusuoduio)

M6ZN ‘TL6T ‘v asquaides Jo proody yousy Apusian
ay3 103J So1103STH 2wi] AITO0[97 PUB UOIIBIS[DDODOY punoin eQ1° g @and14

AHOLSTH IWIL ALIJOT3IA ONNOYD
(SONCDJ3S) 3IWIL
0-st 21 S¢ SL°€E 0°0

i

-+

o]

@
[

r

AHOLSTH 3WI1 NOILBY31320" ONNOY9
(SONOIJ3S) 3INWIL
0 st 211 SL SL e 0°0
L 1 “ O “0Sse~

i

- O "GZ1-

< 0o

+ 0821

-+ 0052

ALTIJ0TI3A

(33S/NI)

NOILBY313233Y

(€I33S/NI)



youey Apusisl 03 Juipuodsay 8injoniag
pedwepuny zy 7 ® 103 Kaoasiy owrl KL310078p aATaEBT9Y o017 @2and1y

(SANO23S) 3INIL

000Gl cZ'it 0G°L (VALY 000
r T T T o'0l-—

AR >>>>>>>;> b
| AR

Lo.n:
f1h|U.
—

youey Apuaisl 03 Juipuodssy 21n31oniag
padwepup zy 7 B 10J A103STH awl] 3Juswede(dsiq °ATIBTSY qo1 7z @2an814g
(SaNOO3S) 3NIL
00'G1 Gzt 06°L VA 00°0
Y T T 10 0 B

! >>>>>>>>>>>>§>>;>;>,?H-
LA

dos

(03s/NI) ALIDOT3A

(NI) LNIW3IOVIdSIa



162

youey Apuaisy o1 Juripuodsoy

ainjoniag padwepun zy g ® 103 Lioasiy outrl ABasuy 90T ¢ @814
(SANOD3S) 3INIL
00°'GlL [>T AR 0G°L clL'e 00°0

00

7 | _
J113¥3LSAH 4001
~10°02
1 0°0¢
- 0°0F

youey Lpuaisl o1 Fuipuodsay
aanjonilg pedwepupn 2y g ® I0J A1031STH SWI] I0UBISTSaY POT ¢z @2and1y4

(SANOD3S) ANIL
00°Gl1 GZ'L ! 0S°L GL'E 00°0

i;zzj;::j |

i

o0~

>> AL,
[V M

000}

(SE7—NI) A9M3N3

(sg7) 3ONVLSIS3N



M

MAXIMUM DUCTILITY,

1000}

500 1

300+

100+

10

Bmax FOR 5 hz STRUCTURE ®

163

bmax FOR 2 hz STRUCTURE e

Figure 2.1lla
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Maximum Ductility Versus Yield Resistance for Response
to Pacoima Dam
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Figure 2.11b Equivalent Computed Maximum Ductility Versus Yield

Resistance for Response to Pacoima Dam
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Figure 3.7 Ductility Definitioms
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APPENDIX A

EXPERIMENTAL PROGRAM

A.1 Introduction

A short series of experiments was performed to verify several
assumptions of the analytical work including the resistance model
representation and to géin experimental perspective regarding
structural response of simple systems to ground motion. The
experimental work was designed to be simple, utilizing a single-degree-
of-freedom (SDOF) structure subjected to pulse-type acceleration
excitation similar to that described in Chapter 2.

Also of interest were the hysteretic energy calculations,
specifically the area inside the hysteresis loops as compared to the
elastoplastic hysteretic energy calculations. Another purpose of the
experimental work was to obtain data as to how the relative frequencies
of the structure and ground motion affected the level of nonlinear
response and data regarding the overall sensitivity of the structure to

frequency shifts in the input ground motion.

A.2 Test Configuration

A.2.1 Structure

The structure that was tested was a small SDOF structure with four
legs supporting a steel plate as shown in Fig. A.1. Two of the legs
were pinned at both ends while the other two legs were pinmed at the
bottom and fixed at the top. Pinned connections were obtained by
attaching the columns to shafts that were held by ball bearings mounted

in fixtures; fixed connections were approximated by using special
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clamps attached to the plate. This configuration of four legs was
selected to remove any significant rotational motion as might occur
with a mass mounted at the end of a single pair of supports.

The legs were made of steel bar stock (1.C in. x 0.5 in.). This
simple cross section was selected so as not to introduce local buckling
or other complications into the response. The tops of the two fixed-
end bars had reduced areas (1.0 in. x 0.4375 in.) to ensure that the
nonlinear action occurred at the clamp and not elsewhere. The
stiffness of these bars was estimated by analysis to be 225 1b/in which
resulted in a natural frequency for the structure of just above 3 hz.

A.2.2 Instrumentation

The structure was instrumented using linear variable differential
transformers (LVDT’s) to measure the displacement relative to the
earthquake table. LVDT's were placed at the centerline of the steel
plate and also on two of the support legs near the top of the two
pinned connections at the plate level. The LVDT’s had a 4.0 in. stroke
and were positioned to be at their midpoint. Table displacement also
was measured by an internal position transducer in the hydraulic ram.

Acceleration values were obtained by Endevco piezoresistive type
accelerometers mounted on the earthquake table and plate centerline to
obtain the table and structural accelerations. One accelerometer was
located wvertically at the center of the plate to measure vertical
accelerations; two other accelerometers were placed transversely at the
front and back of the plate between the two column rows to measure any
torsional accelerations. The accelerometers had a 25g capacity, 1.0%
linearity, 0-750 hz frequency response, a natural frequency of 2500 hz

and 0.7 damping. All instrumentation was calibrated prior to testing.
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A.2.3 Earthquake Simulator

Dynamic testing was performed using the University of Illinois
earthquake simulator located in Newmark Civil Engineering Laboratory.
The table is 12 ft square and allows one direction of translational
motion only. The table is moved by a MTS hydraulic ram that is
controlled via an analog displacement control system. The ram can
generate 75,000 1b of force'resulting in a maximum table acceleration
of 7g’'s for small speciméns, a maximum velocity of 15 in/sec and a
maximum peak to peak displacement of 4 in.

Input ground motions can be displacement, velocity or acceleration
time histories that are converted to an analog displacement signal.
All table control and data acquisition is performed in the control room
located on the mezzanine level of the laboratory.

A.2.4 Earthquake Excitation

A triangular acceleration input pulse of +0.5g and frequencies of
3.0, 3.5, 4.0 and 6.0 hz were used to observe the response changes with
increasing frequency. Two additional tests at 3.0 hz and 10.75g.and
+1.0g also were performed to study the changes in response with
amplitude.

The signal for the table was produced using a signal generator to
produce an analog displacement signal directly to the table control
system. A trial and error process was used to select a displacement
function that would result in a triangular acceleration time history.
The haversine function was selected because it produced the smoothest

triangular acceleration pulse. The function is defined as

hav (A) = (1/2)[1 - cos(A - %)], (A.1)
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where the function was shifted to have its maximum at time zero. The
results of this operation are illustrated in Figs. A.2 and A.3 for the
3 hz case. Close examination of the table acceleration pulses show a
slight distortion of the pulse caused by a higher frequency vibration
that was part of the table motion. Attempts to remove this vibration
completely were unsuccessful although it was reduced by using an analog
filter to remove all frequencies above 10 hz.

A.2.5 Data Reduction Procedures

The data from the experiments, logged at 0.005 second intervals,

was reduced using a DEC-LSI computer. Plots were generated using a
Hewlett-Packard 7221A plotter. These plots include displacement and
acceleration time histories as well as hysteresis loops. Calculated

values of hysteretic energy with time were added to the respective
values of kinetic and damping energy to obtain the total input energy.

During the data reduction for the 3 hz pulse frequency test, a
problem was discovered in the data. A plot of resistance-deformation
data produced a hysteresis curve that ran backwards indicating negative
energy dissipation. Investigation of the table displacement and
acceleration time histories revealed a time shift between the
acceleration and displacement data points. With this simple ground
motion, the displacement and acceleration peaks should have been
exactly 180° out of phase.

The explanation as to how this shift occurred was difficult to
ascertain. The data acquisition system was identical for both
displacement and acceleration except for a filter used to remove

frequencies above 10 hz from the accelerometer data. It was believed
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that the filter led to the time shift. Accordingly, the data was
adjusted by 0.030 sec to align the displacement and acceleration data
appropriately. Such shifts are not unusual. Morrison and Sozen (43)
noted a time shift present in this same test system on the order of
0.004 sec. Iemura and Jennings (29) also observed a time shift between
measured acceleration and displacement during testing of the Millikan
Ligrary at the California Institute of Technology. Their observed
shift was 0.04 to 0.06 sec. In summary, these observations point to

the need for examination of the data for consistency.

A.3 Results

A.3.1 Static Tests

The load-deflection relationship was obtained by static tests
using a 2500 1b capacity hydraulic actuator which applied force
directly to the mass. Typical measured hysteresis behavior is shown in
Fig. A.4. The hysteresis loops are interesting in the fact that a
stiffness of 243 1lb/in was measured which was quite close to the degign
prediction; also the first loop closely approximates an elastoplastic
resistance model. The Bauschinger Effect is evident as indicated by
the rounding of the loops and the slight rotation of the loops with
cycling. The value of the Modulus of Elasticity for the bar steel was
found to be 29,500 ksi from the recorded data and verified by separate
test,

A.3.2 Dynamic Tests Results

The natural frequency of the structure was measured to be 3.15 hz

by free vibration test, close to the design prediction. A typical
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damping value of 2.5 percent of critical was determined through use of
the log decrement method.

Typical structural displacement and acceleration time histories
for the 3 hz pulse are presented in Figs. A.5 and A.6. Hysteresis
curves are presented in Figs. A.7 through A.12 for all of the tests
except the 1.0g, 3.0 hz pulse where the displacements exceeded the
range of the LVDT's.

A summary of the calculated results from the data is presented in
Table A.1. The following observations can be made about the results.

1. The experimental results show that the frequency of the pulse
relative to the structural frequency is a very important
factor in the overall response. Slight increases in the
pulse frequency from 3.0 to 3.5 hz cause the maximum
displacement and particularly the energy wvalues to drop
significantly for this 3.15 hz structure. Further frequency
increases induce even lower response.

2. A duration of 5.0 seconds, as compared to 2.0 seconds, did
not cause any increase in displacement response but the input
energy, the hysteretic energy and the overall number of
response cycles were increased almost linearly with duration.

3. The total hysteretic energy was found to be nearly balanced
between energy dissipated on the positive and negative
resistance sides.

4. Vertical and torsional acceleration values were found to be
small relative to the horizontal values indicating that the
motion was confined primarily to the single horizontal degree

of freedom.
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5. The hysteresis response curves are good indicators of the
drop in response with increasing input £frequency. The
displacement values drop, as doesvthe area of the loops with
increasing pulse frequency. For example, the hysteresis area
of the 6.0 hz pulse is minute.

6. The increase in amplitude to 0.75g for the 3 hz input pulse
did not increase the displacement amplitude significantly.
The total input energy was increased roughly in proportion
to the acceleration amplitude increase. This observation
shows the advantage of using the energy as a measure of
response characteristics.

7. The hysteretic behavior observed during static and dynamic
tests was mnoted to be quite similar confirming Hanson's
results (21). Comparable displacements caused comparable
areas for the static dynamic test results. The initial
elastic stiffness obtained from the static and dynamic tests
were essentially equal. Softening 1is observed in the
unloading and loading phases after cycling resulting in a
tangent stiffness of 190 1lb/in.

A.3.3 Comparison to Analytical Results

The ground motion input pulses used in the experimental tests were
used to excite a 3.15 hz structure analytically in order to compare the
analytical results with the experimental observations. The ground
motion was modeled as +0.52g and -0.48g rather than +0.5g because of
the slight distortion of the acceleration pulses as noted earlier, with
a 2.5 percent damping value and several values of stiffness and yield

resistance for the elastoplastic material model. A wvariation of



205

parameters indicated that the values of 235 1lb/in stiffness and 1.10
in. yield displacement provided reasonably good agreement with the
experimental results. Typical results are presented in Table A.2.

The maximum deformations were generally close and consistently
less than the experimental values. Hysteretic energies were comparable
to the experimental values but again were lower possibly because of the
slight difference in shape of a hysteretic cycle and the elastoplastic
material model. The equivalent hysteretic cycles were close to the
actual number of yield excursions during the tests with the weighted

deformation cycles, defined in Chapter 2, being the best indicator.

A.4 Conclusions

The results of these simple tests indicate that the pulse input
frequency is of great importance to the structural response. Slight
mistuning greatly reduced the response as compared to response caused
by closely matched frequencies. Increases in input amplitude did not
cause a corresponding increase in displacement but did cause a similar
increase in overall energy dissipation. Duration causes more
hysteretic cycles but did not cause any 1increase in deformation
response. For limited yielding, it was interesting to observe from the
hysteretic loops how quickly the structure reached a steady state
condition. It is apparent from these studies that the calculation of
input and hysteretic energies, as well as kinetic and damping energies,

can significantly aid in the evaluation of structural response.
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APPENDIX B
EVALUATION AND SUMMARY OF

STRUCTURAL RESPONSE TO EARTHQUAKE GROUND MOTION

B.l1 Introduction

The detailed evaluation and summaries of the undamped and damped
structural response to seven earthquake acceleration time histories is
presented in this appendix. The characteristics of the seven
earthquakes are summarized in Table 2.2 of Chapter 2. The response
summaries are contained in Tables B.l through B.28 and in each case are
given for zero and five percent damping.

The calculations summarized here were performed as part of the
basic numeric studies presented in Chapter 2 of this dissertation where
the results from three of these earthquakes, namely El Centro, Pacoima
Dam and Melendy Ranch, were employed to demonstrate certain trends.
Similarly in Chapter 4, pieces of this data were used to demonstrate
trends in application to damage evaluation. It is for these reasons
and for purposes of completeness that the results for all seven

earthquakes are summarized in the tables that follow.

B.2 Evaluation of Results

It is appropriate to note certain other important trends that can
be gleaned from this set of data. For example, in the response to El
Centro and Taft, both recognized as being vigorous, sustained
excitation, there is a significant difference in the input energy yet

in each case the maximum deflections decrease with increasing frequency
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and the maximum velocity values are largest in the midrange frequency
range.

In the case of an earthquake characterized by a short burst of
energy, like Melendy Ranch, in spite of the high peak acceleration the
input energies are low as are the other response quantities. It will
also be observed that the number of cycles of yielding are low and in
some cases zero.

For other types of records, characterized by Pacoima Dam, Halls
Valley and the two Coyote Lake Dam records, the later three
representing localized earthquake excitation but with segments of
excitation that are quite strong, like Pacoima Dam, the responses were
significant but highly frequency dependent. In addition, depending on
the severity of the short segments of strong excitation, a number of
yield excursions were experienced as expected.

One obvious conclusion from the foregoing is that there is no
generic earthquake and one cannot generalize the results that encompass

all earthquakes.
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APPENDIX C

STRUCTURAL RESPONSE TO FILTERED GROUND MOTION

C.1 Introduction

The frequency content of the ground motion is an important factor
to the overall structural response. In order to explore further the
effect of frequency content on structural response, a selected set of
five records were filtered using the Fast Fourier Transform (FFT) to
remove portions of the frequency content and the structural response to
these adjusted records was calculatedi By wvarying the width of the
filter, the effects of changes in the frequency content was identified
for the records and structures involved.

Four structural frequencies, 0.1, 1.0, 5.0, and 10.0 hz, were
selected to span the frequency range of interest. Damping wvalues of
zero and five percent were used with an elastoplastic yield resistance
of 100 1b.

Although studies were made on five different earthquake records,
results are presented only for Melendy Ranch and Coyote Lake Dam 285°.
These two records were selected because of their differences in
frequency content within themselves and as compared to each other. The
duration used in these calculations was selected to be compatible with
the interval required by the FFT calculation technique while allowing
the character of the ground motion to develop. It was desired to
isolate smaller portions of the record to observe the effects of
localized frequency content changes on the response accordingly, two
sets of durations, 5.12 and 10.24 seconds, were used for these

calculations, except for Melendy Ranch where only a 5.12 second
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duration was found to cover the strong excitation. These durations
were found to be sufficient to demonstrate the effects of frequency
- content changes on the response.

The selected record interval was decomposed into its frequency
components through the use of the FFT technique. The frequencies that
were outside the window were removed and set to zero while those inside
the frequency window were 1éft unchanged. The frequency window used
was a Rectangular Window Function. As discussed in Chapter 2, abrupt
ends of a window can cause errors in the FFT computations. To reduce
any errors, the Rectangular Window was smoothed wusing the Fourier
Transform of the Hanning Window Function that has frequency domain
values of 0.25, 0.5, 0.25, for the preceding, present, and following
frequency wvalues (20). The Fourier Transform of the Hanning Window
Function, when multiplied by the Rectangular Window, smoothed the
edges, and rounded the corners to reduce the errors as shown in Fig.
C.1.

The resulting frequency composition was inverted to obtain a ﬁew
acceleration time history containing only those frequencies that were
inside the window. The structural response to this altered record
segment was computed and the results compared to similar results for
other widths of frequency windows, as well as to the original

unfiltered records.

C.2 Results
Some initial studies were made using a bandpass filter with a
variable lower and upper frequency limit, the results indicated that

removal of the lower frequencies greatly affected the level of
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structural response. Various lower frequency limits were used and
consistently showed that these lower frequencies were important in
developing structural response. More so than observed in the simple
pulse studies of Chapter 2.

Based on these results, the lower frequency limit was shifted to
zero creating a consistent low pass filter in every case in order to
determine the effects of the higher frequency components. Typical
results are contained in Table C.la-h for Melendy Ranch and one of the
Coyote Lake Dam records. In these tables, the response to the
original, unfiltered record is denoted as "Full," response to the other
filtered records 1is indicated with the corresponding frequency
composition,

The position of the upper frequency required to induce comparable
levels of response to that of the unfiltered record was a function of
the particular record and of the structural frequency involved. The
results generally show that the frequencies above twice the natural
frequency do not contribute in any significant way to the response. In
general, the 0.1 hz structure required a 10 hz wide bandpass filter.
The 1.0 hz structure required about 5-7 hz upper frequency bound to
develop response while the 5 and 10 hz structures required an upper
limit of about 10 hz.

While the wupper 1limits required for comparable response were
fairly sensitive, the bulk of the response was achieved generally
within the frequencies at twice the structural frequency and below,
with the exception of the 0.1 hz structure that was sensitive to

frequencies above this limit. Although the damping clearly changes the
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structural response it did not affect the frequency window widths
required.

In conclusion, these calculations indicate that the frequency
content of the record is of prime importance in the overall structural
response. Lower frequency components affect the response and are
especially important if their amplitude 1is 1large; high frequency
components that are much higher in frequency than the structure do not
induce large levels of response. The large response contributions are
obtained from a region generally from 10 hz and below. It should be
recognized that this window is a function of the structural frequency
and the strength and composition of the ground motion.

On the whole, the results of these results using the FFT were
confirmatory in nature. However, the FFT procedure was not
particularly helpful in contributing to an understanding of parameters

that contribute to response.
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APPENDIX D
DEVELOPMENT OF STRAIN-DISPLACEMENT AND

STRAIN-DUCTILITY RELATIONSHIPS

D.1 Introduction

The accumulation of damage through cyclic response of steel
members has been described by Morrow (44) and others in terms of
strains. For most engineering purposes, localized strains as employed
in fatigue studies for example are not a convenient parameter to use in
building design. Rather, displacements or ductilities are a preferred
measure of the response to loading. The development in Section D.2
provided the basis for the interpretation of experimental data in
Chapter 4. The development of Section D.3 of this appendix was to
demonstrate the conceptual relationship between strains as used in the
fatigue hypothesis and displacements as used in a similar hypothesis in

building design.

D.2 Development of Strain-Displacement Relations

In studying the interrelationship between strain and displacement,
it is convenient to derive the equations to relate a particular end
displacement to the strain in the member using plastic hinge theory.
The most basic member for demonstration purposes 1is the cantilever beam
which also is a widely used test member in the laboratory. The
relationship are valid for other end conditions as well.

A cantilever with a single end load, P, is shown in Fig. D.1.
When the load P is increased sufficiently, the section reaches yielding

at the extreme fibers of the beam. If the load is increased until the
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section is fully yielded, a plastic hinge forms. Because the moment
diagram is linear, the moment at the position of yielding of extreme

fibers can be readily found as
My = P(L - a), (D.1)

where L is the span length and a is the length of the plastic hinge.

Similarly, the moment at the support can be found as
M, = PL. (D.2)

The moment required to fully yield a cross section is related through
the moment to cause yielding of the extreme fibers of the beam through

the shape factor, f, or

MY = fMy , (D.3)

where the symbol Y denotes a fully yielded cross section and y denotes
yielding of the extreme fibers of the beam.
Through use of Egs. (D.1), (D.2) and (D.3), we can obtain an

expression for P, where P is the same load in all cases, as

£M
P~ —L Ty

L L (D.4)
but MY = fMy
M
3y .Y
L-a L

which leads to the expression

L = £f(L - a),
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and finally

DL (D.5)

This relationship provides the length of the plastic hinge in terms of
the shape factor for the section. For most I sections, the value of
the shape factor 1is approximately 1.10 to 1.15; for rectangular
sections, it has a value of i.S.

For analysis purposes, the hinge can be considered to be
concentrated approximately at a/2 from the fixed end. The total
deflection of the beam can be considered to be comprised of an elastic
portion corresponding to full yield, plus a plastic deflection caused
by rotation of the plastic hinge as described by Popov and Bertero
(57). This concept 1is shown in Fig. D.1 as well. The total

deflection, A is composed of the plastic deflectionm, AP’ plus the

T,
full yield deflection, AY’ or

Bp = By + A5 (D:6)

For the cantilever, the deflection for any load P is

3
PL
A= IET (D.7)

This equation can be related to the moment by

ol

M= PL = - (D.8)

where ¢ is the maximum bending stress, I is the moment of inertia and c

is one-half of the height of the cross section.
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At first yielding of the cross section at the extreme fibers, the

moment is

o I
M = PyL - —%}- . (D.9)

At full yielding of the cross section, the moment is

fo I
M, = £, = P.L = —EX— . (D.10)

This value of moment can be substituted into Eq. (D.7) to obtain the

deflection corresponding to a fully yielded cross section.

fp 10 o 1? g 12
y y v

Ay = 381 T T3EI T 3Ec

(D.11)

The deflection, Ap, caused by the plastic hinge rotation, 8, is,

in general, from structural theory

It was assumed that the plastic hinge can be modeled as acting
over a distance as determined <earlier. However, for these
calculations, the hinge action is assumed to be concentrated at a/2, so

the plastic deflection is

a
AP = 8(L - E), (D.12)

where @ is the plastic hinge rotation and a is the plastic hinge length

from Eq. (D.5). The total deflection, Ap, is then

a
AT=AY+AP=AY+®(L_§)‘ (D.13)
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This equation can be solved for the rotation, @, or

A~ Ay

- L~ a/2

(D.14)

This wvalue of plastic hinge rotation can be related to the
corresponding plastic strain through examination of the strain
distribution. Theoretically, if the plastic hinge occurs at a point,
the corresponding strains would be infinite. However, the hinge has an
actual length, a, over which the hinge acts. An average curvature, ¢,
can be defined based on the hinge rotation, @, and the plastic hinge
length. Hodge (22) recommends that one-half of the hinge length be

used in this calculation or a/2, so the curvature can be defined as

0
$ _a_./_é. . (D.15)

From the linear strain distribution, the curvature is the extreme

fiber strain divided by one-half of the section height or
$ = — (D.16)

By equating these last two expressions and solving for strain, the

following expression is obtained

e - (D.17)

Therefore, through the use of Egqs. (D.5), (D.1l4), and (D.17), the
displacement of a section can be related to the corresponding plastic

strain.
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D.3 Development of Strain-Ductility Relationships

The low-cycle fatigue damage relationship proposed by Morrow (44)

was defined as

2 ef’(ZNf)_o'6 , (D.18)
where Ae*/Z is the amplitude of each strain cycle, ef' is the fatigue
ductility coefficient corresponding to one reversal and 2Nf is the
number of reversals to failure.

In terms of notation from this study, this equation can be
rewritten as

*
Ae Ae
___ __7P -0.6
2 2 (2Nf) R (D.19)

where Ae*/2 is the hysteretic plastic strain amplitude, Aep/2 is the
monotonic plastic strain causing failure in one reversal, and 2Ng is
the number of reversals as before.

From the preceding development, the plastic strain terms can be

converted to displacement terms by noting that

- 82
a
and
6 = b7y D.20
"L -a/2 (D.20)
or

Ap — by (2e
“L-an &)

But the term AT - Ay is the plastic deformation A,, or

p7

2c

= A - a2 % (021
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If this equation is substituted into Eq. (D.19), the equation becomes

* A
A 2c _ P 2¢c ~-0.6
2 a(L - a/2) 2 a(L -a/2) (2Nf) . (D.22)

If both sides are divided by the yield displacement at full yield, Ay,

then one obtains

>

*
A 2c

P 2¢c -0.6
28, a(L - a/2) (2N.) (D.23)

K; a(L -a/2) :

-1
2

Common terms can be canceled out and the generic definition of

ductility

(D.24)

®
I
& ls”

can be substituted. This operation results in the final expression,

* -0.6
b= #p(ZNf) , (D.25)
where p* is the hysteretic plastic ductility, Kp is the monotonic

plastic ductility, and 2N¢ is the number of reversals, as before.
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LOADING DIAGRAM

-r— g

MOMENT DIAGRAM

My a (HINGE LENGTH)

~ L  (SPAN LENGTH)

DEFLECTION DIAGRAM
a/2 CONCENTRATED PLASTIC HINGE

MOMENT FOR
FIRST YIELD OF
CROSS SECTION

MOMENT FOR
FULL YIELD OF
CROSS SECTION

/

Ap' PLASTIC DEFORMATION
Ay = FULL YIELD DEFORMATION

Figure D.1 Plastic Hinge Relationships
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