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ABSTRACT

Endurance Time (ET) method is a new dynamic analysis procedure that aims at estimating
seismic performance of structures by subjecting them to predesigned intensifying acceleration.
These acceleration functions are designed in a way that they approximately simulate
earthquakes with different intensities through their duration. Performance of the structure is
judged based on its behavior for different intensity measures through time. A set of three
acceleration functions have been produced using the ET concept by applying optimization
techniques. These acceleration functions are designed in such a way that their response
spectrum, while complying with typical code design spectra, intensify uniformly with their
duration. Potentid applications of this method-are described by evaluating the performance of
sample SDOF and MDOF systems. The pros and cons of ET method are investigated. The
feasibility of application of ET method as a toal in performance based seismic analysis and
design is discussed.

Keywords: Endurance time method, earthquake engineering, seismic design, time history
analysis, design criteria, dynamic pushover

1. INTRODUCTION

The basic objective of earthquake engineering is to provide structures with appropriate safety
margin against failure when subjected to earthquakes. The common philosophy of seismic design
codes and standards is to achieve the dua god of preventing structural failure at collapse level
earthquakes and also keegping the non-structural damages to a minimum amount in case of service
level earthquakes. According to Performance Based Earthquake Engineering (PBEE) philosophy,
these goals can be extended to cover a broader range of design objectives[1].

Apparent limitations of simple seismic analysis procedure, along with significant progress
in computational technology, have encouraged researchers in developing more precise and
consistent analysis methods for seismic design. Development of various nonlinear static and
dynamic procedures, such as pushover and incremental dynamic analysis (IDA), are examples
of new developments in this area [2-9]. The concept of Performance Based Seismic
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Engineering (PBSE) is gaining increased interest among practitioners [10]. Pushover analysis
is becoming a standard practice in design offices and nonlinear time history analysis is also
gaining popularity [11]. As a result of these new developments, the structural engineer can
incorporate significant sources of nonlinear behavior in the anayticd model. Thus he can
make a more conclusive judgment on different design choices.

In this research, a new dynamic analysis method for evaluating the seismic performance of
structures is proposed. The primary objective of ET method is to provide an ideal input motion
for dynamic analysis that can be used in assessment of the seismic performance of different
structures. This ideal input mation is designed in a way that it simulates earthquakes with
different intendities through its duration. The concept of ET method is similar to the exercise
test used by cardiologists for assessing the condition of cardiovascular.system of patients. ET
method can be useful when comparing the relative performance of two different structures or
design alternatives for the same structure.

The basic idea of ET method was originadly introduced by Estekanchi et al [12] where
heuristic method was used in order to produce the intensifying acceleration functions that
could roughly meet the requirements of a successful ET analysis. Even though some
applications of the ET method have been presented in available literature, the basic concepts
of the method still deserve further explanation and discussion [13]. In this research the idea of
ET method is first explained by a hypothetical shaking table experiment. The analogy between
ET method and exercise test used by cardiologists is aso discussed. Then, a numerica
optimization procedure for generating ET acceleration functions that significantly improves
the practica significance of ET acceleration functions is explained. To evaluate the capability
of this method in assessing the performance of the structures three acceleration functions have
been produced using this procedure. The response spectrum of these acceleration functions,
while complying with typical code design spectra, intensify uniformly with their duration.
Application of ET method is described by evaluating the performance of sample SDOF and
MDOF systems. Use of different design criteria and damage indices in determination of
endurance time has been.explained. The pros and cons of ET method are explained. The
feasibility of application of ET method as an effective tool for performance based seismic
analysis and design of structures is discussed.

2. CONCEPTS

The idea behind the ET method can be described by a hypothetical experiment. Consider that
two buildings are to be compared regarding their potential seismic resistance. A shaking table
test is to be used for this purpose. Consider that representative models of the buildings are set
on the shaking table. The experiment is started by applying a white noise type random
vibration with small magnitude to the models. As the amplitude of the applied ground motion
is gradualy increased, the response amplitude of the models also increases as shown
schematically in Figure 1. The structures gradually go through elastic to yielding and inelastic
phases until a point is reached when the induced motions are beyond the ultimate resistance of
one of the models, say, structure A, in this hypothetical experiment. At this point, structure A
will fail as a result of the applied dynamic forces. As the experiment continues, the second
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structure will also fail a a later time. Now, based on the results of this hypothetica
experiment, it is judged that Structure B, which endured longer and sustained higher levels of
dynamic excitation, has a better performance as compared to structure A. Note that this
judgment has been made purely based on the direct observation of dynamic response without
any particular reference to the dynamic characteristics of the structures, such as period of
natural vibration, mass, damping, structure system and material, etc.
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Figure 1. Hypothetical Shaking Table test

At the first glance, this judgment may seem to be too primitive and rough for any practica
seismic assessment application. Different structures are vulnerable to different earthquakes
with quite different characteristics. Thus, normally, structural engineers are not interested in
how long a building can survive a particular earthquake but in fact they want to understand the
performance of the structures subjected to different earthquakes. By the way, if a particular
acceleration function can be made to include some major characteristics of real earthquakes,
then it might be able to reveal some interesting differences in dynamic characteristics of
different structures. The design objectives in current building codes address life safety, control
damage in minor and moderate earthquakes, and prevent collapse in a magjor earthquake [14].
In ET method a particular ground motion, named acceleration function, tries to simulate
minor, moderate and major earthquakes through its duration in a single record. Of course
possibility of achieving this goal is the most important challenge of a successful ET analysis.
ET acceleration function should be generated in a manner that it each time window of it
presents major characteristics of earthquakes like the number of cycles and duration of them,
their acceleration levels, etc. If an acceleration function conforming reasonably to these
characteristics can be made, ranking of structures based on the results of ET analysis can be
successful. Obvioudy, a single accderation function cannot be made to fully implement all
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charecteristics of a set of different earthquakes. The major question is how good a single
acceleration function can be made to include the most significant aspect of intended
earthquakes. In this paper, it is shown that by using numerically intensive optimization
procedures, some very useful acceleration functions can actually be produced. As will be
shown, some magor seismic performance characteristics of different structures can be
estimated with reasonable accuracy using these intensifying acceleration functions.

In the ET method, structures are rated according to the length of the time interval during
which they can resist a calibrated intensifying acceleration function. This time duration is
called Endurance Time and is in direct correlation with the magnitude of the applied dynamic
excitation. Higher endurance time is interpreted as better performance and.ashorter endurance
time is interpreted as poor performance. A standard minimum endurance time is specified,
based on the performance objective as the design criteria. Structures that fail to satisfy the
performance objective before standard time are rejected while those that endure longer than
the minimum time are considered to have satisfied the design criteria.

The concept of endurance time is very similar to the exercise test used by cardiologists in
order to evaluate the condition of the cardiovascular systems of athletes and patients [15]. In
this test, the subject who's general cardiovascular condition is to-be evaluated is asked to run
on a treadmill. The treadmill is set to the standard<starting speed and slope. As the test
continues, the speed and slope of the treadmill is increased as a predefined function of time.
Vital biologica measurements, such as blood pressure, heart beat rate and other physica
parameters are continuously monitored and the test is commenced until abnormal conditions
are observed or the patient is exhausted: From the total running time, an estimate of the
patient’ s condition can be made.

The interesting point about the exercise testis how a relatively simple procedure is used for
assessing the condition of a complex. system. In ET method, it is intended to use a
conceptually similar procedure for measuring the fitness of structures to endure the dynamic
demands imposed on them' by earthquakes. In order to achieve consistent and meaningful
quantitative results, ET . acceleration functions should be appropriately generated and
calibrated. This will be discussed in the next section.

The endurance criterion is aso an important consideration. In the hypothetical shaking table
test, the endurance measure was the stability of the structure, i.e. the endurance time was
measured up.to the apparent collapse time for the structure. Even though collapse can be
considered as an ultimate measure of endurance, it is not necessary to base the endurance time
measurement on complete collapse. Depending on the model specifications, performance level
requirements and other experimental or analytical considerations, different endurance criteria
can be applied. For example, in the simple case of linear analysis, the design stress ratio of
structure members and maximum story drift ratios, which are routinely used as design criteria,
can be considered as the endurance criteria. These are the basic codified criteria for seismic
design and their application will be demonstrated in the next sections. For nonlinear analysis,
various criteria, such as plastic hinge rotations or damage indexes, can be used. For
experimental implementations, collapse can be considered as a criterion for extreme
performance levels. Evidently, different performance levels can dictate the usage of different
endurance criteria. The monitoring of structural behavior does not need to be limited to only
one criterion. Multiple criteria can be specified and endurance time can be measured, based on
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the most critical limit states or on a combination of various parameters and indices that are
observed during the analysis or experiment.

The structural model is another fundamental requirement for ET analysis. Potentially, ET
method can be equally wel applied in experimental and analytical setups. Since the ET
method is based on time history analysis, there is no apparent limit for consideration of the
complex geometric or material behaviors such as buckling, material degradation, cyclic
behavior, loss of stability, yielding, fracture, energy losses and cracking, etc. The concept is
equally applicable to simple and complex models, ranging from ordinary moment frames to
complicated systems with active control or other seismic mitigation devices. It will be up to
the analyst to make sure that the proposed model adequately implements the special features
of the intended actual prototype.

3. ET ACCELERATION FUNCTIONS

A key factor in the successful implementation of the ET method lies in the characteristics of
the intensifying acceleration functions that are used .as dynamic input. ET acceleration
functions should be defined so that maximum consistency between ET anaysis results and
actual seismic performance can be achieved. However, this criterion cannot be readily
employed in generating the acceleration functions because of the fact that the definition and
determination of actual seismic performance is still” under dispute itself. Additionally,
gathering all major characteristics of real ground motions in a single acceleration function is
not possible.

In order to simplify things and reach a practical initial solution, it is rational to start from a
proven design criterion, which has aready been implemented in seismic design codes. A key
concept in the codified design procedure is the use of response spectrum in determination of
expected peak accelerations for seismic design. If ET acceleration functions are to be used in
order to predict structura performance under earthquake induced excitations, then the
response induced by them should correspond to those induced by real earthquakes. An
important difference between ET acceleration functions and earthquake accelerograms is in
that ET acceeration functions are intensifying accelerograms with theoretically infinite
duration [16]. Thus, the definition of spectral response should be interpreted in a special way.
In the ET method, spectral maximum relative displacement (S,(T,t)) and absolute acceleration
(S(T,Y)) at time t are defined as the peak value of these variables in time-history for a time
interval fromz = 0 to z = t. Spectral relative displacement and spectral absolute acceleration in
ET analysis are thus defined as follows:

S, (T,t) =max(|u(t))) tT[0,1] "
S.(T,t) =max(|a(t))) tT [0,1]

Spectra responses for other parameters are also defined in a similar manner. A major
difference between an ET acceleration function and an earthquake accelerogram is that in an
ET accderation function, time is used as a significant dimension that is related to the
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amplitude of excitation, while, in ordinary accelerograms, time is only an independent variable
that defines ordinate of acceleration data points and is not directly involved in the evaluation of
analysis results. Based on the above discussion, spectral response acceleration and
displacement will be considered as the intensity measure in this preliminary implementation of
ET procedure. ET acceleration functions will be designed so that a some predefined time,
trarget, their response spectrum reaches the codified value corresponding to the sought
performance level. Because of the intensifying trend of ET acceeration functions, their
response spectra should also increase through time. It means that at t < trage their response
gpectra should be less than the codified value and at t > trarge their response spectra should be
more than the codified value. The term of acceleration function is used here to distinguish it
from synthetic acceerograms that are compatible with a predefined spectrum and do not have
an increasing pattern [17]. In this study, trage has been set to 10 seconds, so that effective
duration of ET acceleration functions is approximately compatible to strong ground motions
for design level earthquakes. A question now arises about-how the intensification should
evolve with time. Based on engineering judgment and until ‘'more research has been done, a
linear function will be used to define the evolution profile of the acceleration and displacement
response spectrum function at this preliminary stage. Optimal intensification profiles are to be
investigated in a separate study. Thus, target response displacement and acceleration are
defined as follows:

t

Sc(T, 1) = S (T)

Target

) 2 @)

Semo= L s.m

2
Target

The objective is to find the ground acceleration function, ay(t), such that the response at all
times is as close as possible to the target values defined by Eqns 2. Analytical approaches to
find acceleration functions that satisfy conditions such as Egns 2 are formidably complicated
[18]. The problem has been formulated as an optimization problem and a numerical approach
has been used for the purpose of generating the acceleration functions in this research. This
problem can be formulated as an unconstrained optimization problem as follows:

MinimizeF(a,) = 6 §[S,(T.0)- S (TOF +a[S,(T.0) - S (T.O]}ckeT
00 (3)

In which aq is the ET acceleration function to be calculated and a is a weight factor for
relative error of displacements and accelerations.

For numerica determination of the target response values, the response spectrum of the
Iranian National Building Code (INBC) standard 2800 (BHRC 2005), considering sail type ||
(relativdy tiff soil, Ve=375~750 m/s, T¢=0.1 sec, Ts=0.5 sec, S=2.5) and a very high
seismicity area (A=0.35¢g), has been used for the purpose of illustration [19]. The design
response spectrum can be described by Eqns 4. Importance factor (1) and response reduction
factor (R) have not been applied (assumed equal to 1.0) in generating the acceleration
functions. These factors can be applied more conveniently during analysis time, based on each
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specific case. Response histories for SDOF systems, Sy(T,t) and Si(T,t), have been calculated
using adirect integration method.

-:-B:1+S(TT) T<T,
I .
J{B:1+S T,ET<T,
I T 2 (4)
1B=(1+9)(.=2)? TET
i ( )(T) s
ABI
TR

In order to proceed with the optimization problem, a set of first generation ET acceleration
functions proposed by Estekanchi et. al. [12] is used as the initid starting point. This set of
acceleration functions was produced from a random series with-Gaussian distribution with
zero mean value and a variance of unity that was filtered in the frequency domain using a
Kanai/Tgjimi filter function and then scaled using a linear profile function. The number of
acceleration series elements is 2048 (i.e. 2') [20]. Considering a time step of 0.01 seconds,
this defines an acceleration function up to about 20 seconds. An unconstrained linear
optimization procedure is applied in order to solve the optimization problem, as defined in Egn
3. Acceleration data points have been considered as the variables and the problem is solved
considering 200 different periods distributed in the range of 0.0 to 5.0 seconds using more
densely spaced points in the low period region where higher accuracy is desirable. The
objective of optimization has been to fit the acceleration and displacement response spectra to
target design spectrum values.defined. by Eqns 2. The problem is highly demanding
considering the computational effort and each acceleration function takes about 120 hours on a
Pentium 1V processor to complete 200 iteration cycles. Three acceleration functions have been
generated using the above mentioned procedure These are named ETA20a01-03,
respectively. Resulted acceleration functions are depicted in Figure 2.

Typical convergence histories are depicted in Figure 3 using alogarithmic scale. It does not
seem to be possible to improve the acceleration functions by continuing the iteration cycles
using the current procedure. However, the theoretical minimum of the target function is an
open question and isthe subject of ongoing research.

The response spectra of all acceleration functions at target time (t = 10 sec) are depicted in
Figure 4. The response spectra of the ETA20a01 acceleration function at specified times are
depicted in Figure 5. It is interesting to note how the response evolves with time, i.e. the
profile of responses increases in a linear manner, as required by Egqns 2. As can be seen in
Figure 5, the convergence of solutions in the optimization problem has been quite satisfactory
and the response spectra intensify in a uniform manner with time as expected.

Considering the relatively intensive computational effort required in producing appropriate
ET acceleration functions, a question may arise on whether the effort is worthwhile. It should
be noted however that once the ET acceleration functions have been generated for a given
response spectra, they can be used in all cases where similar response spectra can be
considered as valid, thus resulting in considerable savings on time and computational effort. In
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cases where appropriate ET acceleration functions are not readily available, the extra effort
required to generate ET acceleration functions can be justified only if the number of design
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Figure 4. Acceleration response of ETA20a01-03 at target time (t = 10.sec)
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Figure 1. Acceleration response at different times for ETA20a01

4. APPLICATION TO SDOF SYSTEMS

Acceleration response histories for SDOF systems with various periods of vibration, subjected
to the ETA20a01 acceleration function, are depicted in Figure 6. It should be noted that in the
curves resulted from ET analysis, the maximum absolute value of the required parameter in
thetime interval [0, ty,] is calculated and defined as the parameter value at t=t,. AS expected,
the maximum acceleration that the structure experiences, is an increasing function with time.
The acceleration response satisfactorily follows the target line corresponding to the codified
values that are scaled with time (Eqgns 2). The error margin is quite satisfactory considering
the nature of time-history earthquake analysis. In order to improve the accuracy of the analysis
results, several approaches can be followed. One is to improve the quality of acceleration
functions by making them better fit the target values. Another method is to use the statistical
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average of the results obtained from several acceeration functions. In this research, the
average of the results from three acceleration functions is used. This procedure has shown to
considerably improve the accuracy of the results and will be used in the rest of the analyses.
However, more research is required in order to recommend the exact number of needed
acceleration functions to reach a desired accuracy, based on the problem. Using an appropriate
fitting curve can aso be considered an effective method to obtain more refined results and
better accuracy in extracting ET values from graphs. In the case of linear analysis, a line
passing through the origin of the coordinate system can be used for this purpose. As can be
expected, this line fits with the target curve quite closely. In practice, a combination of the
above mentioned methods should be used to achieve the best possible accuracy. The results of
averaging for three accderation functions are shown in Figure 7. As can be seen in this figure,
the average curve follows the target acceleration curve, SaC, much more closely. Average
displacement response histories for T = 0.5 and T = 1.0 are depicted in Figure 8. It can be
seen that displacement responses, in general, follow the target curve with good accuracy.
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Figure 6. Acceleration response history for ETA20a01
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Figure 8. Displacement response history for ETA20a01
5. APPLICATION TO MDOF SYSTEM S

For simplicity, application of the ET method in seismic analysis.of MDOF systems will be
explained by studying the dynamic response of three-story steel moment frames. Three model
frames have been designed according to the AISC-ASD design code. Frame geometry and
section properties are depicted in Figure 9. Frame f2D2A3s1b (T= 0.8644) has been designed
according to the recommendations of the INBC for ahigh seismicity area. Frame f2D2A3s1b-
Weak (T= 1.0886) has been designed assuming one half of the codified base shear as the
design lateral load. The last frame, f2D2A3s1b-Strong (T= 0.59), has been designed for twice
the standard lateral load. Total mass of all frames has been assumed to be equal for ease of
comparison. All three frames have been subjected to the three ET acceleration functions
(ETA20a01-3). Inlinear analysis, aresponse modification factor (R) of 6.0 has been applied to
elastic spectrum, as specified by the code for this type of frame, and ET acceleration functions
have been divided by this factor accordingly. In order to reduce the statistical deviations, the
average of three acceleration functions has been used in this investigation.
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Figure 9. Three story sted moment frames

The average interstory drift for al frames has been depicted in Figure 9. A linear fitting
curve has also been used for better visualization of the results. If one were to use maximum
drift as the sole design criteria, then, based on the results shown in Figure 10, one would
conclude that frame f2D2A3s1b-Strong is the best performer and has achieved the highest
endurance time. On the other hand, frame f2D2A3s1b-Weak has the |least favorable behavior.
Moreover, if one assumes a drift limit at 0.016m (0.005* 3.2), as specified by the code for this
type of structure, and considering that the acceleration functions have been calibrated to
comply with a codified level of excitation at t = 10 sec, one can see that frames f2D2A3s1b
and f2D2A3s1b-Strong pass the criteria at t = 10 sec with calculated drifts of 0.015 and
0.007, respectively, but, frame f2D2A3s1b-Wesak fails the criteriawith a drift of 0.023 at t =
10 sec. Another way to interpret the results shown on this figureiis to consider the time when
maximum drift criteria of 0.016m is exceeded. In this way, it can be concluded that the
endurance time of frames are approximately 4.5, 11.0 and more than 20 for weak, standard
and strong frames, respectively.
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Figure 10. Maximum average inter-story drift in linear analysis

Obvioudly, interstory drift cannot be indicative of a strong or weak structure on its own. A
structure will fail because some earthquake will expose a weak mechanism in the structure. It
is important to note that the choice of Engineering Demand Parameters (EDP) depends on the
performance target, and that the emphasis should be on the complete structural, nonstructural,
and content system and not on a component. For instance, if the issue is global collapse, then
the maximum story drift over the height of the structure is an appropriate EDP. For structural
damage, local parameters such as shear distortions in joints and rotations at plastic hinges may
be most relevant [22]. In mast cases, these local parameters can be concluded from story drifts
[23]. Because ET analysis is a time-history analysis different EDPs can be calculated through
time easily. Therefore the performance of the structures can be judged for combination of
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different EDPs and effects of different damages can be seen for selecting the better performer
and defining the endurance time.

A question may arise now on justification of applying a time-history analysis in the simple
case of alinear three story steel moment frame. It should be noted that these simple examples
have been provided in order to explain the concept and merit of ET procedure. The main
advantage of atime-history based analysis procedure is in its potential for application in cases
where static and modal analysis procedures cannot be readily applied. These include cases that
involve different sources of nonlinear behavior such as geometric and material nonlinearity
and even the linear cases in which the effect of damping distribution is considered to be
significant. However, investigation of the potential application of ET method in these cases is
beyond the scope of this preliminary work.

6. NONLINEAR ANALYSIS

The concept of ET method can be readily applied in the case of nonlinear analysis without
much significant complication [24]. Optimizing ET' acceleration functions to be applied in
nonlinear range is a formidably complicated problem. However, in order to explain the
potential use and merits of this method, the same acceleration functions that were developed in
previous section are applied in some nonlinear cases for the matter of explanation. Nonlinear
modeds of the same frames as used in the previous section are prepared by using the
OPENSEES beam element with nonlinear distributed plasticity [25]. P-A effects have been
included in the nonlinear analysis. The R factor has been assumed equal to 1.0 (elagtic
spectrum) and a viscous damping of 5% as customary for these types of frames has been
applied in the analyses. ET analysis can be considered as a type of dynamic pushover
procedure, where the applied acceleration function is an increasing function of time. Pushover
curves resulted from standard static pushover analysis have been depicted along with the
corresponding ET analysis results in Figure 11. A modal pattern proportional to the vertical
distribution of the pseudo lateral load is used in static pushover analysis. The maximum base
shear of the frames is consistent with their design criteria in both kinds of analysis, i.e. the
strong frame, which has been designed for a higher level of latera load, also shows a higher
ultimate lateral strength. It is interesting to note that the results of the ET analysis closely
follow the static pushover curves. The ET analysis results are dlightly higher than the static
pushover results, due to the effect of forces associated with viscosity in dynamic analysis, the
effect of lateral force distribution used in the static pushover analysis, etc. It should be noted
that data points for ET results in Figure 11 do not necessarily correspond to the value of the
maximum base shear and the maximum roof displacement at the same time and are a profile
of the results.
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Figure 11. Base shear vs. roof displacement

Maximum average interstory drift of all the stories for nonlinear models has been shown in
Figure 12. Since the response modification factor is considered to be 1.0 in these analyses and,
considering the traditional safety factor of 5/3 ‘used in ASD design procedure for sted
structures, it is roughly estimated that the standard frame will experience nonlinear
deformations from about t = 3 seC (tiarge/ R¥FS=10/6* (5/3)»3). The weak frame obviously
experiences significantly higher drifts after t=6 seconds and becomes unstable after t = 10
seconds. The analysis did not converge after t = 15 sec for the weak frame. By setting
appropriate drift limits in thenonlinear range, the adequacy of each frame to meet design
criteria can be checked. It should be noted that any response parameter other than drift, such
as various damage indexes or EDPs, can also be plotted against time and used as an
evaluation criteria. The endurance time can be defined, based on the analysis of any predefined
set of response parameters that the analyst considers significant in each analysis case.
Standard sets of design criteria and limiting values can be developed in order to establish
codified versions.of the ET method.
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Figure 12. Maximum average inter-story drift in nonlinear analysis

ET method has many common grounds with the IDA ‘method. InIDA, a certain earthquake
accelerogram is applied to a structural model at different intensities and the results of multiple
time-history analyses are used to evaluate the structure. A mgjor difference between ET and
IDA is that in the ET method, intensity is increased in a one step time-history analysis, thus,
reducing the number of required analyses. This reduction of the number of anayses is
expected to be accompanied by losses of accuracy to some extent. The successful
implementation of ET method to be usable in the nonlinear range depends on goodness of fit
of ET acceleration functions that can be achieved by calibrating and optimizing them against
nonlinear response spectra. In order to conceptually compare the results from ET analysis and
IDA andysis, the weak frame, f2D2A3s1lb-Weak, that experiences more nonlinearity, has
been subjected to two accderograms from Loma Prieta 1989 earthquake (LPAND270 and
LPGIL067) and one from Northridge 1994 earthquake (NRORR360) at various intensities.
The response spectra of these accelerograms have been compared with the design spectrum of
INBC in Figure.13. The 5% damped first-mode spectral acceleration S4(T1,5%) is plotted
againgt maximum interstory drift ratio in Figure 14. As it could be guessed in low values of
intensity measures, when the structure remains linear, the responses of ET method and IDA
method are the same. By increasing intensity measure the structure goes through elastic to
yidding and nonlinear indlastic, finally leading to global dynamic instability. In these stages
the general trend of ET curve is similar to the IDA curve but the onset of each stage and the
value of engineering demand parameter (here maximum interstory drift ratio Qmex) are
different. The extraordinary variability from record to record of the forms and amplitudes of
the IDA curves for a single building is reported before and this phenomenon can be found in
ET curves too [9,22]. The deterministic of a nonlinear structural system under irregular input
present a challenge to researchers to understand, categorize and possibly predict. This
variability also leads to the need for statistical treatment of ET curves in order to summarize
the results and in order to use them effectively in a predictive mode. As it is clear in Figure 13
the design spectrum of INBC in the long period range is extremely higher than other spectra.
As aresult, ET anaysis becomes unstable at a relatively lower intensity measure. It should be
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mentioned that by increasing time, the strong motion duration of the ET acceleration function
is increased but it is essentially constant for real ground motions in IDA for different levels of
IM. Other characteristics of real ground motions that influence the response of structures in
nonlinear ranges should be incorporated into ET method to make its results more reliable.
Improvement of ET acceleration functions for application in the nonlinear range is under
investigation [26]. The aim is to include characteristics of nonlinear response spectrafrom rea
earthquakes in the ET acceleration functions optimization procedure. Therefore it is possible
to achieve maximum consistency between RHA and ET analysis results in the nonlinear range
and provide a better level of approximation.
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Figure 13. Response spectra of 3 earthquakes and INBC code spectra
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Figure 2. Comparison IDA and ET analysis results

7. CONCLUSIONS

Endurance Time (ET) method is a new dynamic analysis procedure for seismic evaluation of
structures. In this method, structures:are subjected to a gradudly intensifying acceleration
function and their performance is judged based on the time interval during which they can
endure the imposed intensifying dynamic demand. The basic concept of the ET method is very
similar to the exercise test used by cardiologists for assessing the condition of heart patients
and athletes. The primary objective of ET method is to provide a comprehensible time-history
based dynamic analysis procedure, analogues to the exercise test, which can be used in
assessment of the seismic performance of different structures or design alternatives on a
comparative basis.

A set of threeintensifying acceleration functions has been produced, in which the resulting
response spectrum, while complying with a typical codified design spectrum, increases
proportionally. with time. Numerical optimization techniques have been used, in order to
minimize the divergence of the response spectrum from target values, by considering each
acceleration function data point as an independent variable. The convergence of the solutions
has been quite satisfactory and the resulting response spectra follow the concept of uniform
intensification with time within acceptable tolerances.

The application of ET acceleration functions in SDOF systems shows consistent results
with the equivalent static procedure. Application of different design criteriain ET analysis has
been explained. The ET method has also been applied to MDOF systems in the linear analysis
range. The capability of the method in differentiating MDOF systems with different design
parameters has been explained using simple three-story shear buildings. Potential application
of the ET method in nonlinear analysis has also been investigated by simple examples.
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It can be concluded that the ET method has a good potential for consideration as an

aternate dynamic pushover analysis procedure in cases where time-history based analysis is
the most appropriate method, considering various sources of complicated nonlinear behavior.
However, further research is required before this procedure can be reliably applied in practica
applications involving highly nonlinear material and large deformations.
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NOTATIONS

A = Ground base acceleration

a(t) = Acceleration at timet

ay(t) = Ground acceleration

B = Building response factor

e = Baseof natural logarithm

FS = Factor of safety

F(ag) = Optimization target function

I = Importance factor (assumed 1.0 in this research)
R = Response modification coefficient
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S, = Accderation response
S(T,t) = Acceleration response for period T at timet

Si(T1,5%) = The 5% damped first-mode spectral acceleration

Sc(T) =Code acceleration response for period T

S(Tt) =Target acceleration response for period T at timet
S(T,t) = Displacement response value for period T at time't
Sic(T,t) = Target displacement response value for period T at timet

t =Time

T = Free vibration period (sec)

teur = Current time

trage = Targettime

u(t) = Displacement at timet (relative to ground)

o = Weighing factor in target function

) = Vibration frequency (radians)

¢ = Damping ratio (assumed 5% in this research)
T = Dummy variable for time

Omex = Maximum interstory drift ratio
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