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Abstract. One of the most prevalent ground motion Intensity Measures (IMs) is the
spectral acceleration at the fundamental period of a structure. Previous research has
shown that vectorizing scalar IMs leads to a more reliable structural response, particularly
in nonlinear regions and near collapse. Furthermore, the nonlinear behavior of ductile
structures results in elongation of their \e�ective period". Therefore, this paper proposes a
new approach to selecting ground motion records considering the e�ect of spectral shape and
period elongation. This method contains two disaggregation analyses at the fundamental
and elongated periods of the structure. Nonlinear dynamic analysis is conducted on
a set of reinforced concrete moment-resisting frames designed based on ACI 318-05 as
representatives of modern structures. Results show a considerable decrease in the median
collapse prediction, margin against collapse, and dispersion of the structural response. The
presented approach can ensure a better prediction of the vulnerability of structures to
collapse.

© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

One of the most challenging tasks in assessing the
seismic performance of structures is selecting and
scaling ground motion records for use in nonlinear
dynamic analysis. The most common method for
selecting records is the code-based method. Despite
the simplicity and practicality of this method, it has
considerable drawbacks [1,2]. There are di�erent e�orts
to improve this method and increase its accuracy in
estimating the seismic performance of structures. Some
researchers try to improve it by using optimization
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algorithms in the procedure [3{6] and others try to
add some innovative complementary parameters to
the selection process [7,8]. In order to amend the
code-based method, it is important to understand the
most signi�cant properties of recorded ground motions,
which are related to the structural response.

Intensity Measure (IM) is the parameter that
quanti�es the e�ect of a record on a structure. There is
a variety of IMs which are commonly used for assessing
the seismic performance of structures. Traditionally,
peak ground acceleration of a record was one of the
most frequent IMs among researchers. Recently, Shome
et al. [9] showed that spectral responses (e.g., spectral
acceleration at the �rst mode period of vibration
(Sa(T1)) could predict the response of a structure in
a more precise manner. However, there is still a
signi�cant variation between structural responses of
a nonlinear multi-degree-of-freedom structure to the
ground motion records with even similar values of
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Sa(T1) [10]. Also, for the pulse-like records, it was
observed that Sa(T1) was not a good predictor for
the near-collapse response of nonlinear structures with
elongated periods [11] or for a condition in which higher
mode e�ects could be particularly signi�cant [12,13].
Thus, many researchers have tried to solve this problem
by selecting ground motion records such that their
response spectra would match a target spectrum such
as uniform hazard spectrum and, more recently, the
conditional mean spectrum [14]. Target spectrum,
which is obtained from Probabilistic Seismic Haz-
ard Analysis (PSHA), makes a basis for the record
selection procedure and the ground motion records
must be selected with reasonable compatibility with
this spectrum [15]. Recently, Kazantzi and Vamvat-
sikos [16] presented an average spectral acceleration,
de�ned as the average of logarithmic values of spectral
accelerations at di�erent periods, which can predict
the structural response with an acceptable level of
dispersion. Similar average spectral accelerations are
used in other studies for loss assessment of 3D buildings
and development of conditional spectrum-based ground
motion record selection methods [17,18].

Another solution to this problem is developing
e�cient IMs that would lead to the introduction of
vector-valued IMs [10]. These new IMs contain spectral
acceleration as before as well as other complementary
parameters such as magnitude, distance, or epsilon.
Epsilon is de�ned as the number of logarithmic stan-
dard deviations between observed spectral value and
mean Sa prediction from a ground motion prediction
attenuation model. Development of these approaches
results in a signi�cant decrease in the variability of
predicted structural response [19{22]. This study uses
a vector-valued IM including Sa(T1) and " as a superior
predictor of structural response to better quantify the
seismic performance and collapse potential of rein-
forced concrete moment-resisting frames. However, " is
a period-dependent parameter with varying values at
di�erent periods [11]. Therefore, two questions arise:
1) what the appropriate value for epsilon is and 2)
what period of vibration is a better quanti�er of the
structural response. The answer to the former question
lies in the disaggregation analysis, which is explained
in the following sections. Many researchers have tried
to address the latter question, which leads to deep
studies on the e�ect of period elongation, particularly
on ductile modern structures. These investigations can
be divided into two major categories: elongation of
the vibration period based on the measured response
of instrumented buildings during earthquakes [23{25]
and experimental studies on the successive inelastic
events of full-scale structural models [26{28]. It should
be pointed out that the degree of period elongation
estimated by numerical analysis is too controversial
and di�ers from a factor of 1.50{1.70 [29,30] up to

2.0{2.5 [31,32]. This alteration in the e�ective period
of a structure during an earthquake results in changes
in the dynamic behavior of the system, which implies
the importance of the record selection procedure [33].
Prescription of most seismic codes on the necessity
of spectral matching bandwidth as a function of the
fundamental period declares this issue. This study
follows the proposition of Haselton and Baker [34]
which states that the optimal period of a structure
extends approximately twice the fundamental period
of the building.

2. Spectral shape

Spectral shape is one of the key characteristics of
ground motion records. Baker and Cornell [35] carried
out a series of deep studies on the spectral shape and
showed that for rare ground motions in California (e.g.,
ground motions with a 2% probability of exceedance
in 50 years), the shape of the response spectrum
would be totally di�erent from that of the code design
spectrum or a uniform hazard spectrum. Figure 1
illustrates this di�erence by a comparison between the
response spectrum of a single record of the Loma Prieta
earthquake and the uniform hazard spectrum predicted
by Boore attenuation prediction relations [36]. This
ground motion record has been adopted from Saratoga
station with NGA number of 803 and has a 2%
probability of exceedance in 50 years within 1.0 sec.
This �gure declares that the ground motion response
spectrum has some unusual peaks, especially between
the periods of 0.6 and 1.8 seconds, and this makes
it incompatible with Boore prediction in this range.
These peaks occur around the period of 1 sec in which
it has 2% in 50-year intensity and the value of observed
Sa is much higher than the predicted one.

Figure 1. A comparison between the Loma Prieta
(NGA-803) response spectrum and the intensity predicted
by Boore [11].
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This discrepancy between the observed and pre-
dicted spectral accelerations can be either positive
or negative and it completely depends on the return
period of ground motion and return period of the
event that causes ground motions. A positive epsilon
value corresponds to the greater value of the return
period of ground motion (e.g., 2475 years for 2% in 50-
year motion) with respect to the return period of the
event (e.g., typical event return periods are 150{500
years in California). On the other hand, a negative
epsilon value stems from a shorter return period of
the ground motion (e.g., 10 years for 50% in a 5-year
motion) than the typical return period of the event (e.g.
150 to 500 years). Consequently, it is concluded that
epsilon measure is dependent on both hazard level and
site [37].

Recent research has shown that ignoring this
peaked spectral shape leads to a signi�cant bias in pre-
dicting the collapse potential of a structure, especially
when the peaks occur around the fundamental period of
the building, which is used in Sa(T1) for the procedure
of scaling ground motion records [34,38]. Therefore, it
is emphasized that considering epsilon measure in ad-
dition to spectral acceleration is necessary for a precise
estimation of the structural performance. Epsilon is
calculated using the following relation:

" =
ln (Sa)data � ln(�Sa)

�Sa
; (1)

where (Sa)data, �Sa , and �Sa are spectral accelera-
tions of each individual record, mean of the predicted
logarithmic spectral acceleration, and standard devia-
tion estimated by ground motion prediction equation,
respectively [10]. In this study, a vector-valued IM
including Sa and " is considered and the Abrahamson-
Silva attenuation relationship [39] is used for obtaining
the noted predictive variables.

3. Methodology

This study introduces a new record selection approach
that results in better quanti�cation of the seismic
performance of structures. In this method, ground
motion records are selected based on their epsilon
values in addition to their compatibility with the
hazard level of interest. The innovation of this method
lies in its ability to incorporate the e�ect of period elon-
gation. It has been known that modern design codes
permit structures to behave in a more ductile manner,
causing them to experience a higher level of damage
accumulation. This suggests that better quanti�cation
of nonlinear building responses to the ground motion
records needs to use an appropriate Sa(TIM ), where
TIM is not necessarily T1 but the elongated period.
Therefore, considering the epsilon value in just one
period may be somehow unconservative.

In this study, the mean fundamental period of
four considered frames is 1 sec and their corresponding
elongated period is assumed 2 sec based on the propo-
sition of Haselton and Baker [34], which suggests the
period elongation factor of 2.0 for ductile structures.
Disaggregation analysis has been conducted for these
periods to obtain the target epsilon values at three
di�erent hazard levels: 20%, 10%, and 2% in 50 years.
It should be noted that the e�ective period elongation
of a structure during inelastic response is strongly
dependent upon the post-linear behavior of the system
and the degree of ductility demand. Then, two record
selection methods are applied:

- Method 1. The common method in which a suite
of 20 ground motion records is selected based on the
compatibility of the suite's mean epsilon value (i.e.,
1 sec) with the target epsilon value obtained from
disaggregation analysis;

- Method 2. Another suite of 20 ground motion
records is selected such that their epsilon values at
both fundamental and elongated periods (i.e., 1 and
2 sec) match the target epsilon value obtained from
disaggregation analysis.

This procedure was applied six times at three di�erent
hazard levels, resulting in three suites for each method.
All the ground motion records were downloaded from
PEER-NGA ground motion database [40].

4. Archetype moment frames

To obtain a proper estimation of structural collapse,
precise modeling of structural components is required.
In addition, a careful selection of ground motion
records should be done. Therefore, a set of four-
story reinforced concrete moment-resisting frames is
selected. These frames have three bays and represent
mid-rise structures. They are designed based on
ACI 318-05 [41] design code. Material nonlinearity
is modeled using concentrated plastic hinges which
consider strength and sti�ness degradations. These
hinges are located at the end of elastic elements for
the beams and columns and behave based on the
Ibarra model, which is implemented into OpenSees by
Altoontash [42] and Ibarra and Krawinkler [43]. The
frames have a mean fundamental period of 1 sec and it
is assumed that when the frames behave in a nonlinear
region, their mean fundamental period will be 2 sec.
Table 1 presents a brief description of the frames and
more details can be found in Haselton's study [37].
OpenSees [44] is used for modeling all frames and
Incremental Dynamic Analysis (IDA) is utilized to
monitor the seismic performance of structures from the
linear elastic region up to collapse [45].
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Table 1. Design information of the archetype frames used in this study.

Design
number

Design ID
number in

Haselton's study

Period
(sec)

No. of
stories

Bay width
(ft)

Lateral
load-bearing

system

1 1003 1.12

4

20 Perimeter

2 1008 0.94 Space

3 1009 1.16 30 Perimeter

4 1010 0.86 Space

5. Disaggregation analysis and record selection

In this section, choosing an appropriate value for
epsilon, which will be used in the record selection
process, is discussed. Generally, disaggregation anal-
ysis is employed to understand the e�ects of di�erent
faults and probable events on the earthquake hazard
in a speci�c region. This analysis utilizes Bayes'
theorem to combine di�erent seismic sources of a
speci�c region to obtain their contribution at a speci�c
hazard level [15,46]. Mean epsilon value is one of the
outputs of this analysis. The United States Geology
Survey (USGS) online tool is used in this study [47],
which is based on McGuire's approach, for performing
disaggregation analysis [37]. In this study, disaggre-
gation analysis has been done for Los Angeles Bulk
Mail site (Latitude/Longitude = 34:052�/�118:244�)
considering a mean shear wave velocity of Vs30 = 285
m/s [48]. 4D results are given in Figures 2{4. To
study the e�ect of the spectral shape, disaggregation
analyses have been done at three di�erent hazard levels
of 20%, 10%, and 2% in 50 years and the obtained
epsilon values are tabulated in Table 2.

Individual response spectra and mean response
spectrum of the selected ground motion records for 20%
at a 50-year hazard level are given in Figure 5. This
�gure indicates that selecting accelerograms consider-
ing epsilon values at both fundamental and elongated
periods makes the record suite somehow stronger at
longer periods. This trend is similar for two other
hazard levels, which are not presented here for brevity.

It should be pointed out that seismological in-
vestigations suggest that it is quite uncommon in the

Table 2. Obtained epsilon values from disaggregation
analysis.

Hazard level Epsilon

Period = 1 sec Period = 2 sec

224 years 0.48 0.65

475 years 0.67 0.90

2475 years 1.18 1.37

response spectrum of a single ground motion record to
have peaks at two periods simultaneously. However,
response spectra of the ground motion records of some
earthquakes such as Chi-Chi or Northridge show that
large epsilon values at two periods are attainable in
such ground motion records. Figure 6 shows the
response spectra of three ground motion records from
Northridge, Kobe, and Loma Prieta earthquakes. It
is shown that some high amplitude ground motion
records have peaks both at fundamental and elongated
periods. Moreover, a recent study has shown that "(T1)
and "(T2) are highly correlated, particularly when the
di�erence between the two periods is negligible. In
this study, where two periods are 1 and 2 sec and
the correlation of "-index of these two periods is in
the range of 0.7{0.8 for di�erent earthquake source
zones [49].

The IDA is conducted by utilizing ground motion
records selected based on the proposed approach. It is
of high importance to know that scaling ground motion
records will not cause any di�erences in the measure of
epsilon as it is the indicator of spectral shape [14]. It
should be noted that although scaling ground motion
records in IDA is unrealistic, this method is used in
this study to compare the e�ects of ground motion
record selection methods on the collapse prediction of
structures.

6. E�ect of the proposed record selection
procedure on dispersion of seismic response
of archetypes

Notwithstanding the simplicity of using a scalar IM, a
vector-valued IM can increase the accuracy of collapse
prediction [49]. In addition, authors in this reference
stated that neglecting the e�ect of spectral shape would
result in overestimation of the demand on the structure.
Therefore, the proposed record selection procedure
tries to increase the precision of estimating a seismic
structural response by considering the spectral shape
in two periods. Hence, IDA has been performed six
times for each model (three times corresponding to
three hazard levels for Methods 1 and 2) using the
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Figure 2. Disaggregation analysis for 20% at a 50-year hazard level: (a) Period = 1 sec and (b) period = 2 sec.

ground motion record suites that have been selected
based on compatibility of their epsilon values at Sa(T1)
with that obtained from disaggregation analysis.

One of the key advantages of selecting ground
motion records based on the proposed criterion is de-
creasing the variability of structural response. Figure 7
shows the median as well as 16% and 84% fractiles. It
is shown that selecting ground motion records based on

compatibility of epsilon values at both periods of 1 and
2 sec can e�ectively lessen the variability of structural
response. Consequently, the collapse potential can be
predicted by a higher level of con�dence.

This comparison is made for other three frames;
yet, only the results of frame 1003 are depicted here for
brevity. However, the comprehensive results tabulated
in Table 3 clearly show that the proposed procedure
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Figure 3. Disaggregation analysis for 10% at a 50-year hazard level: (a) Period = 1 sec and (b) period = 2 sec.

reduces the variability of structural response by 6%
to 45% for all the frames. The discrepancy in the
variability of structural response is calculated as the
di�erence in the dispersion of (Sa)Collapse of the 16th
and 84th fractiles of the IDA curves in Figure 7 for
the two aforementioned record suites. Surprisingly, the

reduction in the dispersion of the structural response is
lower for events with a higher probability of occurrence
(e.g., events with a 224-year return period) in perimeter
frames. On the contrary, the structural response
of space frames demonstrates a higher decrease in
dispersion for rare earthquakes.
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Figure 4. Disaggregation analysis for 2% at a 50-year hazard level: (a) Period = 1sec and (b) period = 2 sec.

7. Seismic performance of archetypes under
selected ground motion records

Following the use of the selection and assessment
method previously described, the performance of the
introduced frames is discussed in this section. Fig-
ures 8{11 present the overall results in terms of (a) the
median of IDA curves and (b) the collapse capacity
cumulative distribution function for the common and

proposed record selection methods. In drawing the
collapse fragility curves, it is assumed that (Sa)Collapse
has a lognormal distribution.

Part (a) of Figures 8{11 demonstrates the signi�-
cant e�ect of the design concept on the seismic behavior
and collapse safety of the structures. As anticipated,
space frames outperformed perimeter frames. This
behavior is associated with the dominance of lateral
and gravity loads in the design. In other words,
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Figure 5. Response spectra of selected accelerograms based on (a) fundamental period, (b) fundamental and elongated
periods, and corresponding mean response spectrum, (c) and (d) for 20% at a 50-year hazard level.

Figure 6. Response spectra of Northridge-Canoga Park,
Kobe-Kakogawa, and Loma Prieta-Hollister records.

the tributary masses of perimeter frames are 3 to
5 times larger than those of space frames, making
them experience larger P-Delta e�ects. Figures 8{11
con�rm the appropriate behavior of space frames at
all three hazard levels and it is consistent with the
�ndings of Haselton et al. [50]. It should be noted
that the structural responses to the ground motion
records selected based on the proposed record selection
method follow a similar trend. Moreover, the �gures
show that considering the extended period results in a

conservative structural response in the nonlinear pre-
collapse region. For example, the maximum drift of a
structure subjected to a record suite selected based on
the fundamental period is about 0.025 in Sa = 0:765
(2% at a 50-year Sa level), where the structure collapses
entirely under the record suite selected based on both
fundamental and elongated periods.

The median collapse capacities predicted using
the records based on an elongated period are smaller
than those predicted using a common method of prac-
tice. These di�erences are in the range of 26{34%,
27{31%, and 19{28% for 2%, 10%, and 20% at 50-
year hazard levels. These results are in accordance
with the research of Haselton and Baker [34] which
predicted this di�erence to be in the range of 65%.
Consequently, the collapse margins of the structures are
lower regarding the proposed approach. The collapse
margins considering the elongated period are about 0.7
times lower than the margins predicted by the common
selection method which has a comparable resemblance
to the �ndings of Haselton and Baker [34]. Surpris-
ingly, this research indicates that the collapse capacity
prediction is less sensitive to the corresponding hazard
level when the period elongation e�ect is considered.

Another interesting parameter is the dispersion
of the structural response. Results indicate that there
is no regular trend in the value of dispersion. For
example, considering the e�ect of period elongation
reduces the dispersion of the structural response of
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Figure 7. Median of the structural response at hazard levels of (a) 224 years, (b) 475 years, and (c) 2475 years based on
both methods of considering epsilon values in periods 1 and 1&2 sec for frame 1003.

Table 3. Comparison between the structural responses obtained from the Incremental Dynamic Analysis (IDA) using the
common and those from the proposed methods.

Return period
(years)

224 475 2475

Frame no. (Sa)Collapse
" � 1
sec

" � 1&2
sec

" � 1
sec

" � 1&2
sec

" � 1
sec

" � 1&2
sec

1003 (perimeter)
16th fractile 0.93 0.76 0.93 0.67 0.99 0.70

84th fractile 2.07 1.39 2.24 1.64 2.44 1.51

Discrepancy (%) {44.7 {26.0 {44.1

1008 (space)
16th fractile 1.17 0.85 1.49 0.96 1.19 0.93

84th fractile 2.09 1.71 2.78 2.06 2.79 1.87

Discrepancy (%) {6.5 {14.7 {41.3

1009 (perimeter)
16th fractile 1.00 0.77 0.99 0.72 1.05 0.73

84th fractile 2.26 1.51 2.62 1.96 2.18 1.72

Discrepancy (%) {41.3 {23.9 {12.4

1010 (space)
16th fractile 1.59 1.23 1.96 1.39 1.98 1.36

84th fractile 3.10 2.59 4.01 2.94 3.53 2.56

Discrepancy (%) {9.9 {24.4 {22.6
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Figure 8. (a) Median of IDA curves and (b) collapse fragility curves at di�erent hazard levels for Method 1 (solid line)
and Method 2 (dashed line) for frame 1003.

Figure 9. (a) Median of IDA curves and (b) collapse fragility curves at di�erent hazard levels for Method 1 (solid line)
and Method 2 (dashed line) for frame 1008.

Figure 10. (a) Median of IDA curves and (b) collapse fragility curves at di�erent hazard levels for Method 1 (solid line)
and Method 2 (dashed line) for frame 1009.

frame 1008 by a factor of 0.8 for the 2475-year motions
where it is increased by the factor of 1.23 for the 475-
year motions. Haselton and Baker [34] pointed to this
irregularity over a range of periods.

Collapse safety can be expressed in terms of
probability of collapse conditioned on a level of ground
motion or a tolerable Mean Annual Frequency (MAF)
of collapse. Both of these concepts adhere to two
relations: 1) the relation of the ground motion IM and
the probability of collapse (fragility curve), and 2) the
relation of seismic hazard and the same ground motion
IM (hazard curve) [51].

For this purpose, the probability of collapse at
three hazard levels is calculated. It is shown that the
probability of collapse is highly dependent on the load-
bearing system. On the other hand, the proposed
approach has a signi�cant e�ect on the probability
of collapse such that it increases this probability by
factors up to 83. However, it is not a real value because
it is associated with the tails of fragility curves where
the values of parameters are so sensitive.

To complete this probabilistic assessment, the
MAF of collapse (�collapse) is calculated. It is done
by integrating the conditional probabilities of collapse
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Figure 11. (a) Median of IDA curves and (b) collapse fragility curves at di�erent hazard levels for Method 1 (solid line)
and Method 2 (dashed line) for frame 1010.

Table 4. Collapse predictions for di�erent design systems for 2% at a 50-year hazard level including results for both
record selection methods.

Median of
collapse

Margin against
2% in 50

years motion
�LN(Sa;col) P [CjSa2=50] (%) �col [10�4]

Frame no. Frame ID "
�

1
se

c

"
�

1&
2

se
c

"
�

1
se

c

"
�

1&
2

se
c

"
�

1
se

c

"
�

1&
2

se
c

"
�

1
se

c

"
�

1&
2

se
c

"
�

1
se

c

"
�

1&
2

se
c

1 1003 1.56 1.02 2.03 1.34 0.451 0.389 5.78 22.67 1.07 3.94

Ratio: 0.66 0.66 0.86 3.92 3.70

2 1008 1.82 1.32 2.10 1.52 0.430 0.354 4.2 11.68 0.81 1.95

Ratio: 0.72 0.72 0.82 2.78 2.41

3 1009 1.51 1.12 2.03 1.50 0.365 0.431 2.6 17.4 0.56 3.22

Ratio: 0.74 0.74 1.18 6.69 5.71

4 1010 2.64 1.87 2.85 2.02 0.291 0.317 0.02 1.33 0.05 0.41

Ratio: 0.71 0.71 1.09 83.24 8.45

(conditioned on the ground motion intensity) with the
ground motion hazard curve [52]. Therefore, the MAF
of collapse is calculated at three hazard levels. Results
show that the MAF of collapse obtained from the
proposed approach can be up to 9 times larger than
that obtained from common record selection methods.
Moreover, the MAF of space frames is more sensitive
to the ground motion records selected regarding the
elongated period. All the aforementioned results are
given in Tables 4{6.

8. Conclusion

This research illustrated the importance of ground mo-
tion record selection in order to assess the seismic per-
formance and collapse potential of reinforced concrete
moment-resisting structures and focused mainly on the

incorporation of the e�ect of period elongation on the
ground motion intensity measure. A new approach
was introduced for selecting ground motion records
taking into account the e�ect of period elongation
based on a vector-valued intensity measure regarding
Sa(T1) and ". The application of this method suggests
selecting ground motion records by considering " at
elongated (speci�cally, 2T1 based on the proposition of
Haselton and Baker [34]) and fundamental periods as
well. Comparing the collapse capacity assessments for
ground motion record sets selected with and without
considering the e�ect of the period elongation showed
up to a 45% decrease in the dispersion of the structural
response. Furthermore, 0.7 times decrease in the
median of collapse capacity was observed, suggesting
that neglecting the e�ect of period elongation would
make the structure more vulnerable to the earthquake
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Table 5. Collapse predictions for di�erent design systems for 10% at a 50-year hazard level including the results of both
record selection methods.

Median of
collapse

Margin against
10% in 50

years motion
�LN(Sa;col) P [CjSa10=50] (%) �col [10�4]

Frame no. Frame ID "
�

1
se

c

"
�

1&
2

se
c

"
�

1
se

c

"
�

1&
2

se
c

"
�

1
S
ec

"
�

1&
2

se
c

"
�

1
se

c

"
�

1&
2

se
c

"
�

1
se

c

"
�

1&
2

se
c

1 1003 1.44 1.05 2.80 2.04 0.442 0.448 0.99 5.51 1.37 4.90

Ratio: 0.73 0.73 1.01 5.57 3.58

2 1008 2.04 1.41 3.48 2.41 0.313 0.384 0.00 1.11 0.19 1.77

Ratio: 0.69 0.69 1.23 | 9.58

3 1009 1.61 1.18 3.25 2.39 0.488 0.506 0.79 4.25 1.09 4.06

Ratio: 0.73 0.73 1.04 5.38 3.72

4 1010 2.8 2.02 4.56 3.29 0.361 0.377 0.00 0.079 0.07 0.44

Ratio: 0.72 0.72 1.04 | 6.31

Table 6. Collapse predictions for di�erent design systems for 20% at a 50-year hazard level including results for both
record selection methods.

Median of
collapse
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�
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1 1003 1.39 1.03 3.35 2.48 0.402 0.306 0.13 0.15 1.21 2.51
Ratio: 0.74 0.74 0.76 1.15 2.07

2 1008 1.56 1.21 3.36 2.59 0.291 0.354 0.00 0.35 0.62 2.84
Ratio: 0.77 0.77 1.21 | 4.58

3 1009 1.5 1.08 3.70 2.66 0.411 0.335 0.07 0.17 0.83 2.11
Ratio: 0.72 0.72 0.81 2.35 2.55

4 1010 2.22 1.79 4.39 3.54 0.336 0.374 0.00 0.04 0.20 0.77
Ratio: 0.81 0.81 1.11 | 3.87

hazard. It should be noted that the proposed method
lessens the sensitivity of structural response to di�erent
hazard levels. Predictions of the Mean Annual Fre-
quency (MAF) of collapse for ground motion record
sets with and without the e�ect of period elongation
showed that �collapse was 2 to 9 times higher when
using the proposed selection approach. The �collapse
value calculated by the introduced method demon-
strated greater stability at di�erent hazard levels.
Since the results obtained using the presented approach
were believed to be more accurate, predicting the struc-

tural performance using this method resulted in better
prediction of the total vulnerability of structures.
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