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ARTICLE INFO ABSTRACT

Keywords: Incremental dynamic analysis is one of the most widely used methods to develop fragility curves
Endurance time analysis due to its ability to deal with various inherent uncertainties in the prediction of earthquake
Incremental dynamic analysis recurrence and characteristics. The dependence of the results to the selected ground motion re-
Reliability analysis cords, uncertainties associated with the selection of appropriate earthquake input records and

Fragility curves
IM-Based method
EDP-Based method

high computational costs are among the challenges limit the practical applications of this method.
In this study, an innovative variable target time (VTT) method is developed based on the concept
of endurance time (ET) analysis for structural reliability assessment of 3D multi-storey structures.
A novel low-computational cost process is proposed to develop the database of desired statistical
population and estimate the probabilities for constant hazard levels (EDP-based method) by
taking into account the uncertainties in the frequency content of the input earthquakes. To verify
the accuracy of the outcomes, the results are compared with the fragility curves derived based on
different damage levels (IM-based method) and Incremental Dynamic Analysis (IDA) for moment-
resisting steel and tunnel-from concrete 3D structures with 5- and 10-storeys. The results indicate
that the proposed method is capable of providing highly accurate probabilistic models for
structural performance under different levels of earthquake intensity. For the selected steel
moment-resisting structures, the maximum difference in the reliability results obtained by the
two methods of analysis for the Immediate Occupancy (I0), Life Safety (LS), and Collapse Pre-
vention (CP) performance levels under the Design Basis Earthquake (DBE) and the Maximum
Considered Earthquake (MCE) are around 2, 7 and 5%, respectively. Similarly, the reliability
results for the 3D tunnel-from concrete structures show around 6, 7, and 6% errors between the
two analysis methods for the 10, LS and CP performance levels, respectively. The proposed
method reduces the computational costs of the IDA-based methods by 80%, and hence, can be
considered as a suitable alternative for the conventional methods to develop fragility curves of 3D
structures.

1. Introduction

Due to various uncertainties in structural performance evaluation, application of probabilistic methods to assess the seismic
performance of structural systems at different hazard levels has attracted significant interest in the past decades [1]. In practical
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applications, instead of definitively expressing a level of intensity that causes a particular damage level in the system, it is generally
preferred to determine the probabilistic distribution of the response corresponding to a given damage level for different levels of
intensity (IM-Based Method). As an alternative approach, the probabilistic distribution of structural response can be also presented for
a given intensity of applied stimulation (EDP-Based Method) [2,3].

One of the common methods for seismic performance evaluation of structures is fragility analysis. In general, the fragility curves
represent the cumulative probability of damages and can be defined as follows [4].

Fragility = P[r > R|IM = im] )

where r represents the structural response, R stands for a limit state corresponding to a certain damage level, IM is earthquake intensity
measure and im is a specific intensity of excitation. Extraction of fragility curves requires statistical and probabilistic studies.
Depending on the desired level of accuracy, different methods such as expert judgement-based methods, statistical empirical methods,
experimental methods, analytical methods, and combined methods can be adopted for development of fragility curves. Currently, in
most seismic vulnerability studies, analytical methods are utilized. Among the existing analytical approaches, incremental dynamic
analysis (IDA) is of paramount importance due to the desired accuracy and its capability in dealing with the inherent uncertainties
regarding future earthquakes [5]. In this analytical approach, different ground motion records with properties close to the site con-
ditions are selected to investigate the effects of different earthquake parameters on the seismic response of the structure. After choosing
the appropriate intensity (IM) and damage (DM) measures, the intensity of the scaled accelerograms is increased incrementally and the
resulting excitations are applied to the structure. At each step, the structural response is recorded. Subsequently, the IDA curves are
developed by plotting the relationship between intensity and damage measures for each accelerogram (see Fig. 1).
To derive fragility curves for a given performance level (IM-Based Method) using IDA, the following steps must be followed:

1. According to Fig. 1 (a), the intensity measure corresponding to a certain level of damage (or performance level) in the system is
extracted from each of the IDA curves.

2. Assuming the log-normal distribution for the attained values in the previous step, the mean, p, and standard deviation, o, pa-
rameters are computed and the values of the probability density function for the considered performance level are calculated using
the following equation:

) =——ExP (%) @

N

3. According to Fig. 1, considering x¢ as a particular intensity, the area under the probability density function from -0 to x¢ gives the
probability of exceeding the desired damage level (P). This means that at this particular intensity, there is a probability of P that
structural response exceeds the response corresponding to the desired damage (or performance) level.

4. The reliability of the structure for the desired damage (or performance) level, Py, is derived by subtracting P from 1. It means that at
the given earthquake intensity level, xo, there is a probability of Py that the structure will not experience the corresponding per-
formance level.

Fragility analysis can also be performed for a given intensity level (EDP-Based Method). In this method, there is no need to perform
full IDA, and using a set of accelerograms scaled to a specific intensity will be sufficient. To extract the fragility curves in this method
the following steps are used:

1. According to Fig. 1 (b), the accelerograms scaled to a specific intensity are applied to the structure and the structural responses
corresponding to each accelerogram are recorded.

1.5 4

Intensity Measure
-
1

0 0.02 0.04 0.06
Damage Measure

Fig. 1. Fragility analysis using IDA results (a) The probability of exceeding a certain performance level under the desired intensity (xo); (b) Reliability of the system for
the performance level (x¢) under a given intensity level [2].
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2. Assuming the log-normal distribution for the attained values in the previous step, the mean, p, and standard deviation, o, of the
responses are computed and the values of the probability density function for the considered performance level are calculated using
Eq. (2).

3. According to Fig. 1, considering xq as a particular response, the area under the probability density function from -oo to xo provides
the probability, P, that the structural response does not exceed the considered response, xg.

4. Similar to the previous method, the fragility of the structure for the considered response, Py, is derived by subtracting P from 1.

Fragility analysis has been widely used for assessing the seismic vulnerability of different structural systems. For example, Moh-
senian and Mortezaei [6] developed fragility curves to study the seismic vulnerability of tunnel-form structures. In a more recent study,
Mohsenian and Nikkhoo [7] and Mohsenian et al. [8], utilized fragility analysis to investigate the effect of irregularities on seismic
performance of tunnel-form structures. Mohsenian et al. [9] also evaluated the reliability of high-rise structures with the diagrid
system using the EDP-based method. Banerjee and Chi [10] used fragility analysis to perform a vulnerability assessment of bridges
under external loads. In this study, the authors utilized the results of time history analysis for the development of fragility curves. In
another relevant study, Mohsenian et al. [11,12] performed fragility and reliability analysis to assess the influence of vertical links on
improving the seismic performance of weak moment-resisting frame structures.

Grigoriu [13] showed that development of fragility curves for multi-degrees of freedom structures using spectral acceleration as the
intensity measure, which is a common practice, may lead to large uncertainties. Koutsourelakis [14] also suggested the application of
the Bayesian framework to develop multi-dimensional fragility surfaces for seismic vulnerability evaluation of structures. Similarly,
Wang and Lyons [15] investigated the potential of the large-sample normal approximation to Bayesian posterior distributions in linear
seismic fragility analysis. Olmati et al. [16] utilized fragility analysis for performance-based design of cladding wall panels subjected to
blast loading. In a recent study, Xiang et al. [17] utilized fragility seismic analysis to investigate the effect of shape memory alloys on
the performance of concrete bridge piers. In an attempt to apply fragility analysis for assessment of structures performance under

Plastic Hinge

Frame: 2

A |

L5 J

Fig. 2. Schematic representation of endurance time analysis on two structures.
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seismic sequences, Kalantari and Roohbakhs [18] developed fragility curved for code-conforming reinforced concrete moment
resisting frames damaged by mainshocks. Pang et al. [19] also performed fragility analysis to study the effect of mainshock-aftershock
sequence on seismic performance of a high concrete face rockfill dam considering plastic failure effects.

One of the recent applications of fragility analysis for seismic assessment of arch dams is performed by Liang et al. [20] who
developed the fragility curves considering different failure modes of the arch dam-foundation system. Recently, various researchers
attempted to utilize soft computing approaches as well as machine learning methods to facilitate the development of fragility curves for
different types of structures [21,22].

The proper selection of accelerograms as well as the intensity and damage measures are the key parameters affecting the accuracy
of IDA results. In a statistical study, in addition to the above-mentioned issues, the number of accelerograms is also important. In
general, as the number of ground motion records increases, the uncertainties associated with the earthquake decrease. However, by
increasing the number of accelerograms, the computation time and efforts for nonlinear analysis also increases significantly, which is a
challenge in utilizing this method. To address some of the existing challenges of IDA based methods, researchers have proposed several
strategies including using push-over analyses with complex backbone shapes [23], modal push-over analysis [24], and the modified N2
method [25]. This highlights the need for the development of high-precision analytical methods, which could provide accurate
fragility curves while reducing the computational effort, as an alternative for the current IDA-based methods. The recently developed
endurance time method seems to be a possible alternative to achieve this goal.

The endurance time (ET) analysis is a novel structural analysis approach, in which a specific record with increasing acceleration
amplitude is applied to the structure (see Fig. 2) [26,27]. In this method, the strength criterion is the time until which the structure
remains stable under the applied increasing acceleration excitation (target time t). Applying an accelerating acceleration function until
time t is equivalent to use a design earthquake with a certain return period. The maximum responses of the structure at the time t are
then compared with the allowable design values under the considered hazard level (see Fig. 3). For instance, for the two hypothetical
frames shown in Fig. 2, and after calculating their responses as illustrated in Fig. 3, it is expected that frame No. 2 exhibits better
seismic performance compared to frame No. 1 under the hazard level corresponding to time t.

Several studies have been performed on the applications of endurance time analysis and demonstrated the good agreement between
its results and the outcomes of static and spectrum analysis [28,29]. In some of the previous studies, the endurance time method has
been also used for analysis of non-building structures such as offshore platforms [30,31]. Shirkhani et al. [32] utilized the endurance
time method for seismic performance analysis of steel frame structures equipped with rotational friction dampers. In another relevant
study, Hariri-Ardebili et al. [33] suggested a new type of damage and performance indices for concrete arch dams using endurance
time analysis. Foyouzat and Estekanchi [34] also proposed the application of nonlinear rigid-perfectly plastic spectra, instead of linear
elastic spectra, to correlate the seismic hazard return period and the time in the endurance time analysis.

Gou et al. [35] utilized the endurance time analysis to investigate seismic-induced pounding of highway bridges. Bai et al. [36]
adopted the endurance time method for seismic performance evaluation of steel plate shear wall systems. They found that the
endurance time approach can produce highly accurate estimations with considerably lower computational efforts in comparison with
other common analytical techniques. In another recent study, Bai et al. [37] investigated the soil-structure interaction response of
reinforced concrete frame structures using endurance time method.

It should be noted that the common methods for simulating excitations in the endurance time analysis generally consider only the
amplitude and the frequency content of the input ground motions. This indicates that the parameters regarding cumulative damage of
structures may be neglected. To address this issue, Mashayekhi et al. [38] proposed a new simulation process for the endurance time
excitation, which results in improved hysteretic energy compatibility with ground motions.

Mohsenian et al. [39] suggested using the endurance time method for multi-level estimation of response modification factors. In
another study, Mohsenian et al. [40] proposed a new analysis scenario based on the endurance time approach for estimating the
remaining capacity of structures subjected to ground motions sequences.

'dé Frame: 1
)
Allowed Value
0 T
0 10 time(s) 20

Fig. 3. Variation of damage indices for the assumed structures in the endurance time analysis.
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As discussed in the previous section, the dependence of the results of time history analysis to the frequency content of the selected
ground motion records, the considerable variety of the available accelerograms and the issues related to their proper selection, as well
as high computational costs are some of the main challenges for the application of nonlinear time history analysis in conventional
fragility analysis methods. These issues highlight the need for an alternative analytical approach that can provide accurate and reliable
results with lower computational time and effort.

The main objective of this study is to develop a low computational cost approach, as a practical alternative to the conventional IDA
based methods, to perform reliability analyses and develop fragility curves in 3D multi-storey buildings by using the concept of ET
analysis. The main difference of the present method with previous studies on ET is the adoption of the constant hazard approach (EDP-
based method) for developing the statistical population required to obtain the fragility curves. A novel approach, called variable target
time (VTT), is also proposed to take into account the uncertainties in the frequency content of the input earthquakes in the ET method
by using different scale factors. The efficiency of the proposed method is then evaluated for both steel moment-resisting and tunnel-
from concrete 3D buildings with 5- and 10-storeys.

2. Application of the VIT method for moment-resisting steel structures

2.1. Selected moment-resisting steel structures

In this section, 3D intermediate moment-resisting steel structures (IMF) with the plan shown in Fig. 4 are selected. The floor system
is considered to be reinforced concrete, with dead loads (Qp) and live loads (Qr) equal to 630 and 200 kgf/mz, respectively (roof live
load is 150 kgf/m?2). According to the figure, the span length and storey height are 5 and 3.2 m, respectively. To investigate the effect of
height on the performance of structures, 5- and 10-storey structures are considered. The structures are assumed to be residential
buildings located on a site with high seismic hazard (PGA = 0.35 g) and soil class type C according to ASCE7 [41] (shear wave velocity
ranging from 375 to 750 m/s). The properties of the beam and column sections are provided in Table 1 with the notations shown in
Fig. 5. Since the beam sections are similar at each storey level, and the columns are symmetrical with respect to the vertical axis (see
Fig. 4), only part of the frame is demonstrated in Fig. 5. The effect of the rigid diaphragms is included in the developed models. The
mild steel with a yield stress of 240 MPa and a Poisson ratio of 0.3 is considered for the structures. It should be noted that the studied
structures are designed according to AISC360-2010) [42] using ETABS software [43].

2.2. Nonlinear modeling approach

In this study, PERFORM-3D software [44] is used for nonlinear modeling and analysis of the structures. Due to the assumption of
the rigid beam to column connections in the studied structures, nonlinear behavior is considered only at two ends of the beam and
column elements (i.e. critical locations susceptible to formation of plastic hinges). The generalized force-deformation curve depicted in
Fig. 6 is used to model beams and columns in the software. Parameters a, b and c in this figure are taken from the table of modeling and
acceptance criteria in nonlinear methods for steel components of ASCE/SEI41-17 [45].

In Fig. 6, the maximum expected strength, Qcg, for beams and columns is derived using Egs. (3) and (4), respectively. In these
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Fig. 4. Loading area of the exterior and interior beams in the plan of the studied moment-resisting steel structures and a schematic view of a frame.
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Table 1
Beam and column section properties (dimensions are in millimeters ).
Columns Beams
ID Section (B.t) ID Section (Hy.tw-Bg,te)
Co 500.20 By 300.10-150.20
C 400.15 B 300.10-150.15
Cy 300.15 B, 300.15-180.15
Cs 250.15 B3 350.10-250.25
Cy 200.15 B, 350.10-200.25
Cs 350.15 Bs 270.10-180.20
Ce 400.20 Be 240.10-150.20
Cy 300.20 B, 270.10-150.20
Cg 200.20 Bg 200.10-150.15
Co 270.15 Bo 350.10-180.20
Cio 240.15 Bio 350.10-200.20
- - Bi1 300.10-200.20
Column section (Ci): Beam section (Bi):
@ C(B.0) B(Huw.tw-Brto)
f— 5 — — B, —=
B B e
C G
Be : B76 1%
t — |l —-—
B, Cy B, C; aa] o |l-—
B, “fn G &
e (®)
C
P B, 7 B, B,
B Co B, Cio B,
C
B, ° B; Cio LBy
A
Co C
9
B, B, B,
B2 CU B Cg B‘)
(O C,
Ll

Fig. 5. Geometric properties of the studied moment-resisting steel structures (a) External Frames (1, 4, A, and D); (b) Internal Frames (2, 3, B, and C).
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Fig. 6. Force-deformation curve for steel components (adapted from Ref. [45]).
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equations, Z and Fy. are the plastic section modulus and the expected yield stress of the utilized steel material, respectively. P is the
axial force of the member at the beginning of the dynamic analysis, while Py, represents the expected yield axial force of the member
calculated as the product of the cross-section area A and the expected yield stress of the materials.

Qcg =Z2.Fy, 3

QCE:Z.F,W(I ‘PI) i( ld <0.2> )

“op,) ap,

For beam and column elements, concentrated “flexural-rotational” and “axial-flexural-rotational” joints at the two ends of the
member are used, respectively. For nonlinear dynamic analyses, the Rayleigh damping model with 5% damping is adopted. The P-
Delta effects are also included in the design and analyses of the studied structures.

2.3. Fragility analysis

For fragility analyses, the upper limit of the gravity loads is used for the gravity and lateral load combination according to the
following equation [45]:

06 =0p +0.250, (5)

where Qp and Qy, stand for dead and live loads, respectively (see Fig. 4).

The results of the eigenvalues analysis and the characteristics of the first five vibrational modes for the models are summarized in
Table 2. In this table, the parameters T and M represent the vibration period and the effective translational mass coefficient,
respectively.

2.4. Fragility analysis using incremental dynamic analysis

In this section, the selected moment-resisting steel structures are first subjected to incremental dynamic analysis (IDA) using
probable ground motions. To perform IDA, according to the soil conditions of the site (375 (m/s) <Vs < 750 (m/s)), 20 pairs of
accelerograms were selected from the database of PEER website [46].

The selected ground motion records are classified as far-field earthquakes. Among the horizontal components of each earthquake,
the component with higher spectral acceleration values in the range of vibrational frequency of the studied structures is selected as the
main component (Rm) of the earthquake, while the other component is considered to be secondary (Rn). The utilized accelerograms
and characteristics of the main components are listed in Table 3. Since the structures are modeled as 3D, IDA is performed in two
perpendicular directions using the main and secondary components of each earthquake simultaneously using the scale coefficient
obtained for the main component (see Fig. 7).

In the present study, the Peak Ground Acceleration (PGA (g)) is considered as the intensity measure (IM), while the maximum
relative inter-storey drift is selected as the damage measure (DM) for IDA [5]. Fig. 8 demonstrates the IDA curves and the quantitative
values corresponding to the different performance levels of the studied structures [47]. The incremental dynamic analysis of 5- and
10-story moment-resisting steel structures includes 473 and 440 separate non-linear time-history analyses, respectively (see Fig. 8). It
is obvious that conduction an incremental dynamic analysis (IDA), depending on the number of ground motion records and consec-
utive scaling until reaching dynamic instability (or any other desired damage limit state), can impose a high computational cost
especially in the case of large structural systems.

For the studied moment-resisting steel structures, the fragility curves for the immediate occupancy (IO), life safety (LS), and
collapse prevention (CP) performance levels are extracted according to the IM-Based procedure. These curves are demonstrated in
Fig. 9.

2.5. Fragility analysis using variable target time (VTT) method

To perform a continuous time analysis, the series of endurance time acceleration functions (in-xyz), titled ETA20inx (01-03) and
ETA20iny (01-03) are used [48].

According to Fig. 10, the endurance time analysis is performed by stimulating the structures in two main directions of the plan
simultaneously. As shown in this schematic figure, the acceleration amplitude of these accelerograms increases linearly with time.

In order to extract the fragility curves using the endurance time method, the following steps are proposed:

Table 2
Effective mass coefficient and vibration period of the first five vibration modes of the selected moment-resisting steel structures.
Mode No. 5-Storey building 10-Storey building
T(s) My (%) My (%) T(s) My (%) My (%)
1 1.07 0 77.22 1.76 0 73.54
2 1.07 77.22 0 1.76 73.54 0
3 1.06 0 0 1.47 0 0
4 0.38 0.03 13.92 0.68 11.72 0.73
5 0.38 13.92 0.03 0.68 0.73 11.72
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Table 3
Characteristics of the main component of utilized accelerograms for IDA.
Record Earthquake& Year Station R*(km) Component M, PGA(g)
R; Cape Mendocino (US), 1992 Eureka — Myrtle & West 41.97 90 7.1 0.18
Ry Cape Mendocino (US), 1992 Fortuna — Fortuna Blvd 19.95 0 7.1 0.12
Rs Cape Mendocino (US), 1992 Loleta Fire Station 25.91 270 7.0 0.26
R4 Chi-Chi (Taiwan), 1999 TCU070 19.0 E 7.6 0.25
Rs Chi-Chi (Taiwan), 1999 TCU106 15.0 E 7.6 0.16
R¢ Chi-Chi (Taiwan), 1999 CHY046 24.1 w 7.6 0.19
Ry Chi-Chi (Taiwan), 1999 CHY041 19.8 N 7.6 0.64
Rg Chi-Chi (Taiwan), 1999 CHY010 20.0 w 7.6 0.22
Ro Chi-Chi (Taiwan), 1999 CHY034 15.0 N 7.6 0.30
Rio Chi-Chi (Taiwan), 1999 TCU042 26.31 E 7.6 0.25
Ri1 Chuetsu-oki (Japan), 2007 Joetsu Ogataku 17.93 NS 6.8 0.32
Ria Darfield (New Zealand), 2010 Heathcote Valley Primary School 24.5 E 7.0 0.63
Ris Iwate (Japan), 2008 Tamati Ono 28.9 NS 6.9 0.28
Rig Iwate (Japan), 2008 Yuzawa Town 25.56 NS 6.9 0.24
Ris Landers (US), 1992 Barstow 34.86 90 7.4 0.13
Rie Loma Prieta (US), 1989 Coyote Lake Dam - Southwest Abutment 20.34 285 6.9 0.48
Ri7 Northridge (US), 1994 Hollywood — Willoughby Ave 23.07 180 6.7 0.25
Rig Northridge (US), 1994 Lake Hughes #4B - Camp Mend 31.69 90 6.7 0.10
Rig Northridge (US), 1994 Big Tujunga, Angeles Nat F 19.74 352 6.7 0.24
Roo San Fernando (US), 1971 Pasadena — CIT Athenaeum 25.47 90 6.6 0.11

2 Closest Distance to Fault Rupture.

)

o

lime(s)

Acceleration(g)
Acceleration(

Fig. 7. Two-directional IDA (schematic).

1. As stated earlier, in the endurance time analysis, each instant of time is equivalent to a specified hazard level (see Fig. 11). In the
present study, in order to provide the desired statistical space, the initial acceleration functions are scaled using coefficients equal
to 0.5, 1 and 1.5. In this case, as shown in Fig. 12, the acceleration spectrum or the scaled ground motion records will be the same at
different times. The structures are then analyzed at different times corresponding to different design and maximum probable
hazard levels (t;). Based on the number of considered scaling factors (0.5, 1 and 1.5) and the number of increasing acceleration
functions (ETA1, ETA2 and ETA3), nine non-linear dynamic analyses are required to develop the probabilistic estimate of structural
response under seismic loading. While the results of this study demonstrate the adequacy of the results in this case, the influence of
the selected sample size on the accuracy of the results can be a topic for further studies.

2. By developing acceleration spectra for each accelerogram to the desired time and comparing it with the target site demand
spectrum, the equivalent intensity for this time is estimated. Finally, by calculating the mean and the standard deviation of the
calculated values, the corresponding intensity for the desired hazard level is presented in an interval. For the selected design hazard
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Fig. 8. IDA curves of (a) 5-storey, and (b) 10-storey moment-resisting steel structures.
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Fig. 9. Fragility curves derived by incremental dynamic analysis for different performance levels: (a) 5-storey, (b) 10-storey moment-resisting steel structures.
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Fig. 10. Two-directional Endurance time analysis of structure (schematic).

level, the acceleration varies between 0.32 g and 0.44 g and the mean value is 0.38 g. For the maximum probable earthquake, these
values are increased to 0.53 g, 0.65 g and 0.59 g, respectively.

3. After each analysis, the variations of the storey drift response with time are extracted and the maximum drift response up to the
target time corresponding to the desired hazard level (t; computed in step 1) is recorded (see Fig. 13). In this figure, when the
intensity corresponding to a particular damage level is considered, different values of time need to be converted to acceleration or
spectral acceleration based on the selected ET record (ETi) and its scale factor (SFi).
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Fig. 12. Acceleration spectrum of scaled increasing accelerograms at times corresponding to a specified level of intensity.

As explained before, changing the target time in the ET method is equivalent to producing an earthquake with a new return period.
It means that the frequency content of the earthquake is directly dependent on the selected target time. By scaling the input earth-
quakes, the target time to reach a specific target response spectrum will also change. For example, Fig. 12 compares the spectra of the
first 5, 10 and 15 s of ETA1 record when the scale factors 0.5, 1.0 and 1.5 are respectively utilized (see step 1). It should be noted that
the 5s, 10s, and 15s target time values used in this study were selected to cover a range of frequency contents, and hence, provide more
reliable results by taking into account the inherited uncertainties in the input earthquakes. While these target values are optional, the
results of this study show that they can be efficiently used for practical applications using standard ET increasing acceleration

functions.
4. Assuming the log-normal distribution for the calculated values, the probability density function at the desired risk level is
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Fig. 13. Maximum storey drifts under scaled increasing accelerograms: (a) 5-storey, and (b) 10-storey moment-resisting steel structures.

extracted. The other steps are the same as those described for the EDP-Based Method in Section 1.1.

For the studied structures and different performance levels, at the design-basis earthquakes (DBE) and the maximum considered
earthquakes (MCE), the calculated ranges of the earthquake intensity and the quantities of the exceedance probability are depicted in
Fig. 14.

2.6. Accuracy of the results for moment-resisting steel structures

The results of the fragility analyses under the design and the maximum probable hazard levels using variable target time (VTT) and
incremental dynamic analysis (IDA) methods are compared in Fig. 15 for the selected moment-resisting steel structures. It is shown
that for different performance levels, there is a very good agreement between the results of both methods. In the following, to make a
quantitative comparison, at each level of earthquake intensity, the probability of exceeding different performance levels is extracted
from the fragility curves depicted in Fig. 15. The extracted values are presented in Table 4.

The results presented in Table 4 indicate that in the 5-storey structure and under both hazard levels, the maximum difference
between the results of the two analysis methods for immediate occupancy (I0), life safety (LS), and collapse prevention (CP) per-
formance levels is about 1.5%, 7% and 3.5%, respectively. For the 10-storey structure, the maximum differences for the above-
mentioned performance levels are about 1%, 7%, and 5%, respectively. However, it should be noted that the computational time
required to perform the endurance time analysis was only 10% of the time required for incremental dynamic analysis.

3. Application of the VIT method for tunnel-from concrete 3D structures

In this section, the efficiency of the proposed variable target time (VTT) method in seismic reliability evaluation of tunnel-from
concrete 3D structures is demonstrated using completely different structural systems and earthquake input excitations compared to
the previous cases. The VIT method is applied to 5- and 10-storey tunnel-from concrete structures and the reliability results are then
compared with the outcomes of fragility analysis based on the conventional IDA.

3.1. Selected tunnel-from concrete structures

The tunnel-from concrete structural system is being increasingly used in industrial mass constructions. This structural system does
not include skeletal elements (beam and columns) and instead is composed of wall and slabs elements as the main load carrying
components under lateral and gravity loads. The simultaneous casting of walls and slabs in each storey leads to higher integrity (3D
performance) and consequently high strength and stiffness of the system [49]. The main reason for the selection of this system for the
performance verification of the proposed variable target time (VTT) method is its major differences with the steel moment-resisting
frame structures, in terms of material type, elements and connections, strength level, ductility, and finally the overall seismic
performance.

The studied structures in this section are based on the models used in Ref. [40] with the regular and symmetric plan shown in
Fig. 16. The dashed lines in this figure specify the link beams over the openings (spandrels), which have a length (L) and height (h) of 1
and 0.7 m, respectively. To evaluate the effect of structural height, and to be consistent with the models used in the previous section, 5-
and 10-storey structures with a storey height of 3 m are considered. These structures are designed according to the ACI 318 standard
[50] considering all the requirements of the Building and Housing Research Center for the tunnel-from concrete system [51]. The
thickness of the walls in x and y directions are 15 and 22 cm, respectively. Two layers of vertical and transverse reinforcement are
utilized in each wall element. All the reinforcing bars in the structures are @8 ribbed rebar, except the first four stories of the taller
system in which @8 ribbed rebar are used. The thickness of the slab is considered to be 15 cm. The “shear wall” elements PERFORM-3D
software [44] are used to model the walls and spandrels, while the slabs are modeled using “shell” elements. The concrete compressive
strength and steel rebar yield strength values used in the design of the structural components are assumed to be equal to 25 and 400
MPa, respectively. More detailed information about these structures can be found in Ref. [40].

The applied loading, design standard for the seismic performance control of the structures, and the assumptions regarding the site
condition and the utilized software for initial design and nonlinear modeling of the system are the same as described in the previous

11
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Fig. 15. Comparison of the fragility curves extracted by variable target time (VTT) and incremental dynamic analysis (IDA) methods: (a) 5-storey, and (b) 10-storey
moment-resisting steel structures.

Table 4
Exceedance Probability of different performance levels at selected intensity levels.
Structure Hazard level Performance levels
Immediate Occupancy Life Safety Collapse Prevention
IDA Method ET Method IDA Method ET Method IDA Method ET Method
5-Storey DBE 95.75 97 4.7 6.8 0.7 1
MCE 99.7 99.9 25.27 32 8 4.5
10-Storey DBE 96 95 10 13 2.4 0
MCE 100 99 41 48 15 20

sections. Due to the interaction of the intersecting walls with slabs, and therefore the 3D performance of the system, the shear force in
the walls is considered as the main deformation-control parameter. Considering the free span-to-length ratio of the spandrels (L, < h/
2), these members are also modeled as shear-control components. The process of nonlinear modeling of shear behavior in the structural
components of this system is discussed in detail in previously published research [52,53], and therefore, for the sake of brevity it is not
presented here.

3.2. Fragility analysis of tunnel-from concrete structures using IDA and VTT methods

A set of 12 ground motion records are used for IDA in this section. The utilized records fall in the category of far-fault ground
motions with the characteristics listed in Table 5. Based on the relative percentage of the walls in the plan, y direction is identified as
the primary direction of the tunnel-form structures for the reliability analyses (see Fig. 16). Accordingly, the main components of the
selected ground accelerations are applied to the structures in the y direction.

The proposed VIT method is applied for the selected tunnel-from concrete structures (see Section 2.5). The results are then
compared with the fragility curved obtained based on IDA. Fig. 17 demonstrates the derived fragility curves for the studied structures
and the quantitative values corresponding to different performance levels [54]. For the studied structures, the fragility curves for the
IO, LS and CO performance levels are also obtained as demonstrated in Fig. 18 based on the steps described in the introduction section
for IM-based approach (see Section 1).

The tunnel-form concrete structures were then analyzed using the increasing functions and the scale factors as explained in the
previous sections. Subsequently, using the proposed variable target time (VTT) method, the probabilities of exceeding different
damage states are calculated based on the analysis results for the Design Basis Earthquake (DBE) and Maximum Considered Earthquake
(MCE) hazard levels as shown in Fig. 19.

12
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Table 5
Characteristics of the main component of utilized accelerograms for IDA.

Record Earthquake& Year Station R%(km) Component M., PGA(g)
R Cape Mendocino (US), 1992 Eureka — Myrtle & West 41.97 90 7.1 0.18
Ry Cape Mendocino (US), 1992 Fortuna — Fortuna Blvd 19.95 0 7.1 0.12
Rs Chi-Chi (Taiwan), 1999 TCU045 77.50 90 7.6 0.51
R4 Friuli (Italy), 1976 Tolmezzo 15.82 0 6.5 0.35
Rs Hector Mine (US), 1999 Hector 18.66 90 7.1 0.34
Re Kobe (Japan), 1995 Nishi-Akashi 16.70 0 6.9 0.51
R, Kocaeli (Turkey),1999 Arcelik 53.70 0 7.5 0.22
Rg Landers (US), 1992 Barstow 34.86 90 7.4 0.13
Ro Northridge (US), 1994 Hollywood - Willoughby Ave 23.07 180 6.7 0.25
Rio Northridge (US), 1994 Lake Hughes #4B - Camp Mend 31.69 90 6.7 0.10
Ri1 Northridge (US), 1994 Big Tujunga, Angeles Nat F 19.74 352 6.7 0.24
Rio San Fernando (US), 1971 Pasadena — CIT Athenaeum 25.47 90 6.6 0.11
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Fig. 17. IDA curves of (a) 5-storey, and (b) 10-storey tunnel-form concrete structures.

3.3. Accuracy of the results for tunnel-form concrete structures

In this section, the fragility curves obtained using IDA and the proposed variable target time (VIT) methods are compared under
both DBE and MCE hazard levels, as depicted in Fig. 20. Similar to the previous structures, a very good agreement is observed between
the results of the two different approaches. To provide a quantitative comparison, the exceedance probability for different performance
levels and under each hazard level are determined from the derived curves and presented in Table 6.

It can be seen from Table 6 that for the 5-storey tunnel-form concrete structure and under both considered hazard levels, the
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Fig. 19. The fragility curves for different performance levels: (a) 5-storey, and (b) 10-storey tunnel-form concrete structures.
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Fig. 20. Comparison of the fragility curves extracted by variable target time (VTT) and incremental dynamic analysis (IDA) methods: (a) 5-storey, and (b) 10-storey
tunnel-form concrete structures.

Table 6
Exceedance Probability (%) of different performance levels at selected intensity levels.
Structure Hazard level Performance levels
Immediate Occupancy Life Safety Collapse Prevention
IDA Method ET Method IDA Method ET Method IDA Method ET Method
5-Storey DBE 0.0 0.0 0.0 0.0 0.0 0.0
MCE 7.3 2.6 2.8 0.0 1.6 0.0
10-Storey DBE 8.0 2.8 2.2 0.0 0.1 0.0
MCE 36.9 35.8 15.4 8.1 9.2 3.1

maximum difference between the results of the two applied methods for the IO, LS, and CP performance levels are 5.7, 2.8, and 1.6%,
respectively. These differences for the 10-storey structure are 5.3, 7.3, and 6.1%, respectively. It should be noted that, considering the
number of required non-linear dynamic analyses, the computational time of the VIT method is about 80% less than IDA, which
highlights its computational efficiency.

The results of this study, in general, demonstrate the good accuracy of the proposed method in estimating the performance level
and exceedance probability for different performance levels at the intensities corresponding to both DBE and MCE, regardless of the
adopted lateral load resisting structural system. It is evident that using the variable target time (VTT) method based on the endurance
time (ET) analysis can provide acceptable results with significantly lower computational costs. While the results of this study are
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limited to the considered structures, in general, it can be concluded that the VIT method can be used as a suitable alternative for the
conventional incremental dynamic analysis in reliability analysis and development of fragility curves for 3D structures. However,
further investigations are required regarding other structural systems considering different geometry and height ranges as well as
different intensities and frequency contents for the input excitations, which will be pursued in future studies.

4. Summary and conclusions

In this study, the capability of the recently proposed endurance time method for the development of fragility curves and proba-
bilistic performance evaluations of 3D structures was investigated. The required steps for the development of fragility curves based on
IM-Based and EDP-Based methods using conventional incremental dynamic analysis (IDA) were described. Subsequently, a low-
computational cost method, called variable target time (VTT) method, was proposed based on the concept of endurance time (ET)
analysis to develop the required statistical population and estimate the probabilities for constant hazard levels (EDP-based method) by
taking into account the uncertainties associated with the frequency content of the input earthquake records. The fragility curves were
then obtained for 5- and 10-storey moment-resisting steel and tunnel-form concrete structures under bidirectional earthquake loadings
for different hazard and performance levels using the conventional IDA-based and the proposed ET-based methods. The following
conclusions can be made based on the adopted assumption and in the range of studied models:

1. For different performance levels of structures, the fragility curves obtained by the conventional incremental dynamic analysis (IDA)
and the proposed variable target time (VTT) methods are in very good agreement. In both moment-resisting steel and tunnel-form
concrete structures, the difference between the results for different intensities of input excitation is always less than 7%.

2. Both the conventional and the proposed variable target time (VTT) methods provide similar estimates of the system performance
levels under the design-basis earthquakes (DBE) and the maximum considered earthquakes (MCE). However, it is shown that using
the VTT can significantly reduce the required computational costs for development of the fragility curves (by 80%) compared to the
methods based on incremental dynamic analysis.

3. Itis shown that the accuracy of the proposed fragility analysis method based on the endurance time (ET) analyses is not sensitive to
the height of the structure and type of the lateral load carrying system. In general, the results of this study demonstrate the good
reliability and accuracy of the VTT method as an efficient alternative for the conventional incremental dynamic analysis in reli-
ability analysis and development of fragility curves for 3D structures.
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