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Abstract.

Post-earthquake building safety assessment must rapidly evaluate structural integrity before imminent aftershocks to guide
safe reoccupation decisions. While studies have quantified residual collapse capacity following seismic damage,
computational demands of conventional Incremental Dynamic Analysis (IDA) methods pose challenges for urgent, real
evaluations. This research proposes an efficient framework using the Endurance Time (ET) method to estimate rapidly the
residual collapse capacities needed for post-earthquake building safety assessment. The ET method leverages an
incrementally scaled acceleration function in a single Nonlinear Response History Analysis (NRHA) to simulate the
demands across intensity levels up to complete collapse. We develop a procedure adapting ET for mainshock-aftershock
damage assessment, introducing Representative Damage States (RDSs) as an alternative to IDA’s iterative analyses at fixed
damage states. This paper demonstrates the framework’s steps on a steel moment frame benchmark modeled with OpenSees
and subjected to earthquake scenarios emulating the 2015 Nepal event. The findings show the ET method can efficiently
generate the complete residual collapse capacity diagram for a mainshock-damaged building, covering all potential damage
states with minimal nonlinear analyses. This computational efficiency is advantageous for overcoming barriers in
emergency assessments, enabling rapid evaluation of building collapse safety after significant seismic events.

Keywords: endurance time method; incremental dynamic analysis; residual collapse capacity; mainshock-aftershock
sequences; post-earthquake structural safety.

1. Introduction

Post-mainshock structural safety evaluations focus on whether a mainshock has damaged a building’s integrity to the point
where the remaining collapse capacity is insufficient to withstand strong aftershocks. If this is the case, the building is

considered less safe than before the incident, and occupancy restrictions may be necessary [1-4]. Seismic codes generally

simulate earthquake loading effects as a single event, allowing structures to experience limited damage, and neglecting the
secondary damage that may be induced by aftershocks [3]. However, as noticeable in many earthquake disasters, the intervals
between the mainshock and powerful aftershocks are sometimes not long enough to make repairs or retrofit of damaged
structures possible [5]. For instance, in the 2015 Nepal earthquake, a strong aftershock with a magnitude M,,6.7 occurred just
58 minutes after the M,,7.8 mainshock. The strongest aftershock with a magnitude M,,7.3 was recorded 17 days later [6].
Developing efficient procedures for identifying structurally unsafe buildings immediately after a severe earthquake is crucial
for emergency response efforts and can help reduce post-earthquake casualties.
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ATC-20 [7] evaluates the safety status of earthquake-damaged buildings and assigns green, yellow, and red tags via a visual
damage inspection procedure. According to FEMA P-58 [8], if a building receives an unsafe placard, it has been damaged to
the degree that entry, use, or occupancy poses a serious safety risk. In both the ATC-20 [7] and FEMA P-58 [8]
methodologies, building inspectors conduct comprehensive visual inspections to estimate the level of damage to both
structural and nonstructural components. Over the past 20 years, many studies have aimed to develop methods for quantifying
the remaining collapse capacity of earthquake-damaged buildings. For instance, Bazzurro et al. [9] applied the pushover
analysis method to generate collapse capacity curves for mainshock-damaged structures, while Luco et al. [10] compared the
pushover analysis results with those from the back-to-back dynamic analysis and concluded that the dynamic approach yields
more accurate estimates of collapse capacities than the static approach. The back-to-back dynamic analysis involves two
Incremental Dynamic Analyses (IDAs): in the first IDA, the intensity of the mainshock excitation is gradually increased until
the intact structure reaches a predetermined damage state, and in the second IDA, the intensity of the aftershock excitation is
similarly increased until the mainshock-damaged structure collapses.

Several studies have been conducted to develop indices for estimating the residual collapse capacity of earthquake-damaged
buildings and identifying the most effective engineering demand parameters for capturing additional damage induced by
aftershocks. Ruiz-Garcia and Aguilar [11] proposed an index based on residual inter-story drift ratios to estimate the residual
collapse capacity of a four-story steel moment-frame building at five levels of post-mainshock damage states. Wen et al. [12]
examined different engineering demand parameters for an earthquake-damaged five-story reinforced concrete frame building.
They found that deformation-based demands were less sensitive to aftershocks, as the aftershocks’ magnitudes are typically
smaller than the mainshock. Tesfamariam and Goda [13] investigated a fifteen-story reinforced concrete frame building under
earthquake sequences. They showed that hysteretic energy dissipation more accurately monitored the damage inflicted by
aftershocks. Hysteretic energy dissipation is a cumulative damage indicator associated with cyclic-inelastic deformations in
the seismic response of structures after yield occurs [14]. These studies [12, 13] confirmed that the Park-Ang damage index
[15] outperforms other demand parameters in predicting the amount of damage accumulated during sequential earthquakes.
The Park-Ang damage index combines the hysteretic energy dissipation demand with the deformation demand due to
excessive lateral displacements [16]. Several recent studies have examined the Park-Ang damage index as a convenient
seismic measure for various models of reinforced concrete and steel moment frame structures [3, 17-19].

Fewer studies have focused on developing methods for assessing whether the residual collapse capacity of an earthquake-
damaged building is safe enough for reoccupation following a mainshock event. Raghunandan et al. [1] evaluated the collapse
risk of four reinforced concrete frame buildings to quantify their post-mainshock vulnerability. They concluded that a
building’s collapse capacity is unaffected by aftershocks if it is not severely damaged in the mainshock. Still, collapse
capacity is significantly reduced if it is extensively damaged. Zhang et al. [2] conducted the post-mainshock structural safety
assessment of a four-story reinforced concrete frame building using a machine learning framework. They demonstrated that
exploring the trend between the residual collapse capacity and peak inter-story drift ratio at different levels of post-mainshock
damage states helps to specify the minimum threshold required to ensure collapse safety. Kalateh-Ahani and Amiri [4]
investigated the application of the Park-Ang damage index in the collapse capacity analysis of a benchmark four-story steel
moment-frame building. They generated IDA collapse capacity curves of the test building under a set of mainshock-aftershock
sequences and incorporated them into a residual collapse capacity diagram.

Methods for evaluating the residual collapse capacity of earthquake-damaged buildings require significant computational
efforts. These methods are typically based on IDAs requiring numerous Nonlinear Response History Analyses (NRHAS)
under earthquake excitations incrementally scaled from a relatively lower intensity level to a level causing complete collapse.
IDAs are usually performed for a group of selected earthquake sequences contributing to the site’s seismic hazard potential to
reduce the uncertainties inherent in dynamic analyses [4]. In the absence of such studies before the incident, the high
computational demand of IDAs makes the collapse safety assessment of mainshock-damaged structures too time-consuming
for real-world applications since strong aftershocks may occur within hours after the mainshock.

The Endurance Time (ET) method [20] provides an alternative for rapidly predicting seismic demands. This incremental-
based dynamic time-history analysis involves subjecting structures to predesigned intensifying acceleration functions [21].
The ET method predicts structural responses in terms of the relationship between engineering demand parameters and the
intensity of earthquakes at different levels. Unlike conventional NRHAs, which only provide computational outputs for a
particular level, the ET method triggers structural responses to a continuous range of intensity levels using a single NRHA.
The computational efficiency of the ET method has been successfully applied to the seismic response predictions of various
structures in different areas of earthquake engineering [22-33].

The ET methodology uses simulated ground motion records for seismic predictions. Simulation of ground motion time
histories has been extensively studied and applied for various purposes in seismic exploration. Rezaeian and Der Kiureghian
[34] proposed a stochastic model based on a modulated filtered white-noise process to generate synthetic ground motions
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matching specified earthquake and site characteristics. Rezaeian et al. [35] demonstrated applying a physics-based and
stochastic simulation approach to model ground motions in the central and eastern United States over a wide range of
magnitudes. Bradley et al. [36] guided verifying, validating, and documenting the utilization of simulated ground motions for
engineering practice. Karimzadeh et al. [37] compared real and simulated ground motion records using alternative intensity
measures, highlighting the significance of region-specific simulations. More recently, Arslan Kelam et al. [38] evaluated
seismic hazard and potential damage for an urban area using site-specific models incorporating simulated ground motions
consistent with regional source, velocity, and building characteristics.

Farivarrad and Estekanchi [27] recently applied the ET method for the seismic performance assessment of three reference
steel moment-frame buildings of three, nine, and twenty stories subjected to mainshock-aftershock sequences. Although the
ET method significantly reduces the computational time required for NRHAS, they observed that the accuracy of the ET
method for predicting demand parameters under aftershocks reduces as the first-mode period of structures becomes longer.
They reported that the ET method could acceptably predict the post-mainshock structural response of steel moment-frame
buildings shorter than 35 meters.

Although studies have explored the residual collapse capacity of earthquake-damaged buildings for safe reoccupation after a
mainshock event, to the best of our knowledge, no previous attempt has focused on developing rapid assessment methods to
evaluate post-mainshock collapse safety to guide time-critical occupancy decisions. This research aims to address this gap by
proposing a framework using the computationally efficient ET analysis method rather than IDA to estimate residual collapse
capacity. We demonstrate the application of the ET method for rapid post-mainshock damage evaluation, leveraging the
ability of ET analysis to efficiently predict seismic response across intensity levels, as validated through prior studies. This
study demonstrates the steps of the proposed framework by modeling the collapse capacity analysis of a reference four-story
steel moment-frame building. Additionally, the post-mainshock structural safety of the test building will be investigated
following earthquake loading scenarios that replicate conditions during the 2015 Nepal earthquake event.

The remainder of this paper is organized as follows. Section 2 provides a brief overview of the fundamentals of the ET
method. Section 3 shows how to evaluate the residual collapse capacity of mainshock-damaged structures. The procedure to
assess post-mainshock collapse safety is then explained in Section 4. Section 5 summarizes the specifics of the steel moment
frame modeled as a case study. Section 6 identifies representative damage states that will correlate the ET method with
conventional back-to-back dynamic analyses. Results from implementing the proposed framework to estimate collapse
capacities and structural safety evaluations under designated earthquake loading scenarios are presented and discussed in
Section 7. Finally, Section 8 summarizes this study’s key conclusions and contributions, along with recommendations for
future work to extend applications of the proposed framework.

2. Endurance Time method

The cardiac exercise stress test inspired the Endurance Time (ET) method concept. This test monitors heart rate and blood
pressure during incremental treadmill or cycle ergometer exercise until maximum intensities [21]. Similarly, the ET method
subjects a structure to gradually increasing dynamic excitation until collapse. Seismic performance is assessed based on the
structural response at each intensity level [21]. Figure 1 illustrates the ET technique. The successful implementation of the ET
method relies on generating accurate Endurance Time Excitation Functions (ETEFs) that can simulate the effects of real
ground motions from low to high intensity on the structural response. One straightforward approach to generating ETEFs is to
find excitation functions that ensure the response spectrum corresponding to each time step matches the product of a target
response spectrum and an intensifying function that represents different intensity levels, as expressed by:

S,(tT) = —— 5™ (T) )

target

In Eq. (1), T is the first-mode period of vibration, S,(t,T) is the spectral acceleration of the excitation function from zero to a
particular time t, and t,, is the target time to match a target spectrum, denoted as S&(T) . The target spectrum can be

either a code design spectrum or a mean spectrum of a set of ground motions. For example, the ETEF model in Fig. 1 has a
target time of 10 seconds, so the spectral acceleration of the 0-10 second ETEF corresponds to a target spectrum for
the seismic hazard level of a 10% probability of exceedance in 50 years.
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Generating ETEFs satisfying Eq. (1) requires robust optimization due to highly constrained, multimodal search spaces with
numerous local optima. Various metaheuristic algorithms have successfully addressed this over the past decade, developing
five ETEF generations with different target spectra for earthquake engineering needs like performance-based design/retrofit,
lifecycle cost design, reliability, and safety assessment [39-41]. Studies show current ETEFs reasonably estimate structural
responses at different seismic intensities with minimal computation [22-33]. A review of the five ETEF generations and
detailed specifications is available in [21].

This study uses the fifth “ETA20kd” ETEF generation [41] to form mainshock-aftershock sequences for nonlinear response
history analysis (NRHA). It includes three records: “ETA20kd01”, “ETA20kd02”, and “ETA20kd03”. The ET simulation
process of this generation used the average response spectrum of the far-field record set (consisting of 22 pairs of ground
motion records) of FEMA P695 [42] as the target response spectrum. These ground motions were selected from events greater
than M,,6.5 at sites with different types of soils located at a distance greater than 10 kilometers from fault rupture. Mashayekhi
et al. [41] compared the ETA20kd damage spectra to FEMA-695’s far-field set using the Park-Ang damage index,
demonstrating good compatibility. They reported 96% accuracy in predicting incremental dynamic analysis results, with less
than 1% of the computational time.

3. Collapse capacity analysis of earthquake-damaged buildings

To evaluate residual collapse capacity after mainshock damage, represented by the kappa index, the aftershock intensity
causing collapse is normalized to the collapse intensity of the intact structure [4]. Two methods determine this: 1) using the
mainshock to find the intact structure’s collapse capacity [11], or 2) using the aftershock [2]. Method 1 yields kappa values <1
or >1, while Method 2 scales kappa between 0 and 1 [4]. This study adopts Method 2, providing a fixed 0-1 scale for kappa,
representing the same remaining aftershock capacity, regardless of the mainshock input.

Most previous studies on collapse capacity analysis of structures damaged by mainshocks have used the spectral
acceleration at the first-mode period Sa(T,) as the seismic intensity measure. However, in this study, we employ the spectral
acceleration averaged over a range of periods Sa,,. In a survey by Eads et al. [38], nearly 700 moment-frame and shear
wall buildings of various heights were examined to compare the effectiveness and sufficiency of these two alternatives,
Sa(T,) and Sa,,. The authors reported that the measure Sa,, is approximately 40% more efficient in predicting
the structural response and yields relatively stable estimates of collapse risk, even with different ground motion sets, reflecting
its sufficiency. This parameter is computed as the geometric mean of spectral acceleration values between periods ¢ T, and

c,I,, as follows [43]:

n %
Sa,.(cT,,....c.T,) = (H Sa(cT, )) 2

In Eqg. (2), the terms ¢, represent non-negative values, and n is the total number of these values. This study considers the 5%-
damped response spectral values and computes the parameter Sa,, using a period range between 0.2T, and 3.0T, seconds,

with a uniform period spacing of 0.01 seconds. This specific period range was chosen based on Eads et al. [43], who reported
it generally yielded good results for the efficiency and sufficiency of Sa,, as an intensity measure concerning collapse

e
prediction.

The residual collapse capacity of a structure damaged by a mainshock to withstand an aftershock can be quantified by the
kappa index as:

SaAS
K= ave, DMG (3)

AS
Sa'ave, INT

where Sa’s and Sa’s

e, DMG - wr denote the intensities of the averaged spectral acceleration that correspond to the collapse
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capacity of the damaged and intact structures, respectively, under the excitation of the aftershock. These two intensities are
obtained by two separate IDAs required to test different intensity levels of the excitation record, each level through a separate
NRHA, as demonstrated in [2, 4, 11, 44]. However, using the ET method, each collapse capacity can be identified through a
single NRHA, as each ETEF provides structural responses to the entire range of intensity up to the collapse level. This study
uses the Park-Ang damage index to measure the damage experienced by the case-study building under ETEFs. The details of
the Park-Ang damage index calculations and the interpretation of different levels of damage are reviewed in [4].

4. Assessing structural safety with residual collapse capacity index

An alternative approach assesses earthquake-damaged buildings’ residual collapse capacity [2-4,45]. The kappa index variation with
increasing mainshock damage intensity is visualized. Residual capacities are calculated at predefined damage states, with other
kappa values linearly interpolated. Curves are generated for selected mainshock-aftershock sequences contributing to site seismic
hazard, then averaged into one curve. This estimates the kappa index based on measured mainshock damage intensity. Post-
mainshock safety classification compares the estimated kappa to a minimum threshold «.,, , checking if residual capacity allows

safe re-occupancy [4].

in !

As mentioned in Section 2, for the case-study building, the set of mainshock-aftershock sequences needed to generate the residual
collapse capacity diagram is created using the hysteretic-energy-compatible ETEFs, specifically the “ETA20kd” series. This set
consists of 12 earthquake sequences with specific 1Ds, as listed in Table 1. Each sequence contains one of the three “ETA20kd”
excitation records as the mainshock and the other two, with positive or negative polarity as the aftershock. The polarity of the
aftershock is investigated in this study since several works, such as [1, 11, 46], have reported that negative polarity can significantly
affect residual drift or displacement. A similar effect will likely occur when the Park-Ang damage index is accounted for as
the seismic demand.

Experimental studies are needed to reliably determine the minimum kappa threshold ensuring the collapse safety of
earthquake-damaged buildings. According to Burton and Sharma [3], setting the mainshock damage safety threshold is a
policy decision like FEMA P695 [42] adopting 10% collapse probability at the maximum considered earthquake. However,
the lack of experimental evidence limits minimum kappa suggestions to numerical investigations. Raghunandan et al. [1]
reported minor mainshock structural damage doesn’t significantly affect the remaining aftershock capacity. Similarly, Zhang
et al. [2] proposed damage severity is insignificant for continued occupancy until the residual capacity curve remains
relatively flat. This study adopts the Park-Ang “minor damage” classification to determine a safety threshold distinguishing
safe and unsafe states.

5. Case study: four-story steel office building

The case-study building is a four-story steel office assumed to be located in Los Angeles, USA, with a floor system consisting
of a composite metal deck with a lightweight concrete slab. The building is a benchmark model developed by Lingnos [47]
for analyzing the collapse capacity of steel moment-frame structures. Different perspectives of the building are illustrated in
Figure 2. As shown in Figure 2(b), the seismic force-resisting systems of the building consist of two two-bay moment frames
in the east-west direction and two three-bay moment frames in the north-south direction. In this study, we examine the special
moment frame located at grid A(2-4), whose geometry, including dimensions and cross-sections of the beams and columns, is
depicted in Figure 2(d). All beams and columns are rolled W-sections selected from ASTM A6 [48]. The moment frame
connections are Reduced Beam Section (RBS) connections designed following FEMA-350 [49] criteria.

The A(2-4) moment frame computer model is created and analyzed in OpenSees [50]. A leaning column linked by rigid
trusses simulates P-Delta effects from gravity loads on adjacent interior frames, as shown in Figure 2(d). Panel zones at beam-
column intersections are modeled using “elemPanelZone2D”. The model’s first three periods are 0.8509s, 0.2817s, and
0.1361s. The modified Ibarra-Medina-Krawinkler (IMK) deterioration model [51] simulates beam-column connection
nonlinear moment-rotation behavior. The composite steel beams with RBS have asymmetric moment-rotation due to the
concrete slab. Elkady and Lignos [52] calibrated the IMK input parameters using experimental composite RBS beam
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hysteresis. Their modification factors adapt the bare steel RBS IMK model for the slab contribution. Further OpenSees
modeling and seismic considerations are provided in [4,47].

6. Adapting the ET method for mainshock-aftershock damage assessment

During a back-to-back dynamic analysis, the response history of a typical structure under a real mainshock excitation is
generally expected to gradually converge to a steady-state value. This means the structural velocity eventually tends to zero as
the ground acceleration begins to fade. Therefore, the structure enters the free-vibration phase with near-zero velocity, and its
oscillation is quickly damped due to the inherent damping characteristic. As a result, the cumulative damage measured at the
end of the mainshock excitation should remain constant during the free vibration of the structure.

As mentioned earlier, the basic idea of the ET analysis is to produce a range of structural responses from elastic to plastic and
even collapse through a single NRHA. A specific intensifying dynamic function is used rather than repeatedly scaling an
earthquake excitation for each intensity level and running multiple NRHAs as required for IDA procedures. Unlike a real
earthquake excitation that fades to zero, an ET excitation function is progressively intensified. Thus, when an ETEF is used
for back-to-back dynamic analysis, the structure may begin the free-vibration phase with considerable initial velocity,
increasing the cumulative damage measured at the end of the mainshock excitation. Increasing the damage index during the
free vibration phase leads to numerical inaccuracies in estimating the remaining capacity of mainshock-damaged structures to
withstand aftershocks. This issue influences the numerical stability of the ET method for mainshock-aftershock damage
assessment.

To address this issue, we propose using a set of varying and non-consecutive damage states, chosen through a step-by-step
procedure, as an alternative to the fixed, consecutive damage states typically employed in IDA methods. This procedure
selects damage intensities from the response history of a mainshock-damaged structure as representative damage states that
meet two conditions: first, the response history remains steady for a predefined time after them; second, they are distributed as
uniformly as possible. Since the imposed dynamic loading intensity increases with time in an ETEF, the first condition helps
prevent potential problems during the free-vibration phase. Meanwhile, the second condition produces a more uniform
selection of the damage states. The procedure is as follows:

1. Obtain the response history of the damage measure for the ETEF used as the mainshock excitation.
Identify all plateaus in the diagram with a duration longer than a predefined value cT, .

2
3. Consider the damage intensity at the onset of each plateau as a candidate for the damage states.
4

Find the nearest candidates to a set of fixed-distance damage intensities between zero and the collapse level and sort
them in ascending order.

o

Remove any candidate from the sequence closer to its predecessor than the fixed interval used in Step 4.

6. The remaining candidates are the Representative Damage States (RDSS).

As mentioned in Section 3, we use the Park-Ang damage index to measure the damage experienced by the test building,
taking the damage states in Step 4 at intervals of [0, 0.77] with a fixed distance of 0.05. We find a practical value of 0.25 for
the parameter ¢ sufficient to select the required candidates in Step 2. The damage histories of the test building, subjected to the
three excitation records of the “ETA20kd” series, and the damage states, represented by the proposed procedure, are illustrated
in Figure 3. In this figure, the ordinate of the graph DI represents the measured Park-Ang damage index. The RDSs, as shown
in Figure 3, differ in their magnitude and number for each excitation record. In the following section, we will use these
specifically chosen damage states for the back-to-back dynamic analysis of the test building rather than using fixed damage
states, as is typical in IDA methods.

7. Collapse capacity analysis of the case-study building: results and diagrams



7.1. Residual collapse capacity diagram

The seismic collapse capacity curve illustrates how a response parameter varies with the intensity level of an excitation record
as it progressively increases until structural collapse occurs. Collapse capacity curves for the test building were generated by
conducting back-to-back dynamic analyses using the twelve earthquake sequences detailed in Table 1. The intensity level is

scaled using the averaged spectral acceleration Sa_,, and the structural response is evaluated using the Park-Ang damage

ave !
index. When using an ETEF as the excitation record instead of a real excitation, a single NRHA is sufficient to cover the entire
range of intensity levels. This feature of the ET method saves considerable time and effort in predicting collapse capacities.
According to the first author’s prior experience with seismic simulation of the same test building, as documented in [4],
producing a single IDA-based collapse capacity curve for the test building takes at least 24 times longer than using the ET
method.

Figure 4 displays a series of collapse capacity plots for the intact and mainshock-damaged structures at different damage state
levels. Each row in Figure 4 corresponds to one of the three excitation records from the “ETA20kd” series, used as the
mainshock in the simulated earthquake sequence. Each row of this figure contains two diagrams, with the other two records of
the “ETA20kd” series used as the aftershock, each shown with positive and negative polarity. Each curve in Figure 4 is
generated by analyzing the intact structure under the mainshock excitation until its damage history reaches one of the RDSs
defined in Figure 3. Once a predefined damage state is reached, after 20 sec of free vibration, the second NRHA is conducted
by applying the aftershock excitation until the collapse point is reached. In the diagrams of Figure 4, the green curves
represent a theoretical scenario where the intact structure suffered no damage under the mainshock, with only the aftershock
used to generate the curve. The orange and blue curves represent the positive and negative polarities of the aftershock,
respectively.

Figure 5 shows the collapse capacity of the mainshock-damaged structure for the positive and negative polarities of the
aftershock at the RDSs used to generate the orange and blue curves in Figure 4. The relative change in collapse capacity
between the positive and negative polarities is also reported in Figure 5 for each RDS. The green values indicate that the
negative polarity resulted in a higher collapse capacity than the positive polarity, and vice versa for the red values. The
average red values observed across all diagrams in Figure 5 suggest that without considering negative polarity, the collapse
capacity of the earthquake-damaged building may be overestimated. However, the relatively small average values reveal that
the difference appears insignificant for the test building.

Figure 6(a) depicts the residual collapse capacity diagram of the test building exposed to the earthquake sequences in Table 1
for the worst-case polarity, i.e., the polarity with a lower collapse capacity, at the selected RDSs for each ETEF. The diagram
in Figure 6(b) displays the mean values of the kappa index, interpolated over a range of damage states between zero and the
collapse level. Each curve in Figure 6(a) starts at 1, indicating the undamaged structure under the mainshock (DI1=0), and
decreases to 0, indicating the collapsed structure under the mainshock (DI=0.77). The residual collapse capacity reductions
calculated at different damage states are illustrated in Figure 6(b) using red bars, with the percent reduction value reported at
the top of each corresponding bar.

As mentioned in Section 4, obtaining a dependable value for the minimum residual collapse capacity threshold that ensures
the structural safety of mainshock-damaged buildings requires extensive experimental validation studies. Without such
comprehensive experimental data, the “minor damage level” of the Park-Ang damage index can provide a reasonable starting
point to estimate the minimum threshold. Figure 7 shows that if the DI value of 0.11 (for details, refer to Table 1 of [4]) is set
as the maximum acceptable damage index at which the test building can still be deemed safe for continued occupancy, the
minimum kappa safety threshold is estimated to be 0.96. In other words, a maximum permissible reduction of 4% in the
residual collapse capacity is allowable without compromising the structural integrity of the mainshock-damaged building in
terms of collapse safety. This estimated 4% reduction limit arises from the specific conditions of the test building analyzed in
this study. Further analytical and experimental research across more structural conditions would be valuable to validate the
0.96 minimum kappa safety threshold suggested here more rigorously based on the minor damage classification.

7.2. Scenario earthquakes

This section examines the damage response of the test building when subjected to hypothetical scenario earthquakes to
demonstrate how the residual collapse capacity diagram can help evaluate structural safety after a seismic event. Let us
consider the Nepal M,,7.8 mainshock (Date: 2015.04.25, Station: Kanti Path) occurring at the test building site. After 20
seconds of free vibration, the Nepal M,,7.3 aftershock (Date: 2015.05.12, Station: Kanti Path) strikes. According to FEMA-
350 [49], two levels of seismic hazard ground motions, the Design Basis Earthquake (DBE) and the Maximum Considered
Earthquake (MCE), are used to assess the seismic performance of steel moment-frame structures. These represent ground
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motions with a 10% and 2% probability of exceedance in 50 years, respectively. The scale factors required to match the Nepal
M,,7.8 mainshock excitation to the DBE and MCE hazard levels can be directly determined from FEMA-350 specifications.
However, FEMA-350 does not provide explicit guidance on scaling the aftershock excitation to specific hazard levels.

Li and Ellingwood [53] studied 30 mainshock earthquake records representing the 10%/50 yr and 2%/50 yr seismic hazards in
Los Angeles, USA. They reported that applying scale factors of 0.90 and 0.91 to the DBE- and MCE-scaled mainshock
excitations reasonably simulated aftershock excitations at seismic hazard levels of 15% and 3% probability of exceedance in
50 years, respectively. This study investigates the Nepal mainshock-aftershock sequence at two scenarios with different
seismic hazard levels: first, the 10%/50 yr level for the mainshock and the 15%/50 yr level for the aftershock; next, the 2%/50
yr level for the mainshock and the 3%/50 yr level for the aftershock. We implement Li and Ellingwood’s [53] method for
scaling the aftershock excitation, except using the real recorded aftershock rather than simulating it from the mainshock. To
prepare aftershocks for the two scenario earthquakes, first, the Nepal M,,7.3 aftershock is scaled to 10%/50 yr and 2%/50 yr
levels per FEMA-350, then scaled down by factors of 0.90 and 0.91 to the 15%/50 yr and 3%/50 yr levels, respectively.

Figure 8 illustrates the damage histories of the test building under the two earthquake scenarios. The Park-Ang damage index
values recorded at the end of the mainshock and aftershock excitations, for both positive and negative aftershock polarities,
are noted in Figure 8. Using the generated mean kappa index diagram for the test building, Figure 9 displays the estimated
residual collapse capacities of the mainshock-damaged structure under the Nepal M,,7.8 mainshock scaled to the DBE and
MCE hazard levels as 0.92 and 0.73, respectively. Both values fall below the minimum residual collapse capacity threshold
K., =0.96, indicating insufficient remaining capacity to ensure continued occupational safety if the Nepal M,,7.8 mainshock

occurs at either hazard level of 109%/50 yr and 2%/50 yr.

However, the collapse risk differs for the two scenarios. In the first scenario, as shown in Figure 8(a), the mainshock-damaged
structure can withstand the 15%/50 yr Nepal M,,7.3 aftershock since the recorded damage index after the aftershock remains
below the collapse level. In the second scenario, as seen in Figure 8(b), the 3%/50 yr Nepal M,,7.3 aftershock can cause
structural collapse, as the damage index exceeds the collapse level. The damage levels align with the estimated residual
capacities for the two scenarios. In the first scenario earthquake, the relatively minor 8% reduction in residual collapse
capacity under the 10%/50 yr mainshock suggests the mainshock-damaged structure is much more likely to resist collapse
under the 15%/50 yr aftershock. In the second scenario earthquake, the relatively major 27% reduction under the 2%/50 yr
mainshock results in a lack of remaining capacity to prevent collapse under the 3%/50 yr aftershock.

8. Concluding remarks and recommendations

This paper develops a framework for rapid post-mainshock collapse safety assessment, which can help structural engineers
assess the residual collapse capacity of earthquake-damaged buildings more efficiently than existing IDA-based frameworks.
The proposed framework achieves computational efficiency by adopting the ET analysis method. Unlike IDA methods
requiring numerous incremental NRHAS, the ET method needs only a minimal number of NRHAS to generate the residual
collapse capacity diagram. The framework uses averaged spectral acceleration to measure seismic intensity and the Park-Ang
damage index to quantify damage intensity. A case study implementing the framework on a benchmark four-story steel
moment frame building under two simulated earthquake scenarios based on the 2015 Nepal events demonstrates its
applicability in practical, real-world situations. The case study findings lead to the following conclusions and
recommendations for future work:

e Using the ET method for back-to-back dynamic analysis requires special adaptations. With an ET excitation function
treated as the mainshock, the cumulative damage measured at the end of the excitation may increase during free vibration,
causing numerical inaccuracies in calculating the residual collapse capacity index. One practical solution is using a set of
specifically chosen damage states, called Representative Damage States (RDSs), rather than the fixed, consecutive
damage states typically used in IDA methods. We have presented a straightforward procedure to identify RDSs for
applying the ET analysis to mainshock-aftershock damage assessment. The results show this procedure can determine a
set of RDSs for each ETEF, resolving the free vibration issue and promoting the near-uniform distribution of damage
states.

e We investigated the effect of aftershock polarity on damage assessment of the test building. Our results show that
incorporating negative polarity is important for obtaining realistic collapse capacity estimates. However, the differences
between positive and negative polarities are not statistically significant for the “ETA20kd” series-based earthquake
sequences applied to the test building.

e To generate the residual collapse capacity curves of the test building subjected to the 12 earthquake sequences defined for
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the case study, we performed a total of 82 nonlinear response history analyses. This number of NRHAs is far fewer than
what conventional IDA-based frameworks typically require for the same number of earthquake sequences. For example,
under the sequence ID kd0102+ for the post-mainshock damage state of RDS=0.128 (refer to Figure 4(a)), collapse
occurs at an averaged spectral acceleration of 1.0g. If increments of 0.05g are used for scaling this earthquake sequence,
the IDA method requires at least 20 NRHAs to reach the collapse point. In contrast, the ET method can provide the
seismic demand across the full intensity range up to collapse through just a single NRHA.

e Our analysis of the two earthquake scenarios reveals the following: In the first scenario, the higher residual collapse
capacity of 0.92 estimated for the test building under the 10%/50 Nepal M,,7.8 mainshock implies the probable adequate
remaining capacity to resist strong aftershocks, since the damage index of 0.50 recorded under the subsequent 15%/50 yr
Nepal M, 7.3 aftershock falls below the collapse level. However, in the second scenario, the lower residual collapse
capacity of 0.73 under the 2%/50 Nepal M,,7.8 mainshock suggests the insufficient remaining capacity to withstand
strong aftershocks, as evidenced by the damage index of 1.17 exceeding the collapse level when subjected to the 3%/50 yr
Nepal M,,7.3 aftershock.

e The case study confirms that the ET method can reasonably estimate residual collapse capacities at the damage states the
test building may experience under the Nepal M, 7.8 mainshock excitation scaled to 10%/50 yr and 2%/50 yr hazard
levels. The findings demonstrate promise for addressing computational barriers in assessing the collapse safety of
earthquake-damaged buildings. However, this work represents an initial investigation into utilizing the ET method as an
efficient simulation tool for rapidly evaluating building reoccupation safety after significant earthquakes. Further research
is recommended to validate the reliability of the proposed framework across various practical conditions, including
testing multiple reinforced concrete or steel seismic force-resisting structural systems from low to high-rise buildings,
examining diverse earthquake scenarios ranging from near- to far-fault events with varying energy and frequency
characteristics, physical collapse validation through shake table experiments, and investigating different damage
measures.

e This study utilizes the minor damage level of the Park-Ang damage index to estimate a minimum kappa safety threshold
for classifying earthquake-damaged buildings as safe or unsafe for continued occupancy. However, rigorously
determining residual collapse capacity reduction limits that maintain structural safety remains an open question.
Addressing this question through comprehensive numerical and experimental studies focused on refining and validating
the minimum kappa safety threshold is essential before applying the proposed framework to practical post-earthquake
evaluation projects. While this study suggests a framework for rapid post-mainshock safety assessment, determining a
reliable quantitative basis for relating measured damage states to minimum safe residual collapse capacities should be a
priority of future research.
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Appendix A

A list of table and figure captions are available in Table A.1 and Table A.2, respectively.

Table A.1. Table captions.

Table no. Caption
1 Information of the earthquake sequences applied to the case-study building.
Table A.2. Figure captions.
Figure no. Caption

1 A schematic illustration of the ET technique.

2 Visualization of the test steel office building: (a) 3D perspective, (b) floor view, (c) North-
facing elevation, (d) A(2-4) moment-frame.

3 Damage histories of the test building under the three excitation records of the “ETA20kd”
series and the corresponding RDSs.

4 Collapse capacity curves of the intact and mainshock-damaged test building under the
aftershocks with positive and negative polarity.

5 Collapse capacity of the mainshock-damaged test building at the RDSs for the positive
and negative polarities of the aftershocks.
The residual collapse capacity diagram of the test building under the earthquake sequences

6 in Table 1 is depicted in (a) for the worst-case polarity and (b) for the mean kappa index
and residual collapse capacity reductions.

7 Determination of the minimum kappa safety threshold for the test building.

8 Damage history of the test building under the 2015 Nepal mainshock-aftershock sequence:
(a) the first scenario earthquake, (b) the second scenario earthquake.
Comparative collapse safety assessment of the test building for the two scenarios of the

9
2015 Nepal earthquake.
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Appendix B

Tables and figures are provided in Table B.1 and Table B.2, respectively.

Table B.1. Tables of the manuscript.

Table
Table 1. Information of the earthquake sequences applied to the case-study building.
Sequence ID Mainshock Aftershock Polarity
1 kd0102+ ETA20kd01 ETA20kd02 +
2 kd0102— -
3 kd0103+ ETA20kd03 +
4 kd0103— -
5 kd0201+ ETA20kd02 ETA20kd01 +
6 kd0201- -
7 kd0203+ ETA20kd03 +
8 kd0203— -
9 kd0301+ ETA20kd03 ETA20kd01 +
10 kd0301- -
11 kd0302+ ETA20kd02 +
12 kd0302— -
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Table B.2. Figures of the manuscript.

Figure
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Figure 1. A schematic illustration of the ET technique.
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Figure 5. Collapse capacity of the mainshock-damaged test building at the RDSs for the positive and negative polarities of the
aftershocks.
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Figure 6. The residual collapse capacity diagram of the test building under the earthquake sequences in Table 1 is depicted in (a) for the

worst-case polarity and (b) for the mean kappa index and residual collapse capacity reductions.
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Figure 7. Determination of the minimum kappa safety threshold for the test building.
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Figure 8. Damage history of the test building under the 2015 Nepal mainshock-aftershock sequence: (a) the first scenario earthquake, (b)
the second scenario earthquake.
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Figure 9. Comparative collapse safety assessment of the test building for the two scenarios of the 2015
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