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Abstract
Buildings constructed in seismic zones are not only damaged by mainshocks but may also be damaged
by the impact of aftershocks and cause them to collapse. Therefore, studying the behavior of the
damaged structures due to the mainshock and aftershock helps in post-mainshock decision making and
also in the selection of suitable aftershock records for seismic assessing of the structure under
earthquake sequences. This paper presents the effects of aftershock ground motion on the collapse
capacity of post-mainshock buildings. The mean period (Tm), predominant velocity period (Tg), frequency
bandwidth (Ω), the 5%-95% signi�cant duration (Ds) and seismic records of different sites were selected
to evaluate the effect of its characteristics on the collapse capacity of buildings. The intensity of the
ground motions was determined by the �rst-mode spectral acceleration with 5% damping. Collapse
capacities of two non-ductile reinforced concrete (RC) frames with 3 and 6 stories were evaluated using a
set of 62 aftershock records with a wide range of characteristics. Box plot collapse diagrams and fragility
curves have been developed by applying the incremental dynamic analysis (IDA). The results show that in
the frequency content with a longer period, the probability of its collapse is higher. In addition, the high
signi�cant duration of aftershocks increases the collapse probability of structures. Also, the evaluation of
the site characteristics shows differences in collapse capacities of the same frames in varying sites.
Therefore, the effect of aftershock characteristics on the capacity of the structures is signi�cant and it is
necessary to carefully determine the seismic sequences’ recordings for the evaluation of the seismic
behavior of the structures.

Introduction
One of the important aspects of seismic analysis of structures is the development of fragility curves to
determine the probability of structural failure at different earthquake intensities. Fragile relationships are
important inputs of the software applied to economic damage assessment. These relationships are
useful in understanding the levels of damage to a structure under a range of earthquake intensities. This
has made fragility curves an important tool in the seismic evaluation of reinforced concrete (RC)
structures (Abdelnaby, 2018).

Ryu et al. (2011) proposed a method to develop the fragility curve of damaged structures due to
mainshock seismic damage using seismic sequencing and incremental dynamic analysis (IDA) (Ryu et
al., 2011). They developed the collapse fragility curves for a 5-story ordinary RC moment-resisting frame
(MRF) located in New Zealand, in both the intact and damaged states. In this method, great conceptual
improvements have been made compared to the similar method used in the research of Ryu et al. (2011).
The proposed method is capable of considering uncertainties in seismic response. It also has the ability
to take into account uncertainty about the extent of the damage when attaining the aftershock fragility
curve.

Jeon et al. (2012) proposed an analytical procedure to create aftershock fragility curves for a three-story
and three-span RC structure designed for a gravitational load combination (Jeon et al., 2012). To assess
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the increasing damage, they developed a valid analytical model in OpenSees software. They carried out
pushover and time-history analyses for the intended analytical and possibility models. Besides, they
obtained the aftershock fragility curves with different initial damage states. By using it, they veri�ed that
the more initial damage experienced by the structure, the higher seismic demand observed when applying
the same aftershocks.

Raghunandan et al. (2015) analyzed analytical models of modern RC buildings. They exposed these
models to two identical records of earthquake movements (Raghunandan et al., 2015). They performed
the analysis in such a way that the response and the structural damage were �rst recorded in the main
record. Then the damaged structure is exposed to the next ground movement by the mainshock which its
intensity increases by applying the IDA until the structure collapse. Their results showed that the fragility
of the structure subjected to the aftershock was signi�cantly increased for structures damaged in the
mainshock. Their results also showed that the lesser damage caused by the mainshock, the lesser impact
of the aftershock on the fragility of the building.

Hosseinpour and Abdelnaby (2017) evaluated the fragility curve of RC frames under the recorded seismic
sequences. They evaluated various parameters including damage caused by the mainshock, the vertical
component of earthquake, earthquake zone, number of stories and earthquake intensity on the fragility
curves (Hosseinpour & Abdelnaby, 2017). They concluded that by applying aftershocks to non-damaged
structures, small structural damages are observed at different yield states. According to their research,
this observation may be due to the shorter duration of time and the shorter frequency range of
aftershocks. They also observed that the differences in fragility curves in the four de�ned limit states
decrease with increasing the number of stories, which may be due to the movement of upper stories in
tall buildings under an identical vibration. Besides, they observed that the vertical component of the
earthquake did not have a signi�cant impact on the fragility curves prepared based on the maximum
drift. They concluded that using maximum ground acceleration as an earthquake intensity gives
appropriate results for three-story buildings. But with the increase in the number of the stories, the use of
this intensity does not seem appropriate to obtain the fragility curves. While spectral acceleration works
well for all buildings. According to their results, the structural damage increases as the number of stories
increases. They also observed the signi�cant impacts of the earthquake zone and the earthquake
characteristics on the fragility curves.

Aftershock Properties
Due to differences in the mechanism of the mainshock and aftershock, the characteristics of the
mainshock may be signi�cantly different from those associated with the aftershocks. Therefore, to
ensure accurate evaluation of seismic behavior of structures, the aftershock hazard and its
characteristics must be considered. The characteristics of the ground motion have a signi�cant impact
on the seismic behavior of buildings, including the intensity of the ground movement, spectral shape,
duration, frequency content and other characteristics. In order to predict accurately the behavior of
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structures and minimize the dispersion of their analytical behavior, it is necessary to consider the
characteristics of the record in the procedure of selecting the ground motion records (Song et al., 2014).

Although the signi�cant impact of the earth movement duration on soil liquefaction and slope instability
is known (Bray, 2007; Green & Terri, 2005), the impact of the earth movement duration on the structural
response still needs further investigation (Bommer et al., 2006). The degree of the impact of duration
depends on many factors, including the de�nition of duration, seismic demand parameters, failure
criteria, and nonlinear structural characteristics (Hancock & Bommer, 2006). Experimental results of steel
and RC frames showed that the duration of the ground movement or the number of loading periods are
directly related to the damage to the structures. The damage to the joints of the steel MRFs observed in
the Northridge and Kobe earthquakes was due to fatigue during short loading periods. This indicates that
the duration of the earth's movement has a signi�cant impact on the seismic behavior of the structure
(Bommer et al., 2006). The analytical studies using cumulative damage measurements have found a
direct relationship between duration and damage to structures. But when the failure criteria for maximum
response are used, some analytical studies have found a weak relationship between duration and failure,
unless the structural redundancy features and the load redistribution are taken into account
(Raghunandan & Liel, 2013).

The frequency content of the earth movement may have a signi�cant impact on the dynamic response of
buildings that are subjected to an earthquake. When the frequency content of ground movements
approaches the fundamental periods of buildings, the dynamic response of structures and seismic forces
can be effectively increased and the buildings experience severe damage. From an engineering
perspective, it is better to determine the frequency content using a scalar parameter rather than a spectral
response to provide comprehensive information on the frequency content of the ground motion (Song et
al., 2014).

Previous studies have proposed several scalar parameters of frequency content to investigate their
effects on the seismic behavior of buildings. These include the predominant velocity period (Tg), the
characteristic period (Tc) and the mean period (Tm). The dominant velocity period represents the
maximum relative velocity spectrum period with damping of 5% for an elastic system with a single
degree of freedom (SDOF) (Song et al., 2014). Some researchers have used the predominant velocity
period to specify the seismic demand of buildings (Uang & Maarouf, 1994), (Ruiz-García & Miranda,
2004), (Chakraborti & Gupta, 2005). Ruiz-García investigated the characteristics of mainshock-aftershock
(Ruiz-García, 2012). He described the shortness of the predominant velocity period of aftershocks than
the mainshock and the probability of its signi�cant impact on the seismic behavior of the damaged
structures.

The characteristic period is related to the interaction width of the two straight lines, which illustrates the
ideal acceleration response spectrum.
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The mean period is de�ned as the mean Fourier amplitude spectra over a speci�ed frequency range
(Song et al., 2014). Rathje et al. (1998) suggested the use of the mean period because of its relation to
the Fourier spectra and its high performance in detecting the frequency content of strong earthquake
movements (Rathje et al., 1998). Kumar et al. (2011) showed that the seismic drift of SDOF systems
increases if the fundamental period (T1) to Tm ratio is less than one (Kumar et al., 2011). Besides, the
base shear and maximum shear drift in multi-degree of freedom (MDOF) systems signi�cantly are
affected by the higher modes when Tm reaches the higher modes in the building. Kumar et al. (2013)
found that the T1 to Tm ratio and the coe�cient of behavior have a signi�cant impact on the overall
building drift (Kumar et al., 2013). Song et al. (2014) also investigated the effect of the mean period and
aftershock duration on the collapse capacity of SDOF and MDOF steel structures with different damage
levels (Song et al., 2014).

Modeling
Numerical analysis using appropriate software is needed to develop the fragility curve and other graphs. To

do this, appropriate ground movement records for use in the dynamic time-history analysis is needed to be
applied. The building is modelled for investigation in a software environment whose nonlinear behavior has been
verified by experimental results and numerical analysis. In this paper, the stages of analysis required to develop
the curves of fragility are outlined.
 

Mainshock-aftershock database

To investigate the characteristics of mainshock and aftershocks, the database of the Pacific Earthquake
Engineering Research was used to determine the acceleration time-history of the recorded mainshock and
aftershocks. The following criteria are used to select the mainshock and aftershocks:

1) The magnitude of at least 5 on the Richter scale for the mainshock and aftershocks, which has the
potential to cause damage to buildings; 

2) Peak ground acceleration (PGA) of the horizontal components of the mainshock and aftershocks are more
than 0.05 of the gravitational acceleration, which can cause damage without applying excessive scales to the
intensity of the earth's motion. 

3) Only the far-field ground movements without large pulses in velocity time-history are selected to avoid
near-field effects or fault orientation, and 

4) The acceleration sensors are installed in open areas or low-rise buildings to neglect the soil-structure
interference (Song et al., 2014).

According to the criteria mentioned in the earth movement record selection, 62 seismic records used in the
work of Song et al. (2014) from 9 seismic events in the California, Italy, and Chichi of Taiwan sites are selected
to explore the impact of aftershock characteristics on the capacity of the collapse of the structures damaged due
to the mainshock. The magnitudes of the aftershock characteristics are specified in Table 1 (Song et al., 2014).
Details of the selected aftershock records are also given in Table 2.

 
Table 1. The magnitudes of the aftershock characteristics

Significant duration,
Ds (sec.)

Frequency
bandwidth, Ω

 

Predominant velocity
period, Tg (sec.)

Mean period,
Tm (sec.)

Aftershock
characteristics

02.270.270.20.19Minimum
41.860.644.01.35Maximum
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Table 2. Details of the selected aftershock records (Song et al., 2014)
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Frequency
bandwidth, Ω

 

Predominant velocity
period, Tg (sec.)

Mean period,
Tm (sec.)

Significant
duration, Ds (sec.)

ID.Earthquake

0.5028270.680.3406.15NGA714Whittier
Narrows

0.5602160.260.2405.17NGA714Whittier
Narrows

0.5718570.520.4412.30NGA709Whittier
Narrows

0.4655770.740.4710.84NGA711Whittier
Narrows

0.5692460.580.2407.98NGA1730Northridge
0.5869990.580.3203.71NGA1733Northridge
0.6143310.680.4007.44NGA1723Northridge
0.6427620.32 002.38NGA1732Northridge
0.5819090.540.3114.90NGA1706Northridge
0.5625000.320.3809.04NGA1683Northridge
0.5368270.820.6009.66NGA1676Northridge
0.6120330.420.4708.12NGA1676Northridge
0.6058390.220.2203.28NGA235Mammoth

lakes
0.5785840.700.4710.28NGA234Mammoth

lakes
0.5469640.600.5607.14NGA320Mammoth

lakes
0.6039530.500.3607.76NGA239Mammoth

lakes
0.4712270.520.4706.30NGA236Mammoth

lakes
0.5389490.440.5319.05NGA224Livermore
0.5179460.200.2804.50NGA222Livermore
0.5992750.500.3903.23NGA221Livermore
0.5626090.740.5312.43NGA223Livermore
0.5467960.760.5905.63NGA223Livermore
0.5028171.240.5422.95NGA302Irpinia,

Italy
0.4087771.600.6620.93NGA302Irpinia,

Italy
0.5531780.560.4313.63NGA303Irpinia,

Italy
0.3911461.520.8420.01NGA300Irpinia,

Italy
0.4084611.200.9018.10NGA300Irpinia,

Italy
0.3982004.001.2622.02NGA297Irpinia,

Italy
0.3918591.901.0721.00NGA297Irpinia,

Italy
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0.4967510.660.5805.74NGA208Imperial
Valley

0.5324180.760.4106.54NGA204Imperial
Valley

0.5441180.520.4502.76NGA200Imperial
Valley

0.5625220.880.2511.18NGA196Imperial
Valley

0.4776990.800.5909.81NGA193Imperial
Valley

0.5450630.580.3612.36NGA193Imperial
Valley

0.4162670.260.4005.02NGA133Friuli, Italy
0.5328840.380.3104.58NGA132Friuli, Italy
0.5875930.400.2604.50NGA132Friuli, Italy
0.4938410.820.6010.24NGA130Friuli, Italy
0.4188351.720.7108.14NGA130Friuli, Italy
0.5028951.060.4508.04NGA409Coalinga
0.5462690.300.3010.43NGA414Coalinga
0.5245171.080.3010.42NGA414Coalinga
0.5023780.440.2706.19NGA406Coalinga
0.3988813.140.7616.08NGA392Coalinga
0.5514230.360.4814.80NGA391Coalinga
0.6094230.260.1902.27NGA384Coalinga
0.6286070.340.3405.18NGA375Coalinga
0.3109272.240.9041.87NGA3500Chichi,

Taiwan
0.5944610.480.3803.96NGA3474Chichi,

Taiwan
0.5708620.580.5628.00NGA3306Chichi,

Taiwan
0.4226103.180.8138.14NGA3302Chichi,

Taiwan
0.3512563.620.7741.06NGA3302Chichi,

Taiwan
0.2730052.581.3528.68NGA3270Chichi,

Taiwan
0.3579032.640.9027.13NGA3270Chichi,

Taiwan
0.5517970.600.5429.84NGA3267Chichi,

Taiwan
0.3262642.281.1332.64NGA2711Chichi,

Taiwan
0.3936723.020.8432.64NGA2711Chichi,

Taiwan
0.3696472.420.8222.98NGA2646Chichi,

Taiwan
0.4710110.580.6819.68NGA2646Chichi,

Taiwan
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0.6140930.440.4207.72NGA2623Chichi,
Taiwan

0.4705301.140.8812.96NGA2618Chichi,
Taiwan

 

Specifications of the selected non-ductile RC structures 

In this study, two non-ductile RC building frames located in the United States are considered. The 3-span 3-
story (low-rise) and 3-span 6-story (medium-rise) structures are selected. Figs. 1 and 2 show the detail of the 6-
story building. These building specimens are one of the most commonly used pre-1975 as RC frames in the
United States. These buildings are vulnerable to seismic loads due to their non-seismic design details,
inadequate transverse reinforcement, weak columns, short overlapping lengths of reinforcements and poor
beam-column joints. Both buildings have the same plan of symmetry in each story and the details of the
reinforcement in each story are the same. The columns of the 3-story building and the columns of the 4 to 6
stories of the 6-story building are the same. The fundamental periods of the 3-story and 6-story buildings are
1.14 and 1.92 seconds, respectively. The most common method to estimate the fundamental period of a building
is from empirical relations, considering building specification (structure type) and its height from the base level.
The fundamental period of buildings may be calculated using analytical methods; in which case, the specified
value shall not exceed 1.25 times the period obtained by empirical relation  (Imashi & Massumi, 2011). The
compressive strength of the concrete in both buildings was 28 MPa and the yield strength of the reinforcements
was 280 MPa. A distributed gravitation loading of 40,000 N/m has been applied to the beam spans. A dynamic
mass of 15700 N/ms2 is considered as a node at the junction of beams and columns based on a DL + 0.25LL load
combination (Han et al., 2015).

Specifications of the selected non-ductile RC structure 

To evaluate the vulnerability of non-ductile RC frames, a numerical model has been developed to simulate
the responses of the frames. Previous studies on the effect of different types of structural component responses
on overall frame instability are investigated  (Jeon et al., 2015a). In these studies, the responses of the old
frames have been simulated using a series of different model systems, some of which have been simulated as
the nonlinear shear of beam-column joint, the bond stress response and nonlinear shear response of the
columns. The results of the analysis showed that the shear response of the joints controls the system response.
Even when considering the nonlinear shear response of the column in the model and simulating both the shear
failure behavior of the column and the joints, the joints’ resistance controls the system response. Besides, the
column shear demand has not exceeded the capacity and the shear failure has not been observed (Jeon et al,
2015b). Therefore, a model of the frame in which the nonlinear shear response of the joint (and not the column)
is simulated and employed in this study. This model is modelled in OpenSees software and validated by
comparing the available analytical and laboratory test results. Braccy et al. (1995) designed and built the 3-story,
3-span RC frame employed in the present study at a one-third scale  (Bracci et al., 1995). This frame was
designed for testing by the vibrating desk at the University of Buffalo, New York. The earth movement input
applied to this structure is the N21E component of the Taft earthquake measuring 0.2g with a vibrating time
of      sec. Fig. 3 shows the analytical model of the scaled frame, which is in accordance with the modelling
approach chosen in this study. The analysis of this model has been performed in OpenSees finite element
software (Jeon et al., 2012). As shown in Fig. 4, the time-history displacement is in good agreement with the
laboratory results.

Fig. 5 shows the modelling performed on OpenSees software in this research, in which the nonlinear
behavior of beams, columns, beam-column joints is simulated. For columns and beams, the nonlinear behavior of
materials and geometry like the P-delta effect (the P-delta effect is taken into account when introducing the
geometrical transformation) is simulated. Columns are modelled using displacement-based-control beam-column
fiber elements in areas with the potential to create a plastic hinge at the two ends of the column and an elastic
element in the middle of the column. The beams are modelled using a force-based-control beam-column element
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consisting of a length of the nonlinear plastic hinge at two ends of the beam and an elastic element in the middle
of the beam (Jeon et al., 2015b). According to Berry et al. (2008) in beams and columns, the plastic hinge length
is considered to be half of the depth of the member (Berry et al., 2008). The concrete and reinforced steel fiber
models are simulated with the one-dimensional stress-strain response using the existing Concrete01 and Steel02
materials in OpenSees.

The envelope curve for the shear stress-strain relation at joints (Jeon et al., 2015a) is illustrated in Fig. 6.

The beam-column joint is modelled using a zero-length torsional spring with Pinching4 material existing in the
OpenSees. The parameters used in this material is defined based on the work of (Jeon et al., 2015b).
In this modelling, the uncertainties in the materials’ strengths and damping ratio are not considered and may be
a subject for future researches. Because it is believed that the uncertainties related to earth movements
compensate for the effect of not considering other uncertainties (Han et al., 2015).

Structural damage due to the mainshock

The level of damage of the 3-story and 6-story structures were determined based on the value of the increase
of the fundamental period (ΔT1) to take into account the effect of structural degradation when exposed to
aftershocks. The level of damage is selected in line with one of the high levels of the period of damaged
buildings in the 2011 Lorca earthquake that damaged 1- to 4-degree damage at the European macroseismic
scale (EMS) (Vidal et al., 2014). Using the ΔT1 range is advantageous because the fundamental period of the
building can be calculated using the tool immediately after the mainshock. With remote control and in real time,
the status of the building can be assessed. These damage states are defined using the results of the nonlinear
analyzes used to develop the building fragility curves  (Trevlopoulos & Guéguen, 2016). The difference in the
fundamental period of the damaged and intact building relative to the fundamental period of the intact building
(T(1, orig)) is used to measure the increase in the fundamental period that is defined as follows (Trevlopoulos &
Guéguen, 2016):

 
In this study, the failure condition of ΔT1 = 40% is taken into account for the damage caused by the mainshock
before the aftershocks for the 3- and 6-story frames.

Method and steps of analysis

The incremental dynamic analysis (IDA) is a parametric analysis that has recently emerged in various forms
for evaluating the overall performance of structures under seismic loads. This concept was first proposed by
Bertero in 1977. Various researchers studied the concept and finally turned it into a general method. This
procedure contains subjecting a structural model to several ground motion excitations, each scaled to various
levels of intensity. Accordingly, numerous curves of response are produced that are all parameterized versus
intensity level (Massumi et al., 2015). In this study, IDA is used to determine the collapse capacity of building
models. In this analysis, a series of time-history dynamical analysis is performed using a set of ground
movements to observe the impact of record-to-record differences  (Vamvatsikos & Cornell, 2002). Spectral
acceleration is used as the intensity of the Earth's motion. The selected records were scaled using the approach
of Hossain et al. (2013) (Hossain et al., 2013). The analysis is performed in such a way that the response and
structural damage are first recorded in the main record. Then the damaged structure due to the mainshock is
exposed to the aftershock movement, which increases in intensity until the structure collapses.   structural
instability due to hinges formation and mechanism (SI) is used when instability happens in the entire or in a part
of the structure due to hinge formation and mechanism. There are four overall instability cases due to structures
geometry (Monavari & Massumi, 2012). This study focuses on the lateral collapse of structures due to global
dynamic instability in the form of large engineering demands (story drifts). In the IDA of 62 aftershocks, Table 2
with different properties was used to investigate the impact of aftershocks on the collapse capacity of the
frames damaged due to the mainshock. Earthquake number 2 was randomly selected as the mainshock from the
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remote zone record category of FEMA P695. Then two 3- and 6-story RC frames modelled in the OpenSees
environment are exposed to a scale of the mainshock record to reach the level of damage considered in Section
3.4. An 8-second interval between the movement of the mainshock and the aftershock was added to simulate the
structure reached to rest after the mainshock and to maintain the damage caused by it. In the 12-story building
mentioned in the works of Raghunandan et al. (2015), the remaining velocities of 0 to 3 inches per second are
observed 4 seconds after the end of the mainshock (Raghunandan et al., 2015). Their research has shown that
the remaining velocities around these values do not affect the collapse capacity of the damaged structures. Then
all 62 aftershock records for both frames were recorded using IDA and spectral acceleration corresponding to
frame collapse. All inconsistencies have been corrected throughout the analysis with continuous monitoring. To
investigate the impact of each of the aftershock characteristics on the aftershock collapse capacity, the records
are divided into two parts according to the desired characteristic and the fragility curve for each group.

Analysis Results
This section uses the material presented in the preceding sections and the results of the analysis are
found based on that material to develop box plot diagrams and to evaluate the fragility curves of 3- and
6-story RC frames in the form of diagrams. These diagrams can play an important role in assessing the
impact of aftershock characteristics on RC frames. In these curves, the in�uence of characteristics such
as mean period, dominant period, frequency bandwidth, duration and structure of the structures is
determined.

Medium period characteristics

Fig. 7 shows a box plot diagram of the collapse capacity of the 3- and 6-story frames for a group of
medium and short periodic collapses. The bottom and top of the box plot show the 25th and 75th

percentiles and the middle bar of the box plot shows the middle value. The bottom of the whiskers on this
chart shows the 2nd and 98th percentiles. The shown points in the graph also correspond to outliers. As
can be seen in the plots of the 3-story frame, the 2nd, 25th percentiles and the median value of the larger
mean period group are lower than the corresponding values in the smaller mean period group. This
indicates a lower collapse capacity of this group of intermediate periods. In the plots of 6-story, all
percentages for the larger medium period group show lower collapse capacity for this medium period
group.

Fig. 8 illustrates the relationship between the spectral acceleration of the �rst mode of 3- and 6- story
structures with a 5% damping and the probability of collapse of the mainshock-damaged structure for the
characteristic medium period. According to these graphs, the probability of collapse of 3- and 6-story
structures for intermediate periods of more than 0.5 seconds for a �xed spectral acceleration is generally
increased. The collapse of the 6-story structure is more likely for both groups of intermediate periods than
the 3-story structure.

Characteristic of the predominant velocity period

Fig. 9 shows a box plot diagram of the collapse capacity of the 3- and 6-story frames for predominant
velocity periods less than or greater than the fundamental period (T1) of buildings. As can be seen in the
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plots of 3-story, all percentiles of the dominant period group are less than T1, indicating a lower collapse
capacity of this dominant period group. This �gure also shows the box plots diagram mentioned for the
6-story frame, which is similar to the 3-story frame. But the overall collapsed capacity of the 6-story frame
is less than the 3-story frame.

Fig. 10 shows the relationship between the spectral acceleration of the �rst mode 3- and 6-story
structures with a 5% damping and the probability of collapse of the mainshock-damaged structure for the
dominant period characteristic. Similar to the results for the intermediate period, the probability of
collapse of 3- and 6-story structures for dominant periods larger than the fundamental period for a
constant spectral acceleration is generally increased. In both structures for the two groups of dominant
periods, the difference in the obtained fragility curves is much greater than the corresponding graphs for
the mean period too. Besides, similar to the average period, the overall probability of collapse of the 6-
story structure is generally higher than the 3-story structure at a constant acceleration.

Frequency bandwidth characteristic

Fig. 11 shows a box plot diagram of the collapsed capacity of the 3- and 6-story frames for bandwidths
less than and greater than 0.5. As can be seen in the plots of the 3-story frame, the percentages for the
bandwidth group are greater than 0.5, indicates a higher collapse capacity of this bandwidth. Plot
diagrams mentioned for the 6-story frame are similar to those of the 3-story frame. In the 6-story frame,
the percentiles of the two bandwidths are closer than the values for the 3-story frame.

Fig. 12 shows the relationship between the spectral acceleration of the �rst mode of the 3- and 6-story
structures with 5% damping and the probability of collapse of the mainshock-damaged structure for
frequency bandwidths less than 0.5. These graphs are roughly in line with the graphs obtained for the
dominant period characteristic. The reason for this may be that both properties are obtained using the
elastic velocity spectra of the structures. So the same descriptions of Section 4.2 apply here. From the
similarity of the diagrams obtained for the dominant period and frequency bandwidth, it can be
concluded that using these characteristics to develop fragility curves with good approximation yields
similar results.

Characteristics of the effective time of aftershock

Fig. 13 shows the box plot diagram of the collapse capacity of the 3 and 6-story frames for periods of
less than 11 seconds. As can be seen in the plots of the 3-story frame, the percentages for the group
times less than 11 seconds, are indicating a lower collapse capacity of this group than the effective
times. Also, the plots of the 6-story frame are similar to those of the 3-story frame. However, due to the
lower collapse capacity of this frame, the difference of the corresponding percentiles was obtained
compared to the three-story frame.

Fig. 14 shows the relationship between the spectral acceleration of the �rst 3- and 6-story structures with
a 5% damping and the probability of collapse of the mainshock damaged structure for an effective
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duration of fewer than 11 seconds. The diagram of the 3-story structure shows that the probability of
collapse of the structure is more than 11 seconds for the aftershock group. But in the curve of the 6-story
structure, the two curves are almost identical.

Site characteristics

Fig. 15 illustrates the box plot diagrams of the collapse capacity of the 3- and 6-story frames for different
sites. As can be seen, the percentages for Italy and Chichi Taiwan record sets are lower, indicating a lower
collapse capacity of this group of sites.

Fig. 16 shows the relationship between the spectral acceleration of the �rst 3- and 6-story structures with
a 5% damping and the probability of collapse of the mainshock-damaged structures for the California,
Italy, and Chichi Taiwanese sites. The diagram for the 3-story building shows that the probability of
structures collapsing at the California site is much lower than at the Italy and Chichi sites. While these
curves are slightly different for the Italy and Chichi sites. Similar results can be seen in the graph for the
6-story structure. However, the fragility is generally higher than that of the three-story structure. Besides, in
this graph, the curve of the Chichi structure is in a higher position than the other curves.

Validation of the results

According to the work of Sang et al. (2014) who investigated the effect of the mean period characteristic
and the effective time of aftershock on the collapse capacity of a steel frame, they concluded that the
collapse capacity of the structure decreases with increasing Tm and Ds (Song et al., 2014). The results
obtained by them justify the results obtained in Sections 4.1 and 4.4 of this paper. Since the curves for
the dominant period and bandwidth are also related to the frequency content of the ground motion, the
results obtained in those graphs with respect to the characteristic of the average period are reasonable.
Hosseinpour and Abdul Nabi (2017) showed that the earthquake zone in question had a signi�cant
impact on the fragility curves of RC frames with different classes (Hosseinpour & Abdelnaby, 2017). They
also observed that the difference in fragility curves decreased with the increase in the number of stories,
which could be due to the movement of upper stories in tall buildings under a single vibration. In this
study, similar results were obtained with respect to this difference in curves. In Section 4.5 of this paper,
the signi�cant effect of the seismic site on the fragility curve is observed.

Discussion of results

Diagrams and curves related to the aftershock characteristics for two 3- and 6-story frames were
investigated. It was observed that the collapse capacity of the frames decreases with increasing Tm and
Tg, which may be due to a signi�cant increase in the response of structures with a tendency for the
frequency content of aftershock records to be the dominant period. From the similarity of the graphs
obtained for the dominant period and frequency bandwidth, it can be concluded that the use of one of
these characteristics is su�cient to develop the curves. Also, using the dominant period or frequency
bandwidth, compared to the average period, higher curves are obtained, especially for the 3-story frame.
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According to the results observed on the 3-story frame, the probability of collapsing of the structure for
periods of more than 11 seconds is higher. Given the decreasing characteristics considered in the
structural system and the direct relationship between the aftershocks and loading periods, the possibility
of structural collapse at higher times is justi�ed. But the fragility curve obtained for the 6-story frame
shows the effect of effective duration. This may be due to the early collapse of the 6-story structure
compared to the 3-story structure due to its early fragility due to the higher impact of disregarding seismic
requirements than the 3-story frame. The obtained results show that the frames in different constructions
have different capacities. The low likelihood of collapse in aftershocks in California indicates that the
frequency content and effective duration of the site are different from those estimated elsewhere. This
result may be due to different mechanisms of ground movements occurring in different structures and
generating different characteristics.

Conclusions
The signi�cant effect of frequency content and duration of time and site effects of aftershocks on the
fragility curves of damaged frames and corresponding box plot diagrams was investigated. It can be
concluded that if random aftershocks combined with mainshocks are used for seismic evaluation of
structures, the probability of collapse of the damaged structure due to mainshocks may be much higher
than the actual value. Besides, if the aftershock used has a shorter duration and higher frequency than
expected, the possibility of collapsing of the structure can be estimated too low. Therefore, it is necessary
to consider the characteristics of aftershocks as an important issue in the procedure of selecting records
for the generation of seismic sequences.
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Figure 1

6-story building frame (Han et al., 2015)

Figure 2

Reinforcements’ details (Han et al., 2015)
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Figure 3

Scaled Frame Analytical Model (Jeon et al., 2012)

Figure 4

Comparison of the results of the laboratory time-history response of Bracci et al. (1995) and the results of
the analysis by the software (Bracci et al., 1995; Jeon et al., 2012).

Figure 5

Frame analytical model (Jeon et al., 2015b)

Figure 6
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Envelope curve for the shear stress-strain relation at joints (Jeon et al., 2015a)

Figure 7

Box plot diagram of the collapse capacity of the 3- and 6-story frames for short and long periods

Figure 8

Fragility curve of 3- and 6-story frames for short and long periods
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Figure 9

Box plot diagram of the collapsed capacity of 3- and 6-story frames for dominant periods greater or
smaller than T1

Figure 10

Fragility curve of the 3- and 6-story frames for short and long dominant periods
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Figure 11

Box plot diagram of the collapsed capacity of the 3- and 6-story frames for dominant periods smaller and
greater than 0.5

Figure 12

Fragility curve of the 3- and 6-story frames for the frequency bandwidth smaller and greater than 0.5
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Figure 13

Box plot diagram of the collapsed capacity of the 3- and 6-story frames for the signi�cant duration of the
earth movement smaller and greater than 11 seconds

Figure 14

Fragility curve of the 3- and 6-story frames for the signi�cant duration of the earth movement smaller and
greater than 11 seconds
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Figure 15

Box plot diagrams of the collapse capacity of the 3- and 6-story frames for different sites.

Figure 16

Fragility curve of the 3- and 6-story frames for different sites (diagrams for 3-story of Chichi site and 6-
story of California site coincide with each other).


