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Abstract 
 

During earthquake events, numerous aftershocks are usually recorded following a mainshock and 

potentially cause further structural damage. This paper empirically estimates the collapse capacity 

of post-mainshock buildings using the generalized linear model (GLM). In this study, the inelastic 

spectral displacement is employed to quantify structural collapse capacity. The damage conditions 

for different buildings may differ greatly. It can significantly affect the collapse capacity and four 

damage states are considered here. A suite of 62 records with a broad range of earthquake ground 

motion characteristics are selected to determine collapse capacity by incremental dynamic analysis. 

The analysis is based on a nonlinear SDOF system and a typical 4-story steel framed building using 

deterioration models. A GLM of four parameters including the structural fundamental period, 

frequency content, duration, and damage state, is proposed to predict the collapse capacity. The 

maximum likelihood estimates of coefficients are determined by the iterative procedure. This 

research will facilitate the estimation of structural collapse capacity, and improve the current 

evaluation and design practice. 
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Introduction 

During earthquake events, numerous aftershocks are usually recorded following a 

mainshock. They potentially cause further damage of post-mainshock buildings, pose a 

significant risk to life safety, hamper reoccupation and restoration of buildings, and 

increase seismic loss (Li et al., 2014). About 90 aftershocks with magnitudes 5.0 or greater 

are recorded in the 24 hours after the 2010 M8.8 Chile earthquake on February 27(USGS, 

2010). The Great Tohoku earthquake on March 11, 2011, was followed by appropriate 588 

aftershocks with moment magnitudes of 5.0 or greater in Japan (USGS, 2011).The M8.6 

Indonesia earthquake on April 11, 2012, triggered many strong aftershocks with the 

largest measured at M8.2 in two hours (USGS, 2012).The ground motion characteristics of 

aftershocks may be remarkably different from those of mainshock due to the difference of 

occurrence mechanisms. Hence the accurate evaluation of the seismic behavior of post-

mainshock buildings needs to account for aftershock hazard and its characteristics. 

 

As ground motion characteristics (e.g., spectral shape, duration, and frequency content) 

may significantly affect the seismic behavior of buildings, it is required to consider the 

features of ground motion to accurately estimate the collapse capacity of a building 

subjected to earthquake records. Since the influence degree of the duration depends on 

many factors, such as the definition of duration, the seismic demand parameter, damage 

metric, and the structural nonlinear property, the effect of seismic duration on structural 

response is still a topic worth further investigation (Hancock & Bommer, 2006). Both 

experimental testing results of reinforced concrete and steel frames and analytical studies 

adopting the cumulative damage measures have demonstrated that the duration of ground 

motion or the number of loading cycles is positively correlated to structural damage (Chai, 

2005; Dutta & Mander, 2001; Mander et al., 1995). van de Lindt and Goh (2004) found 

that seismic duration has a significant impact on structural reliability and proposed a 

duration effect factor to measure the effect of duration on reliability. Raghunandan and 

Liel (2013) investigated the effect of duration on collapse of reinforced concrete buildings 

with different structural properties and concluded that the collapse capacities of concrete 

structures with deterioration were greatly influenced by the ground motion duration. 

 

Frequency content of ground motion may greatly influence the seismic response of 

buildings. Structural dynamic response and seismic forces can be significantly enhanced 

when the frequency content closely matches the natural periods of an elastic building 

(Chopra, 2007). Although a response spectrum provides the comprehensive information of 

frequency content, it is more convenient to characterize frequency content by a scalar 

parameter from an engineering practice perspective. Past studies have proposed several 

scalar frequency content parameters to investigate the influence of frequency content on 

the seismic behavior of buildings. Rathje et al. (1998) proposed the mean period    to 

measure the frequency content of ground motion, which is defined as the mean period of 

the Fourier amplitude spectrum (FAS) in a specified frequency range. Kumar et al. (2011) 

found  that for single degree of freedom (SDOF) systems when the ratio of    to    is 

lower than one the seismic displacement is amplified, while for multiple degree of 

freedom (MDOF) systems when    closely matches the higher mode periods the base 

shear and maximum story drift profile are significantly affected by structural modes. 

Kumar et al. (2013) found that the ratio of     to    and the behavior factor have a 

remarkable influence on the global drift. 
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The effect of characteristics of ground motion records on the structural collapse is not well 

understood, especially the effect of aftershock features on post-mainshock collapse of 

buildings. This paper investigates the influence of characteristics of ground motion on 

collapse capacity for both post-mainshock SDOF and MDOF steel building models, and 

then estimates the post-mainshock collapse capacity using the generalized linear model 

(GLM). The structural analytical models are simulated by using the modified Ibarra-

Krawinkler hysteretic model to capture the key structural degradation of strength and 

stiffness along with destabilizing effects of gravity loads. Incremental dynamic analysis 

was carried out to determine the structural collapse capacity based on a set of 62 

aftershock records with varying characteristics. A generalized linear modeling regression 

technique was used to estimate the structural collapse capacity measured in terms of 

inelastic spectral displacement. This research will facilitate the estimation of structural 

collapse capacity, and improve the current evaluation and design practice. 

Ground motion duration and frequency content 

Many scalar parameters have been proposed in the literature to measure the ground 

motion duration. The 5-95% significant duration (  ), defined as the interval of the times 

at which 5 and 95 percent of the Arias intensity of the ground motion are accumulated, is 

adopted in this study, since it has been recommended and used in a number of past 

studies (Aris, 1970). The Arias intensity (AI) which represents the integral over the 

seismic time of the square of the acceleration time history can be expressed as: 

   
 

  
∫        

 

 

                                                                            

where      is the ground motion acceleration,   is the gravity acceleration, and T is the 

total recorded time of a ground motion. Since    accounts for the seismic duration over 

which 90% of the total energy is accumulated, it represents the time length of the 

strongest part of ground motion. 

Frequency content of ground motion is measured by the mean period    in this study.    

is calculated by the weighted mean periods of the Fourier Amplitude Spectrum in a 

specific range of frequency. It can be mathematically expressed as (Rathje et al., 1998): 

   
∑   

  
 

  
 

∑   
 

 

                                                         

Where    is the discrete fast Fourier transform (FFT) frequency in the range of 0.25 to 20 

Hz,    is the Fourier amplitude coefficient corresponding to the frequency   , which is 

mutually independent, and    is the frequency interval for which the FFT is performed. 

To obtain a stable value of   , Rathje et al. (1998) suggested that the value of    should 

be smaller than 0.05 Hz. Rathje et al. (2004) demonstrated that    is a stable and reliable 

indicator of frequency content and it works well to distinguish the frequency content of 

strong ground motions. 

Figure 1 shows the values of    and    for a mainshock-aftershock sequence, which was 

recorded at the CHY014 station from the 1999 Chi-Chi earthquake. The acceleration time 

history of the seismic sequence is shown in Figure 1 (a). Fig 1 (b) illustrates the 
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comparison of the energy that accumulates over time between the mainshock and the 

aftershock. The Fourier Amplitudes corresponding to each frequency for the mainshock 

and the aftershock are shown in Fig 1 (c). 

 
(a) Acceleration time history of a seismic sequence 

 
(b) Arias intensity 

 
(c) Fourier Amplitude Spectrum 

Figure 1.    and    for a mainshock-aftershock sequence recorded at the CHY014 

station from the 1999 Chi-Chi Earthquake 
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Mainshock-aftershock ground motion database 

The mainshock-aftershock sequences in this study are obtained from the Pacific 

Earthquake Engineering Research Center (PEER) Next Generation Attenuation database 

(PEER, 2011)  according to the following criteria: (1) the magnitude moment of 

mainshocks and aftershocks are equal to or greater than M5.0; (2) the peak ground 

acceleration (PGA) of horizontal components of ground motions are greater than 0.05 g; 

(3) only far-field ground motions are selected to  avoid the effect of near site or rupture 

directivity; and (4) the acceleration sensors are installed on the free field or low-height 

buildings to avoid the influence of soil-structural interaction. 

Under these criteria, 62 seismic sequences were selected from nine earthquake events 

with    ranging from 2.28 - 87.42 s and    varying between 0.19 - 1.29 s. The list of the 

selected seismic records and main parameters are present in Table 1. The spectral shape 

of ground motion is not considered in the selection process since the ground motion 

intensity is measured by the inelastic spectral displacement (   ).  

Table 1. Mainshock-aftershock sequences selected from PEER database 

Earthquake name Date Time Magnitude Mechanism 
Number of 

sequences 

Chi-Chi, Taiwan 09/20/99 9:20 7.6 Reverse-Oblique 15 

 
09/20/99 18:03 6.2 Reverse 

 

 
09/20/99 21:46 6.2 Strike-Slip 

 

 
09/22/99 0:14 6.2 Reverse 

 

 
09/25/99 23:52 6.3 Reverse 

 
Coalinga 05/02/83 23:42 6.4 Reverse 7 

 
05/09/83 2:49 5.1 Reverse 

 

 
07/22/83 2:39 5.8 Reverse 

 
Friuli, Italy 05/06/76 20:00 6.5 Reverse 5 

 

09/15/76 3:15 5.9 Reverse 

 Imperial Valley 10/15/79 23:16 6.5 Strike-Slip 6 

 
10/15/79 23:19 5.0 Strike-Slip 

 
Irpinia, Italy 11/23/80 19:34 6.9 Normal 7 

 
11/23/80 19:35 6.2 Normal 

 
Livermore 01/24/80 19:00 5.8 Strike-Slip 5 

 
01/27/80 2:33 5.4 Strike-Slip 

 
Mammoth Lakes 05/25/80 16:34 6.1 Normal-Oblique 5 

 
05/25/80 16:49 5.7 Strike-Slip 

 

 
05/25/80 19:44 5.9 Strike-Slip 

 
Northridge 1/17/94 12:31 6.7 Reverse 8 

 
01/17/94 12:32 5.9 Reverse-Oblique 

 

 
03/20/94 21:20 5.3 Reverse 

 
Whittier Narrows 10/01/87 14:42 6.0 Reverse-Oblique 4 

 
10/04/87 10:59 5.3 Reverse-Oblique 
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Structural Models and Analysis 

To explore the post-mainshock collapse capacity of buildings accounting for 

characteristics of aftershocks, nonlinear dynamic analysis is carried out for both SDOF 

and MDOF systems with deterioration models. The fundamental period of the SDOF 

system in this study is 0.85 s and the MDOF system is represented by a modern code-

conforming four-story steel moment resistant frame building in Los Angeles (Lignos & 

Krawinkler, 2009). The design of the four-story office building was in accordance with 

the 2003 International Building Code (ICC, 2003), the 2002 Minimum Design Loads for 

Buildings and Other Structures (ASCE-7, 2002), and the 2005 American Institute of Steel 

Construction seismic provisions (AISC, 2005). Figure 2 shows the lateral steel moment-

resisting frame in the East-West (EW) direction and the first three modal periods are 

1.32, 0.39, and 0.19 s, respectively. To verify the analytical sidesway collapse of the 

frame, two 1:8 scale model frames were built and tested up to collapse on the shaking 

table at the NEES facility at the State University of New York at Buffalo (Lignos & 

Krawinkler, 2009). 
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Figure 2. Four-story steel building 

The OpenSees software developed by PEER was used to simulate the analytical models 

(OpenSees, 2013). To accurately simulate the seismic behavior to the collapse of 

buildings, the key degradation properties of the structural components are required to be 

captured in the nonlinear analytical models. The structural nonlinear behavior is 

simulated by a concentrated plasticity model, which consists of elastic beam-column 

elements connected by zero length elements to serve as the plastic hinge rotational spring 

(Eads et al., 2013; Lignos et al., 2011). The plastic hinge rotational spring is modeled by 

the modified Ibarra-Krawinkler hysteretic model, which accounts for rules for stiffness 

and strength deterioration (Lignos & Krawinkler, 2009). P-Delta effects are considered 

by linking a leaning column carrying gravity loads to the frame, which is modeled as 

beam-column elements jointed by zero length rotational spring elements with very small 

stiffness. 

Incremental dynamic analysis (IDA) was applied to determine the collapse capacities of 

the buildings. An ensemble of ground motion records are used in an IDA to account for 
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record-to-record variability and each record is scaled to multiple seismic intensity levels 

to force the structure through the entire range of structural behavior, from elastic to 

inelastic and finally to the structural collapse (Vamvatsikos & Cornell, 2002). 

In this study, inelastic spectral displacement     is used to measure the seismic intensity 

because it is capable of representing the ground motion intensity, spectral shape effect, 

and elongated period (Tothong & Luco, 2007).      is calculated using a bilinear SDOF 

oscillator with a 5% post-yield hardening stiffness ratio and a 5% viscous damping ratio 

based on the structural fundamental period    and  the  building-specific yield 

displacement   . Due to the yielding and elongated period of oscillator,     implicitly 

captures the spectra shape effect of the elongated period greater than    which results 

from the structural damage. Accounting for ground motion intensity and spectral shape, 

    is efficient, sufficient, and has the scaling robustness to reduce record-to-record 

variability in the structural demands (Tothong & Luco, 2007). 

Collapse capacity of post-mainshock buildings 

Structural collapse capacity of buildings in this study is quantified by the inelastic 

spectral displacement     at the seismic intensity level that the global dynamic instability 

begins to occur. A larger     at collapse represents the building has a better performance 

to resist seismic hazard. The structural collapse is mainly attributed to the P-Delta effects, 

accumulated damage, and strength and stiffness degradation of the components, etc. (Li 

et al., 2014). 

The damage conditions for post-mainshock buildings may differ significantly depending 

on the variation of seismic intensity and the characteristics of the seismic resistance of the 

building. When a post-mainshock building sustains severe damage, the structural post-

mainshock collapse capacity could be significantly reduced. In this study, four typical 

post-mainshock damage states are taken into account, including the undamaged state 

(DS0), and three damage states (DS1, DS2 and DS3) defined in ATC-58 (ATC-58, 2012). 

For a steel ductile moment resisting, the median peak interstory drifts of 1.5%, 2.7% and 

4.1% correspond to the damage states DS1, DS2 and DS3, respectively. The four damage 

states can be termed as none, minor, moderate, and severe damage for buildings. In this 

study, 62 aftershock records listed in Table 1 were used in the IDA to investigate the 

influence of aftershock characteristics on the collapse capacity of post-mainshock 

buildings with different damage states.  

Figure 3 and 4 present the relationship among collapse capacity    , duration    and 

mean period    for the SDOF structure and the 4-story building with four damage states, 

respectively. Each “circle” marker in Figure 3 and 4 represents a collapse     determined 

by IDA for each ground motion. As shown in Figure 3, it is noted that the collapse 

capacities     of buildings with different damage states usually decrease as    and    

increases. As the damage level increases, the collapse capacity of buildings is 

significantly decreased. 

In order to estimate collapse capacity of post-mainshock buildings, a multivariate 

regression based on generalized linear model (GLM) framework (Fox, 2008) is used to 

quantify the influence of frequency content, duration, and damage state on the structural 

collapse capacity. The generalized linear model includes three components: the 

probability distribution from the exponential family, linear predictor, and a link function 
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relating the linear model to the response variable. A function of four parameters including 

the structural fundamental period   , the duration   , the frequency content   , and 

damage state DS, is proposed to estimate the structural collapse capacity     using GLM. 

The function is expressed in Eq. (3), where   is the error term. 

                                                                                       

 
(a) DS0                                                         (b) DS1 

 

 
(c)  DS2                                                              (d) DS3 

Figure 3. Variation of collapse     with    and    for the SDOF system at four damage 

states (Circle: Analysis result and Diamond: Fitted GLM model) 

 

0
20

40
60

80
100 0

0.5

1

1.50

5

10

15

20

25

T
m

 (s)
D

s
 (s)

S
d

i 
(i

n
)

0
20

40
60

80
100 0

0.5

1

1.50

5

10

15

20

25

T
m

 (s)
D

s
 (s)

S
d

i 
(i

n
)

0
20

40
60

80
100 0

0.5

1

1.50

5

10

15

20

25

T
m

 (s)
D

s
 (s)

S
d

i 
(i

n
)

0
20

40
60

80
100 0

0.5

1

1.50

5

10

15

20

25

T
m

 (s)
D

s
 (s)

S
d

i 
(i

n
)

JSM 2014 - Section on Physical and Engineering Sciences

3897



 

 

 
(a) DS0                                                                 (b) DS1 

 
(c)  DS2                                                                (d) DS3 

Figure 4.  Variation of collapse     with    and    for the 4-story building at four 

damage states (Circle: Analysis result and Diamond: Fitted GLM model) 

Since structural collapse capacity typically follows a lognormal distribution, the response 

variable   is assumed to follow the gamma distribution, which can match the shape of 

lognormal distribution by adjusting the shape and scale parameters. An inverse link 

function for the response variable Y is expressed as: 

                
 

                 
                                                    

The nonlinear variation of collapse     with the four parameters can be captured by the 

inverse link function. The mean of collapse     can be estimated by a constant shape 

parameter and varied scaled parameter capturing the variation of collapse    . The 

variance of the gamma distribution is proportional to the square of the mean 

(Raghunandan & Liel, 2013). 
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Table 2. Fitted GLM model parameters 

Model parameter β Standard error p value 

Intercept 2.86E-02 6.04E-03 3.1E-06 

Fundamental period    -1.91E-02 4.69E-03 5.6E-05 

Duration    2.95E-03 4.12E-04 3.2E-12 

Mean period    -5.12E-02 1.48E-02 5.7E-04 

Damage State DS 5.01E-02 1.84E-02 6.7E-03 

  ×   -2.17E-03 3.15E-04 1.8E-11 

  ×   3.81E-02 1.14E-02 9.5E-04 

The GLM package in software R (R, 2013) is used to obtain the regression coefficients in 

the  inverse link function by determining the maximum likelihood estimates  in the 

iterative procedure. The different combination of          , DS, the multiplicative 

interaction parameters   ×  , and   ×   are fitted in the GLM. In the regression 

analysis, the response variable refers to 496 1 vector of collapse     for 2 buildings and 

62 ground motions, and the size of predictor variable matrix is 496  . By minimizing 

the predicted residual sum of squares, the fitted GLM model in Eq. (6) shows that the   , 

  ,   , DS, and interaction term   ×   and   ×   are important for predicting the mean 

of collapse    . Figure 3 and 8 show the predicted mean collapse capacity     for the 

SDOF system and the 4-story building from the fitted GLM model, respectively. Each 

“Diamond” marker indicates a collapse     predicted from Eq. (6). 

 [   ]                                                        
                                         

                      

The statistical significance of the fitted GLM model parameters (β) is tested by using the 

Analysis of Variance in R (R, 2013). The β values and the standard error used in 

hypothesis testing are summarized in Table 2. The β values are assumed to be zero in the 

null hypothesis. The null hypothesis can be rejected if the corresponding p value is less 

than the 5% significance value. The results of testing listed in Table 2 show that all the p 

values are close to zero and the null hypothesis should be rejected. Therefore, each of the 

selected predictors:   ,   ,   , DS,   ×    and   ×   is important. 

Conclusions 

This study investigates the effect of ground motion characteristics and damage state on the 

post-mainshock collapse capacity. The results demonstrate that the ground motion 

characteristics play a significant role in the structural collapse capacity whether for a 

simplified SDOF or more complex MDOF model. A post-mainshock building with a 

higher damage state may have a lower collapse capacity when it is subjected to an 

aftershock with longer duration and higher mean period. Thus, a vector of intensity 

measure capable of reflecting the ground motion intensity, duration, and frequency content 

may provide a better estimation of structural collapse capacity than a scalar intensity 

parameter. Based on the generalized linear model, the study proposes an empirical 

estimation equation of mean value of structural post-mainshock collapse capacity. Given 

the features of aftershocks and structural damage states, the mean post-mainshock collapse 

capacity can be empirically estimated. More investigations of post-mainshock collapse of 

buildings are needed to account for varying structural properties, failure mechanisms, 
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hysteretic models, buildings types, etc. In addition, variation of post-mainshock collapse 

capacity of buildings is needed to incorporate into the framework of the performance-

based earthquake engineering. 
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