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1. Introduction 
 

The major earthquake events, such as 2010 Christchurch 

earthquake, 2010 Haiti earthquake, 2011 Great East Japan 

earthquake, 2012 Emili earthquake, 2015 Gorkha 

earthquake, and 2018 Gyeongju earthquake have shown that 

aftershocks played a crucial role that led to collapse or 

severe damage of many buildings and other structures 

(Goda et al. 2011, Shcherbakov et al. 2010, Decanini et al. 

2012, DesRoches et al. 2010, Moss et al. 2015, Sun et al. 

2018). The effects of aftershocks on buildings require an 

additional assessment because the characteristics of the 

aftershock events usually differ from the mainshock ones. 

In addition, the common seismic design codes and 

guidelines do not consider the aftershocks in the seismic 

design process, even though it has been reported in many 

cases that the sequences of ground motions can almost 

double the accumulated damage of structures (Silwal and 

Ozbulut 2018, Gholamreza and Rajabi 2018). This makes 

the seismic assessment of structures considering the 

mainshock-aftershock (MS-AS) sequence necessary for 

both new and existing buildings to guarantee long-term 

structural integrity of the structure and identify any 

potential damage under future earthquake events. 

Recently some researchers started to study the effect of 

MS-AS sequence events on structures. For example, 

Kostinakis and Konstantinos (2017) examined 3D multi- 
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story buildings with various structural systems under MS-

AS sequence. The buildings are analyzed by nonlinear time 

history analyses (NLTHAs) using 80 bidirectional seismic 

sequences. The study emphasized that the damage is 

significantly increased under the MS-AS in addition to the 

importance of the incident angle of the ground motion. 

JorgeRuiz et al. (2017) examined the effect of artificial 

seismic sequences in RC frames built on soft soil sites. 

They found that the ratio of damaged period of the building 

to the dominant period of the aftershock is strongly 

affecting the inter-story drift demands. In addition, the 

response under seismic sequences is highly influenced by 

the stiffness unloading degradation. Maria et al. (2017) 

evaluated AS collapse fragility based on various return 

periods of MSs, allowing for the rapid assessment of post‐

earthquake safety variations based solely on the intensity of 

the damaging earthquake event. Shokrabadi et al. (2018) 

quantified the impact of the elevated post-mainshock 

seismic hazard and the mainshock-induced structural 

damage on the seismic risk of three reinforced concrete 

moment frame structures. They found that the increased 

post-mainshock seismic hazard and the reduction in the 

structural capacity have a significant influence on the 

seismic risk, which necessitates a design procedure that 

accounts for the additional seismic risk from aftershocks 

during design stage. Shokrabadi et al. (2018) assessed the 

structural performance of five ductile reinforced concrete 

frames with varying heights using sequential nonlinear 

response history analyses. Sang et al. (2018) proposed a 

quantitative assessment model for the fragility of a damaged 

structure subjected to aftershock and applied it to RC and 

steel structures. Trapani and Malavisi (2019) presented a  
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framework to assess seismic fragility and aftershock 

residual capacity of bare and infilled frames subject to 

mainshock aftershock sequences. Double incremental 

dynamic analysis is proposed as an analysis tool. They 

concluded that the aftershock capacity of bare and infilled 

frames depended on mainshock intensity. Moreover, in the 

case of significant mainshock residual drifts, both structures 

suffered noticeable collapse capacity reduction. 

Other studies focus on the effect of MS-AS on the 

seismic risk, loss assessment, and life-cycle cost of the 

structures. For example, Song et al. (2016) proposed a 

framework for loss estimation considering mainshock–

aftershock sequences. They investigated the uncertainty of 

the loss estimation by Monte Carlo Simulation with the 

Latin Hypercube Sampling approach. They found that the 

total losses accounting for mainshock–aftershock sequences 

are approximately 27-40% higher than those considering 

only mainshocks. Similarly, Shokrabadi and Burton (2018) 

formulated a comprehensive framework for quantifying 

financial losses under sequential seismic events considering 

the uncertainties in the structure, time-dependency of the 

earthquake, and the occurrence of mainshock and 

aftershock. They concluded that the consideration of 

aftershocks increases the lifecycle earthquake‐induced 

losses by up to 30% compared with the mainshock‐only 

event. The same observation of the importance of MS-AS 

on the risk assessment and repair cost of buildings has been 

extended to bridges. For example, You and Frangopol 

(2015) investigated the effects of aftershocks on risk and 

resilience considering uncertainties on bridges. The study  

 

 

concluded that the effects of aftershocks have great 

influence on the repair loss and residual functionality of a 

bridge after a seismic event. 

This study evaluates the performance of RC frame 

buildings before and after retrofit with steel slit-friction 

hybrid dampers under mainshock-aftershock seismic 

sequences. Three and eight-story RC frame buildings are 

used for case studies. First, mainshock incremental dynamic 

analysis (IDA) is conducted to evaluate the median collapse 

capacity and to identify the scale factors needed to let the 

structure reach three different damage states. After that, the 

aftershock IDA is conducted on the damaged mainshock 

structures to evaluate the median collapse capacity of the 

structure before and after the retrofit. Seismic fragilities of 

the structures are established to evaluate the effectiveness of 

the hybrid dampers in enhancing the seismic performance 

of the structure. 

 

 

2. Seismic performance evaluation procedure and 
structural modeling 

 

Fig. 1 shows the sequence of the MS-AS analysis 

procedure applied in this research. Two RC frame analysis 

model structures are designed to represent the low rise and 

midrise RC buildings. Fig. 2 shows the plan and the 

elevations of the RC-frame analysis models. For simplicity, 

one of the exterior RC frames is used in nonlinear analysis. 

According to ASCE-7 (2016), for regular structures with 

independent orthogonal seismic force-resisting systems,  

 

 

Fig. 1 Mainshock-aftershock seismic performance assessment procedure 
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independent 2-D models are permitted to represent each 

system. The building is designed for gravity loads only with 

a dead load of 4.1 kN/m2 and a live load of 2.5 kN/m2. ACI 

318 (2014) is used for the design of the RC elements. The 

dimensions and reinforcement of the RC elements are 

presented in Table 1. The compressive strength of the 

concrete is taken as 20.7 MPa (3000 psi) and grade 60 (413 

MPa yield strength) steel used for the reinforcement bars. 

The moment of inertia of the beam and the column sections 

are reduced to 35% and 70% of those of nominal un-

cracked values, respectively, to account for the cracked 

condition of the elements according to ACI 318 (2014). 

Plastic hinges are defined based on ASCE/SEI 41 (2013) at 

the ends of the beams and columns to account for the 

material non-linearity. The hysteresis loops of the beams 

and columns used in the nonlinear dynamic analysis 

(NLTHA) are shown in Fig. 3. A rigid connection is 

assumed between beams and columns, and the first story 

columns assumed fixed to the ground. According to the 

modal analysis conducted using SAP2000 (2018), the  

 

 

 

fundamental periods of the 3 and 8-story RC frames are 

found to be 0.90sec and 2.03 sec, respectively. For modal 

and dynamic analyses, 5% of the critical damping is used. 

Natural mainshock-after shock pairs of ground motions 

are selected to conduct NLTHAs of the model structures. 

Spectral acceleration at the natural period of the structure is 

used as the intensity measure, and the maximum inter-story 

drift ratio (MIDR) is used as the main engineering demand 

parameter. The structures are exposed to the mainshock 

ground motions first until they reach a predefined damage 

state (DS). Three DSs are selected for the current study, 

which are immediate occupancy (IO), life safety (LS), and 

collapse prevention (CP) corresponding to the MIDR of 

0.7%, 2.5%, and 3.75%, respectively. Mainshock (MS) 

records only are used to establish mainshock-incremental 

dynamic analysis (MS-IDA) for obtaining the mainshock-

median collapse capacity (MS-MCC). To obtain the MS-

IDA, NLTHAs are conducted using the MS records only 

with increasing intensity levels until global mechanism 

occurs or dynamic instability is encountered. After that,  

 

Fig. 2 The plan and elevations of the analysis models 

Table 1 Dimensions and reinforcement of the RC elements 

Model structure 
RC Column 

Size (cm) 

RC column 

reinforcement 

RC beam 

size 
RC Beam reinforcement Steel Section for retrofit 

3 story 30 * 30 6 ø 14 25 * 40 4 ø 20 W10*30 

8 story 45 * 45 12 ø 16 25 * 40 4 ø 20 W10*30 

  
(a) Beams (b) Columns 

Fig. 3 Hysteresis loops of the RC beams and columns used in the non-linear analysis 
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only aftershock (AS) records are used to establish 

aftershock-incremental dynamic analysis (AS-IDA) on the 

damaged structure. Damaged structure means the state of 

the structure after reaching one of the predefined DSs under 

the MS records only.  

Various energy dissipation devices have been applied for 

seismic retrofit of existing structures (Naeem and Kim 

2018, Kim 2019, Yan et al. 2020, Noureldin et al. 2020, 

Noureldin et al. 2021). Other retrofitting techniques without 

utilizing energy dissipation devices (e.g., Eldin et al. 2020a, 

2020b) showed less effectiveness in terms of controlling 

interstory drifts. The energy dissipation device used in this 

study for seismic retrofit consists of a steel slit plate and 

two friction pads connected in parallel as shown in Fig. 

4(a). The advantage of the hybrid damper is that for small 

earthquakes only friction dampers are activated, while for 

large earthquakes both friction and slit dampers dissipate  

 

 

seismic energy (Lee et al. 2017). More details about the 

hybrid damper used in this study can be found in Eldin et 

al. (2018). Fig. 4(c) shows the hysteresis curves of hybrid 

damper and the tri-linear idealization used for analysis. At 

large lateral displacement, a diagonal tension field is 

formed in the slit plate, which results in a further increase of 

post-yield strength at large lateral displacement as can be 

observed in the hysteresis curves. A multi-linear plastic 

element is used from the SAP2000 library to represent the 

hybrid damper in the analytical model (Fig. 4(b)). The 

retrofit scheme is applied on the perimeter RC-frame of the 

building in the direction under consideration. After that, the 

retrofitted building is designed based on the design-basis 

earthquake spectrum to limit the MIDR within 2.0% for risk 

category two as required by ASCE-7 (2016). For the design 

spectrum, a site class D (weak soil) is assumed and the 

spectral acceleration at short periods, SDS, and at one  

 
(a) The hybrid damper components 

  
(b) Envelop curve and tri-linear idealization (c) Hysteresis curves of the hybrid damper 

 
(d) Installation scheme 

Fig. 4 Characteristics of the hybrid damper used in the seismic retrofit 
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second, SD1, are 1.408 g and 0.733 g, respectively. The 

hybrid damper can be installed using wide-flange chevron 

brace configuration in the middle bay and along the height 

of the building as shown in Fig. 4(d). The predominant 

periods of the retrofitted structures are 0.85 and 1.82 

seconds, respectively, for the 3- and 8-story models.  

It was observed in the damper experiment that cracks 

formed at the end of some slit columns under combined 

action of bending and tension at lateral drift of about 70 

mm, and the slit damper fractured at the next loading step. 

However the fracture of the damper was not considered in 

the analysis because the fracture displacement can be  

 

 

increased by lengthening the length of the slit columns. In 

this case the same stiffness or yield force can be maintained 

by properly increasing the dimension of the width and 

thickness of the slit columns. One important advantage of 

friction or metallic damper is that we can easily design the 

damper in such a way that required parameters are met 

based on simple theoretical formulas. 

NLTHAs are conducted using 12 natural MS-AS 

sequence records selected from the PEER NGA database 

(2019) for the seismic performance evaluation of the 

buildings. Fig. 5 shows the response spectra of the twelve 

MS-AS sequence records and the time history of the  

 
(a) Response spectra of the twelve MS-AS sequence records 

 
(b) Acceleration time histories of selected MS-AS sequences 

Fig. 5 Mainshock-aftershock sequence records used in the analysis 
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selected sequences recorded at the same station. The 

magnitude of the MS-AS sequence ranges between 5.2 and 

7.6 and the peak ground acceleration ranges between 0.029 

g and 0.575 g as shown in Table 2. 

 

 

3. Mainshock-aftershock seismic evaluation for 
collapse capacity 

 
3.1 Collapse capacity assessment for the mainshock 

events 
 

Mainshock IDAs are conducted to determine the 

collapse capacities of the models under investigation. IDA 

curve provides the relationship between the spectral 

acceleration and the maximum inter-story drift ratio 

(MIDR). Fig. 6 shows the IDAs for the mainshock 

earthquake records with the median response for the models 

before and after the retrofit. The response of an individual 

ground excitation record scaled to a specific intensity level 

is indicated as a dot on the IDA curve. An inter-story drift 

of 5.0 % is used as a collapse limit state where dynamic 

instability is encountered during analysis of the model 

structures. Since the maximum intensity level that the 

model can sustain under each earthquake ground excitation 

is different from one record to another, the median is used 

as a central tendency value for representing the maximum 

intensity levels. This value is called the median collapse 

capacity (MCC). As can be observed in the figure, the 

MCCs of the model structures are 1.40 g and 2.50 g,  

 

 

respectively, for the bare and the retrofitted 3-story model. 

For the 8-story model, these values are 0.86 g and 1.20 g, 

respectively. This means that the seismic retrofit increases 

the MCC by 79% and 40%, respectively, for the 3 and 8-

story models. Increasing the MCC during the mainshock 

improves the seismic performance significantly at the 

aftershock events as stated in previous studies (García and 

Aguilar 2015, Bojórquez and García 2013). 

 

3.2 Collapse capacity assessment for aftershock 
events 
 

In order to conduct the aftershock IDA analysis, the 

models need to reach the damage state first by the 

mainshock records scaled to achieve this specific damage 

state. Three damage states are used, which correspond to 

MIDR of 0.7%, 2.5%, and 3.75 % and are designated as 

DS1, DS2, and DS3, respectively. The scale factors required 

to achieve these damage states can be obtained from the 

mainshock IDAs conducted in the previous section. To 

conduct IDA of the aftershock, the model response from the 

mainshock time-history record should come to a complete 

stop. This can be achieved by applying a separation time of 

40 seconds before applying the aftershock time-history 

record. After that, the aftershock record is applied with 

increasing intensity through NLTHA until the model 

reaches the global dynamic instability. The 40 seconds gap 

between the main shock and aftershock records is 

considered to ensure the stabilized response under the free 

vibration of structures before the application of the  

Table 2 Characteristics of the natural earthquake records used for the mainshock and aftershock events 

No Earthquake Year MO/DY HR: MN Station name RSN Mw PGA *Ds *Tm 

S1 Whittier 1987 
10/01 14:42 

"Mt Wilson - CIT Seis Sta" 
663 6 0.123 9.8 0.19 

10/04 10:59 715 5.3 0.145 3.9 0.21 

S2 Irpina, Italy 1980 
11/23 19:34 

"Calitri" 
289 6.9 0.126 24.2 2.62 

11/23 19:35 300 6.2 0.154 20 2.48 

S3 Chi-Chi, Taiwan 1999 
09/20 1:47 

"CHY035" 
1202 7.6 0.251 27.9 0.85 

09/20 21:46 2709 6.2 0.136 12.1 0.64 

S4 Northridge 1994 
01/17 12:31 

"Castaic - Old Ridge Route" 
963 6.7 0.568 9.1 0.54 

01/17 23:33 1676 5.9 0.138 9.7 0.47 

S5 Chalfant Valley 1986 
07/20 14:29 

"Zack Brothers Ranch" 
547 5.8 0.272 11.5 0.42 

07/21 14:42 558 6.2 0.447 8.1 0.48 

S6 Coalinga 1983 
05/02 23:42 

"Pleasant Valley P.P. - bldg" 
367 6.4 0.3 11.6 0.61 

07/22 02:39 412 5.8 0.575 7.3 0.41 

S7 Northridge 1994 
01/17 12:31 

"Moorpark - Fire Sta" 
1039 6.7 0.193 16.1 0.58 

01/17 23:33 1681 5.9 0.14 10 0.55 

S8 Hollister 1961 
04/09 07:23 

"Hollister City Hall" 
26 5.6 0.059 18.7 0.675 

04/09 07:25 27 5.5 0.059 16.5 0.63 

S9 Friuli, Italy 1976 
05/06 20:00 

"Codroipo" 
122 6.5 0.062 19 0.744 

09/15 03:15 131 5.9 0.029 23.8 0.726 

S10 Mangua 1972 
12/23 06:29 

"Managua_ ESSO" 
95 6.2 0.372 10.6 0.456 

12/23 07:19 96 5.2 0.263 8.1 0.608 

S11 Northridge 1994 
01/17 12:31 

"LA - Hollywood Stor FF" 
995 6.7 0.231 12 0.482 

01/17 12:32 1660 6.1 0.158 3.7 0.189 

S12 Lazio, Italy 1984 
05/07 17:50 

"Cassino-Sant' Elia" 
3605 5.8 0.146 11.9 0.52 

05/11 10:41 4320 5.5 0.037 12.3 0.417 

*Ds: Significant duration (interval of the time in second over which 5–95% of the total Arias intensity is accumulated) 

*Tm: Mean period that describes the frequency content of the ground motion 
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aftershock. This is to realize the situation of the selected 

earthquake events, where the ground accelerations are zero 

before the start of the aftershock excitation. This technique 

is commonly used in studies considering the mainshock and 

aftershock records (e.g., Silwal and Ozbulut 2018). 

Fig. 7 shows the aftershock IDA curves for the models 

after reaching different damage states under the mainshock 

events. As can be observed in the figure, the median 

collapse capacity decreases with the severity of the damage 

state. For example, for the 3-story bare frame, the 

percentage decrease in the MCC for DS1, DS2, and DS3 are 

7.7%, 12.0%, and 27.3%, respectively, compared to those 

from the mainshock events. For the 8-story bare structure, 

the percentages decrease in MCC for the same previous 

damage sates are 8.0%, 15.0%, 20.3%, respectively. Based 

on these results, it can be observed that the median collapse 

capacity is reduced significantly in case the building 

experiences high damages during the mainshock event. 

However, this effect is less significant in case the building 

experiences low damages during the mainshock event. The 

percentages decrease in MCC for DS1, DS2, and DS3 are 

19%, 23%, and 43%, respectively, in the retrofitted 3-story 

structure, and are 8%, 9%, and 11%, respectively, in the 

retrofitted 8-story structure. 

Fig. 8 shows the median mainshock and aftershock 

IDAs on the same graphs. As can be observed, the 

retrofitted models have higher MCC curves compared to the 

un-retrofitted ones. Generally, the difference between the 

MCC curves for the bare and the retrofitted structures is 

getting larger with the increase in the value of the MIDR as 

shown in the figure. This observation is clear, especially, for  

 

 

the DS2 of the s-story case. Another interesting observation 

is that the differences among the MCC curves are larger for 

the 3-story case compared to the 8-story case. This means 

that the higher the story number is, the smaller the 

difference in the MCC curves for both the retrofitted and 

bare cases. Another interesting observation is that in the 

case of the aftershock events, the increase in MCC for the 

retrofitted case is more pronounced for all damage states, 

especially, for the DS3.  

It is worth mentioning that the predominant period of an 

earthquake has important effect on the amplification of 

structure response due to resonance. For the 3-story model, 

the predominant period before and after retrofit are found to 

be 0.9 and 0.85 seconds, respectively. For the 8-story 

model, these values turned out to be 2.03 and 1.82 seconds. 

In the current study, after comparing the predominant 

periods of the earthquakes (Table 2) with all models’ 

periods before and after retrofit, it is found that the periods 

of the model structures do not match or are not within close 

range of the predominant periods of the earthquakes, except 

for Chi-Chi mainshock event. Even for this specific 

earthquake, the structural natural period tends to elongate 

due to the damage induced by the earthquake and resonance 

phenomenon may not occur. 

 

 

4. Seismic fragility assessment for main shock-after 
shock events 

 

Seismic fragility curves provide a visual representation 

of the probability of a structure to reach a given damage  

  
(a) 3 story retrofitted frame (b) 3-story retrofitted frame 

  
(c) 8-story bare frame (d) 8-story retrofitted frame 

Fig. 6 IDA curves for the mainshock events at three different damage states 
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(a) 3 story structure 

 
(b) 8 story structure 

Fig. 7 IDA curves for the aftershock events at three different damage states 

  
(a) 3-story frames (b) 8-story frames 

Fig. 8 Median IDA curves of the model structures at three damage states before and after retrofit subjected to the mainshock 

and aftershock events 
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Fig. 9 Fragility curves for the 8-story frame before and after 

retrofit under mainshock events 

 

 

state. The probability of the structural capacity being less 

than the seismic demand for a specific limit state is related 

with the seismic measure intensity through a conditional 

probability lognormal cumulative distribution function 

Celik and Ellingwood (2009): 

𝑃[𝐶 < 𝐷 @ 𝑆𝐼 = 𝑥] = 1 − Φ ⌊
ln (�̂� �̂�)⁄

𝛽𝑇𝑂𝑇

⌋ (1) 

where C is the structural capacity; D is the structural 

demand; SI is the seismic intensity hazard;  [.] is the 

standard normal probability integral; �̂�  is the median 

structural capacity for a specific limit state; �̂�  is the 

median structural demand; 𝛽𝑇𝑂𝑇  is the total system 

collapse uncertainty, which is taken to be 0.6 based on the 

FEMA P695 (2009) recommendation. 

Fig. 9 shows the fragility curves of the 8-story model 

before and after retrofit subjected only to the mainshock 

event. It can be observed that the spectral acceleration at the 

50% probability of exceeding the limit state of the bare 

frame model is enhanced after the retrofit. The percentages 

increase of the spectral acceleration at the 50% probability 

of exceeding the limit state are 40%, 35%, and 30%, 

respectively, for DS1, DS2, and DS3 after the retrofit. Fig. 

10 shows the fragility curves of the 8-story model before 

and after retrofit under aftershock event. As can be seen 

from the results of the un-retrofitted structure, the 

percentage decreases of the spectral acceleration at the 50% 

probability of exceeding the limit state due to the aftershock 

events are 3%, 40%, and 50%, respectively, for MS-DS1, 

MS-DS2, and MS-DS3 in the case of AS-DS1. These values 

are 5%, 15%, and 40% for AS-DS2, respectively, and 7%, 

8%, and 25% for AS-DS3, respectively. In the case of the 

retrofitted 8-story frame, the percentage decrease of the 

spectral acceleration at the 50% probability of exceeding 

the limit state are 6%, 53%, and 64% for MS-DS1, MS-

DS2, and MS-DS3, respectively, for AS-DS1. These values 

are 5%, 14.2%, and 33%, respectively, for AS-DS2, and are 

4%, 5%, and 10%, respectively, for AS-DS3. These results 

show that the increase in the seismic fragility due to the 

aftershock events is most pronounced in the most severe 

damage state of DS3. It also can be observed that after the 

retrofit the increase in the damage probability of the 

structure due to the aftershock events is less severe 

especially for more severe damage states. 

 
(a) Before retrofit  

 
(b) After retrofit  

Fig. 10 fragility curves of the 8-story model subjected to the 

aftershock events 

 

 

Fig. 11 shows the fragility curves for the 3-story model 

before and after retrofit under the mainshock event. As can 

be seen, the fragility of the bare frame model is enhanced 

after the retrofit. The percentages increase of the spectral 

acceleration at the 50% probability of exceeding the limit 

state are 150%, 88%, and 104%, respectively, for DS1, 

DS2, and DS3. Fig. 12 shows fragility curves for the 3-story 

model before and after retrofit under aftershock event. In 

the case of the bare case for AS-DS1, the percentages 

decrease of the spectral acceleration at the 50% probability 

of exceeding the limit state for MS-DS1, MS-DS2, and Ms-

DS3 are 5%, 75%, and 80%, respectively. For AS-DS2, the 

previous values are, 3%, 50%, and 55%, respectively. For 

AS-DS3, the previous values are, 2%, 40%, and 54%, 

respectively. In the case of the retrofitted 3-story building 

for AS-DS1, the percentages decrease of the spectral 

acceleration at the 50% probability of exceeding the limit 

state for MS-DS1, MS-DS2, and Ms-DS3 are 25%, 90%, 

and 91%, respectively. These values are considerably large 

compared with the same values in the bare frame case. 

These values are 10%, 40%, and 55%, respectively, for AS-

DS2, and are 10%, 15%, and 20%, respectively, for AS-

DS3. Compared with the results of the 8-story structure, the 

3-story structure turns out to be more vulnerable for the 

aftershock events, even after the seismic retrofit. 

This result means that compared to the mainshock event 

the seismic fragility (vulnerability) has been increased more 

significantly due to the aftershock event in the case of the 3-

story building than in the case of the 8-story building. In 

other words, the median collapse spectral acceleration 

(which corresponds to 50% probability of reaching or  
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Fig. 11 Fragility curves of the 3-story model before and 

after retrofit subjected to the mainshock events 

 

 
(a) Before retrofit  

 
(b) After retrofit  

Fig. 12 Fragility curves of the 3-story model before and 

after retrofit subjected to the aftershock events 

 

 

exceeding the limit state) is decreased (relative to the 

mainshock fragility) by higher percentages in the 3-story 

building due to aftershock events. It is important to point 

out that even though the overall fragility (for both 

mainshock and aftershock) of the 3-story building is smaller 

due to the higher stiffness, it is more affected from the 

aftershock event compared to the 8-story building. 

 

 

5. Conclusions 
 

In this study, the mainshock-aftershock assessment of 

RC buildings before and after seismic retrofit using energy 

dissipation devices is investigated. Three and eight-story 

RC buildings were used as case study structures, and twelve 

natural MS-AS sequences were used to conduct incremental 

dynamic analyses to compare the median collapse 

capacities of the structures for the main shock and main 

shock-after shock events. Seismic fragility curves were 

constructed to identify the probability of exceeding three 

different damage states of the structures before and after the 

retrofit. The main findings of the current study are 

summarized as follows: 

• For the mainshock event, the seismic retrofit increased 

the median collapse capacity of the 3 and 8-story models 

by 79% and 40%, respectively. 

• For the mainshock-aftershock sequence, the retrofit 

increased the median collapse capacity by 62%, 66%, 

and 63%, respectively, for the DS1, DS2, and DS3 

damage states in the case of the 3-story building. These 

values were found to be 30%, 28%, and 43%, 

respectively, in the 8-story building.  

• In the 8-story model subjected only to the mainshock 

events, the percentage increase of the spectral 

acceleration at the 50% probability of exceeding the 

limit state due to retrofit are 40%, 35%, and 30%, 

respectively, for DS1, DS2, and DS3.  

• In the 8-story bare frame subjected to the mainshock-

aftershock sequence, the upper limits of the percentages 

decrease of the spectral acceleration at the 50% 

probability of exceeding the limit state are 7%, 40%, 

and 50%, respectively, for AS-DS1, AS-DS2, and AS-

DS2. For the retrofitted 8-story case, these values are 

6%, 53%, and 64%, respectively. 

• In the 3-story bare frame subjected to the mainshock-

aftershock sequence, the upper limits of the percentages 

decrease of the spectral acceleration at the 50% 

probability of exceeding the limit state are 5%, 75%, 

and 80%, respectively, for AS-DS1, AS-DS2, and AS-

DS2. For the retrofitted 3-story case, these values are 

25%, 90%, and 91%, respectively.  

Based on the above observations, it could be concluded 

that the seismic retrofit with the slit-friction hybrid dampers 

were effective in reducing the probability of damage in 

structures subjected to the mainshock-aftershock sequence. 

The significant improvement of the retrofit was found in the 

case of the probability of reaching severe damage states 

under mainshock-aftershock sequence. At these damage 

states, the un-retrofitted structure experienced high level of 

deterioration; however, the retrofitted one showed 

significantly less level of deterioration. However, it was 

also observed that even in the structures with seismic 

retrofit, the damage probability increased significantly 

when they were subjected to the aftershock events. 
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