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Abstract: Recent studies have indicated the need of considering aftershocks in the seismic 
design/assessment of structures. This article investigates the effect of sequential mainshock and 
aftershock earthquakes on eccentrically braced steel framed with vertical energy-absorbing links. 
To achieve this, 4, 8 and 12 storey frame buildings are modelled in Perform3D® software 
considering non-linear behaviour of materials and components. The frames are subjected to a set 
of 12 main earthquake records corresponding to the required hazard level, and then subsequent 
aftershocks are applied using incremental dynamic analysis (IDA). To reduce the computational 
cost, an alternative approach is also adopted by applying the main earthquakes to the system 
followed by pushover analyses on the damaged building assuming a lateral load distribution 
proportional to the shape of the first vibration mode. Subsequently, the fragility curves are 
obtained for different damage levels, before and after the main earthquake. The results show that 
the eccentric braced frames with vertical links subjected to sequential earthquakes comply well 
with the performance levels of the Iranian Seismic Code. This study contributes towards the 
assessment and seismic validation of structures with eccentrically braced steel framed with 
vertical energy-absorbing links to sequential earthquakes.  

Keywords: Eccentric Braced Frames; Vertical Link; Aftershocks; Sequential Earthquakes; 
Incremental Dynamic Analysis.  

1. Introduction 

After strong earthquakes, numerous aftershocks typically occur even after months of the main 
event (e.g. Maule in Chile, 2010; Van in Turkey, 2011; Ahar City in Iran, 2012). Whilst the 
magnitude of most aftershocks is lower than that of the main event, they can produce additional 
damage to buildings damaged during the main earthquake. Aftershocks can even lead to 
structural collapse of buildings, as reported in recent strong earthquakes (Zare, 2015; IIEES, 
2019). 

Previous research has investigated extensively the effect of aftershocks on steel frame 
structures. For instance, Lee and Foutch (2004) analysed the behaviour of steel frames under 
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successive artificial records. Whilst the damage produced by the first earthquake did not 
jeopardise the overall stability of the analysed structures, the application of the same earthquake 
(as an aftershock) to the damaged structure led to its collapse. However, it has been reported that 
the use of the main earthquake as an aftershock can over-estimate displacement demands. 
Fragiacomo et al. (2004) applied sequences of seismic records on elasto–plastic single-degree-of-
freedom (SDOF) systems, moment resistant frames, and concentrically braced steel frames to 
propose suitable reduction factors for design. Li and Ellinwood (2007) developed an analytical 
tool for analysing the stochastic structural response of steel frames to sequences of earthquake 
ground motion. Loulelis et al. (2012) carried out parametric analyses on 36 moment-resisting 
steel frames using real and artificial seismic sequences. They provided practical empirical 
expressions to calculate damage and the behaviour factor of steel frames subjected to sequential 
ground motions. Song et al. (2014) and Li et al. (2014) evaluated the effect of frequency content 
and the duration of aftershocks on the probability of collapse of steel frames. The results 
indicated that long and low-frequency aftershocks were more destructive on buildings damaged 
during the main earthquake.  

Ruiz-Garcia and Aguilar (2017) studied the influence of the modelling parameters in the 
response of a steel frame subjected to sequential earthquakes. The results confirmed the 
importance of selecting an appropriate modelling approach for the structure, as well as the need 
of including explicitly the post-mainshock residual drifts to assess the seismic behaviour of 
buildings under aftershocks. Guerrero et al. (2017) subjected steel buildings with Buckling-
Restrained Braces to seismic sequences typical of soft soils. In their study, Guerrero et al. 
provided a series of design equations to calculate the peak and residual inter-storey drift demands 
under mainshocks and the sequence mainshock-aftershock events. In a subsequent study, Ruiz-
Garcia et al. (2018a) investigated the seismic behaviour of eccentrically braced steel frames. 
Their results indicate that strong aftershocks could increase inter-storey drift demands once the 
shear links failed, and that the links’ adjacent elements (beams and columns) could exhibit 
inelastic behaviour. More recent research by Ruiz-Garcia et al. (2018b) has also suggested that 
the behaviour of 3D modelled buildings can be different to that of 2D counterparts. Overall, the 
results from previous studies indicate that aftershocks increase the ductility demand, amount of 
damage and damage sequence of structures. Whilst there is evidence that aftershocks affect 
negatively the behaviour of structures, the effect of aftershocks on seismic design of structures is 
not included in current design codes (Hatzigeorgiou and Liolios, 2010; Hatzigeorgiou and 
Beskos, 2009; Ruiz-García and Negrete-Manriquez, 2011; Ruiz-García, 2012). 

Silwal et al. (2018) reported that the use of superelastic viscous dampers in steel moment-
frames subjected to seismic sequences improved the aftershock capacity of such structures. Park 
et al. (2018) proposed a methodology to calculate the fragility of damaged steel structures 
subjected to aftershocks. One of the main advantages of their methodology is that it can be used 
to choose sequences to which a structure can be vulnerable after the occurrence of a mainshock. 
By performing fragility analyses on of Buckling-Restrained Braced Frames, Veismoradi et al. 
(2018) indicated that the probability of exceedance of damage states increased by up to 1.5 times 
when this type of frame was subjected to seismic sequences. In one of the very few experimental 
studies in the literature, Rad et al. (2019) carried out shake table tests on a 1/2-scale two-storey 
steel frame to assess the effectiveness of different ‘straightening’ techniques at reducing residual 
drifts during aftershocks. Abdollahzadeh et al. (2019) proposed a modified Performance-based 
Plastic Design method able to control drift ratios and plastic hinge formation in steel frames 
under mainshock-aftershock sequences. Khatami et al. (2019) examined pounding effects on 
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steel moment-resisting frames with a soft storey at the ground floor. For the case studies 
examined, the separation gap required between buildings subjected to seismic sequences was up 
to 35% wider than that required for a singular earthquake. More recently, Shi et al. (2020) 
proposed probabilistic seismic demand models and hazard curves for steel frames with or 
without shape memory alloy bracing systems under mainshock-aftershock sequences. As found 
in previous studies, Parekar and Datta (2020) confirmed that height-wise stiffness irregularity in 
steel moment-resisting frames subjected to aftershocks led to an increase in interstorey drift 
demands. 

In general, the previous studies discussed above have adopted four approaches for analysis of 
structures subjected to aftershocks: 

1. Real seismic records including main earthquake and recorded aftershocks: whilst this 
method is probably the most suitable, issues such as easy access to real records, incompatibility 
of fault mechanisms and different soil conditions limit its applicability. 

2. Back-to-back method: after the main earthquake, aftershocks are applied to the structure 
using the same record. However, in reality it is unlikely that an earthquake of exactly the same 
characteristics occurs sequentially at the same location. 

3. Back-to-back coefficient method: in this method the aftershock is obtained by multiplying 
the main event by a coefficient that depends on the maximum acceleration, magnitude and 
distance from the fault of the earthquake. However, the fundamental frequency of the earthquake 
and the aftershocks are the same, which is a main drawback. 

4. Randomised method: in this case artificial sequences are obtained by choosing a 
mainshock earthquake event followed by a randomly selected aftershock from a set of 
preselected real mainshocks. 

To bypass the complexity of selecting a suitable aftershock, Luco et al. (2004) proposed an 
alternative approach where the residual capacity against collapse of a mainshock-damaged 
building was calculated by performing static (pushover) analyses on the building. Subsequent 
studies used a similar methodology (framework) to assess the response of post-mainshock 
building models under aftershocks of increasing seismic intensity (Jeon et al., 2015; 
Raghunandan et al., 2015; Ruiz-García and Aguilar, 2015; Burton et al., 2017; Veismoradia et 
al., 2018), with satisfactory results. With the availability of powerful computers, the above 
practical alternative methods can be easily implemented in commercial software for the 
assessment of buildings under sequential earthquakes.  

In recent years, seismic links or “fuses” have been widely adopted in highly seismically active 
regions for the protection of buildings (e.g. Ghobarah and Elfath, 2001; Stratan and Dubina, 
2002; Mazzolani et al., 2009; Della Corte et al., 2013; Mohsenian et al., 2020). The effectiveness 
of such “fuses” at improving the seismic behaviour of has been verified experimentally, as 
reported in the existing literature (Qu et al. 2018; Aghlara and Tahir, 2018; Yang et al., 2020; Jia 
et al., 2020). 

The “fuses” are designed to deform well beyond their elastic limits, thus being able to sustain 
damage and dissipate large amounts of energy while the rest of the structure remains almost 
undamaged. If the fuse component experiences excessive damage, it can be replaced by a 
fraction of the cost compared to the total replacement cost of the structure. This article 
investigates the seismic performance of eccentrically braced steel frames with vertical energy-
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absorbing links under mainshock and aftershock earthquake sequences. Such information is not 
currently available in literature and can help the wider application of this seismic resistant system 
is seismic regions. To achieve this, 4, 8 and 12 storey frame buildings are modelled in 
Perform3D® software considering non-linear behaviour of materials and components. The 
frames are then subjected to sequential earthquakes, and fragility curves are developed for 
different damage levels, before and after the main earthquake. To reduce the computational costs 
of conventional vulnerability assessment methods using incremental dynamic analysis (IDA), an 
alternative approach is also adopted by applying the original earthquake records corresponding to 
the required hazard level to the system followed by pushover analyses on the damaged building. 
This study contributes towards the assessment and seismic validation of structures with 
eccentrically braced steel framed with vertical energy-absorbing links subjected to sequential 
earthquakes. 

 

2. Description of models and modelling assumptions 
2.1 Geometry of buildings and initial design 

4, 8 and 12-storey eccentrically braced steel frame buildings with three spans are analysed in 
this study (Figure 1). The storey height and span length are 3.2 m and 5 m, respectively, which 
represent typical dimensions of office buildings in the Middle East. The bracings and “fuse” link 
element (points B) are in the middle span. The office buildings are assumed to be located in a 
high seismic hazard area (design ground acceleration equal to 0.35g). Soil Type II (
375( / ) 750( / )m s V m ss  ) is assumed as per the Iranian Seismic Code No. 2800 

(2014), which is equivalent to soil Type C in ASCE/SEI 41-17 (2017). Permanent (QD) and live 
(QL) uniformly distributed loads are assumed along the beams (see Figure 1). A gravitational 
load W=1.1[QD + 0.2QL] was used to combine lateral and vertical loads (see Figure 1). The 
gravitational load for all analysis (linear and nonlinear) was the same. The floors are assumed to 
behave as rigid diaphragms. In this study, all beams and columns are designed to comply with 
the Iranian Institute of National Building Regulations (2008) using ETABS® software (CSI, 
2015). To calculate the seismic design loads, a response modification factor of 7 is adopted. 
Accordingly, the base shear coefficient of 0.125 for the 4 and 8 storey buildings, and 0.105 for 
the 12 storey building is obtained. Table 1 summarises the type and size of sections resulting 
from the design. The modulus of elasticity and Poisson’s ratio of steel are assumed as 210 GPa 
and 0.3, respectively. It should be noted that in the adopted structural system, the brace elements 
with vertical links provide the lateral stability of the whole system and the other structural 
members are designed for gravity loads only. However, the yielding of vertical-links at one 
storey level does not necessarily lead to the failure of that storey, as the link elements can 
efficiently dissipate a major part of the earthquake input energy. 
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Figure 1. Geometry and loading used for the models 

Table 1. Properties of the structural members (units: mm) 

ID Section  ID Section  ID Section  ID Section  

C0 2IPE120 C6 BOX(400×400×25) K0 2UPN100 B2 IPE360 

C1 BOX(30×30×2.0) C7 BOX(350×350×15) K1 2UPN120 L0 IPE160 

C2 BOX(250×250×10) C8 BOX(300×300×8) K2 2UPN140 L1 IPE200 

C3 BOX(250×250×5) C9 2IPE180 K3 2UPN160 L2 IPE240 

C4 2IPE160 C10 BOX(450×450×25) B0 IPE240 L3 IPE270 

C5 2IPE140 C11 BOX(350×350×10) B1 IPE300 L4 IPE300 

 
2.2 Modelling assumptions for nonlinear analyses 

The buildings described in the previous section are modelled in PERFORM-3D software 
(CSI, 2016) to perform nonlinear analyses. In this study, all beam-to-column connections are 
assumed to be pinned connections as shown in Figures 1. Therefore, elastic elements are used to 
model the behaviour of beams at unbraced spans. Plastic hinges are assigned at the two ends of 
column elements at each storey level. The bracing elements are modelled following the 
ASCE/SEI 41-17 (2017) recommendations. For bracings with hinge connections that dissipate 
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energy through axial hinging, the axial deformation at the expected buckling load ( )c  and 

tensile load corresponding to the yield strength ( )t can be taken as the ductility and nonlinear 

behaviour criteria, respectively. The axial deformation of the bracing is: 

(1) /FL EA   

where F is the axial force; L is the free length of the bracing; A is its cross section area, and E 
is its modulus of elasticity. 

In this study, the tensile and compressive behaviour of the bracings are modelled using the 
load-deformation curves shown in Figure 2a and b, respectively. The values ( )t and ( )c  in 

these figures can be computed by replacing F in Equation 1 with the expected strength of the 
brace in tension ( )TCE , and the lower bound of the strength under compression ( )PCL . The 

parameters a, b and c in the figures are selected in accordance with ASCE/SEI 41-17 regulations. 

 

 

Figure 2. Load-deformation curve for brace elements, values ‘a’=tension behaviour, and ‘b’= 
compression behaviour (adopted from ASCE/SEI 41-17) 

 

Figure 3 (a) shows schematically the deformation of the frame elements under lateral loading, 
whereas Figure 3 (b) illustrates the free diagram of beams and corresponding shear force and 
bending moment diagrams. Figure 3 indicates that, after the vertical links yield in shear, the axial 
force (F) and therefore the tensile and compressive deformation in the bracings (Δ1 and Δ2) 
remain constant. Consequently, upon yielding of the link, an increase in storey drift ( )s would 

only increase the shear strains of the link itself. This behaviour is taken into account in the design 
of the bracing components. 
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Figure 3. (a) Deformation of the frame elements under lateral displacement, and (b) free diagram of 
beams and shear force and bending moment diagrams 

 

The beams in the braced spans are modelled as linear elements with lumped plasticity 
(“bending-rotational” and “shear” hinges) at the critical locations where they are connected to 
the vertical links (see Figure 3 (b)). The expected bending moment and shear capacities are 

calculated as MCE= .Z Fye  and VCE= 0.6 .F Aye w , respectively, where Fye is the expected yield 

stress of steel ( 1.15F Fye y and Fy 240MPa), and Aw and Z are the plastic modulus and web 

area of the beam (ignoring the flange thickness). 

The nonlinear behaviour of the vertical links is taken into account in the analyses and they are 
modelled to yield before the other elements to exhibit a “fuse” mechanism. The vertical links are 
fixed to the beam elements, while they are connected to the braces using pinned connections. 
The length of the links is chosen as 200 mm, as recommended by Sabouri-Ghomi and Saadati 
(2014) and Mohsenian and Mortezaei (2018, 2019), to ensure they exhibit shear yielding. After 
calculating MCE and VCE, the selected length of the elements (e= 200 mm) is compared to the 
ratio as recommended by ASCE/SEI 41-17 (2017) (see Table 2). The results indicate that the 

selected length would lead to shear yielding of the links at all storey levels ( (1.6 )Me VCE CE ). 

The sections used for the link elements at different storey levels are given in Table 1 with the 
notations used in Figure 1. Table 2 also lists the actual length (e), ASCE/SEI 41-17 acceptance 

criteria (1.6M VCE CE ) and the normalised mechanical length of the link elements (eVCE/MCE). 

The results indicate that all utilised link elements satisfy the acceptance criteria for shear 
controlled element according to ASCE/SEI 41-17 (2017). It should be noted that the study by 
Della Corte et al. (2013) showed that the tensile axial forces developed in shear link elements 
can increase their shear overstrength, especially for the shorter links with larger area of flanges. 
However, considering the opposite direction of the axial loads in the brace elements, the axial 
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loads in the vertical fuse links adopted in this study are negligible (please see Figure 3 (b)). 
Therefore, these effects can be considered to be negligible.  

 

Table 2. Comparison between the length (e), ASCE/SEI 41-17 acceptance criteria (1.6M VCE CE ) and 

normalised mechanical length of the link elements (eVCE/MCE) 

Link section e(mm) CE/VCE1.6M CE/MCEeV 
IPE160 200 413.0 0.77 
IPE200 200 526.2 0.61 
IPE240 200 657.7 0.49 
IPE270 200 724.3 0.44 
IPE300 200 786.2 0.41 

 

After designing the link sections as described above, the capacity and rotation angle of the 

links ( )  is computed using ABAQUS® (2014) by considering the interaction between shear 

force and bending moment (Bouwkamp et al. 2016,Vetr et al. 2017). Figure 4 shows the 
developed detailed FE model of the vertical link element. In this model, to simulate the shear 
behaviour, the bottom side of the element is considered to be fixed (connection to the beam), 
while the other side is free to rotate (connections to the braces).  

The derived hysteresis curves are idealized as an equivalent multi-linear curve for use in the 
PERFORM-3D® (see Figure 5). It should be mentioned that the shear capacity of the sections 
obtained from this method (VP) is generally in a good agreement with the results of equation

0.6 .F Aye w . 

 
Damage States: 

(1) (2) (3) (4) 
γ=γy=0.0024(rad) γ=0.05(rad) γ=0.08(rad) γ=0.1(rad) 
σ =Fy=240 (MPa) Fy<σ< Fu Fy<σ< Fu σ =Fu=370 (MPa) 

Figure 4. Example of the deformations and maximum stresses in the links (γ=0.1rad) 
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Figure. 5. A schematic example of the extracted hysteresis curve for the link element and the idealized 

multi-linear curves 
 

In the present study, the shear deformation angle ( )  of the vertical links in the intensified 

earthquake is limited. In addition to calculation and modification of the capacity-deformation 
curves of the links, four different damage states are considered for the links, according to Figure 
4. As it is evident in this figure, the stresses in the wings are always less than those in web of the 
links. This observation is firmly grounded in the accuracy of nonlinear modelling of vertical 
links and the assumption of shear yielding. 

In order to include strength and stiffness loss of vertical links due to the damages induced by 
the mainshock event, two-stage cyclic loadings are applied to the developed numerical models. 
In the first stage, the link is subjected to a cyclic loading until reaching a given shear strain and 
then the loading is stopped. In the next stage of loading, full cyclic loading is performed on the 
link which has already experienced some damages in the first stage. Then, the hysteresis curve of 
the second stage is idealized as a multi-linear curve. Figure 6 shows the schematic view of the 
response curves for different limit states of the link as identified in Figure 4. As it is evident, by 
using this approach the effects of strength and stiffness loss can be included in the capacity 
curves of the links. In this study, the maximum shear strains in the links are determined by 
applying the mainshock to the structures, and then the above-mentioned approach is adopted to 
modify the behaviour curves of the links.  

The vertical links are modelled in PERFORM-3D® using linear “column” elements with 
concentrated “shear hinges-plastic strain type”. Table 3 summarises the periods and the effective 
translational mass participation factors of the frames for the first two vibration modes. It can be 
noted that the small length of the vertical link elements used in the considered frames provided 
higher lateral stiffness (i.e. lower fundamental period) compared to typical eccentrically braced 
steel frames. It should be noted that the effects of low cycle fatigue are considered in this study 
by taking into account the strength and stiffness degradation of the link elements under cyclic 
loading using different shear strains (see Figure 6). However, more accurate path dependent 
damage models (such as the one proposed by Benavent‐Climent 2007) can be also used to 
simulate the response of these systems under earthquake sequences. 
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Figure 6. Schematic view of the modified capacity curves of vertical links after experiencing different 
shear strains 
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Table 3. Periods and effective translational mass participation factors for the first two vibration modes 

Mode 
4 storey 8 storey 12 storey 

T(s) M (%) T(s) M (%) T(s) M (%) 

1 0.175 83.70 0.339 73.0 0.646 63.5 

2 0.065 12.98 0.121 18.8 0.204 24.1 

 
3. Proposed method for analysis of structures subjected to shocks and aftershocks 

The proposed method uses incremental dynamic analyses (IDA) to apply aftershocks. 
Initially, a set of records is selected for the site considering local conditions and seismicity. 
Subsequently, the main earthquake is selected based on a specific hazard level at the site, or on a 
specific performance level of the structure. This implies that the main earthquake is consistent 
with a constant hazard level (e.g. the design hazard level of the code (step 1 in Figure 7), or has a 
magnitude that takes the building to a certain performance level (e.g. a Life Safety performance 
level (step 2 in Figure 7). The main earthquake is then applied to the structure to produce 
damage. As shown in Figure 7, the damaged structure is finally subjected to IDA using the 
selected set of records. The method is especially suitable to assess the residual capacity of the 
structure after applying the earthquakes. The following sections demonstrate the method through 
the analysis of the buildings described in section 2. 

 

 

Figure 7. Proposed method for analysis of structures subjected to shocks and aftershocks (schematic) 

3.1. Selection of record set and main earthquake 

In this study, twelve far-fault records of soil type “C” (ASCE/SEI 41-17 classification) from 
the PEER database are selected for IDA and time history analyses (see main components in 
Table 4). The components shown in the table are selected based on the larger spectral values 
within the range of vibrational frequency. A design based earthquake (DBE) with a peak ground 
acceleration (PGA) of 0.35g and a return period of 475 years (according to the Iranian Standard 
No. 2800 (2014)) is selected as the main earthquake. Subsequently, all records are scaled to the 
maximum design hazard level of the Iranian Standard No. 2800 (2014), thus ensuring that the 
maximum acceleration in the record has the same value as that of the DBE. Therefore, theses 
earthquake records can be considered as representatives of the selected design spectrum. The 
frames described in section 2 are then subjected to the scaled records.  
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Table 4. Selected records for IDA and time history analyses 

Records Earthquake& Year Station Ra(km) Component Mw PGA(g) 

R1 Cape Mendocino, 1992 Eureka – Myrtle & West 41.97 90 7.1 0.178 

R2 Northridge, 1994 Hollywood – Willoughby Ave 23.07 180 6.7 0.245 

R3 Northridge, 1994 Lake Hughes #4B - Camp Mend 31.69 90 6.7 0.063 

R4 Cape Mendocino, 1992 Fortuna – Fortuna Blvd 19.95 0 7.1 0.116 

R5 Northridge, 1994 Big Tujunga, Angeles Nat F 19.74 352 6.7 0.245 

R6 Landers, 1992 Barstow 34.86 90 7.4 0.135 

R7 San Fernando, 1971 Pasadena – CIT Athenaeum 25.47 90 6.6 0.110 

R8 Hector Mine, 1999 Hector 11.66 90 7.1 0.337 

R9 Kobe, 1995 Nishi-Akashi 8.70 0 6.9 0.509 

R10 Kocaeli, 1999 Arcelik 53.7 0 7.5 0.219 

R11 Chi Chi, 1999 TCU045 77.5 90 7.6 0.512 

R12 Friuli, 1976 Tolmezzo 15.82 0 6.5 0.417 
a Closest distance to fault rupture 
 

Figures 8 (a-c) compare the maximum shear strains in the links of the 4, 8 and 12 storey 
buildings subjected to the scaled records. Likewise, Figures 8 (d-f) compare the corresponding 
permanent shear strains in the links. In this study, the magnitude of the shear strain is used as an 
indicator of the energy dissipation capacity of the links. The results in Figure 8 show that the 
vertical links at the design hazard level reach yielding. The permanent strains in the links at the 
ground floor level of the 4, 8 and 12-storey buildings are 0.0085, 0.113 and 0.022 radians, 
respectively. The results confirm that the maximum strains and permanent strain in the vertical 
links increase with the building height. 

Drifts provide an insight into the global behaviour of the buildings. Figures 9(a-c) compare 
the maximum inter-storey drifts (ISD) over the building height, whilst Figures 9(d-f) compare 
the permanent drifts. The results show that the ISD is lower than the limit set in the Iranian code 
(0.02 for structures with more than 5 storeys, and 0.025 for buildings lower than 5 storeys). The 
maximum permanent drifts of the frames under critical records generally occur at the first floor 
and reach 0.056%, 0.17% and 0.14% for the 4, 8 and 12 storey buildings, correspondingly (see 
Figure 9). Overall, the results in Figures 8 and 9 indicate that the three model buildings can 
sustain subsequent aftershocks. 
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Figure 8. Maximum shear strain (a, c and e) and permanent shear strain (b, d and f) in vertical links for 

scaled records 
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Figure 9. Maximum drift (a, c and e) and permanent drift (b, d and f) of the storeys under records scaled 

to the design earthquake  
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In this study, the records leading to the largest storey drifts and residual strain in the vertical 
links are taken as the main earthquake for analyses. While from the statistical point of view some 
of the results may divert from the average of the other responses, they should be considered in 
the design process to prevent undesirable failure modes. Accordingly, record R10 is chosen for 
the analysis of the 4-storey frame, R7 for the 8-storey frame and R2 for the 12-storey frame). 
Figure 8 shows the amount of energy absorbed by the links as a percentage of the total input 
energy to the frame after subjecting the frames to the above-mentioned records. It is shown that 
under any record at the design hazard level, the input energy in the frame is mainly dissipated by 
the vertical links, thus confirming that the vertical links work as “fuses”. This also confirms than 
the beams, bracing and columns of the buildings remain elastic, as initially assumed in the 
modelling. The results of the analyses indicate the acceptable performance of the system under 
the DBE of Standard No. 2800 (2014). It should be noted that the results in Figure 10 are for the 
critical earthquake record and the percentage of the energy absorbed at different storey levels can 
change based on the frequency content of the input earthquake. 

 
Figure 10. Energy absorbed by links at each floor under critical records 

 

The results in Figures 9 and 10 indicate that the designed frames did not exhibit a uniform 
distribution of inter-storey drift and energy dissipation at different storey levels. This indicates 
that the adopted design methodology (based on ASCE/SEI 41-17) does not necessarily lead to 
optimum design solutions. It should be noted that different optimisation methods such as 
Uniform Damage Distribution (Moghaddam & Hajirasouliha, 2008; Nabid et al. 2018), Genetic 
Algorithm (Nabid et al. 2018) and Particle Swarm Optimization (Mohammadi et al. 2019) can be 
used to obtain the best distribution of strength and stiffness of the link elements to achieve a 
uniform damage distribution leading to better seismic performance. This can be a topic for 
further investigation in future studies. 

3.2. IDA of the intact frames and the frames damaged by the main earthquake 

This section investigates the seismic reliability of the buildings under aftershocks of the 
design earthquake (return period of 475 years). Figure 11 shows that each record consists of the 
main earthquake, which is the same for each building (R10 for the 4-storey frame, R7 for the 8-
storey frame and R2 for the 12-frame frame), and an aftershock not related to the main 
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earthquake and different from one record to the other. In the analysis, a gap of 10 s was assumed 
between mainshock and aftershock, as shown schematically in Figure 11. It should be noted that 
due to the low vibration amplitudes at the end of the mainshock and the inherited damping of the 
selected structural system, the considered gap is sufficient to bring the buildings to rest. This is 
consistent with the results reported by Raghunandan et al. (2015). In this research, IDA is 
performed on the studied frames using the twelve records in Table 4 for buildings in two 
conditions: 

a) Building considering the main earthquake only. 
 
b) Building considering the main earthquake and aftershocks.  

  

Figure 11. Main earthquake and aftershock used for IDA 

In this study, the peak ground acceleration (PGA) is selected as the intensity measure, 
whereas the maximum shear strain in the links is selected as the response measure. For better 
comparison, Figures 12 to 14 compare IDA curves of the buildings in terms of PGA and strain in 
the links for conditions a and b. 

 

 

Figure 12. IDA Curves PGA vs strains in vertical links for 4-storey building (a) Condition a, (b) –
Condition b 
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Figure 13. Curves derived from incremental dynamic analysis and damage levels for vertical links (8-
frame frame) (a) - Intact frame (b) - Damaged frame due to design earthquake 

 

Figure 14. Curves derived from incremental dynamic analysis and damage levels for vertical links (12-
frame frame) (a) - Intact frame (b) - Damaged frame due to design earthquake 

 

Table 5 compares the level of shaking required to achieve different performance levels in the 
vertical links as shown in Figure 4. The results in Table 5 show that the vertical links in 
condition (a) yielded at intensities below the intensity corresponding to the design hazard level 
(i.e. DBE=0.35g). As the height of the frame increases, this intensity also decreases. This implies 
that shorter frames in general exhibit higher levels of reliability. The results in the table also 
show that the level of shaking corresponding to the desired strain levels in conditions (a) and (b) 
is similar (i.e. 0.05 and 0.08). This suggests that the occurrence of the design earthquake does not 
have a significant effect on the intensity corresponding to the different damage levels of the 
links. Also, it can be noted from Table 5 that the intensity corresponding to different 
performance levels in the links of each damaged frame under the design earthquake is several 
times larger than the acceleration of the design earthquake (more than 2.6 times for strain of 0.08 
radians and more than 1.7 times for the strain of 0.05 radians). These observations indicate the 
high capacity of eccentric braced frames equipped with vertical links under high intensity levels 
and the probable subsequent aftershocks in seismic areas, leading to higher reliability in shorter 
frames. 
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Table 5. Medium intensity required to achieve different performance levels in vertical links (units: g) 

Condition a)  

Shear strain(rad) 0.0024 0.05 0.08 

4 storey frame 0.30 0.78 0.98 

8 storey frame 0.24 0.76 0.96 

12 storey frame 0.22 0.63 0.91 

Condition b) 

Shear strain(rad) 0.0024 0.05 0.08 

4 storey frame * 0.75 0.99 

8 storey frame * 0.72 0.95 

12 storey frame * 0.60 0.92 

 

 

4. Fragility curves 

This section evaluates the seismic reliability of the links using a probabilistic approach. For 
this purpose, the collapse based on the seismic intensity parameter (IM-based) method is 
considered (Zareian et al., 2010). In this method, the probability of reaching the given 
performance level for different earthquake intensities is calculated. Accordingly, the selected 
seismic intensity parameter is linked to the damage state of structure, and fragility curves are 
developed for a given performance (damage) level. For the case study buildings, the maximum 
shear deformation of the links is selected as response, whereas the strain limit states defined in 
Figure 4 (0.05 and 0.08 radians) are considered as damage criterion. The process for developing 
fragility curves in this method is described in Appendix A. 

Figures 15 to 17 compare the fragility curves for the examined building models. Appendix A 
describes the methodology used to develop these fragility curves in details. The results show that 
there is a close agreement between the fragility curves for two undamaged and damaged frames. 
This can be attributed to the fact that due to the limited damage produced by the design 
earthquake (main excitation), residual strains are negligible and therefore the building strength 
does not degrade. 

In the 4-storey frame (damaged or undamaged) under a maximum acceleration of 0.35g 
(equivalent to the acceleration of the design earthquake), the probability of reaching a shear 
strain of 0.05 rad in the vertical links is negligible. In the 8 and 12 storey frames (damaged or 
undamaged), this probability is estimated to be less than 2.5 and 12 percent, respectively. In the 
examined damaged frames, it is expected that, under aftershocks with intensities higher than 
0.35g, the strain in the links will not exceed the specified values. This is an indication of the high 
safety of the links in areas with high seismic hazard. These results confirm that the proposed 
system with links provides high seismic reliability under the design earthquake and its 
aftershock. 
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Figure 15. Fragility curves for various limit states of the vertical links (4-storey frame) 

 
Figure 16. Fragility curves for various limit states of the vertical links (8-storey frame) 

 
Figure 17. Fragility curves for various limit states of the vertical links (12-storey frame) 

 

5. Simplified (approximate) method 

Whilst the methodology described in Section 4 is expected to provide reliable results, the 
application of IDA may be rather time-consuming for use in practical assessment of a large 
number of buildings under a set of mainshock and aftershock earthquake records. Consequently, 
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in this section a simplified method is adopted based on widely used pushover analyses. In this 
method, the original earthquake corresponding to the required hazard level (or performance 
level) is initially applied to the building (Figure 18). Subsequently, a pushover analysis is 
performed on the damaged building assuming a lateral load distribution proportional to the shape 
of the first vibration mode. It should be noted that for the studied frames the period of the first 
translational mode of the damaged frames is below 1.0 s with the effective mass coefficient close 
to or greater than 75% (see Table 3). 

 

 

Figure 18. Procedure to obtain capacity curve of the damaged building based on the pushover analysis 
(schematic) 

The direction of analysis is chosen so as to increase the structural deformation of the 
elements, as well as the permanent displacements of the frames. The drop in strength and 
stiffness can be estimated by comparing the capacity curve of the ‘undamaged’ and ‘damaged’ 
frames due to the main earthquake. Moreover, if the capacity curve is plotted using the spectral 
accelerations and displacements (ADRS), the spectral acceleration for any limit state of the 
building can be estimated.  

 

5.1. Selection of main earthquake 

The main earthquake is chosen in the same way as in section 3.1. Accordingly, from scaled 
records, the excitation that produces the larger displacement and residual strains were selected as 
main earthquakes (see Figures 8 and 9). Thus, after being scaled to the hazard level of the design 
earthquake based on Standard No. 2800 (2014), records R10, R7 and R2 were applied to the 4, 8 
and 12 storey frames as the main earthquake, respectively. 

 

5.2. Pushover analysis - main earthquake 

To investigate the impact of the main earthquake on the stiffness and lateral strength of the 
frames, pushover curves are obtained for two conditions: 

i) Undamaged frames pushed using a modal pattern load distribution. The average roof drift 
ratio (roof displacement divided by the total height of the frame) is then recorded at shear strains 
of 0.05, 0.08, and 0.1 radian the links, as well as at the onset of yielding in the storey beams of 
the braced spans.  

ii) Damaged frames, i.e. the pushover is carried out after applying the main earthquake. 
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Figure 19 compares the capacity curves of the undamaged and damaged frames. Drift ratios at 
different damage levels in the undamaged frames are also illustrated. It is shown that the first 
failures are related to the yielding in the vertical shear panels, and the links in the lower storeys 
experience the highest shear strain. The results in Figure 19 indicate that, as expected, the elastic 
lateral stiffness (k) of the frames decreases with an increase in height. It can be also noted that 
the capacity curves of the frames in both damaged and undamaged states do not exhibit an abrupt 
loss of strength and stiffness degradation, which is usually caused by the brace’s buckling. This 
observation validates the assumption that the force in the braces remains constant after yielding 
of the vertical links. It also proves that the vertical links can efficiently act as a seismic fuse 
dissipating energy system. 

 

 

 

Figure 19. Capacity curves of undamaged and damaged frames and limit states corresponding to different 
damage levels in the elements: a) 4-storey, b) 8-storey, and c) 12-storey frames 

 

The results also show that the application of the design earthquake does not reduce 
significantly the stiffness and strength of the model frames. The average permanent drifts for the 
4, 8, and 12 storey frames under the design earthquake are 0.024, 0.035 and 0.046%, 
respectively. Note that the overall loss of strength is less than 10%, whilst the strength reduces 
more significantly as the building height increases. 

As mentioned before, the damaged frame was loaded in a direction that would increase the 
deformations and permanent displacements. In the IDA, the effect of some of the records of the 
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damaged frame can have an opposite effect, thus reducing the deformation and residual strain. 
Accordingly, the results of the two methods will be different. As such, the main advantage of the 
proposed method based on pushover analysis is to significantly reduce the computational time 
required to assess the residual capacity of complex buildings under sequential earthquakes. 
However, more analyses may be required to investigate the efficiency of the proposed 
methodology for tall buildings, where the effect of higher modes can be dominant, and near field 
earthquakes including the directivity effects. 

 

6 Summary and conclusions 

Based on the outcomes of this study, the following conclusions can be drawn: 

 In addition to the intensity of the applied excitation, the displacement and deformation 
responses of the frames are also sensitive to the frequency content of the input earthquake 
record. Under the 2800 code representative records (return period of 475 years) as the 
main earthquake event, the maximum and permanent deformation demands in the vertical 
links are both negligible (less than 0.05 radians). This indicates that these elements in all 
of the studied frames perform in the high performance levels. The maximum and 
permanent storey drift demands exhibited by the considered frames are also considerably 
lower than the permissible code values (2.5% for less than 5 storey frames and 2% for 
more than 5 storey frames). 

 Almost all of the earthquake energy applied to the frames is absorbed and dissipated by 
the vertical links. Accordingly, in the frames with the vertical links the assumptions of 
elastic behaviour of the other structural elements (beams, columns, and braces) and the 
fuse role of the shear panels are valid. 

 Application of the design earthquake in frames does not have a significant effect on the 
intensity corresponding to the different damage levels of the vertical links. The required 
intensity to provide higher performance level in the vertical links is much higher than the 
intensity of the design earthquake of 2800 code. The intensities which are corresponding 
to the strain of 0.08 and 0.05 radians are estimated to be more than 2.6 and 1.7 times the 
magnitude of the design earthquake, respectively. 

 Although in the event of successive earthquakes the systems with vertical fuse links have 
high seismic reliability, for a certain level of intensity or damage level, an increase in the 
height of the frame decreases the reliability level. 

 By comparing the fragility curves, no noticeable difference was evident between various 
damage levels of the undamaged and the damaged frames. In the 4-storey frame 
(undamaged or damaged) under the excitation with a maximum acceleration of 0.35 g 
(equivalent to the acceleration of the design earthquake) the probability that the 
maximum shear strain of the vertical links reaches the 0.05 radian threshold is almost 
zero. In the 8 and 12-storey frames (undamaged or damaged) this probability is estimated 
to be less than 2.5 and 12 percent, correspondingly. 
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 The energy absorbing fuses of the frames remain in the high performance levels, even 
under relatively strong aftershocks. This demonstrates the high seismic resistance and 
sufficient safety of this system under the main earthquake and possible aftershocks in the 
areas with high seismic hazard. 

 After application of the design earthquake and therefore development of the permanent 
displacements and deformations, the frames still have high capacity and strength. For 
each damage level, there is no significant difference between the corresponding spectral 
acceleration values in the undamaged and damaged frames. However, the value of this 
parameter in the damaged frame is always lower. As the frame height increases, in 
general, the amount of the permanent displacements and the loss of the frame strength 
after the main earthquake event increase. 
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APPENDIX A  

This section explains the details of the methodology used to develop the fragility curves 
shown in Figures 13 to 15. In the first step, the maximum acceleration (PGA(g)) corresponding 
to the predefined values of shear strain in the vertical links Allowable  are extracted from the 

curves during the IDA analysis (Figures 10 to 12). In the next step, by assuming the recorded 
values have a log normal distribution, their probability density function (F(x)) is derived after 
computing the mean value (  ) and the standard deviation ( ).  

According to Figure A, by replacing the value of X0 with the given earthquake intensity, the 
area under the curve of the probability density function (from −∞ to X0) is the probability of 
exceeding the related damage level. It means that for the given intensity, the probability that the 
responses of the vertical links reach the considered damage level, is “P”. It is obvious that the 
difference between “P” and 1 indicate the seismic reliability of structure. The curve that results 
from repeating this process for various seismic intensities is called “fragility curve” for the 
considered damage level.  

 

 

Figure A. Computation of exceedance probability for a constant performance level at a hazard level of X0 
(schematic) 
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