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Abstract

:

Earthquakes are often followed by higher-intensity aftershocks, which tend to aggravate the accumulated and more severe damage to building structures. The seismic vulnerability of concrete-filled steel tube (CFST) structures under major aftershocks is more complex. In this paper, a CFST frame and a frame with buckling-restrained braces (BRBs) are studied, and the finite element analysis software Midas 2022 is used to analyze the seismic vulnerability of the two types of structures under main shock and main–aftershock. The results show that the structural vulnerability of the two structures is significantly higher under the main–aftershock sequences than under the main shock alone. Compared with the CFST structure, the structure with BRBs can effectively reduce the structural displacement and the hysteretic energy, decrease the plastic deformation risk of the structural components, and improve the seismic performance. The structure with BRBs can significantly reduce the probability of structural collapse under the main–aftershock sequence and can provide a reliable guarantee of the stability of the building.
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1. Introduction


Historical seismic data show that main earthquakes are usually accompanied by a series of powerful and destructive aftershocks [1,2,3]. In 2023, an earthquake occurred in Turkey with an interval of only 9 h, and successive secondary earthquakes posed the risk of severe damage to or even the collapse of buildings [4,5,6]. The short interval between the main earthquake and the secondary aftershocks makes it difficult to repair and strengthen damaged buildings in a timely and effective manner. The buildings that have been damaged to a certain extent during the main earthquake are further damaged and collapse under the action of strong aftershocks, and the cumulative effect of structural damage is very obvious. Among these earthquake sequences, the main-aftershocks are of particular concern [7,8]. Xu et al. [9] and Ali and Khosrow [10] observe that the probability of failure significantly increases under the synergistic effect of main shocks and aftershocks, and that considering the effects of aftershocks can mitigate the risk of collapse. Rinaldin et al. [11] conducted a time–history analysis using earthquake records greater than or equal to PGA as aftershocks and found that structures under multiple earthquakes had higher requirements for ductility. Henry et al. [12] used observable physical damage factors to produce the most accurate and stable estimates of aftershock collapse vulnerability. Raghunandan et al. [13] studied the correspondence between the structural damage degree in the main earthquake and the ability of aftershock collapse, quantified the physical indexes of the visual evaluation criteria, and quickly predicted the aftershock collapse ability of the structure. Hassan et al. [14] propose that a model based on cumulative absolute velocity is the most effective method for predicting structural damage. Zhang and Jiang [15] used seismic vulnerability theory to study the failure probability of a high-rise frame structure. Zhou et al. [16,17] established an incremental damage ratio prediction model with the structural period and main–aftershock intensity ratio as parameters, and found that the significant cumulative damage caused by the main–aftershock sequences will result in a higher structural vulnerability under the action of the main–aftershock sequence than that under the action of the main shock alone. Hu et al. [18] propose a quantification method for structural elasticity under the influence of the main–aftershock. Wen et al. [19] presented an approach to assess the vulnerability of buildings under main–aftershock sequences, and studied the influence of aftershocks on the fragility of buildings under different limit states. The probability of masonry structural collapse limit state and wood-frame structure increase greatly in damaged structures during main earthquakes [20,21,22], while the response of the infilled frames to the aftershocks significantly depends on the damage experienced during the main shock [23]. Shunsuke et al. [24] conclude that low-rise RC frames have a low response to repeated earthquake sequences. Benavent-Climent [25,26] proposed the seismic energy damage index method, and Chen and Ma [27] and Mohsen et al. [28] used this method to evaluate the structural damage after the main–aftershock. A method for structural analysis under main shock–aftershock earthquake sequences is proposed by Zhang et al. [29], and it provides a new method of analyzing and evaluating structural cumulated damage and seismic performance under main shock–aftershock earthquake sequences and other earthquake sequences. Dizaj et al. [30] assess the vulnerability of ageing reinforced concrete (RC) frames subject to real main shock–aftershock (MS-AS) ground motion sequences. Song et al. [31] and Zhong et al. [32], respectively, used the double incremental dynamic analysis method and the main–aftershock earthquake probability demand model to analyze structural vulnerability, and found that seismic vulnerability increases with the increase in aftershock intensity.



Concrete-filled steel tube structures are comprised of two distinct materials with contrasting properties, namely steel and concrete. Their seismic performance is more complex than that of steel structures and reinforced concrete structures. In the Belt and Road Initiative, CFST structures will become one of the optimal configurations for the construction of many processes, and have broad application prospects in high-rise buildings and high-seismic-fortification-intensity zones [33]. Zhang et al. [34] found that the reserve coefficient of anti-collapse of concrete-filled steel tubular frame–core tube structures is greater than the recommended value, and that the structure has a good anti-collapse ability. Yang et al. [35] adopted an IDA method to obtain the collapse margin ratio (CMR) of the inter-story isolated structure, and found that appropriate isolation layer design can reduce structural vulnerability during main–aftershock sequences. Mazzon et al. [36] found that tuned mass dampers (TMDs) can dissipate most of the seismic energy. Frappa et al. [37] suggest the installation of external steel frames with dissipative braces to improve the seismic behavior of a building. Wang et al. [38] found that long-duration seismic motion significantly increases the cumulative damage of CFST frames with BRBs. Zhang et al. [39] found that buckling-restrained braces effectively improved the seismic performance of steel–concrete frames, and that vulnerability analysis should consider the effects of strain rate and seismic sequences. Shan et al. [40] introduced IDA to analyze the vulnerability of CFST frame–RC core tube structures and proposed an improved collapse risk-targeted seismic design method. It is evident that there is still insufficient in-depth investigation into the seismic vulnerability of concrete-filled steel tube structures under main–aftershock earthquake sequences.



The existing studies on the susceptibility of CFST structures mainly focus on the assessment of structural or member damage under a single earthquake, while only a few studies have comparatively analyzed the susceptibility to the effects of aftershocks and additional bracing, lacking further analyses. In this paper, the finite element analysis software Midas 2022 is used to establish the structure model of a CFST frame and a frame with BRBs. Based on the selection of natural seismic waves and the artificial main–aftershock sequences, we analyze the damage degree, energy time curve, and fragility of the CFST frame and the frame with BRBs under different main aftershock sequences. In addition, we also evaluated the effect of BRBs on the seismic performance of the structures. It can provide a reference for subsequent engineering design and construction of the CFST frame structure.




2. Structural Model Information and Finite Element Modeling


According to the Chinese code for the seismic design of buildings [41], an eight-story steel girder–circular steel tubular concrete column frame structure was designed, with the plan layout shown in Figure 1. The lengthwise direction has six spans with a length of 43.2 m and the transverse direction has three spans with a width of 15 m. The height of the first layer is 4.2 m, and the remaining layers are 3.3 m. The live loads of the floor and the roof are 2 kN/m2, the constant load of the roof is 5 kN/m2, and the constant load of the floor is 3.5 kN/m2. The concrete strength grade is C30. The basic parameters of the components and seismic design are shown in Table 1, Table 2 and Table 3. The structural elevation arrangement is shown in Figure 2a. In order to investigate the effect of energy-consuming bracing on the structural seismic performance under main–aftershock earthquake sequences, anti-buckling restraint braces were added to the original frame, as shown in Figure 2b, and the braces were arranged in a herringbone pattern.



The elastic–plastic dynamic time–history analyses of two frames were carried out by the nonlinear finite element analysis software Midas 2022. Shell elements are used to simulate concrete floors, and nonlinear beam elements are used to simulate beams and columns. A link element was adopted to model BRBs. The constrained concrete constitutive model was used for the concrete constitutive model, while the bilinear kinematic hardening model was used for the steel constitutive model [42]. The anti-buckling-restrained braces only supported the core material to connect with the frame structure to ensure that the core material could withstand all the axial forces, while the external steel tube only provided the restraining function to the core material, and no adhesive bonding was used between the core material and the external steel tube to reduce the friction between the interfaces. The Bouc–Wen model [42,43] was selected. In the dynamic analysis process, the P-Δ effect was considered, and the convergence of the structure was controlled based on the displacement criterion. We adopted the Newmark integral solution method and set the structural Rayleigh damping ratio to 0.05.




3. Incremental Dynamic Analysis under the Action of Main–Aftershock Earthquake Sequences


3.1. Seismic Wave Selection and Main–Aftershock Earthquake Sequence Construction


According to the Chinese Standard for the seismic resilience assessment of buildings [44], the principle of dual control of peak acceleration and peak velocity was adopted to ensure that the selected ground motion met the minimum values of both acceleration and velocity. Ten seismic waves, as shown in Table 4, were selected from the Pacific Earthquake Engineering Research Center (PEER) for analysis, including six natural and four synthetic seismic waves, and the normalized ground acceleration response spectrum is shown in Figure 3.



The attenuation method [45] was used to construct the main aftershock sequence, and the Hunt&Fill unequal step amplitude modulation method was adopted for amplitude modulation. Considering the actual response characteristics of earthquake actions, a 30 s interval was introduced between the two input seismic waves to ensure that the structural response was sufficiently completed after the initial earthquake action and preserve the plastic damage caused by the first seismic input. The construction methodology of the main–aftershock earthquake sequences is illustrated in Figure 4. A seismic wave propagation model with bi-directional input was used, with the long and short dimensions defined as the major and minor directions, respectively. In the primary direction of propagation, the seismic wave was directly input into the model in its original form, while in the secondary direction of propagation, the input seismic wave passed through a reduction coefficient which was multiplied by 0.85.




3.2. Dynamic Response Analysis


Based on the two-parameter seismic damage model proposed by Park and Ang [46], the finite element model proposed in Section 2 was used for dynamic elastic–plastic analysis. The software used plastic strain to evaluate the damage to components, the evaluation criteria were based on the Chinese Standard for Anti-Collapse Design of Building Structures [47], and the results of structural elastic–plastic seismic response under two seismic sequences with a PGA of 0.4 g were compared (Figure 5).



From Figure 5, it can be observed that the structural damage at the bottom is particularly significant under the two seismic sequences. Under the influence of the aftershock sequence, the structural damage in the middle and lower parts is further aggravated, resulting in an increase in the upper structural damage value. In contrast, the seismic performance of the CFST structure with BRBs is obviously better than that of the CFST structure without. The frame with BRBs can effectively control the damage degree of the beams and columns, particularly reducing the damage value of columns connected to the supports, and improve the overall stability and safety of the building.




3.3. Structural Energy Dissipation Analysis


Under the action of earthquakes, the energy-consuming components in a concrete-filled steel tube frame structure system are mainly concrete-filled steel tube columns and steel beams. In order to further explore the consumption mechanism of earthquake energy in a structure, the seismic wave was adjusted to 400 gal, and the elastic–plastic dynamic time–history analysis was carried out on the structural model. The energy distribution ratio at T = 100 s is shown in Figure 6. The structural energy–time curves under seismic wave RGB3 are shown in Figure 7.



According to Figure 6a, it can be seen that the structural damping energy and plastic deformation energy account for 58% and 40% of the total energy, respectively. The structure mainly dissipates seismic energy through structural damping and component plastic deformation. The CFST structure can effectively absorb seismic energy and has good ductility and toughness. Figure 6b shows that BRB energy consumption accounts for about 12%, and that the damping energy and plastic deformation energy of the structure are reduced by about 3% and 9%, respectively. It can be concluded from Figure 7 that the structural kinetic energy fluctuates within a certain range with time and generally disappears after the earthquake. However, this does not mean that the effect of structural kinetic energy can be ignored. The kinetic energy change can reflect the change of the structural motion velocity. During the 30 s interval between the two seismic sequences, the structural total energy and other energy dissipation remained constant. When the aftershock sequence was input, the BRB support had already been damaged and the absorbed energy was limited, so the increase rate of damping energy and strain energy in Figure 7b also increased. Therefore, increasing BRB support can reduce the structural deformation and damage degree under earthquake action.




3.4. Incremental Dynamic Analysis


The IDA curve is a relationship curve between ground motion intensity measure (IM) and structure damage measure (DM), which is used to describe the damage change process of structure under different earthquake intensities. PGA was selected as the ground motion intensity index (IM), and the maximum inter-story drift ratio (θmax) was selected as the damage index (DM). The IDA curves obtained by the incremental dynamic analysis under the main earthquake and the main–aftershock conditions are shown in Figure 8 and Figure 9, respectively.



From Figure 8 and Figure 9, it is evident that IDA curve clusters of both types exhibited good overall convergence. As the PGA increases, the θmax of the structure gradually increases, indicating that the structure can effectively reflect the dynamic response of earthquakes. When the PGA is less than 0.2 g, the interlayer displacement response of the structure is basically similar, indicating that the structure is in the elastic stage or has just entered the elastic–plastic stage and is less affected by earthquake vibrations. When PGA > 0.3 g, the IDA curve appears differentiated, and the differentiation is relatively uniform, indicating that the structure has entered the elastic–plastic stage and is greatly affected by the earthquake. It also shows that the selected model fully takes into account the randomness of an earthquake and can reflect the response characteristics of the structure under different earthquake vibrations. By comparing the IDA curves in Figure 8 and Figure 9, it can be observed that when the PGA is below the limit of the working conditions of the components, the buckling-restrained brace components can effectively absorb seismic energy and support the structure, and ensure the stability of the structure. When the PGA exceeds the limit of the working conditions of the components, the seismic responses of the two frame structures begin to be similar. Nevertheless, the seismic response of the frame structure with BRBs is significantly smaller. This is attributed to the fact that the supporting components can continue to constrain the displacement of the structure and reduce seismic damage to the building.



In summary, the main shock sequences initially cause significant damage to the structure, resulting in substantial residual deformation of the structure. Subsequently, the aftershocks have an amplifying effect on the structural damage under the main shock, which further affected the resistance of the structure to the earthquake action. However, the concrete-filled steel tube frame with BRBs can improve the deformation magnitude of the structure under earthquake action, increase the stiffness of the structure against lateral displacement, and enhance overall stability.





4. Seismic Vulnerability Analysis


4.1. Probabilistic Seismic Demand Model


Based on the Chinese code [41] and FEMA [48], the four performance levels of the structure were defined as normal operation (NO), immediate occupancy (IO), life safety (LS), and collapse prevention (CP), and the limits of the structural performance indicators corresponding to each performance level are shown in Table 5.



To establish a seismic vulnerability model for structures, a probabilistic seismic demand analysis is required to determine the probability relationship between the seismic response of the structure and the seismic intensity. In general, the relationship between DM and IM [49] is as follows:


  D M = a   ( I M )  b   



(1)







By taking the logarithm of Equation (1), a logarithmic linear relationship between DM and IM is obtained as follows:


  In ( D M ) = I n ( a ) + b In ( I M )  



(2)







Equation (2) is the seismic demand probability relation, and parameters a and b can be obtained by the linear regression of IDA data. The seismic responses of the structure under the influence of main and aftershock earthquakes are analyzed in Figure 10 and Figure 11. Under the same damage limit condition, the ground motion intensity required for the main earthquake is significantly higher than that of the main aftershock earthquake. The linear regression equations are obtained by logarithmic fitting of seismic response parameters, as shown in Equations (3)–(6).



The formula for an uncontrolled structure under the action of main shock is as follows:


ln(θmax) = 1.2657ln(PGA) – 3.6586



(3)







The formula for an uncontrolled structure under the action of aftershock is as follows:


ln(θmax) = 1.3139ln(PGA) – 3.4326



(4)







The formula for a BRB-supported structure under the action of main shock is as follows:


ln(θmax) = 1.2659ln(PGA) – 4.2935



(5)







The formula for a BRB-supported structure under the action of aftershock is as follows:


ln(θmax) = 1.3363ln(PGA) – 3.9116



(6)








4.2. Seismic Susceptibility Curve Analysis


The exceeding probability formula of the structure under seismic dynamic response is expressed in the form of standard normal distribution function as follows:


   P f  = Φ  (    In  D ^  − In  C ^       β c 2  +  β d 2       )   



(7)




where   D ^   is the median of the seismic demand of the structure, which can be obtained from the seismic demand probability model;   C ^   is the median of the seismic capacity of the structure, which is taken as the limit value of each limit state; and βc, βd are the logarithmic standard deviation of   C ^   and   D ^  , respectively. It is pointed out in the literature [50] that      β c 2  +  β d 2      can be obtained by statistics, and it is set to 0.5 when PGA is the variable.



The exceeding probabilities of the structure under various performance indexes and different PGA values were calculated according to Equation (7), and the vulnerability probability curves are plotted in Figure 12. As can be seen, under the same PGA, the exceeding probability of the four performance levels gradually decreased, which is consistent with the requirement of the maximum inter-story drift ratio. Given a certain limit state, the structural vulnerability curves under the main aftershock sequence are all above the main shock vulnerability curves. This showed that the potential damage caused to the structure by the main aftershock sequence is higher than that of the main shock alone. When the structure is in the normal operation stage, the vulnerability curves under the action of the two earthquake sequences are almost similar, and the vulnerability of the structure is less affected by the earthquake sequence. The seismic vulnerability curve is steeper than other stages, indicating that the structure exceeds the elastic inter-story drift angle more easily under earthquake action. At the stage of immediate occupation and life safety, the gap between the vulnerability curves gradually expands, indicating that the structure experiences a certain degree of plastic damage under the action of the main earthquake, while the main–aftershock series aggravates the plastic damage of the structure and makes the performance of the structure exhibit greater instability. At the stage of collapse prevention, the vulnerability curves gradually tend to flatten with the increasing PGA, and these curves also reflect that the structure has reached the elastoplastic limit state. These gentle curves also reflect that the CFST frame structure has a certain energy dissipation and ductility capacity and indicate that the structure has the ability to resist collapse.



Comparing Figure 12a,b, it can be observed that under the same seismic peak acceleration conditions, the structure with BRBs significantly reduces the risk of structural collapse compared with the uncontrolled frame structure, and demonstrates higher seismic resistance and more reliable structural performance. In addition, the main–aftershock vulnerability curves of the structure with BRBs show a larger interval, indicating that it has a good ability to absorb and disperse seismic energy. Under the action of seismic sequences, the structure with BRBs reduces the degree of plastic deformation of the members, and ensures the bearing capacity of the structure and reduces the risk of overall failure.




4.3. Analysis of Structural Vulnerability Matrix


From the susceptibility curves in Figure 12, the probability of the structure exceeding each limit state when subjected to frequent (0.07 g), design-based (0.2 g), and rare (0.4 g) earthquakes can be predicted, and the structural seismic susceptibility matrices are calculated, as shown in Table 6 and Table 7.



As can be seen from Table 6 and Table 7, under frequent earthquake intensity, the exceeding probabilities of the normal operating limit state of the uncontrolled structure and the structure with BRBs under the main earthquake are 0.6% and 0.1%, respectively, and the exceeding probabilities increase by 0.2% and 0.1% after increasing aftershocks, respectively. The probabilities of other limit states are not exceeded, and the structure meets the seismic requirement of “no damage under minor earthquake”. In the case of medium earthquake intensity, the exceeding probabilities of the immediate occupation limit state of the uncontrolled structure and the structure with BRBs under the main earthquake are 1.1% and 0.2%, respectively, and the exceeding probability increases by 0.4% and 0.3% after the addition of aftershocks, respectively. There is no exceeding probability of the life safety limit state of the structure. The structure is mainly damaged slightly, and meets the seismic requirement of “no unrepairable damage under moderate earthquake”. Under rare earthquake intensity, the exceeding probabilities of the life safety limit state of the uncontrolled structure and BRB structure under the main earthquake are 2.3% and 0.5%, and the exceeding probability increases by 1% and 0.5% after increasing the aftershock, respectively. The probability of exceeding preventing collapse cannot occur in the structure. The structure is mainly moderately damaged, and meets the seismic requirement of “no collapse under severe earthquake”. In conclusion, the probability of the structure reaching each limit state increases with the increase in the main earthquake intensity. The aftershock action can further aggravate the structural damage under the main shock, and the probability of the BRB damping structural system reaching the damage state is significantly lower than that of the uncontrolled structure. The correct use of BRB components can significantly reduce the structural damage degree under earthquake action, and improve the stability and safety of the structure.





5. Conclusions


The following conclusions are obtained from the analysis of seismic vulnerability of concrete-filled steel tube frame structures:



	
The IDA curve patterns of each group of seismic waves are basically consistent. When PGA > 0.3 g, the IDA curve appears nonlinear, and with the increase in PGA, the slope of the IDA curve increases gradually due to the stiffness degradation caused by structural damage under earthquake. For the same PGA, the structural displacement of BRBs is small, and the effect of the aftershock is larger than that of the main shock alone.



	
The seismic vulnerability analysis shows that the exceeding probabilities of the two structures under the action of the main–aftershock sequence are greater than that under the action of the main earthquake alone. When the structures are in the normal operation stage, their vulnerability is less affected by earthquake sequences. In the other three stages, the gap between the vulnerability curves of the main and main–aftershock earthquake sequences gradually widens, and the structure exhibits a certain degree of plastic damage under the action of the main earthquake.



	
Using finite element simulation, the characteristics of column and beam damage distribution were identified. The damage of columns is concentrated in the middle and lower parts of the structure, and the damage to the middle columns is more serious than that of the side columns. With the addition of BRB members, seismic energy can be dissipated effectively. This can reduce the plastic deformation of components, especially columns connected to the support, and provide effective technical solutions for the seismic reinforcement of columns.



	
Under the same limit state, the occurrence of aftershocks will increase the probability of structural collapse risk, while adding anti-buckling restraint supports can significantly reduce the overtaking probability of the structure under different limit states. Aftershocks can increase the probability of structural failure by 4% to 8%, and the addition of anti-buckling restraint supports can reduce the probability of structural failure by approximately 25%. Therefore, the effect of aftershocks on the structure cannot be ignored, and the addition of anti-buckling restraint supports can upgrade the seismic resistance of the structure.
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Figure 1. Layout plan. 






Figure 1. Layout plan.
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Figure 2. Elevation plan: (a) concrete-filled steel tube frame, (b) concrete-filled steel tube frame with BRBs. 
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Figure 3. Acceleration response spectrum of seismic recordings. 
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Figure 4. Main–aftershock sequences. 
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Figure 5. Structural damage values: (a) main seismic damage values of the CFST frame, (b) aftershock damage values of the CFST frame, (c) main seismic damage value of the frame with BRBs, (d) aftershock damage value of the frame with BRBs. 
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Figure 6. Allocation ratio of each energy term under earthquake action: (a) seismic energy consumption of CFST frame; (b) seismic energy consumption of CFST frame with BRBs. 
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Figure 7. Structural energy–time curves of seismic wave RGB3: (a) CFST frame, (b) CFST frame with BRBs. 
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Figure 8. IDA curves of concrete-filled steel tube frame: (a) main shock IDA curves; (b) aftershock IDA curves. 
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Figure 9. IDA curves of concrete-filled steel tube frame with BRBs: (a) main shock IDA curves; (b) aftershock IDA curves. 
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Figure 10. Data fitting of concrete-filled steel tube frame: (a) main shock; (b) aftershock. 
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Figure 11. Data fitting of concrete-filled steel tube frame with BRBs: (a) main shock; (b) aftershock. 
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Figure 12. Seismic vulnerability curves of the structural: (a) CFST frame; (b) CFST frame with BRBs. 
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Table 1. Parameters of beams and column.






Table 1. Parameters of beams and column.





	Component Names
	Section Size/mm
	Material Grade





	steel tube column
	Φ600 × 12
	Q345



	longitudinal beam
	HM550 × 300 × 11 × 18
	Q345



	transverse beam
	HM594 × 302 × 14 × 23
	Q345










 





Table 2. Parameters of BRBs.
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	Story Number
	Yield Capacity/kN
	Effective Cross-Sectional Area/mm2
	Elastic Rigidity (kN/mm)





	1–4
	1692.81
	4906.7
	238.22



	5–8
	1151.16
	3336.7
	162.13










 





Table 3. Seismic design parameters.
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	Seismic Parameters
	Value





	site category
	Class II



	seismic precautionary category
	Class C



	seismic grouping
	second group



	seismic precautionary intensity
	8-degree



	design basic acceleration of ground motion
	0.2 g



	design characteristic period of ground motion
	0.4 s










 





Table 4. Seismic wave information.
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Serial Number

	
Seismic Wave Name

	
Station Information

	
Particular Year

	
Earthquake Magnitude

	
PGA/g

	
Time/s




	
Main Shock

	
Aftershock






	
1

	
TRB1

	
Boshro-oyeh

	
1995

	
6.9

	
0.28

	
0.24

	
100




	
2

	
TRB2

	
Sedeh

	
1995

	
6.5

	
0.15

	
0.07

	
100




	
3

	
TRB3

	
Tabas

	
1999

	
7.5

	
0.85

	
0.6

	
90




	
4

	
TRB4

	
Amboy

	
1990

	
7.5

	
0.72

	
0.5

	
100




	
5

	
TRB5

	
Baker

	
1979

	
6.6

	
0.42

	
0.33

	
100




	
6

	
TRB6

	
Barstow

	
1979

	
6.5

	
0.42

	
0.28

	
100




	
7

	
RGB1

	
Lucerne

	
1992

	
6.7

	
0.6

	
0.51

	
100




	
8

	
RGB2

	
Santa

	
1992

	
6.6

	
0.22

	
0.16

	
100




	
9

	
RGB3

	
Tarzana

	
1996

	
7.1

	
0.62

	
0.53

	
100




	
10

	
RGB4

	
Crescenta

	
1998

	
7.6

	
1.08

	
0.91

	
100











 





Table 5. Limit value of inter-story drift ratio.
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	Limit States
	NO
	IO
	LS
	CP





	[θ]
	1/550
	1/250
	1/120
	1/50










 





Table 6. Seismic vulnerability matrix for concrete-filled steel tube frame (%).
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Earthquake Level

	
Main Shock

	
Main–Aftershock




	
NO

	
IO

	
LS

	
CP

	
NO

	
IO

	
LS

	
CP






	
frequent

	
0.6

	
0

	
0

	
0

	
0.8

	
0

	
0

	
0




	
design-based

	
23.6

	
1.1

	
0

	
0

	
26.4

	
1.5

	
0

	
0




	
rare

	
85.0

	
29.5

	
2.3

	
0

	
88.3

	
35

	
3.3

	
0











 





Table 7. Seismic vulnerability matrix for concrete-filled steel tube frame with BRBs (%).






Table 7. Seismic vulnerability matrix for concrete-filled steel tube frame with BRBs (%).





	
Earthquake Level

	
Main Shock

	
Main–Aftershock




	
NO

	
IO

	
LS

	
CP

	
NO

	
IO

	
LS

	
CP






	
frequent

	
0.1

	
0

	
0

	
0

	
0.2

	
0

	
0

	
0




	
design-based

	
1.0

	
0.2

	
0

	
0

	
1.6

	
0.5

	
0

	
0




	
rare

	
38.4

	
8.5

	
0.5

	
0

	
45.7

	
11.3

	
1.0

	
0
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