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Abstract

:

Although precast concrete structures have been widely used in building engineering, their application in moderate- and high-seismic zones is restricted because of poor lateral performance. This study proposed a fully assembled precast concrete frame with buckling-restrained braces (PCF-BRB) to simplify construction and enhance seismic performance. A nonlinear finite element model of the PCF-BRB was established using ETABS to investigate the feasibility of its use in seismic regions. The accuracy and rationality of the analysis model were verified by existing experimental data. Furthermore, the seismic performance, including plastic hinge development, internal force distribution, maximum inter-story drift, and energy dissipation, of the PCF-BRB was evaluated through static pushover analysis and dynamic time history analysis. The analysis results showed that the PCF-BRB has good seismic performance. Finally, this study provided a recommended seismic performance factor for design, namely the stiffness ratio of buckling-restrained braces (BRBs) to the frame (k, defined later) for the PCF-BRB structure. It is recommended that the stiffness ratio range of low-rise PCF-BRB structures should be 1.5 ≤ k ≤ 3.0, and that of high-rise PCF-BRB structures should be 3.0 ≤ k ≤ 4.0.
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1. Introduction and Background


During the past few decades, precast concrete structures have been widely used in building engineering because they have the advantage of labor-saving, construction efficiency, and energy conservation. However, the poor lateral performance of precast concrete structures limits its application in moderate- and high-seismic zones. In traditional frame structures, steel braces are installed to improve the structure’s seismic performance. The braces have a relatively high axial stiffness and are used to bear the lateral forces on the braced frame, which can not only strengthen and reinforce the building but also dissipate the seismic energy. Thus, the precast concrete frame with steel braces (PCF-B) structure gives full play to the advantages of rapid construction and meets the seismic requirements. The system divides the structure into two parts: gravity frame and braced frame. It reduces rigid beam-column joints, improving construction efficiency and seismic performance.



The traditional steel braces have an obvious disadvantage, that is, the compressive performance is inferior to the tensile performance, which leads to quick buckling when the structure bears a seismic or wind load, making the hysteresis curve pinching and the seismic performance unstable [1]. The buckling problem can be effectively solved if they are transformed into BRBs by providing constraints on the outside or inside of the braces, resulting in stable hysteretic performance and higher energy dissipation capacity under a cyclic load [2]. Figure 1 shows the constitution of typical BRBs. BRBs consist of three parts: core steel plate, buckling restraint tube, and unbonded layer, among which the core steel plate is divided into yield, transition, and junction sections. Due to the constraint of the buckling restraint tube, BRBs do not produce buckling. The hysteretic performance of BRBs under cyclic loading is stable, which has obvious advantages over ordinary steel braces. Studies have shown that BRBs can effectively enhance the structure’s stiffness, strength, and seismic performance [3,4,5]. On this basis, a fully assembled precast concrete frame with buckling-restrained braces (PCF-BRB) was proposed in this study to simplify construction and enhance seismic performance.



There are many differences between prefabricated and traditional buildings, such as connections, structural integrity, robustness, etc. Many researchers have paid more attention to the details of prefabricated structures. Aksoylu et al. [6] found that snow loads may cause catastrophic damage to prefabricated industrial buildings. They investigated the reasons for these damages in detail. Gemi et al. [7] found that the thinned regions of the purlins are responsible for the structure’s failure since shear cracks usually initiate at these regions. Özkılıç et al. [8] improved the shear capacity of the purlins by using steel fiber-reinforced concrete without changing the cross-section geometry and reinforcement and undertook experimental and numerical studies.



Using BRBs in frames for lateral force resistance can solve many practical and economic problems and offer significant advantages over conventional braced and moment-resisting frames [9]. Yakhchalian et al. [10] demonstrated that a properly constructed steel BRB frame could withstand severe seismic energy and maintain full bearing capacity and provided an advanced intensity measure for residual drift assessment of steel BRB frames. Zhou et al. [11] and Macrae et al. [12] improved the application and design methods of BRBS in steel frames. Özkılıç [13] investigated the interaction of flange and web slenderness ratio and overstrength factor to improve the behavior of long links, then utilized rupture index values to verify proposed stiffener configurations further. Özkılıç et al. [14] proposed a novel detachable, replaceable link that employed a splice connection at the mid-length of the link for eccentrically braced frames.



In reinforced concrete frames, the application of BRBs not only enhances the structural strength, stiffness, and energy dissipation capacity but also reduces the size of the reinforced concrete members, thereby reducing the building weight and the maximum drift during severe earthquakes [15]. Bai et al. [16] proved, through simulation, that BRBs improved the strength and ductility of concrete frames, while synergistic interaction could not be ignored in the design. Guerrero et al. [17] showed, through a case study example, that BRBs were a great alternative to prevent damage or even collapse. Oviedo-Amezquita et al. [18] introduced and developed acceptance criteria and damage index for BRBs. Guerrero et al. [19] conducted experiments to study the effects of BRB application on concrete structures. Ruiz et al. [20] proved that the rehabilitation system based on the inclusion of BRBs in the first soft story presented a structural fragility very similar to that corresponding to a traditional rehabilitation system based on concrete jacketing of columns in the first story. Ghazal et al. [21] concluded that retrofitting the bridge with BRBs is an effective mitigation measure to increase lateral strength. Cao et al. [22] experimentally analyzed the assembled bolt-connected BRBs with a pair of thin-walled concrete-infilled steel shells. Bashiri et al. [23] conducted a numerical and experimental investigation on a BRB confined with partially carbon fiber-reinforced polymer. Al-Sadoon et al. [24] experimentally tested and modeled a replaceable fuse BRB.



Özkılıç [25] conducted numerical analyses using ABAQUS to investigate the effects of the initial imperfection of the steel core, gap size (1–5 mm), and friction coefficient (0.01–0.5) between the encasing and steel core on the behavior of BRBs. Steel eccentric braces have high ductility, a stable and reliable yielding mechanism, and architectural versatility as well [26]. Özkılıç et al. [27] undertook a numerical study to evaluate seismic response factors for steel buckling-restrained braced frames using the FEMA P695 methodology.



Currently, the existing research is mainly focused on the traditional concrete frame with BRBs and the steel frame with BRBs and lacks research on the seismic performance of the fully precast concrete frame with BRBs. At the same time, due to the lateral force, they are mainly resisted by braces in PCF-BRB structures. The recommended range of the stiffness ratio is different from the prior research, which causes inconvenience for engineering designers to use the lateral stiffness ratio-based seismic structure design method (defined later). Thus, in this study, the nonlinear finite element software ETABS was used to establish 4- and 12-story PCF-BRB structure analysis models, verified by existing experimental data to ensure the reliability of subsequent analysis results. A recommended seismic performance factor (k), namely the lateral stiffness ratio of the BRBs to the frame, was introduced to reflect their matching and is expressed as Equation (1) [28]. Different stiffness ratio k values were selected. The influence of k values on the structure’s seismic performance, including plastic hinge development, base shear-vertex displacement curve, maximum inter-story drift, and brace energy dissipation ratio, were explored through static pushover analysis and dynamic time history analysis. Based on the analysis results, the suggested range of k was determined.


  k =    K  B R B      K F     



(1)




where KBRB is the lateral stiffness of BRBs and KF is the lateral stiffness of the frame. The lateral stiffness of frame columns can be simply calculated by the modified contraflexure point method (expressed as Equation (2) [29]) and then added up to get KF. Once KF and k are confirmed, KBRB can be calculated and used to design BRBs.


  D = α   12 i    h 2     



(2)




where D is the lateral stiffness of the frame column; α is the stiffness-modified factor relating to the line stiffness of frame columns and beams; i is the line stiffness of the frame column, and h is the height of the frame column. This is a shear force distribution method considering joint rotation.




2. Modeling and Verification


2.1. Modeling


The beam and column components were simulated by the fiber-beam elements. To accurately consider the influence of axial force variation on the bending capacity of frame beams and columns, it was necessary to divide the component section, as shown in Figure 2. Except for the rigid zone, we set fiber hinges in fiber-beam elements, and the type was Fiber P-M2-M3 [30]. The corresponding material-constitutive relation could be set for each fiber, and the deformation and force of the cross-section could be obtained by integrating each fiber [30]. The bilinear model was used for the reinforcement stress-strain relationship, as shown in Figure 3a, in which εy is the yield strain, fy is the yield stress, εu is the ultimate strain, fu is the ultimate stress, E0 is the initial stiffness, and E’ is the hardening stiffness. The kinematic hardening hysteresis rule was used to consider the Bauschinger effect [31]. Since the constraint effect of the stirrups on concrete cannot be directly considered in ETABS, the compressive stress-strain relationship in the core area of concrete should be determined by the Mander model [32] according to the form of the stirrups, as shown in Figure 3b. The Takeda hysteresis rule was used [31]. εco is the peak compressive strain of unconfined concrete,    f  c o  '    is the peak compressive strength of unconfined concrete, εcc is the peak compressive strain of confined concrete,    f  c c  '    is the peak compressive strength of confined concrete, εucu and εcu are the ultimate compressive strain of unconfined and confined concrete. The compressive parameter calculation is shown in Equations (3)–(8). The bilinear model was used for the tensile concrete stress-strain relationship, as shown in Figure 3c, in which εcr is the cracking strain, fct is the axial tensile strength, and εmax is the maximum tensile strain. The tensile parameter calculation is shown as Equation (9) [33].


   σ c  =    f  c c  '  x r   r − 1 +  x r     



(3)






  x =    ε c     ε  c c      



(4)






  r =    E c     E c  −  E  s e c      



(5)






   f  c c  '  =  f  c o  '   (  2.254   1 + 7.94  p   f  c o  '      − 1.254 − 2  p   f  c o  '     )   



(6)






   ε  c c   =  ε  c o    [  1 + 5  (     f  c c  '     f  c o  '    − 1  )   ]   



(7)






   ε  c u   = 0.004 + 1.4  ε  s u   ρ ’    f y     f  c c      



(8)




where    f  c c  '    is the peak compressive strength of confined concrete; εcc is the peak compressive strain of confined concrete;    f  c o  '    is the peak compressive strength of unconfined concrete; εco is the peak compressive strain of unconfined concrete; Ec is the tangent modulus of unconfined concrete; Esec is the secant modulus at    f  c c  '   ; p is the lateral effective restraint stress; εcu is the ultimate compressive strain of confined concrete; εsu is tensile failure strain of the stirrup; ρ’ is the volume reinforcement ratio of the stirrup, and fy is the yield strength of the stirrup.


   f  c t   = 0.395  f  c u   0.55    



(9)




where fct is the axial tensile strength of concrete and fcu is the cube compressive strength of concrete.



BRBs were simulated using the multilinear plastic link elements with the BRB hardening rule [31] to simultaneously consider the kinematic and isotropic hardening effects. The effect of the friction coefficient has been included in the definition of the load-displacement relationship of the link [34]. Because the BRBs only yield and do not buckle, they will not fail until close to tensile rupture, according to available test information [35,36,37,38]. The force-displacement skeleton curve was bilinear, as shown in Figure 4. The definition of the BRB hardening hysteresis rule includes four parameters: hardening factor, maximum plastic deformation at full hardening, accumulated plastic deformation at full hardening, and proportion of accumulated plastic deformation. The hardening factor is the strain hardening coefficient of the inner core steel plate, whose value is the ratio of maximum stress to yield stress. The maximum plastic deformation and accumulated plastic deformation at full hardening is the test’s maximum and accumulated plastic deformation. The proportion of accumulated plastic deformation was set to zero [31]. When establishing the finite element model of the braced frame, the gusset plate area was set as the rigid zone, and the thick blue line part is represented as the rigid zone in Figure 5.




2.2. Verification


Existing experimental specimens, including BLY225-1 [35], V1 [36], V2 [36], BRBCF3 [37], BRBF3 [38], and BRBF5 [38], were selected to verify the rationality of the finite element model, as shown in Figure 6. The section of specimen BLY225-1 was a 55 × 296 mm cruciform steel plate using BLY225 low-yield steel. Specimens BRBCF3, BRBF3, and BRBF5 were 1-story buckling-restrained braced concrete frame substructures. The BRB specimen test information is shown in Table 1. The input multilinear force-displacement relation parameters, shown in Table 2, were used to define yield points and ultimate points of bilinear relation. The input BRB hardening parameters are listed in Table 3. The substructure specimen test information is shown in Table 4. The input multilinear force-displacement relation parameters of BRBs are shown in Table 5, and the input BRB hardening parameters are listed in Table 6. During specimen verification, the restraint of joints was hinged (UX, UY, UZ restrained), and displacement loading was applied on one joint. In substructure verification, fixed supports (UX, UY, UZ, RX, RY, RZ restrained) were arranged at the bottom. The substructures were modeled in the X-Z plane. All the nodes of the substructure were set as rigid connections, including the connections of frame beams, columns, and BRBs. One of the top beam-column joints was arranged as just UX restrained and applied the displacement loading in the X direction. The other beam-column and beam-brace joints were free.



In BRBCF3, the size of the beam elements was 0.17 m, and that of the column elements was 0.15 m, except for the rigid zone. In the rigid zones, the size of the elements was that of the zones. In BRBF3 and BRBF5, the size of the beam elements was 0.18 m, and that of the column elements was 0.125 or 0.135 m, except for the rigid zone. The element size selected as the height of frame beams and columns ensured the stability of the results [30]. In this study, the element size was approximately half the height of the frame beams and columns. ETABS automatically divided fibers according to the cross-section characteristics of the elements with specified fiber hinges. When using the Mander model, ETABS automatically distinguished between onstrained and unconstrained areas and assigned different concrete models according to the location of stirrups. Thus, in the substructure verification section, the fiber was auto-divided.



Specimens V1 and V2 were similar to the braces used in further analysis. The brace type (herringbone) of the substructures was the same as that used in further analysis. The hysteresis curve comparison between the simulation and test is shown in Figure 7. The bearing capacity and stiffness of the finite element model were well consistent with the test value in cyclic loading. The multilinear plastic connection unit and the BRB hardening hysteresis rule could effectively reflect the isotropic hysteresis effect of the BRB [39].





3. PCF-BRB Structure Design


3.1. BRB Design


The sketch diagram of BRB is shown in Figure 8, where Lj, Lt, Ly, and Lw refer to the length of the junction section, transition section, yield section, and working segment, respectively; and Aj, At, and Ay refer to the area of the junction, transition, and yield sections, respectively. Among them, the junction section area was 2.2 times the yield section area, and the transition section area was 1.6 times the yield section area. The junction section, transition section, and yield section lengths were 0.24, 0.06, and 0.7 times the BRB length, respectively [40].



BRBs were made of Q235 steel, assuming all the deformation occurred in the yield section. According to Equation (10), the inter-story drift at BRB yield could be calculated as 1/623, meeting the requirement of BRB to maintain elasticity under small seism.


   θ  y , B R B   =    ε  y , B R B   × 0.7   cos φ sin φ    



(10)




where θy,BRB is the inter-story drift at the BRB yield; εy,BRB is the yield strain of the BRB;  φ  is the angle between the BRB and horizontal plane.



According to the parameters mentioned above, the BRB yield section area could be calculated by Equation (11) [40].


   A c  =    k  e f f    (   L j     A y     A j    +  L t     A y     A j    +  L y   )    E   cos  2  φ    



(11)




where keff is the effective stiffness for brace resisting lateral loading.




3.2. Structure Design


The precautionary seismic intensity of the structure example designed in this paper was 8 degrees (0.20g, g is the acceleration of gravity). The seismic design group was the first group, and the site classification was II. The structure layout is shown in Figure 9. The plane was 5 × 5 spans, each span was 6 m, and each story height was 3.3 m. The braces were arranged in the peripheral frame around the structure, forming the braced frame, and mainly bore a lateral load. The internal frame was the gravity frame and mainly bore a gravity load. The constant load of the floor and roof was 5 kN/m2, the floor’s live load was 2 kN/m2, the load of the internal beam was 4.5 kN/m, and the load of the peripheral beam was 9 kN/m. In all load cases, the P-delta effects were considered by turning on the geometric nonlinearity option. Then the equilibrium equations considered the deformed configuration of the structure. The arrangement of BRBs was selected as cross-layer X type [41] because pressure and tension could be mutually balanced in midspan, which not only ensured the seismic performance of the structure but also reduced the capacity requirement of frame beams.



To reduce the influence of the brace tension on the adjacent columns, all the joints of the peripheral frame were set as rigid connections. As for the gravity frame, the beam-column joints and the bottom of the first-floor frame columns were hinged. The articulated beam-column joints were connected by bracket bolt pins, and the rigid beam-column joints were connected by bolts, as shown in Figure 10. The failure mode of bolted beam-column joints was the same as that of cast-in-place beam-column joints [42]; thus, the PCF-BRB structure modeling method was the same as that of the cast-in-place structure. This study did not pay attention to the influence of the size of gusset plates, which were designed as unified rectangular steel plates 600 mm in length and 300 mm in width. Frame beams and columns were auto-meshed at intermediate joints and intersections with other frames and area edges. Generally, there was a beam element in each span, but if the BRB gusset plate was in the midspan, there were two beam elements. The hinges’ distance from ends was set as half the height of frame beams and columns. The relative length of the frame element at the hinges was 0.02, which was auto-set in ETABS. In frame beam sections, the core concrete fiber size was 100 mm in width and 40 mm in height. In frame column sections, the core concrete fiber size was 80–120 mm in width and height, according to the column size. Longitudinal reinforcement was simulated as single fibers [30]. We considered mesh optimization and chose appropriate simulation methods from existing research and literature [30,31,34,39,43,44,45,46].



The lateral stiffness ratio design method [28] was adopted in this paper, divided into the following steps: (1) Preliminarily design concrete frame members; (2) calculate the stiffness of each layer; (3) select the stiffness ratio k and design the BRBs; (4) design concrete frame members and reinforcement according to the code; (5) check the elastoplastic calculation result of the structure. The modified contraflexure point method [28] was used to calculate the concrete frame stiffness. Using the PKPM software to complete the structure design, all the beam dimensions of the 4 and 12 stories were 300 mm × 600 mm.



In the four-story structure, the concrete strength was C30 [33]. Its axial characteristic compressive strength was 20.1 MPa. The modulus of elasticity and Poisson’s ratio were 30,000 MPa and 0.2. The peak and ultimate compressive strain were 0.002 and 0.0072, respectively. The peak tensile strength and strain were 2.79 MPa and 0.000093, and the ultimate tensile strain capacity was 0.001024. In the 12-story structure, the concrete strength was C40 [33]. Its axial characteristic compressive strength was 26.8 MPa. The modulus of elasticity and Poisson’s ratio were 32,500 MPa and 0.2, respectively. The peak and ultimate compressive strain were 0.002 and 0.006, respectively. The peak tensile strength and strain were 3.22 MPa and 0.000099, and the ultimate tensile strain was 0.001091. The longitudinal reinforcement was HRB400 with a minimum yield strength and minimum tensile strength of 400 MPa and 540 MPa, respectively [33]. Its elastic modulus was 200,000 MPa. The stirrups were HPB300 with a minimum yield strength and minimum tensile strength of 300 MPa and 420 MPa, respectively [33]. Its elastic modulus was 210,000 MPa. The dimensions of the frame columns are shown in Table 7.



Since the overall structure is symmetric and the horizontal load could be evenly distributed on the two braced frames, a 2D model was adopted to analyze the structure in this paper. The 2D model is shown in Figure 11, and the arrangement of the braced frame was consistent with that in Figure 9b. The two gravity columns represented the two kinds of gravity frame columns in Figure 9a, respectively. And the stiffness and cross-section area of each gravity column were proportionally enlarged according to the number of each gravity column [44]. According to the load range of each gravity frame column in Figure 9a, a constant load and a live load were applied to each gravity column. Rigid diaphragms were established on each floor to simulate the horizontal constraints of floor slabs [44]. The structures were modeled in the X-Z plane. The braced frame arranged fixed supports (UX, UY, UZ, RX, RY, RZ restrained) at the bottom. The beam-column joints restrained UY, RX, RZ to avoid out-of-plane displacement. And the beam-brace joints were free. Hinged supports (UX, UY, UZ restrained) were arranged at the bottom in the gravity columns. The column joints were arranged UY, RX, RZ restrained to avoid out-of-plane displacement.



According to the Code for Seismic Design of Buildings in China (GB 50011-2010) [47], the lower limit of the 4-story and 12-story PCF-BRB structure stiffness ratio should be 1.5 and 3, respectively. It is specified that the seismic overturning moment (distributed by the stiffness) of the bottom braced frame should be greater than 50% of the total seismic overturning moment of the structure. Therefore, the k values of 4-story PCF-BRB were selected as 1.5, 2, 3, 4, 5, 6, and 7, and those of 12-story PCF-BRB were 3, 4, 5, 6, and 7.



The yield section area of BRBs with each stiffness ratio is listed in Table 8, and the overall information of the PCF-BRB structure is listed in Table 9. The yield and ultimate displacement of BRBs were 3.94 and 94 mm, respectively. The input yield and ultimate forces of BRBs are shown in Table 10 to define the bilinear relation. The hardening factor was 1.2, the maximum plastic and accumulated plastic deformations at full hardening as a ratio of yield were both 18.8 [40], and the proportion of accumulated plastic deformation was 0 [31]. Each structure model is named after modal A-B, among which A represents the number of stories, and B represents the stiffness ratio value. For example, modal4-1.5 represents the 4-story PCF-BRB structure with the k value of 1.5. The elastic inter-story drift means the inter-story drift under a frequently occurring earthquake, which is possible to occur with a 63% probability of exceedance (with a return period of 50 years), and the structure is in an elastic condition. The proportion of seismic overturning moment carried by braces corresponded to the clause in GB 50011-2010 mentioned above.



When BRBs reached yield and the maximum displacement, they were considered yielded and failed [31]. The yield and failure of frame beams and columns were considered by setting fiber hinges. When the longitudinal reinforcement of members yielded, the hinges were considered yielded [30]. When the longitudinal reinforcement reached ultimate stress, or the concrete fiber reached the ultimate compressive strain, the hinges were considered failed [30].





4. Static Pushover Analysis


The static pushover analysis of the PCF-BRB structure was performed to investigate the structure’s pushover behavior and plastic hinge development. The calculation stopped when the maximum inter-story drift reached 2.00%. The results of the static pushover analysis are as follows.



4.1. Base Shear-Vertex Displacement Curve


The base shear-vertex displacement curve of the structure under each stiffness ratio is shown in Figure 12. The braces could significantly enhance the seismic performance of the structure. The stiffness and capacity of the PCF-BRB structure increased with the stiffness ratio. For the four-story structures, the stiffness and capacity increased by 240% and 124%, respectively, when the stiffness ratio increased from 1.5 to 7. For the 12-story structures, the stiffness and capacity increased by 33% and 53%, respectively, when the stiffness ratio increased from three to seven.




4.2. Plastic Hinge Development


The braces could improve the lateral stiffness of the structure, but they also exerted a large axial force on the adjacent columns [48]. Excessive axial pressure reduced the ductility of the column, while excessive axial tension placed the column in a pulled state [49], resulting in severe concrete cracking [48,50]. More importantly, unlike cast-in-place concrete frame-steel brace structures, braces need to provide greater lateral stiffness in PCF-BRB structure, resulting in a larger axial force transmitted to adjacent columns, which made the columns prone to premature failure. Therefore, attention should be paid to the damage mechanism of the structure.



The damage mechanism of a frame structure is usually divided into three kinds: beam hinge, column hinge, and beam-column hinge mixing mechanisms. The principle of this classification is the time, position, and level of plastic hinge appearance. In the beam hinge mechanism, the plastic hinge appears at the beam end first, and the plastic hinge is only located at the beam ends and the column bottom. The column hinge mechanism is the story-damage mechanism. The plastic hinge first appears at the column end and is mainly distributed at the column end, while the frame beam end has no plastic hinge. When the column forms plastic hinges on both ends, the floor yields and forms a weak floor. The beam-column hinge mixing mechanism allows the plastic hinges to develop at the beam and column ends.



The beam-column yield sequence of the 4- and 12-story PCF-BRB structures under static pushover analysis are shown in Figure 13 and Figure 14, respectively. To discuss the influence of the stiffness ratio on the structure damage mechanism, we studied the following three moments: (1) the frame beam begins to yield; (2) the frame column begins to yield; (3) the maximum inter-story drift reaches 2.0%.



In modal4-1.5, the frame beam yielded before the frame column, and the corresponding maximum inter-story drifts were 0.27% and 0.65%, respectively. When the maximum inter-story drift reached 2.00%, the plastic hinge was concentrated at the beam ends and the column bottom, which is a beam hinge damage mechanism. In modal4-4.0, the frame beam yielded before the frame column. When the maximum inter-story drift reached 2.00%, plastic hinges appeared at the two- and three-floor columns. The damage mechanism follows the beam-column hinge mixing mechanism.



In modal12-3.0, the frame beam yielded before the frame column, and the corresponding maximum inter-story drift was 0.27% and 0.98%, respectively. When the maximum inter-story drift reached 2.00%, the plastic hinge was concentrated at the beam end, the column bottom, and the top of the 9-story, roughly the beam hinge damage mechanism. In modal12-5.0, the two-floor columns connected with the braces yielded tension before the bottom column when the maximum inter-story drift reached 0.73%. Plastic hinges appeared at most beam ends when the maximum inter-story drift reached 2.00%. In addition, the column on the one-three-floor and nine-floor formed plastic hinges, resulting in a beam-column hinge mixing mechanism. In modal12-7.0, plastic hinges formed at the top of the bottom column when the maximum inter-story drift reached 2.00%, indicating a story-damage mechanism in the first story.





5. Dynamic Time History Analysis


A total of nine seismic waves were selected [47], including seven natural waves from the Pacific Earthquake Engineering Research Center and two artificial waves. The maximum peak acceleration of the nine selected seismic waves was scaled to 4 m/s2 for time history analysis under rare earthquakes. The comparison between the response spectrum of seismic waves and the standard response spectrum is shown in Figure 15. The average of the nine seismic waves was in good agreement with the target.



In the PCF-BRB structure, the BRBs have two main functions: (1) improving the stiffness and reducing the inter-story deformation of the structure; (2) dissipating the input seismic energy, making the structure damage mainly focused on the BRBs, reducing the damage of the frame and protect the frame. Thus, the subsequent section analyzes the maximum inter-story drift and energy dissipation ratio of BRBs.



5.1. Maximum Inter-Story Drift


The maximum inter-story drift responses of the four-story PCF-BRB structures are shown in Figure 16. The maximum inter-story drifts were all less than 2.00% and occurred on the second floor. As the stiffness ratio increased, the maximum inter-story drift continuously decreased.



Figure 17a shows that the average maximum inter-story drift changed with the increase in the stiffness ratio. The larger the stiffness ratio, the smaller the average maximum inter-story drift decreases. The definition of γ1 in Figure 17b is expressed as Equation (12), which shows the average variation of maximum inter-story drift. When the stiffness ratio was 6.0, the average maximum inter-story drift decreased to 56.39%. When the stiffness ratio was 7.0, the average maximum inter-story drift decreased to 51.95%. The reduction was less than 5%.


   γ 1  =    θ  A V G m a x , u      θ  A V G m a x , 1.5      



(12)




where θAVGmax,u is the average maximum inter-story drift when the stiffness ratio is u; θAVGmax,1.5 is the average maximum inter-story drift when the stiffness ratio is 1.5.



The maximum inter-story drift responses of the 12-story structures are shown in Figure 18. The maximum inter-story drifts were all less than 2.00% and occurred in the middle story of the structure.



Figure 19a shows that the average of the maximum inter-story drift changed with the stiffness ratio. The definition of γ2 in Figure 19b is expressed as Equation (13), which shows the average variation of maximum inter-story drift. When the stiffness ratio was 5.0, the average maximum inter-story drift decreased to 80.12%, and when the stiffness ratio was greater than 5.0, the average maximum inter-story drift increased instead. The reason is that at this time, the strength of BRBs had seriously affected the seismic performance of frame columns. In addition to the bottom frame columns, frame columns of multiple floors yielded, which led to the decline of the seismic capacity of the overall structure.


   γ 2  =    θ  A V G m a x , v      θ  A V G m a x , 3.0      



(13)




where θAVGmax,v is the average maximum inter-story drift of the structure when the stiffness ratio is v; θAVGmax,3.0 is the average maximum inter-story drift of the structure when the stiffness ratio is 3.0.




5.2. Energy Dissipation Ratio of BRBs


In the 4-story PCF-BRB structure, the change of the energy dissipation ratio of BRBs with the stiffness ratio is shown in Figure 20. When the stiffness ratio was 1.5, the energy dissipation ratio reached 83.32%. Then, with the stiffness ratio increased, the energy dissipation ratio further increased. When the stiffness ratio reached 5.0, the energy dissipation ratio reached 92.24%. When the stiffness ratio was greater than 5.0, the energy dissipation ratio began to decline. The reason is that the higher stiffness of the BRBs caused the delay of BRBs yielding, reducing the cumulative plastic energy.



In the 12-story PCF-BRB structure, the change in the energy dissipation ratio of BRBs with the stiffness ratio is shown in Figure 21. When the stiffness ratio was 3.0, the energy dissipation ratio of BRBs was 73.61%. Then the energy dissipation ratio increased with the stiffness ratio. When the stiffness ratio was 5.0, the energy dissipation ratio reached the maximum of 79.11%. When the stiffness ratio was greater than 5.0, the energy dissipation ratio decreased due to the delay of BRBs entering the plastic state.





6. Recommended Range of the Stiffness Ratio


Based on the above analyses, increasing the stiffness ratio could improve the structure’s stiffness and reduce the structure’s inter-story drift. However, with the increase of the stiffness ratio, the enhancement effect of BRB gradually decreased. With the rise of the stiffness ratio, the column suffered early yielding and failure, leading to the unfavorable beam-column hinge mixing damage mechanism and even the story-damage mechanism. Also, the energy dissipation ratio of BRBs began to decrease when the stiffness ratio was over a specific value due to the delay of BRBs yielding. Therefore, the recommended range of stiffness ratio should consider these factors comprehensively.



The four-story PCF-BRB structure models represent the low-rise PCF-BRB structures. The stiffness ratio should be no more than 5.0 to dissipate the maximum energy proportion by BRBs. Also, the stiffness ratio should be less than 3.0 to avoid the beam-column hinge mixing damage mechanism. Considering the lower limit of stiffness ratio is 1.5, specified in GB 50011-2010 [47], we suggest that the recommended range of the stiffness ratio is 1.5 ≤ k ≤ 3.0 for the low-rise PCF-BRB structures.



The 12-story PCF-BRB structure models represent the high-rise PCF-BRB structures. The stiffness ratio should be no more than 5.0 to dissipate the maximum energy proportion by BRBs. Also, the stiffness ratio should be less than 4.0 to avoid the beam-column hinge mixing damage mechanism. Considering the lower limit of stiffness ratio 3.0 specified in GB 50011-2010 [47], we suggest that the recommended range of the stiffness ratio is 3.0 ≤ k ≤ 4.0 for the high-rise PCF-BRB structures.




7. Conclusions


This study established the analysis model of 4- and 12-story PCF-BRB structures with different stiffness ratios. Through static pushover analysis and dynamic time history analysis, the influence of stiffness ratios on the structure’s seismic performance was studied to determine the recommended range of the stiffness ratio for seismic design. The conclusions are as follows:




	(1)

	
The simulative results have shown that with an increase in the stiffness ratio, the stiffness and strength of the PCF-BRB structure were constantly increasing. However, for the four-story PCF-BRB structure, the greater the stiffness ratio, the smaller the reduction of the average maximum inter-story drift. For the 12-story PCF-BRB structure, when the stiffness ratio was 5.0, the maximum inter-story drift reduction reached the maximum.




	(2)

	
For both the 4- and 12-story PCF-BRB structures, when the stiffness ratio was over 4.0 and 5.0, respectively, the damage mechanism of the structures changed from the beam hinge damage mechanism to the beam-column hinge mixing damage mechanism. Further increasing the stiffness ratio resulted in the story-damage mechanism of the PCF-BRB structures, which significantly impacted the structural seismic performance.




	(3)

	
For the 4-story PCF-BRB structure and the 12-story PCF-BRB structure, the energy dissipation ratio of BRBs reached the maximum when the stiffness ratio increased to 5.0. When the stiffness ratio continued to increase, the consumption ratio decreased instead due to the delay of BRB entering the plastic state, which led to less cost-efficiency.




	(4)

	
For low-rise, PCF-BRB structures, the recommended range of stiffness ratio should be 1.5 ≤ k ≤ 3.0; for high-rise PCF-BRB structures, the recommended range of the stiffness ratio should be 3.0 ≤ k ≤ 4.0. In the lateral stiffness ratio design method, the stiffness ratio can be used for the detailed design of BRBs.
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Figure 1. Buckling-restrained brace. 






Figure 1. Buckling-restrained brace.
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Figure 2. Fiber division of beam and column section: (a) beam and (b) column. 
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Figure 3. Material stress-strain relationship curve: (a) reinforcement, (b) concrete compression, and (c) concrete tension. 
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Figure 4. Buckling-restrained brace hysteresis curve. 
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Figure 5. Rigid zone of the braced frame substructure. 
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Figure 6. Sketch diagram: (a) BLY225-1, (b) V1, (c) V2, (d) BRBCF3, and (e) BRBF3 and BRBF5. 
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Figure 7. Comparison of simulation and test hysteresis curve: (a) BLY225−1, (b) V1, (c) V2, (d) BRBCF3; (e) BRBF3; (f) BRBF5. 
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Figure 8. Sketch diagram of buckling-restrained brace. 
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Figure 9. Structure layout: (a) structural plane arrangement and (b) vertical structural arrangement. 
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Figure 10. Sketch of PCF-BRB connections. 






Figure 10. Sketch of PCF-BRB connections.



[image: Buildings 12 01818 g010]







[image: Buildings 12 01818 g011 550] 





Figure 11. 2D model: (a) 4-story structure and (b) 12-story structure. 
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Figure 12. Base shear-vertex displacement curve: (a) 4-story PCF-BRB structure and (b) 12-story PCF-BRB structure. 
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Figure 13. Beam-column yield sequence of the four-story PCF-BRB structure. 
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Figure 14. Beam-column yield sequence of the 12-story PCF-BRB structure. 
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Figure 15. Seismic wave response spectrum. 
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Figure 16. Maximum inter-story drift response of the 4-story PCF-BRB structure: (a) modal4-1.5; (b) modal4-2.0; (c) modal4-3.0; (d) modal4-4.0; (e) modal4-5.0; (f) modal4-6.0; and (g) modal4-7.0. 
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[image: Buildings 12 01818 g016a][image: Buildings 12 01818 g016b]







[image: Buildings 12 01818 g017 550] 





Figure 17. Average maximum inter-story drift of the four-story PCF-BRB structure: (a) changes and (b) average ratio. 






Figure 17. Average maximum inter-story drift of the four-story PCF-BRB structure: (a) changes and (b) average ratio.



[image: Buildings 12 01818 g017]







[image: Buildings 12 01818 g018a 550][image: Buildings 12 01818 g018b 550] 





Figure 18. Maximum inter-story drift response of the 12-story PCF-BRB structure: (a) modal12-3.0; (b) modal12-4.0; (c) modal12-5.0; (d) modal12-6.0; and (e) modal12-7.0. 
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Figure 19. Average maximum inter-story drift of the 12-story PCF-BRB structure: (a) changes and (b) average ratio. 
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Figure 20. Change of the energy dissipation ratio of BRBs in the four-story PCF-BRB structure. 
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Figure 21. Change of the energy dissipation ratio of BRBs in the 12-story PCF-BRB structure. 
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Table 1. Test information of BRBs.
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	Specimen

Name
	Yield Tensile Strength of the Core Plate (MPa)
	Ultimate Tensile Strength of the Core Plate (MPa)
	Ultimate Strain of the Core Plate (%)





	BLY225-1
	220
	314
	47.7



	V1
	253.1
	435.9
	36.8



	V2
	285.1
	426.6
	30.8
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Table 2. Input multilinear force-displacement relation parameters.
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Point

	
BLY225-1

	
V1

	
V2




	
Displacement

(mm)

	
Force

(kN)

	
Displacement

(mm)

	
Force

(kN)

	
Displacement

(mm)

	
Force

(kN)






	
1

	
−100

	
−8217

	
−50

	
−276

	
−50

	
−339




	
2

	
−8.8

	
−7445

	
−2.2

	
−249

	
−3.58

	
−300




	
3

	
0

	
0

	
0

	
0

	
0

	
0




	
4

	
8.8

	
7445

	
2.2

	
249

	
3.58

	
300




	
5

	
100

	
8217

	
50

	
276

	
50

	
339
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Table 3. Input BRB hardening parameters.
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	Specimen

Name
	Hardening Factor
	Maximum Plastic Deformation at Full Hardening
	Accumulated Plastic Deformation at Full Hardening
	Proportion of Accumulated Plastic Deformation





	BLY225-1
	1.2
	10.4
	10.4
	0



	V1
	1.36
	22
	22
	0



	V2
	1.29
	13
	13
	0
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Table 4. Test information of BRB frame substructures.
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	Specimen

Name
	Yield Capacity of Braces (kN)
	Yield Strength of Longitudinal Reinforcement (MPa)
	Yield Strength of

Stirrup (MPa)
	Axial Compressive Strength of Concrete (MPa)





	BRBCF3
	360
	345
	345
	30.5



	BRBF3
	151
	369
	436
	29.88



	BRBF5
	266.4
	369
	436
	29.88
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Table 5. Input multilinear force-displacement relation parameters of BRBs.
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Point

	
BRBCF3

	
BRBF3

	
BRBF5




	
Displacement

(mm)

	
Force

(kN)

	
Displacement

(mm)

	
Force

(kN)

	
Displacement

(mm)

	
Force

(kN)






	
1

	
−100

	
−588.8

	
−100

	
−254.25

	
−100

	
−453.2




	
2

	
−3.05

	
−360

	
−2.84

	
−151

	
−2.77

	
−266.4




	
3

	
0

	
0

	
0

	
0

	
0

	
0




	
4

	
3.05

	
360

	
2.84

	
151

	
2.77

	
266.4




	
5

	
100

	
588.8

	
100

	
254.25

	
100

	
453.2
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Table 6. Input BRB hardening parameters.






Table 6. Input BRB hardening parameters.





	Specimen

Name
	Hardening Factor
	Maximum Plastic Deformation at Full Hardening
	Accumulated Plastic Deformation at Full Hardening
	Proportion of Accumulated Plastic Deformation





	BRBCF3
	1.18
	7.3
	7.3
	0



	BRBF3
	1.22
	13
	13
	0



	BRBF5
	1.22
	13
	13
	0
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Table 7. Column and brace dimensions.
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Structure

	
Number of Floors

	
Column (mm)




	
C1, C2, C3

	
C4






	
4-story

	
1

	
400 × 400

	
400 × 400




	
2

	
400 × 400

	
400 × 400




	
3–4

	
400 × 400

	
400 × 400




	
12-story

	
1–3

	
700 × 700

	
550 × 550




	
4

	
700 × 700

	
550 × 550




	
5–6

	
600 × 600

	
450 × 450




	
7–8

	
600 × 600

	
450 × 450




	
9

	
500 × 500

	
400 × 400




	
10–12

	
500 × 500

	
400 × 400
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Table 8. Yield section area of BRBs with each stiffness ratio.
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Structure

	
Number of Floors

	
Frame Stiffness (kN/mm)

	
Yield Section Area (mm2)




	
k = 1.5

	
k = 2.0

	
k = 3.0

	
k = 4.0

	
k = 5.0

	
k = 6.0

	
k = 7.0






	
4-story

structure

	
1

	
173,503

	
1301

	
1735

	
2603

	
3471

	
4338

	
5206

	
6073




	
2–4

	
145,855

	
1094

	
1459

	
2188

	
2918

	
3647

	
4376

	
5106




	
12-story structure

	
1

	
450,831

	
\

	
6763

	
9017

	
11,272

	
13,527

	
15,781




	
2–4

	
166,834

	
2502

	
3337

	
4171

	
5006

	
5840




	
5–8

	
149,523

	
2243

	
2990

	
3738

	
4486

	
5234




	
9–12

	
120,673

	
1810

	
2413

	
3017

	
3621

	
4224
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Table 9. Overall information of PCF-BRB structure.






Table 9. Overall information of PCF-BRB structure.





	Model
	Fundamental Period (s)
	Elastic Inter-Story Drift
	Proportion of Seismic Overturning

Moment Carried by Braces (%)





	modal4-1.5
	0.872
	1/586
	54



	modal4-2.0
	0.805
	1/640
	60.7



	modal4-3.0
	0.717
	1/726
	68.6



	modal4-4.0
	0.654
	1/800
	73.7



	modal4-5.0
	0.609
	1/864
	77.0



	modal4-6.0
	0.577
	1/917
	79.3



	modal4-7.0
	0.550
	1/959
	81.1



	modal12-3.0
	1.747
	1/744
	50.5



	modal12-4.0
	1.652
	1/799
	55.6



	modal12-5.0
	1.582
	1/847
	59.2



	modal12-6.0
	1.527
	1/881
	61.9



	modal12-7.0
	1.481
	1/904
	64.1
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Table 10. Input yield force and the ultimate force of BRBs.






Table 10. Input yield force and the ultimate force of BRBs.





	

	
Structure

	
4-Story Structure

	
12-Story Structure




	
Stiffness Ratio

	
Number of Floors

	
1

	
2–4

	
1

	
2–4

	
5–8

	
9–12






	
k= 1.5

	
yield force (kN)

	
279.81

	
235.23

	
/




	
ultimate force (kN)

	
343.76

	
288.98




	
k= 2.0

	
yield force (kN)

	
373.09

	
313.63

	
/




	
ultimate force (kN)

	
458.35

	
385.31




	
k= 3.0

	
yield force (kN)

	
559.63

	
470.45

	
1454.14

	
538.12

	
482.28

	
389.23




	
ultimate force (kN)

	
687.52

	
577.96

	
1786.46

	
661.10

	
592.50

	
478.18




	
k= 4.0

	
yield force (kN)

	
746.17

	
627.27

	
1938.85

	
717.49

	
643.04

	
518.97




	
ultimate force (kN)

	
916.69

	
770.62

	
2381.95

	
881.46

	
790.00

	
637.57




	
k= 5.0

	
yield force (kN)

	
932.72

	
784.08

	
2423.57

	
896.86

	
803.81

	
648.71




	
ultimate force (kN)

	
1145.87

	
963.27

	
2977.43

	
1101.83

	
987.50

	
796.96




	
k= 6.0

	
yield force (kN)

	
1119.26

	
940.90

	
2908.28

	
1076.24

	
964.57

	
778.45




	
ultimate force (kN)

	
1375.05

	
1155.93

	
3572.92

	
1322.19

	
1185.00

	
956.36




	
k= 7.0

	
yield force (kN)

	
1305.80

	
1097.72

	
3393.00

	
1255.61

	
1125.33

	
908.2




	
ultimate force (kN)

	
1604.22

	
1348.58

	
4168.41

	
1546.56

	
1382.50

	
1115.75
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