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Experimental study on seismic performance of buckling restrained braced-RC frames with different stiffness ratios
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	To study the influence of stiffness ratio on the seismic performance of buckling restrained braced (BRB)-reinforced concrete frames, three BRB frames with stiffness ratios of three, five, and seven were designed and tested. Based on low-cycle reversed loading, the energy dissipation capacity, failure mode, mechanical performance of BRB connection joint and gusset plate, rotational deformation performance of BRB, mechanism of bending moment at end of BRB were studied. Furthermore, the design method of beam and column connected to BRB was discussed. The test results show that all the specimens develop excellent hysteretic behavior with plump hysteretic curves and stable energy dissipation. With the increase of stiffness ratio, the yield capacity and ultimate capacity of the structure are improved, while the damage of the BRB connection joint is more serious. The location of the plastic hinge is transferred to the toe of the gusset plate from the end of the column due to the existence of gusset plate. Under horizontal load, additional bending moments are generated at the end of BRB due to the rotational deformation, and the relationship between the rotational deformation and the inter-story drift ratio is approximately linear. It is an effective way to achieve the full energy dissipation of BRB under large deformation by improving the ductility of the energy dissipating substructure.
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1. INTRODUCTION
A buckling-restrained brace (BRB) is a type of bracing component combining the functions of an ordinary brace and a metal damper [1- 4]. With the lateral constraint provided by the external restrainers, the steel core of BRBs can afford sufficient lateral stiffness to the main structure under a frequent earthquake and dissipate the seismic energy through their elasto-plastic deformation under a medium or severe earthquake. BRBs have been widely used in engineering applications for these advantages.

[bookmark: _GoBack]Numerous studies have shown that BRBs can be used as energy dissipation fuses for the structures, in that BRBs can yield and dissipate the seismic energy prior to the main structure under seismic activity [5- 7]. [8] adopted BRBs to retrofit non-ductile reinforced concrete (RC) bridge bents. The nonlinear analysis results indicated that BRBs effectively improve the seismic performance of the existing RC bridge bents. [9] also proposed the accurate numerical models for the BRB and SCBRB, which can reproduce hysteretic responses, including cyclic strain hardening and fatigue failure of braces. [10] compared the relative effectiveness of different dampers by seismically retrofitting an RC double-pier bent under near-fault and far-field ground motions, in which the BRB-retrofitted bent had the higher effectiveness in reducing the bent damage under the far-field ground motions than the latter. To fully utilize the energy dissipation capacity of BRBs by retrofitting the bridge bents, a toggle BRB system, combining the functions of the structural fuse and toggle brace mechanism, was proposed by [11]. Compared with the diagonal BRB system, the toggle BRB system exhibited a higher effectiveness of energy dissipation and a lower displacement demand. Furthermore, [12] proposed the multistage BRBs with different yield strengths to meet the stiffness requirement of the retrofitted bend after the brace yields. The diagonal multistage BRB system had a satisfactory energy dissipation capacity, and the seismic performance of RC bents can be improved with the increasing post-yield stiffness ratio of the steel core. However, some researchers have found that the premature failure of the panel zone can be caused by the opening and closing behavior of the beam–column joint under a severe earthquake [13- 16]. To improve the seismic performance of buckling-restrained braced steel frames (BRBFs), [17] proposed a beam–column–brace connection, in which the pin was introduced at the brace–gusset connection, in addition to the bolted beam splice being employed between the beam stub and beam. Thus, the negative effects of frame action can be successfully prevented. With the aim of reducing the undesired rigid gusset zone effect, two innovative beam–gusset–column connections without bending movement transferred for BRBFs were proposed by [18], in which the gusset-to-column connection adopted slidable bolts. The finite element results verified that the BRBFs with the well-designed connections had satisfactory hysteretic responses without suffering low-cycle fatigue.

As for the buckling-restrained braced reinforced concrete structures, the corresponding panel zone has the more complex configuration and working mechanism. Figure 1 demonstrates three traditional gusset-to-frame connection configurations. Obviously, the first two connections cannot reduce the frame action effect due to their rigid connections. In spite of the opening and closing behavior of the gusset connection being diminished using the third method, the additional strong shear interaction at the beam end might induce the premature shear failure of the concrete beam or buckling failure of the BRB. Large-scale self-centering buckling-restrained braced reinforced concrete double-column bridge piers with an anchorage plate connection was experimentally and numerically investigated by [19], [20]. The research results demonstrated that the plastic damage concentrated around the top of the column near the built-in gusset tip was the reason for the sudden change in lateral stiffness along the column, due to the existence of the built-in anchorage connection. [21] conducted the large scale quasi-static cyclic experiments of BRB-RCBs using an unconstrained gusset connection, and there was no significant cracking and no cracking of the plastic hinge observed during the testuntil the ductility of the retrofitted structure achieving 8. Based on these large-scale hysteretic experiments of RC bridge bents retrofitted with a BRB, [22] established the refined finite element models, which can satisfy the precise requirements at the system- and component-level. [23] proposed two innovative sliding gusset connections to mitigate the unintended frame action effect, which utilized the sliding mechanism at the gusset-to-frame interfaces. Subassemblage tests revealed that the force transfer path at the gusset-to-frame interface can be shifted by adopting the suggested connections, resulting in a lower shear force and energy dissipation demands on the RC frames.

Scarce research has focused on the effect of the frame action on the hysteretic behavior of double-pier RC bridge bents with the bolted gusset connections, and the existing studies on the slotted gusset plate did not consider the effect of the different dispositions of the slots. To eliminate the negative effect of the frame action on the BRB-RCBs, a bolted gusset connection was proposed in this study, which has the advantages of a relatively simple configuration, convenient construction and suitability for new and as-built structures. Compared with the unconstrained gusset connection, the bolted gusset can delay the shear failure of the concrete beam under great story drift and provide a greater out-of-plane stiffness on the BRB-to-gusset connection. The finite element model was constructed by ABAQUS and validated through the existing experimental tests. The effects of the different dispositions of the slots for the bolted gusset connection on the seismic performance of BRB-RCBs were investigated.

2. Conclusion
Three types of bolted gusset connections, featuring a two-sided slotted gusset plate with unidirectional sliding bolts, two-sided slotted gusset plate with bidirectional sliding bolts and one-sided slotted gusset plate configurations, respectively, were developed to reduce the negative opening–closing action effect on the seismic performance of BRB-RCBs. Finite element analysis was used to investigate their column–gusset–BRB interactions and the corresponding plastic responses. Comparisons were made between three strategies and the traditional one. The main conclusions can be drawn as follows based on the numerical results:
(1) A strong opening–closing effect on the BRB-RCB was induced by the constraint between the welded gusset connection and its adjacent beam–column zone under severe earthquake conditions. The proposed bolted gusset connection consisted of a slotted gusset plate, end plates, square bolts and steel jackets, which effectively released the frame action through the sliding of the bolt group, as well as improved the seismic behavior of BRB-RCBs.
(2) No shear failure of the cap beam or buckling failure of the gusset-to-BRB connection (except for the specimen NG-V) was found during the loading process, which indicated that the bolted gusset connection could delay the shear failure of the concrete beam and provide enough stiffness on the BRB-to-gusset connection. Meanwhile, the bolted gusset connection configuration was relatively simple and easy to construct, as well as being suitable for both the new and as-built structures.
(3) BRB-RCBs with bolted gusset connections exhibited satisfactory and stable hysteretic responses, except for specimens NG-V and NG-S because of their excessive slippages of the bolt group. Among all BRB-RCB models, three specimens with the bidirectional sliding bolt group had the better energy dissipation capacity, while the lateral stiffnesses of the specimens with a one-sided slotted gusset plate were relatively high.
(4) Compared to the BRB-RCB model with the welded gusset plate, the Von Mises stress at the gusset interfaces could be significantly reduced by adopting the slotted gusset plates, with a maximum decrease of 80.7% in the gusset-to-column interface, which would delay the rupture failure in the gusset plate connections.
(5) By employing the bolted gusset connection, the plastic response level at the columns could be successfully decreased. The primary plastic hinges were formed and further developed on the top of the column near the gusset tip when story drift increased from 2% to 3%. The specimen NG-H had the lowest PEEQ value, which was even less than that of the bare bridge.
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