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Abstract

:

In order to enhance the self-centering capacity of steel frame structures after earthquakes and reduce the tubes of traditional double-tube or triple-tube SC-BRB, an innovative single-tube self-centering buckling restrained brace (ST-SC-BRB) is proposed in this paper. Firstly, the structural configuration of the ST-SC-BRB component was described. Then, cyclic tests were conducted on one small-scaled BRB and one ST-SC-BRB with the same core steel plate. The test results indicate that the ST-SC-BRB specimen exhibits an excellent self-centering ability compared to the conventional BRB. However, their energy-dissipation capacities are still determined by the core steel plate. In addition, time–history analyses were conducted to evaluate the seismic performance of steel frame structures with BRBs and ST-SC-BRBs. The results suggest that the ST-SC-BRBs can effectively reduce the residual deformation of steel frame structures after earthquakes and contribute to the self-centering capacity of the steel frame structures. Finally, the influence of design parameters of ST-SC-BRB components on the seismic performance of steel frame structures was discussed. It is confirmed that the initial stiffness of the ST-SC-BRB component significantly influences the seismic response of the structure, while the self-centering ratio of the ST-SC-BRB component is a crucial factor in determining the residual deformations of the structure.
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1. Introduction


In buildings, traditional buckling restrained braced (BRB) components are employed to resist horizontal forces such as earthquakes or wind loads [1,2,3,4]. When the axial force exceeds the yield load of the BRB components, it undergoes a significant plastic deformation to dissipate the energy, thereby reducing structural damage [5]. However, large residual deformations of post-earthquake structures will increase the cost of structural maintenance. To minimize structural damage, the self-centering BRB (SC-BRB) components have been implemented [6]. The SC-BRB components can dissipate energy and return to their initial position after earthquake loads, representing a novel and promising approach to control structural damage in seismic design [7,8].



SC-BRB components comprise a conventional BRB component for energy dissipation and a pre-tensioned (PT) system for self-centering. Some scholars have investigated the mechanical characteristics of SC-BRB components. The general consensus is that the PT system is a critical factor in achieving the self-centering function of SC-BRB components [9,10]. Miller et al. [11] proposed an SC-BRB based on shape memory alloy rods, and the experimental results indicate that the brace showed a full flag-shape hysteresis curve, a good energy-dissipation capacity, and an outstanding self-centering capacity. Similarly, steel tendons and fiber-reinforced polymer tendons have been used in PT systems [12]. Although SC-BRBs are considerably effective in making a structure resist an earthquake and achieve structural self-centering ability, the problem is that most existing SC-BRBs consist of dual-tube or multi-tube components for PT system, in which two or three functional tubes are in parallel to the core energy-dissipation system. In recent years, a larger number of scholars have made significant achievements in exploring self-centering BRBs, which has further matured the structural design of SC-BRBs [13,14].



In addition, some scholars have investigated the seismic performance of steel frame structures with SC-BRBs. Nazarimofrad et al. [15] carried out time–history analyses of steel frame structures with SC-BRBs, and the analysis results showed that braces with SMA rods can significantly improve the self-centering capacity of the frame structure after earthquake loads. Similarly, Ghowsi et al. [16] performed time–history analyses of the steel frame structure with BRBs and SC-BRBs, respectively. The results showed that the SC-BRBs can effectively reduce the residual deformation of the steel frame structure after earthquake loads but make the frame structure obtain a larger inter-story displacement compared to that of the steel frame structure with BRBs. Moreover, Zhang et al. [17] investigated the impact of post-yield stiffness in SC-BRBs on the seismic performance of frame structures. The results show that increasing the post-yield stiffness of SC-BRBs can effectively reduce the maximum displacement of the lower floors but will cause the vibration effect of higher-order modes on the seismic response of the structure. Summing up, the previous studies have only focused on the seismic response of steel frames with new SC-BRBs, thus limited research has been conducted on the influence of the design parameters of SC-BRBs on structural seismic responses.



In the current state of the art, SC-BRBs are mostly multi-tube structures, meaning the PT system is created using two or three steel tubes and slotted end plates. Considering the drawbacks of the traditional multi-tube SC-BRBs, an innovative ST-SC-BRB is proposed to enhance the self-centering capacity of steel frame structures after earthquakes. To investigate the seismic performance of the proposed SC-BRB and its efficiency in enhancing the seismic resistance and self-centering ability of frame structures, the configuration of the proposed ST-SC-BRBs is first described. Then, cyclic tests were conducted on one small-scaled BRB and one ST-SC-BRB. In addition, time–history analyses were conducted to evaluate the seismic performance of the steel frame structures with BRBs and ST-SC-BRBs. Finally, the influence of design parameters of the ST-SC-BRB components on the seismic performance of the structure was discussed.




2. Configuration of New ST-SC-BRB


The new ST-SC-BRB has a typical all-steel BRB, as the energy-dissipation system is connected in parallel to the glass fiber-reinforced polymer (GFRP) rods as a PT system with only one outer tube. Figure 1 illustrates the assembly of the new ST-SC-BRB. The restraint tube is welded to the left end of the core steel plate and provides lateral buckling restraint for the core steel plate. The outer tube is welded to the right end of the core steel plate and bolted to the right baffle. When the GFRP rods are pretensioned, the anchorage plates are pressed and generate compression in the restrained tube and outer tube.



As shown in Figure 2, when the ST-SC-BRB component is subjected to compression, the outer tube and the restrained tube move outward at the free end, driving left- and right-slotted anchorage plates of the PT system outward, thereby generating restoring force. On the contrary, when the ST-SC-BRB component is subjected to tension, the welded end of the outer tube and the restrained tube move outward, driving left and right slotted anchorage plates of the PT system outward, also generating restoring force. Generally, when the ST-SC-BRB is under either compression or tension, the displacement of the anchorage plates leads to an additional elongation of the GFRP rods and an increase in the force applied to the GFRP rods.




3. ST-SC-BRB Experimental Program


3.1. Brace Design and Testing Protocol


In order to investigate the mechanical properties of the new ST-SC-BRB, a small-scaled steel BRB specimen and ST-SC-BRB specimen were made by Q235 steel with a core steel plate of the same size. The typical BRB specimen was designed based on the previous model by Koetaka et al. [18], as shown in Figure 3a. The PT system of the ST-SC-BRB specimen has adopted GFRP rods with a tensile strength of 680 MPa. The self-centering ratio ξ (ratio of pre-stressed tendons to yield load of core energy-dissipating steel plates) of the ST-SC-BRB specimen is set to 1. The specific dimensions of the specimens are designated in Figure 3. The dimensions are listed in Table 1. The specimens were tested by a 100 t MTS universal testing machine as shown in Figure 4, under a displacement-based loading algorithm with incremental amplitudes as shown in Figure 5. The loading amplitude is Δ0, 3Δ0, 5Δ0, 7Δ0…… (Δ0 is the yield displacement of the core, taken as 0.4 mm). Once the displacement reaches 6 mm, the load span changes to 1.5 mm until failure. The loading rate of the first cycle is 0.01 mm/s, and then the loading rate is increased to 0.02 mm/s.




3.2. Test Results and Discussion


3.2.1. Test Observations


For the two specimens, there was no overall buckling during the test. Moreover, as the test progressed, collision sounds caused by the friction between the steel core plate and the restraining tube were heard. When the loading displacement increased, the steel core plate locally buckled and local bulging could be observed in the steel tube.



When the BRB specimen was subjected to compression loading up to 8 mm and then unloaded, the end of its core steel plate suddenly fractured, and the test was terminated, as shown in Figure 6a. For the ST-SC-BRB specimen, when first loaded to about 8.7 mm, a bang sound occurred, followed by a continuous popping sound, and then the loading capacity significantly declined. The last loading cycle was reached with a bang sound and the test was terminated, indicating the failure of the ST-SC-BRB specimen, as shown in Figure 6b.




3.2.2. Hysteresis Behavior


Figure 7 shows the axial load-displacement behavior of the two specimens. The BRB specimen exhibited a full hysteretic curve and sufficient energy-dissipation capacity as illustrated in Figure 7a. The axial load-displacement curve of the ST-SC-BRB specimen shows a typical flag shape, with good self-centering capacity before 8 mm. After that, the brace components started to damage and fail, with distinct anomalies in the curve, as seen in Figure 7b. Figure 7c shows the axial load of each component and displacement curves of the ST-SC-BRB specimen. As can be found, whether the specimen is under tension or compression, the GFRP tendons are in a tension state to provide restoring force for the specimen. Meanwhile, because of a combination of the strain hardening of the BRB core, the debonding of the anchorage, and the loss of GFRP pretension, the residual deformation of each loading cycle gradually increased as the loading proceeded.




3.2.3. Performance Evaluation


Figure 8 shows the hysteresis curves of the BRB and ST-SC-BRB specimens when the target displacement is less than 8 mm. It can be found that the initial stiffness and the post-yield stiffness of the ST-SC-BRB specimen are greater than that of the BRB specimen, which is caused by the addition of the PT system. At a displacement load of 6 mm, the ST-SC-BRB exhibits a residual deformation of 0.78 mm under tension and −0.84 mm under compression, with an average residual deformation of 0.81 mm, which represents 13.5% of the displacement amplitude. The relationship between the cumulative energy dissipation and the corresponding axial deformation of both specimens is shown in Figure 9. Under the same target displacement, though the cumulative energy dissipation of the ST-SC-BRB specimen is larger than that of the BRB specimen due to the contribution of a PT system, the difference is negligible. This also indicates that the parallel connection of the PT system with the BRB component does not significantly increase the structural energy dissipation capacity, and the structural energy-dissipation capacity is still determined by the core steel plate. Furthermore, due to the significantly increased yield load of the ST-SC-BRB specimen, the equivalent damping ratio is notably reduced compared to the BRB specimen, as shown in Figure 10.






4. Seismic Analysis of Self-Centering Braced Steel Frame Structures


4.1. Structural Model and Design Parameters


The plan dimension of the frame structure is 31.2 m × 23.4 m, with six floors and each floor height of 3.9 m with a seismic intensity of eight degrees. There are four spans in the east-west direction and three spans in the north-south direction. The structure was designed based on Chinese codes [19], and rigid beam–column connections were adopted. The column bases are fixed to enhance structural seismic robustness. The frame beams and columns used Q235 steel, and the contribution of the floor slabs is ignored. The frame is composed of diagonally pinned N-braces along the height. The structure layout is shown in Figure 11. The dimensions of the structural beams and columns are shown in Table 2. Considering the symmetry of the layout, the span with braces is chosen as a benchmark. The load on the slabs is converted into an equivalent uniform line load and is then applied to the beams.



The yield capacity of the traditional BRB component is taken as 600 kN, according to the code [19]. The ST-SC-BRB component is assumed to have the same energy-dissipating core and the corresponding yield capacity as the traditional BRB component. To ensure that the brace has sufficient self-centering capacity, the initial pre-stress of the ST-SC-BRB component should be greater than the yield strength of the core steel plate. Then, the area of the energy-dissipating core is determined to be 870 mm2. Each pre-stressing GFRP tendon has a radius of 11.95 mm and an elastic modulus of 28 GPa.




4.2. Simplified Finite Element Model of the Structure


The finite element software ABAQUS 6.14 is used to establish the above numerical model of the braced steel frame. The restoring force model of the ST-SC-BRB component is a superposition of the cyclic hardening model of the steel core and the bilinear elasticity model of the PT system. The ST-SC-BRB component is modeled using a parallel combination of a truss element and a nonlinear spring element, as shown in Figure 12. The comparison between the calculation results obtained using the simplified model and the test result is shown in Figure 13, indicating that the simplified model can better simulate the hysteretic energy-dissipation characteristics and bearing capacity of ST-SC-BRB component.



The BRB frame model (BRBF model) and the ST-SC-BRB frame model (SCBRBF model) are developed to evaluate the seismic performance of the steel frame structure. The beams and columns of the main frame structure are modeled by B31 elements, and the beams and columns are stiffened by rigid connections. The BRB component is simulated by T3D2 elements, and the ST-SC-BRB is simulated by the above equivalent simplified model. The braces and the frame are pin connected. The structural model is shown in Figure 14.




4.3. Seismic Wave Selection


Seven pairs of ground motion records were used, including six natural waves and one artificial wave (El Centro wave, Chi-Chi wave, Imperial Valley wave, Duzce wave, San Fernando wave, Erzincan wave, and artificial Shanghai2 wave, as shown in Table 3). The corresponding acceleration spectrums are compared with the code response spectrum in Figure 15. The peak ground accelerations (PGA) under frequent, design, and rare earthquakes are taken as 70 gal, 200 gal, and 400 gal for the seismic analyses, respectively.




4.4. Analysis of Structural Seismic Performance


Figure 16 and Figure 17 show the comparison of the maximum story drift between the two structures under different ground motions. It can be found that the maximum story drift of both structures satisfies the code requirements and shows a similar trend. Under rare earthquakes, the maximum story drift of the BRBF reaches 1/125, less than the code requirement of 1/70. Meanwhile, the story drift of the BRBF is generally larger than that of the SCBRBF, because the ST-SC-BRB can provide a higher stiffness after yielding than the traditional BRB. Under frequent earthquakes, compared with the BRBF, the maximum story drift of the SCBRBF is reduced by 72.86% under the Erzincan wave and by 18.76% under the San Fernando wave. However, under rare earthquakes, the maximum story drift of the SCBRBF is only reduced by 41.78% under the Erzincan wave and by 6.80% under the Chi-Chi wave.



Figure 18 and Figure 19 show the comparison of the residual deformation between the two structures under different ground motions. It can be seen that the maximum residual deformation of the SCBRBF structure is obviously smaller than that of the BRBF, indicating that the ST-SC-BRB plays an important role in controlling the residual deformation of the structure. The controlling effect of the ST-SC-BRB on the residual deformation becomes more pronounced with the PGA increase. Under rare earthquakes, compared with the BRBF, the maximum residual deformation of the SCBRBF is reduced by 74.52–97.32%.





5. Brace Design Parameters on the Seismic Performance of Structures


5.1. Design Parameters of the Brace


The first stiffness, second stiffness, and self-centering ratio of the ST-SC-BRB are chosen as the main parameters to study the seismic response of the SCBRBF frame structure described in Section 4 (notated as SCBRBF-0) under the El-Centro wave with a PGA of 400 gal. The parameter variations are listed in Table 4. The first and second stiffnesses can be modified by changing the stiffness of the nonlinear springs. To change the self-centering ratio, the yield displacements and the corresponding load capacities are modified when the stiffness of the nonlinear springs remains unchanged.




5.2. Results and Discussion


5.2.1. Effect of First Stiffness


As shown in Figure 20, the first stiffness of SC-ST-BRBs has a significant effect on the maximum displacement of the structure. By increasing the first stiffness of SC-ST-BRBs, the maximum displacement and the story drift of the structure show a decreasing trend. The maximum displacement and inter-story drift ratio of SCBRBF-2, which has a first stiffness three times that of SCBRBF-1, is reduced by 39.32% and 30.84, respectively. However, Figure 20c shows the uncertainty of the effect of the first stiffness on the residual deformation. While the maximum residual deformation of SCBRBF-0 occurs in the second story, that of SCBRBF-1 is in the third story. It should be noted that the value of the first stiffness of the ST-SC-BRB needs to be consistent with the lateral stiffness distribution of the structure otherwise it may result in an undesired seismic response of the structure. The working principle of the ST-SC-BRB determines that the first stiffness depends on the cross-sectional areas of the outer tube and the restraint steel tube as well as the length of the brace.




5.2.2. Effect of Second Stiffness


As shown in Figure 21, the effect of the second stiffness of the ST-SC-BRBs on the seismic performance of the structure is limited, although increasing the second stiffness of the ST-SC-BRBs can reduce the maximum story displacement and story drift of the structure. The second stiffness of the ST-SC-BRB is contributed by the stiffness of the pre-stressed tendons and the energy-dissipating core when the inner and outer tubes undergo relative displacements. Compared with the stiffness of the pre-stressed tendons, the post-yield stiffness of the energy-dissipating inner core is generally much smaller, so the second stiffness can be considered to be the stiffness of the pre-stressed tendons, which is mainly controlled by the cross-sectional area of the pre-stressed tendons and their elastic modulus.




5.2.3. Effect of Self-Centering Ratio


In Figure 22, it can be found that the self-centering ratio has a distinct influence on the seismic response of the structure. As the self-centering ratio increases, the maximum story displacement, the maximum story drift, and the maximum residual deformation of the structure are decreasing, obviously. A 50% increase in the self-centering ratio can lead to a maximum reduction of up to 33.51%, 43.14%, and 39.21%, respectively. The self-centering ratio of the ST-SC-BRB is determined by the ratio of the initial pre-stressing to the yield force of the core steel plate, which plays an important role in controlling the displacement response of the structure, reducing the residual deformation and realizing the self-centering. According to the previous analysis, when the pre-stressing is smaller than the yield force of the inner core, self-centering cannot be realized. Thus, in the design of SCBRBF, the amplitude of the pre-stressing is suggested to equal the value of the yield force of the core steel plate.






6. Conclusions


In this paper, based on the traditional steel BRB, an outer tube is added in parallel to the PT system to form a new type of ST-SC-BRB component. Its mechanical properties and application in the seismic performance of steel frame structures are investigated, and the main conclusions are as follows:




	
As the restrained steel tube in the traditional all-steel BRB is used as the inner tube of the PT system, the new ST-SC-BRB component can greatly simplify the construction of the traditional dual-tube or multi-tube SC-BRB.



	
The cyclic test results show that the proposed ST-SC-BRB exhibits excellent self-centering ability without significantly increasing its energy-dissipation capacity compared to the conventional BRB. At a displacement load of 6 mm, the ST-SC-BRB exhibits an average residual deformation of 0.81 mm.



	
Compared with the steel frame structures with traditional BRBs, the maximum story drift of structures with ST-SC-BRBs under seismic loads is reduced, and the corresponding residual deformation is remarkably reduced by up to 74%.



	
The initial stiffness of the ST-SC-BRB component significantly influences the seismic response of the structure, while the self-centering ratio of the ST-SC-BRB component is a crucial factor in determining the residual deformation of the structures. To achieve a better self-centering ability, the self-centering ratio of the ST-SC-BRB should be greater than 1.0.
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Figure 1. Configuration of the ST-SC-BRB. 
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Figure 2. Principle of the ST-SC-BRB. 






Figure 2. Principle of the ST-SC-BRB.



[image: Buildings 14 00850 g002]







[image: Buildings 14 00850 g003] 





Figure 3. Dimensions of BRB and ST-SC-BRB (unit: mm). 
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Figure 4. Test setup. 
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Figure 5. Loading protocol of test. 
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Figure 6. Failure mode of the two specimens. 
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Figure 7. Hysteresis curve. 






Figure 7. Hysteresis curve.



[image: Buildings 14 00850 g007]







[image: Buildings 14 00850 g008] 





Figure 8. Hysteresis curve with 8 mm. 
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Figure 9. Energy-dissipation coefficient. 
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Figure 10. Equivalent damping ratio. 
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Figure 11. Plane and elevation of the steel frame structure. 
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Figure 12. Equivalent simplified model. 
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Figure 13. Calculated result vs. test result. 
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Figure 14. Numerical model of steel frame structures. 
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Figure 15. Acceleration spectra. 
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Figure 16. Story drift of BRBF. 
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Figure 17. Story drift of SCBRBF. 
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Figure 18. Residual deformation of BRBF. 
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Figure 19. Residual deformation of SCBRBF. 
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Figure 20. First stiffness of ST-SC-BRB. 
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Figure 21. Second stiffness of ST-SC-BRB. 
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Figure 22. Self-centering ratio of ST-SC-BRB. 
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Table 1. Dimensions of components of brace (Unit: mm).
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	Core
	Outer Tube
	Restrained Tubes × 4
	Limit Bolt
	Tendons × 4
	Left End Plate
	Right End Plate





	12 × 4
	130 × 130 × 5
	30 × 30 × 3
	14 × 14 × 66
	  ϕ  6 × 300
	124 × 124 × 15

−66 × 66 × 15
	104 × 104 × 15

−66 × 66 × 15










 





Table 2. Section of beams and columns.
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	Member
	Cross-Section Size H × B × tw × tf/mm





	1–3 story columns
	450 × 450 × 16 × 24



	4–6 story columns
	350 × 350 × 12 × 21



	Beams
	450 × 300 × 12 × 18










 





Table 3. Information of selected earthquake waves.






Table 3. Information of selected earthquake waves.





	No.
	Earthquake Site
	Time
	Recording Station
	Selected Component





	1
	Imperial Valley
	19 May 1940
	117 El Centro Array#9
	I-ELC180



	2
	Chi-Chi, Taiwan
	20 September 1999
	CHY028
	CHY028-N



	3
	Imperial Valley
	15 October 1979
	5054 Bonds Corner
	H-BCR230



	4
	Duzce, Turkey
	12 November 1999
	Bolu
	BOL000



	5
	San Fernando
	9 February 1971
	135 LA-Hollywood Store Lot
	PEL090



	6
	Erzincan, Turkey
	13 March 1992
	95 Erzincan
	ERZ-EW










 





Table 4. Design parameters of the ST-SC-BRB component in the SCBRBF.






Table 4. Design parameters of the ST-SC-BRB component in the SCBRBF.





	NO.
	Parameters





	SCBRBF-0
	Benchmark



	SCBRBF-1
	First stiffness × 0.5



	SCBRBF-2
	First stiffness × 1.5



	SCBRBF-3
	Second stiffness × 0.5



	SCBRBF-4
	Second stiffness × 1.5



	SCBRBF-5
	Self-centering ratio × 0.5



	SCBRBF-6
	Self-centering ratio × 1.5
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