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Abstract. 
The existing research on shock-absorbing steel bars is only limited to simply supported beam bridge. In order to expand the application of shock-absorbing steel bars to other fields, this paper develops a novel shock-absorbing steel bar with limit function, and it is suitable for continuous beam bridges. The structure and working mechanism of the shock-absorbing steel bar are analyzed. Three sets of specimens of the shock-absorbing steel bar are fabricated and then repeatedly loaded by the designed quasistatic loading device, in order to investigate their seismic performance parameters, including hysteresis curve, skeleton curve, and initial stiffness and equivalent viscous damping ratio. The results show that when the displacement of the specimen exceeds the initial gap, it enters the stage of energy dissipation and has a stable hysteresis curve and good fatigue resistance. Besides, the shock-absorbing device has a high initial stiffness and can provide stable bearing capacity after yielding. The equivalent viscous damping ratio reflects that the designed shock-absorbing steel bar has good energy dissipation capacity.

1. Introduction
Shock-absorbing dampers are usually installed at the connection of the upper and lower structures of a bridge. Using the friction or plastic deformation generated by the dampers, the dampers can dissipate part of the energy transferred to the bridge and reduce the seismic energy withstood by the bridge, thereby protecting the bridge.
Commonly used dampers are classified into speed-dependent dampers and displacement-dependent dampers. For speed-dependent dampers, the energy dissipation capacity is related to speed; that is, the faster the deformation speed, the greater the damping force. For displacement-dependent dampers, they use the hysteretic deformation of the dampers to dissipate energy, and the energy dissipation capacity is related to the displacement generated by the dampers. So, displacement-dependent dampers are a kind of shock-absorbing device that has certain stiffness adjustment capacity and certain energy dissipation capacity and can provide an additional damping ratio for the structure. Among various displacement-dependent dampers, metal damper has received the most attention. At present, researchers have developed many kinds of dampers, e.g., X-shaped stiffened steel plate damper [1], triangular stiffened steel plate damper [2], honeycomb steel plate damper [3], grooved steel plate damper [4], E-shaped steel damper [5], rod- and bar-type damper [6], and steel cushion [7, 8].
Shock-absorbing steel bar is a shock-absorbing device designed by Gao and Li [9] for reducing the seismic energy transferred to railway bridges using the design principle of “separation of support’s functions.” It belongs to an isotropic bar-type displacement-dependent damper. Meng et al. [10] comprehensively investigated the performance indexes of strength, stiffness, hysteresis performance, and energy dissipation capacity of integrated shock-absorbing steel bars and analyzed their damping effect in multispan railway simply supported beam bridges. Li et al. [11] developed a separated shock-absorbing steel bar and studied its working mechanism, performance parameters, and design principles. Liu and Gao [12] developed a steel restrainer bar system on railway bridges and analyzed its hysteresis performance and limit effect. The aforementioned researchers focus on the application of shock-absorbing steel bars to simply supported beam bridges. Therefore, it is necessary to further research the application of shock-absorbing steel bars to continuous beam bridges.
Under the action of strong earthquakes, the seismic forces of the bridge piers of continuous girder bridges are seriously uneven. The piers with fixed supports bear most of the seismic force, resulting in large plastic deformation at the bottom of the piers and further causing the concrete at the bottom of the piers to peel off or even the beam to collapse. By contrast, the piers with movable supports produce larger relative displacements between the pier and the beam, but they do not fully exert their seismic resistance and do not make full use of their surplus strength. In view of this problem, this paper proposes to install a shock-absorbing device on the top of a movable pier. Through the energy dissipation capacity and limit function of the shock-absorbing device, the relative displacement between the pier and the beams of continuous beam bridge is confined, the seismic horizontal force shared by the movable pier is increased, and the seismic force of the fixed pier is reduced, thereby improving the seismic performance of the continuous beam bridge. Based on the aforementioned ideas, this paper proposes a novel shock-absorbing steel bar with limit function and energy dissipation function and systematically investigates the structure design, working mechanism, and hysteretic behavior of the designed shock-absorbing steel bar.
2. Structure and Working Principle of the Shock-Absorbing Steel Bar
2.1. Structure of the Shock-Absorbing Steel Bar
The shock-absorbing device mainly consists of steel cylinders, limited rings, retaining rings, steel bars, bolts and nuts, ring flange, and rubber seals, as shown in Figures 1(a) and 1(b). The steel bar consists of two separated steel bars of identical structure, and the separated steel bar consists of two parts: the bar and the ring flange. The two separated steel bars are connected by the ring flange and bolts and nuts. The limit ring is mounted and fixed inside the preburied steel cylinder, and an initial gap is set between the retaining cylinder and the steel bar. The retaining ring is installed outside the preburied steel cylinder and is in contact with the maximum cross-sectional position of the bar, and a small gap is also set between the two to facilitate the rotation of the steel bar during operation. The rubber seal is used to seal the gap between the retaining ring and the steel bar to prevent debris from entering the interior of the preburied steel cylinder and fill the initial gap between the limited ring and the bar. The partial section of the contact position between the steel bar and the retaining ring and the retaining ring adopts an equal section design. Besides, the section is appropriately widened to ensure the stability of the section of the contact position between the steel bar and the retaining ring, thereby forming stable working performance.
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(b)
Figure 1: Structure of the developed shock-absorbing device. (a) Details of the device. (b) Disassembly diagram of the device.


The shock-absorbing device can be divided into two parts according to its function. One part is the limit part consisting of the preburied steel cylinder, the limited ring, the retaining ring, and the bar installed inside the steel cylinder. The other part is the energy dissipation part consisting of the bar outside the steel cylinder, the flange, and bolts and nuts.
The shock-absorbing device has the following characteristics:(1)The shock-absorbing device has an initial gap, and thus, the normal operation of the bridge structure will not be affected by the shock-absorbing device(2)The energy dissipation part is designed with equal strength to ensure that when the force on the bar reaches a certain value, the sections of the steel bar can simultaneously yield and enter the plastic stage(3)The steel bar adopts a circular section, which can provide the same stiffness and damping in any direction and can achieve the functions of limit and shock dissipation in different directions(4)The upper and lower steel bar of the shock-absorbing device are separated, which is easy to install and replace
2.2. Working Principle of the Shock-Absorbing Steel Bar
The working states of the shock-absorbing device can be divided into two stages. (1) Under the normal operation of the bridge structure, when the relative displacement between the pier and the beam generated by the structure does not exceed the initial gap of the shock-absorbing device, the shock-absorbing device is at the working state of free displacement and does not provide any force on the bridge structure, as shown in Figure 2(a). (2) When the bridge structure is subjected to seismic load and the relative displacement between the pier and the beam exceeds the initial gap, the energy dissipation part enters the working state, and its functions of limit and shock absorption start to work, as shown in Figure 2(b).
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(b)
Figure 2: Schematic diagram of the working conditions of the shock-absorbing device. (a) Deformation diagram of the shock-absorbing device with small displacement. (b) Deformation diagram of the shock-absorbing device with large displacement.


Under the normal operation of the bridge, the deformation of the bridge structure generally results from the temperature load, concrete shrinkage and creep load, and horizontal load of the moving vehicles. At this time, the shock-absorbing device is in the first working stage in which the steel bar can be freely displaced. Therefore, the initial gap of the shock-absorbing device is determined by the deformation caused by the normal operating load of the bridge structure.
2.3. Installation of the Shock-Absorbing Steel Bar
Shock-absorbing steel bars are installed between the top of the pier and the bottom of the beam and work together with sliding bearings. The installation schematic is shown in Figure 3. The steel cylinder is embedded in the concrete. The stiffening ribs can be set outside the steel cylinder to increase the contact area with the concrete and to enhance the imbedding effect of the steel cylinder in the concrete.


	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
		
	
		
	
		
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
		
	
		
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	













Figure 3: Shock-absorbing steel bar installment.


Installation of the steel cylinder at the bottom of the beam adopts the preburied method, and steel cylinders are placed at the bottom of beams during beam production. The method of reserved hole can be used to install the embedded steel cylinder on the pier top. The embedded location should be accurate.
3. Experimental Setup
3.1. Experimental Design
In the quasistatic test, three sets of 1 : 1 shock-absorbing steel bar specimens were made. The specimens were numbered as 350-1, 350-2, and 350-3. The initial gap of the shock-absorbing device is 30 mm, the designed displacement is 120 mm, the limit displacement is 160 mm, and the limit load is 350 kN. The geometric dimensions of the specimen are shown in Figure 4.


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
		
	
		
	
		
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
		
	
	
		
	
		
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
		
	
	
		
	
	
	
	
	
		
	
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
	













Figure 4: Geometric dimensions of the specimen.


3.2. Experimental Device
The experimental device for the quasistatic test is shown in Figure 5, and the installed device is shown in Figure 6. The experimental device mainly consists of MTS servo actuator, support frame, fixed table, and shear wall. The MTS servo actuator is used to execute the command of the main controller; to control the speed, direction, displacement, and force of the load during the test; and to feedback the information such as force and displacement to the main controller. The MTS servo actuator used in the test has a maximum force of 630 kN and a maximum stroke displacemen