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Steel-reinforced concrete (SRC) special-shaped column and beam frame structure is a special structural form that can meet the requirements of high bearing capacity and satisfy the esthetic requirement of buildings. In this study, a new joint design approach is adopted to focus on the seismic behavior of SRC special-shaped column and reinforced concrete (RC) beam joints under low-cyclic double-directional reactions through pseudo-static tests with a controlled stirrup distance. The joints of SRC specimens were compared with those of RC specimens by controlling the area of steel and reinforcement, and hysteresis cycle skeleton curves and load and strain hysteresis cycles were analyzed. The specimen with profiled steel was found to have better energy dissipation capacity. The energy dissipation capacity and stiffness degradation of the nodes were analyzed. The test results showed that the energy dissipation capacity of the SRC joints was better than that of the conventional concrete column joints, and the stiffness degradation of RC joints was more significant than that of SRC joints.
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INTRODUCTION
Steel-reinforced concrete (SRC) special-shaped columns are more esthetically pleasing than the traditional rectangular columns of frame structures and can meet the requirements of architectural design. Compared with traditional rectangular columns, the application of special-shaped columns is more complicated and restricted. Special section shapes such as L-shaped, cross-shaped, T-shaped, and Z-shaped are usually used instead of the traditional rectangular section, so the ductility, bearing capacity, and seismic performance of shaped columns, especially the structural joints, are of great concern (Park, 2002). The earthquake performance of these joints will directly affect the seismic resistance of the entire structure, and the failure of these joints is usually one of the causes of damage to the entire structure. According to earthquake records, most of the damages to frame structures occur at the joints or are caused by the fracture of the joints. Since joints are a vulnerable part of earthquakes, the study of joints has attracted the attention of scholars all over the world. Experimental studies on the shear bearing capacity and seismic performance of reinforced concrete (RC) beam and column joints are necessary (Ma et al., 2019; Cao et al., 2021; Deng et al., 2021). Many researchers have conducted experimental studies on shear capacity, seismic performance, or mechanical behavior of square RC columns (Huang et al., 2019), T-shaped (Zhang et al., 2019; Deng et al., 2021), L-shaped (Chen et al., 2021a; Chen et al., 2021b), and other shaped columns connected with reinforced concrete beams.
Steel-reinforced concrete (SRC) special-shaped columns with good seismic performance must not only meet the load requirements in the service phase but also maintain the ability to transmit vertical loads under predetermined seismic action when the part of the joint connection becomes inelastic or elasto-plastic after repeated deformation. It is, therefore, necessary to study the mechanical properties of combined structures under low repeated loads. An experimental study on shear reinforcement in CRTS II slab ballastless track under low cyclically repeated loads was carried out by Feng et al. (2020). In order to assess the seismic and hysteresis behavior of structural joints, cyclic loading tests are considered to be an effective method in a range of studies (Karabinis, 2002; Chun et al., 2007; Said, 2009; Sasmal et al., 2010; Metelli et al., 2015). Many researchers have now carried out cyclic loading test studies for reinforced concrete T-columns with reinforced concrete beams (Xiang et al., 2017), strand-inserted precast concrete beam and column joints (Yu et al., 2020), non–core-anchored concrete-encased CFST wall and RC coupling beam joints (Zhou et al., 2020), concrete-encased steel column and steel beam joints (Chu et al., 2018), steel truss–reinforced composite joints (Deng et al., 2018a), and a range of other combined structures (Chen et al., 2015a; Chen et al., 2015b; Xu et al., 2019).
When the frame becomes elasto-plastic, with some significant deformation and cracking at the joints, it is still capable of transmitting stresses, shear forces, and bending moments. These require more research into the degradation of load carrying capacity and ductility, as well as the degradation of the strength of the reinforcement after yielding at the joint, to ensure the safety of the structure. Joints are an integral part of shaped column and beam structural frames, undertaking important tasks such as moment distribution, force transfer, and collapse resistance under seismic excitation (Chen et al., 2015). The structural behavior of combined structures under seismic loading was investigated through a series of hybrid frame joints between composite columns and steel beams (Chu et al., 2020), precast concrete columns with grouted corrugated sleeves and decoupled longitudinal reinforcement (Chen et al., 2019), reinforced concrete cruciform columns (Chen and Liu, 2018), and shear walls with steel trusses connecting the beams (Deng et al., 2018b; Deng et al., 1311). It was found that the hysteretic behavior was significantly improved for shear walls with steel truss connecting the beams under seismic loading and that the joints generally performed well under seismic action.
This study presents an SRC special-shaped column and RC beam joint, which adopts a new form of reinforcement: a circular steel tube as the core with some structural steel around it. The reinforcement on the beam is evenly arranged along both sides in height, and the reinforcement extends into the column for anchoring along the structural steel at the joint. There were four specimens in the test, three of which were beam joint specimens for reinforced concrete-shaped columns, and the other was a reinforced concrete-shaped column and beam joint specimen. In this test, the proportion of hoop reinforcement was used as a design parameter for the variation of these specimens. The energy dissipation capacity and joint stiffness degradation behavior of the proposed joints under low-cyclic load tests were analyzed by plotting hysteresis curves and calculating loop stiffness according to the test. The seismic performance of the joints was also analyzed to demonstrate the effectiveness of the joint design.
SPECIMEN DESIGN AND LOADING CRITERION
Design of Specimens
Specimen Size and Reinforcement
As for the seismic-resistant property test, most tests use single beam with mid-side joints as specimens. This test aims at a more precise simulation of the stress condition of the corner joint under a double-direction earthquake, so we used a twin beam with mid-side joints as a specimen and exerted a double-direction low-frequency cyclic load. This test has four specimens with an aim to simulate the stress condition of the corner joint under a double-direction earthquake. The stereogram of specimens is shown in Figure 1. Table 1 shows some terms, symbols, and their notes in the research (Xiang et al., 2017).
[image: Figure 1]FIGURE 1 | Stereogram of specimens.
TABLE 1 | Some of the terms covered in this article.
[image: Table 1]There are four specimens this time, and their serial numbers are JD-1, JD-2, JD-3, and JD-4. Each specimen has two beams to link with the special-shaped column, and the intersection is a joint core area. To distinguish them more easily, they are named beam① and beam② based on the different loading locations. Dimension of sections and material of bars are shown in Table 2.
TABLE 2 | Details of specimens (Xiang et al., 2017; Xiang et al., 2019).
[image: Table 2]Three-dimensional drawing of specimens is as shown in Figure 2. The column cross-sectional dimensions and cross-sectional reinforcement of specimens JD-1, JD-2, and JD-3 are shown in Figures 3, 4. For easy loading, each specimen is designed to have a rectangular chapiter. In the chapiter, φ12@60 and φ12@80 close-packed bar mats are crossly arranged. The reinforcement of column capital is as shown in Figure 5 to ensure that the chapiter can reasonably transmit the forces to the column. According to the strength theory, a total of four HRB335 bars with a diameter of 25 and 20 mm are arranged at beam’s top and bottom of all specimens, as shown in Figures 6, 7, so as to ensure that the loads are within the scope of the servo-loaded actuator when the beam end and joint are destroyed. The column section reinforcement of specimen JD-4 is shown in Figure 8, the overall reinforcement and section dimensions of specimens JD-1, JD-2, and JD-3 are shown in Figures 9, 10 (Xiang et al., 2017), and the overall reinforcement and section dimensions of specimen JD-4 are shown in Figures 11, 12 (Xiang et al., 2017).
[image: Figure 2]FIGURE 2 | Three-dimensional drawing of specimens (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 3]FIGURE 3 | Column cross-sectional dimensions of specimens JD-1–JD-3 (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 4]FIGURE 4 | Column section reinforcement of specimen JD-1–JD-3 (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 5]FIGURE 5 | Reinforcement of column capital (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 6]FIGURE 6 | Beam section reinforcement of specimens JD-1–JD-3 (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 7]FIGURE 7 | Beam section reinforcement of specimens JD-4 (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 8]FIGURE 8 | Column section reinforcement of specimen JD-4 (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 9]FIGURE 9 | Section of specimen JD-1–JD-3 (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 10]FIGURE 10 | Reinforcement of specimen JD-1–JD-3 (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 11]FIGURE 11 | Section of specimen JD-4 (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 12]FIGURE 12 | Reinforcement of specimen JD-4 (Xiang et al., 2017; Xiang et al., 2019).
Mechanical Properties of the Materials
All the specimens are made up of C30 concrete and are cured for 28 days as stated. In order to test the mechanical properties of concrete, three cubic standard test specimens (150 × 150×150) are left when each specimen is poured. To ensure that they have the same strength, the test specimens should be cured in open air under same conditions, and it should be the same day when we measure their compressive strength and do the test. Three rebar specimens used in the test should be left to measure their strength indexes and the stress and strain curve. Total 60 concrete strain gauges and rebar strain gauges are placed on each specimen’s special area, such as fissile parts at the joint area, and longitudinal reinforcements in the beam, stirrups, and steel ribs at the joint area.
When concreting the specimens and strapping the framework of bars, few materials were retained to test the actual mechanical property indexes; the results are listed in Tables 3, 4 (Xiang et al., 2017).
TABLE 3 | Mechanical behavior of concrete (Xiang et al., 2017; Xiang et al., 2019).
[image: Table 3]TABLE 4 | Mechanical behavior of steel bars (Xiang et al., 2017; Xiang et al., 2019).
[image: Table 4]Loading Device and Criterion
A common reinforcement concrete special-shaped column joint specimen JD-4 and steel-reinforced concrete special-shaped column joint specimen JD-1–JD-3 with a circular steel tube and structural steel inside are designed to compare their mechanical properties under a low-frequency cyclic load. By changing the ratio of stirrups in the core area, we can get the rule influenced by indexes and draw some relevant hysteretic curves. This test used an electro-hydraulic servo structure test machine to exert a double-direction low-frequency cyclic load.
The test devices are shown in Figure 13 (Xiang et al., 2017). A pseudo-static test was adopted. To ensure that the specimens can move horizontally with freedom under vertical and horizontal loads, a free slidable hinge was installed between the oil and pressure jack, which provided a vertical load at the chapiter and the upper rigid beam.
[image: Figure 13]FIGURE 13 | Experimental equipment (Xiang et al., 2017; Xiang et al., 2019).
To simulate the double-direction earthquake effect accurately and effectively and put the joint area into the worst condition, this test adopted a system where the low-frequency cyclic load was exerted step-by-step from both ends of the beam. The test site is as shown in Figure 14 (Xiang et al., 2017). As for the choice of the axial force, there are two tests: with it or without it. Specimen JD-1 was tested without the axial force. The other three were tested with the axial force exerted by the oil and pressure jack on the chapiter.
[image: Figure 14]FIGURE 14 | Test field loading devices (Xiang et al., 2017; Xiang et al., 2019).
The axial force should be exerted first and maintained stable when the load was repeatedly exerted. We used geometrical alignment to ensure the axial force was at the center of the section, and the predetermined axial force would be fully exerted 2–3 times. The loads on four specimens are no axial force on JD-1, 1000kN axial force on JD-2, 800kN axial force on JD-3, and 800kN axial force on JD-4. The loads were exerted on the chapiter by an oil and pressure jack. We used a load–displacement hybrid control as a loading criterion, and it was divided into two stages, as shown in Figure 15 (Xiang et al., 2017).
Stage 1: Load Controlling Stage
[image: Figure 15]FIGURE 15 | Loading criterion (Xiang et al., 2017; Xiang et al., 2019).
This stage is a small deformation stage before the specimens are exerted with calculated yielding loads. Next is the displacement controlling stage.
Stage 2: Displacement Controlling Stage
This stage appears after the specimens have yielded. Furthermore, the loads will be exerted three times circularly for each displacement grade.
Test Content and Arrangement of Monitoring
This test used a resistance strain gauge to measure the strain of main reinforcement, and they were mainly arranged at the junction section of the beam end and column surface. Details are shown in Figure 16 (Xiang et al., 2017). To observe the force condition of stirrups, resistance strain gauges were used to measure the strain of stirrups in the plastic hinge area and joint core area. To observe the force condition of steel ribs in the joint area, rebar strain gauges were stuck along both the vertical diameter directions outside the steel tube and the flange and web of structural steel to measure the strain. The specific arrangement is shown in Figure 17 (Xiang et al., 2017). The arrangement of strain gauges is shown in Figure 18. Deflection data were measured by displacement sensors located on the actuator and then were transmitted to the computer. The computer automatically gathered deflection data under different loads.
[image: Figure 16]FIGURE 16 | Distribution of strain gauges in beam (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 17]FIGURE 17 | Distribution of strain gauges of stirrups shape steel and tube (Xiang et al., 2017; Xiang et al., 2019).
[image: Figure 18]FIGURE 18 | Distribution of concrete strain gauges.
TEST PROCESS AND DESCRIPTIONS
Specimen JD-1
For specimen JD-1, the space between stirrups in the joint core area is 100mm, and there are not any axial forces on the column top. In the first circulation, beam① suffered force downward, while beam② suffered force upward. As we observed from the test, when the load made the specimen yield for the first time, a crack spanning about 0.1 mm appeared in the joint area near the end of the beam. It was about 45°, drawing close gradually to the core area and expanding along the diagonal. When the displacement ductility factor [image: image] reached 3, cracks in the core area did not grow anymore. At that time, destructions mainly happened at the end of the beam. Plastic hinges were destroyed, but the destruction degree in the core area did not grow apparently, so there was still enough shear capacity in the core area. In the end, when the bearing capacity declined to less than 80% of the maximum bearing capacity, the specimen was destroyed. This specimen had good shear capacity and did not have apparent bond slip breaks. Reinforcements in the joint core area were well anchored. Therefore, this design for joining of steel-reinforced concrete special-shaped column and reinforced concrete beam is reliable.
Specimen JD-2
In the initial loading period, before cracks at joint appeared, steel ribs in the joint core area, where appeared some vertical displacement, had coordinating deformation with concrete. Shear deformation was subtle, and the joint core area was basically in the elastic stage. Before the destruction of the specimen, crossed diagonal cracks appeared in the joint core area. The cracks passed the intersection of diagonals, but the width of cracks did not grow apparently and the rigidity did not decline apparently. With the growth of the displacement ductility factor, concrete at the plastic hinges at the beam end began to peel off and the bearing capacity began to decline. The specimen was not destroyed until the bearing capacity declined to 80% of the maximum in the whole test.
Specimen JD-3
Specimen JD-3 was the one which had the maximum stirrups space in the joint core of the three specimens. The space between stirrups was 200 mm. We kept the axial compression ratio constant and exerted 800 kN force. In the initial period, the test process was similar to that of the last two specimens. First, loads controlled the test and each load degree was 25 kN. In the first circulation, we paid attention to capture the cracking load, and it was 35 kN downward and 50 kN upward for beam①. The first crack appeared at the beam end and was not wide. Cracking load of beam② were 35 kN upward and 50 kN downward. In the end, when the bearing capacity declined to less than 80% of the maximum bearing capacity, the specimen was destroyed. Specimen JD-3 had fewer stirrups at joint, but its shearing capacity was still good enough in the joint core area.
Specimen JD-4
Specimen JD-4 is the only contrastive joint specimen. By comparison, we found that the joint of the steel-reinforced concrete special-shaped column and reinforced concrete beam had relatively small crack width and large stiffness. In the displacement control stage, the larger displacement in the yield displacement of the first forward and reverse loading stage is used as the control displacement, and the displacement control at the same level is cycled three times. We can tell from the circulations that under the same displacement controlling degree, the joint’s bearing capacity of reinforced concrete special-shaped column and beam declined apparently and faster than that of steel-reinforced concrete special-shaped column and reinforcement concrete beam. When the displacement reached triple the yielding displacement, the plastic hinges at the beam end were destroyed badly and the protective layer of concrete began to peel off. Then the bearing capacity declined to less than 80% of the maximum bearing capacity, and the specimen was destroyed. This was the end of the test.
Based on the measured contents, we analyzed the data and got main data of the four specimens in the test. The data are listed in Table 5.
TABLE 5 | Main data of the experiment.
[image: Table 5]RESULTS AND ANALYSES
Because of the influence of repeated loads, the hysteretic curve sufficiently reflected the bearing capacity, rigidity, ductility, energy-absorbing capacity, and energy-dissipating capacity, which are essential criterions on anti-seismic property analyses. By linking the deformation peaks in various circulation of the hysteretic curve, the envelope line of the hysteretic curve, which is called the skeleton curve, is drawn. Therefore, the seismic-resistant property of reinforced concrete special-shaped column joints can be analyzed by the skeleton curves, as shown in Figure 19.
[image: Figure 19]FIGURE 19 | Skeleton curve of hysteretic loop of load and deflection at beam end.
The hysteresis loops of the load and strain of the longitudinal reinforcement at the end of the beam are shown in Figure 20. The hysteresis loops of the load and strain of the stirrups at the joint core drawn from the test results are shown in Figure 21.
[image: Figure 20]FIGURE 20 | Hysteretic loop of load and strain of longitudinal bars at beam end.
[image: Figure 21]FIGURE 21 | Hysteretic loop of load and strain of stirrup at joint’s core.
As we can tell from the figure, structural steel’s hysteretic loop of load and strain at the join core is similar to that of stirrups. In the initial loading period, strain is small and grows linearly. As the loads are repeatedly exerted, structural steel’s strain goes through a repeated process, where it becomes less and then larger, when the loads repeatedly transfer from the maximum to 0 and then to the reversed minimum. It proved that structural steel has the same effect as stirrups on constraining concrete. No matter forward or reversed, when the loads reach the peaks, the constraining effect of structural steel and stirrups reached its peak, which means strains of structural steel and stirrups reached the peaks. As the loads are repeatedly exerted, constrain capacity of structural steel and shear forces it takes change repeatedly. The hysteretic loop of the load and strain of shape steel of each specimen is falcate, as shown in the figure.
This study recorded some important data and the process of crack growth and destruction. We drew relevant hysteretic curves and compared the hysteretic loop of steel-reinforced concrete special-shaped column and reinforced concrete special-shaped column and beam joints with that of common reinforced concrete special-shaped column and beam joints. It is found that the former has a plumper hysteresis loop and presents better energy dissipation capacity and ductility than the latter. There are also analyses on strain hysteretic properties of structural steel and steel bar and the strain of rebars in JD-4, which are arranged based on the equivalent area criterion in the study. The result proves that structural steel and concrete in the core steel tube have positive effect on joint’s shear capacity in the work process.
In the condition that the displacement amplitude is constant, rigidity declines as the loads are exerted repeatedly and it is called rigidity degeneration. To show the rigidity degeneration property under low-frequency cyclic load, we can use three times the loop rigidity with the same displacement ductility coefficient to represent it. Definition of loop rigidity is given as follows:
[image: image]
where [image: image] is the loop rigidity at the displacement ductility factor [image: image], [image: image] is the peak load value for the [image: image]th cycle at the displacement ductility factor [image: image], [image: image] is the peak displacement value for the ith cycle at the displacement ductility factor [image: image], and [image: image] represents the number of cycles.
Loop rigidity calculated by the displacement ductility coefficient is shown in Table 6. It can be seen from Table 6 that the loop rigidity declines as the multiple of displacement controlling grows, which reflects the rigidity degeneration of joints under a repeated earthquake effect. The rigidity degeneration of common reinforced concrete special-shaped column joint is more apparent than that of steel-reinforced concrete special-shaped column, which proves that steel ribs at joint has a positive effect in the anti-shearing process.
TABLE 6 | Circular rigidity.
[image: Table 6]CONCLUSION
The special-shaped column structure solves the problem that the corner of the traditional frame structure affects the indoor architectural decoration due to the excessive column section, so it has been widely used in practical engineering. Reinforced concrete special-shaped column joints are usually in poor mechanical condition, and the design issues of joints are urgently explored to ensure that the new structures can be widely used. Therefore, the study of the seismic capacity of joints is necessary. In this study, low-frequency cyclic load tests were conducted on SRC special-shaped column and beam joints, which can simulate the bidirectional seismic action more accurately than common single-joint tests, and therefore the test results have a good realistic reference value. Combined with the theoretical analysis, conclusions can be obtained as follows:
1) SRC special-shaped column and reinforced concrete beam with a steel tube and structural steel inside has good anti-seismic property.
2) Stirrups at joints have positive constraining capacity on core concrete and can improve the entirety and seismic-resistant property of the structure.
3) The designing method is reliable. It can greatly improve the efficiency of construction. Anchoring of longitudinal bars in the beam is good enough to meet the anchoring requirements of seismic design, and the ductility and energy-dissipating capacities are satisfactory.
4) The joints of SRC special-shaped column and reinforced concrete beam designed in this study has small stiffness degradation, small load-bearing capacity degradation, and good ductility under bidirectional low-cyclic reversed loading.
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