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Steel reinforced concrete (SRC) special-shaped column structures have all properties of steel reinforced structures and special-shaped column structures. The design of SRC special-shaped column joints is of great importance to ensure that this structure can be widely used in earthquake-prone areas. This research adopts a new joint design style, and a pseudo-static test is carried out on three joints (JD-1, JD-2, and JD-3) between the SRC special-shaped column and the RC beam, and one joint (JD-4) between the RC special-shaped column and concrete beam. The working mechanism of joints and the function of steel in the shear resistance mechanism are analyzed. Based on the results of experimental research, this article presents formulas on the cracking capacity and shear resistance capacity of these joints with theoretical and applicative purposes. Taking into account all these facts, the high resistance capacity and reliability of the joint design method are manifested. Some conclusions derived from this research can be used as a reference for engineering practice.
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INTRODUCTION
Comparing steel reinforced concrete (SRC) and normal RC, the SRC column structure has more advantages due to its high strength (Chen et al., 2020; He et al., 2019) and shear capacity (Xu et al., 2019; Jiang and Bai, 2020; Zhao, 2020). In recent decades, the SRC structure has been attracting the attention of engineering circles and is being generally promoted in the construction of high structures around the world (Wang et al., 2020). Because the shape of traditional frame columns is usually rectangle, it always shows the edges in the four corners of the rooms with small bay, like residence and office (Chen et al., 2016). Traditional frame construction columns directly influence the view, the arrangement of furniture, and the appearance of the structure, and are not available for use. This is one of the main reasons why the application range of frame construction is restricted. To solve this problem, engineering circles began to introduce the special-shaped column, which means the column section is not the conventional rectangular section (Liu et al., 2016). In order to meet the requirements in strength and stiffness, we can use different column section forms, including L-section, cross section, T-section, and Z-section, based on the room layout and the position needs of the column (Chen et al., 2006). Because the width of the special-shaped columns is the same as that of masonry walls, the special-shaped columns can help in the better use of available space, improve the esthetic appearance of a structure, and have good building functions (Chen et al., 2017). SRC special-shaped (SRCSS) column has all the properties of an SRC structure and special-shaped column structure. The bearing capacity of this structure is very good with excellent applicable quality, and the structure is pleasing to the eye. Therefore, it is an excellent structure form that deserves to be promoted and studied. Nowadays, some experiments and researches on SRC structures (Chen et al., 2020) and SRC-RC column joints (Li et al., 2019) are being conducted. But, there are still few experimental and research results relevant to SRCSS column joints, especially on the shear performances in the joint core areas.
Xue et al. (2012) performed an experimental study to investigate the seismic performance of SRCSS columns with a total of 17 SRCSS column specimens under low-cyclic reversed load tests. Two models of two-bay and three-story frame, including an edge frame and a middle frame, were designed and tested by Liu et al. (2014), and it was found that the failure mechanism of a solid SRC frame with special-shaped columns is the beam-hinged mechanism, satisfying the seismic design principle of “strong column and weak beam.” Chen et al. (2015) further investigated the hysteretic behavior of special-shaped columns composed of SRC, and an axial compression ratio limit value for SRCSS columns was proposed (Chen et al., 2016). Based on shaking table experiments for a five-floor SRC spatial frame with special-shaped columns, the translational response, torsional response, and translational-torsional response were analyzed by Zhou et al. (2020). Composed action and loading were also considered in the investigation of SRC structures (Feng et al., 2019). The mechanical performance of structures is largely determined by material properties of microscale to macroscale materials (Yao et al., 2016; Yao et al., 2017; Yao et al., 2018; Yao et al., 2019; Deng et al., 2020). Simulation and tests show that the capacities of the structure can be improved by forming a composite structure with different materials (Yao et al., 2015; Yao et al., 2016; Yao and You, 2016; Yao and You, 2017; Deng et al., 2020). For example, a steel truss is composed of a concrete beam to show enhanced mechanical performances (Deng et al., 2020), bearing capacity, and seismic performances of joints (Deng et al., 2018). Investigation of shear walls with steel truss coupling beams under seismic loading also shows that the hysteretic behavior is obviously improved (Deng et al., 2018). Moreover, it is also reported that in SRC, the ductility, capacity of energy dissipation, stiffness degradation, and reliability of elements’ area are satisfactory (Jiang et al., 2018; Feng et al., 2020), and the joint generally performs well under seismic action (Chen et al., 2015; Xu et al., 2015; Xiang et al., 2017).
This research focuses on the shear performance of the joints between the SRCSS columns and the RC beams under bidirectional low-cyclic reversed loading. Bidirectional low-cyclic reversed loading means applying low-cyclic reversed loading on both sides of a beam simultaneously for the joints that connect RC beams with SRCSS columns in two directions. A total of four specimens have been designed and tested, among which three were the joints between SRCSS column and RC beam specimens, and one was the joint of a RC special-shaped column and a RC beam specimen. The design of those specimens was based on the reinforcement ratio of the stirrup in the special-shaped column, and those results were compared in the test. In this research, a design form of SRCSS column–RC beam joints is proposed, the working mechanism of joints and impact factors are analyzed, and the calculation formula for predicting the crack resistance and shear capacity of SRCSS column–RC beam joints is suggested.
EXPERIMENTAL DESIGN
For experimental studies on the shear behavior of joints, joint specimens with single beam side were used in many previous tests. But in this test, joint specimens with two beam sides for bidirectional low-cyclic reversed loading were used to better simulate the stress state of corner joints in space under bidirectional earthquake action.
Specimen Size and Reinforcement
A total of four specimens were designed and manufactured in this experiment to simulate the stress state of corner joints in space under bidirectional earthquake action. In this test, there were four specimens: JD-1, JD-2, JD-3, and JD-4. Each specimen was connected with two beams and two special-shaped columns. The core area of a joint was the intersection between beams and columns. For distinction, these two beams were named beam-1 and beam-2, respectively, in this test. The distance between the loading point and the outer wall section of the special-shaped column was 1.3 m in beam-1. The distance between the loading point and the outer wall section of the special-shaped column was 1.2 m in beam-2. The different distances between the loading point and the outer wall section of the special-shaped column reflected the difference between the vertical and horizontal spans of a frame under bidirectional earthquake action. It also reflected that the distance between the inflection point and the outer wall of the special-shaped column was different. So this test can reflect the actual situation better. Each specimen took the reinforcement ratio of the stirrup in the core area of the joint as the running parameter. The design of the specimens shall ensure that the column ends that the specimen is linked with will not be destroyed first, before the shear failure of the core area. The designed size of the section and the selection of reinforcement can be seen in Table 1. The three-dimensional drawing of RC beam specimens is shown in Figure 1. The dimension and reinforcement of a column section are shown Figures 2 and 3.
TABLE 1 | Details of specimens.
[image: Table 1][image: Figure 1]FIGURE 1 | Three-dimensional drawings of specimens. (A) Front elevation drawing, (B) left-side drawing, and (C) planar drawing.
[image: Figure 2]FIGURE 2 | Dimension of the column section of specimens JD-1, JD-2, and JD-3.
[image: Figure 3]FIGURE 3 | Reinforcement of the column section of specimens JD-1, JD-2, and JD-3.
For easy loading, each specimen was designed with rectangular column capitals. The vertical and horizontal sides of the column capital were, respectively, arranged with a dense row of reinforcing mesh with a diameter of 12@60 and 12@80 to ensure that the force of the column capital is transferred reasonably to the column. The reinforcement is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Reinforcement of column capital.
According to the calculation, both the top and the bottom of the beam in the test were reinforced with four HRB 335 reinforcing bars with a diameter of 20 mm to ensure that the load at the end of the beam and the joint failure were in the range of loading values of a servo-actuator loading control system, as shown in Figures 5–7. The reinforcements of the specimens are shown in Figure 8.
[image: Figure 5]FIGURE 5 | Reinforcement of the beam section of specimens JD-1, JD-2, and JD-3.
[image: Figure 6]FIGURE 6 | Reinforcement of specimen JD-4.
[image: Figure 7]FIGURE 7 | Reinforcement of the beam section of specimen JD-4.
[image: Figure 8]FIGURE 8 | Details of specimens. (A) Section reinforcement of specimens JD-1, JD-2, and JD-3; (B) reinforcement of specimens JD-1, JD-2, and JD-3; (C) section reinforcement of specimen JD-4; and (D) section reinforcement of specimen JD-4 (Xiang et al., 2017).
Mechanical Properties of Materials
All specimens with C30 grade concrete were maintained for 28 days according to the regulations. Three standard cube blocks (150 mm × 150 mm × 150 mm) were maintained when the specimens were poured to determine the mechanical properties of concrete. In order to ensure the concrete strength of the specimens was the same as that of the remaining test blocks, the test blocks and specimens were maintained in open air under the same conditions. Besides, the cube strength of the test block should be measured on the day when the specimen is to be tested. Sixty concrete strain gauges and steel strain gauges were affixed to each specimen, which were arranged on the crack-prone part of the concrete in the joint area, the longitudinal reinforcing bars in the beam, stirrups, and steel bars.
When the concrete was poured and the steel bars were bound, a small portion was reserved to measure the actual mechanical properties of the material. The measurement results are provided in Tables 2 and 3.
TABLE 2 | Mechanical properties of concrete (N/mm2).
[image: Table 2]TABLE 3 | Mechanical properties of steel tube, profile steel, and bars.
[image: Table 3]Loading Device and Loading System
The pseudo-static test was carried out on three joints between the SRCSS column and the RC beam specimens JD-1, JD-2, and JD-3, and one joint between the RC special-shaped column and the specimen JD-4. Meanwhile, their performances under bidirectional low-cyclic reversed loading were compared. By changing the reinforcement ratio of stirrups in the core areas of the SRCSS column and RC beam, the regular parameter of influence was obtained. An electro-hydraulic servo structure test machine was used for repeated bidirectional low-cyclic loading in the test. The test loading device is shown in Figure 9. By using the pseudo-static test method, in order to ensure that the specimen can move freely in the horizontal direction under vertical load and horizontal load, a free-sliding hinge device was arranged between the hydraulic jack and the upper rigid beam to which the vertical load is applied at the top of the column.
[image: Figure 9]FIGURE 9 | Drawing of loading devices (Xiang et al., 2017).
For the most accurate and effective simulation of two-way seismic action, the loading system made the core area to be in the most unfavorable state. The low-cyclic reversed gradual loading system was used at the bidirectional ends of the beam in the test.
Periodical loading means repeated loading according to a certain force or displacement periodicity. The low-cyclic reversed loading was adopted in the test, which had hierarchical hybrid control on the force and displacement. A photograph of the loading device is presented in Figure 10.
[image: Figure 10]FIGURE 10 | Picture of loading devices (Xiang et al., 2017).
Axial Force
For the choice of axial force, there are axial forces and no axial forces under different conditions. The specimen JD-1 was tested under the condition of no axial force. The remaining three specimens were applied with axial force at the top of the column and loaded with an oil jack.
Axial load should be applied first, and the value of axial load should be stable when repeated test loads are applied. The method of geometric alignment was used to make the axial load act on the center of the special-shaped section. Then, all the scheduled load values should be applied two to three times. The axial loads of the four specimens are JD-1 without axial compression, 1,000 kN of JD-1’s axial pressure, 800 kN of JD-1’s axial pressure, and 800 kN of JD-1’s axial pressure, applied by an oil jack at the top of the column.
Low-Cyclic Reversed Loading
The hybrid control loading system that can control load and displacement was adopted in the loading procedure. This system was divided into two stages, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Loading rule (Xiang et al., 2017).
The First Stage: Load Control Stage
Load control was used at the small deformation stage before the specimen reached the yield load, and the value, which is 0.75 times the calculated yield load value, was taken as the back load control point. Load started until beam-1 was loaded down to the load classification control point, and at the same time, beam-2 was loaded up to the load classification control point. Reading was done once after stabilization and repeated according to this rule. After one loading cycle, it was loaded to yield and then entered the displacement control stage.
The Second Stage: Displacement Control Stage
When the specimen had a critical diagonal crack (after yield), the displacement control was adopted. The yield of the specimen is marked by an obvious turning point in the P−Δ relation. The loading was controlled by using the multiple of the yield displacement value of the specimen with critical diagonal cracks, and each displacement level was recycled three times. The sign at the end of the test was that the specimen was completely destroyed when the specimen reached the maximum bearing capacity and dropped to 85% of the maximum load.
In order to eliminate the influence of test installation or other factors and check whether the measurement instrument response was normal or not, the axial load was repeated three times at 50% of its value and then loaded to full value. For the same reason, the cracking load was repeated two times at 50% of its value, and then the loading was continued before the formal test.
STRESS MECHANISM OF JOINTS
After the frame was subjected to external loads, the stress in the core area was calculated and is shown in Figure 12. There were bending moments M1 and M2, and shear forces V1 and V2 around the core area passing through the beam. Meanwhile, it was also subjected to axial force N, bending moment MC, and shear force VC coming from the top of the column. These load effects were distributed and transferred within the joints to make the core area play its role. According to the stress process and failure types of joints, the distribution and transmission of these effects can be accurately described, and reasonable theoretical assumptions and calculation models can be given. This is the stress mechanism of the joint. The stress mechanism of joints is affected by various factors, including concrete strength, properties of steel, reinforcement structures in joints, and the anchorage of beams and columns. So far, the common mechanisms of joints are the strut mechanism, the shear friction mechanism, and the truss mechanism.
[image: Figure 12]FIGURE 12 | Stress mechanism of joints.
The structure mechanism and the shear friction mechanism will be used in the further analysis. The truss mechanism is applicable when the core zone is equipped with both horizontal stirrups and dense vertical reinforcement and when the joints are subjected to a large shear force, and a plurality of cracks are generated in the core area under repeated loading. Under the above conditions, the effect of the diagonal concrete struts was reduced, and most of the shear forces could be assumed by an imaginary truss mechanism. In this test, the SRC was prepared in the core area of the joint, and there were few longitudinal steel bars in the special-shaped column. It was difficult to form a dense steel mesh frame in the core area of the joint during the failure process. In fact, it was not a separate function of a certain force-receiving mechanism in the shearing process in the core area of the joint, but it worked under the combined actions of various force transmission mechanisms. Although the sources of various force transmission mechanisms are very clear in theory, it is still impossible to quantify the shear forces shared by various force transmission mechanisms. Therefore, in the subsequent analysis, it is necessary to grasp the characteristics of the forces in the different stress processes of the nodes. It is also necessary to select the dominant force mechanism and the force model for analysis.
Shear Capacity of Space Joints
As for the shear capacity of space joints, according to the literature (Xue et al., 2012), when the crack resistance and shear strength of a two-way space frame joint are calculated, the unidirectional crack resistance and shear strength of two main axes can be calculated separately in advance, and then the synthetic shear strength can be obtained by the force synthesis principle. The calculation formula is as follows:
[image: image]
where
[image: image]is the shear strength of space joints,
[image: image] is the unidirectional shear strength of space joints along the X spindle direction, and
[image: image] is the unidirectional shear strength of space joints along the Y spindle direction.
As for the design of the space joints and the calculation of the shear capacity, it is usually based on the analysis of the unidirectional force at different principal directions.
Theoretical Analysis of the Crack Resistance Capacity of Joints
At the beginning of the loading, the beam–column joints were basically in the elastic state, and the shear deformation of the steel web was basically the same as that of concrete. As the load continued to increase, the concrete cracked along the diagonal of the joint core. As the load continued to increase, concrete cracks in the core area increased and expanded, and the shear deformation increased. Force analysis is conducted in the direction of the joint, and a joint core was selected for element analysis, as shown in Figure 13.
[image: Figure 13]FIGURE 13 | Stress state of joint core.
The shear deformation of a joint is analyzed as follows:
[image: image]
where
[image: image] is the shear strain of section steel in the core area,
[image: image] is the shear strain of concrete in the core area,
[image: image] is the shear strain of the steel tube in the core area, and
[image: image] is the shear strain of concrete in the core area of the steel tube.
[image: image]
where [image: image] are the sheer strength of section steel in the core area and the sheer strength of concrete in the core area, respectively;
[image: image] are the sheer strength of the steel tube in the core area and the sheer strength of concrete in the core area of the steel tube, respectively;
[image: image] are the shear modulus of section steel in the core area and the shear modulus of concrete in the core area, respectively; and
[image: image] are the shear modulus of the steel tube in the core area and the shear modulus of concrete in the core area of the steel tube.
[image: image]
where [image: image] are the elastic modulus of section steel in the core area and the elastic modulus of concrete in the core area, respectively;
[image: image] are the elastic modulus of the steel tube in the core area and the elastic modulus of concrete in the core area of the steel tube, respectively;
[image: image] are the poisson ratio of section steel in the core area and the poisson ratio of concrete in the core area, respectively; and
[image: image] are the poisson ratio of the steel tube in the core area and the poisson ratio of concrete in the core area of the steel tube.
Therefore, the shear strain is R when the joint is initially cracked. At this time, there is strain coordination in the joint area.
Then,
[image: image]
According to strain coordination in the joint area: [image: image]
Then,
[image: image]
where
[image: image] are the shear stress of the joint upon initial cracking of section steel and the shear stress of the joint on initial cracking of concrete, respectively;
[image: image] are the shear stress of the joint upon initial cracking of the steel tube and the shear stress of the joint upon initial cracking of concrete in the steel tube, respectively;
α is the influence coefficient of concrete axial tensile strength (it is related to the axial compression ratio and can be obtained from test data); and ft is the standard value of concrete axial tensile strength.
The anti-crack bearing capacity in the core part of the joint between the SRCSS column and the RC beam was formed by superimposing the steel, the concrete in the core area, the steel tube, and the concrete in the steel tube. The calculation formula is as follows:
[image: image]
where
[image: image] are the crack bearing capacity of joint steel and the crack bearing capacity of concrete, respectively;
[image: image] are the crack bearing capacity of the concrete in the joint steel tube and the crack bearing capacity of the steel tube, respectively;
bi, hi are the width and height of the cross section of the joint core, respectively;
hw, tw are the height and thickness of the steel web, respectively; and
D, t are the nominal diameter and wall thickness of the joint steel tube, respectively.
According to the results of the test, we can measure the relation between the shear stress [image: image] and axial compression ratio n of concrete when the core area of the joint is about to crack. Therefore, linear regression is used to determine the influence coefficient of crack resistance and the axial compression ratio. After getting the formula, the coefficients of regression are k1 and k2.
[image: image]
This test can determine the values of k1 and k2 according to the SRCSS column and RC beam joint specimens JD-1 and JD-2. The axis pressure of specimen JD-1 is 0; the axis pressure of specimen JD-2 is 1,000 kN; the cracking load in the core area of joint JD-1 is 70 kN; and the cracking load in the core area of joint JD-2 is 110 kN. After substituting them into Eq. 4, the results are k1 = 0.71 and k2 = 1.457, and we can get the formula as follows:
[image: image]
The relation curve [image: image] is shown in Figure 14.
[image: Figure 14]FIGURE 14 | [image: image] relative curve.
The crack resistance capacity of 102 kN when the axial pressure is 800 kN is calculated by the formula, which is in good agreement with the actual cracking load 98 kN of test piece JD-3. As shown in Figure 14, the triangle icon point represents the measured value of the SRCSS column joint specimen JD-3 tested at an axial pressure of 800 kN. It can be seen from the figure that it is very close to the calculated value of the formula.
When the main crack was formed, the concrete along the diagonal of the core area formed a through crack, and the steel web and the core steel tube also entered the yield stage. The stress of the stirrups also increased significantly, or even yielded. At this time, the effective work of stirrups and steel webs had a certain restraining effect on the concrete in the core area. Therefore, the ordinary concrete in the core area was subjected to a part of shear force and still had a certain contribution to the shear capacity of the joint. Even after the steel tube and the steel web were yielded, the bearing capacity of the joint could be improved, but the shear deformation of the core area would be obviously increased. Before the steel reached the limit state with the appropriate steel, the steel and steel tubes would yield. The joint test showed that the shear capacity of the special-shaped column joints with steels and core steel tubes was mainly provided by the concrete in the joint core, the stirrups, and the steel concrete and core steel tube concrete in the joint core. Due to the restraining effect of steel profiles, especially steel tubes, the shear bearing capacity of concrete significantly increased. In the presence of axial pressure, the large axial compression ratio made the cracking load of the joint increase greatly. The existence of axial pressure also made the ultimate load energy increase considerably. In a certain range, the greater the axial compression ratio is, the more the cracking shear force and the ultimate shear force will be.
This work analyzed the force mechanism of spatial joints and proposed the formula for calculating the anti-crack and shear capacity of RC beams and RC special-shaped columns. The shear capacity of SRCSS column joints was obviously better than that of normal RC special-shaped column joints. The webs and concrete of the built-in steels contributed a lot to the shear resistance of the joints. The stirrups in the joint area also bore part of the shear force. The shear resistance of the joint was formed by the shear capacity of the concrete, the shear capacity of the stirrups in the joint area, the shear capacity of the steel web, and the shear capacity of the concrete in the steel tube. In this article, the influence of axial compression ratio on the shear capacity of the joint was also analyzed, and the important conclusion that the shear capacity of the joint increases along with an increase of the axial compression ratio within a certain range was obtained.
CONCLUSION
The bidirectional low-cyclic reversed loading test on the RC beam joints and the SRCSS columns in this article can put the joint in a more unfavorable and real stress state in service. It is much closer to the general case of the structural joints under the actual two-way earthquake action than the conventional single-beam joint test of the side-column joint of frame structure. The test results have a higher realistic reference value. From the test results obtained in this article and the theoretical analysis, the following conclusions are obtained:
	SRCSS columns and RC beams have small stiffness degradation, good ductility, and less degradation in bearing capacity, which can meet the design requirements of strong joints between strong columns and weak beams. So it is suitable for application and promotion. However, there are still some limitations in the application of SRCSS structures because some relevant specifications have not been published, for example, under eccentric compression and torsion, which need to be further studied.
	The existence of axial compression ratio may increase the cracking load and shear capacity of the joint. The axial compression ratio adds a direction constraint to the core area of the joint. But the axial compression ratio shall be controlled within a certain range to play a positive role. Otherwise, it will have an adverse effect on the joint.
	Steel web can effectively bear part of the shear force. The shear capacity of joints with steel is larger than that of normal concrete joints, and the ductility is better. The steel flange has a certain restraining effect on the concrete, so that the crack resistance and shear resistance of the concrete are improved to some extent. Meanwhile, the concrete in the joint area has a certain restraining effect on the steel web under the effective work of the stirrups, which can prevent local buckling of the steel web.
	The shear capacity of a concrete-filled steel tube in the core region of beam–column joints of SRCSS columns is not a simple superposition of the shear strength about steel and concrete. Due to the restraining effect of steel tubes, the shear resistance of concrete in the joint core is about 50% better than that of normal concrete. Concrete is evenly stressed in the steel tube. When plastic hinge failure occurs at the beam end, the hysteresis loop is full and shows a shuttle shape. It indicates that the core concrete in the steel tube has good energy dissipation and ductility when participating in the resistance of shear force in the joint core area.
	According to theoretical analysis, the shear capacity of the joints between RC beams and SRCSS columns is mainly composed of the shear capacity of steel webs, the shear capacity of concrete in the joint core, and the shear capacities of the stirrups and the core concrete in steel tubes.
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