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Abstract

:

In the article, the semi-permanent aluminum alloy portal frame is used as the research background, beam-column joints are used as the research object, and experimental and numerical analyses are carried out. The influence of different bolt diameters and arch angles on the mechanical properties of beam-column joints under vertical load was analyzed using five sets of experiments. The experimental results show that the load–displacement curves of different bolt diameters in the elastic stage are basically consistent. After entering the plastic stage, the ultimate load first increases and then decreases, and the ultimate displacement is basically consistent. According to the experiment, there is no significant difference in the load–displacement curve when the arch angle increases from 90 degrees to 108 degrees. When the arch angle increases to 126 degrees, the stiffness and ultimate bearing capacity of the node under vertical load significantly increase. Then, a numerical analysis model was established to analyze the mechanical performance of beam-column joints under horizontal loads. The numerical analysis results indicate that under horizontal load, as the diameter of the bolt increases, the yield load, yield displacement, ultimate load, and ultimate displacement of the beam-column node exhibit no significant changes, and the change amplitude is minimal. When the beam-column node is subjected to horizontal loads, as the arch angle increases, the yield and ultimate displacement increase by 2.14 times and 2.78 times, respectively, and the yield and ultimate load decrease by 58% and 48%, respectively. Finally, a simplified design method for beam-column joints was proposed based on experiments and numerical analysis.
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1. Introduction


The commonly used types of joints in aluminum alloy spatial structures include gusset joints, bolt ball joints, cast aluminum joints, and hub joints, as shown in Figure 1. So far, some researchers have conducted a series of studies on these aluminum alloy joints and achieved excellent results.



Guo et al. [1,2,3] conducted an experimental study on the out-of-plane bearing capacity of plate joints and obtained the failure modes of the joints under different plate thicknesses. They found that as the plate thickness increased, the stiffness of the joints increased. They proposed a four-line model of semi-rigid out-of-plane plate joints. Then, through theoretical analysis, the bending stiffness and corresponding critical bending moment values of the joints in each stage of the four-line model were derived. Finally, a numerical model was established to simulate the stiffness of the bolt fixation stage and the hole wall pressure bearing stage, and based on the numerical analysis results, a formula for the out-of-plane bending stiffness of the joint was obtained. Then, based on out-of-plane research, a semi-rigid four-line model of in-plane aluminum alloy plate joints was obtained with numerical simulation. Guo et al. [4] conducted experimental research on the out-of-plane hysteresis performance of aluminum alloy plate joints. The experimental results showed that due to the gap between the bolt hole and the bolt rod, the hysteresis curve was not quite complete, and the torque relative rotation hysteresis curve showed that the joint had good energy dissipation capacity. Moreover, as the thickness of the joint plate increased, the command performance of the joint gradually improved. Ma et al. [5] proposed a new type of column plate joint based on the traditional aluminum alloy plate joint and obtained the bending moment angle curves of the column plate joint around the strong axis, weak axis, and torsion directions. Then, they were introduced into the grid shell beam element model. The analysis results showed that the column plate stage is still in the elastic stage when the grid shell is unstable. Chen et al. [6] conducted experimental research on the out-of-plane hysteresis performance of plate joints and obtained the hysteresis curve, ductility ratio, and energy dissipation rate of plate joints. In addition, they were compared with numerical simulation results and were found to be consistent. Liu et al. [7] conducted experimental research on the low cycle fatigue performance of plate joints, obtained the low cycle fatigue failure mechanism and fatigue life of plate joints, and then conducted numerical simulation. The numerical simulation results were significantly consistent with the experimental results. Finally, a local feature based low cycle fatigue life prediction method was proposed. Zhao et al. [8,9] improved the plate joint and proposed two new types of aluminum alloy joints. Through experimental research, it was found that both types of joints have good mechanical properties and can be used for single-layer aluminum alloy lattice shell structures.



Hiyama et al. [10] proposed a formula for calculating the stiffness of aluminum alloy bolted ball joints through experimental and numerical simulation analysis. Liu et al. [11,12] studied a new type of aluminum alloy bolt spherical joint and evaluated it through tensile tests and numerical simulations. The tensile performance and failure mechanism of aluminum alloy bolt spherical joints was explored, and ultimately, a calculation formula for the tensile capacity of aluminum alloy bolt spherical joints was proposed. Shi et al. [13] conducted full-scale tests on three forms of cast aluminum joints in conjunction with the Chenshan Botanical Garden Greenhouse Exhibition Hall project. The test results showed that the cast aluminum joints had a greater flexural stiffness outside the plane and a smaller stiffness in the plane, making them typical semi-rigid joints. Their failure mode was brittle fracture failure. Subsequently, numerical simulations were conducted, and a simplified calculation formula for their bearing capacity was proposed. Cast aluminum joints can be widely used in aluminum alloy spatial structures. Sugizaki, K et al. [14,15] conducted experimental research on the basic mechanical properties of the cast aluminum joint, and the research results showed that adjusting the material properties of the component can ensure that the ultimate tensile bearing capacity of the joint is approximately the product of the tensile strength of the pipe and the cross-sectional area, which also indicates that this joint has an obvious semi-rigidity. Yonemaru et al. [16] conducted bending tests on aluminum alloy and carbon fiber-reinforced composite hub joint trusses, and the results showed that the overall truss buckling occurred due to the failure of the upper components.



The lightweight portal frame itself has the advantages of large building space, simple structural stress, and clear transmission path. The aluminum alloy portal frame structure combines many advantages brought by materials [17,18], such as lightweight, high strength, corrosion resistance, and high assembly rate. Therefore, aluminum alloy portal frame structures can be used not only in traditional permanent buildings such as workshops and warehouses, but also in temporary or semi-permanent buildings such as healthcare camps, exhibitions, sports events, and logistics warehousing. At present, there are relatively few research results on aluminum alloy portal frame joints. In this article, a new type of beam-column joint for aluminum alloy portal steel frames is proposed. Then, experimental research and numerical simulation analysis were conducted on this new type of beam-column joint. Finally, based on experiments and numerical simulations, a simplified design method for this type of joint was proposed.




2. Test Scheme


2.1. Specimens Design


To explore the mechanical properties of aluminum alloy portal frame beam-column joints, in this section, beam-column joint specimens are designed as shown in Figure 2. The beam-column joint specimens are made of H-shaped aluminum alloy members and double C-shaped double groove connectors tightly connected by bolts. Among them, the cross-sectional size of the aluminum alloy I-beam is H203 × 106 × 11 × 11 mm, and the channel steel connection is C181 × 47.5 × 5 × 10 mm. Six and four bolt holes are, respectively, set on the upper and lower flanges of the H-shaped aluminum alloy I-beam, and six bolt holes are set on the web of the I-beam. At the same time, bolt holes are set at the corresponding positions of the flange and web of the double groove connector. The diameter of the bolt holes is determined based on the corresponding bolt diameter (greater than 0.2 mm of the bolt diameter). The lengths of aluminum alloy I-beams are 1240 mm and 990 mm, respectively, and the lengths of channel steel connectors are 470 mm. The distribution spacing of bolts on the flange and web is 148 mm. The structural dimensions of the specimens are shown in Figure 2a. The aluminum alloy I-beams are cut and drilled in the factory, and the double groove connectors are welded from steel plates. The two are then transported to the laboratory for assembly and connection, as shown in Figure 2b.



For portal frames, the bolt diameter and arch angle of beam-column joints have a significant impact on the mechanical performance of their beam-column joints. Therefore, a total of 5 beam-column joint specimens were designed in this chapter, and the parameters of each specimen are detailed in Table 1. From this table, it can be seen that this experiment mainly designed beam-column joint specimens with different bolt diameters (8 mm, 14 mm, and 20 mm) and different arch angles (90°, 108°, and 126°) to explore the impact of different bolt diameters and arch angles on the mechanical properties of aluminum alloy portal frame beam-column joints. It should be noted that when studying the influence of bolt diameter or arch angle, other structural parameters of beam-column joints remain consistent.




2.2. Testing System


The loading site of this experiment is shown in Figure 3a. The experimental system mainly includes reaction frame (composed of reaction beam and column), jack, consolidation support, loading control instrument, and data acquisition instrument. During the experiment, the lower end of the specimen is first tightly connected to the consolidation support, and then, a vertical concentrated force is applied to the specimen through a jack, as shown in Figure 3b. Four bolts and end plates are used to securely connect the jack to the reaction beam, ensuring that the position of the loading point does not shift during the loading process, as shown in Figure 3c. The consolidation support is tightly connected to the foundation through vertically arranged threaded steel bars, while the bottom of the specimen is tightly connected to the consolidation support through three drainage flat bolts, ensuring the formation of consolidation constraint boundary conditions at the bottom of the specimen, as shown in Figure 3d. By using the above loading methods and support forms, the boundary conditions of aluminum alloy portal frame beam-column joints under vertical load can be simulated, thereby ensuring the effectiveness of the test results. During the experiment, the loading control instrument was used to control the loading speed. In this experiment, the loading speed was 1 mm/min, and the data collection instrument was used to record the test data at each moment.



During the experiment, the strain and displacement data of the specimen at each moment are recorded using a data acquisition instrument, and the positions of each measuring point are shown in Figure 4. To obtain the strain variation pattern of H-type aluminum alloy beams and C-type channel steel connections under vertical load, a total of 10 sets of strain gauges were set at different parts of the cross-section, as shown in Figure 4a. Among them, strain gauges 1–5 are arranged on the cross-section of aluminum alloy beams, and gauges 6–10 are arranged on channel steel connectors. The No.1 strain gauge is arranged on the upper flange of the aluminum alloy beam, the 2nd, 3rd, and 4th are, respectively, arranged on the beam web from top to bottom, and the 5th is arranged on the lower flange of the aluminum alloy beam. Strain gauges 6 and 10 are, respectively, arranged on the upper and lower flanges on the left side of the channel steel connection, while gauges 7, 8, and 9 are evenly arranged on the web plate of the channel steel connection. The full cross-section strain changes in aluminum alloy beams and channel steel connections are monitored and recorded during the loading cycle using 10 strain gauges.



Two displacement meters are, respectively, arranged at the time loading point and the end of the channel steel connection, as shown in Figure 4b. The No. 1 displacement meter is set on the end side of the aluminum alloy beam flange to record the displacement changes at the end points of the aluminum alloy beam. The No. 2 displacement meter is set on the end side of the channel steel connector to record the displacement changes at the end of the channel steel connector.




2.3. Material Property Test


The H-shaped I-beam of the test piece is made of 6061-T6 [19,20] aluminum alloy profile, and the double groove connector is made of Q235 steel. Samples from the same batch of aluminum and steel used in the test components are obtained and processed into standard specimens for material properties testing [21], as shown in Figure 5a. The main length of the material test piece is 250 mm, with both ends being 55 mm and 25 mm in length and width, and the middle section being 90 mm and 15 mm in length and width, respectively. The two ends and middle section are transitioned through a circular arc with a radius of 36 mm. The dimensions of the test piece are shown in Figure 5b. The material testing tensile machine tightly clamps the two ends of the material test piece, and then begins to apply axial tension, as shown in Figure 5c. The failure mode of the specimens is shown in Figure 5d, and all of them show tensile failure of the middle section. The results of the material properties test are summarized in Table 2.





3. Analysis of Test Results


3.1. Failure Characteristics


For beam-column joints with different bolt diameters, the failure state of the bolt hole wall needs to be focused on. Therefore, the bolts were removed after the specimen failed, and the state of the bolt hole wall is shown in Figure 6. When the bolt diameter is 8 mm, there is a significant extrusion deformation on the hole wall. When the bolt diameter is 14 mm, some bolt hole walls show slight compression deformation, while some hole walls show no significant compression. The bolt diameter increased to 20 mm, and the bolt hole walls remained intact without obvious signs of compression. From the above analysis, it can be seen that as the diameter of the bolt increases, the extrusion area of the bolt hole wall increases, and the extrusion deformation of the hole wall gradually decreases.



The failure modes of beam-column joint specimens with different arch angles are summarized in Figure 7. From this figure, it can be seen that the failure modes of the beam-column joint specimens are basically consistent at different arch angles. As the vertical load increases, the bending moment at the corner of the aluminum alloy portal frame beam-column joint gradually increases, causing buckling failure of the outer flange corner of the double groove connection, and is accompanied by an increase in the gap between the aluminum alloy beam flanges.




3.2. Strain Curve


In order to investigate the variation law of the full section strain of aluminum alloy beams and double groove connectors during vertical load loading, the loading cycle was divided into five specimen joints, and the strain distribution status of each joint section was extracted, as shown in Figure 8. Observing the strain graph curves at various time points, the observations made are as follows:




	(1)

	
The cross-sectional strain distribution of aluminum alloy beams and channel steel connectors of each specimen is basically consistent, which is due to the similar structural forms and consistent loading methods of each joint specimen;




	(2)

	
The strain distribution of aluminum alloy beams is similar to that of composite I-shaped sections under bending moment, showing a general pattern of larger strain on the upper and lower flanges and smaller strain on the web;




	(3)

	
The maximum strain of the channel steel connection occurs at the junction of the web and the upper and lower flanges, with the strain values of the upper and lower flanges in the middle and the strain in the middle of the web being the smallest.









The strain distribution of aluminum alloy beams basically indicates that the specimen mainly bears the action of bending moment under vertical load, and the position of strain 0 is not far below the center point of the section, indicating that the component simultaneously bears the action of shear force, but the shear force is relatively small. By analyzing the strain distribution pattern of double groove connectors, it can be concluded that the web of the double groove connector is responsible for transmitting most of the bending moment, while the flange transmits a small portion of the bending moment. Therefore, in joint design, the thickness of the web plate of the double groove connection should be appropriately increased.




3.3. Load–Displacement Curve


Based on the analysis factors of different bolt diameters and arch angles, the load−displacement curves of the specimens were summarized and compared, as shown in Figure 9. The load−displacement curve of aluminum alloy portal frame beam-column joints under vertical load mainly includes three stages: elastic stage, yield stage, and degradation stage. A detailed analysis of the load−displacement curves for different bolt diameters and arch angles based on three stages is conducted.



The load−displacement curves of different diameters are shown in Figure 9a. In the elastic stage, the load–displacement curves of different bolt diameters are basically consistent, and the yield load is close to 50 kN. After entering the plastic stage, the load–displacement curves of different diameters begin to show differences, meaning that the ultimate load first increases and then decreases, and the ultimate displacement is basically the same. Among them, the ultimate load is 52 kN for a diameter of 8 mm, 63 kN for a diameter of 12 mm, and 58 kN for a diameter of 20 mm. This is because as the diameter of the bolt increases, the shear-bearing capacity of the bolt group increases, resulting in an increase in the bearing capacity of the specimen. But, when the bearing capacity of the bolt group is greater than the bearing capacity of the net section of the rod, increasing the bolt diameter will not cause an increase in the bearing capacity of the specimen, but will instead cause a decrease in the net section area, leading to a downward trend in the bearing capacity of the specimen. In the degradation stage, the downward trend observed in load–displacement curves with different diameters is basically consistent, and the differences between the three curves are the same as those in the plastic stage, so we will not elaborate on them here.



The load−displacement curves for different arch angles are summarized in Figure 9b. When the arch angle increases from 90 degrees to 108 degrees, the load–displacement curve basically matches in the elastic stage, and there is a slight difference between the plastic stage and the degradation stage. When the arch angle increases to 126 degrees, there are significant differences in the load–displacement curve in the elastic stage, yield joint, and degradation stage, that is, the stiffness and ultimate bearing capacity of the specimen under vertical load significantly increase, with an increase of 30% in ultimate bearing capacity and a decrease of 35% in ultimate displacement. The reason for the above phenomenon is that when the arch angle increases to a certain extent, the force on the beam under vertical load changes from mainly bending to compression bending. Axial pressure can improve the bending performance of the beam to a certain extent, thereby reducing the vertical displacement caused by bending moment.





4. Establishment of Numerical Models


4.1. Numerical Model


Based on the geometric symmetry of aluminum alloy portal frame beam-column joints, a 1/2 joint model was established in ABAQUS with the cross-section of the center line of the aluminum alloy I-beam web as the symmetry plane, as shown in Figure 10a. The geometric dimensions of the numerical model are strictly consistent with the experimental components, in order to verify the effectiveness of the model compared with the experimental results. Each component adopts an eight-joint six-sided linear reduced integral element (C3D8R element). The grid size of aluminum alloy beams and connectors is 5 mm, the grid size of bolts is 2 mm, and the total number of grids in the node model is 65,000. During the modeling process, aluminum alloy beams, double groove connectors, and bolts will be divided into different component groups to facilitate model calculation and query of later calculation results.



The division of finite element mesh directly determines the accuracy and speed of calculation. The mesh division of this model is shown in Figure 10b. According to the structural and stress characteristics of the beam-column joints, the grid density should be appropriately increased at the corners and bolt connections of the model, and relatively small grid densities can be used for grid division at other positions, but it should be ensured that no less than two segments of grid are divided along the thickness direction.



When conducting numerical simulations, the selection of material models will directly determine the effectiveness of the calculation results. In the numerical model of beams and columns, there are mainly two types of materials, namely, aluminum alloy and steel. Based on the results of material properties tests, the Ramberg–Osgood model was used for aluminum alloy [22,23], and the double-line model was used for steel, as shown in Figure 11.



According to the loading scheme and constraint conditions of the test specimen, the boundary conditions of this model mainly include three aspects, namely, fixed end constraints, symmetric constraints, and contact settings [24]. The fixed end constraint is consistent with the experiment, that is, a consolidation constraint is set at the bottom of the column component of the beam-column joint specimen to constrain the displacement and rotation of the column bottom, as shown in Figure 12a. According to the geometric symmetry of the joint specimen, symmetric constraints are set on the central section of the web, as shown in Figure 12b. Relative sliding occurs between different components of the specimen, so it is necessary to set up a “limited slip” contact. The bolt rod and bolt hole wall only need to be set up with a normal “hard contact”, while other contacts need to consider friction, that is, set a tangential “Coulomb friction” with a friction coefficient of 0.3. The coupling point is set at the center of the section at the loading end, which is used to apply the load, as shown in Figure 12c.




4.2. Model Validation


To verify the effectiveness of the numerical model, test specimens SJ-1 and SJ-5 were simulated, and the comparison of load–displacement curves is shown in Figure 13. From this figure, it can be seen that the load–displacement curves of the experiment and numerical simulation are relatively consistent, especially the variation law of the second type curve is basically consistent. The ultimate loads and displacements for experiments and numerical simulations are listed in Table 3. The comparison results show that the ultimate load error between the experiment and numerical simulation is only 4.77%, and the ultimate displacement error is only 4.01%. Obviously, this type of numerical model can be used for parameter analysis of aluminum alloy portal frame beam-column joints.





5. Parameterized Analysis of Numerical Simulation


5.1. Basic Model Parameters


Before conducting numerical simulation parameter analysis, the basic model information will be introduced, and subsequent models will adjust the response parameters based on the different analysis parameters of the basic model. The cross-sectional dimensions of the H-type aluminum alloy rod in the basic model are H200 × 100 × 8 × 10, the cross-sectional dimensions of the groove type connector are 2C180 × 46 × 5 × 10, the arch angle is 96 degrees, the bolt grade is 10.9, and the bolt diameter is 20 mm. The H-type aluminum alloy rod is made of 6061-T6 aluminum alloy (from China) profile, and the channel steel connector is made of Q235 steel (from China). On the basis of the basic model, a numerical analysis model is established for different bolt diameters, arch angles, and thickness of groove connectors, in order to analyze the influence of these factors on the mechanical properties of aluminum alloy portal frame beam-column joints. In the basic model, the load forms are divided into three types, namely, vertical concentrated force and horizontal concentrated force, which are used to analyze the force characteristics and deformation mechanism of this type of joint under the action of out-of-plane vertical load and in-plane horizontal load.




5.2. Mechanical Properties under Vertical Loads


The mechanical performance of aluminum alloy portal frame beam-column joints under vertical load was studied through experiments with different bolt diameters and arch angles. Here, numerical simulation was used to supplement and analyze the influence of arch angle and channel steel wall thickness on the vertical performance of this type of joint. The vertical load–displacement curves for different arch angles and channel steel wall thicknesses are summarized in Figure 14 and Table 4 and Table 5:




	(1)

	
As the arch angle increases (from 96 degrees to 136 degrees), there is no obvious change in yield displacement and ultimate displacement, and the change amplitude is small. The yield load and ultimate load gradually increase (2.04 times and 1.90 times, respectively), and the failure characteristics gradually change from groove type connection failure to H-type aluminum alloy rod failure;




	(2)

	
As the wall thickness of the groove type connector increases from 4 mm to 14 mm, the yield displacement and yield load increase by 2.44 and 3.96 times, respectively, and the ultimate displacement and ultimate load increase by 1.8 and 2.46 times, respectively. The failure characteristic changes from the groove type connector failure to the H-type aluminum alloy rod failure;




	(3)

	
As the arch angle increases, there is a gradual increase in vertical bearing capacity of beam-column joints. As the wall thickness of groove connectors increases, the increase in vertical bearing capacity of beam-column joints is gradually reduced.









The yield stress state and ultimate stress state of aluminum alloy portal frame beam-column joints under vertical load at different arch angles are shown in Figure 15. When the beam-column joint begins to yield, as the arch angle increases, the stress of the H-type aluminum alloy rod gradually increases, and the stress of the bolt changes without obvious regularity. The stress of the groove type connection remains basically unchanged. When the beam-column joint reaches the limit state, with an increase in the arch angle, the stress of the H-type aluminum alloy beam and the groove connection remains basically unchanged, and the stress change in the bolts shows no obvious pattern.



The yield stress state and ultimate stress state of aluminum alloy portal frame beam-column joints under vertical load are shown in Figure 16, when the wall thickness of different groove connectors is different. As the wall thickness of the groove type connector increases, the stress of the H-type aluminum alloy rod gradually increases when the aluminum alloy portal frame beam-column joint yields. The stress of the groove type connector remains unchanged, and the stress of the bolt significantly increases. As the wall thickness of the groove type connector increases, when the beam-column joint reaches the limit state, the stress of the H-type aluminum alloy rod remains unchanged. The stress of the groove type connector has no obvious change pattern, and the change amplitude is small, and the stress of the bolt shows a trend of increasing first and then decreasing.




5.3. Mechanical Properties under Horizontal Loads


In aluminum alloy portal frames, beam-column joints mainly bear vertical and horizontal loads. The mechanical performance of this type of joint under vertical load has been previously explored, and now, we are conducting research on its mechanical performance under horizontal load. The influence of different bolt diameters, arch angles, and wall thicknesses of groove connectors on the load-bearing performance of aluminum alloy portal frame beam-column joints under horizontal load are summarized in Figure 17 and Table 6, Table 7 and Table 8. Through analysis, the conclusions drawn are as follows:




	(1)

	
Under horizontal load, as the bolt diameter increases, there is no significant change in the yield load, yield displacement, ultimate load, and ultimate displacement of the beam-column joint, and the change amplitude is minimal. This is because when the bearing capacity of the bolt group is greater than the bearing capacity of the member section, increasing the bolt diameter does not enhance the horizontal bearing performance.




	(2)

	
When the beam-column joint is subjected to horizontal load, as the arch angle increases, the yield and ultimate displacement gradually increase (2.14 times and 2.78 times, respectively), and the yield and ultimate load gradually decrease (58% and 48%, respectively). This is because as the arch angle increases, the axial force generated by the horizontal load gradually decreases and the bending moment gradually increases.




	(3)

	
The wall thickness of different groove connectors has little effect on the horizontal load-bearing performance of aluminum alloy portal frame beam-column joints. For instance, as the wall thickness changes, the load–displacement curves basically overlap, and the changes in yield displacement, yield load, ultimate displacement, and ultimate load are minimal.




	(4)

	
Under horizontal loads, the failure mode of joints mainly manifests as beam failure and connector failure under different bolt diameters, arch angles, and connection wall thicknesses.









The yield and ultimate stress states of aluminum alloy portal frame beam-column joints under horizontal load with different bolt diameters are shown in Figure 18. There is no significant difference in the stress of H-type aluminum alloy rods at joint yield and ultimate state, while the stress of bolts at joint yield and ultimate state decreases with an increase in diameter. This is because an increase in bolt diameter will increase the stress area of the bolt, thereby significantly reducing its stress.



The yield and ultimate stress states of aluminum alloy portal frame beam-column joints under horizontal load at different arch angles are shown in Figure 19. As the arch angle increases, the stress of the H-shaped aluminum alloy beam remains unchanged during joint yielding and failure, the stress of the groove type connector increases first and then remains unchanged, and the stress of the bolts shows a trend of increasing first and then decreasing.



When the wall thickness of the groove type connector changes, the yield and ultimate stress state changes in the aluminum alloy portal frame beam-column joints under horizontal load are shown in Figure 20. As the wall thickness of the groove connection increases, the stress of the H-type aluminum alloy beam at joint yield gradually increases, but the increase is relatively small. The stress of the groove type connector has no obvious change pattern, and the change amplitude is relatively large when the joint yields, while the change amplitude is relatively small when the joint fails. When the joint yields and fails, the stress of the bolt increases with an increase in the wall thickness of the groove connection, and its variation is significant.





6. Joint Construction Design


6.1. Joint Construction Improvement


Through experiments and numerical analysis of aluminum alloy portal frame beam-column joints, it can be concluded that the main failure feature of the joints is the failure of the web plate at the intersection of the beam-column joints with the groove connectors, as shown in Figure 21. For structures, the connection joints should not be damaged before the components, so it is necessary to take strengthening measures for these types of joints.



According to the characteristics of the damage, structural strengthening measures such as adding partitions can be adopted, as shown in Figure 22. This partition can effectively improve the buckling resistance of the groove type connector’s web plate (out-of-plane), while providing effective support for the flange of the groove type connector, thereby comprehensively improving the load-bearing performance of aluminum alloy portal frame beam-column joints.




6.2. Joint Design Method


In order to meet the structural design principle of “strong joints and weak members”, the joint design should meet the principle of not damaging the joint before the component. By analyzing the influence of different bolt diameters on the bearing performance of beam-column joints under vertical and horizontal loads, it can be concluded that when the bearing capacity of the bolt group is greater than that of aluminum alloy members, increasing the bolt diameter has no effect on the bearing performance of the joint [25,26]. Therefore, the bearing capacity of the bolt group only needs to be greater than that of the aluminum alloy rod:


  n   min  [   d w   f c   ⋅ 2 t ,  π 2   d  2   f v   ]  ≥ f  A n   



(1)







In the formula, n is the number of bolts, d is the diameter of the bolt, t is the thickness of the H-type aluminum alloy rod, fc is the compressive strength of the aluminum alloy bolt connection, fv is the shear strength of the bolt, f is the design strength of the aluminum alloy, and An is the net cross-sectional area of the H-type aluminum alloy rod.



The numerical simulation parameter analysis results for different wall thicknesses of groove connectors indicate that their thickness has a significant impact on the vertical bearing performance of beam-column joints, while their impact on the horizontal bearing performance is relatively small. The bearing capacity of the groove type connector should be greater than that of the H-type aluminum alloy rod. Therefore, the steel model of the groove type connector should ensure that its design strength is greater than the corresponding aluminum alloy rod, and the thicknesses of its web and flange should be greater than those of the aluminum alloy rod [26,27].





7. Conclusions


The aluminum alloy portal frame beam-column joint was considered as the research object, and experiments and numerical analysis were conducted to fully explore the mechanical performance of the joint under vertical and horizontal loads. The main conclusions are as follows:




	(1)

	
The experimental results indicate that as the diameter of the bolt increases, the damage situation at the bolt hole diameter of the specimen continues to improve, and the degree of compression at the bolt hole wall gradually decreases. The failure mode of beam-column joints does not change significantly with the change in arch angle, that is, the change in arch angle has no effect on the failure form and location of the specimen.




	(2)

	
The experimental results show that the load–displacement curve mainly consists of three stages, namely, the elastic stage, yield stage, and degradation stage. In the elastic stage, the load–displacement curves of different bolt diameters are basically consistent. After entering the plastic stage, the ultimate load first increases and then decreases, and the ultimate displacement is basically consistent.




	(3)

	
According to the experiment, there is no significant difference in the load–displacement curve when the arch angle increases from 90 degrees to 108 degrees. When the arch angle increases to 126 degrees, the stiffness and ultimate bearing capacity of the joint under vertical load significantly increase.




	(4)

	
As the wall thickness of the groove type connector increases from 4 mm to 14 mm, the vertical yield displacement and yield load increase by 2.44 and 3.96 times, respectively, and the ultimate displacement and ultimate load increase by 1.8 and 2.46 times, respectively.




	(5)

	
Under horizontal load, as the diameter of the bolt increases, the yield load, yield displacement, ultimate load, and ultimate displacement of the beam-column joint show no significant changes, and the amplitude of changes is minimal.




	(6)

	
When the beam-column joint is subjected to horizontal loads, as the arch angle increases, the yield and ultimate displacement increase by 2.14 times and 2.78 times, respectively, and the yield and ultimate load decrease by 58% and 48%, respectively.




	(7)

	
The research results of this article can be used for the design of aluminum alloy portal frames, and a series of studies on the mechanical performance of the overall portal frame structure should be carried out in the future.
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Figure 1. Diagram of aluminum alloy joints. 






Figure 1. Diagram of aluminum alloy joints.
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Figure 2. Test specimen. 






Figure 2. Test specimen.



[image: Buildings 13 02698 g002]







[image: Buildings 13 02698 g003] 





Figure 3. Schematic diagram of test. 






Figure 3. Schematic diagram of test.
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Figure 4. Schematic diagram of measurement point layout. 






Figure 4. Schematic diagram of measurement point layout.



[image: Buildings 13 02698 g004]







[image: Buildings 13 02698 g005] 





Figure 5. Schematic diagram of material properties test. 
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Figure 6. Failure modes of different bolt diameters. 
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Figure 7. Failure modes from different angles. 
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Figure 8. Schematic diagram of strain distribution. 
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Figure 9. Load−displacement curve. 
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Figure 10. Joint numerical model. 
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Figure 11. Material models. 
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Figure 12. Boundary conditions. 
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Figure 13. Comparison of load–displacement curves. 
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Figure 14. Vertical load–displacement curve. 
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Figure 15. Stress bar chart of different arch angles under vertical load. 
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Figure 16. Stress bar chart of different thicknesses of connectors under vertical load. 
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Figure 17. Horizontal load–displacement curve. 
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Figure 18. Stress bar chart of different bolt diameters under horizontal load. 
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Figure 19. Stress bar chart of different arch angles under horizontal load. 
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Figure 20. Stress bar chart of different thicknesses of connectors under horizontal load. 
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Figure 21. Characteristics of joint structure failure. 
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Figure 22. Strengthening measures for joint. 
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Table 1. Detailed information of joints.
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	Specimen
	Bolt Diameter

(mm)
	Arch Angle

(°)
	Beam Section Size (mm)
	Connection Section Size (mm)





	SJ-1
	8
	108
	H203 × 106 × 11 × 11
	2C181 × 47.5 × 5 × 10



	SJ-2
	14
	108
	H203 × 106 × 11 × 11
	2C181 × 47.5 × 5 × 10



	SJ-3
	20
	108
	H203 × 106 × 11 × 11
	2C181 × 47.5 × 5 × 10



	SJ-4
	20
	90
	H203 × 106 × 11 × 11
	2C181 × 47.5 × 5 × 10



	SJ-5
	20
	126
	H203 × 106 × 11 × 11
	2C181 × 47.5 × 5 × 10










 





Table 2. Material test results.
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	Material
	Yield Strength

MPa
	Tensile Strength

MPa
	Elastic Modulus

GPa





	6061-T6
	239
	264
	70.5



	Q235
	235
	360
	206



	Bolt
	887
	992
	204










 





Table 3. Comparison of test and numerical simulation results.






Table 3. Comparison of test and numerical simulation results.





	
Specimen

	
Type

	
Displacement

(mm)

	
Load

(kN)






	
SJ-1

	
Test

	
72.8

	
53.40




	
FEA

	
72.8

	
58.17




	
SJ-5

	
Test

	
48.6

	
71.60




	
FEA

	
48.6

	
67.59




	
Error

	

	
4.77%

	
4.01%











 





Table 4. Key results of different arch angles under vertical loads.
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	Arch Angle

(°)
	Yield Displacement

(mm)
	Yield Load

(kN)
	Failure Characteristics
	Failure Displacement

(mm)
	Failure Load

(kN)





	96
	8.38
	5.94
	Connector
	48.38
	26.10



	106
	8.21
	7.47
	Connector
	45.71
	24.53



	112
	8.81
	8.67
	Connector
	44.15
	27.07



	118
	8.21
	8.94
	Beam
	48.85
	29.25



	124
	7.25
	9.75
	Beam
	48.65
	33.10



	130
	8.21
	11.98
	Beam
	44.21
	36.10



	136
	7.25
	12.13
	Beam
	46.65
	40.14










 





Table 5. Key results of wall thickness of different connections under vertical load.
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	Thickness

(mm)
	Yield Displacement

(mm)
	Yield Load

(kN)
	Failure Characteristics
	Failure Displacement

(mm)
	Failure Load

(kN)





	4
	4.60
	3.02
	Connector
	30.50
	14.67



	6
	5.28
	4.00
	Connector
	39.71
	24.53



	8
	6.31
	5.21
	Connector
	46.59
	19.16



	10
	8.38
	5.94
	Beam
	48.38
	26.10



	12
	10.94
	10.18
	Beam
	50.58
	28.48



	14
	11.21
	11.98
	Beam
	54.21
	36.10










 





Table 6. Key results of different bolt diameters under horizontal load.
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	Arch Angle

(°)
	Yield Displacement

(mm)
	Yield Load

(kN)
	Failure Characteristics
	Failure Displacement

(mm)
	Failure Load

(kN)





	96
	6.15
	18.22
	Beam
	19.21
	39.56



	106
	6.22
	18.91
	Beam
	19.03
	39.58



	112
	6.76
	19.30
	Beam
	20.61
	40.32



	118
	6.25
	22.76
	Beam
	19.15
	39.62



	124
	5.76
	21.40
	Beam
	20.61
	40.33



	130
	6.51
	23.77
	Beam
	19.78
	39.55



	136
	6.74
	24.65
	Beam
	20.37
	40.29










 





Table 7. Key results of different arch angles under horizontal loads.






Table 7. Key results of different arch angles under horizontal loads.





	Arch Angle

(°)
	Yield Displacement

(mm)
	Yield Load

(kN)
	Failure Characteristics
	Failure Displacement

(mm)
	Failure Load

(kN)





	96
	5.79
	21.40
	Beam
	20.61
	40.33



	106
	8.21
	13.73
	Beam
	30.71
	28.99



	112
	9.82
	14.14
	Beam
	36.17
	27.51



	118
	12.71
	14.76
	Beam
	39.71
	25.29



	124
	12.71
	12.27
	Beam
	44.21
	23.55



	130
	12.71
	10.47
	Beam
	48.71
	22.13



	136
	12.38
	8.89
	Beam
	57.38
	21.13










 





Table 8. Key results of wall thickness of different connections under horizontal load.






Table 8. Key results of wall thickness of different connections under horizontal load.





	Thickness

(mm)
	Yield Displacement

(mm)
	Yield Load

(kN)
	Failure Characteristics
	Failure Displacement

(mm)
	Failure Load

(kN)





	4
	6.21
	21.43
	Connector
	19.49
	38.62



	6
	6.31
	20.40
	Connector
	19.49
	38.67



	8
	6.35
	20.66
	Connector
	19.49
	38.70



	10
	5.79
	21.40
	Beam
	20.61
	40.33



	12
	6.39
	21.118
	Beam
	19.49
	38.74



	14
	6.86
	22.16
	Beam
	20.78
	39.00
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