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Abstract

:

An experimental study of cold-formed thin-walled steel unequal-leg angles (CFTWS-ULAs) under axially oriented pressure is presented in this paper. Firstly, the initial imperfections and material properties of the angle specimens were measured in detail. The angle specimens were tested under fixed-ended conditions. The results of the experiments showed that the angle specimens with small slenderness ratios were susceptible to local buckling, the angle specimens whose legs had high slenderness ratios and low width–thickness ratios were found to easily suffer from the occurrence of flexural buckling, and the angle specimens whose legs had high width–thickness ratios were found to easily suffer from the occurrence of interactive buckling between local buckling and flexural buckling. The finite element analysis of the ULAs was conducted using ABAQUS6.14 finite element software by creating a model. The buckling modes and ultimate bearing capacities of the test specimens were compared, and the finite element analysis verified that the established model built using the finite element is credible and subsequent parametric analysis was performed. The slenderness ratio had the most significant impact on the ultimate bearing capacities of the unequal-leg angles, as indicated by the analysis results. When the width–thickness ratio and the width ratio of the legs fell within a specific range, the ultimate bearing capacities of the unequal-leg angles increased as the width–thickness ratio and the width ratio of the legs increased. Finally, the comparison results showed that the design strengths predicted by the specifications were very conservative, because the local buckling and torsional buckling were calculated at the same time. Therefore, a recommendation was proposed that the calculation of the load-carrying capacity of an unequal-leg angle should ignore torsional buckling.
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1. Introduction


With the advancement of the steel industry and the increasing demand for structural performance, the application of cold-formed steel in the construction field has become increasingly widespread in recent years. Cross-sections of CFTWS members mainly include a channel section, lipped channel section, and angle section. There are many studies on CFTWS channel and lipped channel members [1,2,3,4,5,6,7]. Although the cold-formed angle section is quite simple, the design of the load-carrying capacity and buckling mode are quite complicated for designers [8]. CFTWS with excellent mechanical properties and high bearing capacity has a large number of applications in construction structures, such as bridge structures and so on. What is more important, the centroid and shear center of a CFTWS-ULA do not coincide, and it is difficult to distinguish between torsional buckling and local buckling. So, further research on the design method of the load-carrying capacity and buckling mode of the angle section is important; particularly, there is a need to develop a design method for CFTWS-ULAs under axial compression.



In the past few years, many experimental and theoretical studies on CFTWS-ULAs under axial pressure have shown that the load-carrying capacity of the slender angle column should only consider flexural buckling. The experimental studies and calculation analysis by Young et al. put forward the same proposal [9,10]. The study performed by Young et al. [11] was conservative in its calculation of the axial compressive bearing capacity of equal-leg angles (ELAs), according to NAS and AS/NZS standards, and suggested ignoring the additional bending moment added into the specifications. Behzadi-Sofiani et al. [12] investigated ELAs under axial pressure, comparing the difference between fixed-ended conditions, and found that the torsional buckling and local buckling loads were essentially the same for short columns. The experimental study of complex-lipped equal-leg angle members under axial compression by Yao et al. [13,14] indicated that the nature of instability between the distortion buckling and the torsional buckling was the same. Ban et al. [15] conducted compression tests on high-intensity steel equal-leg angles, which concluded that the CFTWS member mainly experienced a failure in terms of the flexural–torsional buckling and suggested that the global buckling coefficient should be improved. Some scholars have researched the buckling behaviors and design methods of unequal-leg angles. The tests and analysis of CFTWS-ULAs by Young et al. [16,17] indicated that the North American specifications were not safe in regard to short and intermediate angle columns and were too precautionary for long angle columns. The testing of CFTWS-ULA members under axially oriented pressure [18] showed that the elastic flexural–torsional buckling load was only related to the slenderness ratio, while the elastic–plastic flexural–torsional buckling load was related to both the length and the long leg width. The tests and analysis of CFTWS-ULAs and complex-lipped angles (CFTWS-CLAs) under axially oriented pressure demonstrated that the direct strength method was too conservative, and a modified formula was developed [19,20].



The current specifications do not include a suitable design provision to calculate the ultimate carrying capacity of CFTWS-ULAs, because local buckling and torsional buckling are both considered in the calculation method. Therefore, this paper is focused on the buckling behavior and design method of CFTWS-ULAs under axially oriented pressure. First of all, tests on the CFTWS-ULAs under axially oriented pressure between both fixed-ended conditions are conducted to analyze the buckling behavior and ultimate bearing capacity. Then, the effect of different parameters on the ultimate bearing capacity is simulated using ABAQUS software. Finally, herein, this paper innovatively proposes a suggested method that considers local buckling, flexure, and local flexure interaction buckling. The design method of CFTWS-ULAs under axial compression is analyzed and proposed.




2. Experimental Investigation


2.1. Specimens


The ULA specimens were manufactured from a 2 mm, high-intensity, galvanized steel plate, which had a nominal yield strength of 550 MPa. The cross-section form of the specimens is shown in Figure 1, where a and b are the widths of the long and the short legs of the angle specimens, respectively, and t is the plate thickness of the angle specimens. The numbering rule in terms of the specimens is shown in Figure 2. The angle of the specimens is related to four different dimensions of the cross-sections, namely UPA3030, UPA4030, UPA6040, and UPA8060. There are four lengths for every kind of cross-section, namely 400 mm, 900 mm, 1500 mm, and 2100 mm. The dimensions of the angle specimens, both nominal and measured, can be found in Table 1 and Table 2, where   λ   denotes the slenderness ratio of the angle specimen.




2.2. Material Properties


In this paper, experiments were conducted to obtain material characteristics. The three specimens were cut from the center of the angle leg, which was the same batch as the specimens. The sizes, dimensions, and test method of coupons were in accordance with the GB/T228.1-2021 [21]. The test stress–strain curves of three coupons are shown in Figure 3. The material characteristics (average values) according to the tensile test are as follows: elastic modulus is 2.11 × 105 MPa, yield strength is 403 MPa, ultimate tensile strength is 522.8 MPa, and elongation after fracture is 31.3%.




2.3. Initial Geometric Imperfections


Initial geometric imperfections have a great influence on the buckling modes and ultimate bearing capacities of the CFTWS-ULAs. Before the test, the initial geometric imperfections of all specimens were determined using a micrometer. The measurement locations are shown in Figure 4. The outer convex deformation is taken as positive and the inner concave deformation is taken as negative. The numbers 1, 2, 4, and 5 indicate the localized initial geometric imperfections along the longitudinal direction, which are 10 mm away from the edge of the leg. Point 3 indicates the initial flexural geometric imperfection. The initial geometric imperfections of some typical CFTWS-ULA specimens along the longitudinal direction are shown in Figure 5. As shown in Figure 5, it can be seen that the values of initial local geometric imperfections are larger than that of the initial flexural geometric imperfections. The initial global flexural geometric imperfections of all specimens are less than L/750.




2.4. Test Bench and Operation


The vertical load was applied using a 30 kN hydraulic jack and reaction force frame system. The deformation data of the angle specimens during the test were collected using a YJ16 position sensor. Figure 6 depicts the device setup. The angle specimens were placed between two end plates so that the loading force was uniform at both ends. The loading plates at both ends were the 20 mm steel plates with 10 mm deep grooves. The angle specimens were inserted into the grooves to ensure that the ends of the specimens were fixed. The displacement meters were arranged as shown in Figure 7. Four displacement meters D1, D2, D3, and D4 were put at the mid-length section of specimens to measure the torsional deformation of the angle specimens and the displacement meter D5 was put at the top plate to measure the vertical displacement of angle specimens.




2.5. Test Results


The buckling and failure types for the CFTWS-ULA specimens under axially oriented pressure are shown in Figure 8, Figure 9, Figure 10 and Figure 11. The specimens mainly displayed local buckling, flexural buckling, and local–flexural interaction buckling, which were denoted by L, F, and L + F. Table 3 represents the buckling types and the ultimate load-carrying capacities of all CFTWS-ULA specimens. Figure 12 exhibits the curves of the axial compression and the axial deformation of CFTWS-ULA specimens.



2.5.1. 400 mm Unequal-Leg Angles


The buckling modes of the 400 mm CFTWS-ULA specimens are shown in Figure 8. In the initial loading stage, the deformation of the specimens was not easily noticeable. The angle specimens gradually showed the local buckling deformation when the loads were applied to 60–70% of the ultimate load capacities. With the gradual increase in loading, the specimens with a width–thickness ratio of 15 failed with the interactive buckling of the local buckling and the flexural buckling, as shown in Figure 8a. The specimens with width–thickness ratios of 20, 30, and 40 failed with the local buckling and yield, as shown in Figure 8b.




2.5.2. 900 mm Unequal-Leg Angles


The buckling types of the 900 mm CFTWS-ULA specimens are shown in Figure 9. The deformation of the angle specimens was not obvious at the early stage of loading. The specimens gradually displayed local buckling when the loads were applied to 80–90% of the ultimate load capacities. As the loading gradually increases, the specimens with width–thickness ratios of 15, 20, and 30 failed with the interactive buckling of the local buckling and the flexural buckling, as shown in Figure 9a. The specimens with width–thickness ratios of 40 failed with the local buckling and yield, as shown in Figure 9b.
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Figure 9. Buckling types of the 900 mm CFTWS-ULA specimens. 






Figure 9. Buckling types of the 900 mm CFTWS-ULA specimens.
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2.5.3. 1500 mm Unequal-Leg Angles


The buckling modes of the CFTWS-ULA specimens with a length of 1500 mm are exhibited in Figure 10. The deformation of the angle specimens was not really obvious at the initial step of loading. The specimens of UPA4030, UPA6040, and UPA8060 gradually displayed local buckling when the loads were applied to 70–80% of the ultimate load capacities. With the gradual increase in loading, the specimens with a width–thickness ratio of 15 failed with the flexural buckling, as shown in Figure 10a. The specimens with width–thickness ratios of 20 and 30 failed as a result of interactive buckling, involving both the local and flexural buckling, as depicted in Figure 10b. The specimens with width–thickness ratios of 40 failed with the local buckling and yield, as shown in Figure 10c.
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Figure 10. Buckling types of the 1500 mm CFTWS-ULA specimens. 






Figure 10. Buckling types of the 1500 mm CFTWS-ULA specimens.
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2.5.4. 2100 mm Unequal-Leg Angles


The buckling modes of the 2100 mm CFTWS-ULA specimens are shown in Figure 11. The deformation of specimens was not obvious at the beginning of loading. With the gradual increase in loading, the specimens with a width–thickness ratio of 15 failed with flexural buckling, as shown in Figure 11a. For the specimens with width–thickness ratios of 20, 30, and 40 (Figure 11b), local–flexural interaction buckling was found.
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Figure 11. Buckling types of the 2100 mm CFTWS-ULA specimens. 






Figure 11. Buckling types of the 2100 mm CFTWS-ULA specimens.
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The axially oriented pressure tests of CFTWS-ULAs fixed at both ends show that local buckling easily occurs when the slenderness ratio of the member is small. If the slenderness ratio is large and the ratio of width to thickness is small, flexural buckling can easily be found. If the slenderness ratio and the ratio of width to thickness are large, it is easy to find the interaction buckling of local buckling and flexural buckling.



Figure 12 shows the load–axial displacement curves of CFTWS-ULA specimens with lengths of 400 mm, 900 mm, 1500 mm, and 2100 mm, respectively. The law of change of load–axial displacement curves is consistent for different CFTWS-ULAs. The ultimate bearing capacities increase with the increase in the width–thickness ratios of the CFTWS-ULAs. The axial displacement corresponding to the ultimate bearing capacity also increases with the increase in length of the CFTWS-ULA.
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Figure 12. Test load–axial displacement curves of CFTWS-ULAs. 






Figure 12. Test load–axial displacement curves of CFTWS-ULAs.
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3. Finite Element Analysis


3.1. Establishment of Finite Element Model


ABAQUS is a finite element software that was utilized to simulate the CFTWS-ULA under axially oriented pressure. S4R shell elements and the ideal elastic-plastic model based on material characteristics obtained from coupon tests were used in the finite element analysis. The boundary conditions of the model are shown in Figure 13. The upper and lower ends were coupled to the centers RP-1 and RP-2, respectively. The top-end RP-1 restrained five degrees of freedom and released the vertical degrees of freedom to apply the load. The lower-end RP-2 restrained all the translational and rotational degrees of freedom. The restraints mean the fixed-ended conditions. The selected mesh size was 5 mm × 5 mm, which was suitable for the angle specimens by comparisons. The finite analysis was divided into two stages: at first, the elastic eigenvalue buckling analysis was conducted to obtain the buckling stress and the buckling type. In the second stage, the nonlinear analysis was conducted to obtain the ultimate load-carrying capacities and load–displacement curves. The arc-length method was used. The first-order buckling mode obtained from the elastic eigenvalue buckling was used as the shape of initial imperfections in the finite element analysis. The maximum values of the initial imperfections were taken as the measured initial imperfections, as shown in Table 2.




3.2. Validation of Finite Element Model


The buckling types and load–displacement curves of the CFTWS-ULA specimens were compared with the results of finite element simulation analysis, as shown in Figure 14 and Figure 15. The circled parts in Figure 14 are the failure areas of the CFTWS-ULAs in the tests and the red areas in the finite element are the corresponding failure parts. The buckling types and load–displacement curves analyzed by finite elements are the same as with the experiment results. The ultimate bearing capacities of angle specimens analyzed by the finite elements are shown in Table 4. The mean and coefficient of variation of the ratio of the ultimate bearing capacity of the test to the finite element analysis result are 0.9896 and 0.0002, which shows that the established finite element model is reliable.





4. Parametric Study


4.1. Parametric Design


In this paper, the ultimate load-carrying capacities and buckling properties of CFTWS-ULAs are comprehensively analyzed. The CFTWS-ULAs with the different cross-sectional parameters are simulated and analyzed by using a validated finite element model.



It can be seen that the width of the legs and the slenderness ratios of CFTWS-ULAs are the main factors that affect the buckling behavior and ultimate bearing capacity from the test results. So, these cross-sections of CFTWS-ULAs are selected for analysis by finite element as follows: the width–thickness ratios a/t of legs are 20, 30, 40, 50, and 60, thickness of angles is 2 mm, width ratios of the short leg to the long leg b/a are 0.4, 0.6, 0.8, and 1, and each cross-section has eight kinds of slenderness ratios, such as 10, 20, 40, 60, 80, 100, 120, and 150. There are a total of 160 CFTWS-ULA members.




4.2. Factors Affecting the Capacity of Axial Compression CFTWS-ULAs


4.2.1. Effect of Slenderness Ratio


The slenderness ratio is an important factor affecting the stability behavior and bearing capacity of a CFTWS-ULA. The curves of ultimate bearing capacities to slenderness ratios analyzed by the finite element for the unequal-leg angles with width–thickness ratios of 30 and 40 are shown in Figure 16. As shown in Figure 16, it can be seen that the ultimate bearing capacities of CFTWS-ULAs are greatly affected by the slenderness ratio. As the slenderness ratio of the angles increases, the ultimate bearing capacities of CFTWS-ULAs with different cross-sections decrease.




4.2.2. Effect of the Width Ratio of Legs


The width ratio of two legs is the ratio of the long leg to the short leg of the CFTWS-ULA. The cross-sectional area at the same width–thickness ratio affects the ultimate load-carrying capacity of the CFTWS-ULA as well as the buckling mode. The curves of ultimate bearing capacities to width ratios of legs (short leg to long leg) analyzed by the finite element for the CFTWS-ULAs with width–thickness ratios of 20 and 30 are shown in Figure 17. By comparing the analyzed results in Figure 17, it can be found that the width ratio of two legs is an important factor that influences the load-carrying capacity of the CFTWS-ULA. The ultimate capacities of the CFTWS-ULAs increase with the increase in the width ratio of two legs. The larger the width ratio of two legs, the smaller the load-carrying capacity of the CFTWS-ULA when the width–thickness ratio of legs is certain.




4.2.3. Effect of Width–Thickness Ratio


The width–thickness ratio reflects the cross-sectional shape characteristics of the cold-formed steel member and is an important parameter in the buckling behavior and capacity of the cold-formed steel member. Figure 18 demonstrates the relevant simulation and analysis results of CFTWS-ULAs. As shown in Figure 18, it can be seen that the increase in the width–thickness ratio leads to the expansion of the bearing capacity for the CFTWS-ULAs. When the slenderness ratio is fixed, the rate of the increase in the bearing capacity gradually slows down with the increase in the width–thickness ratio for the CFTWS-ULAs.






5. Design Recommendations


5.1. North American Specification


The North American Specification [22] uses the direct strength method to calculate the ultimate bearing capacities of the CFTWS-ULA columns. The ultimate bearing capacity Pd takes the smaller value of the global buckling capacity Pne and local–global interaction buckling capacity Pnl, which is calculated as follows.



The capacity of the global buckling capacity Pne is calculated as follows:


    P   n e   =           0.658     λ   c   2         F   y     A   g                 λ   c   ≤ 1.5            0.877     λ   c   2          F   y     A   g                               λ   c   > 1.5        



(1)




where     λ   c   =      F   y    /    F   c r e       , Fy is the yield strength, Fcre is the elastic global buckling stress of the CFTWS-ULA, and Ag is the gross area of the CFTWS-ULA.



The elastic global buckling stress Fcre for the CFTWS-ULA can be obtained using Equation (2).


      F   c r e   −   σ   e x         F   c r e   −   σ   e y         F   c r e   −   σ   t     −   F   c r e   2       F   c r e   −   σ   e y              x   0       r   0          2   −   F   c r e   2       F   c r e   −   σ   e x              y   0       r   0          2   = 0  



(2)




where     σ   e x     denotes the flexural buckling stress around the primary x-axis,     σ   e y     is the flexural buckling stress about the main y-axis, and     σ   t     is the torsional buckling stress.



The calculation formulas are as follows:


     σ   e x   =      π   2   E         K   x     L   x   /   r   x       2          ,     σ   e y   =      π   2   E         K   y     L   y   /   r   y       2          ,   σ   t   =    1     A   g     r   0   2        G J +      π   2   E   C   w           K   t     L   t       2          



(3)




where Kx, Ky, and Kt are the effective length factors for the flexural buckling about the x-axis, y-axis, and the twisting buckling, respectively.



The local–global interactive buckling capacity Pnl shall be calculated as follows:


    P   n l   =         P   n e                       λ   l   ≤ 0.776         1 − 0.15          P   c r l       P   n e          0.4              P   c r l       P   n e          0.4     P   n e       λ   l   > 0.776        



(4)




where     λ   l   =      P   n e    /    P   c r l       , Pne, and Pcrl are the axial strength of the overall buckling and the elastic local buckling strength.




5.2. Chinese Specification


In the China Technical Code for Cold-Formed Thin-Walled Steel Structures [23], the ultimate bearing capacity of the CFTWS-ULA can be calculated by using Equation (5):


    P   e   = φ   A   e   F y  



(5)




where, φ is the global buckling coefficient, which calculated by the larger slenderness ratio between the weak axis and the strong axis and Ae is the effective area.




5.3. Elastic Local Buckling Stresses and Torsional Buckling Stresses for the CFTWS-ULAs


The local buckling stress and the torsional buckling stress of the CFTWS-ULA specimens under axial compression are shown in Table 4. The mean value and COV of ratios of the local buckling stress to the torsional buckling stress are 1.0497 and 0.0006, which indicates that the local buckling stress and the torsional buckling stress of the CFTWS-ULA specimens are basically the same. Therefore, it can be concluded that the nature of the buckling failure is the same for both buckling modes. However, the calculation methods for the bearing capacity of CFTWS-ULA in the existing specifications consider the effects of both buckling models. Therefore, this paper hereby suggests that only local buckling should be considered and torsional buckling should be ignored when the load-carrying capacity of CFTWS-ULAs is calculated.




5.4. New Design Proposals


The comparisons of ultimate bearing capacities of the CFTWS-ULA specimens between the test results Pt with the results Pd calculated using the North American specification and the results Pe calculated using the Chinese specification are shown in Table 4. The average value and COV of the ratios of the test results to the results calculated using the North American specification are 2.1896 and 0.5797, respectively. The mean and coefficient of variation of the ratios of the test results to the results calculated using the Chinese specification are 1.3862 and 0.0442, respectively. These comparisons indicate that the specification calculation results are too conservative. The main reason is that the local buckling and overall torsional buckling are identical in the nature of instability. However, the specification method considers both the local buckling and the overall torsional buckling when the load-carrying capacities of CFTWS-ULAs are calculated. So, it is suggested that the load-carrying capacity calculation for the cold-formed steel unequal-leg angles should consider the local buckling and ignore the torsional buckling.



For the direct strength method in the North American specification, the elastic overall buckling stress Fcre is taken only as the smaller of two flexural buckling stresses about two principal axes, i.e., the smaller of     σ   e x   =     π   2   E  /        K   x     L   x   /   r   x       2       and     σ   e y   =     π   2   E  /        K   y     L   y   /   r   y       2       is taken as the elastic overall buckling stress of the CFTWS-ULA.



For the effective width method in the Chinese specification, the slenderness ratio is only taken as the larger slenderness ratio of the overall flexural buckling about two principal axes when the coefficient of stability of the overall buckling is calculated.



The results of the load-carrying capacity of all CFTWS-ULA specimens calculated with the modified methods and the comparison with the test results are shown in Table 4. Comparison of the test results with the results predicted by the modified formula based on the direct strength method shows that the modified results coincide with the experimental results. The mean value and the COV are 1.0803 and 0.0082, respectively. The average value and the coefficient of variation of the ratio of the test results to the results calculated by the modified effective width method are 1.0908 and 0.0137, respectively. These comparisons indicate that the modified methods have good accuracy and applicability.





6. Conclusions


(1) In this paper, axial compression tests were conducted on 32 CFTWS-ULAs. The buckling modes and failure laws of CFTWS-ULA columns during the test were summarized and analyzed in detail. The test results showed that the CFTWS-ULAs with a smaller slenderness ratio underwent local buckling. The CFTWS-ULAs with the larger slenderness ratio and the smaller width–thickness ratio of legs underwent flexural buckling. The CFTWS-ULAs with the larger width–thickness ratio of legs underwent local–flexural interaction buckling.



(2) In addition, a nonlinear finite element model was established to obtain the buckling deformation and load–axial displacement curves. The analysis results were compared with those of the test specimens. The results showed that the established model was able to better predict the buckling mode, failure mode, and the ultimate load-carrying capacity of the CFTWS-ULAs. The validated model was applied to finite element parametric analysis to obtain the effects of different parameters on the ultimate load-carrying capacities of CFTWS-ULAs with the different parameters subjected to axial compression. The effects of the different slenderness ratios, the width–thickness ratios of legs, and the width ratios of two legs of the CFTWS-ULAs were analyzed. The analyzed results showed that the ultimate load-carrying capacities of CFTWS-ULAs decreased with the increase in the slenderness ratio. When the width–thickness ratio was certain, the effect of the width ratio of two legs that was greater than 0.8 on the ultimate bearing capacity of the CFTWS-ULAs decreased with the increase in the width ratios of two legs. When the slenderness ratio was certain, the effect of the width–thickness ratio that was greater than 50 on the ultimate bearing capacity decreased with the increase in the width–thickness ratios.



(3) The direct strength method in the North American specification and the effective width method in the Chinese specification were used to calculate the ultimate bearing capacities of CFTWS-ULAs under axial compression. The comparisons of the load-carrying capacities demonstrated that the calculated load-carrying capacities using two specification methods were too conservative for the test results because the specification methods consider the local buckling and the torsional buckling at the same time. For the CFTWS-ULA, the local buckling and the torsional buckling are the same in terms of stability. Therefore, the recommendation was proposed that the calculation method of the load-carrying capacity of the CFTWS-ULA should only consider the local buckling and ignore the torsional buckling. The ultimate bearing capacities of CFTWS-ULA specimens calculated by the proposed methods were compared with the test results. The comparisons showed that the proposed methods could more accurately calculate the ultimate bearing capacity of the CFTWS-ULA and can be used in engineering design.




7. Future Research


This paper has investigated the ultimate bearing capacities and the buckling modes of CFTWS-ULAs under axial compression. Further investigation should be conducted in the future.



	
This paper only focused on the cold-formed thin-walled unequal-leg angle; the buckling behavior and design method of cold-formed thin-walled steel lipped equal-leg and unequal-leg angles should be investigated.



	
This paper only focused on the axial compressed cold-formed thin-walled unequal-leg angle; the buckling behavior and design method of cold-formed thin-walled steel angles under eccentrical compression should be investigated.
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Figure 1. Cross-section of unequal-leg angle. 
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Figure 2. Specimen numbering rules. 
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Figure 3. Stress–strain curves. 
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Figure 4. The measurement position of longitudinal initial geometric imperfections. 
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Figure 5. Initial geometric imperfections of CFTWS-ULA specimens. 
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Figure 6. Device set-up. 
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Figure 7. Displacement meter layout. 
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Figure 8. Buckling types of the 400 mm CFTWS-ULA specimens. 
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Figure 13. Finite element model of CFTWS-ULA specimen. 
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Figure 14. Comparison of buckling types between experiment and finite element analysis. 
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Figure 15. Comparison of load–displacement curves between test and finite element analysis. 
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Figure 16. Curves between slenderness ratios and ultimate bearing capacities. 
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Figure 17. Curves between width ratio of legs and ultimate bearing capacities. 
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Figure 18. Curves of width-to-thickness ratios and ultimate bearing capacities. 
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Table 1. Nominal geometric dimensions of CFTWS-ULA specimens.
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	Cross-Section
	a/mm
	b/mm
	t/mm





	UPA3030
	30
	30
	2



	UPA4030
	40
	30
	2



	UPA6040
	60
	40
	2



	UPA8060
	80
	60
	2










 





Table 2. Measured geometric dimensions of CFTWS-ULA specimens.
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	Specimen
	a/mm
	b/mm
	t/mm
	L/mm
	l





	UPA3030-400-1
	30.86
	30.15
	1.96
	400.00
	30.53



	UPA3030-400-2
	30.25
	30.67
	2.03
	400.00
	30.54



	UPA3030-900-1
	31.01
	30.39
	1.99
	900.00
	70.18



	UPA3030-900-2
	30.45
	31.03
	1.97
	900.00
	70.20



	UPA3030-1500-1
	30.61
	30.82
	2.11
	1499.00
	117.96



	UPA3030-1500-2
	30.49
	31.41
	2.02
	1498.95
	117.23



	UPA3030-2100-1
	30.85
	30.84
	2.00
	2099.00
	164.96



	UPA3030-2100-2
	30.70
	30.29
	2.03
	2100.00
	167.23



	UPA4030-400-1
	40.25
	30.95
	1.96
	400.00
	27.50



	UPA4030-400-2
	40.48
	30.86
	1.98
	399.60
	27.45



	UPA4030-900-1
	40.14
	30.52
	1.92
	900.00
	64.34



	UPA4030-900-2
	40.20
	30.93
	1.96
	900.00
	63.63



	UPA4030-1500-1
	40.70
	30.94
	2.04
	1500.00
	106.91



	UPA4030-1500-2
	40.96
	31.17
	2.07
	1500.00
	105.97



	UPA4030-2100-1
	40.27
	31.22
	2.00
	2100.00
	149.25



	UPA4030-2100-2
	40.36
	30.58
	1.88
	2101.13
	152.02



	UPA6040-400-1
	60.73
	40.84
	2.03
	400.00
	20.43



	UPA6040-400-2
	60.91
	40.80
	1.99
	400.00
	20.46



	UPA6040-900-1
	60.40
	41.36
	2.00
	900.00
	46.80



	UPA6040-900-2
	60.94
	40.74
	1.94
	900.00
	47.37



	UPA6040-1500-1
	61.07
	41.17
	2.01
	1500.00
	79.03



	UPA6040-1500-2
	60.91
	41.47
	2.01
	1498.00
	78.42



	UPA6040-2100-1
	61.41
	40.93
	1.98
	2101.23
	111.67



	UPA6040-2100-2
	61.80
	40.29
	1.95
	2101.17
	113.26



	UPA8060-400-1
	80.83
	60.91
	1.97
	400.00
	13.91



	UPA8060-400-2
	81.10
	61.72
	2.05
	400.00
	13.74



	UPA8060-900-1
	80.69
	61.51
	2.01
	900.50
	31.98



	UPA8060-900-2
	81.11
	61.21
	1.90
	900.00
	32.06



	UPA8060-1500-1
	81.89
	60.94
	2.04
	1500.00
	54.07



	UPA8060-1500-2
	81.48
	61.08
	2.02
	1499.40
	54.00



	UPA8060-2100-1
	81.54
	60.90
	1.97
	2101.07
	76.13



	UPA8060-2100-2
	80.91
	60.52
	1.97
	2101.07
	76.57










 





Table 3. Comparison of ultimate bearing capacities and buckling types of test, finite element analysis, calculated by North American specification, Chinese code, and the modified methods.
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Specimen

	
Buckling Mode

	
Pt/KN

	
Pfe/KN

	
Pd/KN

	
Pmd/KN

	
Pe/KN

	
Pme/KN

	
Pt/Pfe

	
Pt/Pd

	
Pt/Pmd

	
Pt/Pe

	
Pt/Pme




	
Experiment

	
Finite Element






	
UPA3030-400-1

	
L + F

	
L + F

	
36.85

	
36.95

	
26.98

	
36.48

	
30.18

	
31.72

	
0.997

	
1.366

	
1.010

	
1.221

	
1.162




	
UPA3030-400-2

	
L + F

	
L + F

	
39.24

	
39.69

	
29.36

	
38.77

	
31.93

	
33.32

	
0.983

	
1.336

	
1.012

	
1.229

	
1.178




	
UPA3030-900-1

	
L + F

	
L + F

	
36.54

	
36.90

	
25.29

	
30.18

	
24.52

	
26.01

	
0.990

	
1.445

	
1.211

	
1.490

	
1.405




	
UPA3030-900-2

	
L + F

	
L + F

	
35.57

	
36.00

	
24.83

	
29.73

	
24.30

	
25.76

	
0.988

	
1.432

	
1.196

	
1.464

	
1.381




	
UPA3030-1500-1

	
F

	
F

	
17.69

	
17.18

	
15.41

	
17.02

	
14.83

	
15.35

	
1.030

	
1.148

	
1.040

	
1.193

	
1.153




	
UPA3030-1500-2

	
F

	
F

	
16.75

	
17.24

	
14.86

	
16.65

	
14.50

	
15.04

	
0.972

	
1.127

	
1.006

	
1.155

	
1.113




	
UPA3030-2100-1

	
F

	
F

	
8.63

	
8.94

	
7.88

	
8.27

	
7.59

	
7.73

	
0.965

	
1.096

	
1.044

	
1.137

	
1.116




	
UPA3030-2100-2

	
F

	
F

	
8.31

	
8.66

	
7.71

	
8.10

	
7.45

	
7.60

	
0.960

	
1.077

	
1.026

	
1.116

	
1.094




	
UPA4030-400-1

	
L

	
L

	
36.62

	
37.28

	
22.88

	
35.85

	
30.53

	
33.90

	
0.982

	
1.601

	
1.021

	
1.200

	
1.080




	
UPA4030-400-2

	
L

	
L

	
38.26

	
38.00

	
23.39

	
36.40

	
30.81

	
34.35

	
1.007

	
1.636

	
1.051

	
1.242

	
1.114




	
UPA4030-900-1

	
L + F

	
L + F

	
29.88

	
30.43

	
19.99

	
28.76

	
24.55

	
27.05

	
0.982

	
1.495

	
1.039

	
1.217

	
1.105




	
UPA4030-900-2

	
L + F

	
L + F

	
31.32

	
31.95

	
21.19

	
30.09

	
25.72

	
28.00

	
0.980

	
1.478

	
1.041

	
1.218

	
1.118




	
UPA4030-1500-1

	
L + F

	
L + F

	
21.6

	
21.82

	
17.24

	
21.57

	
16.97

	
18.04

	
0.990

	
1.253

	
1.001

	
1.273

	
1.198




	
UPA4030-1500-2

	
L + F

	
L + F

	
22.24

	
22.53

	
17.94

	
22.36

	
17.51

	
18.83

	
0.987

	
1.240

	
0.995

	
1.270

	
1.181




	
UPA4030-2100-1

	
L + F

	
L + F

	
12.56

	
12.33

	
10.22

	
11.71

	
10.42

	
10.85

	
1.018

	
1.229

	
1.073

	
1.205

	
1.158




	
UPA4030-2100-2

	
L + F

	
L + F

	
10.89

	
11.07

	
9.03

	
10.56

	
9.41

	
9.76

	
0.984

	
1.207

	
1.031

	
1.158

	
1.116




	
UPA6040-400-1

	
L

	
L

	
48.07

	
48.47

	
17.17

	
41.24

	
32.95

	
44.05

	
0.992

	
2.800

	
1.166

	
1.459

	
1.091




	
UPA6040-400-2

	
L

	
L

	
46.23

	
47.15

	
16.11

	
39.81

	
31.67

	
43.03

	
0.981

	
2.870

	
1.161

	
1.460

	
1.074




	
UPA6040-900-1

	
L + F

	
L + F

	
40.96

	
41.35

	
16.18

	
36.89

	
30.12

	
38.83

	
0.991

	
2.532

	
1.110

	
1.360

	
1.055




	
UPA6040-900-2

	
L + F

	
L + F

	
38.89

	
39.39

	
14.58

	
34.65

	
27.72

	
37.00

	
0.987

	
2.667

	
1.122

	
1.403

	
1.051




	
UPA6040-1500-1

	
L + F

	
L + F

	
30.99

	
31.35

	
15.20

	
30.06

	
23.98

	
30.02

	
0.989

	
2.039

	
1.031

	
1.292

	
1.032




	
UPA6040-1500-2

	
L + F

	
L + F

	
31.01

	
31.41

	
15.30

	
30.31

	
24.19

	
30.28

	
0.987

	
2.027

	
1.023

	
1.282

	
1.024




	
UPA6040-2100-1

	
L + F

	
L + F

	
22.36

	
22.61

	
13.01

	
21.04

	
16.61

	
19.18

	
0.989

	
1.719

	
1.063

	
1.346

	
1.166




	
UPA6040-2100-2

	
L + F

	
L + F

	
21.54

	
21.77

	
12.29

	
19.99

	
15.85

	
18.48

	
0.989

	
1.753

	
1.078

	
1.359

	
1.166




	
UPA8060-400-1

	
L

	
L

	
57.34

	
57.25

	
12.06

	
44.77

	
28.57

	
55.35

	
1.002

	
4.754

	
1.281

	
2.007

	
1.036




	
UPA8060-400-2

	
L

	
L

	
60.12

	
61.01

	
13.56

	
48.25

	
31.63

	
58.34

	
0.985

	
4.432

	
1.246

	
1.901

	
1.031




	
UPA8060-900-1

	
L

	
L

	
55.13

	
55.57

	
12.78

	
44.65

	
29.38

	
53.29

	
0.992

	
4.314

	
1.235

	
1.876

	
1.035




	
UPA8060-900-2

	
L

	
L

	
51.19

	
51.04

	
10.73

	
40.35

	
25.19

	
50.02

	
1.003

	
4.769

	
1.269

	
2.033

	
1.023




	
UPA8060-1500-1

	
L

	
L

	
45.01

	
45.15

	
12.95

	
41.32

	
28.16

	
49.22

	
0.997

	
3.476

	
1.089

	
1.598

	
0.915




	
UPA8060-1500-2

	
L

	
L

	
43.97

	
44.29

	
12.65

	
40.71

	
27.61

	
48.72

	
0.993

	
3.475

	
1.080

	
1.593

	
0.902




	
UPA8060-2100-1

	
L + F

	
L + F

	
30.77

	
30.98

	
11.51

	
33.60

	
23.44

	
37.56

	
0.993

	
2.674

	
0.916

	
1.313

	
0.819




	
UPA8060-2100-2

	
L + F

	
L + F

	
30.18

	
30.74

	
11.59

	
33.42

	
23.37

	
36.99

	
0.982

	
2.604

	
0.903

	
1.292

	
0.816




	
UPA3030-400-1

	
L + F

	
L + F

	
36.85

	
36.95

	
26.98

	
36.48

	
30.18

	
31.72

	
0.997

	
1.366

	
1.010

	
1.221

	
1.162




	
Mean

	
0.9898

	
2.1896

	
1.0803

	
1.3862

	
1.0908




	
Coefficient of variation

	
0.0002

	
0.5797

	
0.0082

	
0.0442

	
0.0137








Note: Pt, Pfe, Pd, Pmd, Pe, and Pme are the test ultimate capacities, the ultimate capacities analyzed by finite element, the ultimate capacities computed by the Direct Strength Method in North American specification, the ultimate capacities computed by the Modified Direct Strength Method, the ultimate capacities computed by the Chinese Code, and the ultimate capacities computed by the Modified Chinese code, respectively.













 





Table 4. Local buckling stress and torsional buckling stress of the cold-formed steel unequal-leg angle specimens under axial compression.
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Specimen

	
st

	
Fcrl

	
st/Fcrl

	
Specimen

	
st

	
Fcrl

	
st/Fcrl






	
UPA3030-400-1

	
335.26

	
330.79

	
1.01

	
UPA6040-400-1

	
116.42

	
110.45

	
1.05




	
UPA3030-400-2

	
361.00

	
356.30

	
1.01

	
UPA6040-400-2

	
111.26

	
106.05

	
1.05




	
UPA3030-900-1

	
341.46

	
335.99

	
1.02

	
UPA6040-900-1

	
113.60

	
107.41

	
1.06




	
UPA3030-900-2

	
333.36

	
330.86

	
1.01

	
UPA6040-900-2

	
105.85

	
100.12

	
1.06




	
UPA3030-1500-1

	
383.38

	
381.19

	
1.01

	
UPA6040-1500-1

	
112.70

	
107.28

	
1.05




	
UPA3030-1500-2

	
345.61

	
341.31

	
1.01

	
UPA6040-1500-2

	
112.95

	
107.32

	
1.05




	
UPA3030-2100-1

	
341.79

	
339.61

	
1.01

	
UPA6040-2100-1

	
108.52

	
103.55

	
1.05




	
UPA3030-2100-2

	
359.74

	
357.97

	
1.00

	
UPA6040-2100-2

	
104.55

	
100.29

	
1.04




	
UPA4030-400-1

	
234.11

	
219.92

	
1.06

	
UPA8060-400-1

	
59.27

	
55.47

	
1.07




	
UPA4030-400-2

	
237.61

	
220.97

	
1.08

	
UPA8060-400-2

	
63.49

	
59.17

	
1.07




	
UPA4030-900-1

	
227.46

	
211.96

	
1.07

	
UPA8060-900-1

	
61.57

	
57.61

	
1.07




	
UPA4030-900-2

	
234.94

	
218.91

	
1.07

	
UPA8060-900-2

	
54.71

	
51.20

	
1.07




	
UPA4030-1500-1

	
249.45

	
234.30

	
1.06

	
UPA8060-1500-1

	
62.23

	
58.50

	
1.06




	
UPA4030-1500-2

	
253.79

	
236.56

	
1.07

	
UPA8060-1500-2

	
61.43

	
57.73

	
1.06




	
UPA4030-2100-1

	
242.83

	
226.30

	
1.07

	
UPA8060-2100-1

	
58.44

	
54.93

	
1.06




	
UPA4030-2100-2

	
215.77

	
202.76

	
1.06

	
UPA8060-2100-2

	
59.35

	
55.56

	
1.07




	
Mean

	
1.0497




	
Coefficient of variation

	
0.0006
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