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Abstract


Cold-formed steel (CFS) unsymmetrical angles are increasingly used in structural applications such as portal frames, roof trusses, and transmission towers. However, research on built-up face-to-face unsymmetrical CFS angle columns (FFUACs) with stiffeners remains limited. This study addresses this gap by presenting the findings from six experimental investigations on intermediate FFUACs connected using intermittent screw fasteners. The results offer insights into failure deformation patterns and load-axial shortening behaviour. A nonlinear finite element (FE) model was developed to account for material and geometric nonlinearity, with experimental results used for validation. This study contributes 166 new data points, including six experimental tests under concentric compression and 160 finite element analysis (FEA) results focused on the compressive strength of FFUACs. Additionally, this study evaluates the performance of existing design guidelines based on the direct strength method (DSM). The DSM strength predictions were found to be less conservative for stub FFUAC specimens that failed due to local buckling and more conservative for short FFUAC specimens that failed due to a combination of local and flexural buckling. A revised DSM methodology is proposed to address these discrepancies.
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1. Introduction


The adaptability of cold-formed steel (CFS) sections continues to drive advancements in their use across the building industry. Built-up CFS sections, in particular, have seen widespread adoption as structural members in various applications. In recent years, CFS structural members have experienced a significant rise in usage, particularly in lightweight steel construction applications such as steel-framed housing, space frames, steel trusses [1,2,3], braces in transmission towers [4,5], low-rise office buildings, factories, channels and supports in portal frames [6,7,8], bridges and overpasses [9,10], and warehouses [11]. Their adaptability allows for easy modification to suit various architectural and structural needs, providing cost-effective solutions for both new construction and retrofitting projects [12].



Several studies have examined CFS built-up back-to-back equal-angle sections under axial compression. For instance, Vishnuvardhan et al. [13] and Qu et al. [14] studied this configuration, while Ananthi et al. [1] investigated the axial compression behaviour of single- and starred-angle sections. Subsequent studies by Ananthi et al. [3] explored back-to-back equal-angle (plain) and unequal-angle (stiffened) built-up sections [7,8,9]. Research by Ananthi [2] and Dai et al. [10] focused on compound box sections formed by joining two identical lipped angles or channels face-to-face, interconnected with fasteners. Similarly, Dar et al. [15] and Aghoury et al. [16] studied concentrically loaded batten columns composed of four plain angles, while Anbarasu et al. [17] examined battened columns with four lipped angles.



The increasing use of CFS sections in modular construction has accelerated the development of these built-up configurations. Connecting multiple CFS cross-sections to create built-up sections is a common practice, with the combined axial compression strength of a built-up column surpassing the sum of its individual components due to reduced global slenderness and enhanced stiffness [18,19,20,21,22]. Figure 1 provides a summary of past research on closed-angle built-up sections.



Adding stiffeners to closed built-up CFS members significantly enhances the load-bearing capacity of their plate elements compared to open built-up members [7,8]. CFS sections come in various shapes, typically featuring stiffened profiles. However, individual CFS members often exhibit local buckling and misalignment of shear and gravity centres due to their monosymmetric cross-sections. Fasteners positioned along the length of built-up sections mitigate independent buckling of the angles. According to standards such as AISI [23] and AS/NZS [24], fastener spacing in built-up sections should comply with the modified slenderness approach. Stiffeners further strengthen the plate elements in closed built-up sections, enhancing their ultimate load-carrying capacity compared to open configurations.



The literature highlights various closed built-up member types, including closed-angle and closed-channel sections (Figure 2). Closed sections offer higher torsional rigidity [25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43], but their design is hindered by a lack of codified provisions in existing standards. As a result, many researchers have proposed new equations for their design. Studies by Craveiro et al. [25], Nie et al. [26], Anbarasu [27], Zhou et al. [28], and others provide insights into the axial-compression performance of different built-up sections. However, no prior research addresses the benefits of stiffeners in rectangular box-angle columns with longer and shorter legs for intermediate and slender configurations, a gap this study seeks to fill.



Previous investigations have highlighted the impact of stiffeners on cold-formed steel angle sections (Aruna et al. [4,5]; Ananthi et al. [6,7,8]). Additionally, Zhang and Young [33,34,35] analysed built-up open sections with edge and longitudinal web stiffeners, finding that the modified direct strength method effectively predicted their ultimate load. Young and Chen [44] explored built-up closed sections with intermediate stiffeners, using high-strength steel for their configurations.



This study evaluates the compressive capacity of intermediate-length FFUAC sections with and without intermittent stiffeners (Figure 3). A total of 160 finite element (FE) models were analysed, spanning column lengths from 300 mm (stub columns) to 2000 mm (slender columns). The nonlinear FE model, incorporating geometric and material nonlinearities and intermittent fasteners, was validated against experimental results. This study also investigates the previously unexplored axial strength of FFUAC. Based on the findings, concentric compressive strengths were predicted and evaluated according to DSM guidelines. A new design equation for FFUAC with intermittent stiffeners is proposed to improve the prediction accuracy of concentric compressive strengths.




2. Experimental Investigation


2.1. Details of the Test Specimens


Figure 3 provides an overview of the FFUAC specifications studied in the test program. These built-up face-to-face unsymmetrical CFS angle columns were created by connecting two unequal angles with intermediate fasteners spaced at 50 mm intervals, as depicted in Figure 3. The screw spacing was selected based on the AISI [23] guidelines to ensure compliance with the spacing requirements for CFS built-up columns.



The B/D ratios for both FFUAC120 and FFUAC150 columns were 0.50, as detailed in Figure 4. Table 1 summarizes the material properties, showing an average yield strength of 210.06 MPa and a Young’s modulus of 205 GPa.




2.2. Section Labels


The labelling of built-up sections conveys key details about their geometry, type, and stiffener arrangement. Figure 5 illustrates an example code: FFUAC150-LL2-SL1-L300, where:




	
FFUAC150 represents face-to-face unsymmetrical CFS angle columns formed by connecting two unsymmetrical angles, with the longer leg measuring 150 mm.



	
LL2 indicates that the longer leg has two intermittent stiffeners.



	
SL1 signifies that the shorter leg has one intermittent stiffener.



	
L300 specifies the column length as 300 mm.









2.3. Material Testing


Tensile coupon tests were conducted in accordance with EN ISO 6892-1-2009 [44] to determine the material properties of the test samples (Figure 6). The tests were performed using Zwick/Roell Z100 kN electromechanical testing equipment, as shown in Figure 7. The coupons were subjected to a constant crosshead displacement rate of 0.01 mm/s. Figure 8 presents the complete stress–strain curve from the coupon tests. These tests were used to determine the modulus of elasticity, yield stress, and ultimate stress.




2.4. Experimental Setup and Loading Techniques


A loading frame with a capacity of 100 tonnes was used for the tests. A 50-tonne load cell was connected to the hydraulic ram and pump. The specimens were secured using 200 mm × 200 mm × 10 mm thick end plates welded to each end under pinned boundary conditions. A 150 mm × 150 mm, 25 mm deep spherical groove was carved into the plates to facilitate axial loading, and a 40 mm spherical ball was inserted to prevent rotational movement.



A levelled base plate, welded to the sections to support their weight, was machined to ensure its centre of gravity aligned with the loading point. The test setup is shown in Figure 9. Axial loads were incrementally applied to the columns at 1/10th of the maximum load every 0.35 min using the displacement control method. Beyond the maximum load for each column specimen, additional readings were taken to assess the buckling strength.




2.5. Test Results


Table 2 presents six novel experimental findings for the intermediate FFUAC sections, while Ananthi et al. [45] provide the PEXP values for stub and short columns. The table indicates a 6% average increase in the concentric compressive strengths of FFUAC sections with two stiffeners in the longer leg and one in the shorter leg compared to those with only two stiffeners in the longer leg.



The correlation between axial capacity and displacement for FFUAC150 intermediate-length columns is shown in Figure 10. The relationship is observed to be essentially linear for FFUAC150-S0-L1000, FFUAC150-LL1-L1000, FFUAC150-LL2-L1000, and FFUAC150-LL2-SL1-L1000 up to loads of 150 kN, 170 kN, 190 kN, and 215 kN, respectively, representing 89%, 90%, 91%, and 97% of the ultimate failure loads. Beyond the failure load, nonlinear behaviour is observed. Figure 11 shows typical failure images for FFUAC150-LL2-L1000 and FFUAC150-LL2-SL1-L1000 from the experiments.





3. Finite Element Modelling


3.1. General


Finite element (FE) models of the FFUAC sections under axial compression were developed using ABAQUS software version 6.18 [47]. Initially, linear buckling modes of the FFUAC were identified through eigenvalue analysis (*BUCKLE), a feature available in the ABAQUS library. Subsequently, a nonlinear analysis was conducted using the Riks method. These FE models incorporated local and global geometric imperfections as well as material nonlinearity. The precise modelling methods are detailed in the following sections.




3.2. Geometrical and the Material Properties


This study modelled the complete FFUAC geometry interconnected by fasteners. For the analysis and verification phases, a metal plasticity model was employed. In Section 5, which focuses on the parametric study, a simplified stress–strain curve based on the Von Mises yield criterion for elastic-perfectly plastic behaviour was utilized. The stress–strain data (engineering) obtained from the coupon tests were converted into true stress–strain data for use in the FE models.


   σ  t r u e   = σ ( 1 + ε )  



(1)








    ε  t r u e ( p l )   = ln ( 1 + ε ) −     σ  t r u e    E     



(2)






3.3. Contact Surface and Fastener Modelling


The interaction between the FFUAC’s longer legs was modelled using surface-to-surface contact (Figure 12). The normal contact was defined using “hard” contact, assuming no penetration between the FFUAC components. Since friction between the parts was negligible, a frictionless interaction property was specified in the tangential direction, allowing surfaces to slide freely without transmitting normal force [48,49,50]. The absence of fastener failures, such as pulling, shearing, or tipping, indicated that the fastener stiffness was sufficient to prevent sliding between the overlapping portions of the FFUAC. Self-tapping screws were used as fasteners to join the two unequal angles (with or without stiffeners), forming the FFUAC sections.



The fasteners were modelled as “beam elements” representing point-based “face-to-face” connections, similar to the approach outlined by Ananthi et al. [45]. Stiff surfaces and contact interactions were used to model the fasteners. All degrees of freedom were constrained using “beam connectors” with a minimum acceptance value of 0.03, ensuring no shear failure occurred in the screws [51,52].



A critical factor in the structural performance of compound CFS sections is shear deformation. However, in this study, no shearing, pulling, or tilting failures occurred in the fasteners connecting the legs of the FFUAC, as illustrated in Figure 11. Furthermore, there were no signs of shear failure in the fasteners connecting the longer legs, which ensured their stability. The end plates also showed no signs of curling or cracking.




3.4. Element Type and FE Meshing


The FFUAC sections (S0, LL1, LL2, LL1-SL1, and LL2-SL1) were modelled using 4-noded S4R5 quadrilateral thick-shell elements, which provide five degrees of freedom (DOFs) per node. Although the S4R5 element accommodates large rotations, it assumes small strains and ignores thickness changes due to deformation. A mesh-sensitivity study determined that a 5 mm × 5 mm mesh size was suitable for the width and length of the FFUAC sections. Aspect ratios close to unity were maintained by adjusting the element count. Figure 13 shows a sample meshing pattern for the FFUAC150-LL2-SL1-L1000 section.




3.5. Boundary and Loading Conditions


The FE model employed simply supported boundary conditions with free edges. Translational degrees of freedom (U1, U2, U3) and rotational degrees of freedom (UR1, UR2, UR3) were assigned. Reference points (RP1 and RP2) were positioned at the centres of gravity (CG) at both ends of the FFUAC sections. Rigid body tie constraints were used to link the RPs to all node sets at the top and bottom ends of the FFUAC (Figure 14). At the top RP, a concentrated axial load was applied, while the bottom RP was fully constrained except for minor axis rotation (UR1 and UR2). This setup simulated the experimental boundary conditions. Since the vertical centroidal axis and the line of loading coincided with the RP (along the major axis), no eccentricity occurred in the loading. Typical FE models for the FFUAC150-LL2-SL1-L1000 section, including support and loading conditions, are depicted in Figure 14.




3.6. Initial Geometric Imperfections-Modelling


The local and global buckling behaviour of FFUAC specimens is influenced by parameters such as B/t, D/t, and the slenderness ratio about both axes. Initial imperfections introduced during fabrication were considered in the FE analysis to ensure accuracy. Eigenvalue analysis was performed on FFUACs of varying thicknesses to obtain local and global imperfection contours. The magnitude of global and local imperfections at mid-height was set as 1/1000 times the column length and 0.006wt, respectively, following Schafer and Pekoz [53]. Figure 15 shows the first local buckling mode and the fourth global buckling mode for the FFUAC150-LL2-SL1-L1000, derived from the FEA. No distortional buckling was observed in any FFUAC specimens.




3.7. Validation of FE Results


For column lengths of 1000 mm, Table 2 compares the ultimate axial capacity from FEA (PFEA) and experimental results (PExp), while Ananthi et al. [45] provide data for stub and short columns. The ratio PExp/PFEA had an average value of 0.99 with a coefficient of variation (COV) of 0.02. Figure 10 further compares the load-axial shortening behaviour between PExp and PFEA for intermediate FFUAC150 columns, demonstrating a good fit. Additionally, for FFUAC150-LL2-L1000 (Figure 11a) and FFUAC150-LL2-SL1-L1000 (Figure 11b), the buckling patterns observed in PExp closely matched those predicted by PFEA.





4. Design Guidelines in Accordance with AISI and AS/NZ Standards


The unfactored axial strengths of FFUAC can be calculated using the specifications provided by the American Iron and Steel Institute (AISI) [23] and AS/NZS [24]. Both standards suggest utilizing the Effective Width Method (EWM) and the direct strength method (DSM) to determine the axial strength of FFUAC. In this study, the DSM is applied to evaluate the axial strengths of unequal FFUAC. The following equations were employed to calculate the unfactored design strength of axially loaded FFUAC members, both with and without stiffeners:


    P   A I S I & A S / N Z S   =   A   e     F   n    



(3)







The critical buckling stress (Fn) can be calculated using Equations (4) and (5) as follows:


  For     λ   c   ≤ 1.5 ,   F   n   =     0.658     λ   2         F   y    



(4)






  For     λ   c   > 1.5 ,   F   n   =      0.877     λ   c   2          F   y    



(5)







The non-dimensional critical slenderness (λc) can be calculated using Equation (6) as given below:


    λ   c   =       F   y       F   e        



(6)







According to AISI [23] and AS/NZS [24], the modified slenderness ratio can be calculated as per Equation (7):


          K L   r        m   =         K L   r        0   2   +        S     r   i          2        When ,        S     r   i        ≤ 0.5        K L   r        o     



(7)






    P   D S M   = min ⁡ (   P   n e   ,   P   n l   ,   P   n d   )  



(8)







The nominal axial strength (Pne) for flexural buckling can be calculated using Equation (9).


    P   n e   =          0.658       λ   2     c         P   y         f o r     λ   c   ≤ 1.5          0.877       λ   2     c          P   y         f o r     λ   c   > 1.5       



(9)




where,     λ   c   =       P   y       P   c r e         and     P   y   = A   f   y    


    P   n l =          P   n e                           f o r     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       f o r     λ   l   > 0.776       



(10)




where     λ   l   =       P   n e       P   c r l         and,     P   c r l   =   A f   o l    .



The nominal axial strength (    P   n d    ) for distortional buckling can be calculated using Equation (11) as given below:


    P   n d =          P   y                           f o r     λ   d   ≤ 0.561       1 − 0.25          P   c r d       P   y          0.6              P   c r d       P   y          0.6     P   y           f o r     λ   d   > 0.561       



(11)




where   ,   λ   d   =       P   y       P   c r d         and,     P   c r d   =   A f   o d    .



The nominal design concentric compressive strength of FFUAC sections was calculated using the aforementioned equations both with and without stiffeners. The joinery details between the two angle sections were replicated in this analytical model by imposing strict constraints at the locations of fasteners, such as in the x, y, and z directions, with degrees of freedom being controlled. The longitudinal degrees of freedom (in the y direction) were unrestricted along the length. In Table 2 for the intermediate FFUAC with and without stiffeners, the design concentric compressive strengths estimated by the DSM equations are contrasted with the experimental and FE values.




5. Parametric Study


A detailed parametric study was conducted using the validated FE model to assess the adequacy of current direct strength method (DSM) guidelines. This study focused on built-up face-to-face unsymmetrical CFS angle columns (FFUAC120 and FFUAC150), adopting the same geometric details as those investigated by Ananthi et al. [45]. Five configurations (FFUAC-S0, FFUAC-LL1, FFUAC-LL1-SL1, FFUAC-LL2, and FFUAC-LL2-SL1) with longer leg dimensions of 120 mm and 150 mm were analysed across lengths of 300 mm, 600 mm, 1000 mm, 1500 mm, and 2000 mm, as illustrated in Figure 16 [Table 3a–d]. The B/D ratios for the FFUAC120 columns were 0.38 and 0.50, while those for the FFUAC150 columns were 0.33 and 0.50, as detailed in Figure 16.



Key Findings from the Parametric Study:



5.1. Effect of Stiffeners on Axial Strength


FFUAC150-LL2 sections with two intermittent stiffeners in the longer leg and a B/D ratio exceeding 0.33 demonstrated superior axial strength compared to sections with a single intermittent stiffener. Axial strength of FFUAC120-LL1 specimens increased by approximately 8% for B/D ratios of 0.38 and 0.50 compared to the FFUAC120-S0 series, regardless of thickness. While shorter leg stiffeners effectively controlled inward buckling along the major axis, their impact on axial strength was minimal. However, multiple stiffeners reduced plate slenderness, enhancing axial strength.




5.2. Fastener Performance and Spacing


Local buckling did not occur between fastener spacings, confirming the appropriateness of the specified fastener spacing in AISI S100-2016 [23]. No simultaneous fastener failures were observed, even for thinner columns, validating the adequacy of the number of fasteners prescribed by the standard.




5.3. Impact of Slenderness Ratio and B/D Ratio


For longer columns, the addition of a single intermittent longer leg stiffener did not significantly alter failure patterns, as the slenderness ratio dictated their behaviour. Failure consistently involved combined local and flexural buckling for columns exceeding short column lengths, even when the B/D ratio was increased from 0.33/0.38 to 0.50.




5.4. Buckling Behaviour and Failure Modes


Columns longer than 1000 mm exhibited significant strength reduction and displayed combined local and flexural buckling, as shown in Figure 17. All stub and short columns with 2 mm thickness failed due to local buckling, regardless of cross-section type. Intermediate and slender columns consistently failed at mid-height due to combined local and flexural buckling. Additional stiffeners increased the plate’s effective area, delaying flexural buckling failure following local buckling. For FFUAC150, stiffeners provided resistance to out-of-plane local buckling.



This study confirmed that the existing DSM guidelines underestimate the concentric compressive strength of FFUAC sections. The analysis highlighted the effectiveness of stiffeners in mitigating certain buckling modes and enhancing axial strength, particularly in configurations with multiple stiffeners on longer legs. However, for columns longer than 1000 mm, strength reduction was significant due to combined buckling effects, underscoring the need for revised design equations to better predict the performance of these built-up sections.





6. Proposed Design Equations


The design curves for AISI S100-2016 [23] and AS/NZS 4600:2018 [24] are primarily divided into various regions both for the flexural and local buckling modes. According to Section 4 of this study, the first region occurs when     λ   c   < 1.3  , the second region occurs when     λ   c   ≤ 1.5  , and the third region occurs when     λ   c   > 1.5   for the flexural buckling. Similarly for the local buckling modes, the first region occurs when     λ   l   ≤ 0.776 ,   and the second region occurs when     λ   l   > 0.776  . The AISI S100-2016 [23] and AS/NZS 4600:2018 [24] are incredibly unconservative when it comes to estimating the axial strength of FFUAC. Thus, an attempt has been made in this study to modify the current design guidelines for figuring out FFUAC’s concentric compressive strengths. Equations 12 and 13 define the modified column curve that this study suggests using to get safe, less scattered, and more accurate strength estimates. The new column curve is as follows:



The concentric compressive flexural buckling strengths (    P   P r o p o s e d − 1    ) are defined by Equation (12).


    P   P r o p o s e d − 1             0.99       λ   1.35     c           P   y           for     λ   c   < 1.3            1.4       λ   1.2     c            P   y                                               for   1.3 <   λ   c   ≤ 1.5                                  1.25       λ   0.55     c            P   y                       for     λ   c   > 1.5        



(12)







The concentric compressive local buckling strengths (    P   P r o p o s e d − 2    ) are defined by Equation (13).


    P   P r o p o s e d − 2 =          P   n e                                     f o r     λ   l   ≤ 0.776     1.05   1 − 0.15          P   c r l       P   n e          0.4              P   c r l       P   n e          0.4     P   n e             f o r     λ   l   > 0.776       



(13)




where




	
    P   c r l     is the elastic buckling load,



	
    P   c r d     is the distortional buckling load,



	
and     P   c r e     is the global buckling load.








These equations are intended to enhance the prediction of concentric compressive strengths of FFUAC sections by considering both local and flexural buckling behaviours observed in the experimental and numerical studies conducted in this research. The proposed design strengths (PProposed−1 and PProposed−2) align closely with the FEA results, as illustrated in Figure 18 and Figure 19.




7. Reliability Analysis


The reliability of the proposed design equations was evaluated using the recommended design formulas. As per the AISI S100-2016 [23] standard, a minimum reliability index (β) of 2.5 is recommended for CFS members to ensure reliability. The reliability analysis conducted here utilized a load combination of 1.2 times dead load (DL) and 1.6 times live load (LL), in accordance with the AISI S100-2016 [23] standard.



Statistical parameters, including the mean (Pm) and coefficient of variation (VP), were calculated for FFUAC120 and FFUAC150 sections with thicknesses of 2 mm and 3 mm, respectively. These parameters are essential for evaluating the variability in material properties and applied loads. For FFUAC, Table 3a–d confirms that the value of β was above 2.5 for the proposed DSM design equations.


  φ = 1.52   ( M   m     F   m     P   m   )   e   − β  {     V   m     2   +     V   f     2   +   C   p       V   p     2   +     V   q     2    }    



(14)




where, β = reliability index,   φ   = resistance factor (0.85), Mm and Vm = mean (1.1) and COV (0.1) of the material factor, Fm and Vf = mean (1.0) and COV (0.05) of the fabrication factor, Pm and VP = mean and COV of FE results over proposed equation (      P   F E A    /    P   P r o p o s e d      ), Vq = COV (0.21) of load effect, Cp = correction factor   [ ( n + 1 ) / n ⌋ ⌊ ( n − 1 ) / ( n − 3 ) ]  , and n = number of samples.



Adjustment factors from the AISI S100-2016 [23] standard were employed to determine the reliability index. A resistance factor (φ = 0.85) was consistently used in the analysis. The findings showed that the proposed equations for predicting the axial capacity of both sections (FFUAC120 and FFUAC150) surpassed the minimum target reliability index (β) of 2.5. Consequently, the proposed design equations are considered reliable for determining the concentric compressive strengths of FFUAC sections.




8. Conclusions


This study investigated the concentric compressive strengths of cold-formed steel (CFS) built-up unequal-angle section columns in a face-to-face configuration (FFUAC), both with and without stiffeners. The research presented six new experimental results focusing on concentric compressive strengths, failure modes, and axial capacity-displacement behaviour. The findings were used to develop and validate nonlinear finite element analysis (FEA) models. A parametric study involving 160 models was conducted to assess the accuracy of current design recommendations based on the direct strength method (DSM) by comparing FE results with experimental data. Key findings include:




	
Effect of shorter leg stiffeners: Intermittent shorter leg stiffeners allowed deflection along the major axis but did not directly affect concentric compressive strength. However, by reducing plate slenderness, they improved the overall compressive strengths of FFUAC.



	
Performance with longer leg stiffeners: FFUAC sections with two stiffeners on the longer legs and a B/D ratio of 0.50 exhibited superior axial strength compared to those with a single stiffener on the longer leg.



	
Buckling behaviour: Short columns, irrespective of thickness, experienced local and flexural buckling. Stub columns with 2 mm thickness showed local buckling, while those with 3 mm thickness failed due to combined local and flexural buckling.



	
DSM accuracy: DSM predictions were less conservative for stub FFUAC failing due to local buckling. For short to slender columns failing due to a combination of local and flexural buckling, the DSM predictions were overly conservative.



	
Intermediate and slender columns: Adding a second intermittent stiffener to the longer legs increased the strength of built-up sections by an average of 5%. Intermittent shorter leg stiffeners effectively controlled deflection against major axis buckling but had minimal impact on concentric compressive strength.



	
Length dependency: The compressive strength of built-up columns decreased with increasing length, even with stiffeners. Columns longer than 600 mm predominantly failed due to combined local and flexural buckling.



	
Limitations of existing DSM: The DSM method significantly underestimates the concentric compressive strengths of FFUAC sections. This prompted the development of refined design rules, accounting for both local and flexural buckling, to predict the compressive strength of FFUAC sections more accurately.



	
Practical design guidelines: The proposed design modifications will provide more accurate predictions of axial strength, assisting structural engineers in the design of built-up cold-formed steel (CFS) members and improving both safety and efficiency.



	
Design equation development: The insights from our study can inform future revisions of design codes and standards, such as the AISI S100 and Eurocode, specifically regarding built-up CFS sections.








The proposed equations were incorporated into a detailed reliability study, enabling a more precise evaluation of the concentric compressive strengths of CFS angle sections with stiffeners.
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	A
	Geometrical area;



	Ae
	Effective geometrical area;



	CFS
	Cold-formed steel;



	AISI
	American Iron and Steel Institute;



	AS/NZS
	Australian and New Zealand Standards;



	DSM
	Direct strength method;



	EWM
	Effective Width Method;



	B
	Longer leg dimension;



	D
	Shorter leg dimension;



	l
	Lip depth;



	COV
	Coefficient of variation;



	FEM
	Finite element modelling;



	Fy
	Yield strength;



	Fn
	Nominal compressive stress;



	Fu
	Ultimate tensile strength of steel;



	fy
	Yield stress;



	fol
	Elastic local buckling stress;



	fod
	Distortional buckling stress;



	E
	Modulus of elasticity;



	L
	Unbraced member length;



	K
	Effective length factor;



	Lo
	Gauge Length;



	PDSM
	Design strength in accordance with AISI [23] and AS/NZS [24];



	PAISI/AS&NZS
	Compressive strength as per direct strength method;



	PEXP
	Axial capacity from the finite element analysis;



	PFEA
	Axial capacity from experiments;



	Pcre
	Elastic flexural buckling load (critical);



	T
	Base metal thickness;



	t
	Thickness;



	Pnl
	Axial capacity for local buckling;



	Pnd
	Axial capacity for distortional buckling;



	Pne
	Axial capacity for flexural buckling;



	S
	Spacing between the screws;



	λl
	Slenderness factor (local buckling);



	λd
	Slenderness factor (distortional buckling);



	λ
	Slenderness ratio;



	DL
	Dead load;



	LL
	Live load;
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Figure 1. Various geometric profiles of CFS closed-angle sections available in the literature. (a) Ananthi et al. [2] (b) Aruna et al. [4,5] (c) Dar et al. [15] and Aghoury et al. [16] (d) Anbarasu [17]. 
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Figure 2. Cross-sections of CFS built-up channel sections from the literature. (a) H.D. Craveiro et al. [25] and Nie et al. [26] (b) Anbarasu M [27] (c) Zhou X et al. [28] (d) Roy et al. [29] (e) Roy et al. [30] (f) Ananthi and Ashvini [31] (g) Roy et al. [32] (h) J. Zhang, B. Young [33,34,35] (i) Ananthi et al. [36] (j) Y.Q. Li et al. [37] (k) Phan et al. [38] (l) Liao et al. [39] (m) Li et al. [40] (n) Meza et al. [41,42] (o) Craveiro et al. [43]. 
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Figure 3. Fasteners and stiffener details. 
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Figure 4. Details of FFUAC examined in this experimental study (Dimensions are in mm). 
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Figure 5. FFUAC labelling. 
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Figure 6. Specification of coupons (cut from segments after forming). 
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Figure 7. Electromechanical testing machine (Zwick/Roell Z100 kN) [46]. 
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Figure 8. Full stress–strain curve of FFUAC used in this research. 
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Figure 9. Details of the experimental test. 
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Figure 10. Axial capacity versus displacement graphs for FFUAC 150 mm specimens. 
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Figure 11. Deformed shapes at failure for FFUAC for 1000 mm length. 
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Figure 12. Contact surface and fasteners modelling for FFUAC-150-LL2-SL1-L1000. 
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Figure 13. FE meshing for FFUAC-150-LL2-LS1-L1000. 
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Figure 14. Details of the pinned-ended boundary condition for 150-LL2-SL1-L1000. 
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Figure 15. Initial imperfection contours for FFUAC-150-LL2-SL1-L1000, for 2 mm thickness obtained from the FEA. 
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Figure 16. Cross-sectional details of the FFUAC. 
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Figure 17. Deformed shapes at failure for FFUAC150-LL1 (B/D:0.50) for 2 mm thickness from the FEA. 
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Figure 18. Comparison of PFEA versus PDSM (2 mm). 
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Figure 19. Comparison of PFEA versus PDSM (3 mm). 






Figure 19. Comparison of PFEA versus PDSM (3 mm).



[image: Buildings 15 00088 g019]







 





Table 1. Coupon tests’ material properties [45].
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Steel Grade

	
Tensile Strength in N/mm2

	
Elongation

	
Ratio,

	
Young’s Modulus in GPa




	
European Code

	
Manufacturer

	
Measured from Coupons Testing




	
Sheets

	
Sheets

	
Sections




	
fy

	
fu

	
fy

	
fu

	
fy

	
fu

	
%

	
fu/fy

	
E






	
CR:LT

	
140.00/180.00

	
270.00/330.00

	
140.00/220.00

	
280.00

	
210.07

	
332.04

	
35.00

	
1.58

	
205.02











 





Table 2. Comparison of FEA results against test results for FFUAC intermediate-length sections.
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FFUAC Specimen: ID

	
Longer Leg

	
Shorter Leg

	
Lip

Height

	
Thickness

	
Length

	
Fastener Spacing

	
Test

Results

	
FEA Results

	
Current DSM Design Strengths

	
Mode of Failure






	
L = 1000 mm—S = 50

	
B

	
D

	
l

	
t

	
L

	
S

	
PEXP

	
PFEA

	
PEXP/

PFEA

	
PDSM

	
PEXP/

PDSM

	




	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(kN)

	
(kN)

	
-

	
(kN)

	
-




	
Series—I: No stiffener




	
FFUAC120-S0-L1000

	
120.00

	
60.00

	
15.00

	
2.00

	
1000

	
50.00

	
138.55

	
143.50

	
0.97

	
111.94

	
1.24

	
L + F




	
FFUAC150-S0-L1000

	
150.00

	
75.00

	
15.00

	
2.00

	
1000

	
50.00

	
168.20

	
163.66

	
1.03

	
125.76

	
1.34

	
L + F




	
Series—II: One stiffener in the first leg




	
FFUAC120-LL1-L1000

	
120.00

	
60.00

	
15.00

	
2.00

	
1000

	
50.00

	
153.80

	
158.11

	
0.97

	
119.80

	
1.28

	
L + F




	
FFUAC150-LL1-L1000

	
150.00

	
75.00

	
15.00

	
2.00

	
1000

	
50.00

	
185.50

	
184.23

	
1.01

	
134.10

	
1.38

	
L + F




	
Series—III: Two stiffener in the first leg




	
FFUAC150-LL2-L1000

	
150.00

	
75.00

	
15.00

	
2.00

	
1000

	
50.00

	
209.45

	
214.21

	
0.98

	
140.18

	
1.49

	
L + F




	
Series—IV: Two stiffener in the first leg and one stiffener in the second leg




	
FFUAC150-LL2-SL1-L1000

	
150.00

	
75.00

	
15.00

	
2.00

	
1000

	
50.00

	
221.34

	
226.83

	
0.98

	
144.57

	
1.53

	
L + F




	
Mean

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.99

	
-

	
1.36

	
-




	
COV

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.02

	
-

	
0.11

	
-








* L: local buckling and F: Flexural buckling.













 





Table 3. FFUAC axial strength as determined by the FEA, DSM, and the proposed DSM equations are compared.
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(a) 120 mm long leg—2 mm thick




	
BBUAC Specimen: ID

	
Longer Leg

	
Shorter Leg

	
Lip

Height

	
Thickness

	
Length

	
FEA

Results

	
Current

DSM Design Strengths

	
Proposed DSM Design Strengths

	
Comparison

	
Mode of Failure




	
B

	
D

	
l

	
t

	
L

	
PFEA

	
PDSM

	
PProposed

	
PFEA/

PProposed




	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(kN)

	
(kN)

	
(kN)






	
FFUAC120-S0 (B/D: 0.38)




	
FFUAC120-S0-L300

	
120.00

	
45.00

	
15.00

	
2.00

	
300

	
165.83

	
168.45

	
171.95

	
0.96

	
L




	
FFUAC120-S0-L600

	
120.00

	
45.00

	
15.00

	
2.00

	
600

	
163.45

	
134.70

	
170.47

	
0.96

	
L




	
FFUAC120-S0-L1000

	
120.00

	
45.00

	
15.00

	
2.00

	
1000

	
161.58

	
86.50

	
170.11

	
0.95

	
L + F




	
FFUAC120-S0-L1500

	
120.00

	
45.00

	
15.00

	
2.00

	
1500

	
155.18

	
48.87

	
164.66

	
0.94

	
L + F




	
FFUAC120-S0-L2000

	
120.00

	
45.00

	
15.00

	
2.00

	
2000

	
120.32

	
34.58

	
122.49

	
0.98

	
L + F




	
FFUAC120-S0 (B/D: 0.50)




	
FFUAC120-S0-L300

	
120.00

	
60.00

	
15.00

	
2.00

	
300

	
179.43

	
182.33

	
184.00

	
0.98

	
L




	
FFUAC120-S0-L600

	
120.00

	
60.00

	
15.00

	
2.00

	
600

	
175.32

	
145.80

	
182.10

	
0.96

	
L




	
FFUAC120-S0-L1000

	
120.00

	
60.00

	
15.00

	
2.00

	
1000

	
172.29

	
93.37

	
181.57

	
0.95

	
L + F




	
FFUAC120-S0-L1500

	
120.00

	
60.00

	
15.00

	
2.00

	
1500

	
167.12

	
52.40

	
177.74

	
0.94

	
L + F




	
FFUAC120-S0-L2000

	
120.00

	
60.00

	
15.00

	
2.00

	
2000

	
158.28

	
36.88

	
161.37

	
0.98

	
L + F




	
FFUAC120-LL1 (B/D: 0.38)




	
FFUAC120-LL1-L300

	
120.00

	
45.00

	
15.00

	
2.00

	
300

	
181.92

	
169.16

	
182.73

	
1.00

	
L




	
FFUAC120-LL1-L600

	
120.00

	
45.00

	
15.00

	
2.00

	
600

	
179.77

	
135.29

	
181.85

	
0.99

	
L




	
FFUAC120-LL1-L1000

	
120.00

	
45.00

	
15.00

	
2.00

	
1000

	
176.42

	
86.95

	
181.46

	
0.97

	
L + F




	
FFUAC120-LL1-L1500

	
120.00

	
45.00

	
15.00

	
2.00

	
1500

	
153.58

	
49.19

	
152.17

	
1.01

	
L + F




	
FFUAC120-LL1-L2000

	
120.00

	
45.00

	
15.00

	
2.00

	
2000

	
120.01

	
34.83

	
121.23

	
0.99

	
L + F




	
FFUAC120-LL1 (B/D: 0.50)




	
FFUAC120-LL1-L300

	
120.00

	
60.00

	
15.00

	
2.00

	
300

	
193.17

	
183.01

	
197.68

	
0.98

	
L




	
FFUAC120-LL1-L600

	
120.00

	
60.00

	
15.00

	
2.00

	
600

	
190.97

	
146.28

	
196.73

	
0.97

	
L




	
FFUAC120-LL1-L1000

	
120.00

	
60.00

	
15.00

	
2.00

	
1000

	
186.52

	
93.68

	
187.28

	
1.00

	
L + F




	
FFUAC120-LL1-L1500

	
120.00

	
60.00

	
15.00

	
2.00

	
1500

	
176.84

	
52.65

	
178.47

	
0.99

	
L + F




	
FFUAC120-LL1-L2000

	
120.00

	
60.00

	
15.00

	
2.00

	
2000

	
159.71

	
37.10

	
162.10

	
0.99

	
L + F




	
FFUAC120-LL1-SL1 (B/D: 0.38)




	
FFUAC120-LL1-SL1-L300

	
120.00

	
45.00

	
15.00

	
2.00

	
300

	
183.26

	
170.81

	
184.49

	
0.99

	
L




	
FFUAC120-LL1-SL1-L600

	
120.00

	
45.00

	
15.00

	
2.00

	
600

	
182.25

	
136.71

	
183.84

	
0.99

	
L




	
FFUAC120-LL1-SL1-L1000

	
120.00

	
45.00

	
15.00

	
2.00

	
1000

	
180.70

	
88.17

	
183.51

	
0.98

	
L + F




	
FFUAC120-LL1-SL1-L1500

	
120.00

	
45.00

	
15.00

	
2.00

	
1500

	
161.23

	
50.17

	
153.34

	
1.05

	
L + F




	
FFUAC120-LL1-SL1-L2000

	
120.00

	
45.00

	
15.00

	
2.00

	
2000

	
122.53

	
35.67

	
122.27

	
1.00

	
L + F




	
FFUAC120-LL1-SL1 (B/D: 0.50)




	
FFUAC120-LL1-SL1-L300

	
120.00

	
60.00

	
15.00

	
2.00

	
300

	
196.27

	
184.58

	
199.43

	
0.98

	
L




	
FFUAC120-LL1-SL1-L600

	
120.00

	
60.00

	
15.00

	
2.00

	
600

	
194.79

	
147.48

	
198.48

	
0.98

	
L




	
FFUAC120-LL1-SL1-L1000

	
120.00

	
60.00

	
15.00

	
2.00

	
1000

	
189.86

	
94.52

	
197.42

	
0.96

	
L + F




	
FFUAC120-LL1-SL1-L1500

	
120.00

	
60.00

	
15.00

	
2.00

	
1500

	
177.93

	
53.30

	
180.24

	
0.99

	
L + F




	
FFUAC120-LL1-SL1-L2000

	
120.00

	
60.00

	
15.00

	
2.00

	
2000

	
162.54

	
37.68

	
163.84

	
0.99

	
L + F




	
Mean

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.98

	
-




	
COV

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.02

	
-




	
Resistance factor, φ

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.85

	
-




	
Reliability index, β

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
2.75

	
-




	
(b) 120mm long leg—3 mm thick




	
FFUAC Specimen: ID

	
Longer Leg

	
Shorter Leg

	
Lip

Height

	
Thickness

	
Length

	
FEA

Results

	
Current DSM Design Strengths

	
Proposed DSM Design Strengths

	
Comparison

	
Mode of Failure




	
B

	
D

	
l

	
t

	
L

	
PFEA

	
PDSM

	
PProposed

	
PFEA/

PProposed




	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(kN)

	
(kN)

	
(kN)




	
FFUAC120-S0 (B/D: 0.38)

	

	




	
FFUAC120-S0-L300

	
120.00

	
45.00

	
15.00

	
3.00

	
300

	
260.08

	
242.70

	
263.61

	
0.99

	
L + F




	
FFUAC120-S0-L600

	
120.00

	
45.00

	
15.00

	
3.00

	
600

	
256.54

	
195.83

	
262.41

	
0.98

	
L + F




	
FFUAC120-S0-L1000

	
120.00

	
45.00

	
15.00

	
3.00

	
1000

	
252.11

	
139.21

	
261.00

	
0.97

	
L + F




	
FFUAC120-S0-L1500

	
120.00

	
45.00

	
15.00

	
3.00

	
1500

	
218.03

	
97.60

	
220.16

	
0.99

	
L + F




	
FFUAC120-S0-L2000

	
120.00

	
45.00

	
15.00

	
3.00

	
2000

	
173.78

	
78.83

	
175.61

	
0.99

	
L + F




	
FFUAC120-S0 (B/D: 0.50)

	

	




	
FFUAC120-S0-L300

	
120.00

	
60.00

	
15.00

	
3.00

	
300

	
279.96

	
263.39

	
286.04

	
0.98

	
L + F




	
FFUAC120-S0-L600

	
120.00

	
60.00

	
15.00

	
3.00

	
600

	
272.74

	
212.29

	
284.72

	
0.96

	
L + F




	
FFUAC120-S0-L1000

	
120.00

	
60.00

	
15.00

	
3.00

	
1000

	
269.38

	
149.97

	
283.17

	
0.95

	
L + F




	
FFUAC120-S0-L1500

	
120.00

	
60.00

	
15.00

	
3.00

	
1500

	
262.29

	
103.86

	
276.88

	
0.95

	
L + F




	
FFUAC120-S0-L2000

	
120.00

	
60.00

	
15.00

	
3.00

	
2000

	
234.83

	
83.41

	
236.03

	
0.99

	
L + F




	
FFUAC120-LL1 (B/D: 0.38)

	

	




	
FFUAC120-LL1-L300

	
120.00

	
45.00

	
15.00

	
3.00

	
300

	
263.69

	
245.99

	
266.76

	
0.99

	
L + F




	
FFUAC120-LL1-L600

	
120.00

	
45.00

	
15.00

	
3.00

	
600

	
259.65

	
199.07

	
265.55

	
0.98

	
L + F




	
FFUAC120-LL1-L1000

	
120.00

	
45.00

	
15.00

	
3.00

	
1000

	
257.65

	
141.72

	
264.13

	
0.98

	
L + F




	
FFUAC120-LL1-L1500

	
120.00

	
45.00

	
15.00

	
3.00

	
1500

	
222.30

	
99.09

	
221.82

	
1.00

	
L + F




	
FFUAC120-LL1-L2000

	
120.00

	
45.00

	
15.00

	
3.00

	
2000

	
173.92

	
79.70

	
175.78

	
0.99

	
L + F




	
FFUAC120-LL1 (B/D: 0.50)

	

	




	
FFUAC120-LL1-L300

	
120.00

	
60.00

	
15.00

	
3.00

	
300

	
288.71

	
266.50

	
289.18

	
1.00

	
L + F




	
FFUAC120-LL1-L600

	
120.00

	
60.00

	
15.00

	
3.00

	
600

	
285.88

	
215.13

	
287.86

	
0.99

	
L + F




	
FFUAC120-LL1-L1000

	
120.00

	
60.00

	
15.00

	
3.00

	
1000

	
283.00

	
152.07

	
286.29

	
0.99

	
L + F




	
FFUAC120-LL1-L1500

	
120.00

	
60.00

	
15.00

	
3.00

	
1500

	
274.91

	
105.13

	
278.64

	
0.99

	
L + F




	
FFUAC120-LL1-L2000

	
120.00

	
60.00

	
15.00

	
3.00

	
2000

	
237.43

	
84.23

	
236.76

	
1.00

	
L + F




	
FFUAC120-LL1-SL1 (B/D: 0.38)

	

	




	
FFUAC120-LL1-SL1-L300

	
120.00

	
45.00

	
15.00

	
3.00

	
300

	
271.63

	
248.96

	
269.90

	
1.01

	
L + F




	
FFUAC120-LL1-SL1-L600

	
120.00

	
45.00

	
15.00

	
3.00

	
600

	
266.78

	
202.07

	
268.69

	
0.99

	
L + F




	
FFUAC120-LL1-SL1-L1000

	
120.00

	
45.00

	
15.00

	
3.00

	
1000

	
263.16

	
145.44

	
267.29

	
0.98

	
L + F




	
FFUAC120-LL1-SL1-L1500

	
120.00

	
45.00

	
15.00

	
3.00

	
1500

	
223.11

	
103.79

	
222.17

	
1.00

	
L + F




	
FFUAC120-LL1-SL1-L2000

	
120.00

	
45.00

	
15.00

	
3.00

	
2000

	
173.83

	
84.15

	
176.73

	
0.98

	
L + F




	
FFUAC120-LL1-SL1 (B/D: 0.50)

	

	




	
FFUAC120-LL1-SL1-L300

	
120.00

	
60.00

	
15.00

	
3.00

	
300

	
292.31

	
266.66

	
289.33

	
1.01

	
L + F




	
FFUAC120-LL1-SL1-L600

	
120.00

	
60.00

	
15.00

	
3.00

	
600

	
290.90

	
215.69

	
288.02

	
1.01

	
L + F




	
FFUAC120-LL1-SL1-L1000

	
120.00

	
60.00

	
15.00

	
3.00

	
1000

	
285.44

	
153.80

	
286.48

	
1.00

	
L + F




	
FFUAC120-LL1-SL1-L1500

	
120.00

	
60.00

	
15.00

	
3.00

	
1500

	
277.91

	
108.08

	
278.93

	
1.00

	
L + F




	
FFUAC120-LL1-SL1-L2000

	
120.00

	
60.00

	
15.00

	
3.00

	
2000

	
238.62

	
87.20

	
237.31

	
1.01

	
L + F




	
Mean

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.99

	
-




	
COV

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.02

	
-




	
Resistance factor, φ

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.85

	
-




	
Reliability index, β

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
2.79

	
-




	
(c) 150 mm long leg—2 mm thick




	
FFUAC Specimen: ID

	
Longer Leg

	
Shorter Leg

	
Lip

Height

	
Thickness

	
Length

	
FEA

Results

	
Current

DSM Design Strengths

	
Proposed DSM Design Strengths

	
Comparison

	
Mode of Failure




	
B

	
D

	
l

	
t

	
L

	
PFEA

	
PDSM

	
PProposed

	
PFEA/

PProposed




	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(kN)

	
(kN)

	
(kN)




	
FFUAC150-S0 (B/D: 0.33)




	
FFUAC150-S0-L300

	
150.00

	
50.00

	
15.00

	
2.00

	
300

	
175.77

	
177.42

	
177.42

	
0.99

	
L




	
FFUAC150-S0-L600

	
150.00

	
50.00

	
15.00

	
2.00

	
600

	
174.26

	
152.36

	
174.01

	
1.00

	
L




	
FFUAC150-S0-L1000

	
150.00

	
50.00

	
15.00

	
2.00

	
1000

	
173.05

	
88.41

	
173.25

	
1.00

	
L + F




	
FFUAC150-S0-L1500

	
150.00

	
50.00

	
15.00

	
2.00

	
1500

	
169.77

	
46.35

	
172.99

	
0.98

	
L + F




	
FFUAC150-S0-L2000

	
150.00

	
50.00

	
15.00

	
2.00

	
2000

	
158.82

	
31.53

	
159.29

	
1.00

	
L + F




	
FFUAC150-S0 (B/D: 0.50)




	
FFUAC150-S0-L300

	
150.00

	
75.00

	
15.00

	
2.00

	
300

	
195.17

	
196.09

	
196.09

	
1.00

	
L




	
FFUAC150-S0-L600

	
150.00

	
75.00

	
15.00

	
2.00

	
600

	
190.99

	
169.69

	
192.08

	
0.99

	
L




	
FFUAC150-S0-L1000

	
150.00

	
75.00

	
15.00

	
2.00

	
1000

	
188.32

	
99.23

	
191.30

	
0.98

	
L + F




	
FFUAC150-S0-L1500

	
150.00

	
75.00

	
15.00

	
2.00

	
1500

	
183.41

	
51.82

	
190.77

	
0.96

	
L + F




	
FFUAC150-S0-L2000

	
150.00

	
75.00

	
15.00

	
2.00

	
2000

	
175.12

	
35.10

	
182.78

	
0.96

	
L + F




	
FFUAC150-LL1 (B/D: 0.33)




	
FFUAC150-LL1-L300

	
150.00

	
50.00

	
15.00

	
2.00

	
300

	
206.41

	
199.02

	
209.87

	
0.98

	
L




	
FFUAC150-LL1-L600

	
150.00

	
50.00

	
15.00

	
2.00

	
600

	
201.84

	
153.11

	
205.89

	
0.98

	
L




	
FFUAC150-LL1-L1000

	
150.00

	
50.00

	
15.00

	
2.00

	
1000

	
192.45

	
89.05

	
193.50

	
0.99

	
L + F




	
FFUAC150-LL1-L1500

	
150.00

	
50.00

	
15.00

	
2.00

	
1500

	
183.63

	
46.71

	
185.16

	
0.99

	
L + F




	
FFUAC150-LL1-L2000

	
150.00

	
50.00

	
15.00

	
2.00

	
2000

	
162.38

	
31.79

	
160.57

	
1.01

	
L + F




	
FFUAC150-LL1 (B/D: 0.50)




	
FFUAC150-LL1-L300

	
150.00

	
75.00

	
15.00

	
2.00

	
300

	
225.98

	
221.93

	
231.10

	
0.98

	
L




	
FFUAC150-LL1-L600

	
150.00

	
75.00

	
15.00

	
2.00

	
600

	
220.94

	
170.90

	
225.94

	
0.98

	
L




	
FFUAC150-LL1-L1000

	
150.00

	
75.00

	
15.00

	
2.00

	
1000

	
215.04

	
99.39

	
217.32

	
0.99

	
L + F




	
FFUAC150-LL1-L1500

	
150.00

	
75.00

	
15.00

	
2.00

	
1500

	
205.53

	
51.94

	
206.22

	
1.00

	
L + F




	
FFUAC150-LL1-L2000

	
150.00

	
75.00

	
15.00

	
2.00

	
2000

	
184.50

	
35.20

	
185.30

	
1.00

	
L + F




	
FFUAC150-LL1-SL1 (B/D: 0.33)




	
FFUAC150-LL1-SL1-L300

	
150.00

	
50.00

	
15.00

	
2.00

	
300

	
213.52

	
201.46

	
214.37

	
1.00

	
L




	
FFUAC150-LL1-SL1-L600

	
150.00

	
50.00

	
15.00

	
2.00

	
600

	
209.30

	
154.84

	
210.98

	
0.99

	
L




	
FFUAC150-LL1-SL1-L1000

	
150.00

	
50.00

	
15.00

	
2.00

	
1000

	
194.60

	
89.96

	
195.62

	
0.99

	
L + F




	
FFUAC150-LL1-SL1-L1500

	
150.00

	
50.00

	
15.00

	
2.00

	
1500

	
186.72

	
47.25

	
187.45

	
1.00

	
L + F




	
FFUAC150-LL1-SL1-L2000

	
150.00

	
50.00

	
15.00

	
2.00

	
2000

	
164.77

	
32.21

	
161.19

	
1.02

	
L + F




	
FFUAC150-LL1-SL1 (B/D: 0.50)




	
FFUAC150-LL1-SL1-L300

	
150.00

	
75.00

	
15.00

	
2.00

	
300

	
233.25

	
224.41

	
236.46

	
0.99

	
L




	
FFUAC150-LL1-SL1-L600

	
150.00

	
75.00

	
15.00

	
2.00

	
600

	
228.72

	
172.75

	
231.75

	
0.99

	
L




	
FFUAC150-LL1-SL1-L1000

	
150.00

	
75.00

	
15.00

	
2.00

	
1000

	
218.03

	
100.46

	
218.22

	
1.00

	
L + F




	
FFUAC150-LL1-SL1-L1500

	
150.00

	
75.00

	
15.00

	
2.00

	
1500

	
207.18

	
52.55

	
208.59

	
0.99

	
L + F




	
FFUAC150-LL1-SL1-L2000

	
150.00

	
75.00

	
15.00

	
2.00

	
2000

	
185.42

	
35.65

	
187.48

	
0.99

	
L + F




	
FFUAC150-LL2 (B/D: 0.33)




	
FFUAC150-LL2-L300

	
150.00

	
50.00

	
15.00

	
2.00

	
300

	
216.55

	
201.17

	
217.44

	
1.00

	
L




	
FFUAC150-LL2-L600

	
150.00

	
50.00

	
15.00

	
2.00

	
600

	
210.58

	
153.95

	
212.08

	
0.99

	
L




	
FFUAC150-LL2-L1000

	
150.00

	
50.00

	
15.00

	
2.00

	
1000

	
192.93

	
88.58

	
193.64

	
1.00

	
L + F




	
FFUAC150-LL2-L1500

	
150.00

	
50.00

	
15.00

	
2.00

	
1500

	
184.64

	
46.39

	
186.50

	
0.99

	
L + F




	
FFUAC150-LL2-L2000

	
150.00

	
50.00

	
15.00

	
2.00

	
2000

	
158.85

	
31.57

	
160.35

	
0.99

	
L + F




	
FFUAC150-LL2 (B/D: 0.50)




	
FFUAC150-LL2-L300

	
150.00

	
75.00

	
15.00

	
2.00

	
300

	
235.54

	
224.10

	
240.50

	
0.98

	
L




	
FFUAC150-LL2-L600

	
150.00

	
75.00

	
15.00

	
2.00

	
600

	
230.70

	
171.83

	
232.83

	
0.99

	
L




	
FFUAC150-LL2-L1000

	
150.00

	
75.00

	
15.00

	
2.00

	
1000

	
216.12

	
99.06

	
216.20

	
1.00

	
L + F




	
FFUAC150-LL2-L1500

	
150.00

	
75.00

	
15.00

	
2.00

	
1500

	
205.00

	
51.71

	
207.66

	
0.99

	
L + F




	
FFUAC150-LL2-L2000

	
150.00

	
75.00

	
15.00

	
2.00

	
2000

	
183.92

	
35.06

	
186.62

	
0.99

	
L + F




	
FFUAC150-LL2-SL1 (B/D: 0.33)




	
FFUAC150-LL2-SL1-L300

	
150.00

	
50.00

	
15.00

	
2.00

	
300

	
219.65

	
202.79

	
220.53

	
1.00

	
L




	
FFUAC150-LL2-SL1-L600

	
150.00

	
50.00

	
15.00

	
2.00

	
600

	
213.10

	
155.27

	
216.08

	
0.99

	
L




	
FFUAC150-LL2-SL1-L1000

	
150.00

	
50.00

	
15.00

	
2.00

	
1000

	
199.72

	
89.57

	
195.59

	
1.02

	
L + F




	
FFUAC150-LL2-SL1-L1500

	
150.00

	
50.00

	
15.00

	
2.00

	
1500

	
187.32

	
47.06

	
188.31

	
0.99

	
L + F




	
FFUAC150-LL2-SL1-L2000

	
150.00

	
50.00

	
15.00

	
2.00

	
2000

	
161.96

	
32.11

	
161.73

	
1.00

	
L + F




	
FFUAC150-LL2-SL1 (B/D: 0.50)




	
FFUAC150-LL2-SL1-L300

	
150.00

	
75.00

	
15.00

	
2.00

	
300

	
241.52

	
225.33

	
243.65

	
0.99

	
L




	
FFUAC150-LL2-SL1-L600

	
150.00

	
75.00

	
15.00

	
2.00

	
600

	
234.24

	
172.76

	
237.33

	
0.99

	
L




	
FFUAC150-LL2-SL1-L1000

	
150.00

	
75.00

	
15.00

	
2.00

	
1000

	
218.71

	
99.71

	
217.54

	
1.01

	
L + F




	
FFUAC150-LL2-SL1-L1500

	
150.00

	
75.00

	
15.00

	
2.00

	
1500

	
210.59

	
52.16

	
209.00

	
1.01

	
L + F




	
FFUAC150-LL2-SL1-L2000

	
150.00

	
75.00

	
15.00

	
2.00

	
2000

	
188.14

	
35.44

	
187.93

	
1.00

	
L + F




	
Mean

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.99

	
-




	
COV

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.02

	
-




	
Resistance factor, φ

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.85

	
-




	
Reliability index, β

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
2.79

	
-




	
(d) 150 mm long leg—3 mm thick




	
FFUAC Specimen: ID

	
Longer Leg

	
Shorter Leg

	
Lip

height

	
Thickness

	
Length

	
FEA

Results

	
Current

DSM design strengths

	
Proposed DSM design strengths

	
Comparison

	
Mode of failure




	
B

	
D

	
l

	
t

	
L

	
PFEA

	
PDSM

	
PProposed

	
PFEA/

PProposed




	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(mm)

	
(kN)

	
(kN)

	
(kN)




	
FFUAC150-S0 (B/D: 0.33)




	
FFUAC150-S0-L300

	
150.00

	
50.00

	
15.00

	
3.00

	
300

	
314.98

	
286.83

	
315.64

	
1.00

	
L + F




	
FFUAC150-S0-L600

	
150.00

	
50.00

	
15.00

	
3.00

	
600

	
309.95

	
220.92

	
314.15

	
0.99

	
L + F




	
FFUAC150-S0-L1000

	
150.00

	
50.00

	
15.00

	
3.00

	
1000

	
288.90

	
140.41

	
297.69

	
0.97

	
L + F




	
FFUAC150-S0-L1500

	
150.00

	
50.00

	
15.00

	
3.00

	
1500

	
281.45

	
86.85

	
284.99

	
0.99

	
L + F




	
FFUAC150-S0-L2000

	
150.00

	
50.00

	
15.00

	
3.00

	
2000

	
231.51

	
67.24

	
233.47

	
0.99

	
L + F




	
FFUAC150-S0 (B/D: 0.50)




	
FFUAC150-S0-L300

	
150.00

	
75.00

	
15.00

	
3.00

	
300

	
349.07

	
321.17

	
352.14

	
0.99

	
L + F




	
FFUAC150-S0-L600

	
150.00

	
75.00

	
15.00

	
3.00

	
600

	
339.05

	
247.89

	
350.15

	
0.97

	
L + F




	
FFUAC150-S0-L1000

	
150.00

	
75.00

	
15.00

	
3.00

	
1000

	
328.25

	
157.45

	
333.57

	
0.98

	
L + F




	
FFUAC150-S0-L1500

	
150.00

	
75.00

	
15.00

	
3.00

	
1500

	
318.85

	
96.76

	
321.48

	
0.99

	
L + F




	
FFUAC150-S0-L2000

	
150.00

	
75.00

	
15.00

	
3.00

	
2000

	
293.96

	
74.52

	
299.19

	
0.98

	
L + F




	
FFUAC150-LL1 (B/D: 0.33)




	
FFUAC150-LL1-L300

	
150.00

	
50.00

	
15.00

	
3.00

	
300

	
316.07

	
290.47

	
318.97

	
0.99

	
L + F




	
FFUAC150-LL1-L600

	
150.00

	
50.00
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323.59
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226.78

	
321.89
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143.86
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1.01
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293.94
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150.00

	
75.00

	
15.00

	
3.00

	
2000

	
302.71

	
75.18
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FFUAC150-LL2-SL1 (B/D: 0.33)




	
FFUAC150-LL2-SL1-L300

	
150.00

	
50.00

	
15.00

	
3.00

	
300

	
327.76

	
294.06

	
325.80

	
1.01
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FFUAC150-LL2-SL1-L600

	
150.00

	
50.00

	
15.00

	
3.00

	
600

	
322.12

	
222.88

	
324.01

	
0.99

	
L + F




	
FFUAC150-LL2-SL1-L1000

	
150.00

	
50.00

	
15.00

	
3.00

	
1000

	
312.22

	
138.07

	
296.75

	
1.05

	
L + F




	
FFUAC150-LL2-SL1-L1500

	
150.00

	
50.00

	
15.00

	
3.00

	
1500

	
297.93

	
84.90

	
298.85

	
1.00

	
L + F




	
FFUAC150-LL2-SL1-L2000

	
150.00

	
50.00

	
15.00

	
3.00

	
2000

	
247.09

	
65.89

	
245.53

	
1.01

	
L + F




	
FFUAC150-LL2-SL1 (B/D: 0.50)




	
FFUAC150-LL2-SL1-L300

	
150.00

	
75.00

	
15.00

	
3.00

	
300

	
362.72

	
330.60

	
363.52

	
1.00

	
L + F




	
FFUAC150-LL2-SL1-L600

	
150.00

	
75.00

	
15.00

	
3.00

	
600

	
359.60

	
255.40

	
361.62

	
0.99

	
L + F




	
FFUAC150-LL2-SL1-L1000

	
150.00

	
75.00

	
15.00

	
3.00

	
1000

	
341.57

	
162.83

	
344.54

	
0.99

	
L + F




	
FFUAC150-LL2-SL1-L1500

	
150.00

	
75.00

	
15.00

	
3.00

	
1500

	
329.20

	
100.54

	
331.75

	
0.99

	
L + F




	
FFUAC150-LL2-SL1-L2000

	
150.00

	
75.00

	
15.00

	
3.00

	
2000

	
307.61

	
77.64

	
308.98

	
1.00

	
L + F




	
Mean

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.99

	
-




	
COV

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.01

	
-




	
Resistance factor, φ

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.85

	
-




	
Reliability index, β

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
2.80

	
-








* L: local buckling and F: Flexural buckling.
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