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Abstract

:

Cold-formed steel (CFS) is a typical green building material with the merits of being low-cost, lightweight, high-strength, and recyclable. CFS built-up section beams are widely used in CFS frames owing to their outstanding mechanical properties. However, a simplified and accurate method for calculating the flexural moment capacity of multi-limb built-up beams is missing in specifications. In this study, the flexural behaviors of CFS four-limb built-up beams with closed and open sections are investigated via experiments and finite element (FE) modeling. Firstly, the flexural moment capacities and failure modes of the beams are obtained by four-point bending experiments. The ultimate load capacity of the new open section beam is found to be higher than that of the closed section beam, and the failure mode is local buckling of the web and upper flange. Then, the FE models validated by the tests are developed to conduct an extensive parametric study. Numerical results show that the flexural moment capacity increases with the thickness and web depth. Finally, a simplified calculation method for the flexural moment capacities of the closed and open section beams is proposed by considering the reduction factor of gross section modulus of the built-up section.
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1. Introduction


CFS structures have several merits, such as resistance to corrosion, high strength-to-weight ratio, and efficient construction. In recent years, the research and application of CFS structures have been promoted from low-rise to multi-story buildings. For multi-story buildings constructed with CFS, built-up section members are frequently adopted to avoid structural failures associated with large axial or bending loads. Currently, several types of CFS built-up members assembled by multiple C- or U-shaped channels have been used in the housing system. With the increase of cold-formed steel floors, multi-limb composite section members with higher load capacity will be considered. However, the procedures for calculating the load capacity of CFS multi-limb built-up members are not available in some specifications, e.g., Chinese specification (GB50018-2002) [1] and North American specification AISI-S100 [2], and thus specific research on this topic is required.



Many studies on the flexural behavior of CFS double-limb built-up beams have been conducted in recent years. Wang and Young [3] carried out experiments and numerical simulations on two types of CFS double-limb built-up beams with different screw spacings. For CFS double-limb built-up closed beams, the design formula is usually conservative. Abbasi et al. [4] presented and verified a new and practical compound strip method (CSM) for CFS built-up sections which was applied to the stability analysis. Yao and Zhou [5] proposed the direct strength method (DSM) and effective width method (EWM) to predict the flexural moment capacity of CFS I-beams based on the results of experiments and parametric analysis. Selvaraj and Madhavan [6] experimentally and numerically investigated the CFS back-to-back connected section beams and found that the flexural moment capacity of these beams predicted using the DSM is conservative. Manikandan et al. [7] studied the flexural behavior of stiffened CFS beams with upright, inclined, and complex edge stiffeners.



Ferdous et al. [8] investigated the flexural and shear behavior of the Layered Sandwich Beam (LSB). It was found that the shear and flexural strengths of the vertical LSB and horizontal LSB were significantly higher compared to single-sandwich beams. Al-Rubaye et al. [9] investigated the flexural performance of concrete one-way slabs reinforced with GFRP bars. Based on the aforementioned research, it was discovered that the suggested design guidelines for CFS beams in the current AISI specification may be conservative, and a new design equation may be needed. To this end, Yao and Zhou [10] carried out an experimental study and a numerical analysis on the flexural behavior of CFS built-up beams with I-sections and box sections under flexural moments. They proposed a simplified calculation method to predict the flexural moment capacities of CFS built-up beams with I-sections and box sections.



Studies relating to multi-limb built-up CFS beams have also been reported. Numerical research on the CFS beams with four types of cross-sections was conducted by Ghannam [11] based on the experimental study conducted by Laim et al. [12]. It was found that both the DSM and EWM would predict conservative results of the flexural moment capacities for the CFS built-up beams. Deepak and Shanthi [13] presented a parametric study on the CFS Hybrid Double-I-Box Beams. A new simplified design formula was proposed to predict the lateral-torsional buckling moment capacity of the beams. Currently, there are two main design methods, i.e., DSM and EWM, to predict the flexural moment capacity of the CFS multi-limb built-up section beams. However, both methods are conservative or hard to operate [1,2,3,6,7,11], especially for the design of multi-limb built-up section beams. Therefore, it is necessary to develop a simplified and accurate method for predicting the flexural moment capacity of CFS multi-limb built-up section beams.



In this study, a new CFS four-limb built-up section is proposed, with a focus on the flexural behavior of CFS four-limb built-up section beams. First, the flexural moment capacities and failure modes of two types of CFS four-limb built-up section beams are investigated via experiments. Then, FE models are built and validated using the test results. The FE models are used to study the effects of length-to-height ratio (L0/Hc), section height-to-width ratio (Hc/Bc), and flange width-to-thickness ratio (B0/ta) on the flexural moment capacities of the beams. Finally, a simplified calculation method for the flexural moment capacities of CFS four-limb built-up section beams is proposed based on the experimental and numerical data.




2. Experimental Tests


2.1. Test Specimens


The schematic of the tested four-limb built-up sections with closed and open configurations is shown in Figure 1b,c. The four-limb built-up beams with closed and open sections are abbreviated as B4 and K4, respectively. Each specimen is constructed by connecting four U-shaped CFS members (Figure 1a) with the same dimensions using self-tapping screws. For all members, the nominal thickness (t) is 1.2 mm; the nominal flange width (B) is 50 mm, the nominal web depth (H) is 200 mm; the length (L) is 2000 mm. The steel strength grade is Q235. The nominal diameter of screw is 4.8 mm and the screw spacing is adopted as 300 mm [11,14]. The nominal cross-sectional dimensions of B4 and K4 beams are shown in Table 1, and the geometric details of the specimens are presented in Figure 2.




2.2. Material Testing


Tensile coupon tests are performed to determine the material properties of the steel. Three tensile coupons, obtained from the CFS plates in the longitudinal direction by wire cutting process, are used in the tests. The dimensions of the tensile coupons are determined according to the Tensile Testing specification [15] and are shown in Figure 3a. The tensile tests are carried out using a universal testing machine at a constant displacement rate of 0.5 mm/min, as recommended by Huang and Young [16]. During the test, the tensile stress and tensile strain are recorded by the universal testing machine and extensometers, respectively. Figure 4 shows the typical stress–strain curves of the tensile coupons with a thickness of 1.2 mm. The material properties obtained from the tensile coupon tests are summarized in Table 2.




2.3. Test Set-Up and Loading


In the present study, four-point bending tests [12,17] are carried out to get the ultimate load capacities and failure modes of the built-up section beams, as illustrated in Figure 5. The test setup of the B4 beam is shown in Figure 6a. As seen in the figure, the beams are mounted on a roller contact nest at one end and pinned support at the other end. The lengths of the B4 and K4 beams are both 2000 mm. The lengths for the two shear spans and the moment span (one-third of the beam span) are 600 mm. To prevent lateral instability, fixtures (Figure 6b) are attached at the support positions of specimens. In addition, the reinforcement components (Figure 6c) are added on the beam webs at the loading points of specimens to avoid punching shear failure of the beam webs there. The dimensions of the reinforcement components (CFS) are U120 × 40 × 1.2 (mm). Note that the length of the web clear height is slightly bigger than the reinforcement components (CFS) to avoid the components touching the flange during the test. The cross-sections of the specimens at the support positions are filled with 200-mm long wooden blocks to avoid web buckling at the support positions. To prevent stress concentration at nail caps, load transfer plates with holes (Figure 6d) are used at the loading and support points.



The loads are applied by the hydraulic jack (Figure 6e) using the manual loading method. The hydraulic jack has a maximum load capacity of 200 kN. A load cell with a capacity of 300 kN is installed under the hydraulic jack to monitor the loads. The loading rate is controlled during the test such that it will slow down when the flexural deformations of the specimen cross-section occur or the load value reaches 80% of the estimated ultimate load capacity. It should be noted that the hydraulic jack stops loading when the load value reduces to about 80% of the ultimate load capacity. During the test, the acquisition system is used to collect the data of electronic dial indicators and the load cell.




2.4. Test Results and Discussion


Figure 7 shows the failure modes of B4 and K4 beams. It is seen that the main deformation region is located in the pure bending segment and there is almost no deformation of the specimens at the loading and support points due to the supporting role of the reinforcement components and the filled wooden blocks. In addition, no lateral-torsional buckling occurs in these specimens, and no slippage or large deformations of the screws are observed. Close views of the failure modes and deformations of the B4 and K4 beams at the mid-span are depicted in Figure 8a,c, respectively. Some folds emerge on the upper flange and many bulges occur on the web for the beams, indicating that local buckling is the main failure mode. It is observed that both beams undergo a large deformation in the web first, and when the web bulges, the adjacent upper flanges are pulled to delay buckling until they both flex simultaneously, causing buckling failure of the beam. The upper flange deformations of the B4 beam are smaller than those of the K4 beam, which is due to the smaller width-to-thickness ratio of the upper flange of the B4 beam (41.7) than that of the K4 beam (93.8). Moreover, it is observed that the web deformations of the B4 beam are larger than those of the K4 beam. The main reason is that the webs of the K4 beam are all connected back-to-back and have a lower depth-to-thickness ratio (83.3) than the value for the webs of the B4 beam (166.7).



Figure 9 shows the mid-span load-vertical displacement curves for the two tested beams (B4 and K4). As shown in the figure, the two beams are in the elastic stage before the load value reaches 80% of the ultimate load capacity. In this elastic stage, the curves of the two beams in Figure 9 almost coincide, indicating that the stiffness of these two beams is close to each other. It can also be found from Figure 9 that in the plastic stage, the deflections of the B4 and K4 beams increase rapidly with the increase of the applied load, and the applied load sharply decays without a plastic plateau after reaching the ultimate load. Table 3 shows the ultimate loads of the beams. It can be seen that the ultimate load capacity of the K4 beam is 15% higher than that of the B4 beam. This is because the ratio B0/ta for the web of the B4 beam (166.7) is larger than that of the K4 beam (83.3), which causes the B4 beam to be more prone to local buckling.





3. Finite Element Modeling and Parametric Study


3.1. General


For the numerical analysis, the FE method is utilized due to its accuracy, computational efficiency, and economics. As the complex interactive buckling modes associated with CFS beams can be reproduced well in FE modeling, this numerical approach is well-suited for the present research purpose. In this study, the software ABAQUS [18] is used to implement the FE study.




3.2. Element Type and Mesh


The CFS four-limb built-up section beams and their reinforcement components are modeled by a linear four-noded quadrilateral thick (S4R) shell element according to the dimensions presented in Table 1 and Figure 2. The S4R shell element has six degrees of freedom per node. Since the thickness of the load transfer plates at the loading and support points are 10 mm and their deformation is not observed during the tests, the C3D8R solid element is chosen to simulate load transfer plates. This type of element contains three degrees of freedom, corresponding to X, Y, and Z translations. To balance the computation efficiency and the simulation accuracy, a sensitivity analysis of the mesh size is performed. It is found that the optimal mesh size for modeling the two tested beams and their reinforcement components is 20 mm × 20 mm, and that for the load transfer plates the optimal size is 30 mm × 30 mm, as shown in Figure 10.




3.3. Material Properties and Contact Properties


The Poisson’s ratio is adopted as 0.3 and the other values of material parameters used in the FE models are obtained from the results collected from the tensile coupon tests. The von Mises yielding criterion was chosen as the failure criterion of the FE models [17]. Since the deformation of the load transfer plates is found to be small, Young’s modulus of the load transfer plates is set as ten times that of the U-shaped steel beams to ensure that the load transfer plates are always in an elastic stage. In this study, residual stresses and cold-work due to forming are ignored [19,20].



The flexural moment capacity and failure modes of the CFS beams are the main goals of the numerical analysis. Since the deformation of the screws is small, the screws are not physically modeled [3]. The node pairs of the screws are connected using the tie constraint. All contact pairs are defined as surface interactions using face-to-face discretization. In the contact properties, the normal behavior is defined as “hard contact” [21]. The tangential behavior is defined as frictionless, and the tangential behavior of the contact between the U-shaped CFS beams and the load transfer plates is defined as the penalty method with the friction coefficient set to 0.2 [22]. The separation between the contact pairs is allowed under tension. Considering the element type, the tolerance between the contact surfaces is the thickness of the U-shaped steel. The tolerance between the U-shaped CFS and the load transfer plates is 0.5 times the thickness of the U-shaped steel.




3.4. Boundary Conditions and Loading


To mimic the actual test, the boundary conditions and loads of specimens are applied to the load transfer plates connected to the specimens. The outer surface of the load transfer plate is coupled to the center by setting a reference point, to which the loads are applied. As shown in Figure 10, simple support conditions were simulated by setting U1 = U2 = U3 = 0, UR3 = 0 at one end of the beam and U1 = U2 = 0, UR3 = 0 at the other end of the beam, where 1, 2, and 3 represent the X, Y, and Z directions, respectively, and R3 denotes the direction of rotation around the Z axis.



To simulate the loading process, the displacement load of U2 = −20 mm is applied at the reference points of the middle two load transfer plates. Here, the minus sign means the opposite direction to the axis. The roles of the fixture and the wooden block at the support position are simulated by setting the lateral displacement of the web near the support as 0 (U1 = 0) in the FE models.




3.5. Initial Geometric Imperfections and Analysis Methods


The FE analysis may overestimate the ultimate load capacity when the local imperfections are ignored [23]. The magnitudes of the local and global imperfections for the beams are conservatively chosen as 0.5t and L/1000, respectively [24,25]. Note that t and L denote the thickness and length of the U-shaped steel, respectively.



To introduce initial imperfections in the non-linear analysis, the FE model is analyzed in two separate steps. The first analysis step includes a buckling analysis (eigenvalue analysis) on the perfect specimen to obtain the buckling modes (eigen-modes). Local and global imperfections are reintroduced into the FE models by superimposing the eigenmodes from the buckling analysis. In the second analysis step, a static Riks analysis is conducted to obtain the flexural capacities and failure modes. In total, the maximum number of incremental steps is set to 1000, and the initial arc length increment is set to one with an estimated total arc length of one.




3.6. Verification of FE Models


To verify the FE analysis, the FE results of the built-up beams are compared with the experimental results. As shown in Figure 8, the failure modes obtained from both the experiment beams and the FE models are local buckling of mid-span webs and upper flanges. It is the same case for deformations. The comparison of the load–vertical displacement curves is shown in Figure 9. It can be found that the results of FE analysis agree well with the experiments in the early elastic stage. Table 3 provides a comparison of the ultimate load capacity between the B4 and K4 beams. The ratios of the ultimate load capacity obtained from tests to that from the FE models of the B4 and K4 beams are 0.91 and 0.97, respectively.



The comparisons above show that the experimental and FE results are in good agreement in both the failure mode and the ultimate load capacity. Therefore, the FE models can be further used for conducting the parametric analysis.




3.7. Parametric Study


To investigate the effects of the L0/Hc ratio, Hc/Bc ratio, and B0/ta ratio on the flexural moment capacity of the B4 and K4 beams, an extensive parametric study is carried out for the B4 and K4 beams. A total of 224 models are developed for both B4 and K4 beams. For the first 64 models of B4 beams, the parameters of the flange width (50 mm), length (1400–3200 mm), web depth (180–240 mm), and thickness (1.2–2.1 mm) are considered. For the last 48 models, the flange width (40–70 mm), length (1400–3200 mm), web depth (200 mm), and thickness (1.2-mm) are considered. The selection of parameters for K4 beams is the same as that for B4 beams. These dimensions are adopted according to the GB 50018–2002 [1] and AISI S100-16 [2], and all related slenderness ratios are also in accordance with the specification. The screw spacing is adopted as 300 mm.



L0/Hc ratio, Hc/Bc ratio, and B0/ta ratio are defined as follows: L0 is the calculation length, Hc is the section height, Bc is the section width, B0 is the width of the beam flange, and ta is the average thickness of the flange.



It is observed that all FE models fail with local buckling modes within the moment span. The calculated flexural moment capacities for those beams with different parameters are summarized in Table 4 and Table 5. Several phenomena can be observed as follows.



	
The flexural moment capacities of K4 beams generally exceed those of B4 beams. The main reason is that the web depth-to-thickness ratios of the B4 beams are higher than those of the K4 beams.



	
The flexural moment capacity is almost unchanged with the increase of the length of the U-shaped CFS (1400–3200 mm). The reason may be that the failure mode is hardly affected by the length.



	
The Hc/Bc ratio increases with the increase of the web depth (180–240 mm). However, the tendency is reversed for the length-to-height ratio.



	
The B0/ta ratio increases with the increase of the flange width (40–70 mm). For B4 beams, there are no apparent trends between the flexural moment capacities and the B0/ta ratio. The reason may be that the B4 beams generally fail at the web rather than the flange. For K4 beams, the flexural moment capacity increases with the increase of the B0/ta ratio.



	
The B0/ta ratio decreases with the increase of the thickness (1.2–2.1 mm). The flexural moment capacity increases significantly with the increase of the thickness. This phenomenon is mainly because of the significant increase of the effective bending moment modulus.








4. Simplified Calculation Method


As stated earlier, the flexural moment capacity for CFS built-up section beams is conservatively evaluated by DSM and EWM. DSM is based on a single member or a built-up section formed by two members in back-to-back contact, while EWM is hard to operate [1,3,6,7,11]. Therefore, it is necessary to develop a simplified and accurate method for predicting the flexural moment capacity. Considering the reduction factor of the gross section modulus of the built-up section, Yao and Zhou [10] proposed a simplified calculation method to predict the flexural moment capacities of the CFS I-section and box section beams. Based on this method, a simplified calculation method was proposed in this section to predict the flexural moment capacities of the B4 and K4 section beams.



4.1. Derivation of the Simplified Calculation Method


The gross section flexural moment capacity My can be determined by the gross section modulus W as the following:


   M y  = W ×  f y   



(1)







The equivalent section modulus We is determined by


   W e  =    M u     f y     



(2)




where Mu is the flexural moment capacity.



Therefore, the reduction factor of the gross section modulus k can be obtained as


  k =    W e   W  =    W e  ×  f y    W ×  f y    =    M u     M y     



(3)







Combining Equations (2) and (3), flexural moment capacity Mu can be formulated by


   M u  =  M e  ×  f y  = k × W ×  f y   



(4)








4.2. Regression Analysis of k Values


The k values for B4 beams and K4 beams are listed in Table 4 and Table 5. Considering the square roots of the parameters L0/Hc, Hc/Bc, and B0/ta, these k values are analyzed by using the regression analysis method. Then, Equations (5) and (6) for B4 and K4 beams, respectively, can be derived.



For B4 beams:


  k = 1.55 + 0.06    L 0  /  H C    − 0.19    H C  /  B C    − 0.15    B 0  /  t a     



(5)







The limitations for Equation (5) are as follows. (1) The range of L0/Hc is 5 to 16.7; (2) The range of Hc/Bc is 1.3 to 3; (3) The range of B0/ta is 19.0 to 58.3; (4) The range of screw spacing is 150 to 600 mm [3] and in accordance with AISI S100-16 [2].



For K4 beams:


  k = 1.41 − 0.01    L 0  /  H C    − 0.25    H C  /  B C    − 0.07    B 0  /  t a     



(6)







The limitations for Equation (6) are as follows. (1) The range of L0/Hc is 5 to 16.7; (2) The range of Hc/Bc is 0.86 to 2; (3) The range of B0/ta is 42.9 to 131.3; (4) The range of screw spacing is 150 to 600 mm [3] and in accordance with AISI S100-16 [2].



The values for the correlation coefficient square for B4 and K4 beams are 0.9094 and 0.9478, respectively. Figure 11 gives the comparison for k between the predicted values using Equations (5) and (6) and those computed through FE models. It can be seen that the predictions using Equations (5) and (6) are in good agreement with the FE results, indicating the effectiveness and rationality of Equations (5) and (6).



Substituting Equations (5) and (6) into Equation (4), the formulas of the flexural moment capacities for the four-limb built-up beams are readily found.



For B4 beams:


   M y  = k × W ×  f y  =  (  1.55 + 0.06    L 0  /  H C    − 0.19    H C  /  B C    − 0.15    B 0  /  t a     )  × W ×  f y   



(7)







For K4 beams:


   M y  = k × W ×  f y  =  (  1.41 − 0.01    L 0  /  H C    − 0.25    H C  /  B C    − 0.07    B 0  /  t a     )  × W ×  f y   



(8)









5. Conclusions


In this study, a new CFS four-limb built-up section is proposed. The flexural moment capacities and failure modes of two types of four-limb built-up CFS section beams were investigated by both experiments and FE methods. The parametric analysis was carried out based on the validated FE model, and a simplified calculation method was proposed to predict the flexural moment capacities of CFS four-limb built-up closed and open section beams, namely B4 and K4 beams. The following conclusions are drawn from this study:




	
The failure modes of the beams with B4 and K4 sections were local buckling at the web and the upper flange.



	
Generally, the ultimate load capacities of K4 beams are higher than those of B4 beams.



	
For both B4 and K4 beams, the flexural moment capacity increases with the increase of the section height and thickness. However, with the increase of the flange width-to-thickness ratio, the flexural moment capacity of K4 beams increases but the flexural moment capacity of B4 beams shows no significant changes.



	
A simplified method was proposed to predict the flexural moment capacities of closed and open section CFS beams. The new CFS four-limb built-up beam and simplified formulas can provide a reference for the design of multi-story buildings.
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Figure 1. Schematic of members and specimens. (a) U-shaped CFS; (b) B4 cross section; (c) K4 cross section (Unit: mm). 
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Figure 2. Dimensions of B4 and K4 beams (Unit: mm). 
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Figure 3. Tensile coupon tests. (a) Nominal dimensions of the tensile coupons (mm); (b) Universal testing machine; (c) Fractured tensile coupons. 
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Figure 4. Typical stress–strain curves of the tensile coupons with a thickness of 1.2 mm. 
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Figure 5. Schematic view of the experimental setup for the four-point bending tests (Unit: mm). 
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Figure 6. Test setup for B4 beam. (a) Overall view; (b) Fixture; (c) Reinforcement components; (d) Load transfer plates with holes; (e) Hydraulic jack and load cell. 
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Figure 7. Failure modes. (a) B4 Beam; (b) K4 Beam. 
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Figure 8. Comparison of experimental and FE analysis results. (a) B4 beam in the experiment test; (b) B4 beam in the FE analysis; (c) K4 beam in the experiment test; (d) K4 beam in the FE analysis. 
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Figure 9. Load–vertical displacement curves. 
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Figure 10. FE model of K4 beam. 
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Figure 11. Comparison of the value of k calculated by Equations (5) and (6) and obtained from FE models. 
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Table 1. Nominal dimensions of beam specimens.
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	Specimen
	Cross-Sectional Form
	Dimension

(mm)
	L

(mm)
	H

(mm)
	B

(mm)
	ta *

(mm)
	Screw Spacing

(mm)





	1
	B4
	4U200 × 50 × 1.2
	2000
	200
	100
	2.4
	300



	2
	K4
	4U200 × 50 × 1.2
	2000
	200
	150
	1.6
	300







* ta is the average thickness of section flanges.
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Table 2. Material properties of tensile coupons.
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	Coupon
	E (GPa)
	σ0.2 (MPa)
	σu (MPa)
	εf (%)





	P1
	204.31
	248.71
	359.85
	28.00



	P2
	206.56
	249.93
	360.11
	25.90



	P3
	207.93
	252.76
	358.84
	25.40



	Mean
	206.27
	250.47
	359.60
	26.40



	COV
	0.0089
	0.0083
	0.0019
	0.0521
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Table 3. Comparison of the ultimate load capacity of the CFS beams.
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	Section
	FT (kN)
	FFE (kN)
	FT/FFE





	B4
	41.94
	46.11
	0.91



	K4
	48.19
	49.49
	0.97
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Table 4. Summary of the flexural moment capacities for B4 beams.
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M (kN·m)

	
t (mm)




	
1.2

	
1.5

	
1.8

	
2.1




	
B (mm)

	
H (mm)

	
L (mm)

	
MFE

	
MW

	
k

	
MFE

	
MW

	
k

	
MFE

	
MW

	
k

	
MFE

	
MW

	
k






	
50

	
180

	
1400

	
11.31

	
23.99

	
0.47

	
16.93

	
29.88

	
0.57

	
23.11

	
35.72

	
0.65

	
29.39

	
41.52

	
0.71




	
2000

	
12.38

	
23.99

	
0.52

	
18.66

	
29.88

	
0.62

	
25.12

	
35.72

	
0.70

	
32.21

	
41.52

	
0.78




	
2600

	
12.49

	
23.99

	
0.52

	
19.12

	
29.88

	
0.64

	
25.74

	
35.72

	
0.72

	
32.48

	
41.52

	
0.78




	
3200

	
12.47

	
23.99

	
0.52

	
17.86

	
29.88

	
0.60

	
24.97

	
35.72

	
0.70

	
31.34

	
41.52

	
0.75




	
200

	
1400

	
12.18

	
27.81

	
0.44

	
18.20

	
34.65

	
0.53

	
25.28

	
41.44

	
0.61

	
32.54

	
48.19

	
0.68




	
2000

	
13.83

	
27.81

	
0.50

	
20.15

	
34.65

	
0.58

	
28.21

	
41.44

	
0.68

	
36.45

	
48.19

	
0.76




	
2600

	
13.92

	
27.81

	
0.50

	
22.12

	
34.65

	
0.64

	
30.10

	
41.44

	
0.73

	
37.49

	
48.19

	
0.78




	
3200

	
13.87

	
27.81

	
0.50

	
21.24

	
34.65

	
0.61

	
28.36

	
41.44

	
0.68

	
35.72

	
48.19

	
0.74




	
220

	
1400

	
13.16

	
31.86

	
0.41

	
18.90

	
39.70

	
0.48

	
26.61

	
47.49

	
0.56

	
35.04

	
55.24

	
0.63




	
2000

	
14.95

	
31.86

	
0.47

	
22.36

	
39.70

	
0.56

	
31.20

	
47.49

	
0.66

	
40.46

	
55.24

	
0.73




	
2600

	
15.44

	
31.86

	
0.48

	
19.61

	
39.70

	
0.49

	
33.39

	
47.49

	
0.70

	
41.67

	
55.24

	
0.75




	
3200

	
15.41

	
31.86

	
0.48

	
23.41

	
39.70

	
0.59

	
31.82

	
47.49

	
0.67

	
40.24

	
55.24

	
0.73




	
240

	
1400

	
13.45

	
36.13

	
0.37

	
19.83

	
45.03

	
0.44

	
28.23

	
53.89

	
0.52

	
37.23

	
62.69

	
0.59




	
2000

	
15.96

	
36.13

	
0.44

	
24.47

	
45.03

	
0.54

	
33.96

	
53.89

	
0.63

	
44.34

	
62.69

	
0.71




	
2600

	
17.14

	
36.13

	
0.47

	
26.06

	
45.03

	
0.58

	
36.17

	
53.89

	
0.67

	
45.97

	
62.69

	
0.73




	
3200

	
16.82

	
36.13

	
0.47

	
24.58

	
45.03

	
0.55

	
35.17

	
53.89

	
0.65

	
44.45

	
62.69

	
0.71




	
40

	
200

	
1400

	
12.33

	
24.48

	
0.50

	
19.02

	
30.49

	
0.62

	
25.61

	
36.47

	
0.70

	
32.57

	
42.40

	
0.77




	
2000

	
13.73

	
24.48

	
0.56

	
20.66

	
30.49

	
0.68

	
27.69

	
36.47

	
0.76

	
34.75

	
42.40

	
0.82




	
2600

	
14.72

	
24.48

	
0.60

	
21.83

	
30.49

	
0.72

	
28.64

	
36.47

	
0.79

	
35.26

	
42.40

	
0.83




	
3200

	
12.98

	
24.48

	
0.53

	
20.04

	
30.49

	
0.66

	
27.17

	
36.47

	
0.75

	
34.01

	
42.40

	
0.80




	
50

	
1400

	
12.18

	
27.81

	
0.44

	
18.20

	
34.65

	
0.53

	
25.28

	
41.44

	
0.61

	
32.54

	
48.19

	
0.68




	
2000

	
13.83

	
27.81

	
0.50

	
20.15

	
34.65

	
0.58

	
28.21

	
41.44

	
0.68

	
36.45

	
48.19

	
0.76




	
2600

	
13.92

	
27.81

	
0.50

	
22.12

	
34.65

	
0.64

	
30.10

	
41.44

	
0.73

	
37.49

	
48.19

	
0.78




	
3200

	
13.87

	
27.81

	
0.50

	
21.24

	
34.65

	
0.61

	
28.36

	
41.44

	
0.68

	
35.72

	
48.19

	
0.74




	
60

	
1400

	
12.21

	
31.15

	
0.39

	
19.07

	
38.81

	
0.49

	
25.29

	
46.41

	
0.54

	
33.00

	
53.97

	
0.61




	
2000

	
13.74

	
31.15

	
0.44

	
19.51

	
38.81

	
0.50

	
26.91

	
46.41

	
0.58

	
35.57

	
53.97

	
0.66




	
2600

	
14.15

	
31.15

	
0.45

	
20.10

	
38.81

	
0.52

	
27.38

	
46.41

	
0.59

	
36.42

	
53.97

	
0.67




	
3200

	
14.32

	
31.15

	
0.46

	
20.53

	
38.81

	
0.53

	
28.21

	
46.41

	
0.61

	
35.56

	
53.97

	
0.66




	
70

	
1400

	
12.68

	
34.49

	
0.37

	
18.90

	
42.96

	
0.44

	
25.88

	
51.38

	
0.50

	
33.71

	
59.75

	
0.56




	
2000

	
14.52

	
34.49

	
0.42

	
21.31

	
42.96

	
0.50

	
29.76

	
51.38

	
0.58

	
38.16

	
59.75

	
0.64




	
2600

	
15.11

	
34.49

	
0.44

	
22.01

	
42.96

	
0.51

	
30.16

	
51.38

	
0.59

	
41.03

	
59.75

	
0.69




	
3200

	
15.33

	
34.49

	
0.44

	
22.34

	
42.96

	
0.52

	
30.38

	
51.38

	
0.59

	
39.45

	
59.75

	
0.66








Notes: L, H, B, and t are the dimensions of U-shaped CFS, MFE is the result of FE, MW is the calculation result of gross section modulus, fy = 235 MPa, and k is the ratio of MFE to MW.
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Table 5. Summary of the flexural moment capacities for K4 beams.
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M (kN·m)

	
t (mm)




	
1.2

	
1.5

	
1.8

	
2.1




	
B (mm)

	
H (mm)

	
L (mm)

	
MFE

	
MW

	
k

	
MFE

	
MW

	
k

	
MFE

	
MW

	
k

	
MFE

	
MW

	
k






	
50

	
180

	
1400

	
14.25

	
32.06

	
0.44

	
19.69

	
39.95

	
0.49

	
27.14

	
47.79

	
0.57

	
33.73

	
55.58

	
0.61




	
2000

	
13.59

	
32.06

	
0.42

	
19.40

	
39.95

	
0.49

	
25.91

	
47.79

	
0.54

	
32.69

	
55.58

	
0.59




	
2600

	
13.52

	
32.06

	
0.42

	
18.91

	
39.95

	
0.47

	
25.32

	
47.79

	
0.53

	
32.13

	
55.58

	
0.58




	
3200

	
13.37

	
32.06

	
0.42

	
18.52

	
39.95

	
0.46

	
25.16

	
47.79

	
0.53

	
31.61

	
55.58

	
0.57




	
200

	
1400

	
15.05

	
37.16

	
0.41

	
22.55

	
46.31

	
0.49

	
30.11

	
55.42

	
0.54

	
38.39

	
64.47

	
0.60




	
2000

	
14.85

	
37.16

	
0.40

	
20.82

	
46.31

	
0.45

	
28.40

	
55.42

	
0.51

	
38.05

	
64.47

	
0.59




	
2600

	
14.94

	
37.16

	
0.40

	
20.34

	
46.31

	
0.44

	
28.51

	
55.42

	
0.51

	
37.35

	
64.47

	
0.58




	
3200

	
14.80

	
37.16

	
0.40

	
20.55

	
46.31

	
0.44

	
29.01

	
55.42

	
0.52

	
37.31

	
64.47

	
0.58




	
220

	
1400

	
16.46

	
42.55

	
0.39

	
24.13

	
53.05

	
0.45

	
33.34

	
63.50

	
0.53

	
42.30

	
73.89

	
0.57




	
2000

	
16.63

	
42.55

	
0.39

	
24.39

	
53.05

	
0.46

	
33.64

	
63.50

	
0.53

	
42.71

	
73.89

	
0.58




	
2600

	
16.45

	
42.55

	
0.39

	
22.99

	
53.05

	
0.43

	
31.64

	
63.50

	
0.50

	
41.74

	
73.89

	
0.56




	
3200

	
16.43

	
42.55

	
0.39

	
23.05

	
53.05

	
0.43

	
31.61

	
63.50

	
0.50

	
41.30

	
73.89

	
0.56




	
240

	
1400

	
18.53

	
48.25

	
0.38

	
26.15

	
60.17

	
0.43

	
35.61

	
72.03

	
0.49

	
47.44

	
83.83

	
0.57




	
2000

	
18.39

	
48.25

	
0.38

	
25.13

	
60.17

	
0.42

	
36.46

	
72.03

	
0.51

	
47.43

	
83.83

	
0.57




	
2600

	
18.04

	
48.25

	
0.37

	
26.07

	
60.17

	
0.43

	
36.13

	
72.03

	
0.50

	
47.17

	
83.83

	
0.56




	
3200

	
17.75

	
48.25

	
0.37

	
24.38

	
60.17

	
0.41

	
34.48

	
72.03

	
0.48

	
46.93

	
83.83

	
0.56




	
40

	
200

	
1400

	
13.81

	
32.70

	
0.42

	
20.40

	
40.76

	
0.50

	
27.43

	
48.77

	
0.56

	
35.23

	
56.73

	
0.62




	
2000

	
13.75

	
32.70

	
0.42

	
20.78

	
40.76

	
0.51

	
28.09

	
48.77

	
0.58

	
35.19

	
56.73

	
0.62




	
2600

	
13.94

	
32.70

	
0.43

	
21.30

	
40.76

	
0.52

	
28.61

	
48.77

	
0.59

	
34.35

	
56.73

	
0.61




	
3200

	
13.75

	
32.70

	
0.42

	
20.50

	
40.76

	
0.50

	
26.94

	
48.77

	
0.55

	
34.37

	
56.73

	
0.61




	
50

	
1400

	
15.05

	
37.16

	
0.41

	
22.55

	
46.31

	
0.49

	
30.11

	
55.42

	
0.54

	
38.39

	
64.47

	
0.60




	
2000

	
14.85

	
37.16

	
0.40

	
20.82

	
46.31

	
0.45

	
28.40

	
55.42

	
0.51

	
38.05

	
64.47

	
0.59




	
2600

	
14.94

	
37.16

	
0.40

	
20.34

	
46.31

	
0.44

	
28.51

	
55.42

	
0.51

	
37.35

	
64.47

	
0.58




	
3200

	
14.80

	
37.16

	
0.40

	
20.55

	
46.31

	
0.44

	
29.01

	
55.42

	
0.52

	
37.31

	
64.47

	
0.58




	
60

	
1400

	
15.60

	
41.62

	
0.37

	
22.98

	
51.87

	
0.44

	
31.04

	
62.07

	
0.50

	
39.54

	
72.20

	
0.55




	
2000

	
16.04

	
41.62

	
0.39

	
22.62

	
51.87

	
0.44

	
30.97

	
62.07

	
0.50

	
39.54

	
72.20

	
0.55




	
2600

	
15.66

	
41.62

	
0.38

	
22.46

	
51.87

	
0.43

	
30.17

	
62.07

	
0.49

	
38.53

	
72.20

	
0.53




	
3200

	
15.61

	
41.62

	
0.38

	
21.56

	
51.87

	
0.42

	
29.19

	
62.07

	
0.47

	
36.73

	
72.20

	
0.51




	
70

	
1400

	
16.21

	
46.08

	
0.35

	
23.29

	
57.43

	
0.41

	
31.77

	
68.72

	
0.46

	
41.99

	
79.94

	
0.53




	
2000

	
16.37

	
46.08

	
0.36

	
23.29

	
57.43

	
0.41

	
31.31

	
68.72

	
0.46

	
40.55

	
79.94

	
0.51




	
2600

	
16.66

	
46.08

	
0.36

	
23.37

	
57.43

	
0.41

	
31.01

	
68.72

	
0.45

	
39.41

	
79.94

	
0.49




	
3200

	
16.61

	
46.08

	
0.36

	
23.03

	
57.43

	
0.40

	
31.29

	
68.72

	
0.46

	
38.84

	
79.94

	
0.49








Notes: L, H, B, and t are the dimensions of U-shaped CFS, MFE is the result of FE, MW is the calculation result of gross section modulus, fy = 235 MPa, and k is the ratio of MFE to MW.
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