
MBE, 19(1): 972−996. 

DOI: 10.3934/mbe.2022045 

Received: 14 September 2021 

Accepted: 15 November 2021 

Published: 23 November 2021 

http://www.aimspress.com/journal/MBE 

 

Research article 

EWM-based design method for distortional buckling of cold-formed 

thin-walled lipped channel sections with holes 

Xingyou Yao* 

School of Civil Engineering and architecture, Nanchang Institute of Technology, Nanchang, 330000, 
China 

* Correspondence: Email: yaoxingyoujd@163.com; Tel: +8615079190103. 

Abstract: The distortional buckling is easy to occur for the cold-formed steel (CFS) lipped channel 
sections with holes. There is no design provision about effective width method (EWM) to predict the 
distortional buckling strength of CFS lipped channel sections with holes in China. His aim of this 
paper is to present an proposal of effective width method for the distortional buckling strength of 
CFS lipped channel sections with holes based on theoretical and numerical analysis on the partially 
stiffened element and CFS lipped channel section with holes. Firstly, the prediction methods for the 
distortional buckling stress and distortional buckling coefficients of CFS lipped channel sections 
with holes were developed based on the energy method and simplified rotation restrained stiffness. 
The accuracy of the proposed method for distortional buckling stress was verified by using the finite 
element method. Then the modified EWM was proposed to calculate the distortional buckling 
strength and the capacity of the interaction buckling of CFS lipped channel sections with holes based 
on the proposal of distortional buckling coefficient. Finally, comparisons on ultimate capacities of 
CFS lipped channel sections with holes of the calculated results by using the modified effective 
width method with 347 experimental results and 1598 numerical results indicated that the proposed 
EWM is reasonable and has a high accuracy and reliability for predicting the ultimate capacities of 
CFS lipped channel section with holes. Meanwhile, the predictions by the North America specification 
are slightly unconservative. 

Keywords: cold-formed steel; holes; partially stiffened element; distortional buckling; ultimate 
strength; effective width method 
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1. Introduction 

Cold-formed steel lipped channel sections have been widely used in steel building constructions as 
columns in wall and beams in floor or roof. The web, flange, and lip of lipped channel section are usually 
defined as the stiffened element, partially stiffened element, and unstiffened element as shown in Figure 1. 
The lipped channel section may fail in local buckling, distortional buckling, and overall buckling or 
interaction buckling of these buckling modes. The local buckling displays the deformation of plate. The 
distortional bucking mode means a rotational deformation of the partially stiffened element about the 
flange-web junction. The overall buckling means the flexual, tortional, or flexural-tortional deformation 
of the whole section. However, in order to install the electrical, plumbing, and heating pipes, the circular 
or rectangular holes are observed in the web of CFS lipped channel sections. The presences of these holes 
cause the decrease of rotation restraint stiffness of the web to the flanges and make the distortional 
buckling easy to occur. 

 

Figure 1. Definitions of lipped channel section. 

The distortional buckling would control the capacities of CFS lipped channel sections because of the 
large width-to-thickness ratio of the partially stiffener element and application of high strength steel. Lau 
and Hancock [1] firstly studied the distortional buckling mode of CFS sections and developed a 
closed-form solution of distortional buckling stress. Then many theoretical, numerical, and experimental 
studies have been carried out on the distortional buckling [2–7] and the design methods of elastic 
buckling stress and ultimate strength for the distortional buckling of CFS lipped channel sections without 
holes were included some main design specification about CFS members.  

The experimental and numerical studies on the buckling behavior and design method of CFS 
lipped channel sections with holes were carried out by some researchers. The buckling behavior and 
design method for CFS axial compression columns with circular holes were conducted by 
Ortiz-Colberg [8], Sivakumaran [9], and He and Zhao [10], but the design method of distortional 
buckling was not considered in these researches. The distortional buckling and interaction buckling 
were observed in the tests for CFS lipped channel sections with slotted holes under axial 
compression [11,12]. The tests showed that the presence of the slotted holes caused a slight decrease 
in the ultimate capacity and changed the length of the distortional buckling half wavelength. The 



974 

Mathematical Biosciences and Engineering  Volume 19, Issue 1, 972−996. 

effect of rectangular hole on the buckling behavior and ultimate capacity of CFS lipped channel 
column subjected to axial compression was also studied by Miller et al. [13], Abdel-Rahman [14], 
Pu et al. [15], Hu et al. [16], Guo et al. [17], Guo et al. [18] and Yao [19]. The test results 
demonstrated that the rectangular hole led the change of bucking mode of some specimens and 
decreased the ultimate strength. Meanwhile, the rectangular hole made CFS lipped channel sections 
prone to display distortional buckling. Zhao et al. [20] and Moen et al. [21] conducted the 
experiments of CFS lipped channel beam with rectangular holes and plain channel beam with 
rectangular holes. The CFS beam with holes displayed the distortional buckling and the interaction 
buckling. The presence of rectangular hole resulted in the decrease of the ultimate capacity and the 
modified direct strength method was presented. 

In order to develop the design method of the distortional buckling based on effective width 
method and direct strength method for CFS lipped channel sections with holes, the calculated 
methods of the distortional buckling coefficient or the distortional buckling capacity for the lipped 
channel section with holes have been presented by some researchers. Zhou and Yu [22] presented the 
equivalent modulus method to calculate the distortional buckling stress of CFS axial compression 
member with holes. The simplified methods of the distortional buckling loads of CFS lipped channel 
column and beam with holes were developed based on theoretical and finite element analysis [23]. 
The modified formula of the distortional buckling coefficient for axial compression member with 
circular holes was proposed by Yao et al. [24] based on numerical analysis. Based on experiments 
and theoretical analysis, the modifications to the direct strength method were presented by Moen and 
Schafer [25] and Yao and Rasmussen [26] so that it can be used to calculate the distortional buckling 
strength of CFS lipped channel section with holes under axial compression. 

The American Iron and Steel Institute (AISI) [27] adopts the effective width method and direct 
strength method to predict the distortional buckling strength of CFS channel section with holes. However, 
the reduced effective width method is only suitable to the member with the ratio of diameter to height of 
web being less than 0.5. The elastic buckling capacity of member with holes used in direct strength 
method needs to be calculated by using finite element method or complicated formula. Meanwhile, there 
is no relevant provision to calculate distortional buckling capacity of CFS lipped channel section with 
holes in the Chinese cold-formed steel specification [28].  

Recently, some significant work has been reported on the strength of CFS channel section with holes 
covering the web crippling by Uzzaman et al. [29,30] and Lian et al. [31−34] and the shear capacity by 
Pham [35] and Keerthan et al. [36]. Meanwhile, the experimental and numerical studies on CFS channel 
section with edge-stiffened holes have reported for the axial strength of single channel [37] and 
back-to-back channel [38]. The studied results showed that the ultimate capacity of channel with 
edge-stiffened holes was greater than that of channel with plain hole. Meanwhile, some other work has 
been conducted on the channel section with edge-stiffened hole covering the web crippling by Uzzaman 
et al. [39,40] and the moment capacity by Chen et al. [41]. 

As mentioned previously literatures, limited work has been reported on design method for the 
distortional buckling of CFS lipped channel section with holes in the web based on effective width 
method. The aim of this paper is to present a novel effective width method to calculate the distortional 
strength and ultimate capacity of CFS lipped channel section with holes. The design formula of elastic 
distortional buckling stress for CFS lipped channel section with holes is developed firstly. The quality and 
reliability of the design formula is validated by using finite element results. Then the EWM-based desgin 
method is given based on the proposed method of the distortional buckling coefficient. Finally, the 
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comparisons on the ultimate strength for CFS lipped channel column and beam with holes of predictions 
obtained from the proposed effective width method with test results and finite element results 
are carried out.   

2. Elastic distortional buckling of cold-formed steel lipped channel section with holes 

2.1. Calculation of the distortional buckling stress 

The distortional buckling analytical model of CFS lipped channel section with hole is shown in 
Figure 2, where b and a are the width of the flange and the width of the lip, respectively, σ is the 
axial compression stress, ɵ is the rotation angle of the distortional buckling deformation, kɵ is the 
rotation restrained stiffness of the web with hole. The basic assumptions are that the lip is an elastic 
bearing beam and has no restrain stiffness for the flange (partially stiffened element) and the shear 
stress around the flange and the transverse stresses of the two longitudinal edges are equal to zero.  

 
 

(a) (b) 

Figure 2. Distortional buckling analytical model. (a) Coordinated system of the partially 
stiffened element. (b) Deformation of distortional buckling for the partially stiffened element. 

The differential equation of the partially stiffened element is shown as Eq (1): 

4 4 4 2

4 2 2 4 2
2 xtw w w w

x x y y D x

   
  

      
(1)

 

where D, E, t, and w are the flexural rigidity of unit plate, the elastic modulus of steel, the thickness 
of plate, and the deformation of the partially stiffened element, respectively. 

The deflected shape function for the partially stiffened element is shown as follow: 

 cos /w By x L
 

(2)
 

where B is the coefficient, L is the length of the partially stiffened element. The Eq (2) satisfies the 
geometric boundary conditions as follows: when x = 0 or x = L and y = 0, w = 0; when y = b, 0w  .  

When the maximum compression stress acts at the stiffened edge (y = 0), the bending strain 
energy of the flange Uflange, the bending strain energy of the lip Vlip, the rotational restraint strain 
energy of the web with hole Uweb, the potential energy of the flange Vflange, and the potential energy 
of the lip Vlip can be obtained as follows: 
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The bending strain energy of the flange is 
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The bending strain energy of the lip is
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The rotational restraint strain energy of the web is
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(5)
 

The potential energy of the flange is  
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The potential energy of the lip is 

2 2 2
/2 /2 2 2

/2 /2

1 1 1

2 2 4

L L

lip lip web webL L
y b y b

w w
V at dx at dx B atb L

x x L

   
 

 

                       
 

(7)
 

where σweb is the compression stress of the stiffened edge, kɵhole is the rotational restraint stiffness of 

the web with hole, α is the factor of non-uniform stress distribution of the flange, min max= /   , ν is 
the poisson’s ratio. 

The total elastic buckling potential energy of the partially stiffened element is calculated as Eq (8).  

flange web lip lip flangeU U U V V     
 

(8)
 

Substituting Eqs (3)−(7) in Eq (8) and assuming / 0B   , the distortional buckling stress can 
be obtained as Eq (9).
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when we assign . / 0crd web L   , the half wavelength of the distortional buckling can be calculated by 

using Eq (10).
 

 3 24 / 3 /crd holeL b D EIb k 
 

(10)
 

When the maximum compression stress acts at the unstiffened edge (lip), the stress and the half 
wavelength of the distortional buckling can be obtained as follows by using the same method as the 
maximum compression stress acting at the stiffened edge. 
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 3 24 / 3 /crd holeL b D EIb k 
 

(12)
 

The rotational restraint stiffness of web with hole should be calculated firstly if the stress and 
the half wavelength of the distortional buckling are calculated by using Eqs (9)−(12).  

2.2. Web rotational restraint stiffness 

An elastic finite element model was developed by using ABAQUS program to study the 
influence of a hole on the rotational restraint stiffness of CFS lipped channel section. The web with a 
rectangular hole was performed as a simply-supported plate with the length of 540 mm which is 
equal to a distortional buckling half wavelength as shown in Figure 3. The width and the thickness of 
plate are 90 mm and 2 mm. The length of the rectangular hole is 150 mm and the heights of the 
rectangular hole are 30, 40 and 50 mm. The ideal elastoplastic model was used in FEM. The mesh 
size is 5 mm × 5 mm. The rotations with the magnitudes varying as a sine half wave are loaded at 
two longitudinal edges. Each node at two longitudinal edges is performed a rotation and the 
associated moment which means the rotational restraint stiffness per unit length can be obtained from 
ABAQUS and depicted in Figure 4. As shown in Figure 4, the presence of the rectangular hole 
results in a sharp reduction of rotational restraint stiffness at the zone of the hole and has no distinct 
influence on the rotational restraint stiffness away from the rectangular hole. The ratio of height of 
the hole to the width of plate has no distinct effect on the rotation restraint stiffness except for peaks 
of stiffness at the edges of hole. The rotational restraint stiffness of the zone of the hole can be 
ignored because it approaches zero. Therefore, if kθ expresses the total of the transverse rotational 
restrain stiffness of the plate without the hole, the reduced rotational restrain stiffness kθhole 
considering the effect of the hole can be calculated by using Eq (13) approximately. 

  

Figure 3. Finite element model of a simply-supported plate with rectangular hole. 

2

3

1(x)
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Figure 4. Comparison on the rotation restrain stiffness of plate with hole. 
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where, Lhole and Lcrd are the length of the hole and the distortional buckling half wavelength of CFS 
lipped channel section. 

Yao [7] indicated that the value of kθ equals approximately a constant of 2D/h and 4D/h for axial 
compression member and bending member when CFS lipped channel member without hole fails in 
distortional buckling. Meanwhile, the value of kθ can be determined as  2 /w D h  for CFS lipped 
channel section with varying stress in the web, where w  is the factor of non-uniform stress 
distribution of the web. Then the distortional buckling half wavelength of CFS lipped channel section 
with hole can be obtained as Eq (14) resulted from Eqs (12) and (13). 
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4
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crd hole
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w

crd

b h
L b EI D
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L




 
 
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 

（
 (14)

 

2.3. Verification for elastic distortional buckling stress 

The finite element program ABAQUS [29] was used to analysis the distortional buckling stress 
and the ultimate strength of CFS lipped channel section with holes in order to verify the accuracy of 
the proposed method. The S4R shell element was selected for modeling the axial compression 
member with holes and bending member with holes. The ideal elastoplastic model was used in FEM. 
The mesh size is 5 mm × 5 mm as shown in Figure 5. The ends of the axial compression member 
with holes were fixed as shown in Figure 5(a), by constraining five degrees of freedom of the 
reference point RP1 at the loading end (2 translation degrees of freedom and 3 rotational degree of 
freedom, releasing U1 degrees of freedom to apply the load) and six degrees of freedom of the 
reference point RP2 were constrained at the other end. In order to obtain the distortional buckling 
stress, the interaction line of the web and the flange was constrained in direction 3. The constraint 
condition of the bending member with holes was shown in Figure 5(b). Two ends were constrained in 
direction 2−4 and the moments were applied at two ends. The mid-section of bending member was 
constrained in direction 1. In order to obtain the distortional buckling stress of bending member with 
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holes, the interaction line of the web and the flange was constrained in direction 3. The eigenvalue 
buckling analysis was performed to find the elastic distortional buckling stress of CFS lipped channel 
section with holes. Two phases need to conduct in order to obtain the ultimate strength of CFS 
channel section with holes. Firstly, an eigenvalue buckling analysis was performed to find the first 
elastic buckling mode of the member with holes. The L/1000 magnitude of the initial geometric 
imperfection was applied to the first eigen-mode to produce the geometric imperfection of FEM. 
Secondly, nonlinear analysis considering both material and geometric nonlinear was carried out by 
using the arc-length method to get the ultimate capacity.  

 

(a) 

 
(b) 

Figure 5. Finite element model of CFS lipped channel section with holes. (a) Axial 
compression members with holes. (b) Bending members with holes. 

The selected sectional dimensions are that the width of the flange is 90mm, the thickness of the 
plate is 2 mm, the lip-to-flange width ratio is 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35 and 0.4, the 
web-to-flange width ratio is 1, 2, and 3 for axial compression member and 3, 4 and 5 for bending 
member. The ratio of height of the rectangular hole to the width of the web is 0.5, the 
length-to-height ratio of the rectangular hole is 1, 2, 3 and 4. The ratio of the diameter of circular 
hole to the width of the web is 0.3, 0.5 and 0.7. The comparisons on distortional buckling stress 
between calculated results using the proposed formulas and finite element results are shown in 
Tables 1−4 for axial compression member with rectangular hole, axial compression member with 
circular hole, bending member with rectangular hole, bending member with rectangular hole, 
respectively. Where fcrd and fcrd.A are the distortional buckling stress predicted by using the proposed 
formulas and finite element result, respectively. The statistical results of comparisons on distortional 
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buckling stress of predicted results with finite element results for all selected members are listed in 
Table 5. The mean value is 0.9899 with the corresponding coefficient of variation of 0.0524. The 
comparison as shown in Tables 1−5 indicated a great agreement and accuracy for the distortional 
buckling stress of CFS lipped channel sections with holes by using the proposed Eqs (9) and (11). 

Table 1. Comparison on distortional buckling stress between the proposed method and 
the finite element method for axial compression member with rectangular hole. 

 h Hhole Lhole a = 4.5 a = 9 a = 13.5 a = 18 a = 22.5 A = 27 a = 31.5 a = 36 

fcrd 90 45 45 103.17 178.87 263.36 346.98 424.71 495.14 556.76 616.26 

90 96.77 169.12 251.37 334.75 411.66 479.74 535.67 592.78 

135 89.64 158.63 238.7 322.02 398.15 463.81 513.68 568.31 

180 81.46 147.21 225.22 308.73 384.14 447.29 490.66 542.69 

180 90 90 80.71 131.21 188.53 245.57 299.83 350.75 405.09 447.43 

180 73.35 119.43 173.58 229.17 282.89 334 396.35 437.71 

270 64.26 105.83 156.93 211.34 264.76 316.3 387.4 427.75 

360 50.79 89.18 137.8 191.61 245.16 297.47 378.23 417.54 

270 135 135 73.23 112.66 156.53 202.4 245.2 285.27 330.71 364.64 

270 68.66 103.04 141.43 185.94 227.07 266.06 319.81 352.51 

405 63.39 91.93 124.01 167.59 207.17 245.21 308.51 339.93 

540 56.93 78.34 102.69 146.52 184.86 222.22 296.74 326.84 

fcrd.A 90 45 45 110.93 181.23 270.73 342.4 410.55 472.12 545.23 601.23 

90 100.41 173.78 253.22 330.23 401.67 461.54 524.13 579.49 

135 93.76 162.46 243.45 318.45 381.65 453.43 504.26 557.64 

180 84.22 153.22 235.67 301.55 375.44 432.1 480.75 532.28 

180 90 90 85.74 137.69 193.56 240.33 290.45 336.7 392.56 434.59 

180 76.12 124.98 182.43 223.66 274.33 320.6 381.47 421.67 

270 67.89 109.14 162.11 207.65 258.04 299.6 368.25 412.68 

360 53.42 93.27 143.34 185.22 236.77 284.3 370.18 403.87 

270 135 135 77.66 117.91 165.55 180.88 234.87 271.45 315.68 351.85 

 270 72.89 107.29 145.44 180.87 215.48 255.2 308.65 341.98 

 405 67.65 95.33 129.56 161.33 198.59 231 294.38 330.29 

 540 59.23 80.22 106.3 140.44 176.56 213.22 290.22 316.24 

fcrd/fcrd.A 90 45 45 0.93 0.987 0.9728 1.0134 1.0345 1.0488 1.0211  1.0250  

90 0.9638 0.9732 0.9927 1.0137 1.0249 1.0394 1.0220  1.0229  

135 0.9561 0.9764 0.9805 1.0112 1.0432 1.0229 1.0187  1.0191  

180 0.9672 0.9608 0.9557 1.0238 1.0232 1.0352 1.0206  1.0196  

180 90 90 0.9413 0.953 0.974 1.0218 1.0323 1.0417 1.0319  1.0295  

180 0.9636 0.9556 0.9515 1.0246 1.0312 1.0418 1.0390  1.0380  

270 0.9465 0.9697 0.968 1.0177 1.026 1.0557 1.0520  1.0365  

360 0.9508 0.9562 0.9614 1.0345 1.0354 1.0463 1.0217  1.0338  

270 135 135 0.943 0.9555 0.9455 1.0479 1.0269 1.0509 1.0476  1.0364  

270 0.942 0.9604 0.9725 1.028 1.0538 1.0426 1.0362  1.0308  

405 0.937 0.9644 0.9572 1.0388 1.0432 1.0615 1.0480  1.0292  

540 0.9613 0.9766 0.966 1.0433 1.047 1.0422 1.0225  1.0335  

Mean 1.0062  

Standard deviation 0.0375  

COV 0.0373  
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Table 2. Comparison on distortional buckling stress between the proposed method and 
the finite element method for axial compression section with circular hole. 

 h d a = 4.5 a = 9 a = 13.5 A = 18 a = 22.5 a = 27 a = 31.5 a = 36 

fcrd 90 27 112.45 184.02 272.56 354.67 435.87 507.43 560.25 623.33 

45 103.17 178.87 263.36 346.98 424.71 495.14 546.71 612.74 

63 96.12 171.75 255.77 340.71 416.97 487.63 536.22 601.51 

180 54 89.75 138.77 195.92 251.81 307.86 361.88 404.05 446.95 

90 80.71 131.21 188.53 245.57 299.83 350.75 398.55 440.16 

126 73.67 124.62 181.66 240.09 292.34 341.57 392.35 433.25 

270 81 79.88 120.33 162.95 231.76 259.84 293.11 330.17 364.05 

135 73.23 112.66 156.53 202.4 245.2 285.27 322.57 355.59 

189 67.43 104.58 149.43 195.44 236.11 276.92 314.78 346.92 

fcrd.A 90 27 116.71 188.57 276.45 344.59 413.27 489.65 548.25 615.78 

45 105.27 186.98 267.85 347.58 416.98 490.26 524.13 579.49 

63 98.95 180.57 259.64 341.57 414.63 480.36 504.26 557.64 

180 54 91.32 140.94 197.86 253.46 301.35 358.66 395.36 437.68 

90 86.22 137.69 198.47 250.98 298.61 345.2 387.56 434.59 

126 79.65 128.44 190.21 246.23 287.49 333.57 379.56 421.67 

270 81 83.61 125.67 167.89 230.84 255.68 284.75 319.22 355.35 

 135 74.96 1193.27 159.37 200.34 246.23 279.52 305.81 342.68 

 189 69.22 107.98 154.23 193.56 235.88 270.19 300.28 332.68 

fcrd/fcrd.A 90 27 0.9635  0.9759  0.9859  1.0293  1.0547  1.0363  1.0219  1.0123  

45 0.9801  0.9566  0.9832  0.9983  1.0185  1.0100  1.0431  1.0574  

63 0.9714  0.9512  0.9851  0.9975  1.0056  1.0151  1.0634  1.0787  

180 54 0.9828  0.9846  0.9902  0.9935  1.0216  1.0090  1.0220  1.0212  

90 0.9361  0.9529  0.9499  0.9784  1.0041  1.0161  1.0284  1.0128  

126 0.9249  0.9703  0.9550  0.9751  1.0169  1.0240  1.0337  1.0275  

270 81 0.9554  0.9575  0.9706  1.0040  1.0163  1.0294  1.0343  1.0245  

135 0.9769  0.0944  0.9822  1.0103  0.9958  1.0206  1.0548  1.0377  

189 0.9741  0.9685  0.9689  1.0097  1.0010  1.0249  1.0483  1.0428  

Mean 0.9893 

Standard deviation 0.1118 

COV 0.1130 
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Table 3. Comparison on distortional buckling stress between the proposed method and 
the finite element method for bending section with rectangular hole. 

 h Hhole Lhole a = 4.5 a = 9 a = 13.5 a = 18 a = 22.5 a = 27 a = 31.5 a = 36 

fcrd 270 135 135 92.62 153.48 220.58 285.64 346.59 403 455.03 503.32 

270 89.85 147.65 211.45 273.32 331.29 384.96 434.45 480.12 

405 86.94 141.53 201.83 260.35 315.19 365.97 412.81 456.03 

540 83.86 135.05 191.66 246.63 298.15 345.87 389.91 430.54 

360 180 180 82.65 132.49 187.65 241.21 291.43 337.95 380.87 420.47 

360 79.46 125.78 177.12 227.01 273.8 317.15 357.16 394.09 

540 76.04 118.56 165.8 211.73 254.83 294.78 331.66 365.7 

720 72.3 110.7 153.46 195.09 234.18 270.42 303.89 334.79 

450 225 225 78.84 124.5 175.1 224.2 270.4 313.1 352.54 388.95 

450 76.07 118.6 165.9 211.9 255 294.99 331.89 365.97 

675 73.1 112.4 156.1 198.6 238.6 275.6 309.78 341.36 

900 69.88 105.6 145.5 184.3 220.8 254.6 285.85 314.71 

fcrd.A 270 135 135 98.67 162.55 231.55 290.51 351.42 408.25 451.08 487.69 

270 95.74 155.46 220.37 280.45 336.57 380.29 425.79 470.23 

405 90.23 149.78 215.47 264.71 320.46 358.77 400.29 443.79 

540 87.46 142.65 201.59 253.46 304.25 339.56 381.46 418.76 

360 180 180 86.23 139.89 193.56 246.77 296.44 336.7 367.92 405.68 

360 82.47 131.45 182.43 234.57 278.29 320.6 348.26 381.52 

540 80.75 127.65 175.46 216.85 261.33 299.6 315.78 351.49 

720 78.48 120.77 162.43 201.74 238.91 268.91 290.23 320.46 

450 225 225 83.94 131.78 187.24 230.49 276.48 321.65 338.97 362.57 

450 80.49 124.36 172.46 218.42 259.81 290.16 316.53 350.16 

675 78.54 120.36 163.58 204.63 245.36 271.85 294.38 328.46 

900 73.25 111.23 154.79 190.11 228.16 251.46 273.41 301.56 

fcrd/fcrd.A 270 135 45 0.9387  0.9442  0.9526  0.9832  0.9863  0.9871  1.0088  1.0320  

90 0.9385  0.9498  0.9595  0.9746  0.9843  1.0123  1.0203  1.0210  

135 0.9635  0.9449  0.9367  0.9835  0.9836  1.0201  1.0313  1.0276  

180 0.9588  0.9467  0.9507  0.9731  0.9800  1.0186  1.0222  1.0281  

360 180 90 0.9585  0.9471  0.9695  0.9775  0.9831  1.0037  1.0352  1.0365  

180 0.9635  0.9569  0.9709  0.9678  0.9839  0.9892  1.0256  1.0329  

270 0.9417  0.9288  0.9449  0.9764  0.9751  0.9839  1.0503  1.0404  

360 0.9213  0.9166  0.9448  0.9670  0.9802  1.0056  1.0471  1.0447  

450 225 135 0.9392  0.9448  0.9352  0.9727  0.9780  0.9734  1.0400  1.0728  

270 0.9451  0.9537  0.9620  0.9701  0.9815  1.0166  1.0485  1.0452  

405 0.9307  0.9339  0.9543  0.9705  0.9724  1.0138  1.0523  1.0393  

540 0.9540  0.9494  0.9400  0.9694  0.9677  1.0125  1.0455  1.0436  

Mean 0.9840  

Standard deviation 0.0378  

COV 0.0384  
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Table 4. Comparison on distortional buckling stress between the proposed method and 
the finite element method for bending section with circular hole. 

 h dhole a = 4.5 a = 9 a = 13.5 a = 18 a = 22.5 a = 27 a = 31.5 a = 36 

fcrd 270 81 93.15 162.78 222.36 301.44 349.56 409.35 462.03 522.64 

135 92.62 153.48 220.58 285.64 346.59 403.02 455.03 503.32 

189 86.53 141.23 212.69 268.96 333.37 390.42 437.26 489.27 

360 108 84.61 142.65 194.13 257.23 302.29 350.14 395.46 436.72 

180 82.65 132.49 187.65 241.21 291.43 337.95 380.87 420.47 

252 81.16 125.63 182.72 230.47 283.18 325.46 369.77 408.12 

450 135 79.91 128.66 178.58 229.56 276.25 320.45 360.45 397.75 

225 78.84 124.5 175.1 224.2 270.4 313.1 352.54 388.95 

315 77.75 117.85 171.47 215.98 264.34 305.62 344.44 379.93 

fcrd.A 270 81 100.42 174.56 231.07 311.27 353.24 410.22 460.22 510.28 

135 98.52 161.29 228.97 296.38 350.16 405.27 451.26 488.71 

189 91.84 150.74 221.08 275.84 339.84 394.85 432.77 471.26 

360 108 87.98 152.43 203.46 264.85 309.55 353.67 391.59 423.47 

180 85.74 141.28 200.38 251.73 300.75 354.79 378.66 408.33 

252 85.47 131.04 191.28 240.22 289.71 340.28 364.92 400.11 

450 135 84.56 135.26 185.79 236.75 284.53 329.11 357.84 382.51 

 225 84.08 130.87 182.44 232.82 278.39 317.54 350.07 372.54 

 315 82.56 123.59 180.28 224.66 271.88 309.62 340.73 367.23 

fcrd/fcrd.A 270 81 0.9276  0.9325  0.9623  0.9684  0.9896  0.9979  1.0039  1.0242  

135 0.9401  0.9516  0.9634  0.9638  0.9898  0.9944  1.0084  1.0299  

189 0.9422  0.9369  0.9620  0.9751  0.9810  0.9888  1.0104  1.0382  

360 108 0.9617  0.9358  0.9541  0.9712  0.9765  0.9900  1.0099  1.0313  

180 0.9640  0.9378  0.9365  0.9582  0.9690  0.9525  1.0058  1.0297  

252 0.9496  0.9587  0.9552  0.9594  0.9775  0.9564  1.0133  1.0200  

450 135 0.9450  0.9512  0.9612  0.9696  0.9709  0.9737  1.0073  1.0398  

225 0.9377  0.9513  0.9598  0.9630  0.9713  0.9860  1.0071  1.0440  

315 0.9417  0.9536  0.9511  0.9614  0.9723  0.9871  1.0109  1.0346  

Mean 0.9765  

Standard deviation 0.0304  

COV 0.0311  
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Table 5. Statistic of comparison on distortional buckling stress between the proposed 
method and the finite element method. 

 Axial compression members bending members 

Circular hole Rectangular hole Circular hole Rectangular hole 

Count 72 96 72 96 

Mean 0.9893 1.0062  0.9765  0.9840  

Standard deviation 0.1118 0.0375  0.0304  0.0378  

COV 0.1130 0.0373  0.0311  0.0384  

Mean 0.9990 0.9808 

Standard deviation 0.0692 0.0346 

COV 0.0693 0.0353 

Mean 0.9899 

Standard deviation 0.0519 

COV 0.0524 

3. EWM-based design method for distortional buckling strength  

The effective width method is used to calculate the sectional strength of CFS member 
considering the local buckling in Chinese code. The design formula of effective width is derived 
from Eq (15) which is obtained from the test results conducted in China. 

 1/4
0.6 / 0.1e crd yb f b      

(15)
 

where crd  is the buckling stress of plate, fy is the yield strength of steel. 

Equation (15) can be rewritten as Eq (16) for sectional strength. 

1/4

0.6
0.1e ycrd e crd

y y y

A fP b t

P Af bt f

  
           

(16)
 

Substituting E = 206000 N/mm2 and ν = 0.3 in equation    22 2/ 12(1 ) /crd kE t b     and 

considering 235 / yk f  , the effective width formula can be obtained from Eq (15) as Eq (17).  

 21.8 / 0.1eb t b b 
 

(17)
 

The plate would be all effective if the effective width (be) calculated by using Eq (17) is larger 
or equal to the width of plate (b). Then the Eq (18) should be demanded. 

 21.8 / 0.1 1t b  
 

(18)
 

The Eq (19) can be obtained from Eq (18). 

/ 18b t 
 

(19)
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Based on Eqs (17) and (19) and consideration that the effective width is the constant value when 
the width-to-thickness ratio of the plate is larger or equal to 38  , Eq (20) is presented to calculate 
the effective width for CFS section [28]. Herein, Eq (20) is also proposed to calculate the effective 
width of CFS lipped channel section with holes for considering distortional buckling. 

18
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0.1 18 38

25
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c

e c

c

b b

t t

b b b
bt t t
t

b b
b t t
t
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 






 
     
   


 



 (20)
 

where bc is the compression width of the plate,  is the coefficient, =1.15-0.15  ,  is the uneven 

distribution coefficient of the compression stress, max min= /   , max  and min  are the maximum 

compression stress and the minimum compression stress or the tension stress for the calculated plate.  

In the equation 235 / yk f  , k is the buckling coefficient of the plate. Considering expression 

  22 2/ 12(1 ) /kE t b    , the distortional buckling coefficient k for the flange can be obtained from 

Eqs (21) and (22) based on Eqs (9), (11) and (13). 
If the maximum compression stress acts at the stiffened edge (web): 

       

 

2
2 22 2 3

41- 2 / / 3 2 1 / 12(1 ) / /

1 / 3 /12

hole
w

L L
b b L I b L t

L
k

b a

   




            
   

(21)
 

If the maximum compression stress acts at the unstiffened edge (lip):
 

       

   

2
2 22 2 3

41- 2 + / / 3 2 1 / 12(1 ) / /
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L L
b b L I b L t
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

 

           
   

(22)
 

where, I is the moment of inertia of lip about the central axis of the lip and the flange. 
For the flange of CFS lipped channel section, the buckling coefficient can be calculated by 

using Eq (23) if the local buckling is considered.  
If the maximum compression stress acts at the stiffened edge (web): 

       
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(23a)

 

If the maximum compression stress acts at the unstiffened edge (lip):
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(23b)

 

where, L is the minimum of distortional buckling half wavelength calculated by using Eq (14) and 
the effective length of CFS member. 

4. Ultimate strength of distortional buckling and interaction buckling 

4.1. Design method 

4.1.1. Novel effective width method 

The design formula of ultimate capacity for CFS lipped channel axial compression member with 
holes is shown as follow: 

u hole ehole yN A f
 

(24)
 

where, φhole is the overall buckling coefficient which can be calculated by using weighted average 
method in AISI S100 considering the effect of the hole, Aehole is the effective section area of the axial 
compression member considering the effect of the hole which can be obtained from the effective 
width of the axial compression member with holes calculated by using Eq (20). When the

 
Eq (20) is 

used to calculate the effective width of CFS lipped channel section with holes, the buckling 

coefficient k in the equation 235 / yk f  can be obtained as follows: The buckling coefficient k of 

the stiffened element (web) considering the effect of the hole should be calculated according to the 
reference [18]. The buckling coefficient k of the partially stiffened element (flange) considering the 
effect of the hole should be calculated by using Eq (23). The buckling coefficient k of the unstiffened 
element (lip) ignoring the effect of the hole can be predicted according to Chinese code GB50018 [28]. 

For CFS lipped channel bending member with holes, the ultimate capacity can be calculated as 
follow: 

u bhole ehole yM W f
 

(25)
 

where φbhole is the overall flexual-torsional buckling coefficient which can be calculated by using 
weighted average method in AISI S100 considering the effect of the hole, Wehole is the effective 
section modulus of the bending member considering the effect of the hole which can be obtained 
from the effective width of the bending member with holes calculated by using Eq (20). When the

 
Eq (20) is used to calculate the effective width of CFS lipped channel section with holes, the 
buckling coefficient k in the equation 235 / yk f 

 
can be obtained as follows: The buckling 

coefficient k of the stiffened element (web) considering the effect of the hole can be predicted by 
using the modified method in reference [18]. The buckling coefficient k of the partially stiffened 
element (flange) considering the effect of the hole should be calculated by using Eq (23). The 
buckling coefficient k of the unstiffened element (lip) ignoring the effect of the hole can be 
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calculated according to Chinese code GB50018 [28]. 

4.1.2. Direct strength method in North America code 

AISI S100 presents a direct strength method (DSM) to calculate the ultimate strength of CFS 
lipped channel section with holes. The ultimate capacity Pn of axial compression column with holes 
is the least of the interaction buckling capacity of global buckling and local buckling and the 
distortional buckling capacity, i.e., Pn = min (Pnℓ, Pnd). The expressions of the buckling capacity for 
axial compression column with holes are displayed as follows:  

The local buckling capacity, Pnℓ, should be calculated in accordance with Eq (26). 
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(26)

 

where /l ne crlP P  , Pcrl is the critical elastic local buckling capacity considering the influence of 
the hole which can be obtained from the finite element analysis. Pne is the global buckling capacity 
defined as expression (27). 
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(27)

 

where /c y creP P  , Py is the yield strength, Py=Afy; Pcre is the elastic global buckling capacity, 
Pcre=Afcre, fcre is the least of the applicable elastic global (flexural, torsional, or flexural-tortional) 
buckling stress. 

 

The distortional buckling capacity for the axial compression column with holes, Pnd, should be 
calculated as follow: 
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where /d y crdP P  , 
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, Pynet is the yield 

strength of the net-section, Pynet = Anetfy, Pcrd is the critical elastic distortional buckling capacity 
considering the effect of the hole which can be obtained from the weight average method in AISI or 
finite element analysis. It is worth noting that the calculated Pnl and Pnd as expressed above should be 
less than Pynet. 

The DSM equations used to predict the nominal ultimate strength of bending member with holes 
can be found in AISI S100 [27].   

4.2. Test data and validated of proposed method 

Historically, many axial compression experiments [8−19] and a small number of bending tests [20,21] 
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on CFS channel members with circular holes, rectangular holes, or slotted holes were conducted. 
Results obtained from these studies were assembled in a database to validate the proposed EWM-based 
design expressions for CFS lipped channel member with holes in this paper. The experimental database 
includes 319 axial compression specimens and 28 beam specimens. These specimens displayed 
different buckling modes including the distortional buckling and the interaction buckling. The 
dimensions of the cross-section and the hole included in the database are provided in Table 6.  

Table 6. The dimensions of the section and the hole of test specimens. 

Load 

type 

Refe- 

-rence 

count h/t h/b a/t Circular hole Rectangular hole Slotte

d hole 

d/h  Lhole/h Lhole/h 

Axial 

compress

ion 

members 

[8] 32 49, 76 2.1 8, 12 0.135, 0.27, 0.4   

[9] 42 62, 122 2.07, 

3.39 

10, 12 0.17, 0.34, 0.5, 

0.55, 0.65, 1 

  

[10] 16 45, 60, 75, 

90 

1, 1, 2, 1, 

5, 2 

10, 12 0.1, 0.3, 0.5, 0.7   

[11] 12 105, 155 1.9, 3.2 17   0.62, 

0.95 

[12] 16 108, 133 3.1, 3.2 14, 16.5   0.46, 

0.7, 

0.8 

[13] 37 50, 175 2.35, 4 7.5, 12  0.25, 0.4  

[14] 14 80, 110 2.3, 4.3 9, 12.25  0.3, 0.35, 0.55, 

0.95 

 

[15] 30 87, 127 1.8 15, 6, 22.6  0.13, 0.17, 0.25, 

0.34 

 

[16] 6 64 2.7 8  0.32, 0.44  

 [17] 44 100 1.1, 1.3 10, 12.5  0.4, 0.8, 1.2  

 [18] 28 100, 112.5 1.1, 1.8 10, 18.75 0.3, 0.5, 0.7 0.4, 0.8, 1.2  

 [19] 42 75, 93.75, 

100, 112.5 

1.33, 1.8, 

1.88 

10, 12.5, 

18.75 

0.3, 0.5, 0.7 0.4, 0.8, 1.2  

Bending 

members 

[20] 16 100 200/80 10, 20  0.5  

[21] 12 203/1.78 203/63   152/203  

Due to space limitations, only the ultimate capacities predicted by using the proposed method 
and direct strength method in North America code (AISI100 2016) for axial compression members in 
reference [18] and bending members in reference [20] are presented in Tables 7 and 8, where Pt is the 
test results, PEWM and PN are the calculated results by using the proposed EWM and North America 
code, respectively. Mt is the test results, MEWM and MN are the calculated results by using the proposed 
EWM and North America code, respectively.  
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Table 7. Comparison on ultimate strength between tests and predicted results using AISI 
and proposed EWM for axial compression members in reference [18]. 

Specimen Pt/KN PEWM/KN PN/KN Pt/PEWM Pt/PN 

C8008-05-RH21-1 34.55 32.80  36.25  1.05  0.95 

C8008-05-RH21-2 34.4 32.38  35.62  1.06  0.97 

C8008-05-RH41-1 33.3 31.28  34.98  1.06  0.95 

C8008-05-RH41-2 33.91 30.59  34.44  1.11  0.98 

C8008-05-RH61-1 29.91 29.30  32.14  1.02  0.93 

C8008-05-RH61-2 29.45 29.26  31.41  1.01  0.94 

C10010-05-RH21-1 51.95 49.32  53.54  1.05  0.97 

C10010-05-RH21-2 51.48 49.40  53.06  1.04  0.97 

C10010-05-RH41-1 51.1 48.51  53.76  1.05  0.95 

C10010-05-RH41-2 50.22 48.69  52.29  1.03  0.96 

C10010-05-RH61-1 46.19 43.39  49.63  1.06  0.93 

C10010-05-RH61-2 44.12 43.67  46.42  1.01  0.95 

C8008-10-RH21-1 27.5 26.13  29.28  1.05  0.94 

C8008-10-RH21-2 27.74 26.09  28.19  1.06  0.98 

C8008-10-RH41-1 26.94 24.30  27.54  1.11  0.98 

C8008-10-RH41-2 26.33 24.39  27.25  1.08  0.97 

C8008-10-RH61-1 23.8 22.96  24.44  1.04  0.97 

C8008-10-RH61-2 23.88 23.12  24.23  1.03  0.99 

C8008-10-RH22-1 27.6 25.79  29.52  1.07  0.93 

C8008-10-RH22-2 27.3 25.95  28.07  1.05  0.97 

C8008-10-RH42-1 26.52 24.15  27.31  1.10  0.97 

C8008-10-RH42-2 25.89 23.84  27.77  1.09  0.93 

C8008-10-RH62-1 23.5 22.67  24.26  1.04  0.97 

C8008-10-RH62-2 23.47 22.89  23.65  1.03  0.99 

C10010-10-RH21-1 40.1 40.04  42.03  1.00  0.95 

C10010-10-RH21-2 40.95 40.08  43.06  1.02  0.95 

C10010-10-RH41-1 39.38 37.16  40.30  1.06  0.98 

C10010-10-RH41-2 39.4 37.08  40.65  1.06  0.97 

C10010-10-RH61-1 37.3 35.88  37.88  1.04  0.98 

C10010-10-RH61-2 37.66 36.19  39.46  1.04  0.95 

C10010-10-RH22-1 40.25 39.95  41.39  1.01  0.97 

C10010-10-RH22-2 41.03 40.55  42.93  1.01  0.96 

C10010-10-RH42-1 38.45 37.53  39.27  1.02  0.98 

C10010-10-RH42-2 38.7 37.90  40.84  1.02  0.95 

C10010-10-RH62-1 36.8 36.44  35.72  1.01  1.03 

C10010-10-RH62-2 37.05 36.30  37.24  1.02  0.99 

Mean 1.0454 0.9646 

Standard deviation 0.0286 0.0211 

COV 0.0273 0.0219 

β 2.97 2.54 
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Table 8. Comparison on ultimate strength between tests and predicted results by using 
AISI and proposed EWM for bending members in reference [20]. 

Specimen Mt/KN.m MEWM/KN.m MN/KN.m Mt/MEWM Mt/MN 

H200r0.2d20t2.0 14.315 13.54 15.11 1.0572  0.9474  

H200r0.4d20t2.0 14.168 13.54 15.09 1.0464  0.9389  

H200r0.6d20t2.0 13.800 13.54 15.04 1.0192  0.9176  

H200r0.8d20t2.0 13.271 13.54 13.82 0.9801  0.9603  

H200r0.2d40t2.0 16.684 14.86 18.24 1.1227  0.9147 

H200r0.4d40t2.0 16.333 14.86 18.14 1.0991  0.9004 

H200r0.6d40t2.0 15.154 14.86 17.97 1.0198  0.8433 

H200r0.8d40t2.0 14.565 14.86 17.68 0.9801  0.8238 

Mean 1.0406 0.9058 

Standard deviation 0.0483 0.0456 

COV 0.0464 0.0504 

β 2.71 2.44 

Reliability analysis was conducted to assess the appropriateness of the proposed EWM method. 
The target reliability index(β) for CFS structural members is 2.5 for Load and Resistance Factor 
Design (LRFD) according to the NAS (AISI S100-16) [27]. The resistance factor ϕc and ϕb for the 
axial compression member and the bending member are 0.80 and 0.90 as specified in the NAS (AISI 
S100-16) [27], respectively. The dead load and live load factors are 1.2 and 1.6, respectively. The 
ratio of nominal dead load to nominal live load is 0.2. The mean value of the fabrication factor(FM) is 
1.00 and coefficients of variation of fabrication factor (VF) is 0.05. The mean value of the material 
factor (MM) is 1.10 and coefficients of variation of material factor (VM) is 0.10. The reliability index 
were calculated using the load combination of 1.2 DL + 1.6 LL for axial compression members in 
reference [18] and bending members in reference [20] as shown in Tables 7 and 8. 

For axial compression members as shown in Table 7, the mean values of Pt/PEWM and Pt/PN 

are 1.0454 and 0.9646 with the corresponding coefficient of variations of 0.0273 and 0.0219 and 
the calculated reliability indexes are 2.97 and 2.54, respectively. The comparisons show that the 
modified effective width method displays a great accuracy and variation. All the reliability indices 
are larger than 2.5 and the reliability index of the modified effective width method is higher than that 
of the direct strength method in North America code.  

For bending members as shown in Table 8, the mean values of Mt/MEWM and Mt/MN are 1.0406 
and 0.9058 with the corresponding coefficient of variations of 0.0464 and 0.0504 and the calculated 
reliability indexes are 2.71 and 2.44, respectively. The comparisons show that the modified effective 
width method displays a great accuracy and variation. The reliability index of the modified effective 
width method is larger than 2.5 and the reliability index of the direct strength method in North 
America code is less than 2.5 which indicates that the direct strength method in North America code 
has a sligth unsafe for the bending members in reference [20].  

The statistical results and reliability analysis results about the comparison on ultimate strength 
between the predicted results and test results are listed in Table 9 for all specimens shown in Table 6. 
As shown in Table 9, the calculated reliability indexes of Pt/PEWM and Pt/PN are 2.82 and 2.61, 
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respectively. The calculated reliability indexes of Mt/MEWM and Mt/MN are 2.66 and 2.51, respectively. 
The proposed effective width method provides a good agreement with the test results and the higher 
reliability index.  

Table 9. Comparison on ultimate strength between tests and predicted results. 

 Axial compression members Bending members 

Pt/PEWM Pt/PN Mt/MEWM Mt/MN 

Mean 1.0269 0.9724 1.0247 0.9137 

Standard deviation 0.0489 0.0884 0.036 0.0433 

COV 0.0476 0.0909 0.0351 0.0474 

β 2.82 2.61 2.66 2.51 

 

4.3. Validation of proposed method with finite element analysis 

In order to further verify the novel EWM-based design method of the distortional buckling and 
interaction buckling, CFS lipped channel sections were selected to get ultimate strengths by using 
proposed effective width method and finite element method. The section dimensions included the 
thickness of 2 mm, the width of flanges of 90 mm, the ratios of width of lip to width of flange of 0.05, 
0.1, 0.15, 0.2, 0.25, 0.3, 0.35 and 0.4, and the width of the web of 90 mm,180 mm and 270 mm for 
axial compression members and 270 mm, 360 mm and 450 mm for bending members. The ratios of 
the diameter of the circular hole to the width of the web are 0.3, 0.5 and 0.7. The ratio of height of 
the rectangular hole to the width of the web is 0.5, the length-to-height ratios of the rectangular hole 
are 1, 2, 3 and 4. The slenderness ratio of axial compression member is 15, 45, 75, 100 and 120. The 

relative slenderness ratio /p eM M  for the bending member is 0.5, 0.7, 0.9, 1.1 and 1.3. The total 

of members is 1260 including 270 axial compression members with circular hole, 360 axial 
compression members with rectangular hole, 270 bending members with circular hole, and 360 
bending members with rectangular hole.  

The statistical results and reliability analysis results of the ratios of the ultimate strength 
calculated by using the proposed effective width method and direct strength method in North 
America code and finite element analysis results are shown in Table 10. The mean values of PA/PEWM 
and PA/PN are 1.0377 and 0.9784 with the corresponding coefficient of variations of 0.0387 and 
0.043 and the calculated reliability indexes are 2.86 and 2.63, respectively. The mean values of 
MA/MEWM and MA/MN are 1.0289 and 0.9693 with the corresponding coefficient of variations of 0.0405 
and 0.0509 and the calculated reliability indexes are 2.68 and 2.55, respectively. The comparisons show 
that the modified effective width method displays a great accuracy and variation. All the reliability 
indices are larger than 2.5 and the reliability index of the modified effective width method is higher 
than that of the direct strength method in North America code.  
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Table 10. Comparison on ultimate capacity between the predicted results and finite element results. 

 Axial compression members Bending members 

PA/PEWM PA/PN MA/MEWM MA/MN 

Mean 1.0377 0.9784 1.0289 0.9693 

Standard deviation 0.0402 0.0421 0.0417 0.0493 

COV 0.0387  0.0430 0.0405  0.0509  

β 2.86 2.63 2.68 2.55 

Meanwhile, the sections selected from the steel stud manufacturers association (SSMA) 
including 213 axial compression columns and 125 bending members with slotted holes or circular 
holes were also analyzed by using finite element software to further verify the novel EWM-based 
design method. Due to space limitations, the details of sections cannot be provided in this paper, 
which can be found in reference [43].  

The statistical results and reliability analysis results of the ratios of ultimate strength calculated 
using proposed effective width method and direct strength method in North America code and finite 
element analysis results are shown in Table 11. The calculated reliability indexes of PA/PEWM and 
PA/PN are 2.82 and 2.61, respectively. The calculated reliability indexes of MA/MEWM and MA/MN 

are 2.66 and 2.51, respectively. The comparisons show that the modified effective width method 
displays a great accuracy and variation. All the reliability indices are larger than 2.5 and the 
reliability index of the modified effective width method is higher than that of the direct strength 
method in North America code.  

Table 11. Comparison on ultimate capacity between the predicted results and finite element results. 

 Axial compression members Bending members 

PA/PEWM PA/PN MA/MEWM MA/MN 

Mean 1.0106 0.9608 1.0065 0.9716 

Standard deviation 0.0452 0.0441 0.0590 0.0484 

COV 0.0447 0.0459 0.0586 0.0498 

β 2.75 2.61 2.64 2.59 

5. Conclusions 

The calculated methods of the elastic distortional buckling stress and buckling coefficient of 
CFS lipped channel section with holes were developed by using the energy method and simplified 
rotation restrain stiffness in this paper. The mean value of the ratios of distortional buckling stress 
between the predicted results and finite element results was 0.9899 with the corresponding 
coefficient of variation of 0.0524 for 336 CFS lipped channel members. The statistical result of the 
comparison on distortional buckling stress showed the proposed method had a very high precision. 
Based on the proposed distortional buckling coefficient of CFS lipped channel section with holes, 
this paper presented an EWM-based design method to calculate the distortional buckling strength and 
interaction buckling strength of CFS lipped channel section with holes. The proposed method was 
validated by 347 test results and 1598 finite element analysis results. Meanwhile, the direct strength 
method in North America specification was also used to predict the ultimate strength of CFS lipped 
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channel section with holes. The statistical results and reliability analysis results about the comparison 
on ultimate strength between the predicted results and test results or finite element analysis results 
were performed. The comparisons showed that the modified effective width method displayed a great 
accuracy and variation. All the reliability indices were larger than 2.5 and the reliability index of the 
modified effective width method was higher than that of the direct strength method in North America 
code. The reliability index of axial compression members is higher than that of bending members. 
The reliability index of the direct strength method in North America code is less than 2.5 for the 
bending members in reference [20] which indicates that the direct strength method in North America 
code has a slight unsafe for some bending members. Thus the proposed effective width method 
allows designers to calculate the ultimate capacity of CFS lipped channel member with holes by 
using the existing design method in Chinese specification with simplified modifications.   
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