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Abstract. Thin-walled steel cold-formed lipped channel members in axial compression are susceptible 

to buckling phenomena in the following modes: Local buckling (L), Distortional buckling (D) and 

Global buckling (G). In these cases, the Direct Strength Method (DSM) predicts the ultimate strength. 

However, some geometries are affected by the occurrence of coupling phenomena involving two or 

three buckling modes interaction. The buckling modes interaction produces additional column strength 

reduction if compared to isolated buckling modes occurrence. Furthermore, the design specifications 

and codes for cold-formed steel members do not handle properly the ultimate strength for the cases of 

L-D, D-G and L-D-G interactions. In this context, the present article is aimed at developing a Direct 

Strength Method (DSM) approach to estimate the ultimate strength of lipped channel columns affected 

by Local-Distortional-Global buckling mode interaction. To achieve this goal, the investigation is based 

on: (i) literature review of experimental columns affected by buckling mode interaction (ii) calibration 

of the FEM model based on experimental results; (iii) nonlinear FEM analysis of post-buckling behavior 

affected by mode interaction performed with the help of the ANSYS computational program; (iv) 

propose a Direct Strength Method (DSM) approach to estimate the ultimate strength of lipped channel 

columns affected by Local-Distortional-Global buckling mode interaction. 

Keywords: Steel Cold-Formed Member; Local-Distortional-Global Buckling Mode Interaction; Direct 

Strength Method (DSM). 
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1  Introduction 

The Brazilian design procedures of steel cold-formed section are described by NBR 14762 [1]. 

Thus, for practical applications, the use of the Light Steel Frame method is widely used as shown in Fig. 

1. 

 

 
Figure 1 –Light steel frame using cold-formed steel members [2]. 

 

The Light steel frame is an efficient and rational way to build. Moreover, there is a time construction 

decrease and makes the structure lighter. In contrast, these materials present significant instabilities and 

must be carefully analyzed due to the buckling phenomenon. 

There are different buckling modes and each present a different critical load value. The fundamental 

buckling modes are local buckling (L), distortional buckling (D) and global buckling (G). These 

fundamental modes are present in Fig. 2. 

 

 
Figure 2 – Buckling modes: (a) local (L), (b) distortional (D), (c) global flexural, (d) global flexural-

torsional. 

 

Additionally, these fundamental buckling modes can interact simultaneously with each other. These 

modes interactions can be local-global buckling (LG), local-distortional buckling (LD), distortional-

global buckling (DG) and local-distortional-global buckling (LDG). As a consequence, buckling mode 

interaction produces additional column strength reduction if compared to isolated buckling mode 

occurrence. 

The LD buckling modes interactions have been more carefully in researches of Dinis et al. [4], 

Silvestre et al. [5], Kwon e Hancock [6], Young e Rasmussen [7], Loughlan et al.[8], Young et al.[9], 

Martins et al. [10], Martins et al. [11], Martins et al. [12] and Matsubara et al. [13]. 

The DG interaction was researched by Martins et al. [14, 15]. Additionally, studies related to LDG 

interaction were performed by Cava et al. [16], Young et al. [17], Dinis et al. [18], Santos et al. [19] 

and Santos [20]. 

The most used design methods for buckling modes are Effective Width Method (EWM) (for local 

buckling mode), Effective Section Method (ESM) (for local and local-buckling buckling mode) and 

Direct Strength Method (DSM) [22] (for local, distortional and local-global buckling mode). The DSM 
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[22] originated from a research by Hancock et al. [23] and it was included in important standards such 

as Brazilian standard (NBR 14762[1]), American standard (AISI-S100-16 [24]) and Australian/New 

Zeland standard (AS/NZS 4600:2005 [25]). 

The design procedures for columns subject to local, distortional, global and local-global mode 

interaction are present in most standards related to the subject. However, studies related to LD, DG and 

LDG interactions still remain inconclusive. 

The present research aims on contributing to propose design approach for LDG buckling mode 

interaction. The cold-formed lipped channel is one of the most used profiles in steel construction and 

was chosen for analysis of this article. The cold-formed lipped channel is illustrated in Fig. 3. 

 

 
Figure 3 – Lipped channel cold-formed steel [3]. 

  

2  Design of cold-formed steel columns 

The design procedure for cold-formed steel columns experiencing local mode (PnL), distortional 

mode (PnD) and global mode (PnG) are presented in Eq. (1), Eq. (2), Eq. (3), respectively. The mentioned 

equations take into account the squash load (Py=Afy), local slenderness (λL), distortional slenderness (λL) 

and global slenderness (λG). The critical local, distortional and global loads are represented by PcrL, PcrD 

e PcrG, respectively.  
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The design of columns subjected to LG interaction is described by Eq. (4) (PnLG). This Equation is 

created by replacing the squash load (Py) for PnG (Eq. (3)) in Eq. (1).  
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Schafer [26] propose Eq. (5) for LD interaction of cold-formed columns. It was created similarly 

to Eq. (4). Thereby, the Equation PnDL was created by replacing the squash load (Py) for PnD (Eq. (2)) in 

Eq. (1). 
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Additionally, Schafer [26] propose Eq. (6) for columns experiencing DG buckling mode 

interaction. This Equation is created by replacing the squash load (Py) for PnG (Eq. (3)) in Eq. 2. 
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Thereby, for columns experiencing LDG buckling mode interaction, Silvestre et al. [27] propose 

Eq. 7). The main idea of the previously mentioned equations was maintained. Thereby, the squash load 

was replaced by PnDG (Eq. (6)) in Eq. (1). 
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The design procedures of cold-formed steel, except for global design procedure (Eq. (3)), were 

based on the equation formulated by Winter [28], represented by Eq. (8). The constants values A and B 

present in the Winter’s Equation are obtained through experimental and/or numerical tests.  
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3  Column numerical model using the Finite Element Method (FEM) 

In order to describe cold-formed steel lipped channel columns behavior, numerical models were 

developed using ANSYS [29] computational program based on the Finite Element Method (FEM). The 

SHELL181 element was applied. This element presents a four-node shell element with six degrees of 

freedom at each node, with translations and rotations about the three-reference axis.  

The FEM mesh was taken with 5mm width quadrilateral elements and the material ductility was 

introduced with bilinear ductile steel elastoplastic development. The details described are present in Fig. 

4 and Fig. 5.  

The application of the compressive force at both ends was through two concentrated loads in the 

center of gravity of the profile.  Moreover, warping was prevented with 25mm thick plates at both ends. 

Additionally, the axial displacement in the middle of web was prevented to avoid numerical problems.  

 

 
Figure 4 – Shell finite element model of lipped channel CFS column.  
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 A light linear slope (σ/ε) of 1450 MPa was used in the squash load region to avoid convergence 

problems. The material described is shown in Fig. 5. 

 

 
Figure 5 – Bilinear ductile steel elastoplastic.  

  

4  Numerical model performance 

The numerical model was evaluated by comparing the ultimate load obtained from numerical tests 

and the ultimate load obtained from experimental tests. In these cases, the Young modulus and squash 

load values applied to the numerical columns were obtained through experimental tests by each author. 

The experimental tests focused on LD interaction were performed by Kwon and Hancock [6], 

Young and Rasmussen [7], Loughlan et al. [8], Young et al. [9], Salles [30]. Additionally, LDG 

interaction experimental tests were performed by Young et al. [17] and Santos [20].  

In order to estimate the behavior of experimental tests using numerical models, it was applied the 

initial imperfections from the previously computed critical buckling mode shape with a maximum 

amplitude of 10% of the cross-section thickness. Although, some researchers proposed different ways 

of applying the initial imperfection on numerical models (Pastor et al. [31], Schafer and Peköz [32]), 

the adoption of a maximum imperfection amplitude equal to 10% presents good results, as already 

verified by Dinis et al.[4], Silvestre et al. [5], Martins et al. [10] and Martins et al.[11].  

The global initial maximum amplitude equal to L/1000 is adopt form many researchers, e.g. Dinis 

et al. [34]. However, all the experimental columns presented predominant local and/or distortional initial 

imperfection obtained as the modal shapes from a previously elastic buckling analysis. Therefore, in 

these cases, the maximum numerical initial amplitude deformation was adopted equal to 10% of the 

thickness. 

The results obtained by means of ANSYS [29] neglect the residual stresses and corner effects - 

both have been shown to have little impact on the column failure load, as shown in Ellobody and Young 

[35]. 

The Riks method [36] was used for nonlinear analysis, as it is the most suitable for dealing with 

thin-walled instabilities.  

The numerical model performance is shown in Fig. 6 obtained with the help of the FEM in 

comparison with the sets of experimental results provided by Kwon and Hancock [6], Young and 

Rasmussen [7], Loughlan et al. [8], Young et al. [9], Salles [30], Young et al. [17] and Santos [20]. The 

results indicate good accuracy regarding the ultimate load ratio Puexp/PuFEM, presenting mean value, 

standard deviation, and coefficient of variation equal to 0.91, 0.08 and 0.09, respectively. 
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Figure 6 – Comparison between numerical and experimental ultimate loads. 

  

Based on the results in Fig. 6, one should consider the numerical model is adequate to proceed with 

the computation analysis of lipped channel columns under LD and LDG buckling interaction. 

5  Analysis of buckling mode interactions 

The research on LDG interaction is based on two steps: (i) propose an approach to deal with LD 

interaction without the influence of global mode (ii) improve the previous LD approach to deal with the 

gradual global contribution increase. 

5.1 Cold-formed steel under Local-Distortional (LD) buckling interaction 

In order to propose an approach to deal with LD interactions, FEM numerical models have been 

developed to identify the relevant parameters of this phenomenon. To achieve this goal, some 

considerations were made: (i) the flange-to-web width ratio bf /bw is limited between 0.4 and 1.0, the 

ratio bs /bw is limited between 0.1 and 0.3, and the maximum slenderness used was 2.5 (these criteria 

limit the most common columns used in engineering practice) (ii) the intensity of LD interaction is 

measured by RλDL= λD/λL, (iii) the proposed LD approach are based on numerical tests, (iv) the 

evaluation of the proposed approach will be based on the resistance factor. The element dimension 

nomenclatures adopted in this article adopted for the lipped channel are shown in Fig. 9. 

 

 
Figure 9 – Nomenclatures adopted for the dimension of a lipped channel, measured from centerline. 
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The procedure adopted to propose the LD interaction approach was based on 275 numerical tests. 

At this stage, the global mode of the columns remained very low, presenting ratio λG/λL and λG/λD below 

0.25. This means that the global critical buckling load was at least 16 times higher than the local and 

distortional critical buckling loads. 
The proposed LD equation was based on the interpolation of the Winter’s curve for various values 

of RλDL. Thus, for each interpolated Winter’s curve, different values of coefficients A and B were 

obtained. This methodology was developed by Matsubara et al. [13] and it was maintained for this 

article.  

The Fig. 10, Fig. 11 and Fig. 12 illustrate examples of interpolated Winter’s curve and for each 

interpolated curve, four λmax values were used (1.0, 1.5, 2.0 and 2.5). 

In Fig. 10, values of A = 0.15 and B = 1.05 are obtained for RλDL = 0.53. The same analysis can be 

applied to Fig. 11 and Fig. 12.  

 
Figure 10 – Winter’s curve interpolation (Eq. (8)) for RλDL = 0.53. This interpolation provided 

constants of A = 0.15 and B = 1.05. 

 
Figure 11 – Winter’s curve interpolation (Eq. (8)) for RλDL = 0.84. This interpolation provided 

constants of A = 0.19 and B = 1.37. 

 
Figure 12 – Winter’s curve interpolation (Eq. (8)) for RλDL = 1.06. This interpolation provided 

constants of A = 0.25 and B = 1.31.  
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In the numerical tests, 18 different values of RλDL were used, ranging between 0.27 and 1.49. Thus, 

it was possible to verify the variation of A and B values for different RλDL values, as shown in Fig. 13 

and Fig. 14. 

The horizontal straight lines on the left side in Fig.13 and Fig.14 represent the constant values of 

A and B considering the purely local buckling mode. Additionally, the horizontal straight lines on the 

right side in Fig.13 and Fig.14 represent the constant values of A and B considering the purely 

distortional buckling mode. It is noticed that between these two lines, the LD interaction behavior is 

captured. 

 

 
Figure 13 – Variation of the value of A as a function of RλDL. 

 

 
Figure 14 – Variation of the value of B as a function of RλDL. 

 

The variations of A and B values for different values of RλDL (Fig. 13 and Fig.14) are described by 

Eq. (9) and Eq. (10).  

 

A = {

0.15          for RλDL < 0.80
0.40 RλDL − 0.17 for 0.80 ≤ RλDL ≤ 1.05

0.25         for RλDL > 1.05
 

 

(9) 

 

 

B = {

0.80                                      for RλDL < 0.45

−2.26RλDL
2 + 4.06RλDL − 0.57 for 0.45 ≤ RλDL ≤ 1.05

1.20                                     for RλDL > 1.05

 

 

(10) 

 

The LD interaction is initiated and captured by Eq. (10), starting at RλDL = 0.45 and ending at RλDL 

= 1.05, this range is the same as found by Matsubara et al. [13]. Thereby, PnLD (Eq. (11)) is a proposed 

approach for columns under local-distortional buckling interaction. The parameter maxLD = max (λD, L) 

and the values of A and B are obtained by Eq. (9) and Eq. (10).  
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The evaluation of the proposed approach, PnLD, for numerical tests in the interaction range (0.45 ≤ 

RλDL ≤ 1.05) is illustrated in Fig. 15. This graph shows that the ratio between the numerical ultimate load 

and ultimate load obtained through PnLD (PuFEM/PnLD) presented average, standard deviation and 

coefficient of variation equal 0.99, 0.10 and 0.10, respectively. These results show that the PnLD Equation 

is very well adjusted to the numerical tests performed. 

 

 
Figure 15 – PuFEM / PnLD ratio variation as a function of RλDL. The dashed line represents PuFEM = PnLD, 

considering the interaction range 0.45 ≤ RλDL ≤ 1.05. 

 

Additionally, the Fig. 16 illustrates the comparison between experimental tests and PnLD approach. 

The experimental columns with values well outside the range of 0.4 ≤ bf / bw ≤ 1.0 and 0.1 ≤ bs / bw ≤ 

0.3 were excluded (due to previously mentioned criteria).  

In the Fig. 16, it can be concluded that the PnLD approach is very effective to predict the ultimate 

experimental load. This conclusion is based on the Puexp / PnLD ratio which presented good results of 

average, standard deviation and coefficient of variation equal 0.93, 0.11 and 0.12, respectively. 

 

 
Figure 16 – Ratio between experimental ultimate loads (Puexp) under LD interaction and PnLD approach. 

The dashed line represents when PuFEM = PnLD. 

 

The resistance factor, ϕ, obtained by the PnLD equation presented in good agreement with the values 

recommended by both the North American standard AISI (2016) and the Brazilian code ABNT (2010), 
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respectively ϕ= 0.85 and γ= 1.2. The value obtained is ϕ= 0.88 (γ=1/ ϕ=1.14) for numerical tests and 

0.85 (γ=1/ ϕ=1.17) for experimental tests. These results can be observed in Table 1. 

 

Table 1 – Values used for the calculation of the resistance factor. 

Proposed 

approach 
Equations Type γ 

 

ϕ 

Number 

of 

Columns 

Mean 
Standard 

Deviation 

Coef. of 

Variation 

PnLD 
9,10,11 Exp. 1.17 0.85 40 0.93 0.11 0.12 

9,10,11 Num. 1.14 0.88 160 0.99 0.10 0.10 

 

5.2 Cold-formed steel under Local-Distortional-Global (LDG) buckling interaction 

In addition to the analyzes performed so far, we add the experimental tests under LDG interaction 

performed by Young et al. [17] and Santos [20]. Firstly, experimental tests with values well outside of 

the range 0.4 ≤ bf / bw ≤ 1.0 and 0.1 ≤ bs / bw ≤ 0.3 were excluded, as previously done in the study of LD 

interaction. 

Although the PnLD approach was created to handle columns with 𝜆G / 𝜆maxLD below 0.25, in Fig. 17 

is possible to observe that for the experimental tests analyzed this approach is still effective for values 

of 𝜆G/𝜆maxLD up to 0.4. When 𝜆G/𝜆maxLD is greater than 0.4, an abrupt drop in resistance occurs due to 

increased global mode influence. 

 

 
Figure 17 - Puexp/PnLD ratio variation as a function of λG/λmaxLD. The dashed line represents when Puexp = 

PnLD. 

 

The experimental columns with high values of λG/ λmaxLD (over 0.7) presented mean, standard 

deviation and coefficient of variation of Puexp/PnLD ratio equal to 0.80, 0.07 and 0.09, respectively. The 

low value of mean can be explained by the increased influence of global mode. 
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Figure 18 - Puexp/PnLD ratio for different values of λG/λmaxLD. The experimental tests were performed by 

Young et al. [17] and Santos [20]. 

 

In order to propose an approach that deals with the gradual increase of the global mode, the essence 

of the methods proposed by Schafer [26] and Silvestre et al. [27] were maintained. Thus, to create PnLDG 

approach, the squash load (Py) was replaced by PnG (Eq. (3)) in PnLD design approach. 
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 (12) 

 

 

The comparison between experimental ultimate loads under LD interaction γ and the proposed 

PnLDG equation is shown in Fig. 19. Additionally, the comparison between ultimate load under LDG 

interaction (Young et al. [17], Santos [20]) and the proposed PnLDG approach is presented in Fig. 20. 

 

 
Figure 19 – Comparison between the ratio between experimental ultimate load under LD 

buckling interaction and PnLDG approach. The distribution of results is a function of the variation of the 

λG/λmaxLD ratio. 
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The resistance factor (ϕ) value for experimental columns subjected to LD interaction (Young and 

Rasmussen [7], Loughlan et al. [8], Young et al. [9], Salles [30]) using PnLDG approach increased when 

compared with results obtained by PnLD approach. The increase occurred from 0.85 (γ=1/ϕ=1.17) to 0.87 

(γ =1/ϕ=1.15). This increase means an improvement in the results obtained. 

In Fig. 20 were considered only experimental columns under LDG interaction (Young et al. [17], 

Santos [20]). In this case, the PnLDG approach obtained good results, presenting resistance factor, ϕ, equal 

to 0.89 (γ = 1/ϕ=1.12). 

 

 
Figure 20 – Evaluation of experimental ultimate load under LDG interaction using PnLDG 

approach. Note that these columns have high values of λG/λmaxLD. 

 

The PnLDG approach presented good results of resistance factor when considering the experimental 

columns under LD and LDG interaction simultaneously (Table 2). The Puexp/PnLDG ratio values 

presented mean, standard deviation and coefficient of variation presented values equal to 1.06, 0.11 and 

0.11, respectively. 
 

 
Figure 21 - Puexp/PnLDG ratio variation as a function of λG/λmaxLD. The dashed line represents Puexp = 

PnLD. 
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 Finally, the computation of the resistance factor on the basis of the load and resistance factor 

design method (LFRD) confirmed adequate performance of the proposed approach, with ϕ= 0.87 (and 

γ =1/ϕ=1.14) and presented in good agreement with the values recommended by both the North 

American standard AISI (2016) and the Brazilian code ABNT (2010), respectively ϕ= 0.85 and γ= 1.2. 

These results can be observed in Table 2. 

 

Table 2 – Values used for the calculation of the resistance factor. 

Proposed 

approach 
Equations Type γ ϕ 

Number 

of 

columns 

Mean 
Standard 

Deviation 

Coef. of 

variation 

PnLDG 9,10,12 Exp. 1.14 0.87 79 1.06 0.11 0.11 

 

6  Conclusions 

This article aimed to contribute to the development of knowledge about buckling mode interaction. 

Thus, to achieve this goal, a numerical model in MEF was developed to estimate the ultimate load of 

cold-formed steel lipped channel. The results obtained in this article is an extension of previous results 

recently published by the authors in Matsubara et al. [13]. 

The proposed PnLD approach was based on numerical models in MEF to deal with lipped channel 

cold-formed steel under LD buckling interaction. The resistance factor obtained for numerical and 

experimental tests were 0.88 (γ=1/ ϕ=1.14) and 0.85 (γ=1/ϕ=1.17), respectively. These results confirmed 

adequate performance of the PnLD approach. These values were in good agreement with the values 

recommended by both the North American standard AISI (2016) and the Brazilian code ABNT (2010), 

respectively  = 0.85 and  = 1.20. 

Additionally, the proposed PnLDG approach aims to estimate the ultimate load of columns subject to 

LDG buckling mode and very good results were obtained in these cases. The resistance factor obtained 

for LDG experimental tests was 0.89 (γ=1/ ϕ=1.12). Furthermore, PnLDG approach was also effective to 

estimate the ultimate load of steel columns subjected to LD and LDG mode interaction, presenting  = 

0.87 (γ=1/ϕ=1.14). 

Finally, additional numerical and experimental tests focused on DG buckling interaction and 

numerical tests focused on LDG are underway to better support the proposed PnLDG approach. 
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