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ABSTRACT 
This paper deals with the ultimate strength and design of pin ended cold-formed steel lipped channel columns affected by 
distortional / global buckling mode interaction under axial compression. Totally, five columns were experimented with hinged-
hinged end condition. The cross sectional dimensions and length of the specimens have been chosen to have almost equal 
distortional and global critical buckling stresses by using the CUFSM software. A validated finite element model was used for 
parametric study with the aim of developing appropriate design rules and making recommendations for the safe design of lipped 
channel column subjected to distortional - global buckling mode interaction. Based on the comparison of ultimate strengths 
obtained from the finite element analysis and Direct Strength Method (DSM) AISI S100-2007, a design recommendation was 
proposed. 

 
KEYWORDS: Direct Strength Method; Distortional buckling; Distortional - Global Interaction; Finite element analysis;Global 

buckling; Lipped channel column.  
 

INTRODUCTION 

 

Cold formed steel sections gained special attention in research due to its major advantages like flexibility in 

drawing up any shape, high strength to weight ratio, light in weight, easy to transport and erect, recycle etc. 

Cold formed steel sections with edge stiffened flanges have three types of buckling like local buckling, 

distortional buckling, and Euler's buckling (flexural or flexural-torsional) generally called as global buckling 

[1]. In practice, singly symmetric open sections, such as C sections, are commonly used in cold-formed design. 

The mode interaction phenomena affecting the column buckling behaviour, those nearly simultaneous 

occurrence of local and global buckling are better understood, as addressed by their inclusion in cold-formed 

steel design codes, either through the ‘‘Effective Width Method’’ concept or by means of the ‘‘Direct Strength 

Method’’. 

In the past, researchers have investigated the various buckling modes of commonly used cold-formed steel 

sections. Kwon and Hancock [1] studied simple lipped channels and a lipped channel with intermediate stiffener 

under fixed boundary conditions. They chose section geometry and yield strength of steel to ensure that a 

substantial post buckling strength reserve occurs in the distortional mode for the test section. The Distortional 
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buckling behaviour of cold-formed steel columns are reported by Schafer [3]. Young and Yan [4] studied the 

lipped channels columns undergoing local, distortional, and overall buckling. Local, distortional and Euler’s 

buckling of thin walled columns is studied by Schafer [5]. The interaction between local and distortional 

buckling of the cold-formed steel sections was reported by Yang and Hancock [6], Silvestre and Camotim [8], 

Dinis et al. [8]. Schafer [5] has developed semi-analytical finite strip method for elastic buckling of cold-formed 

steel sections. Yap and Hancock [13] proposed new design methods for the effects of interaction of local and 

distortional buckling modes for the cross-shaped section. Schafer [14] studied the cold-form member design by 

direct strength method. The CUFSM software provides signature curve to obtain critical local and distortional 

buckling stress values which is used to calculate the strength in DSM. The nearly simultaneous occurrence of 

local and global buckling are well understood and already covered by current cold-formed steel design codes, 

either through the ‘Effective Width Method’ or Direct Strength Method [15].  

Silvestre et al [16] conducted parametric studies to assess the performance of DSM for lipped channel 

columns affected by local-distortional interaction. Kwon et al. [17] conducted compression tests on high 

strength cold-formed steel channels with buckling interaction. Dinis et al. [19-21] & [24], Camotim et al. [22], 

Crisan et al. [23] carried out numerical and experimental investigations on interaction of local, distortional and 

global buckling of cold-formed steel column section with different end conditions. Anbarasu and Sukumar [25] 

numerically investigated the effect of local/distortional/global buckling mode interaction on lipped channel 

columns. Anbarasu et al. [26-29] experimentally and numerically studied the behaviour of intermediate length 

rack columns with spacers/lateral stiffeners and proposed suitable design recommendations. From the literature 

it is observed that the interaction of buckling modes affect the ultimate strength of the columns and also the 

experimental evidence on the buckling interaction is very limited, therefore current study proposed to conduct 

experimental evidence over distortional-global buckling interaction on cold-formed lipped channel columns. 

Limited research has been conducted in the area of cold-formed steel lipped channel column with 

distortional and global buckling interaction. This research aims at investigating the distortional (D)-global (G) 

interactive buckling behaviour in pin ended lipped channel column. Column buckling analysis are performed in 

order to select the most appropriate member geometry (i.e., the one maximizing the D-G interaction) by using 

CUFSM software  to have almost equal distortional and global critical stresses. Totally, five specimens were 

experimented under axial compression. A finite element model is presented, which includes material, geometric 

non-linearity and geometrical imperfections. The model was verified against the experimental results. The finite 

element model was used to perform the parametric study for 15 column geometries of 3 yield stress values of 

different dimension, thickness and lengths. The column strengths predicted by the finite element models were 

compared with the design strengths calculated using the Direct Strength Method (DSM). The comparison 

reveals an inability of the design code to properly account for the D-G interaction effect. Based on the results 

suitable recommendations were made in the design rules.  

 

1. Experimental Program:  

Test specimens:  

Laboratory tests were performed on 5 specimens of lipped channel sections. The test specimens were brake-

pressed from locally available cold rolled steel sheet of 1.6 mm and 2 mm thickness. The specimens made for 

this research have sharp corners, and the corner radius was negligibly small. The dimensions of the lipped 

channel sections are finalized based on the limitations given for pre qualified sections of columns in Direct 

Strength method. The length of the columns was chosen to have the coincident distortional and global buckling 

stresses (fcrd and fcre are the distortional and global (flexural or flexural-torsional) critical buckling stresses 

respectively) by performing elastic buckling analysis using CUFSM software.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 inch = 25.4 mm 

Fig. 1: Buckling plot and modes of the series LC-86-49-11-2 
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Fig. 1 shows the typical buckling plot of LC-86-49-11-2 for the yield stress value of 268 MPa obtained 

from CUFSM software. The first minima of the curve reveals load ratio for local buckling where as the second 

minimum point shows load ratio for distortional buckling. As shown in Fig. 1, the pure local buckling occurs at 

76.2 mm. The minimum elastic distortional buckling stress occurs when the half wave length equals 279.4 mm. 

However, according to the results from CUFSM analysis showed that distortional and global buckling occurs 

when the column length is 813mm. Therefore, the column length was selected as 813 mm for the cold-formed 

lipped C-section so that the buckling mode interaction would occur. By the same way 15 cross-section 

geometries were selected for parametric study. Measured test section geometry is shown in Fig.2. and 

dimensions are given in Table.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Section geometry                     Fig. 3: Typical specimen labelling 

 

The specimens were labelled such that the type of channels, the width of the web, the width of the flange, 

the lip length and plate thickness could be identified from the label. Fig. 3 explains a typical specimen label for 

parametric study. 

 
Table 1: Measured specimen dimensions 

Sl. No. ho (mm) bo (mm) d (mm) t (mm) Length (mm) 

1 91 50 10 2 876 

2 86 49 11 2 813 

3 80 49 11 2 730 

4 65 40 14 1.6 576 

5 60 36 12 1.6 498 

 

2. Material Properties: 

The material properties of specimens are determined by tensile coupon tests confirming to the Indian 

standard IS 1608-2005 (Part-1) [7]. The properties obtained from coupon test are shown in Table 2. 

 
Table 2: Material Properties of the Steel 

Sl. No. 
Thicknes

s (mm) 

Yield Stress  

fy (Mpa) 

Ultimate Stress     

 fu (Mpa) 

Modulus of 
Elasticity    

 E (Mpa) 

% of 
Elongation 

 

1 1.6 262 310 2.01 X 105 28 

2 2 268 315 2.02 X 105 27 

 

3. Test Setup And Results: 

The compression tests were carried out using the 400kN capacity loading frame. The specimens were 

mounted between the platens and its verticality was checked. All specimens were tested under axial 

compression with pinned end conditions. The test setup is shown in Figure 4[26-28]. 
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Position of 
LVDT to 
measure the 
lateral and 
axial 
deformations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Experimental Setup 

 

Pre-load of less than 6kN was applied so that the specimen is fully in contact with the end plates. This is to 

hold the test setup in position and to eliminate any possible gap and movements between the end plates and the 

specimen. Three Low Voltage Displacement Transducer (LVDT)s were each positioned at mid span of web, 

mid span of flange and under the bottom cap plate to measure deflection of web, deflection of flange and axial 

shortening of specimen respectively. The lateral and axial deformations of the column were recorded for every 

increment of load. The experimental axial compression capacities (Ptest) are presented in Table 3, along with the 

comparison of capacity predicted by finite element analysis. All tested columns are failed by combined 

distorsional and flexural torsional buckiling, except LC-60-36-12-1.6 type column, which failed by combined 

local and flexural buckling. 

 

4. Finite Element Modelling: 

In the present numerical investigations, finite element analysis of the specimens was carried out using 

ABAQUS software package. The model was based on the centre line dimensions of the cross-sections. In the 

study reported herein, an S4R5 three dimensional, thin, isoparametric quadrilateral shell element with four 

nodes and five degrees of freedom per node was chosen to model the thin-walled cold-formed steel members.  

In the current analysis, an adequate number of elements were chosen for both the flanges and the web based 

on detailed convergence studies to obtain sufficient accuracy of results. The aspect ratio (length to width) of 1.0 

for the flange and web elements was used. The size of the element approximately 10 x 10 mm2 (length by 

width) was used. Both material and geometric non-linearity were considered in the analysis.  

The reference points for the constraints were considered centre of the hinged support placed 26 mm outside 

the profile, in the geometric centroid of the cross-section (Fig. 5a and Fig5c). For numerical simulations, the 

specimens were considered pinned at unloaded end and simply supported at the loaded end. For the pinned end, 

all three translations together with the rotation along the longitudinal axis of the section was constrained, while 

the rotations about other axes were allowed. For the simply supported end, end condition is similar to pinned, 

except the longitudinal translation were allowed. These boundary conditions were applied to the reference node 

of the rigid fixed MPC (Multi Point Constraint) located at the upper and lower end of the model. This MPC 

acted as a rigid surface that was rigidly connected to the upper and lower end of the columns (Fig. 5b). 
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Fig. 5: FE model end constraints 

 

The material nonlinearity was included in the FEM by specifying the true values of stresses and strains. The 

given initial geometric imperfection shape is obtained as a linear combination of the scaled buckled mode shape 

of distortional and global mode. The amplitude of the distortional imperfection was taken, one time structural 

thickness of plate as recommended by Schafer and Pekoz (1998). The overall imperfection was taken as 1/1000 

of the full length of the column at the mid-height section for lipped channels (Camotim et al 2011). The analysis 

was conducted in two steps. The first step consists of a linear eigen buckling analysis, in order to find the 

buckling load and modes. After imposing the initial geometrical imperfection, analysis with arc-length (Static, 

Riks) solver was used to determine the ultimate loads and deformations, including post-local buckling reserve 

strength were carried out using ABAQUS. 

 

5. Validation: 

The finite element model is verified by comparing its results with the experimental results. The comparison 

between the ultimate load of the tested specimens, and those computed by the finite element analysis are 

presented in Tables 3 and showed a reasonable agreement between the finite element results and test results.  

 
Table 3: Ultimate load – Experimental vs. FEM 

Specimen ID 
PEXP 

(kN) 

PFEM         

(kN) 
PEXP/ PFEM 

LC-91-50-10-2 82.2 87.13 0.943 

LC-86-49-10-2 80.8 84.66 0.954 

LC-80-49-11-2 79.8 83.56 0.955 

LC-65-40-14-1.6 56.8 60.5 0.939 

LC-60-36-12-1.6 48.3 51.24 0.943 

Mean 0.947 

Standard Deviation 0.007 

 

The mean and standard deviation of the Test to FEA ultimate loads are 0.947 and 0.007 respectively. Fig. 6 

are presented the characteristic failure modes for experimentally tested and numerically simulated specimens.  

 
Fig. 6: Comparison of Test and FE analysis – Failure modes 

26 mm 

CG 
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As seen in this figure, fairly good agreement has been achieved.  

As an example, the load vs axial shortening curve obtained in FEA is compared with the test results for LC-

91-50-10-2 and LC-65-40-14-1.6 sections in Fig. 7 and it closely matches with the experimental results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) For LC-91-50-10-2                         b) For LC-65-40-14-1.6  

Fig. 7: Comparison of Test and FE analysis Load Vs Axial shortening curves 

 

6. Current Direct Strength Method (AISI-S100-2007) – Appendix-I: 

The direct strength method was included in the design standards for cold-formed steel structures in the 

Appendix-I of the North American Specifications for cold-formed steel structural members 2007. The DSM 

provides good prediction of cold-formed steel compression members based on its gross section properties.  The 

plates welded at the ends of the specimens prevents warpingat the ends. Its effect is accounded in DSM 

calculations by taking the effective length factor along z-axis Kz = 0.5L. The DSM provides an efficient and 

consistent approach to estimate the ultimate strength of cold-formed steel columns either (i) experiencing global 

(flexural or flexural-torsional), Local (L) or Distorsional (D) collapses, or (ii) failing in local-global interactive 

modes. 

The nominal axial strength or unfactored design strength (PDSM) is the minimum of the nominal axial 

strengths for flexural/flexural-torsional buckling (Pne), local buckling (Pnl), and distortional buckling (Pnd), as 

shown in Eq.(1) 

 

PDSM = Min ( Pne, Pnl, Pnd )             (1) 

 

The nominal axial strength (Pne) for flexural buckling is 

      

 

 

 

                 (2) 

 

 

Where      and Py=Afy. Py = squash load; A= gross cross-sectional area; fy=yield stress, 

which is the static 0.2% proof stress (0.2); and Pcre = critical elastic column buckling load in flexural 

buckling/flexural-torsional/torsional. 

 

The nominal axial strength (Pnl) for local buckling is 

     

 

 

 

 

                                                                                                                                    (3) 

 

Where                                         and Pcrl = Afol. Pcrl=critical elastic local column buckling load; fol=elastic 

local buckling stress of the cross section; and Pne is defined in Eq. (2). 

The nominal axial strength (Pnd) for distortional buckling is 



 

198                   M. Anbarasu., 2017/Advances in Natural and Applied Sciences. 11(8) June 2017, Pages: 192-201 

 

    

 

 

 

                                                                                                                                                                        (4) 

 

 

Where     and Pcrd=A.fod. Pcrd=critical elastic distortional column buckling load; 

fod=elastic distortional buckling stress of the cross section. 

 

7. Parametric Studies: 

It is shown that the FEM closely predicted the column strengths and the behaviour of the tested columns. 

Hence the model was used for an extensive parametric study of 15 cross-section geometries with 3 yield stress 

values. The h0/b0 ratios of selected sections are in the range from 1.25 to 2.0. The h0/t ratios of selected sections 

are in the range from 36.50 to 50.0. The b0/t ratios of selected sections are in the range of 21.88-40. The d/t 

ratios of selected sections are in the range of 4.76-10. The thicknesses of chosen section profile are in the range 

of 1.6-3.15. Table 4 shows the dimensions of the selected sections for E = 2x105 MPa and ν = 0.3.  

For the simplicity of the model, the strain hardening of the material model was neglected [19] & [25]. 

Elastic perfectly plastic material model were used for the parametric study. The column length ranged from 483 

to 1,499 mm. In total 45 finite element analyses were conducted using the column models.  

 
Table 4: Section properties and Geometry 

Sl. No. 
Web (h0) 

mm 

Flange (b0) 

mm 

Lip (d) 

mm 

Thickness (t) 

mm 

Length (l) 

mm 

1 65 35 15 1.6 512.6 

2 80 60 15 2 812.8 

3 80 60 16 1.6 914.4 

4 80 50 10 1.6 726.4 

5 90 60 15 2 914.4 

6 90 70 15 2 1041.4 

7 90 70 20 2 1016 

8 100 65 15 2 762 

9 100 80 20 2 1206.5 

10 115 75 15 3.15 1498.6 

11 100 50 10 2 965 

12 90 50 10 2 864 

13 80 50 10 2 762 

14 65 40 15 1.6 584 

15 60 35 12 1.6 483 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Axial load vs axial shortening curves for series LC-65-35-15-1.6 

 

Fig. 8 shows the FEA parametric study results for the series LC-65-35-15-1.6 of 3 yield stress values. The 

linear portion of the curves follows the same path for 3 yield stress values of the same cross-section. It is 

observed that the curve pattern is similar for 3 yield stress values. 
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8. Comparison Of Results: 

The ratios of the column strengths obtained from the finite element analysis to design strength predicted by 

Direct Strength Method is shown in Table 5.  

 
Table 5: Comparison of Finite element results with DSM results 

Specimen ID Yield stress (mm) 
PDSM 

(kN) 

PFEA 

(kN) 
PFEA /PDSM 

LC-65-35-15-1.6 

250 58.71 52.776 0.899 

350 80.69 70.9815 0.880 

550 111.381 97.206 0.873 

LC-80-60-15-2 

250 97.439 87.398 0.897 

350 136.704 121.612 0.890 

550 195.587 168.171 0.860 

LC-80-60-16-1.6 

250 81.457 72.518 0.890 

350 100.688 87.331 0.867 

550 131.559 112.159 0.853 

LC-80-50-10-1.6 

250 69.309 61.838 0.892 

350 85.594 74.238 0.867 

550 110.817 94.818 0.856 

LC-90-60-15-2 

250 110.492 99.236 0.898 

350 140.628 120.557 0.857 

550 183.229 153.69 0.839 

LC-90-70-15-2 

250 112.206 100.242 0.893 

350 139.152 123.45 0.887 

550 180.693 153.069 0.847 

LC-90-70-20-2 

250 123.385 109.489 0.887 

350 153.647 134.901 0.878 

550 204.065 177.883 0.872 

LC-100-65-15-2 

250 112.938 101.052 0.895 

350 143.152 124.359 0.869 

550 184.298 157.446 0.854 

LC-100-80-20-2 

250 128.304 113.112 0.882 

350 158.741 139.202 0.877 

550 205.638 179.69 0.874 

LC-115-75-15-3.15 

250 221.342 193.323 0.873 

350 283.858 245.195 0.864 

550 377.073 322.871 0.856 

LC-100-50-10-2 

250 91.165 81.472 0.894 

350 114.577 99.461 0.868 

550 143.405 123.347 0.860 

LC-90-50-10-2 

250 89.157 79.428 0.891 

350 113.271 99.047 0.874 

550 148.069 129.08 0.872 

LC-80-50-10-2 

250 86.755 76.506 0.882 

350 110.787 95.973 0.866 

550 145.646 123.112 0.845 

LC-65-40-15-1.6 

250 63.415 56.283 0.888 

350 86.623 75.13 0.867 

550 117.646 99.5 0.846 

LC-60-35-12-1.6 

250 55.624 47.31 0.851 

350 76.039 64.317 0.846 

550 106.367 88.183 0.829 

Mean 0.871 

Standard Deviation 0.018 

 

The mean and standard deviation for the ratios of finite element analysis results to the DSM results were 

calculated based on the thicknesses, grades and section types. The mean and standard deviation of the PFEA to 

PDSM ultimate loads are 0.871 and 0.018 respectively. The DSM design strengths are unconservative for all 

channel columns.  

 

9. Design Recommendation:  

Fig. 9 shows the comparison of result between PFEA and PDSM. Most of the results are on the unsafe side. It 

shows that design procedure accounting for interaction of distortional and global buckling for lipped channel 

columns was required. A regression analysis was conducted for the results associated with the parametric study. 

 



 

200                   M. Anbarasu., 2017/Advances in Natural and Applied Sciences. 11(8) June 2017, Pages: 192-201 

 

 
 

Fig. 9: PFEA Versus PDSM curve    

 

It is found that the relationship between the ultimate capacity predicted by finite element analysis (PFEA) and 

the ultimate resistance evaluated in accordance with the current design rule (PDSM) is almost linear. 

PFEA = 0.866 PDSM with a coefficient of determination (R2) value is 0.998 which is more than 0.95 therefore 

it best fits with the data [18]&[27]. From the regression analysis it is proposed that a modification factor of 

0.866 is to be applied to the ultimate strength of cold-formed steel lipped channel columns calculated by DSM 

to account for the sections undergoing distortional-global mode interaction.  

 

Conclusion: 

Based on the results obtained from this analysis, the following conclusions are drawn. 

1. The ultimate load carrying capacity of the pin-ended cold-formed steel lipped channel column was 

significantly reduced due to interaction of distortional-global buckling mode. 

2. It is found that the current design rule in Direct Strength Method over predict the ultimate capacity of 

lipped channel column under going interaction of  distortional - global buckling mode. 

3. The developed finite element model was sufficiently accurate to simulate the behaviour of tested 

columns. The FEA predictions are generally in good agreement with the experimental results. 

4. A design recommendation was proposed to account the effect of Distortional /global buckling 

interaction. 

5. The ratio of strength predicted by finite element method to direct strength method for all columns in the 

parametric analysis have a mean of 0.871 and a standard deviation of 0.018. 

6. The improvement in the proposed approach can be achieved by further calibration to tests. 
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