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Abstract. Cold formed sections can be optimized for different purposes and they are fairly inexpensive to 
produce in small series. They have an inherent weakness in their small torsional stiffness, which is 
unfavourable for columns. The solution presented here is to make closed section by adding a thin cover 
plate connected with self-tapping screws. It is here called a partially closed cross-section because it is 
not continuously and rigidly connected. The aim of this paper is to evaluate the efficiency of this solution 
by comparing the behaviour of partially closed and open cross-section. Four columns were tested within 
the project, two of them with centric axial load and two with eccentricities. Numerical analysis was 
performed using ABAQUS for establishing the influence of the cover plate on the critical load and the 
resistance. A good agreement between non-linear FEM and experiments were found. After this 
verification of the FE model a parametric study was carried out. Results of experiments and numerical 
analysis were compared with the predicted resistance by Eurocode 3, Part 1-3, and the Direct Strength 
Method.  

1 INTRODUCTION 

Cold formed profiles can be optimized for different purposes and be produced in a cost effective way 
in small series by brake forming. The first objective of the optimization is to avoid the detrimental effects 
of local buckling of compressed parts. This is done by folds and by forming intermediate stiffeners in 
wide flat parts. A cold formed profile is naturally an open profile with a very small torsional stiffness. 
This means that the resistance to global buckling frequently is governed by torsional or torsional-flexural 
buckling with a relatively low resistance compared to flexural buckling. One way of improving the 
resistance is to make the cross-section closed. For cold formed hollow sections this is done with a 
longitudinal weld. This is however not feasible if using coated or galvanized sheets. Another option, 
which will be investigated in this paper, is to use mechanical fasteners for the connection. The idea was 
brought forward by Plannja AB, one of the leading producers of cold formed sheets and profiles in 
Sweden. 

The intended use of the profile studied here is as column in single storey building. In Sweden the 
dominating system for such buildings is trusses to carry the roof and pinned columns to carry the trusses. 
The building is stabilized with diaphragm action in the roof and diagonals in the walls. Accordingly, the 
columns are governed by axial load and bending from wind load perpendicular to wall. The profile 
chosen for the study is shown in Figure 1 and some reasons for this choice will be given. The profile is 
simple to produce as it has seven folds from the same side so it does not have to be turned over. The 
polygonal shape of its top side is more efficient than a flat top with a V-shaped grove as stiffener. The 
profile is balanced between compression and tension side for bending. The cover on the bottom side is 
connected with self-tapping screws at 600 mm and it is utilized for increasing the torsional stiffness and 
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to reduce effects of distortional buckling. Because the connection is not rigid it is denoted a partially 
closed section. It would not be cost effective to connect it so tightly that it would fully contribute to the 
axial resistance and hence it was chosen to be quite thin, 1 mm.  

The objective of the study, reported in [1,2], was to find the resistance in compression and a suitable 
method for design. The method used was to perform tests and to use those test results for calibration of a 
FE model. This FE model was then used for a parametric study and the results were used for comparisons 
with design methods. Two different design were studied, the method of EC 3-1-3 [3] and the direct 
strength method (DSM) [4].  

 

  
Figure 1: Polygonal column with partially closed cross-section 

2 LABORATORY TESTS 

Four specimens with cross section according to Figure 1 were manufactured by Plannja AB. The 
specimens were 5,8 m long and had two different nominal thicknesses, 2 and 2,5 mm including zinc 
coating. Measured dimensions are given in Table 1. Two specimens were tested according to Figure 2 
with a centric axial load and two with eccentricities 25 and 50 mm . The load was introduced through 
round bars acting as hinges for bending around the horizontal y-axis and preventing bending around the 
vertical z-axis. The columns were welded to thick end plates preventing warping. The maximum load at 
the tests and the failure modes are given in Table 1. The focus will be on the centrically loaded columns 

 
Table 1 Measured cross sectional dimensions and strength of test specimens  

tsteel 
[mm] 

bp,1 
[mm] 

bp,2 
[mm] 

bp,3 
[mm] 

bp,4 
[mm]

bp,5 
[mm]

Agr 
[mm2]

Iz,gr 
[mm4] 

fy 
[MPa]  

fu 
[MPa] 

Nu 
[kN] 

1,9 29,0 68,1 144,0 79,4 79,4 1520 610, 99 10⋅ 374 464 359 

2,4 28,8 67,6 143,8 79,2 79,2 1913 613, 77 10⋅ 373 453 498 
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Figure 2: Test set-up 
 

3 GLOBAL BUCKLING MODES 

A buckling analysis for centric axial load was used for a first check of the influence of the cover 
plate. The buckling analysis was done with FEA using the software package ABAQUS. The model was 
built with elastic shell elements and it is further described in chapter 4. The boundary conditions were the 
same as in the test. The screws were modelled by elastic springs with a stiffness 5 kN/mm in the 
transverse direction. Zero stiffness was allocated to the springs in direction of the column axis. This 
means that the axial force transfer from the column to the cover plate was neglected. 

Critical loads for global buckling modes are given in Table 2. The numbers in brackets are valid for 
an open column without cover plate. The flexural buckling mode refers to the weak direction involving 
bending around the z-axis. It can be seen from Table 2 that the influence of the cover plate is significant 
on the distortional buckling and the torsional-flexural buckling with increases between 30 to 50 % 
depending on the length and thickness. The beneficial effect of the cover plate in increasing the torsional 
resistance of the section makes the torsional-flexural buckling load become close to the pure flexural 
buckling about the weak axis.  

 
Table 2: Buckling load [kN] for various eigenmodes. 

Thickness t=1.9 mm Thickness t=2.4 mm L [m] 
Dist. Tor-Flex Flex. Dist. Tor-Flex Flex. 

4,0 980 (735) 1200 1308 1304 (1002) 1492 1707 
4,6 864 (610) 942 1032 1278 (845) 1203 1312 
5,2 809 (526) 786 817 - 963 (710) 1036 
5,8 - 653 (452) 661 - 789 (575) 837 
6,4 - 546 (374) 548 - 655 (474) 690 
7,0 - 467 (314) 460 - 558 (398) 578 
7,6 - 396 (267) 391 - 472 (338) 491 
8,2 - 337 (230) 334 - 403 (291) 420 

 
The influence of the stiffness of the connection was checked by doubling the number of self-tapping 

screws. This resulted in an increase of the torsional-flexural buckling load with less than 1%, which is 
quite insignificant and shows that the effect on the torsional stiffness is almost fully developed.  

4 NON-LINEAR ANALYSIS 

The first step in the non-linear analysis was to model the tested columns. The column was modelled 
with 3-D quadrilateral shell elements (S4R) with sharp corners neglecting the bend radius. A constant 
mesh size 10x10 mm was chosen after a mesh sensitivity analysis. The load was applied using a grid of 
stiff beam elements. The screws were modelled using spring elements in all directions. In the longitudinal 
and transversal direction the linear-elastic behaviour up to 0,8 mm of relative displacement was assumed 
with constant stiffness of 5 kN/mm after which a perfectly plastic relationship was assumed at 4 kN. The 
spring positions are shown in Figure 3, as position B and C. At positions A and D in Figure 3 springs 
were introduced to simulate contact. The constitutive model for these springs is given in Figure 3. 
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Section points connected by non- linear 
springs (plate enlarged for clearness).  

Non-linear behavior of the springs used to model 
the   contact between cover plate and flanges.  

Figure 3. Interaction between the cover plate and the column 
 
The material properties of the steel were assumed to be elastoplastic with a modulus of elasticity of 

210 GPa, Poisson ratio 0,3, yield strength 370 MPa and ultimate strength 460 MPa at 6% of engineering 
strain.  

Global imperfections were applied to the column with shapes obtained from buckling analyses. The 
first two global buckling modes: the flexural-torsional and the flexural were used with magnitudes based 
on measurements according to Table 3.  

Local imperfections were applied to the model using a harmonic shape along the column length. The 
half wave-length was chosen to 100 mm. The magnitude of the local imperfections for different parts of 
the cross section was possible to vary independently since they were not coupled as they are if they are 
taken from a buckling analysis. The assumed values are listed in Table 3 and they were chosen with 
guidance of the measured imperfections. The distribution of local imperfections is unsymmetric as shown 
in Figure 4. 

 
Table 3: Imperfections used in FEA of the test columns 

Magnitude of imperfections L=5.8m 
Global Local 

t=1.9mm Flexural-torsional 
(1st eigenmode) : L/2000 

b/200 on the web 1 
b/500 on the web 2 
b/200 on the cover plate 

t=2.4mm 

Flexural-torsional 
(1st eigenmode) : L/1200 

 
Flexural  (2nd eigenmode) 

: L/3000 

b/150 on the inclined web 
b/250 on the upper flange 
b/1000 on the left-side web 
b/1250 on the right-side web 
b/700 on the stiffeners 
b/200 on the cover plate 
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Figure 4 Shape of the unsymmetrical local imperfection used in evaluation of test results 

 
A comparison between the test results and the FEA results is shown in Table 4. It shows that it is 

possible to get very close to test results with elaborate modelling of the imperfections. Also a very good 
agreement was obtained in terms of axial stiffness along the ascending load and matching obtained in 
failure mechanism, see Figure 5. 
 
 
 
 
 
 
 
 
 
 

Tabel 4 Test results and FEA results 
 t=1,9 mm t=2,4 mm 

Test [kN] 359 498 
FEA [kN] 357 504 
FEA/test 0,99 1,01  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 5 Load deformation relations from test and FEA 
 

For the parametric study the imperfections have to be changed to levels that will give a safe estimate 
of the characteristic resistance. For this purpose imperfection levels of L/1000 and b/200 were used for 
the amplitude of the critical mode for the global and the local buckling respectively. L is the effective 
length of the column and b is the width of the widest single plate element. These imperfections give a 
lower resistance that can be seen as relevant as characteristic resistance. 

Web 1 Web 2 

Inclined web 

Upper flange 
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The parametric study used the two cross sections of the tested columns and varied the length. The 
boundary conditions were simple support for bending in both directions (in contrast to the tests) and fully 
restrained warping. These assumptions are not necessarily relevant in practice and the actual boundary 
conditions depend on the detailing. The results are shown in 5.3 together with comparisons with design 
methods. 

5 DESIGN PROCEDURES 

5.1 Eurocode 3 part 1-3 
The design procedure of Eurocode 3-1-3 is fully described in [1] and here only a summary of the 

steps will be given. The first step is to determine the effective area due to local plate buckling. In this step 
all folds are considered as supports and different formulae for the effective width apply for plate elements 
supported along both longitudinal edges and plates with one free edge. The formulae are modifications of 
the Winter formula taking boundary conditions and state of stress into account. 

In the next step distortional buckling of edges stiffened by folds is taken into account. This is done 
with a model of buckling of a strut supported by springs. The strength reduction due this buckling mode 
is expressed as a further reduction of the effective area of the edge stiffener. The result of this procedure 
is an effective area Aeff which gives the characteristic cross sectional resistance for axial compression: 

c,R yb effN f A=  (1) 
In this discussion the axial force is assumed to act centrically on the effective cross-section. In the 

next step the resistance to global buckling is considered. The characteristic buckling resistance of a 
compression member is taken as: 

b,R c,RN Nχ=  (2) 
where: 
χ is a reduction factor for the relevant buckling mode, obtained as a function of the relative slenderness 

λ  and the imperfection factor α . The reduction factor is the same as Eurocode 3-1-1 and it is 
recommended to use curve b with α = 0,34. A general expression for relative slenderness is: 

eff yb

cr

A f
N

λ =  (3) 

The critical load Ncr is calculated with gross section properties and the lowest value for the possible 
buckling modes is used. In this case the values calculated with FEM and reported in Table 2 are used. 
The results are given in 5.3. 

5.2 Direct strength method 
The direct strength method was developed in the USA, at Cornell University, and was proposed for 

implementation in the design specification [4]. Compared to the method in EC 3-1-3 it relies on critical 
loads from computer calculations like Finite strip or FE for the full cross-section. The main steps are 
given below. The characteristic resistance to compressive axial force NR is taken as the smallest of the 
resistance to local buckling NRl and to distortional buckling NRd as given below. Both those resistances 
use the resistance to global buckling NRe as a parameter, which is given by: 
 

( )Re yb gr

2
c0, 658N f Aλ

= ⋅   if 
c

1, 5λ ≤   (4) 

Re yb gr2

c

0,877
N f A

λ
= ⋅

⎛ ⎞
⎜ ⎟
⎝ ⎠

 if  
c

1, 5λ >   (5) 

The relative slenderness λc is calculated with (3) but using the gross area in the numerator. 
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With respect to local buckling the resistance is given by: 

 Rl ReN N= if  l 0,776λ ≤   (6) 
0,4 0,4

crl crl
Rl Re

Re Re

1 0,15 N NN N
N N

⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟= − ⋅ ⋅⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
  if l 0,776λ >  (7) 

where:   yb gr
l

crl

f A

N
λ = in which Ncrl is the critical elastic local buckling load for the whole cross-section. 

For the resistance to distortional buckling similar formulae applies: 
 

grRd ybN f A=  if  d 0,561λ ≤   (8) 
0,6 0,6

crd crl
Rd yb gr

yb gr yb gr

1 0,25
N N

N f A
f A f A

= − ⋅ ⋅ ⋅
⎛ ⎞⎛ ⎞ ⎛ ⎞
⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

 if d 0,561λ >   (9) 

where:   yb gr
d

crd

f A

N
λ = in which crdN  is the critical elastic distortional buckling load. 

5.3 Comparison of results 
As can be seen above the DSM starts with the resistance to global buckling and corrects it for local or 

distortional buckling as relevant. The method of EC 3-1-3 starts with the resistance of the cross section 
considering local and distortional buckling and corrects it for global buckling. There is no theoretical 
reason for choosing one approach before the other as they are both semi-empirical. The advantage of the 
DSM for avoiding the calculation of effective widths for each element of the cross-section is at the 
present questionable for a general use as the DSM requires a suitable computer program. The Finite Strip  
program CUFCS [5], developed by Schafer, is closely associated with DSM but it has certain limitations, 
for example it is not suitable for a specific boundary conditions.   

The real test must be the predictive power of the methods and one check of that follows here.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6 Comparison between FEA and design codes  
 
A comparison between the FEA and the design codes is shown in Figure 6. The load is normalized 

with the plastic resistance of the cross-section. It also shows the test results with squares. The test results 
are however not directly comparable with the curves as the tests were done with rotation around y-axis 
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prevented and the curves refer to hinged conditions. A “simulated” test has been created with FEA with 
imperfections according to Table 3 and with hinged conditions, which is shown as circles. The difference 
between those circles and FEA-curve is caused by the difference in initial imperfections. 

It can be seen that the difference between the EC3-1-3 and the DSM is small for thickness 1,9 mm 
and always conservative compared to the FEA. For the thickness 2,4 mm the EC 3-1-3 is still 
conservative but the DSM is slightly unconservative. This means that a further improvement of DSM  by 
calibrating the resistance formulae to the experimental data is necessary.   

 

6 CONCLUSION 

• Making a cold formed section closed with a cover plate connected with screws substantially 
improves the torsional stiffness of the columns and hence its resistance to torsional-flexural 
buckling. A limited number of screws give a connection acting almost as rigid. 

• The resistance can be accurately predicted with an elaborate modeling of the imperfections. 
• The prediction of the resistance can be done fairly well by either EC3-1-3 or the direct strength 

method. 
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