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INTRODUCTION

The stability of thin-walled beams is an im-
portant area of study in structural engineering, 
particularly due to their susceptibility to buckling 
under various loads. Therefore, research on these 
structures is widely described in the literature.

Hancock (1) reviewed and summarised the 
major research developments in cold-formed steel 
structures published during 1999–2001. Rhodes 
and Seah (2) investigated the buckling behaviour 
of cold-formed edge-stiffened thin-walled steel 
beams subjected to pure moment loading. Laud-
iero and Zaccaria (3) presented the numerical cal-
culations of the buckling loads for elastic straight 
thin-walled beams of open section subjected to any 
distribution of conservative static loads. Koczu-
biej and Cichon (4) proposed the finite shell-beam 
models for static and global stability analysis of 
thin-walled structures with open cross-sections. 
Adany and Schafer (5) presented the derivation 
for a proposed method which can be used for the 
decomposition of the stability buckling modes of 
a single-branched open cross-section thin-walled 

members into pure bending via finite strip meth-
od. Pawlak et al. (6) analysed experimentally and 
numerically the strength and resistance to loss of 
stability of thin-walled channel columns. Pawlak 
et al. (7) presented current state of knowledge of 
imperfections in thin-walled steel profiles with 
modified cross-sectional shapes. Mahado (8) 
analyzed the static non-linear behaviour of thin-
walled composite beams with initial imperfec-
tions. Magnucka-Blandzi (9) described the effec-
tive shaping of cold-formed thin-walled channel 
beams with double-box flanges subjected to pure 
bending. Magnucka-Blandzi et al. (10) provided 
the results of numerical and experimental investi-
gations of buckling problems of cold-formed thin-
walled channel beams with double-box flanges 
in pure bending. Jasion et al. (11) conducted nu-
merical and experimental analysis of buckling and 
post-buckling behaviour of selected cold-formed 
C-beams with modified cross-sections and com-
pared them to a classical one. SudhirSastry et al.
(12) performed the lateral buckling analysis of
cold-formed thin walled channel beams for sev-
eral combinations of the geometric parameters.
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Basaglia et al. (13) and (14) presented the applica-
tion of the generalised beam theory (GBT) to an-
alyse the local, distortional and global post-buck-
ling behaviour of thin-walled steel frames. Gren-
da and Paczos (15) investigated the local elastic 
buckling and limit load of the non-standard thin-
walled channel beams subjected to pure bending. 
Bourihane et al. (16) presented the examination 
of the stability of thin-walled beams with open 
section subjected to arbitrary loads. Martins et al. 
(17) discussed numerical results of the geometri-
cally non-linear behaviour of thin-walled lipped 
channel columns experiencing local-distortional 
interaction. Lofrano et al. (18) showed the appli-
cation of a finite differences procedure to study the 
buckling of non-trivial equilibrium solutions for 
open thin-walled beams in a dynamic setting. Chu 
et al. (19) investigated numerically the local and 
distorsional buckling behaviour of cold-formed 
steel zed-section beams subjected to uniformly 
distributed transverse loads. Li et al. (20) investi-
gated the in-plane behaviour of built-up box beams 
under pure bending. Pastor and Roure (21) stud-
ied numerically open cross-section U- and Ome-
ga-beams subjected to pure bending. Horacek and 
Melcher (22) described the problems of numeri-
cal analysis and design of thin-walled steel Sig-
ma beams with circular web holes. Kim et al. (23) 
analyzed coupled stability of thin-walled compos-
ite beams with closed cross-section subjected to 
various forces based on numerical method. Niu 
et al. (24) studied effect of moment of inertia on 
elastic stability of rectangular webs of thin-walled 
beams under a transverse load. Kesti and Davies 
(25) assessed the applicability of Eurocode 3 to 
the prediction of the compression capacity of short 
columns with different cross-sections due to dis-
tortional buckling.

This article presents a strength analysis of 
thin-walled, open-section channel-shaped profiles 
subjected to pure bending. These profiles were 
cold-formed from steel sheets of uniform thick-
ness. Carbon steel profiles require anti-corrosion 
protection, especially for structures exposed to 
direct weathering, though not only. Electrogal-
vanizing, powder coating, or hot-dip galvanizing 
are the most common methods used for this pur-
pose. These are well-known, proven technologies 
that guarantee the durability of steel elements. 
However, they represent an additional cost in the 
production of steel structures, especially since in 
many cases their protection is performed off-site, 
for example, in galvanizing plants. This increases 

not only the production cost but also the time 
required for completion and the dependence on 
partners providing such services.

A second disadvantage of steel profiles avail-
able on the market is their standardization. They 
are only available in specific transverse dimen-
sions and wall thicknesses, which impact the en-
tire structure. For example, in the case of large 
transverse dimensions, thin wall thicknesses are 
not available. Moreover, for less common dimen-
sions and small quantities, the waiting time for 
steel profiles can be relatively long.

An alternative to closed and open steel pro-
files are profiles made from thin sheets of gal-
vanized or powder-coated steel. Such sheets are 
protected against corrosion in steel mills during 
production and do not require additional protec-
tion if they are cold-processed, for example, by 
bending or cutting with a guillotine. Thanks to ca-
thodic protection, the cut edge of the sheet is also 
protected against corrosion.

The aim of the study is to compare the 
load-bearing capacity of a classic channel-shaped 
profile and its modifications, which incorporate 
various types of additional bends in the cross-sec-
tion. These variants are also compared with a 
closed rectangular profile, which can also be man-
ufactured from the same sheet metal by appropriate 
bending and closing the cross-section (Figure 1).

The analysis aims to determine how addition-
al bends (stiffening) and closing the cross-section 
affect the load-bearing capacity and stiffness of 
the profile subjected to pure bending. This type of 
research has significant practical implications in 
the design of steel structure components, where 
achieving the highest possible strength with mini-
mal material consumption is crucial.

The study considered the influence of cross-
section geometry on critical stress values, as well 
as the local and global buckling phenomena that 
can occur in thin-walled cold-formed profiles. 
Comparative results allow us to assess the effec-
tiveness of individual channel modifications and 
the feasibility of using closed rectangular cross-
sections in the context of increasing the load-
bearing capacity of structural elements.

GEOMETRY OF CROSS-SECTIONS AND 
MATERIAL PROPERTIES

Modern machines for the production of thin-
walled cold-formed profiles enable the production 
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of closed profiles as well as profiles of atypical 
shapes, including C-shaped profiles with various 
types of stiffeners. They allow for the free deter-
mination of the dimensions of the cross-section 
of the profile and the production of beams with 
relatively large cross-sectional dimensions, but 
also small wall thickness.

Geometry of cross-sections

In this study, six different thin-walled profiles 
made of uniformly thick steel sheet were selected 
for analysis. these profiles and their dimensions are 
shown in Figure 2. All profiles were formed using 
the cold bending method, and their basic form is a 
channel section modified y the addition of stiffening 
bends. The final variant analyzed is a closed profile 
with a rectangular cross-section, also obtained by 
bending thin sheet metal. This profiles were com-
pared with classical closed rectangular one.

First, the basic geometric characteristics of 
the cross-sections of the profiles were compared, 
i.e. surface area (A), moments of inertia (Ix, Iy) 
and bending strength coefficients (Wx, Wy). They 
largely determine the stiffness and strength of the 
profiles. A comparison of geometric characteris-
tics is presented in Table 1.

The cross-sectional area of ​​the C-shaped pro-
file with a double bend (F) is 38% and 18% larger 
than the surface area of ​​the classic C-shaped pro-
file (A) and the profile with a single bend (B), re-
spectively. The double bend increases the main 
moments of inertia of the profile, however, in the 
case of the larger one Ix to a lesser extent than 

would result from the increase in surface area, 
because “only” by 26% and 10% in relation to 
the profile with a single bend (B) and the classic 
C-shaped profile (A) without bends. In the case of 
the smaller of the main moments of inertia Iy, this 
increase is 93% and 15%, respectively.

This analysis of the geometric data indicates 
that adding bends and closing the cross-section 
has a positive effect on both the moment of inertia 
about the bending axis Ix and the strength modu-
lus Wx. An increase in these parameters indicates 
greater stiffness and load-bearing capacity of the 
profiles subjected to bending. However, it should 
be noted that these changes are not linear – some 
profiles with larger cross-sectional areas show 
only a slight improvement in stiffness parame-
ters, which may indicate suboptimal geometry in 
terms of material efficiency.

Material properties

The material properties of DC01 steel with a 
nominal yield strength (fy) of 295 MPa were con-
sidered. The stress-strain behaviour of DC01 sec-
tions in flat and corner regions was determined 
using the material models recommended by Zhao 
et al. (26) and Gardner and Yun (27), respectively. 
To obtain a true stress-strain curve, the engineer-
ing stress-strain curve was transformed using the 
following equations: 

	 σtrue = σ (1+ε) 	 (1)

	 εtrue = ln (1+ε)- true

E


 

 

2 2
mincrF E I L=     

	 (2)

Figure 1. Variants of proposed profiles
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where:	E defines the elastic modulus, σ is the 
engineering stress, ε is the engineering 
strain, σtrue is the true stress and εtrue is the 
true strain. 

The cross-section of the CFS closed built-up 
beam section investigated in this work is unique, 
combining the benefits of an ‘I’ section and a 
closed-box section. The built-up section is con-
structed from two identical plain channels placed 
back-to-back with space between them, which can 
be referred to as web channels, and fastened to-
gether at the top and bottom by two inverted plain 
channels, which can be referred to as flange chan-
nels. Two rows of self-driving screws were used to 
connect the web of flange channels and flange of 
web channels at regular intervals. Four flat samples 
and four cut from the corner of a beam were tested. 

The average test results for the 8 tests performed 
are presented in Table 2 and Figure 3.

STABILITY OF THIN-WALLED PROFILES

Thin-walled profiles used in various types of 
structures transfer both bending and compressive 
loads. Due to their shape, channels are mainly 
used to transfer bending loads. In such a case, 
they are exposed to loss of stability:
	• local due to buckling of the upper (com-

pressed) shelf (Figure 4),
	• distortion caused by the change in the cross-

sectional shape of the profile, i.e. the collapse 
of the upper/compressed flange,

	• global due to torsional or flexural-torsional 
buckling (Figure 5).

Figure 2. Analyzed coss-sections and their dimentions

Table 1. Summary of geometrical characteristics of the cross-sections of channel profiles shown in Figure 2

Profile
A Ix Iy Wx Wy

cm2 cm4 cm4 cm3 cm3

A 1.26 7.57 1.62 0.2523 0.0476

B 1.48 8.65 2.71 0.2878 0.0805

C 1.54 8.81 2.93 0.2937 0.0873

D 1.73 9.03 3.66 0.3010 0.1097

E 1.82 8.96 3.94 0.2987 0.1185

F 1.74 9.53 3.13 0.3176 0.0935
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In order to estimate the influence of bends on 
the stability of channel profiles, the critical stress 
values ​​of the profiles shown in Figure 2, in the 
pure bending state were compared.

As mentioned earlier, the cross-sectional shape 
of thin-walled, open profiles can be deformed dur-
ing bending and the results obtained using classi-
cal beam theory may be subject to error. For this 
reason, in this study, the finite element method and 
CAE (Computer Aided Engineering) SolidWorks 
Simulation software integrated with the popular 
CAD (Computer Aided Design) SolidWorks sys-
tem was used to analyze beams.

Due to the fact that the wall thickness is small 
in relation to the cross dimensions of the profiles, 
triangular shell finite elements of the second or-
der were used to model them. They are built from 
three parabolic edges and six vertices. The dis-
tribution of displacements inside such elements 
is described by a quadratic function, and the 

distribution of stresses/strains by a linear func-
tion. An example finite element mesh of a chan-
nel profile with two bends of length L = 60 cm is 
shown in Figure 6. The maximum element size in 
this case is 5 mm.

As mentioned above, beams in pure bend-
ing were analyzed to avoid the torsion effect that 
occurs during bending of open profiles loaded 
with a transverse force (concentrated, uniformly 
distributed, etc.). It was assumed that the pro-
files are supported by sliding hinge. For this 
reason, vertical and horizontal displacements in 
the plane perpendicular to the beam axis were 
blocked at both ends of the profile (Figure 7, ar-
rows marked in green). Additionally, displace-
ments in the direction of the beam axis were 
blocked along the central edge of the web (Fig-
ure 7, arrows marked in blue).

Beams in pure bending are loaded at 
both ends with bending moments of the same 

Table 2. Summary of flat and corner material properties for DC01 steels employed in parametric studies

Steel grade Parameter
E fy fu εy εu

[GPa] [N/mm2] [N/mm2] [%] [%]
DC 01

EN 10139

(1.0330)

Flat 221 295 360 2.01 22.62

Corner 185 309 354 1.77 19.27

Figure 3. Full-range stress-strain curves for C01 steels employed in parametric models. (a) Flat; and (b) Corner
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magnitude and opposite directions. In the nu-
merical model, bending moments were modeled 
using pressure acting in the direction of the beam 
axis, changing linearly from zero in the neutral 
plane to +σmax in the upper flange and -σmax in the 

lower flange (Figure 8). In reality, the profiles B 
and F are not symmetrical. However, their axis/
neutral plane is offset from the middle plane by 
0.01 and 0.06 mm, respectively. These are neg-
ligibly small values, constituting less than 0.1% 

Figure 4. Classical channel section in pure bending: local buckling of the upper (compressed) flange

Figure 5. Classical channel section in pure bending: global (torsional) buckling

Figure 6. Double-bend channel profile with a total length of 60 cm: finite element mesh (max. element size 5 mm)
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of the height of the entire profile. The following 
boundary conditions were applied to numerical 
models of beams. At both ends of beams, dis-
placements in plane perpendicular to the beam 
axis were locked (uy = uz = 0). Displacements 
parallel to the beam axis were locked along the 
centre of the web. The profile loading scheme is 
shown in Figure 9. The red arrows visible on it 
indicate the direction and sense of the load. The 
arrows closer to the neutral plane are propor-
tionally smaller.

The optimal size of finite elements was de-
termined by performing a convergence analysis. 
Figure 10 shows a graph defining the relation-
ship between the maximum size of finite ele-
ments and critical stresses. Approximating this 
relationship using a linear function, the equation 
of which is shown in Figure 10, it is possible to 
estimate the limit to which the value of critical 
stresses tends with the reduction of the size of 
finite elements to zero. It is 105 MPa and is only 
0.5% smaller than the values ​​of critical stresses 

Figure 7. Boundary conditions of a beam supported by a sliding hinge at both ends

Figure 8. Clean bending: scheme

Figure 9. Beam load scheme (pressure acting in the beam axis applied to its ends and changing linearly)
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determined using finite elements with the maxi-
mum size of 5 mm.

A similar analysis was performed for the max-
imum deflection of a profile with two bends with 
a total length of 60 cm, in which the maximum 
bending stresses are σmax = 100 MPa (Figure 11). 
In this case, the relationship between the maxi-
mum size of finite elements and the maximum 
beam deflection was approximated by a quadratic 
function, the equation of which is shown in Fig-
ure 11. The value to which the maximum beam 
deflection tends with the reduction of the size of 
finite elements is 1.0527 and is practically the 
same as the beam deflection determined using fi-
nite elements with a maximum size of 5 mm.

For the above reasons, a maximum finite 
element size of 5 mm was assumed in all pre-
sented analyses.

In order to estimate the influence of bends 
on the stability of profiles, the values ​​of criti-
cal stresses of beams in the state of pure bend-
ing were compared, presented in Figure 2. Both 
linear and nonlinear analysis, taking into account 
geometric nonlinearities, were used for this pur-
pose. The obtained results are presented in Figure 
12 and in Table 3.

Classical channels without bends are suscep-
tible to local loss of stability (corrugation of the 
upper/compressed flange, Figure 13). This can 
be observed for beams 150 cm long and shorter. 

Figure 10. Relationship between the maximum size of finite elements and the critical stress value
for a double-bend C-profile with a total length of L = 60 cm

Figure 11. Relationship between the maximum finite element size and the maximum deflection
of a double-bent channel profile with a total length of L = 60 cm, σmax = 100 MPa
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Moreover, in the range of 60150 cm, critical 
stresses are practically independent of the beam 
length. In other words, shortening the beam, e.g. 
the distance between supports does not increase 
its strength. In the case of longer beams, the loss 
of stability occurs due to torsional and distor-
tional buckling (Figure 14, 15). The buckling 
moment can be clearly seen in the graphs show-
ing the relationships between deflection and load 
and stresses presented in Figure 16 and Figure 
17. In the first case (Figure 16), a straight line 
break is clearly visible at the moment of buck-
ling. The relationships between deflection and 
stresses at the moment of buckling are no longer 
monotonic (Figure 17).

The critical stresses range from 152 MPa for 
short beams to 77 MPa for long 240 cm beams. 
They are 46–76% lower than the yield strength of 
the popular S280 GD steel used for the production 

of unusual thin-walled cold-formed profiles (σa = 
280 MPa). Therefore, it is not the strength of the 
material that limits the load-bearing capacity of 
the beams but their stability.

The inserting of a single stiffening bend of the 
flange eliminates the problem of local buckling 
in short beams. The determined values ​​of critical 
stresses for channels 150 cm long and less exceed 
the yield strength. They are therefore of purely 
theoretical importance, because in such a case, to 
determine their exact value, a nonlinear/plastic 
material model would have to be used. However, 
this goes beyond the scope of this study, in which, 
in accordance with engineering practice, the work 
of the structure in the elastic range was assumed. 
In the case of long channels with a single bend, 
critical stresses are 125–241 MPa, which is 14–
55% lower than the yield strength of DC01 steel. 
As before, the load-bearing capacity of these 

Figure 12. Relationship between critical stresses and beam length; L – linear analysis; N – non-linear analysis

Table 3. Critical stress values ​​of channel beams [MPa]
Profiles L [cm] 60 90 120 150 180 210 240

A
scr, linear 152 152 152 153 122 95 77

scr, non-linear 151 153 154 158 110 79 66

B
scr, linear 786 698 439 296 213 162 128

scr, non-linear 719 760 445 297 214 160 125

F
scr, linear 910 889 565 380 274 206 162

scr, non-linear 724 674 622 432 306 228 178

C
scr, linear 786 717 458 311 224 170 134

scr, non-linear 728 760 486 358 218 167 129

D
scr, linear 710 711 712 490 352 265 206

scr, non-linear 768 704 654 550 430 334 263

E
scr, linear 856 856 854 850 845 838 831

scr, non-linear 861 849 853 860 843 840 834
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beams is limited by torsional buckling (Figure 
18), not by the strength of the material.

In the case of stiffening the channel edge 
with a double bend, the critical stress values ​​
increase by more than 40% compared to beams 
with a single bend (with only an 18% increase 
in mass). Moreover, only beams longer than 180 
cm undergo buckling in the elastic range. The 
critical stresses of the longest of the considered 
beams (L = 240 cm) are 36% lower than the 
yield strength of DC01 steel.

RECTANGULAR PROFILES

Thin-walled steel beams/profiles with open 
and closed cross-sections are popular structural 
elements. These include rectangular beams. Car-
bon steel profiles require anti-corrosion protec-
tion, especially for structures exposed to direct 
weathering, though not only. Electrogalvaniz-
ing, powder coating, or hot-dip galvanizing are 
the most common methods used for this purpose. 
These are well-known, proven technologies that 

Figure 13. Buckling mode of a classic channel section L = 150 cm, σcr = 153 MPa (linear analysis)

Figure 14. Buckling mode of a classic channel section L = 180 cm, σcr = 122 MPa (linear analysis)

Figure 15. Classic channel section L = 180 cm: points where the relationship between deflection
and stress/load was determined
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guarantee the durability of steel elements. How-
ever, they represent an additional cost in the 
production of steel structures, especially since 
in many cases their protection is performed off-
site, for example, in galvanizing plants. This 
increases not only the production cost but also 
the time required for completion and the depen-
dence on partners providing such services.

A second disadvantage of steel profiles avail-
able on the market is their standardization. They 
are only available in specific transverse dimen-
sions and wall thicknesses, which impact the en-
tire structure. For example, in the case of large 
transverse dimensions, thin wall thicknesses are 
not available. Moreover, for less common dimen-
sions and small quantities, the waiting time for 
steel profiles can be relatively long.

Figure 16. Classic channel section L = 180 cm: relationship between deflection and load at points
shown in Figure 16 (1.00 = σmax = 200 MPa)

Figure 17. Classic channel section L = 180 cm: relationship between deflection and stresses at the points
shown in Figure 16

Figure 18. Buckling mode of a single-bend channel section L = 210 cm, σcr = 160 MPa (linear analysis)



329

Advances in Science and Technology Research Journal 2026, 20(1) 318–339

An alternative to closed and open steel pro-
files are profiles made from thin sheets of gal-
vanized or powder-coated steel. Such sheets are 
protected against corrosion in steel mills during 
production and do not require additional protec-
tion if they are cold-processed, for example, by 
bending or cutting with a guillotine. Thanks to ca-
thodic protection, the cut edge of the sheet is also 
protected against corrosion.

It is worth noting that today’s advanced and 
innovative machines for the production of thin-
walled cold-formed profiles enable the produc-
tion not only of open profiles, such as angles, 
channels, or Z-sections, but also of closed pro-
files, such as those with a rectangular cross-sec-
tion. These machines allow for the free definition 
of the profile’s cross-section dimensions and the 
production of beams with relatively large cross-
sections but also with a thin wall thickness.

Geometry of rectangular profiles

In this study, two types of rectangular profiles 
are considered, as shown in Figure 19. These pro-
posed profiles are cold-formed from steel sheets 
and they are compared with their classic counter-
parts, as shown in Figure 20. It should be noted, 
that Profile 1B is not available as standard.

First, the basic geometrical characteristics 
of the cross-sections of the profiles were com-
pared, i.e. the surface area, moments of inertia 
and bending strength coefficients (Table 4). They 
largely determine the stiffness and strength of the 

profiles. A comparison of geometrical character-
istics is presented in Figure 21.

In addition, Figure 21 shows the influence of 
the height of Profile 1 on the difference between 
the geometric characteristics. It can be seen that 
in the case of the surface area and the main mo-
ments of inertia, the difference between the stan-
dard rectangular profile and the profile made of 
sheet metal decreases with the increase in the 
profile height. The greatest differences occur in 
the case of the main moment of inertia Ix1 (even 
19% for a profile with a height of H = 60 mm) and 
the cross-sectional area A (even 14% for a profile 
with a height of H = 60 mm). These differences 
decrease to 12 and 5%, respectively, for profiles 
with a height of H = 200 mm. A similar relation-
ship, i.e. a decrease in the difference between the 
characteristics with the increase in the profile 
height, also applies to the second main moment 
of inertia Iy1, but in this case the differences be-
tween the moments of inertia are small and are in 
the range of 1.3–0.5%.

Stability of rectangular profiles

Thin-walled profiles used in various types 
of structures carry both bending and compres-
sive loads. In the case of compression, the pro-
files may lose stability due to buckling. In order 
to estimate the influence of production tech-
nology on the stability of profiles, the forces 
and critical stresses for profiles supported by 

Figure 19. Cross-section of rectangular profiles made of steel sheet by cold bending (H = 60 / 80 / 100 / 120 / 200)
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sliding hinge and subjected to axial compres-
sion were compared.

For standard thin-walled profiles, the critical 
force for compressed bars can be determined us-
ing the well-known formula, the so-called Euler 
solution, presented below:

	

εtrue = ln (1+ε)- true

E


 

 

2 2
mincrF E I L=     	 (3)

where:	Fkr – critical force, E = 210 GPa is the 

Young’s modulus of steel, Imin = min (I1, 

I2) – the smaller of the main moments of 

Figure 20. Standard rectangular profiles (H = 60 / 80 / 100 / 120 / 200)

Table 4. Summary of geometrical characteristics of standard and cold-formed rectangular cross-sections

Profil
A Ix Iy Wx Wy

cm2 cm4 cm4 cm3 cm3

1A H = 60 mm 1.82 8.96 3.94 2.99 2.25

1B H = 60 mm 2.07 10.66 3.99 3.19 2.22

Difference 13.7% 19.0% 1.3% 6.9% -1.5%

1A H = 80 mm 2.22 18.15 5.09 4.54 2.91

1B H = 80 mm 2.47 21.38 5.15 4.87 2.88

Difference 11.3% 17.8% 1.2% 7.3% -1.1%

1A H = 100 mm 2.62 31.77 6.25 6.35 3.57

1B H = 100 mm 2.87 37.04 6.30 6.83 3.52

Difference 9.5% 16.6% 0.8% 7.6% -1.5%

1A H = 120 mm 3.02 50.62 7.41 8.44 4.23

1B H = 120 mm 3.27 58.45 7.46 9.06 4.19

Difference 8.3% 15.5% 0.7% 7.4% -1.0%

1A H = 200 mm 4.62 194.39 12.03 19.44 6.87

1B H = 200 mm 4.87 217.55 12.09 20.70 6.83

Difference 5.4% 11.9% 0.5% 6.5% -0.6%

2A 3.74 18.41 9.83 6.14 4.92

2B 4.77 23.41 10.13 6.61 4.97

Difference 27.5% 27.2% 3.1% 7.8% 1.0%
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inertia of the cross-section of the profile, 
L – reduced length of the profile.

In the case of thin-walled profiles cold-formed 
and made from a single sheet, this formula gives 
only approximate results because it does not take 
into account phenomena occurring at the joint of 
the profile walls (bends). Moreover, it only con-
cerns global buckling, completely omitting local, 
distortional buckling, or interactions between dif-
ferent types of buckling. Therefore, in order to 
determine the critical load values, the finite ele-
ment method and the CAE software SolidWorks 
Simulation were used, as in the previous chapter.

Due to the fact that the wall thickness of the 
profiles is small in relation to the cross dimen-
sions of the profiles, triangular shell finite ele-
ments of the second order were used to model the 
profiles, as in the previous chapter. An example 
finite element mesh of profile 2A is shown in Fig-
ure 22. The maximum element size in this case is 
5 mm. This mesh consists of 12,420 vertices and 
6.105 elements.

The optimal size of finite elements was de-
termined by conducting a convergence analysis. 
Figure 23 shows a graph defining the relationship 
between the maximum size of finite elements and 
the critical force. Approximating this relationship 
using a linear function, the equation of which is 
shown in Figure 23, it is possible to estimate the 
limit to which the value of the critical force tends 
with the reduction of the size of the elements to 
zero. It is 62.055 kN and is only 0.16% smaller 
than the value of the critical force determined using 
finite elements with a maximum size of 5 mm. Due 
to the fact that the difference between these forces 

is so small, in all presented ones the maximum size 
of finite elements equal to 5 mm was assumed.

First, the critical force values ​​for standard 
rectangular profiles determined using formula (1) 
and the finite element method were compared. 
The results obtained for profile 2A, depending on 
its total length, are presented in Table 5. With the 
exception of a very short beam of 60 cm, the dif-
ferences between the analytical and numerical so-
lutions amount to only a few percent and decrease 
with the length of the profile. The large difference 
between the results for the 60 cm long beam re-
sults from the fact that in this case only the profile 
wall buckles (local buckling, Figure 24). It should 
be noted that the results contained in Table 5 and 
marked in gray have only theoretical significance, 
because the obtained critical stress values ​​exceed 
the yield strength. In other words, in this case the 
profile buckles only in the plastic range and its 
correct modeling would require the use of appro-
priate material models.

Then, the critical forces and stress values ​​were 
compared between a standard rectangular profile 
60 × 40 × 2 (Profile 2B) and a cold-formed profile 
(Profile 2A). In the latter case, two extreme situa-
tions were considered:
	• no bond (weakly tightened bend, possibility of 

sheet slipping out),
	• full bond (tightly tightened bend, no possibil-

ity of sheet slipping out or moving).

The comparative analysis was limited only 
to the linear-elastic range, i.e. profiles with a 
length of 150 to 240 cm. The calculated criti-
cal forces are shown in Figure 25. Depending 
on the assumption made regarding the bend 

Figure 21. Relative difference between the geometrical characteristics of the cross-sections
of profiles 1A and 1B depending on the profile height
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strength (no bond or full bond), the critical force 
of profile 2A is 5% lower or 3% higher than the 
critical force of profile 2B. These differences are 
not dependent on the length of the profile. More-
over, due to the fact that they are small, it can 
be stated that cold-formed Profile 2A has a simi-
lar resistance to buckling in axial compression 
to a standard rectangular profile. On the other 
hand, the way the bend is made is important and 
the stronger and more precisely it is made, the 
higher the critical force will be. The differences 
between the critical stresses are approx. -24% 
in the case of no bond at the bend and approx. 
-11.4% in the case of taking into account full 
bond at the bend of profile 2A. This means that 
regardless of the bending model and the quality 
of its execution, the critical stresses of the cold-
bent 60 × 40 × 2 profile are lower than the stress 
of a standard rectangular profile compressed axi-
ally. This is not so much due to the lower critical 
force of the cold-formed profile as to the larger 
cross-sectional area (Figure 26).

A similar comparative analysis was carried 
out for profiles 1A and 1B. Figure 27 shows a 
comparison of the critical forces of profiles 1A 
and 1B with a height of H = 60 mm. Similarly to 
the previous case, the critical force of the cold-
formed profile can be up to 14% lower than the 
critical force of a standard rectangular profile. 
This applies to a situation in which the bend is 
so weak that profile 1A can be treated as open. In 
the case of a well-made bend, the critical force 
of the cold-formed profile is, in the considered 
length range, approx. 1% higher than the force of 
a standard closed profile. The buckling forms of 
profiles 1A and 1B with a height of H = 60 mm 
and length L = 150 cm are shown in Figure 28 and 
Figure 29. In the case of failure to take into ac-
count the bond at the bend of profile 1A, the com-
pressed beam not only bends but also twists, i.e. it 
undergoes lateral warping. In the case of a closed 
profile and taking into account the full bond at 
the bend, both profiles only undergo flexural 
buckling. Since the cross-sectional area of ​​profile 
1A is larger than that of profile 1B, the critical 

Figure 22. The half of profile 2A with a total length of 60 cm: Finite element mesh (max. element size 5 mm)

Figure 23. Relationship between the maximum size of finite elements and the critical force value for profile 2A 
with total length L = 1.8 m
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stresses of the cold-formed profile are lower by 
11 and 24%, depending on whether the bond at 
the bend is taken into account or not.

Similar dependencies can be observed in 
profiles 1A and 1B with a height of 80 mm (Fig-
ure 30). However, this only applies to appropri-
ately long profiles. In the case when their length 

is 120–150 cm, the walls of profiles 1A and 1B 
are subject to folding, i.e. local buckling (Fig-
ure 31 and Figure 32). Then, regardless of the 
way of modeling the bend (without bond or with 
bond), the critical force of the cold-formed pro-
file is 12–13% higher than the critical force of the 
standard rectangular profile. Longer profiles (≥ 

Figure 24. Profile 2B, L = 60 cm: buckling shape (local buckling)

Table 5. Comparison of critical stresses of profile 2B determined analytically and using the finite element method
L σcr.t σcr.MES Difference σcr.t / σcr.MES -1

cm MPa MPa –

60 1 513 1112 36.1%

72 1 051 1000 5.1%

75 968 925 4.7%

90 673 651 3.3%

120 378 371 2.0%

150 242 239 1.5%

180 168 166 1.2%

210 124 122 1.0%

240 95 94 0.9%

Figure 25. Comparison of critical forces of profiles 2A and 2B
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180 cm) are subject to flexural buckling (profiles 
1A with bond and 1B) or buckling (profile 1A 
without bond). Then the critical force of profile 
1A is comparable to the critical force of profile 

1B if the bend is made correctly and prevents the 
sides of the profile from separating. Otherwise, 
it is about 17% lower. It should be noted that the 
transition from local buckling to lateral torsional 

Figure 26. Comparison of critical stresses of profiles 2A and 2B

Figure 27. Comparison of critical forces of profiles 1A and 1B, H = 60 mm

Figure 28. Profile 1B with height H = 60 mm and length L = 150 cm (only half of the profile is shown): 
buckling shape (Fcr = 35.8 kN)
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buckling (global buckling) is “smooth”, which 
is confirmed by the observation of interactions 
between different buckling modes in profile 1A 
with a height of 80 mm and length L = 150 cm, 
in which the bond at the bend was not taken into 
account (Figure 33).

In higher profiles 1A and 1B, local buckling, 
i.e. corrugation of the profile walls, concerns in-
creasingly longer beams. Moreover, the critical 
force in this case does not depend on the length 
of the profile, but only on its height (Figure 34, 
Figure 35). The relationship between the height 

Figure 29. Profile 1A with height H = 60 mm and length L = 150 cm (only half of the profile is shown): 
buckling form with no bond at the bend (Fcr = 30.8 kN) and with full bond at the bend (Fcr = 36.1 kN)

Figure 30. Comparison of critical forces of profiles 1A and 1B, H = 80 mm

Figure 31. Profile 1B with height H = 80 mm and length L = 120 cm (only half of the profile is shown): 
buckling form (Fcr = 35.5 kN)
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of profiles 1A and 1B and the critical force for 
120 cm long beams compressed axially is shown 
in Figure 36. This figure shows that cold-formed 
profiles, regardless of the way of modeling the 
bend, are less susceptible to loss of stability dur-
ing axial compression. Although their advantage 
over standard rectangular profiles decreases with 
the length of the beam.

In the case of 1A profiles with height H = 
120 mm, in the entire considered length range, 
the beam in which the bend is made correctly and 
does not split, only undergoes local buckling. The 
critical force in this case is 24.1 kN and practically 
does not depend on the length of the profile. It is 
about 9% greater than the critical force of a stan-
dard rectangular profile of the same dimensions.

The critical force of profile 1A with a height 
of H = 200 mm in the considered range is about 

5% greater than the critical force of profile 1B 
provided that full bonding is assumed at the bend. 
In the case of no bonding, the critical force of pro-
file 1A is about 2.5% less than the critical force 
of profile 1B. Moreover, in the considered length 
range, i.e. from 120 to 240 cm, the critical force 
of profiles 1A and 1B with a height of 200 mm is 
independent of the beam length.

CONCLUSIONS

The first part of this paper presents an analy-
sis of the stability of thin-walled channel sections 
in the state of pure bending. First, it is shown that 
stiffening the edges of the flanges with single and 
double bends increases the load capacity of the 
profiles. This is not so much due to the fact that 

Figure 32. Profile 1A with height H = 80 mm and length L = 120 cm (only half of the profile is shown): 
buckling form with no bond at the bend (Fcr = 39.6 kN) and with full bond at the bend (Fcr = 40.0 kN)

Figure 33. Profile 1A with height H = 80 mm and length L = 150 cm (only half of the profile is shown): 
buckling form with no bond at the bend (Fcr = 37.5 kN)
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the cross-section of the beams is increased, or the 
moments of inertia of the cross-section (bend-
ing strength coefficients), but rather due to the 
increased values ​​of critical stresses. The upper/
compressed flange in a classic cold-formed chan-
nel section is exposed to local loss of stability. In 

the case of short beams, even reducing the length 
of the beam or the distance between the supports 
does not increase the value of critical stresses. 
Only stiffening the edge of the flange with a sin-
gle or double bend in the considered cases solves 
the problem of local loss of stability. It should 

Figure 34. Comparison of critical forces of profiles 1A and 1B, H = 100 mm

Figure 35. Comparison of critical forces of profiles 1A and 1B, H = 120 mm

Figure 36. Relationship between critical force and height of profiles 1A and 1B with length L = 120 cm
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also be noted that the values ​​of critical stresses of 
a beam with a double bend are about 42% higher 
than in the case of a beam with a single bend, 
and this with only 18% greater mass. Comparing 
the double-bend beam to the classic cold-formed 
channel section is even more favourable, as its 
critical stresses are about 170–180% higher than 
those of the only 40% lighter channel section.	

These considerations show that open thin-
walled profiles are interesting structural ele-
ments. Their production from thin sheets of gal-
vanized sheet metal and cold processing elimi-
nate the need for additional protection of finished 
elements. Moreover, even local damage to the 
protective layer does not lead to steel corrosion 
thanks to cathodic protection. These profiles may 
be exposed to a loss of stability: local, distor-
tional or global. However, proper design of the 
cross-sectional shape of the profile and stiffen-
ing of the elements exposed to a loss of stability 
solve this problem, especially in relatively short 
beams. It is also significant that thanks to the use 
of cold bending technology, the dimensions of 
the cross-section can be adjusted to individual 
applications. Detailed parameters of stiffening 
bends can be selected through parametric opti-
mization depending on specific needs.

In the second part of this study, standard 
rectangular profiles were compared with the pro-
posed thin-walled cold-formed profiles. Thanks 
to the special shape of the bend, although they 
are not welded along the joint edge, they can be 
treated as closed profiles. In this way, profiles of 
any dimensions can be obtained, without the lim-
itations resulting from the series of types avail-
able in steelworks. In addition, this method can 
be used to produce profiles with relatively large 
cross-sectional dimensions and small wall thick-
ness. In order to assess the suitability of these 
profiles, their stability was compared. The criti-
cal force of thin-walled profiles compressed axi-
ally is greater than that of their standard, closed 
counterparts, but on condition that the bend 
strength is sufficient to prevent the profile from 
“tearing apart”. Appropriately high and short 
thin-walled profiles losing stability due to local 
wall buckling are more resistant to loss of stabil-
ity than standard rectangular profiles, even if the 
bend strength is low.

In summary, thin-walled, cold-formed rect-
angular cross-section profiles are an interest-
ing alternative to standard rectangular profiles. 
If they are made correctly and the durability of 

the connection at the bending point is ensured, 
the stability of thin-walled profiles is higher than 
their standard counterparts.
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