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Research paper

Analysis of strength and resistance to loss of stability
of thin-walled channel columns with non-standard

cross-sectional shape

Aleksandra Magdalena Pawlak1, Piotr Paczos2

Abstract: Experimental tests and numerical analyses were carried out on short, thin-walled channel columns
with modified cross-sectional shape. The columns were loaded with an axial compressive force applied
at the center of gravity of the cross section. Tests were carried out on a universal testing machine, while
numerical analyses were performed in ANSYS software. The purpose of the tests was to determine the
values of critical forces for the compressed columns and to determine the values of maximum forces at
which failure of the columns occurs. Critical forces were determined based on the strain-averaged method.
Based on the study, it was found that the strength and resistance to loss of stability of columns is primarily
affected by their stiffness, and therefore by the shape of the cross-sections. In addition, for short columns, it
seems more important to determine the value of maximum forces than the values of critical forces.
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1. Introduction

Research related to thin-walled structures is developing rapidly. The characteristics of
these structures, such as light weight, strength and efficiency, are making them increasingly
popular in many engineering fields, such as automotive, civil engineering, aerospace. The
efficiency of thin-walled structures is related to the use of a minimum material while achieving
its required strength. However, in designing such structures, special attention must be paid to
their difficult-to-estimate loss of stability. This paper will present a study of short, thin-walled
channel columns with a modified cross-sectional shape. The columns were loaded with an
axial compressive force applied at the center of gravity of their cross sections. The purpose of
this study is to determine the effect of modifying the shape of the cross-section on its behavior
in pure compression. Numerical analyses (ANSYS software) were carried out and validated
with experimental results. The subjects of the study are columns with external cross-sectional
dimensions of 40 × 80 mm and three different lengths: 200, 300 and 400 mm. The columns
were made of 0.5 mm thick sheet metal.

A thin-walled member is a shell whose three authoritative dimensions are of different
orders. The length should be an order greater than the width (height) of the profiles, in turn,
the width should be an order greater than the wall thickness.

The literature mainly describes classical cross-sectional shapes of thin-walled channel
sections [1]. A lipped channel columns are described in the paper [2]. Modified cross-section
shapes are described in works [3–5]. Sections with a strongly modified cross-sectional shape,
subjected to bending, are presented in the work [6]. Modified cross-section shapes can increase
the strength of the section. However, their weight, compared to classical shapes, is generally
greater. Magnucki and Monczak [7] addressed the optimization of such a cross-section in their
paper. The analyses presented in this work made it possible to reduce the weight of the beam
while maintaining the required stiffness.

Thin-walled structures are particularly vulnerable to loss of stability due to the dimensions
of the cross-section in relation to the column length. The buckling behaviour of cold-formed
steel C-section columns with buckling mode interactions was investigated in the work of
Anbarasu and Sukumar [8]. Paper [9] describes the behaviour and ultimate strength of cold-
formed steel channel columns with stiffened web. The sections were subjected to local and
distortional buckling modes. The article [10] discusses the elastic post-buckling behaviour
of simply supported cold-formed channel columns, which is influenced by mode interaction
phenomena involving distortional buckling, namely local/distortional, distortional/global and
local/distortional/global mode interaction. The paper [11] presents a lateral buckling analysis
of cold-formed thin-walled beams subjected to pure bending. When analyzing thin-walled
structures, the effect of imperfection is important. The effect of geometric imperfections on the
stability of three-layer beams is described in the paper [12].

Medium or long thin-walled columns are most commonly described in the literature.
However, short columns are also increasingly being considered. The paper by Hui [13] describes
a topic on the design of beneficial geometric imperfections in short thin-walled columns. The
aim of the study was to maximize energy absorption. The paper [14] identifies the applicability
of the European standard Eurocode 3 for predicting the compressive resistance of short columns.
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Thin-walled sections can be subjected to different types of loading. The compressive force
can be applied at the center of gravity of the cross-section, but also eccentrically. Ungureanu et
al. in their paper [15] described the possibility of using local plastic mechanisms to characterise
the ultimate strength of short thin-walled cold-formed steel members subjected to eccentric
compression about the minor axis. Similar themes related to the machism of plastic destruction
of short columns are described in the paper [16]. This paper presents thin-walled channel
columns with a modified cross-sectional shape that are subjected to compressive loading.
The force was applied at the centre of gravity of the column cross-section. Teter et al. in
their paper [17] discussed the buckling of short thin-walled columns that were subjected to
a uniformly distributed compressive load. The aim was to investigate the performance of the
structure in the far state after buckling and after failure.

Thin-walled profiles due to their high strength at low weight are increasingly being studied
by many researchers. However, few works describe sections with modified cross-sectional
shape. As previously mentioned, such modifications make the sections more stiff. However,
due to the non-standard cross-sectional shape, assessing their resistance to loss of stability
becomes even more difficult. This paper presents research and analysis to determine the effect
of the cross-sectional shape of compressed columns on their strength and resistance to loss
of stability. The forms of buckling of columns and the values of their critical forces were
determined. The use of the experimental method made it possible to verify the results obtained
from the numerical method.

2. Object of study
The subject of the study are thin-walled channel columns made using cold-forming

technology with a modified cross-sectional shape (Fig. 1). The columns were made by the
Polish companies Hanbud and Zaprom. The modification of the shape of the cross-sections of
the columns, aims to assess the influence of this modification on the strength, load-bearing
capacity and resistance to loss of stability of the tested columns.

Fig. 1. Cross-section shapes of channel columns

The studied members had double or single steel sheet on the flange. The shape of the flange
and the web were modified. The columns were made without the use of disconnected and non-
disconnected joints. Overall dimensions of all tested cross-sections are: height 80 mm andwidth
40 mm. Columns with lengths of 200, 300 and 400 mm were analysed. Members were made of
steel sheet DX51 with wall-thickness 0.5 mm, hot-dip galvanised, zinc coating Z200–220 g/m2.
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Geometrical characteristics of the cross-sections of the studied columns were determined.
The calculated values are shown in Table 1. The cross-sectional area A, zc and yc – coordinates
of the position of the centre of gravity of the cross-section, Ixx – axial moment about the
x-axis, Iyy – axial moment about the y-axis and Izy – deviation moment were determined.

Table 1. Geometrical characteristics of the cross-sections of the analysed columns

Column A
[mm2]

zc
[mm]

yc
[mm]

Ixx
[mm4]

Iyy
[mm4]

Izy
[mm4]

C1 89.00 13.09 39.75 95284.13 20499.46 0.00

C2 91.03 14.33 39.75 96257.38 16634.60 0.00

C3 166.25 14.34 39.75 187253.23 27583.09 0.00

The geometrical characteristics were determined to identify the position of the centre
of gravity, as the compressive force will be applied at this point. This will result in pure
compression conditions.

3. Experimental investigation

3.1. Test stand

The tests were carried out on a ZWICKZ100/Roell testingmachine. It is a universal machine
with a measuring range of 0.2–100 kN. The specimens were loaded with a progressively
increasing axial compressive force applied at the geometric centre of gravity of the individual
column cross-section. Special spacers were used to protect the specimens from uncontrolled
movement of the ends of the columns when the force was applied. The upper spacer, to which
the compression force was applied, blocked two translations: with respect to the y-axis and with
respect to the z-axis. Translation relative to the x-axis was allowed. Three rotations with respect
to all axes were also blocked. In contrast, the bottom spacer blocked three translations and three
rotations. The test stand is shown in Fig. 2. In addition, the top and bottom spacers are shown.

The tests were carried out until the columns collapsed, i.e. until their load-bearing capacity
was completely exhausted. The tests were carried out in accordance with the guidelines of
Eurocode 3. The displacement of the crosshead and the compressive force were recorded
during the tests.

3.2. Results of the experimental studies

Experimental tests were carried out on the test stand described in Chapter 2, from which
compression force diagrams were obtained as a function of crosshead displacement.

From the resulting diagrams, the value of the maximum forces at which the total loss of
load bearing capacity of the columns occurred can be read directly. The graphs are shown in
Fig. 3. The values of the determined maximum forces are shown in Table 2.
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Fig. 2. Test stand

Table 2. Values of maximum forces [kN] depending on section and column length

Length

Column 200
[mm]

300
[mm]

400
[mm]

C1 6.76 5.67 6.44

C2 8.68 9.78 8.55

C3 15.09 17.86 19.36

The maximum force value for column C1 is the smallest, while that for column C3 is the
largest. The modification of the cross-sectional shape of column C3 is much stronger, compared
to column C1. As the column length increases, the value of the maximum force increases.

The tests carried out were designed to determine the maximum strength of the short
columns. However, during the tests, it was noticed that half-waves, characteristic of local
buckling, appeared on some of the columns, so it was decided to determine the critical forces
for the columns tested.

The values of the critical forces were determined using the averaged strain/ displacement
method. This method involves a linear approximation of the pre-buckling state and the post-
buckling state. So that the linear approximations intersect at the bifurcation point, which will
indicate the value of the critical force. The application of this method is shown in Fig. 4.
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(a)

(b)

(c)

Fig. 3. Compressive force diagrams as a function of column displacement

The critical force values obtained for C1, C2 and C3 columns of different lengths are shown
in the Table 3.

The critical force values for column C1 and C2 are not length-dependent. However, for
column C3, the value of the critical force increases with the length of the column.
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Fig. 4. Application of the averaged displacement method

Table 3. Critical force values for analyzed columns

Length

Column 200
[mm]

300
[mm]

400
[mm]

C1 6.81 5.24 5.62

C2 8.88 4.05 7.43

C3 12.7 17.05 19.83

4. Numerical analysis

Numerical studies were performed using the finite element method, and ANSYS software
was used. Numerical models of the columns were made in such a way that it was possible to
verify the results of the analyses by comparing them to the results obtained from experimental
methods. Therefore, the dimensions and shapes of the analyzed cross sections were the same
as those of the columns that were tested.

Linear and nonlinear analysis was performed. On the basis of the linear analysis, the
buckling forms of the columns were determined, while the equilibrium paths and critical force
values were determined on the basis of the nonlinear analysis. In the analysis, large deformation
and plastic deformation of the column material were allowed. In addition, a static tensile test of
the steel from which the sections were made was performed, and based on this test, the material
properties of the columns were implemented into ANSYS. A multi-linear material model was
used. The numerical model was covered with shell281 second-order finite elements with eight
nodes and six degrees of freedom at each node. The use of shell elements is recommended
for the analysis of thin-walled structures. The size of the finite element was 4 mm, which
was determined after a convergence analysis of the numerical calculations. To obtain pure
compression conditions, the compressive force was applied at the center of gravity of the column
cross section. In addition, the given boundary conditions corresponded to those realized during
experimental testing. The boundary conditions were given by appropriately offset (from the
ends of the column) coordinate systems. The imperfection of the initial imperfection was given.
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Based on linear analysis, the buckling forms of the columns were determined, as can be
observed in Fig. 5.

(a)

(b)

(c)

Fig. 5. Column buckling forms obtained from linear FEM analysis
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All of the analyzed columns suffered a local loss of stability, as can be seen from the
half-waves that appeared on the flanges and webs of the sections. It is notable that in the case
of column C3, the deformations on the flange are much smaller in magnitude compared to
columns C1 and C2.

The next step in the FEA analysis was a nonlinear buckling analysis of the columns. On the
basis of these analyses, it was possible to determine the values of critical forces, as a plot of
force in function of strain, i.e. the equilibrium path for the compressed columns, was obtained
(Fig. 6). The nonlinear analysis makes it possible to evaluate the covered work of the structure,
so the forms of failure of the columns were also determined. The initial strain for the nonlinear
analysis was implemented from the linear analysis.

(a)

(b)

(c)

Fig. 6. Equilibrium paths for the analyzed columns
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In addition, nonlinear analysis made it possible to determine the values of critical forces,
as shown in Table 4. The values of critical forces were determined using the strain-averaged
method based on the equilibrium paths obtained.

Table 4. Critical force obtained from numerical method

Length

Column 200
[mm]

300
[mm]

400
[mm]

C1 6.75 6.62 6.42

C2 8.21 8.83 9.3

C3 15.01 19.58 17.2

For C1 and C2 columns, the values of critical forces depend insignificantly on the length
of the column. Critical forces for all lengths take on similar values. However, in the case of
column C3, it is apparent that the highest value of the critical force is obtained at a length of
300 mm, and the lowest at a length of 200 mm.

Figure 7 shows the forms of column failure. It can be seen that the columns fail in the
middle of their length. The shapes and forms of destruction vary depending on the shape of
the cross-section of the analyzed columns.

Fig. 7. Column failure forms obtained from FEA analysis
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5. Compression strength condition

Tests were conducted to determine the compressive strength of the short columns. The
goal was to compare the values of maximum forces obtained from the experiment with those
obtained from the classical strength condition. Accordingly, the values of maximum forces
were determined on the basis of the compressive strength condition. The compressive strength
condition is described by Eq. (5.1).

(5.1) σ =
F
A

≤ σl

where: F – force, σ – stress, A – cross-sectional area, σl – compressive limit stress. The
obtained values are shown in Table 5.

Table 5. Maximum force obtained from the compressive strength condition

Length

Column 200
[mm]

300
[mm]

400
[mm]

C1 10.59 10.59 10.59

C2 8.10 8.10 8.10

C3 17.57 17.57 17.57

The value of the maximum force, determined by the strength condition, is constant for all
columns regardless of their length, which is directly derived from the strength condition. For
columnC3, which of all the analyzed columns, is the stiffest, the value of themaximum forcewas
the highest. This is due to the cross-sectional area of the column, which is the largest relative to
the areas of columns C1 and C2. The cross-sectional areas of the columns are shown in Table 1.

6. Discussion of the results

Based on the tests, the values of maximum forces and critical forces were determined.
The maximum forces were obtained from the experimental method and from the compressive
strength condition. The critical force was determined from the experiment and numerical
analysis.

The values of maximum forces and critical forces obtained from the experiment, as to their
value, are similar to each other. In contrast, the values of maximum forces obtained on the
basis of the experimental method and on the basis of the strength condition differ significantly
from each other. The value of the maximum force obtained from the experimental method
increases as the stiffness of the columns increases. For column C3, the force is a maximum of
19.36 kN, while for column C1 it is a maximum of 6.76 kN. The strength condition takes into
account only the size of the cross-sectional area. Modifications to the cross-sectional area are
not taken into account. Column C2, in terms of cross-sectional shape, has more modifications
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Table 6. Comparison of obtained results – maximum forces and critical forces

Methods

Column Maximum force
– experiment

[kN]

Maximum force
– strength

condition [kN]

Critical force
– experiment

[kN]

Critical force
– numerical

[kN]

C1 5.67–6.76 10.59 5.24–6.81 6.42–6.75

C2 8.55–9.78 8.10 4.05–8.88 8.21–9.3

C3 15.09–19.36 17.57 12.7–19.83 15.01–19.58

than cross-section C1. Despite this, the strength condition shows that column C2 has a lower
maximum force value than column C1. This is not confirmed by experimental tests.

The results of the FEA analysis were verified with results from the experimental method. It
was found that high agreement of the results was obtained for columns C1 and C3. A noticeable
error is found for column C2. However, it is worth noting that the columns modeled in the
system for FEM analysis had a certain value of initial imperfection. In the case of experimental
studies, we are dealing with actual imperfections, which are difficult to estimate and represent
another direction of the authors’ research.

The value of the critical force is lowest for column C1, while it is highest for column
C3. The critical force of column C3 is more than three times higher than the critical force
determined for column C1. This means that modifying the shape of the cross-section of the
column increases the resistance to loss of stability of the columns.

The authoritative way to determine the desirability of modifying the cross-sectional shapes
of thin-walled channel columns is by dimensionless reference to the results obtained. When the
goal is to obtain the lightest possible structure, reference should be made to the weight of the
columns. However, when the stiffness of the cross-section of the column is important, it seems
most appropriate to refer to the moment of inertia of the column or to the cross-sectional area,
as shown in Table 7. Column C1 was taken as the base column.

Table 7. The results obtained – dimensionless approach

Column Cross-sectional
area

Maximum force –
strength condition

Critical force –
experimental tests

C1/C1 1.00 1.00 1.00

C2/C1 1.02 0.76 0.77 – 1.30

C3/C1 1.87 1.66 2.42 – 2.91

Based on the analysis, it was found that the maximum force value for column C3 compared
to column C1 increases by more than 60%. In contrast, for C2 and C1 columns, the value of
the maximum force decreased by almost 30%. In the case of critical forces, it was noted that
for column C3 the value of the critical force is almost three times higher than for column C1.
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7. Conclusions

Experimental tests and calculation based on the compressive strength condition were
conducted. The tests were performed to determine the maximum strength of the columns. In
the course of performing the tests, the characteristic half-waves of local buckling were noted.
Accordingly, it was decided to determine the values of critical forces.

Based on experimental studies, it was found that the value of the maximum force increases
with the increase in column stiffness. This means that modifying the shape of the cross-section
affects the value of the maximum force. It is worth paying attention to table 7, which presents
a dimensionless version of the obtained results. The force values increase significantly when
the mass of the entire structure is small. The aim of modifying the shape of the cross-section
is to bring the critical force value closer to the maximum force value. However, in the case of
the compressive strength condition, as previously mentioned the value of the maximum force
does not depend on the length of the column, because the strength condition only takes into
account the shape of the cross-section, or more precisely, the cross-sectional area of the column.
The strength condition is not suitable for estimating the maximum strength of thin-walled
cold-formed columns with modified cross-section shapes. Tests was conducted until the
columns were completely collapsed. The columns were collapsing in the middle of their length.
In addition, large deformations appeared in the area of the spacers, as shown in the Fig. 8.

Fig. 8. Columns after performed tests

Critical forces were determined using the averaged displacement method. The highest
critical force value was obtained for column C3 with a length of 400mm, while the lowest
value was obtained for column C2 with a length of 300mm. For column C3, the value of the
critical force increases as the length of the column increases. Fig. 9 shows the columns after
the tests were performed.

As previously mentioned in the study and analysis of thin-walled structures, it is extremely
important to take into account the imperfections that occur in these structures. In the case
of experimental studies, it is very difficult to relate the actual geometric imperfection to the
results of the tests obtained. This is much easier in the case of numerical FEA analysis, where
it is possible to set the initial imperfection at the required level. It is possible to inflict different
initial imperfections, up to the expected result. However, according to the authors, it will be
much more meaningful to make appropriate models, such as by 3D scanning of columns,
and then implementing these models into FEA software. The authors are in the process of
performing this type of research and analysis.
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Fig. 9. Comparison of collapsed columns

The conditions of the maximum forces obtained from the strength condition are similar
to the critical forces obtained from the experimental tests. This means that short thin-walled
columns are subject to loss of stability, but in estimating their strength it is equally important
to determine the maximum force at which the columns collapse. Modifying the shape of the
cross-section increases the strength and resistance to loss of stability of thin-walled columns.
It is worth noting other methods of increasing the strength of profiles. In the work of Szmigier
et al. [18] described bars reinforced with basalt and carbon fibers.
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Analiza wytrzymałości i odporności na utratę stateczności
cienkościennych słupów o niestandardowym kształcie przekroju

poprzecznego

Słowa kluczowe: osiowe ściskanie, utrata stateczności, siła maksymalna i siła krytyczna, zmodyfiko-
wany kształt przekroju poprzecznego, cienkościenne słupy ceowe

Streszczenie:

Przeprowadzono badania doświadczalne i analizy numeryczne krótkich, cienkościennych słupów
ceowych o zmodyfikowanym kształcie przekroju poprzecznego. Słupy obciążono osiową siłą ściskającą
przyłożoną w środku ciężkości przekroju poprzecznego. Badania doświadczalne przeprowadzono na
uniwersalnej maszynie wytrzymałościowej, a analizy numeryczne przy zastosowaniu metody elementów
skończonych (oprogramowanie ANSYS). Celem badań było określenie wartości siłkrytycznych oraz
sił maksymalnych. Siły krytyczne wyznaczono przy pomocy metody uśrednionego odkształcenia. Na
podstawie przeprowadzonych badań stwierdzono, że na wytrzymałość i odporność na utratę stateczności
wpływa sztywność słupów, a zatem kształt przekroju poprzecznego tych słupów. Przedmiotem badań
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były cienkościenne słupy ceowe o zmodyfikowanym kształcie przekroju poprzecznego. Słupy posiadają
zmodyfikowany kształt półki (C3) oraz kształt środnika (C2). Dodatkowo badaniom poddano słup o
bardziej typowym przekroju poprzecznym tzn. “lipped channel” (C1), dzięki temu można było określić
wpływ modyfikacji kształtu przekroju poprzecznego słupów na ich wytrzymałość i odporność na utratę
stateczności.Przeprowadzono badania doświadczalne, na podstawie których uzyskano wykresy siły
ściskającej w funkcji skrócenia słupa. Wykresy te posłużyły do określenia wartości sił krytycznych
metodą uśrednionego odkształcenia. Dodatkowo uzyskane wyniki umożliwiły określenie wartości sił
maksymalnych, przy których doszło do zniszczenia słupów. Analizy numeryczne metodą elementów
skończonych przeprowadzono przy zastosowaniu oprogramowania ANSYS. Warunki brzegowe oraz
obciążenie zamodelowano w taki sposób aby odpowiadały tym, które zastosowano przy badaniach
doświadczalnych. Dzięki temu wyniki uzyskane na podstawie metody numerycznej można było zwery-
fikować przy pomocy wyników uzyskanych na podstawie badań doświadczalnych. Analizy numeryczne
pozwoliły na uzyskanie ścieżek równowagi, na podstawie których określono wartości sił krytycznych.
Ponadto wykonano obliczenia z zastosowaniem klasycznego warunku wytrzymałościowego na ściskanie,
na podstawie którego określono siłę maksymalną, którą można obciążyć słup. Najwyższą wartość siły
maksymalnej uzyskano dla słupa C3. Wyniki te uzyskano na podstawie metody doświadczalnej oraz na
podstawie warunku wytrzymałościowego na ściskanie. Natomiast najniższe wartości tej siły uzyskano dla
słupa C1.W przypadku siły krytycznej najwyższą wartość uzyskano dla słupa C3, a najniższą dla słupa C1.
W celu określenia wpływu modyfikacji kształtu przekroju poprzecznego na wytrzymałość i odporność na
utratę stateczności porównano uzyskane wyniki w sposób bezwymiarowy. Jako bazowy słup przyjęto słup
C1. Oznacza to, że wyniki uzyskane dla słupa C2 i C3 porównano z wynikami uzyskanymi dla słupa C1.
Porównując ze sobą słupy C2 i C1 wartość siły maksymalnej uzyskanej dla słupa C2 jest o 24% niższa
niż w przypadku słupa C1. Natomiast siła krytyczna dla słupa C3 o długości 400 mm, w porównaniu z
słupem C1 o tej samej długości, wzrasta o 30%. W przypadku słupa C3 siła maksymalna wzrasta o 66%,
a siła krytyczna wzrasta 3-krotnie, w porównaniu do słupa C1. Warto zwrócić uwagę na fakt, że stosując
warunek wytrzymałościowy odnosimy się bezpośrednio do pola przekroju poprzecznego słupów, nie
uwzględnia się usztywnienia słupa spowodowanego modyfikacją kształtu przekroju poprzecznego, a jak
wcześniej zostało wspomniane sztywność słupa ma najbardziej istotny wpływ na jego wytrzymałość i
odporność na utratę stateczności. Wyniki uzyskane na podstawie analizy metodą elementów skończonych
zostały zweryfikowane. Stwierdzono, że uzyskano wymaganą zgodność wyników, porównując je z tymi
uzyskanymi na podstawie badań doświadczalnych. Podsumowując, kształt przekroju poprzecznego słupa
ma istotny wpływ na jego wytrzymałość i odporność na utratę stateczności, co zostało udowodnione
przy pomocy bezwymiarowego porównania uzyskanych wyników. Modyfikacja kształtu przekroju
poprzecznego kształtownika, powoduje wzrost wagi słupa, ale jego odporność na utratę stateczności
wzrasta znacząco, co powoduje, że stosowanie ich w konstrukcjach cienkościennych jest uzasadnione.
Konstrukcje cienkościenne są szczególnie nieodporne na utratę stateczności, na którą wpływać mogą
również imperfekcje geometryczne. W związku z tym autorzy w swoich dalszych badaniach skupiać się
będą na analizie wpływu imperfekcji geometrycznych na wytrzymałość i odporność na utratę stateczności
kształtowników o niestandardowym kształcie przekroju poprzecznego. Planowane jest przeprowadzenie
badań numerycznych na modelu, który powstał na skutek zeskanowania powierzchni rzeczywistego słupa.
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