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Thin-walled steel elements in the form of openwork columns with variable geometrical parameters of holes
were studied. The samples of thin-walled composite columns were modelled numerically. They were subjected to
axial compression to examine their behavior in the critical and post-critical state. The numerical models were
articulately supported on the upper and lower edges of the cross-section of the profiles. The numerical analysis
was conducted only with respect to the non-linear stability of the structure. The FEM analysis was performed until
the material achieved its yield stress. This was done to force the loss of stability by the structures. The numerical
analysis was performed using the ABAQUS® software. The numerical analysis was performed only for the elastic
range to ensure the operating stability of the tested thin-walled structures.
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1. Introduction

The intensive development of industry requires constructors to use modern materials with enhanced
performance properties. The main goal is to reduce the mass of elements while maintaining or improving
their strength and stiffness. One group of load-carrying structures characterized by the above properties are
thin-walled structures. Nonetheless, these structures have one disadvantage — they are prone to a loss of
stability. Despite the occurrence of buckling and loss of stability, however, such structures can still operate.
This phenomenon results from the fact that their behavior changes from linear to non-linear. The problem of
stability of thin-walled structures under static loads was analyzed, among others, in the works: [[2], [9]-[14],
[17], [18], [23]-[28], [32], [33]].

The literature on the problem of load-carrying capacity of thin-walled composite structures is
limited; theoretical and numerical studies prevail, and there are few studies in which experimental
results are reported. This paper investigates composite columns with widely used cross-sectional
profiles. Two profiles are analyzed: one with a channel section and the other with an open top-hat cross-
section, subjected to axial compressive load. The study was performed for the critical and weakly post-
critical state to define the forces which cause the structure’s loss of stability. There are many
publications investigating the problem of critical state of thin-walled composite elements with respect to
structure stability [[4]-[9], [19], [20], [25], [26], [30], [33]]-

This study is a comparative analysis of the behavior of the tested structures observed in the
numerical analysis and experimental tests. To this end, real boundary conditions of the profiles adequate
to the assumptions of an ideal FEM model have been appropriately mapped. The key aspect was to
determine the value of the critical force, which could only be done using some methods of
approximation. There are many approximation methods which can be applied to determine the
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approximate value of critical load, starting from the oldest: the Southwell method [21], the Tereszowski
method [29], to the more recent ones - the method of lines intersection [20], [34], tangent vertical [20],
[34], inflection point [20], [34], P-w.’ and P-w. [20], [34] and the Koiter method [20], [31]. The
numerical analysis was performed for a linear eigenvalue problem using the minimum potential energy
criterion to determine critical load, while the experimental tests involved the application of
approximation methods. The final step of the analysis was to determine the convergence of the obtained
results in the form of deflection state characteristics to loading of critical range. The main aim of this
work was to determine the level of compatibility between numerical results and experimental findings
for the process under investigation.

2. Research object and methodology

Thin-walled composite profiles with different cross-sectional shapes lengths were examined. The
mechanical properties of the structures complied with the parameters of carbon composite
M12/35%/UD134/AS7. The thin-walled profiles were made of HexPly unidirectional carbon-epoxy
composite prepregs. The main mechanical properties of the tested composite were: Young’s modulus in fiber
direction and perpendicular to the fibers, Poisson's ratio, shear strength, the Kirchhoff modulus and
compressive strength in fiber direction and perpendicular to the fibers [4].

Table 1. Mechanical properties.

E, [MPa] 130710
E, [MPa] 6360

v [-] 0.32

G [MPa] 4180
F, (0°) [MPa] 1531
F., (90°) [MPa] 214
F,, [MPa] 100.15

The experimentally determined mechanical properties of the composite enabled further defining of
the model in order to perform numerical calculations. Such elements are widely used in the aerospace
industry as shell plating strengthening in passenger aircraft. The application of the profiles with the selected
geometry enables an effective reduction in the weight of the structure while, simultaneously, increasing its
strength. This solution enables the reduction of stresses generated by longitudinal forces during the work of
the whole structure. The study analyzed two different types of open cross section profiles made of the same
composite material. Channel section and open top-hat section profiles are good examples of structures
characterized by high stiffness. The analysis was performed for two types of structure: one was a C-shaped
column, whereas the other was an open top-hat column with two additional edges of the cross section
increasing its stiffness. The selected composite profiles exert a significant impact on the durability and
strength of the compressed structure during operation. The real structures and schematic designs of their
cross sections are shown in the figures below.
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Fig.1. Real model and the parameters of cross-section:
a) sample of channel section, b) sample of open top-hat.

The thin-walled profiles were characterized by varied configurations of the composite layers. The
thickness of a single layer in both structures was the same and was equal to 0./3] mm. The composite
consisted of 8 layers with different configurations of the laminate fibers relative to the central plane. The Q-
shape section profile had the [0/90/0/90/90/0/90/0] layer configuration. The C-shape section column had the
configuration described by [0/-45/45/90/90/45/-45/0]. The samples had fixed cross-sectional geometric
parameters, as shown in Fig.1. They differed in terms of length — the Q-column was /80 mm while the C-
shaped column was /43 mm. In addition, the same FEM models of the two tested structures were made, and
they were fully numerically mapped in the Abaqus program to enable the implementation of the finite
element method in the study.
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The experimental analysis of the critical load in the weakly post-critical state was conducted under
standard conditions using the Zwick Z100 universal testing machine with the maximum force of about
100kN and constant velocity of the cross-bar set to 2 mm/min. The precise mapping of the real boundary
conditions complying with the ideal FEM assumption complied with the classical idea of articulated support.
To ensure the accuracy of the boundary conditions in the experiments, appropriate heads with a flat working
surface were applied alongside panel sleepers and plastic sleepers to ensure the correct position of the
profiles during the compression process. The realization of the applied boundary conditions in the
experimental tests is presented in Fig.2.

a) b)

Fig.2. Boundary conditions: a) C-shape section sample, b) Q-shape section sample.

The full mapping of the boundary conditions in the FEM analysis was possible by assigning the
compressive load to the upper end of the cross section and by blocking the degrees of freedom to reflect
the real state. The essential part of the numerical study was to perform a correct numerical discretization
of the model. The shell model was made of finite elements defined as S8R — i.e., shell elements
described by the square shape function and reduced integration. The technique of reduced integration is
one of the oldest techniques of approximation of the displacement-stress state in an element. Reduced
integration allows us to remove the false modes of deformation of the finite elements by using a higher
order polynomial function in the description of the element function [35]. The open top-hat section
profile was assigned about 4000 mesh elements, while the channel section profile involved the use of
5700 elements. Below, you can see the numerical models after discretization and the boundary
conditions applied.
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Fig.3. Numerical model with boundary conditions: a) C-shape profile, b) Q-shape profile.

3. Results

The experimental and numerical studies determined the values of critical forces during axial
compression. In the numerical analysis, the determination of precise values of the critical forces
involved solving a linear eigenvalue problem. This led to obtaining the criterion of minimum potential
energy for the tested structures. In the experimental tests the critical forces could not be precisely
determined based on the obtained characteristics of load and deformation. In order to obtain
approximate values of the forces causing loss of stability, it was necessary to use approximation
methods. In this study, the process of approximation involved describing the relationship between load
and deformation in the form of specific functions according to the selected method of approximation
[20]. With regard to the C and Q-shape section profiles, the approximate experimental value of the
critical force was determined by the cubic Koiter method. The inflection point method allows us to
determine buckling load by the best fitting of third-degree polynomial approximation of the results, as
shown in the load vs. deflection chart. The selection criterion of the points is a value of the R-squared
coefficient which must be higher than 0.99. The intersection of the approximation function with the
vertical axis of the chart describing compressive load indicates the approximate value of the critical
force. The process of experimental and numerical determination of the force, at which buckling occurs,
showed a very high agreement of the numerical and experimental results. The figures below show the
critical forces in the investigated cases obtained in the experiment conducted with the use of the testing
machine.
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Fig.4. Experimental results of approximate critical forces:
a) results from three tests for the C shape profile, b) result from three tests for the Q shape profile.

The determination of the critical state of the structure was based on determining the load value under
which the structure’s behavior changes to non-linear work. The application of the approximation method
allowed us to determine the level of convergence between the experimental findings and the numerical

results.

The approximation was done using the advanced Koiter method due to the fact that it is one of the
most effective ways of determining the approximate values of critical loads for samples characterized by
high stiffness. The critical forces defined by the advanced numerical analysis that involved solving an

eigenvalue problem are shown in the figures below.
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Fig.5. Numerical results of critical loads: a) C-shape profile, b) Q-shape profile.
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Fig.6. Load vs. deflection: a) C-shape profile, b) Q-shape profile.
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To obtain accurate results, the FEM analysis was performed for a non-linear numerical problem
by the Newton-Raphson method based on an iterative algorithm for determining the approximate values
of root function describing a given problem [[35]]. The numerical and experimental results of the critical
forces show a very high agreement. In the case of the Q-shaped section profile, the difference between
the FEM calculations and the experiment results is 1./8% in the first test, 0.33% in the second test and
0.2% in the third one. The C-shaped section profile also shows a high agreement of the results,
amounting to 5.9% in the first trial, 3.2% in the second trial and 0.4% in the third trial. The next step of
the study was to determine the extent of agreement between the numerical and experimental results of
the sample’s deflection under the applied boundary conditions. This was done by investigating the
relationship between load and deflection by FEM and experimental tests. Deflection was attributed to
the effect of previously determined critical forces, on the basis of which the expected parameters were
adequately defined. The results are given in the figures below.

The results show a high agreement between the numerical and experimental results of load and
deflection. The experimental findings differ from the ideal state obtained by the numerical analysis due to
geometric imperfections of the real samples and the degree of the boundary conditions mapping. During the
loading process the real structure must be matched to the preset boundary conditions on the testing machine,
which is the main cause of the differences between the experimental and numerical results.

4. Conclusions

The paper investigated the problem of nonlinear stability of thin-walled profiles subjected to axial
compression. The numerical results agree with the experimental findings concerning the critical state of the
tested structures. Based on the results, one can formulate the following conclusions:

e critical forces can be determined by numerical analysis in relation to the linear eigenvalue
problem criterion based on the minimum potential energy of structure,

e the approximation methods allow us to determine values of the critical forces obtained in the
experimental tests,

e the numerical and experimental results of critical forces show a high agreement, which
demonstrates that the numerical models and the applied methods for defining the critical
operating range of the structures were correct,

e the agreement between the numerical and experimental results of load and deflections is
due to precise mapping of the boundary conditions complying with the ideal FEM
assumptions.

The FEM results have proved to be a useful means of observation and investigation of deformation
of thin-walled profiles in a full range of load. Numerical analysis is a powerful tool to study the load-
carrying capacity and effort of thin-walled structures under defined loads.
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