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ABSTRACT
The object of the study was a thin-walled profile with Z-shaped cross section made of 
the carbon-epoxy composite. The material model was prepared based on the imple-
mented orthotropic properties. The purpose of the study was to determine the val-
ue of the critical load at which buckling occurs, the form of buckling and operating 
characteristics in critical condition. In order to achieve this numerical analysis were 
carried out. Additionally, the effects of the modification in arrangement of layers of 
the laminate to the stability and strength of thin-walled composite structures was pre-
sented. Numerical studies were carried out using commercial simulation software - 
ABAQUS®. Within the FEM research, both forms of buckling and the associated crit-
ical load, dependent on the configuration the layers of the composite were achieved. 
The analysis of the obtained results allowed the evaluation of the structure’s work in 
relation to the level of energy consumption or rigidity estimation. In the paper only 
numerical simulations of the critical state were conducted.
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INTRODUCTION

Thin-walled composite structures are now 
one of the most desirable structures by aerospace, 
automotive and construction industries, due to 
their high strength properties while maintaining 
an extremely low own weight. The widespread 
desire to replace conventional isotropic materi-
als with composite materials is often dictated by 
the harsh working conditions of construction, 
which enables a completely new approach to 
technical solutions.

Thin-walled structures belong to a group 
of bearing elements, characterized by a very 
high level of stiffness and strength. The main 
threats posed by the use of thin-walled struc-
tures is buckling, commonly presented in 
a significant number of scientific papers  
[3, 5÷7, 13, 16, 19]. Buckling under axial com-
pression process involves the transition of the 
linear to the non-linear structure’s range of work. 

There is no possibility to return to the original 
shape of the objects in the case of exceeding the 
range of elasticity of a thin-walled profiles. The 
high level of usability of thin-walled structures 
is associated with the elastic nature of the work. 
Thus, despite further work of the structure after 
reaching buckling, adverse effect on the correct 
operation is caused by the loss of stability which 
has been shown in studies [5, 11, 23, 25].

Given the fact that the thin-walled compos-
ite structure is characterized by the three stages 
of work (pre-critical, critical and post-critical), 
as part of ongoing research attempts to analyze 
structural behavior in critical condition have 
been made. The state in which the loss of stabil-
ity is the most complex state in the framework 
of work of the structure, as it is associated with 
the bifurcation phenomena - change in charac-
ters of work from linear to non-linear. Within 
the pre-critical state, the walls of the thin-walled 
composite structures are only compressed, but in 
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post-critical - the continued growth of deflections 
occurs, originated from the bended walls of the 
profile. In the research, analysis of the critical 
state (associated with the loss of stability) of the 
composite Z-shaped cross-sectioned profile were 
carried out.

The idea of having thin-walled composite 
profiles of complex cross-section shape is to di-
rectly affect the operating conditions to provide 
enhancement. The issues associated with stabil-
ity, critical state and low post-critical state were 
considered for a long time, the results of which 
were shown in elaborations [3, 5, 9, 12, 16, 17, 
23, 25]. The axial compression is a process com-
monly found in exploitations of utility construc-
tion areas, aerial construction and automotive 
components. The essence of the work was to 
show the comparative state of strength, conduct-
ed on identical models of Z-shaped profiles, tak-
ing into account only the variable configuration 
of the layers of the laminate. The issue of stabil-
ity of the structure with varying configurations of 
layers in profiles with complex cross-sections is 
not an area which has been examined thoroughly 
enough. Taking the need for solutions that im-
prove the performance of structures, provides the 
basis for a detailed analysis of the critical state 
of load-bearing composite structures. The article 
presents numerical study of the critical state and 
the impact of using different layer systems on the 
stability and strength of the analyzed composite 
thin-walled profiles with constant cross-section. 
As part of the conducted studies both forms of 
buckling with associated critical loads and perfor-
mance characteristics of profiles in critical condi-
tion have been presented.

SUBJECT OF RESEARCH

The subject of the study was a thin-walled 
profile made of a composite carbon-epoxy 
composite characterized by a constant cross 
section. Thin-walled structure was made of 
unidirectional tape with regard to the carbon 
epoxy composite. The thickness of the single 
layer was 0.131 mm, the total thickness of the 
specimen due to the constituent of 8 layers of 
the laminate was slightly more than 1 mm. The 
mechanical properties of the single layer of the 
composite are related to the Young’s modulus 
in the direction of fiber – 130.71 GPa in a di-
rection perpendicular to the fiber 6.36 GPa, the 

Poisson’s ratio of 0.32, the Kirchhoff’s modu-
lus of 4.18 GPa, compression strength in the 
direction of fiber 1.531 GPa and perpendicular 
to the fiber 0214 GPa. Mechanical characteris-
tics determined through experimental methods 
helped further definition of the FEM model [2]. 
The design of the thin-walled Z-shaped cross-
section was presented in Figure 1.

The numerical model has been prepared us-
ing the FEM software - ABAQUS® [1]. Variable 
parameters within the framework of the analyzes 
was only the configuration of the composite lay-
ers . Within the operation, four different cases 
of arrangement of layers of the laminate were 
examined, [0/90/0/90]s, [90/0/90/0]s, [45/-
45/0/90]s and [90/0/-45/45]s. In the context of 
numerical calculations, only the first and, at the 
same time, the most likely to obtain a mode of 
buckling for each configuration of the laminate 
layers was determined. Numerical presentation 
of all the tested configurations layers alignment 
of the laminate were shown in Figure 2.

 
Fig. 1. Parameterized test sample
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METHODOLOGY OF THE RESEARCH

Numerical studies were restricted to the deter-
mination of the first form of buckling, obtainable 
in the most accurate way to the actual experimen-
tal research. The ability of design the properties 
of stiffness of the thin-walled composite profiles 
is relevant to proper operations of structures. Due 
to the occurrence of complex numerical analysis 
in the study of stability loss, FEM calculations 
were carried out based on the method of Newton-
Raphson, acting iterative algorithm for determin-
ing the approximate values of roots of the func-
tion describing the problem [26]. 

Possibility of influencing the formation of 
the elastic properties of composite structures 
is significant in order of proper handling of the 
objects, particularly when it is necessary to use 
thin-walled profiles depending specifically on 
the intended use. The analysis of critical state 
involved visualization of the first form of buck-
ling element. The purpose of the study of criti-
cal state based on the finite element method 
was to determine the critical load, under which 
buckling occurs. The effect of changes in the 

layers of the laminate on the carrying capacity 
of thin-walled composite structures and buck-
ling mode were studied. Boundary conditions 
of the models prepared for the finite element 
models calculations were defined considering 
the articulated attachment of the lower and up-
per edges of the profiles. The movement under 
load of the upper edges of the structure, was con-
ducted uniformly over the entire length of the 
model together with a progressive increase in the 
level defined by the unitary load. The following 
figure (Fig. 3) shows defined boundary condi-
tions with a unitary load in the example of the 
model and at the length of extrusion the profile  
at 150 mm.

The load of the model had been associated 
with the application of the unitary force to the up-
per edges, in order to determine the critical force 
under with the buckling structure operates. The 
solution of eigenvalue problem in terms of the 
critical work of the model was associated with 
clearly defined process of discretization of the 
numerical element. The discretization process 
was based on the use of eight-node S8R elements, 
characteristic for coating models having the 6 de-

 
Fig. 2. Cases of the configurations of the fibers laminate: 1) [0/90/0/90]s, 2) [90/0/90/0]s, 

3) [45/-45/0/90]s, 4) [90/0/-45/45]s
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grees of freedom in the nodes, with reduced inte-
gration, which are described by the squared func-
tion of shape. The reduced integration technique is 
associated with the removal of false forms of the 

deformation occurring in the calculation of higher 
order polynomial, in order to obtain average of 
correct results, under the condition of the stress-
displacement occurring at nodes [26]. The follow-
ing figure (Fig. 4) shows the form of the generated 
finite element mesh in the tested structure.

For the conducted discretization of the numer-
ical model, 1500 mesh elements with 4691 nodes 
was obtained. On the basis of the properly pre-
pared numerical models initial FEM analysis was 

 
Fig. 3. The boundary conditions of the numerical 

model

 
Fig. 4. Discrete model of the thin-walled composite 

structure

 
Fig. 5. Visualization of the first form of buckling: 1) profile configuration [0/90/0/90]s, 2) profile configuration 

[90/0/90/0]s, 3) profile configuration [45/-45/0/90]s, 4), the profile configuration [90/0/-45/45]s
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conducted in order to obtain the critical conditions 
from buckling, for each configuration of the fibers. 
The next stage was to determine the critical force 
within the studied numerical models.

THE RESULTS OF NUMERICAL ANALYSIS

On the basis of the properly defined aspects 
of buckling process, first forms of loss of stability 
occurring in composite structures were presented. 
The value of critical forces and the points of mea-
surement of profile’s deflection, depending on the 
configuration of the layers of the laminate were 
shown in Figure 5.

	 Based on the combined results, it is evi-
dent that the buckling mode varies depending on 
configuration of layers alignment. An additional 
result followed directly from the analysis was the 
critical force obtain for each case. Critical forces 
are the most important parameter possible to ob-
tain in the context of the critical state of thin-walled 
structures. A higher level of critical load indicates 
higher stiffness characteristics of the structure, 
while the lower level enhanced energy-intensive 
properties. The following table (Table 1) summa-
rizes the results of critical loads and the number of 

half-waves adequate for each of the used configu-
ration of arrangement of the layers of the laminate.

CONCLUSIONS

The paper presented the issues of stability 
of the working thin-walled profiles subjected to 
axial compression. The study based on the finite 
element method showed the impact of changes in 
configuration of layers in the laminate on criti-
cal force and buckling forms of the structure. The 
level of increased performance and reliability of 
thin-walled structures is possible by the control of 
the layer system. Depending on the requirements, 
there is the ability to design the properties of the 
thin-walled composite structure so that they are 
more rigid and energy-intensive. 

Based on the study the following conclusions 
were formed:
1.	 The change in configuration alignment in lay-

ers of the laminate has an impact on critical 
loads and the mode of buckling.

2.	 Via the variable configuration of the fiber in 
laminate, it is possible to obtain operating 
characteristics corresponding to the stiffer or 
more energy-absorbing structures.

Table 1. Summary of the results of numerical calculations for each layer configuration

[0/90/0/90]s [90/0/90/0]s [45/-45/0/90]s [90/0/-45/45]s

Half-waves 5 7 6 7

Critical force 7311,2 [N] 7227,6 [N] 12848 [N] 8440,7 [N]

 Fig. 6. Equilibrium paths of the tested profiles
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3.	 Buckling mode obtained in the study takes the 
same form of deformation for profiles of dif-
ferent heights.

4.	 The course of equilibrium paths in critical 
states determines the state of load-bearing ca-
pacity of structures.

The obtained FEM results show possibilities 
of in-depth study of deformation states and as-
sessment of the correct operation range of thin-
walled profiles in terms of the critical load. Nu-
merical analysis based on advanced simulation 
software, are a powerful tool enabling the study 
of the state of load capacity and material effort 
occurring in thin-walled structures under the in-
fluence of properly defined boundary conditions. 
Further research will be related to the assessment 
of structures in post-critical state and determina-
tion of potential areas of destruction under the in-
fluence of overloads affecting the structures.
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