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INTRODUCTION

Thin-walled (load-carrying) columns pro-
duced of composite materials represent a special 
group of structures that have special strength 
properties [1-3]. These structures occur in the 
form of thin-walled struts with open [4-6], and 
closed sections [7-9]. Usually such structures 
are made of GFRP [8-10] and CFRP-type com-
posite material [11-13]. These structures, espe-
cially those with closed sections, are designed to 
carry a load, especially a compressive load, after 
achieving the phenomenon commonly known as 
buckling [13-15]. The following phenomenon is 
characterized by a sudden change in the deforma-
tions form of the column under axial compressive 

loading conditions [16-18]. The buckling phe-
nomenon has been and continues to be of inter-
est to many researchers [19-21]. In most cases, 
the composite columns are able to carry the axial 
compressive force after losing stability (buck-
ling) [22-24]. Thin-walled composite structures 
are capable of carrying up to several times the 
critical load value [23]. By using an appropriate 
arrangement of laminate layers, it is possible to 
achieve higher critical forces as well as damage 
forces [23, 25-27]. In the area of science deal-
ing with the stability of thin-walled composite 
structures, the correct ability to determine critical 
forces – using experimental approximation meth-
ods – is significant [28, 29]. The commonly used 
approximation methods have been presented in 
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scientific papers on the literature of the subject 
[18, 28]. For numerical simulations using the 
FEM, the buckling is determined by solving a 
linear eigenproblem [23, 30]. The above makes 
it possible to both determine the critical load and 
buckling form of a thin-walled structure. This 
paper focuses exclusively on the correct deter-
mination of the critical state of thin-walled com-
posite struts made of CFRP, for which material 
properties have been determined experimentally 
and published in papers [31, 32]. Experimental 
studies were performed using a universal testing 
machine (UTM) and an Aramis optical system 
[17, 33, 34], with parallel numerical simulations 
performed in Abaqus® software [35]. The nov-
elty of the paper is primarily the simultaneous 
use of several independent test methods (uni-
versal testing machine, Aramis system, FEM 
numerical simulations) to evaluate the stability 
of compressed thin-walled struts - with closed 
cross-section. The scope of the research included 
the analysis of the buckling state of thin-walled 
composite structures. The further direction of the 
research will include a detailed analysis of the 
behavior of the structure, in the post-buckling 
state - taking into account the phenomenon of 
damage to the composite material. The main aim 
of the study was to determine the values of criti-
cal forces and the corresponding buckling modes 
for both experimental studies using one of the 
approximation methods [29] and numerical sim-
ulations. In the case of experimental studies, the 
approximation method of intersection of straight 
lines was used to determine critical loads, based 
on load-displacement/shortening characteristics, 
while in the case of numerical simulation, linear 
structural stability analysis was used. The study 
was prepared based on research conducted under 
the National Science Centre (Poland) – number 
of the project: 2021/41/B/ST8/00148.

THE SUBJECT OF THE STUDY

The subject of study was thin-walled struts, 
made of carbon-epoxy (CFRP) composite (using 
autoclave technique) with a laminate lay-up ar-
rangement [0°/45°/-45°/90°]s. The test specimens 
were marked as follows: A1_1, A1_2 and A1_3. 
All composite structures were manufactured from 
a special (unidirectional) prepreg tape CYCOM 
985-42%-HS-135-305. The 985 resin system 
was characterised by the volume proportion of 
the material was 42% resin, while the fibres used 
were high strength with a fibre weight of 135 g/m2 
(base strip width of 305 mm). All structures were 
autoclave-cured at 177 °C and 0.6 MPa overpres-
sure. The composite structures were manufactured 

Fig. 1. Test specimen

Table 1. Material properties of the CFRP material – average values (standard deviation)
Mechanical properties Strength properties

Young’s modulus e1 [MPa] 103014.11
(2145.73) Tensile strength ftu (0°) [MPa] 1277.41

(56.23)

Young’s modulus e2 [MPa] 7361.45
(307.97) Compressive strength fcu (0°) [MPa] 572.44

(46.20)

Poisson’s ratio v12 [-]
0.37

(0.17) Tensile strength ftu (90°) [MPa] 31.46
(9.64)

Kirchhoff modulus g12 [MPa] 4040.53
(167.35) Compressive strength fcu (90°) [MPa] 104.04

(7.34)

– – Shear strength fsu (45°) [MPa] 134.48
(2.71)
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with a very high level of care (accuracy as well as 
repeatability of the manufacturing process were 
maintained). Figure 1 shows an example of com-
posite profile for experimental testing.

The material parameters of the material were 
determined (on the basis of the ISO standards)
[36]. The procedure for determining material pa-
rameters is presented in the publication [31]. The 
properties of the CFRP material are shown in the 
Table 1 [31, 32].

The plan for the research work on the manu-
factured specimens, consisted of the preparation 
of an experimental test stand for testing the loss 
of stability (buckling) of the structure, as well as 
the development of the author’s numerical model 
- allowing faithful representation of the experi-
mental tests. As part of the experimental tests, 
equilibrium paths were determined, from which 
the values of critical loads were successively 
determined, as well as the forms of buckling of 
the structure were registered. In numerical sim-
ulations, by solving a linear eigenproblem, the 
critical state was determined – which in turn was 
compared with experimental results. For numeri-
cal simulation, the Abaqus® program based on the 
finite element method was used.

EXPERIMENTAL STUDIES

The experimental testing of the critical state 
was performed using a Zwick Z100 universal test-
ing machine [23, 35]. The tests were performed 
under conditions of constant traverse speed of 1 
mm/min. The study dealt with the determination 
of buckling loads [18, 28]. For this purpose, the 
method of intersection of straight lines was used, 
based on experimental load-displacement (short-
ening) curves [29]. The method involves approxi-
mating using straight lines (a linear function) the 
two effective ranges of the experimental charac-
teristics (curve) – the part of the curve before the 
change in its “stiffness”, where the characteristic 
bend occurs, and the part of the curve after the 
change in “stiffness”. The intersection point of 
the straight lines (which represent the approxi-
mation functions) dropped on the vertical axis 
within the load-displacement curve represents the 
approximate value of the critical load. The deter-
minant that represents the correct approximation 
of the experimental curve using the given approx-
imating functions is the correlation coefficient R2.  
In general the R2 coefficient means the correlation 

coefficient, which is a strongly generalized term. 
In practice, with respect to the research being 
conducted, the R2 coefficient is strictly concerned 
with trend lines. A trend line equation is a formula 
which finds the line that best fits the data points. 
The R-squared value measures the reliability of 
the trend line – as the R2 value is closer to 1, the 
better the trend line fits the data. This coefficient 
should be maintained at a minimum level R2 ≥ 
0.95 [18]. If the correlation coefficient for the ap-
proximation procedure used is higher, the more 
favorable the result becomes. The process of de-
termining the critical force value [29] initially 
comes down to solving the system of equations 
shown below (1):

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0

  

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�

  

𝑊𝑊 = �𝐴𝐴� 𝐵𝐵�
𝐴𝐴� 𝐵𝐵�

� = 𝐴𝐴� ∙ 𝐵𝐵� − 𝐴𝐴� ∙ 𝐵𝐵� 

𝑊𝑊� = �−𝐶𝐶� 𝐵𝐵�
−𝐶𝐶� 𝐵𝐵�

� = (−𝐶𝐶�) ∙ 𝐵𝐵� − (−𝐶𝐶�) ∙ 𝐵𝐵� 

𝑊𝑊� = �𝐴𝐴� −𝐶𝐶�
𝐴𝐴� −𝐶𝐶�

� = 𝐴𝐴� ∙ (−𝐶𝐶�) − 𝐴𝐴� ∙ (−𝐶𝐶�) 

�
𝑥𝑥 =

𝑊𝑊�

𝑊𝑊

𝑦𝑦 =
𝑊𝑊�

𝑊𝑊

  

(1)

where: A1 and A2 denote the values of the (direc-
tional) coefficients of the straight lines at x;  
B1 and B2 denote the values of the coef-
ficients at y;      
C1 and C2 denote the (numerical) values 
that determine the free expression of the 
linear function.

In order to determine the point of intersection, 
the notation resulting from equation (1) must be 
transformed to different form (2):

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0

  

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�

  

𝑊𝑊 = �𝐴𝐴� 𝐵𝐵�
𝐴𝐴� 𝐵𝐵�

� = 𝐴𝐴� ∙ 𝐵𝐵� − 𝐴𝐴� ∙ 𝐵𝐵� 

𝑊𝑊� = �−𝐶𝐶� 𝐵𝐵�
−𝐶𝐶� 𝐵𝐵�

� = (−𝐶𝐶�) ∙ 𝐵𝐵� − (−𝐶𝐶�) ∙ 𝐵𝐵� 

𝑊𝑊� = �𝐴𝐴� −𝐶𝐶�
𝐴𝐴� −𝐶𝐶�

� = 𝐴𝐴� ∙ (−𝐶𝐶�) − 𝐴𝐴� ∙ (−𝐶𝐶�) 

�
𝑥𝑥 =

𝑊𝑊�

𝑊𝑊

𝑦𝑦 =
𝑊𝑊�

𝑊𝑊

  

(2)

The resulting first-degree equations system 
with two unknowns, can be solved by the method 
known as determinants of matrices (3-5):

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0

  

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�

  

𝑊𝑊 = �𝐴𝐴� 𝐵𝐵�
𝐴𝐴� 𝐵𝐵�

� = 𝐴𝐴� ∙ 𝐵𝐵� − 𝐴𝐴� ∙ 𝐵𝐵� 

𝑊𝑊� = �−𝐶𝐶� 𝐵𝐵�
−𝐶𝐶� 𝐵𝐵�

� = (−𝐶𝐶�) ∙ 𝐵𝐵� − (−𝐶𝐶�) ∙ 𝐵𝐵� 

𝑊𝑊� = �𝐴𝐴� −𝐶𝐶�
𝐴𝐴� −𝐶𝐶�

� = 𝐴𝐴� ∙ (−𝐶𝐶�) − 𝐴𝐴� ∙ (−𝐶𝐶�) 

�
𝑥𝑥 =

𝑊𝑊�

𝑊𝑊

𝑦𝑦 =
𝑊𝑊�

𝑊𝑊

  

(3)

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0

  

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�

  

𝑊𝑊 = �𝐴𝐴� 𝐵𝐵�
𝐴𝐴� 𝐵𝐵�

� = 𝐴𝐴� ∙ 𝐵𝐵� − 𝐴𝐴� ∙ 𝐵𝐵� 

𝑊𝑊� = �−𝐶𝐶� 𝐵𝐵�
−𝐶𝐶� 𝐵𝐵�

� = (−𝐶𝐶�) ∙ 𝐵𝐵� − (−𝐶𝐶�) ∙ 𝐵𝐵� 

𝑊𝑊� = �𝐴𝐴� −𝐶𝐶�
𝐴𝐴� −𝐶𝐶�

� = 𝐴𝐴� ∙ (−𝐶𝐶�) − 𝐴𝐴� ∙ (−𝐶𝐶�) 

�
𝑥𝑥 =

𝑊𝑊�

𝑊𝑊

𝑦𝑦 =
𝑊𝑊�

𝑊𝑊

  

(4)

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0

  

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�

  

𝑊𝑊 = �𝐴𝐴� 𝐵𝐵�
𝐴𝐴� 𝐵𝐵�

� = 𝐴𝐴� ∙ 𝐵𝐵� − 𝐴𝐴� ∙ 𝐵𝐵� 

𝑊𝑊� = �−𝐶𝐶� 𝐵𝐵�
−𝐶𝐶� 𝐵𝐵�

� = (−𝐶𝐶�) ∙ 𝐵𝐵� − (−𝐶𝐶�) ∙ 𝐵𝐵� 

𝑊𝑊� = �𝐴𝐴� −𝐶𝐶�
𝐴𝐴� −𝐶𝐶�

� = 𝐴𝐴� ∙ (−𝐶𝐶�) − 𝐴𝐴� ∙ (−𝐶𝐶�) 

�
𝑥𝑥 =

𝑊𝑊�

𝑊𝑊

𝑦𝑦 =
𝑊𝑊�

𝑊𝑊

  

(5)

In the case that the aforementioned lines are 
not parallel (W ≠ 0), the system of equations (is 
marked) has exactly one solution (6):

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0

  

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�

  

𝑊𝑊 = �𝐴𝐴� 𝐵𝐵�
𝐴𝐴� 𝐵𝐵�

� = 𝐴𝐴� ∙ 𝐵𝐵� − 𝐴𝐴� ∙ 𝐵𝐵� 

𝑊𝑊� = �−𝐶𝐶� 𝐵𝐵�
−𝐶𝐶� 𝐵𝐵�

� = (−𝐶𝐶�) ∙ 𝐵𝐵� − (−𝐶𝐶�) ∙ 𝐵𝐵� 

𝑊𝑊� = �𝐴𝐴� −𝐶𝐶�
𝐴𝐴� −𝐶𝐶�

� = 𝐴𝐴� ∙ (−𝐶𝐶�) − 𝐴𝐴� ∙ (−𝐶𝐶�) 

�
𝑥𝑥 =

𝑊𝑊�

𝑊𝑊

𝑦𝑦 =
𝑊𝑊�

𝑊𝑊

  (6)

where: x and y constitute the coordinates of the 
intersection point of the straight lines.
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The critical point, determined in the above 
mentioned method (with x and y coordinates), 
according to equation (6), determines the critical 
force value. The above-presented procedure for 
determining approximate values of critical loads 
(as presented in more detail in the papers [28, 29]) 
was applied to all specimens. A graphical repre-
sentation of the critical (buckling) load determi-
nation method is shown in Figure 2.

In the experimental study, both the universal 
testing machine and the Aramis 2D optical struc-
tural deformation measurement system were used 
[37, 38]. During the experimental investigations, 
the load applied to the composite strut and the 

displacement of the crosshead was registered in 
real time - which allowed the determination of the 
previously described critical load values. The test 
specimens for experimental testing were placed 
in the central part (in the center) of the testing ma-
chine heads having flat working surfaces parallel 
to each other, thus realizing the axial compression 
process of the structure. In addition, the use of 
the Aramis 2D system made it possible to register 
the deformation of the structure, using the digital 
image correlation (DIC) method. The test stand is 
presented in Figure 3.

Furthermore, a special red mat – which pro-
vided the background of the actual experimental 

Fig. 2. Determination of critical load

Fig. 3. Experimental test stand: a) experimental test heads with specimen, b) general 
view of the test stand - Zwick Z100 testing machine with Aramis 2D system

a) b)
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specimens - was used in the experimental studies. 
The aforementioned red mat, made it possible to 
correctly record the deformation of the column us-
ing the Aramis 2D (optical deformation measure-
ment) – where there were no reflection effects, in 
close vicinity of the test specimen area.The above 
approach made it possible to eliminate any nega-
tive optical effects as part of the registration of the 
deformation of the structure, where the red back-
ground absorbed any brightness resulting from the 
use of the aforementioned optical system.

NUMERICAL SIMULATIONS

Finite element method simulations were 
conducted using the Abaqus. The prepared nu-
merical model enables the simulation of the phe-
nomenon of structural stability – with particular 
emphasis on the buckling phase of the column, 
on the basis of the solution of a linear eigenprob-
lem. The above, made it possible to determine 
the buckling (mode) form and the corresponding 
critical force [23]. The relationship that enables 
the determination of the buckling load is shown 
in equation (7) [23]:

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 + 𝐶𝐶� = 0

  

�𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�
𝐴𝐴�𝑥𝑥 + 𝐵𝐵�𝑦𝑦 = −𝐶𝐶�

  

𝑊𝑊 = �𝐴𝐴� 𝐵𝐵�
𝐴𝐴� 𝐵𝐵�

� = 𝐴𝐴� ∙ 𝐵𝐵� − 𝐴𝐴� ∙ 𝐵𝐵� 

𝑊𝑊� = �−𝐶𝐶� 𝐵𝐵�
−𝐶𝐶� 𝐵𝐵�

� = (−𝐶𝐶�) ∙ 𝐵𝐵� − (−𝐶𝐶�) ∙ 𝐵𝐵� 

𝑊𝑊� = �𝐴𝐴� −𝐶𝐶�
𝐴𝐴� −𝐶𝐶�

� = 𝐴𝐴� ∙ (−𝐶𝐶�) − 𝐴𝐴� ∙ (−𝐶𝐶�) 

�
𝑥𝑥 =

𝑊𝑊�

𝑊𝑊

𝑦𝑦 =
𝑊𝑊�

𝑊𝑊

  

�𝐾𝐾��� + 𝜆𝜆�𝐾𝐾∆���𝑣𝑣�� = 0 (7)

where: K0
NM signifies the structural stiffness matrix 

(corresponding to the base state, which 
includes the effects of the preloads PN);  
KΔ

NM signifies the differential (initial) stress 
as well as load stiffness matrix caused 
by the incremental loading pattern (QN);  
λi signifies the eigenvalues;   
vi

M denote the buckling mode shapes – 
eigenvectors (vi

M are normalized vectors 
- so that the maximum component of the 
displacement is 1.0);     
M and N refer to degrees of freedom 
(M and N of the developed model);  
i refers to the ith buckling form (mode). 
Furthermore, the critical loads represent 
then PN + λiQN. 

A detailed description of the linear solution of 
the eigenproblem is presented in the paper [39], 
where relation (7) is presented in a slightly dif-
ferent form. 

The numerical model included both a com-
posite specimen and plates that reflected the flat 
surfaces of the test machine heads. The composite 
specimen consisted of 8 layers [0°/45°/-45°/90°]s 

and was modeled using the LayUp Ply technique, 
where a discrete model of the structure was de-
fined using Continuum Shell elements (SC8R 
– 8-node finite elements with 3 translational de-
grees of freedom – at each node). In the case of 
elements that constitute non-deformable plates, 
shell elements of type R3D4 were used (having 4 
nodes per finite element and 6 degrees of freedom 
– at each node – 3 translational/3 rotational). The 
mesh density for the composite structure was 2 
mm while for the non-deformable panels it was 
2.5 mm. The total number of finite elements (FE) 
assigned to the system under study, i.e. the com-
posite specimen and two non-deformable plate 
structures (representing the top and bottom sup-
port), was 10320 (9200 SC8R-type FE and 1120 
R3D4-type elements) and 19802 computational 
nodes. Contact relations were used between the 
plates and the composite structure, taking into ac-
count contact interactions [40, 41] in the normal 
as well as tangential directions (with a friction 
0.2). Boundary conditions were assigned to ref-
erence points (RPs) coupled to non-deformable 
plates, where in the case of the bottom plate, all 
degrees of freedom were blocked, while the top 
plate had only the ability to move according to 
the direction of the Z-axis (in order to simulate 
the compression phenomenon). A unit load (in the 
form of a concentrated force) was applied to the 
top plate. The above approach, in the case of the 
conducted analysis of the eigenproblem (Linear 
Perturbation - Buckle), allowed to determine the 
critical forcevalue and the form of buckling of 
the structure corresponding to this load. The nu-
merical model used an orthotropic Lamina-type 
material model, the properties of which were the 
same as the material parameters determined ex-
perimentally and presented in the previously pre-
sented Table 1. The numerical model is presented 
in Figure 4.

RESEARCH RESULTS

In the framework of the tests, results were ob-
tained enabling the determination of the buckling 
state. In the case of experimental studies, the criti-
cal forces values were determined using the (ap-
proximation) method of intersection of straight 
lines, as well as the form of buckling of the struc-
ture corresponding to the critical force was reg-
istered. The experimentally determined values of 
critical loads are presented in Figure 5.
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For the actual experimental specimens, the 
determined critical load values were, respective-
ly: A1_1 – 23808 N, A1_2 – 23606 N and A1_3 – 
23311 N. With reference to the study, the average 
value of the experimentally determined critical 
load Pcr = 23575 N was specified.

Regarding the experimental studies, the form 
of buckling was registered, among other things, 
using an optical system for measuring the defor-
mation of structures - Aramis 2D (two-dimension-
al version). Through the use of special settings of 
the Aramis 2D system and the application of a 

special median filter as part of the visualization of 
the results, it was possible to capture a graphical 
representation of the buckling of the actual struc-
ture. The above, made it possible to capture the 
form of buckling of the structure when the critical 
force is reached. The experimentally registered 
form of buckling is shown in Figure 6.

In the case of the tested structure with a lay-
up [0°/45°/-45°/90°]s the buckling form of the 
strut was registered, in which 4 half-waves were 
observed – in the longitudinal direction of the 
column.

Fig. 4. Graphical presentation of the numerical model

c)

b)a)

Fig. 5. Experimentally determined critical load: a) specimen A1_1, b) specimen A1_2, c) specimen A1_3
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Simultaneously conducted FEM simulations 
made it possible to define both the value of the 
critical force and the buckling mode correspond-
ing to this load. The above was obtained by solv-
ing a linear eigenvalue problem. The obtained 
buckling mode for the composite strut and the 
critical force value are shown in Figure 7.

Regarding the numerical simulations, simi-
lar results were obtained as in the experimental 
tests. The critical forcevalue was 24501 N, while 

the form of buckling was the same as the one 
obtained at the stage of experimental testing - 
where 4 half-waves were also registered in the 
longitudinal direction of the structure. The criti-
cal load obtained using the numerical simulation 
was 1.04 times higher than the average value of 
the critical load obtained from the experimental 
studies. The slight difference between the criti-
cal load values represents the high agreement of 
the FE model, correctly validated by the experi-
mental findings.

Further research direction will include stabil-
ity analysis of already manufactured composite 
structures, under the project from the National 
Science Centre (project number 2021/41/B/
ST8/00148) for other lay-ups of composite ma-
terial. Moreover, other cross-sectional shapes of 
composite columns will be analyzed, as well as 
research will be carried out in terms of the load 
carrying capacity (failure) of the structures, us-
ing interdisciplinary experimental research tech-
niques and advanced numerical models – taking 
into account the phenomenon of failure.

CONCLUSIONS

The research presented in the present paper 
is a preliminary study on the stability problem 
of thin-walled composite struts with closed sec-
tions. In the course of the research, the problem of 

b)a)
Fig. 6. Loss of structural stability (Buckling) - experimental studies

Fig. 7. Loss of structural stability 
(buckling) - numerical studies
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buckling of structures made of CFRP-composite 
was analyzed. The measurable effect of the tests 
was the determination of the values of buckling 
loads and the buckling form in the case of actual 
structures and in the case of a numerical model.  
It was observed that:
 • it is possible to determine the approximate 

value of the critical load using the experimen-
tal approximation method of intersection of 
straight lines, based on the load-displacement 
characteristics (shortening of the structure);

 • it is possible to qualitatively assess the form 
of buckling using the Aramis 2D (DIC), vali-
dated by FEM simulation results;

 • it is possible to develop a numerical model, 
using FEM, allowing to faithfully reproduce 
both the experimentally obtained form of 
buckling and to obtain an approximate value 
of the buckling load.

Based on the axial compression tests of thin-
walled composite structures, it was determined 
that there was a slight discrepancy in the criti-
cal load, between the experimental tests and the 
FEM simulation. The buckling load obtained in 
the numerical simulation was only 1.04 times 
higher than the average value of the critical load 
obtained in the experimental tests. Qualitatively, 
the number of half-waves of the column equal 
to 4 was the same for experimental testing and 
FEM simulation. The above demonstrates the 
high quality of the developed numerical model. 
Further research will be an expansion of the 
current investigations both in the context of 
stability, but especially in the context of fail-
ure of thin-walled struts made of CFRP mate-
rials with closed sections. Further research will 
make use of additional testing apparatus, such 
as the acoustic emission method and digital mi-
croscope [5, 42, 43] in order to conduct further 
studies of the stability and load carrying capac-
ity of the structure [44, 45].
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