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Abstract: The purpose of this study was to carry out an experimental-numerical research of the influence of the composite layer system  
on the compressive strength of thin-walled eight-layer composite profiles with closed sections. The subjects of the study were thin-walled 
composite profiles made of carbon-epoxy composite by autoclave technique. The experimental studies utilized a universal testing machine, 
an optical deformation measurement system, and a digital microscope with a mobile working head. In parallel with the experimental studies, 
numerical simulations were conducted using the finite element method. Both the experimental studies and numerical simulations focused 
primarily on assessing the phenomenon of load-carrying capacity loss. The numerical simulations employed progressive damage analysis, 
which enabled the analysis of the obtained post-critical equilibrium paths. The research was conducted as part of a project funded  
by the National Science Centre, project no. 2021/41/B/ST8/00148. 
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1. INTRODUCTION 

Thin-walled composite structures are widely used in many in-
dustries due to their relatively high strength and stiffness while 
maintaining low weight and ability to operate in harsh operating 
conditions [1]. These structures, especially those with closed sec-
tions, are mainly designed to carry compressive loads [2,3]. A de-
sirable and common feature of this type of structure is the ability to 
carry compressive loads even after loss of stability, i.e. after buck-
ling has occurred. In most cases, buckling does not significantly af-
fect the ability to carry the load in the covered state (i.e., the state 
after buckling has occurred), since the redistribution of stresses in 
the loaded structure leads to a change in its deformation, which 
does not significantly reduce the ability to continue working under 
load conditions. The ability to carry higher loads than those causing 
buckling significantly increases the operational safety of such struc-
tures [4-7]. Some laminates with appropriately selected geometric 
parameters and ply arrangement are capable of carrying up to sev-
eral times the buckling load. Increasing the load after buckling can 
lead to such phenomena as the initiation and propagation of fiber 
and matrix damage, delamination, and, as a further consequence, 
increasing the load can lead to a loss of load carrying capacity, that 
is, the ability of the structure to carry the load due to the develop-
ment of structural damage [8,9]. 

The geometry of the cross-section of a composite profile has a 
direct impact on its strength, stiffness and load response character-
istics. There are two basic varieties of composite profiles: closed 
cross sections [2,3,10] and open cross sections [10-12]. Studies 
have shown that composites with closed sections have higher 
strength and significantly higher stiffness compared to profiles with 
open sections. The higher stiffness is due to higher structural integ-
rity, resulting in better stress distribution and higher resistance to 

torsional effects. As a result, these profiles have higher structural 
stability [13-15]. 

The layer arrangement and their quantity have a significant im-
pact on the stability and strength of the structure. These properties 
directly determine the behavior of the loaded structure and its re-
sistance to damage, such as matrix and reinforcement cracking and 
tearing, as well as resistance to delamination. In most cases, in-
creasing the number of layers enhances the structure's load re-
sistance; however, as the number of layers grows, the total mass 
of the structure also increases [16-18]. Therefore, an important as-
pect is the careful selection of the number of layers and their con-
figuration to optimize the strength properties of the profile. 

This article focuses on conducting a comparative analysis of 
the impact of layer arrangement on the phenomenon of failure and 
the load-carrying capacity of three types of composite columns. 
These columns, made from carbon-epoxy composite, feature dif-
ferent layer arrangements but have identical cross-sectional geom-
etries. The assessment of the influence of layer configuration on 
load-carrying capacity was performed using several independent 
research methods. Experimental tests were conducted using inter-
disciplinary techniques such as a universal testing machine, an op-
tical deformation measurement system, and acoustic emission 
monitoring. Computer simulations were carried out using the finite 
element method in Abaqus® software. The material properties of 
the analyzed structures were experimentally determined in the fol-
lowing studies [13,19] 

The novelty of this work lies in the analysis of the impact of layer 
arrangement on load-carrying capacity across three configurations 
with identical closed cross-sections. Experimentally obtained re-
sults were compared with those derived from numerical simula-
tions. The primary aim of the study was to compare load-carrying 
capacities across the three different layer arrangements. 
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2. RESEARCH OBJECT 

The thin-walled composite structures studied were made of car-
bon-epoxy composite CFRP by autoclave technique, using CY-
COM 985-42%-HS-135-305 prepreg tape [20]. This tape is charac-
terized by a width of 305 mm, a volume content of type 985 resin of 
42% and a carbon fiber reinforcement with a density of 135 g/m2.  
The tested structures were made by winding the prepreg onto an 
inner core with winding angles corresponding to the ply configura-
tion. Curing of the composite structure in an autoclave was carried 
out at a temperature of 177°C and a pressure of 0.6 MPa. A de-
tailed description of the process of manufacturing composite sec-
tions with closed sections was presented in the article [21], on the 
basis of which the present samples were made. Full-load tests were 
carried out for three different layer configurations in the composite, 
analyzing the following layer arrangements: 1 – [0/90/0/90]s; 2 – 
[45/-45/90/0]s; 3 – [90/-45/45/0]s. For each layer configuration in 
the composite, three actual samples were produced and used in 
experimental studies, with the following overall dimensions (in mm): 

 
Fig. 1. Overall dimensions of test specimen 

Tab. 1.  Material properties of the carbon–epoxy composite:average 
values with standard deviation from a number of material test 
trials more extensively described in papers [13,19] 

Mechanical properties Strength parameters 

Young’s modulus 
E1 (MPa) 

103014.11 
(2145.73) 

Tensile strength (0°)  
Ftu (MPa) 

1277.41 

(56.23) 

Young’s modulus 
E2 (MPa) 

7361.45 
(307.97) 

Compressive strength 
(0°) Fcu (MPa) 

572.44 

(46.20) 

Poisson’s ratio 
υ12 [-] 

0.37 

(0.17) 

Tensile strength (90°)  
Ftu (MPa) 

31.46 

(9.64) 

Kirchhoff 
modulus G12 

(MPa) 

4040.53 
(167.35) 

Compressive strength 
(90°) Fcu (MPa) 

104.04 

(7.34) 

 Shear strength (45°) 
Fsu (MPa) 

134.48 

(2.71) 

In order to develop numerical models that represented the ac-
tual structures faithfully, it was necessary to determine the mechan-
ical and strength parameters of the material from which the test 
specimens were made. This allowed the analysis of the structure's 
load-carrying capacity and numerical simulations to be carried out 
in the post-buckling range up to complete failure. The material prop-
erties, shown in Table 1, were determined in accordance with cur-
rent ISO standards using static strength tests. A detailed 

description of the procedure for determining material parameters is 
presented in the article [13]. Numerical models corresponding to 
the actual structures were developed with a Lamin-type orthotropic 
model using the determined material properties, using the commer-
cial software Abaqus. This made it possible to compare the results 
and behavior of the numerical models with experimental results. In 
the present study, the effect of mechanical couplings, such as tor-
sion and bending of the composite structure, were not considered 
due to their negligible effect on the operation and behavior of the 
loaded real structure [22-24]. 

3. EXPERIMENTAL STUDIES 

Experimental studies were carried out at the same time using 
several interdisciplinary research methods. The basic tool used in 
the experimental research was a Zwick Z100 universal testing ma-
chine [25], which allows recording the behavior of the structure in 
the covered state until it loses its load-carrying capacity, i.e. the 
structure's ability to carry the load. Tests carried out with a constant 
feed rate of the head of the strength machine of 1mm/min at room 
temperature. Axial compression tests were carried out by placing 
specimens between special working heads whose flat platforms 
(crossheads) maintain parallelism throughout the experimental 
tests. During testing with the testing machine, the Aramis 2D optical 
deformation measurement system was used. This system allowed 
non-contact recording of the deformation of the specimen under 
compression, which eliminates the possibility of interference and 
measurement inconsistencies arising from contact between the 
measuring tool and the test piece. The operation of this system is 
based on the principle of Digital Image Correlation (DIC). The use 
of this measurement system in the present study made it possible 
to record phenomena such as buckling but especially failure, which 
was the focus of the study. Graphical representation of defor-
mations provided a more detailed understanding of the nature of 
the damage phenomenon. In order to eliminate unwanted image 
overexposure of the recorded composite columns, filters were used 
to absorb excess light that could adversely affect the quality of the 
obtained images. This allowed the elimination of unfavorable opti-
cal effects and reflections. In addition, LED reflectors were used to 
ensure uniform illumination and adequate brightness, which elimi-
nated the problem of uneven illumination [26,27]. 

Fig. 2. Test stand 

  
 
Also used in the research was a Keyence VHX-970F digital mi-

croscope with a movable head mounted on an articulated arm, 
which allows observation of defects to identify and evaluate them. 
This microscope included a VHX-A97FP control console, VHX-
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H5M 3D measurement software, VHX-7020 camera, VH-Z20T 
zoom lens (magnification 20×÷200×), VH-Z00T zoom lens (magni-
fication 0×÷50×) and VHX-S600E tripod. The use of this device 
made it possible to record high-resolution images on which various 
forms of damage can be observed, such as warp and fiber discon-
tinuity and material delamination [28,29]. 

4. NUMERICAL SIMULATIONS 

Numerical studies were carried out using the Finite Element 
Method (FEM). Numerical simulations were performed using the 
commercial software Abaqus. For each structure analyzed, dedi-
cated numerical models were developed, faithfully reproducing ac-
tual structures and experimental tests, based on the „Lamina” type 
modeling method using the material data shown in Table 1. The 
material model used in the numerical simulations (Lamina modeling 
type) enabling an orthotropic approach in composite material mod-
eling. Material properties determined experimentally (shown in Ta-
ble 1) were implemented under Elastic type properties and Fail 
Stress type properties. The models represented an eight-layer 
composite made of carbon-epoxy CFRP material, with layers of 
equal thickness arranged in three different lay-ups:  
1 - [0/90/0/90]s, 2 - [45/-45/90/0]s and 3 - [90/-45/45/0]s. In order to 
represent the experimental studies, the traverses of the universal 
testing machine, modeled as non-deformable shell elements, were 
modeled in the numerical model, which made it possible to incor-
porate boundary conditions into the numerical model. A numerical 
model of the composite structure was placed between the non-de-
formable shell elements. Discrete models of the composite struc-
tures were designed using Continuum Shell with SC8R-type finite 
elements (eight-node general-purpose shell elements with three 
degrees of freedom (translations) at each node). The traverses of 
the universal testing machine were modeled using Shell elements 
of type R3D4 (four-node elements with six degrees of freedom, i.e., 
three translational and three rotational). The global mesh density of 
the discrete composite column model was 2 mm, and the compo-
site structure model consisted of 9200 finite elements. For the dis-
crete model of plate elements, the global mesh density was 2.5 mm, 
and the model consisted of 1120 finite elements.  

The FEA-based study used SC8R-type finite elements due to 
significantly more favorable test results than either S4R or S8R-
type shell elements. Due to the high stiffness of the composite pro-
files, the composite modeling technique using SC8R (Continuum 
Shell) type elements made it possible to obtain higher convergence 
in terms of both structural stability and load carrying capacity. 

To represent the correct interaction between the composite el-
ement and plate elements, contact relations were defined, taking 
into account contact interaction in the normal and tangential direc-
tions. In order to provide the correct interaction between the mating 
surfaces of the elements, especially in the post-buckling condition, 
the effect of frictional interaction in the tangential direction was 
taken into account. A “penalty” contact type was used, with a friction 
coefficient value of 0.2. Contact in the normal direction was mod-
eled using a so-called “hard” contact of the normal-overclosure 
type, which allows separation of elements during the course of the 
numerical analysis. 

To reproduce the experimental conditions, boundary conditions 
were defined at reference points coupled to non-deformable shell 
elements. For the lower plate, all degrees of freedom of the refer-
ence point were locked. On the other hand, for the upper plate, re-
alizing axial compression of the material, the direction on the Z-axis 

was left unrestrained, making it possible to introduce displacement 
of the reference point - thus simulating the phenomenon of axial 
compression of the composite structure. 

 
Fig. 3. Numerical model with boundary conditions 

Numerical research was carried out in two stages, and in the 
first stage a model was developed to enable buckling state analy-
sis, in which the force and buckling form of the structure were de-
termined based on the minimum potential energy criterion. The so-
lution of the linear eigenproblem is presented in Eq. (1), and its de-
tailed description is contained in the works [2,8]. 

(𝐾0
𝑁𝑀 + 𝜆𝑖𝐾𝛥

𝑁𝑀)𝜈𝑖
𝑀 = 0                                                            (1) 

where: 𝐾0
𝑁𝑀 - structural stiffness matrix, equivalent to the initial 

condition, which includes the effects of preloads PN), 𝐾𝛥
𝑁𝑀 - the 

differential matrix of initial stress and load stiffness resulting from 

the incremental loading pattern (QN), 𝜆𝑖 – is the eigenvalues, 𝜈𝑖
𝑀 - 

represents the buckling mode, known as the eigenvectors, M and N 
- the degrees of freedom of the entire model, i - buckling form 
(mode). The critical load is represented by the equation: 𝑃𝑁 +
𝜆𝑖𝑄

𝑁. 
The present study didn't focus on the first stage of the research. 

This stage only served to correctly conduct the target nonlinear 
structural capacity calculations based on the obtained forms of loss 
of stability. The target, and the one on which the work focused, 
stage of numerical research was to conduct nonlinear stability anal-
ysis of the structure. In the present analysis, the obtained forms of 
loss of stability were used and geometric imperfections were taken 
into account in order to correctly carry out the nonlinear load capac-
ity analysis. This approach makes it possible to reproduce imper-
fections in the shape of real structures that arise during the manu-
facturing process. Load simulations in the full load-carrying range 
were carried out using the Newton-Raphson method, an incremen-
tal-iterative method that allows analysis of the structure's behavior 
in the covered state, taking into account the phenomenon of deg-
radation of the structure's stiffness due to damage initiation and 
evolution. The method used has enabled the use of an advanced 
material degradation model known as Progressive Failure Analysis 
(PFA). Using the Progressive Failure Analysis model [30], taking 
into consideration the damage initiation criterion based on the 
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Hashin criterion [31,32], and the damage evolution criterion based 
on the energy criterion [33,34]. This made it possible to carry out a 
numerical analysis, taking into account the adverse effects of dam-
age caused by loading the structure on the load carrying capacity 
of composite structures. The damage initiation condition is 
achieved when any of the following equations reaches a value of 1: 

𝐹𝑓
𝑡 = (

𝜎̂11

𝑋𝑇)
2

+ 𝛼 (
𝜏̂12

𝑆𝐿 )
2

= 1, (𝜎1̂1 ≥ 0),                                 (2) 

𝐹𝑓
𝑐 = (

𝜎̂11

𝑋𝐶 ) , (𝜎1̂1 < 0),                                                    (3) 

𝐹𝑚
𝑡 = (

𝜎̂22

𝑌𝑇 )
2

+ (
𝜏̂12

𝑆𝐿 )
2

= 1, (𝜎2̂2 ≥ 0),                                      (4) 

𝐹𝑚
𝑐 = (

𝜎̂22

2𝑆𝑇)
2

+ [(
𝑌𝐶

2𝑆𝑇)
2

− 1]
𝜎̂22

𝑌𝐶 + (
𝜏̂12

𝑆𝐿 )
2

= 1, (𝜎2̂2 < 0),          (5) 

where: 𝑋𝑇and 𝑋𝐶- tensile and compressive strength in the direc-

tion along the fibers, 𝑌𝑇and 𝑌𝐶 - tensile and compressive strength 

in the direction perpendicular to the fibers, 𝑆𝐿 and 𝑆𝑇 - shear stre-
ngth in the direction along and transverse to the fibers, 𝛼 - effect of 

shear stress, 𝜎̂11, 𝜎̂22, 𝜏̂12 - the components of the effective stress 
tensor. 

Damage is defined as the loss of effective cross-sectional area 
[35], so in order to describe the phenomenon of damage, the dam-
age coefficient d was presented in scalar form. A value of this co-
efficient of 0 indicates that no damage has occurred, while reaching 
a value of 1 indicates damage to the structure. The effective stress 
is defined as [36]: 

𝜎̂ = 𝑀𝜎 =

[
 
 
 
 

1

1−𝑑𝑓
0 0

0
1

1−𝑑𝑚
0

0 0
1

1−𝑑𝑠]
 
 
 
 

{

𝜎11

𝜎22

𝜏12

}                                                     (6) 

where: 𝜎̂ – effective tension, 𝜎 – apparent tension (Cauchy nomi-
nal), 𝑑 - damage parameter: fiber, matrix and shear damage, 𝑀 - 
damage operator, 𝜎𝑖𝑗 - stresses on the appropriate directions. 

A model accounting for the degradation of the stiffness matrix 
coefficients was applied for the analysis of anisotropic materials re-
inforced with long continuous fibers. Based on equation (6) and the 
quantitative analysis of the Poisson’s ratio degradation [36], the 
compliance matrix, considering the damage, can be expressed as: 

𝐹 =

[
 
 
 
 

1

(1−𝑑𝑓)𝐸1
−

𝑣12

𝐸2
0

−
𝑣12

𝐸1

1

(1−𝑑𝑚)𝐸2
0

0 0
1

(1−𝑑𝑠)𝐺12]
 
 
 
 

                                               (7) 

The damaged stiffness matrix can be expressed as: 

𝐶 =
1

𝐴
[

(1 − 𝑑𝑓)𝐸1 (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝑣12𝐸1 0

(1 − 𝑑𝑓)(1 − 𝑑𝑚)𝑣12𝐸2 (1 − 𝑑𝑓)𝐸2 0

0 0 𝐴(1 − 𝑑𝑠)𝐺12

]    (8) 

The parameter A in the equation is expressed as: 

𝐴 = 1 − 𝑣12𝑣21(1 − 𝑑𝑓)(1 − 𝑑𝑚)                                                (9) 

In the case where damage initiation has occurred in the com-
posite material (i.e., when any of the above equations are satisfied), 
further loading of the composite structure results in damage evolu-
tion, leading to the gradual degradation of the composite structure’s 

stiffness until the loss of load-carrying capacity. Below are the pa-
rameters related to the destruction phenomenon, and a detailed de-
scription of the damage evolution phenomenon has been presented 
in the following articles [8,25]. 

𝑑𝑓 = {
𝑑𝑓

𝑡 , 𝑖𝑓 𝜎1̂1 ≥ 0

𝑑𝑓
𝑐 , 𝑖𝑓 𝜎1̂1 < 0

                                                                  (10) 

𝑑𝑚 = {
𝑑𝑚

𝑡 , 𝑖𝑓 𝜎2̂2 ≥ 0

𝑑𝑚
𝑐 , 𝑖𝑓 𝜎2̂2 < 0

                                                                (11) 

𝑑𝑠 = 1 − (1 − 𝑑𝑓
𝑡)(1 − 𝑑𝑓

𝑐)(1 − 𝑑𝑚
𝑡 )(1 − 𝑑𝑚

𝑐 )                          (12) 

where: 𝑑𝑓 – fiber damage parameter, 𝑑𝑚 – matrix damage para-

meter, 𝑑𝑠 – shear damage parameter. 
When the damage initiation condition is realized, further loading 

of the thin-walled composite column will lead to degradation of the 
material's stiffness parameters. To allow simulation of the evolution 
of this phenomenon, it is necessary to introduce additional parame-
ters of the damage energy. This process is controlled by damage 
variables, and its evolution is based on the fracture energy 𝐺𝑐, 
which is released during damage propagation. In the context of da-
mage evolution, it is required to determine the energy parameters 

𝐺𝑐
𝑓𝑡

, 𝐺𝑐
𝑓𝑐

, 𝐺𝑐
𝑚𝑡 and 𝐺𝑐

𝑚𝑐, which represent the energies dissipated 

during damage for the tension and compression of the fiber and 
matrix. Damage evolution begins when the initiation criterion based 
on Hashin's criterion is met, which allows progressive failure analy-
sis (PFA) to be performed, as detailed shown in the literature [8,25]. 

5. RESEARCH RESULTS 

The application of experimental and numerical research meth-
ods enabled the assessment of the impact of layer configuration on 
the load-carrying capacity of thin-walled composite structures. Uti-
lizing interdisciplinary research methods allowed for determining 
the maximum loads that the analyzed structures can withstand. The 
studies conducted with the use of a universal testing machine facil-
itated the determination of experimental equilibrium paths, which 
served as the basis for calculating maximum load capacities (Pf). 
Three different layer configurations were compared, with three ac-
tual structures prepared and tested for each case. The experimen-
tally determined equilibrium paths and those calculated using the 
finite element method were collated and presented in Figure 4, 
providing a graphical representation of the differences among the 
results. The maximum load values obtained through experimental 
and numerical methods are presented in Table 2. All units of the 
obtained results have been presented in Newtons (N). The rec-
orded strain results, obtained via the Aramis 2D optical deformation 
system and expressed as percentages, are presented with an ac-
curacy of three decimal places. 

The tests carried out showed that configuration 1 had the hi-
ghest experimentally determined average limit (failure) load value, 
achieving about 1.30 times the load of the lowest observed average 
load-carrying capacity for configuration 3, and nearly 1.17 times the 
load of the average load-carrying capacity observed for configura-
tion 2 (in experimental tests). Similar trends were observed in the 
numerical analyses, where the same samples achieved the highest 
and lowest load-carrying values. The numerical simulations confir-
med the results of the experimental studies, indicating that the fai-
lure load for configuration 1 was 1.27 times higher than for configu-
ration 3 and approximately 1.17 times higher than for configuration 
2. 



DOI 10.2478/ama-2025-0022                                                                                                                                                          acta mechanica et automatica, vol.19 no.2 (2025)                                                                                                                                                                                                                                                                       

193 

 
Fig. 4. Summary of post-buckling equilibrium paths 

Tab. 1. Failure force values obtained experimentally and numerically 

      Spec. 
No 

 
Lay-up                        

1 (N) 2 (N) 3 (N) 
EXP 

Avg.Value 
(N) 

FEM 
(N) 

 

[0/90/0/90]s 39799.60 39150.57 40573.07 39841.08 40462.60  

[45/-45/90/0]s 33661.53 34416.62 34364.65 34147.60 34456.80  

[90/-45/45/0]s 29448.82 31415.54 31172.51 30678.96 31884.60  

 
The conducted studies demonstrated a high level of agreement 

between the results obtained from experimental tests and numeri-
cal simulations, both qualitatively and quantitatively. The analysis 
of the equilibrium paths showed a good correlation between the 
characteristics obtained by experimental and numerical methods. It 
was observed that the loss of load-carrying capacity occurs at simi-
lar failure load values and with comparable shortening in both met-
hods. The similarity in the behavior of the characteristics obtained 
through the finite element method indicates a high consistency of 
the numerical model with the experimental results. A quantitative 
analysis of the load-carrying forces obtained experimentally and 
numerically showed very good agreement. The failure load values 
obtained numerically were slightly higher than the average experi-
mental values—about 1.016 times higher for configuration 1, 
approximately 1.009 times higher for configuration 2, and around 
1.039 times higher for configuration 3. 

The comparison of the equilibrium path progression revealed 
that the characteristics obtained through the finite element method 
display slightly higher force values compared to experimental re-
sults, especially noticeable in the early stages of structural loading. 
This suggests a greater stiffness in the numerical models. Discre-
pancies between experimental results and numerical simulations 
are attributed to imperfections in the sample manufacturing met-
hods, which cause minor geometric and structural inaccuracies in 
the actual composite structures. Nonetheless, these differences are 
minimal and do not affect the overall quality of the conducted stu-
dies. 

In the conducted study, it was observed that the analyzed struc-
tures failed in areas located near the midpoint of the composite co-
lumn height. Additionally, it was shown that the thin-walled structu-
res under investigation lose their load-carrying capacity due to layer 
cracking, matrix rupture, and interlayer delamination, as illustrated 
in Figure 6. Experimental studies revealed complex failure modes 
that exhibited varied forms of structural damage. For profiles of ty-
pes 1 and 3, the predominant damage mechanism was distinct 
transverse cracking of the layers, perpendicular to the column 

height, which results from the specific layer arrangement. This pro-
cess was further associated with the occurrence of delamination. In 
contrast, for the second profile type, the primary damage mecha-
nism involved layer cracking at a 45° angle relative to the longitu-
dinal direction of the structure, resulting from the orientation of the 
laminate’s outer layers (45°/-45°), accompanied by delamination 
phenomena. 

  

                   a) b) 

  

                     c) d) 

  

                                   e)                        f) 

Fig. 5. Comparison of numerical-experimental failure: a) FEM – 1 lay-up, 
b) EXP – 1 lay-up, c) FEM – 2 lay-up, d) EXP – 2 lay-up, e) FEM – 
3 lay-up, f) EXP – 3 lay-up 
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a) 

 
b) 

 
c) 

Fig. 6. Damaged structures with graphical visualization of deformations 
and enlarged representation of selected damage areas: a) 1 lay-
up, b) 2 lay-up, c) 3 lay-up 

The analysis of the damage forms in the tested profiles, as 
shown in the figures above, revealed a significant influence of layer 
arrangement on the nature of the damage. The configuration of lay-
ers determines the intensity of damage from cracking as well as the 
susceptibility to delamination. Despite differences in the types of 
damage observed, the affected areas remained similar regardless 
of the layer arrangement in the composite. 

The numerical simulations conducted using the finite element 
method indicated that the outer and inner layers of the laminate are 

more susceptible to damage, and consequently, to failure, compa-
red to the central layers of the composite structure. A comparison 
of the damage levels is illustrated in the figure below, using the type 
1- [0/90/0/90]s profile as an example: 

 
Fig. 7. Comparison of the damage level of individual layers 

It was observed that the failure phenomenon is more extensive 
in the outer layers of the composite, which was confirmed by both 
numerical simulations and experimental studies. The damage 
forms obtained provide the basis for the development of more ad-
vanced FEM models, such as damage modeling techniques using 
CZM (Cohesive Zone Model) or XFEM (Extended Finite Element 
Method), applied to the analysis of delamination and fracture of 
composite material layers. 

6. CONCLUSIONS 

The subject of the study was an eight-layer column made of 
carbon-epoxy composite with a cross-sectional dimension of 60 
mm x 20 mm, height of 200 mm, and thickness of 1.24 mm, with 
three different layer configurations: 1 - [0/90/0/90]s, 2 - [45/-
45/90/0]s, 3 - [90/-45/45/0]s. The samples were subjected to axial 
compression testing using a universal testing machine to determine 
the load-carrying capacity. The tests were conducted on nine real 
specimens, with three specimens produced for each layer configu-
ration, and each specimen was tested once until failure. 

Numerical simulations using the finite element method were 
also performed. Proprietary numerical models were developed, us-
ing the Lamin model dedicated to composite materials. The devel-
oped models reflected the conditions of the experiments carried out 
and the mechanical properties of the tested profiles, making it pos-
sible to analyze their behavior over the full range of loading, up to 
the complete failure of the structure. 

The conducted studies showed that the layer arrangement sig-
nificantly affects the load-carrying capacity of composite columns. 
Configuration 1 - [0/90/0/90]s had the highest load-carrying 
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capacity, while  configuration 3 configuration - [90/-45/45/0]s had 
the lowest. Table 2 presents the detailed results of the experimental 
and numerical studies. The analysis of the obtained results re-
vealed a high level of agreement between the experimentally ob-
tained results and the numerical analysis outcomes. This indicates 
the high quality and accuracy of the developed numerical models. 
Additionally, the analysis of equilibrium paths confirms a high level 
of convergence between the numerical analyses and the conducted 
tests. 

The damage analysis revealed that the most susceptible layers 
to failure are the outermost and innermost layers of the laminate. 
The middle layers exhibit less susceptibility to damage, as shown 
in Figure 7. It was also observed that the primary forms of failure 
are delamination and layer and matrix cracking, with the damage 
localized in the area around the midpoint of the composite column's 
height, as presented in Figure 6. 
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