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INTRODUCTION

Fiber-reinforced polymer (FRP) composites, 
known for their high strength and light weight, 
have gained prominence among engineers in 
many industries [1]. In particular, materials of 
this type have found widespread use in thin-
walled structures. Thin-walled elements, are the 
special type of load-bearing elements that exhibit 
high level strength and stiffness ratios relative to 
the weight. It is these properties that determine 
the application of such thin-walled elements 
as load-bearing structures in aerospace [2–4], 
space [5], automotive [6–8] or sport industries 
[9], where there are quite high requirements for 
structural behavior under compound loading 
conditions. A disadvantage of thin-walled load-
bearing elements is that their components may 

be subject to loss of stability under certain load-
ing conditions. For this reason, it is important 
not only to know the strength of such compo-
nents, but also the stiffness that protects struc-
tures against early failure through loss of struc-
tural stability [10–12]. To describe the work of a 
structure in this way, it is necessary to know the 
critical load at which such a structure loses sta-
bility. This is a very important issue, since there 
are cases in which the critical load is treated as a 
limit load that causes the structure to failure [13, 
14]. There are many papers in the literature on 
local buckling of thin-walled structures [15–17]. 
Numerical and experimental studies of the sta-
bility of columns with an complex section were 
the subject of articles [18, 19]. Many cases have 
been described in the literature where a thin-
walled structure demonstrates the ability to carry 
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a load after losing stability [20–23]. Therefore, 
it becomes important to study in the postcritical 
state up to the destruction of the construction, 
which concerned the description of limit loads 
on the structure [24–26].

For mounting purposes, it is necessary to drill 
holes in structural elements. These holes could 
work on the structure as stress-concentrating 
notches, which could lead to damage propaga-
tion and failure. Therefore, the existence of a 
hole in composite structures has become an ob-
ject of study for many researchers [27]. Such 
scientific work can be divided into two groups of 
studies: OHC open hole compression and OHT 
open hole tension. The failure and damage of the 
OHT structure of carbon fibre-reinforced polymer 
composites is described in the papers [28, 29]. 
The papers [30–32] analysed the limit load and 
failure behaviour of the OHC structure obtained 
from both theoretical analysis and testing. Major-
ity of OHC papers describe the failure of com-
posite structures excluding the critical state. For 
this reason, the authors of this paper investigated 
the buckling state of the OHC of a thin-walled 
composite structure.

This paper investigates the influence of the 
size of the open circular hole on the stability of 
the plate element made of laminate. The study 
covered linear and nonlinear numerical study of 
the structure using the FEM (finite element meth-
od) and experimental verification. The newness 
of the paper is the application of interdisciplinary 
investigation methods (numerical analysis of 
linear and non-linear stability problem and ap-
proximation method for determining the critical 
load) to describe the influence of the open hole 
compression (OHC) on the stability of compos-
ite plates. It is interesting to note that numerical 
methods are now very often used for the analysis 
of real structures [33–39].

OBJECT OF THE RESEARCH

The object of the study was a thin plate with 
a open circular hole made of CFRP (carbon fiber 
reinforced polymer) [40, 41]. The mechanical and 
strength properties of the test material shown in 
Table 1. The plate was made of laminate, which 
was a stack of eight layers in a symmetrical posi-
tion of the layers with respect to the composite’s 
center plane with a total thickness of 1.048 mm 
(each individual layer had a thickness of 0.131 
mm) [42, 43]. The arrangement of the composite
layers was adopted from the literature [44]. It rep-
resented a popular laminate configuration in the
form of: [0/90/0/90]s.

The analysed plate was characterised by over-
all dimensions: height: 140 mm, width: 20 mm 
and thickness: 1.048 mm – Fig. 1a. Open holes 
were drilled in the specimens to investigate their 
effect on buckling and critical load of the com-
posite structure. Four specimens were prepared 
for testing and 3 of them were weakened with a 
hole – Fig. 1b–e. The hole sizes were character-
ized by varying diameters from Ø2 mm (Fig. 1c), 
Ø4 mm (Fig. 1d) and Ø8 mm (Fig. 1e).

METHODOLOGY

Two independent test methods were used to 
describe the critical state of an axially compressed 
thin-walled composite plate with an open oval 
hole. The purpose of the research was to study 
the influence of the circular hole made in plate 
on the critical load. The range of the manuscript 
covered conducting experimental tests on a real 
plate in which holes with Ø2 mm, Ø4 mm and 
Ø8 mm were made. The conducted experimental 
tests on the manufactured composite plate made 
it possible to observe real behaviour of the plate 

Table 1. CFRP – mechanical and strength properties

Tensile strength FTU

0° 1867 MPa

90° 26 MPa

Tensile modulus
E1 0° 131.71 GPa

E2 90° 6.36 GPa

Poisson’s ratio n12 0° 0.32

Shear strength FSU ±45° 100.15 MPa

Shear modulus G12 ±45° 4.18 GPa

Compression strength FCU

0° 1531 MPa

90° 214 MPa
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in the critical and weak-critical states. This ap-
proach made it possible to identify the buckling 
mode and, at the same time, to determine the crit-
ical load value. The second independent research 
method was numerical simulation using the FEM. 
The numerical analyses carried out were aimed 
at creating adequate experimentally verified FEM 
models. This approach enabled the stability is-
sues of thin-walled composite structures to be 

modelled, adequately representing in particular 
the behaviour of a real OHC plate. Experimen-
tal testing of the compressed composite plate was 
carried out on the universal static machine with 
the constant crosshead displacement speed of 1 
mm/min – Fig. 2a. The main view of the fixed 
plate on the test stand is shown in Fig. 2b.

To describe the critical and postcritical 
state of the plate, not only the load values were 

Fig. 1. Subject of the study: (a) CAD model with dimensions in mm, (b) plate, (c) 
plate - Ø2 mm hole, (d) plate - Ø4 mm hole, (e) plate - Ø8 mm hole

Fig. 2. Experimental stand: (a) test machine, (b) plate fixing
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mode of the plate model. To discretize the plate, 
SHELL-type shell finite elements with 6 degrees 
of freedom at each node were used. This type of 
numerical element used for this was a 4-node shell 
element with reduced integration – S4R (Fig. 3). 
The composite was designed using the Layup-Ply 
modelling technique, with which the configuration 
of the laminate layers was modelled. Composite 
material properties were described by defining 
an orthotropic model of the material in a plane 
stress state - Table 1. Boundary conditions corre-
sponded to realization of fixing the end surfaces 
of the composite plate in the grips of the testing 
machine. This was realized on the basis of refer-
ence points, which were linked to the end edges of 
the plate in such a way that all degrees of freedom 
were transferred to them. Boundary conditions 
of reference points were defined as presented in 
Figure 3. Loading of the model was realized by 
displacing the upper reference point by -0.5 mm 
opposite to the Y axis orientation – Fig. 3. The 
adopted method of defining boundary conditions 
and loading of model corresponded to conditions 
of experimental testing. 

DISCUSSION OF RESULTS

The test data results allow a qualitative and 
quantitative analysis of the influence of the hole 
on the critical state of the compressed CFRP plate 

recorded, but also the displacements in the lon-
gitudinal direction of the plate. During measure-
ments, the following were recorded: the test time, 
compressive load on specimen, and displacement 
of crosshead, i.e. shortening of a specimen. As a 
result, measurements were obtained from which 
the characteristics of the plate were determined, 
making it possible to assess the critical state. 
In order to investigate the effect of the hole on 
the stability of the compressed composite plate, 
it was necessary to determine the experimental 
critical load. To determine the experimental val-
ue of the critical load, a method known from the 
literature for approximation straight-lines inter-
section method was selected and used [45, 46]. 
This method makes it possible to approximate the 
critical load from the obtained load-displacement 
characteristics (sample shortening).

The numerical analysis was based on the fi-
nite element method in ABAQUS [47, 48]. The 
critical state of the plate was analysed using lin-
ear stability analysis, allowing the critical load of 
the compressed plate to be determined and cor-
responding to the first (lowest) mode of buckling 
[49]. The critical load corresponded to the bifurca-
tion load, that is, it represented an idealized plate 
that had no inaccuracies. The numerical analysis 
was extended to the solution of a non-linear sta-
bility problem, where the calculations were per-
formed on a model with an initial geometric im-
perfection that corresponds to the lowest buckling 

Fig. 3. FEM plate model
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based on recorded test parameters. The identifica-
tion of the critical state of the plate was carried out 
on the basis of the buckling mode obtained, which 
is the lowest mode of loss of stability, and the cor-
responding value of the bifurcation (critical) load 
[50]. The resulting lowest buckling mode of the 
tested hole composite plate was shown in Figure 4.

Qualitative analysis of results confirms the 
correspondence of numerically determined modes 
of buckling of the numerical model with the ex-
perimental deformation form of the plate - Fig. 
4. The quantitative investigation of the numerical 
results makes it possible to determine the value 
of the bifurcation (critical) load corresponding to 
the obtained first mode of buckling of the CFRP 
plate with a hole. 

Based on the experimental studies of displace-
ments as the function of external load, approximate 
values of a critical load were determined for anal-
ysed variants of the plate with a hole. The process 
of determining an experimental value of critical 
force using the approximation straight-lines inter-
section method was presented in Figure 5. Micro-
soft Excel software was used in the approximation 
process and the determination of the coefficients 
R2>0.9. The determined experimental value of the 
critical load formed the basis for verifying the re-
sults of numerical analysis [51]. The relative error 
was calculated using the formula:

	

 
 𝛿𝛿 =

|FEM − EXP|
FEM ∙ 100% (1) 

 
 

	 (1)

Table 2 summarizes the experimental (EXP) 
and numerical (FEM) critical load values of the 
tested plates with a hole. The smallest relative error 
of the results was obtained for sample 3 and was 
7.2%, while the largest for sample 2 (8.3%). The 
determined results all show a quantitative agree-
ment between the critical load values of the nu-
merical calculations and the experimental values.

The next stage of the research was to analyse 
the influence of the open hole on the stability of 
the compressed composite plates. For this pur-
pose, the determined critical loads for all cases 
were compared with each other and presented 
graphically in Figure 6. Plates weakened with a 
hole sample 2, sample 3 and sample 4 were com-
pared with a plate without a hole – sample 1. The 
conducted tests show that increasing the diameter 
of the open hole monotonically decreases the criti-
cal load of the plate. Maximum decrease in critical 
load occurred for a plate with an 8mm diameter 
hole was 13.5% (experimental tests) compared to 

Fig. 4. Numerical and experimental first 
mode buckling of a plate with a hole: (a, b) 
sample 2, (c, d) sample 3, (e, f) sample 4

a plate without a hole. In the final step, the FEM 
model was experimentally verified in the nonlin-
ear state [52, 53]. Nonlinear load-shortening char-
acteristics were determined, allowing to determine 
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Fig. 5. Example of result obtained by straight-lines intersection method: 
(a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4

Table 2. Experimental and numerical values of the critical load
Parameter Unit Sample 1 Sample 2 Sample 3 Sample 4

FEM [N] 694 685 667 601

EXP [N] 639 628 619 553

Relative error δ [%] 7.9 8.3 7.2 8

Fig. 6. Influence of the open hole on the critical load of compressed plate
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the behaviour of the tested plate with a hole in the 
weak-postcritical state. Figure 7 compares the 
postcritical paths obtained by the numerical meth-
od with the experimental results.

In all cases, the experimental postcritical path 
shows less rigidity than the results of numerical 
computations. This is evidenced by the fact that 
the real structure is inherently fraught with inac-
curacies, while the FEM model is idealized and 
represents ideal analysis conditions.

CONCLUSIONS

The results obtained enable qualitative and 
quantitative analysis of the influence of the open 
hole on the critical state of the compressed CFRP 
plate. The results of numerical FEM computa-
tions presented in the paper were successfully 
reproduced experimentally. Tests on real plates 
allowed the determination of critical load values 

using a dedicated approximation method. The 
obtained test results quantitatively correspond to 
the results of numerical computations, their dif-
ference did not exceed 8.5%. 

The effect of the size of the open hole of the 
plate did not change the mode of buckling of the 
plate. The appearance of a single local half-wave 
was registered in all cases studied. It was shown 
that the stepwise enlargement of the hole in the 
plate monotonically affects the decrease in critical 
load of the plate. Largest decrease was recorded 
for the specimen characterized by an 8 mm diam-
eter hole and amounted to 13.5% compared to a 
plate without a hole. 

The postcritical characteristics for the real 
plate and the FEM model show high agreement. 
In all cases, numerical postcritical path was char-
acterized by the assumed higher stiffness, which 
is due to the fact that it represented an idealized 
solution devoid of inaccuracies that may exist in 
real structures. 

Fig. 7. Numerical and experimental postcritical paths: (a) sample 1, (b) sample 2, (c) sample 3,  
(d) sample 4
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At the same time, the quantitative and qualita-
tive correspondence of the calculations of FEM 
analysis with the results of the experimental tests 
confirms the adequacy of the designed numerical 
model, which in the analysed case represents be-
haviour of the real plate with a hole (OHC). 
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