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EXPERIMENTAL AND NUMERICAL ANALYSIS OF 

COMPRESSION THIN-WALLED COMPOSITE PLATES 

WEAKENED BY CUT-OUTS 

K. FALKOWICZ1

Buckling and postbuckling response of thin-walled composite plates investigated experimentally and determinated 

analytically and numerically is compared. Real dimension specimens of composite plates weakened by cut-out 

subjected to uniform compression in laboratory buckling tests have been modelled in the finite element method 

and examined analytically based on P-w2 and P-w3 methods. All results were obtained during the experimental 

investigations and the numerical FEM analysis of a thin-walled composite plate made of a carbon–epoxy laminate 

with a symmetrical eight-layer arrangement of [90/-45/45/0]s. The instrument used for this purpose was a 

numerical ABAQUS® program.
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1. INTRODUCTION

Thin-walled structures made of composite materials are used in different branches of industry due 

to very good proper strength and stiffness indicators in relation to their own weight. Thanks to these 

features, they are widely used in the sports and automotive industries, aerospace engineering, and 

civil engineering,�causing more and more designers to reach for lightweight materials in the design 

of building structures [24]. For example, in civil engineering, composite materials are used to 

reinforce concrete [23], building construction, and even windows and doors. Another example of 

application are shovels in wind turbines [27] and various kinds of crane girders. One of the most 
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important features of structures made of thin-walled composites is stability [15, 25]. This structure 

can lose of stability even under operational load [10, 26], but when the buckling of a thin-walled 

element is local and elastic, the structure can be safely operated in the post-critical state [2, 11, 21, 

26]. Therefore, to improve the carrying capacity of this type of construction, and even be encouraged 

to use of this type thin–walled structures as load-bearing elements or as elastic elements, it is proposed 

to improve their load capacity, by forced the work of construction according to a higher flexural–

torsional form of buckling.�This can be done by making a notch in the centre of the plate and initiating 

the displacement in an opposite direction of the vertical stripes produced in the plate. Issues of 

stability, critical behavior, and limit load capacity of plates with holes are described, among others, 

in [8, 12, 17]. 

Design of machines and devices sometimes requires the use of elements that will protect them 

from damage. Such elements should have low weight and specific operating characteristics.  Apart 

from that, machine design often requires the use of elastic elements that need to be built in a 

rectangular space. In either cases, plates with cut-outs can be applied. 

The investigation involved the original concept of a thin–walled plate element with  

a central cut-out for use as a spring element. Research included linear and nonlinear numerical 

analysis of stability (FEM) of the thin-walled, carbon-epoxy composite plate under axial compression 

and the experimental validation�of the results.  

2. SUBJECT AND SCOPE OF RESEARCH

A numerical analysis and experiment were performed on a thin-walled composite plate with  

a central rectangular cut-out under compression. The specimen had the following dimensions (width 

x height x thickness of the wall): 160 x 80 x 1.048 mm and a symmetrical cut-out in the middle 

measuring about: height a=100 mm and width b=30 mm. To reduce the effect of stress concentration, 

indentations were made on the loaded edges. The material from which plate was made, had an  

8-layer CFRP laminate. The layers had the same thickness - 0.131 mm - in a symmetric system of 

layers with respect to the median plane of the composite.�The subjects of the research were made of 

M12/35%/UD134/AS7/300 Hexcel’s “HexPly” unidirectional carbon-epoxy composite prepreg tape. 

Its matrix was made of epoxy resin (mass density: 1.24 g/cm3; Tg: 128ºC; Rm: 64 MPa; �: 0.4; E: 

5.1 GPa), whereas the reinforcement was AS7J12K carbon fibers (mass density: 2.5 g/cm3; Rm: 4830 

MPa; �: 0.269; E: 241 GPa). The nominal volume fraction of reinforcing fibers in the composite was 

ca 60 %. The composites were produced through an autoclaving technique in the Department of 
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Material Engineering at the Lublin University of Technology [3,18]. The material properties of the 

chosen composite materials are as follows: 

• Tensile moduli: E1 = 131.71 GPa, E2 = 6.36 GPa; 

• Shear modulus: G12 = 4.18 GPa; 

• Poisson’s ratio: v12 = 0.32; 

• Tensile strengths: FTU1 = 1867 MPa, FTU2 = 26 MPa; 

• Compression strengths: FCU1 = 1531 MPa, FCU2 = 214 MPa; 

• Shear strength: FSU = 100.15 MPa. 

Geometric diagram  of the plate weakened by cut-out is shown in Fig.1. 

a) b)

Fig. 1. Thin-walled plate: a) geometric model, b) physical model  

Different layer arrangements were tested, but the discussion of the methods of buckling load 

determination was conducted for one lay-up case, i.e. [90/-45/45/0]s. 

3. NUMERICAL CALCULATIONS

The buckling and postbuckling behaviour was analysed using the finite element method (FEM) 

with commercial software ABAQUS®[1]. The linear buckling analysis and geometrical nonlinear 

problems were solved. First, the linear buckling analysis was carried out to find the buckling load and 

the corresponding buckling mode. The second stage of the calculations was the solution of the 

problem of nonlinear stability, in which calculations were carried out on the model with geometric 

imperfections corresponding to a flexural-torsional form of buckling of a structure. Then,  

a nonlinear analysis was performed. A higher buckling mode was used as the initial geometric 
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imperfection with amplitude corresponding to 0.1 of the analysis plate wall thickness. The maximal 

compression load applied in the nonlinear analysis was approximately  

3 times higher than the lowest buckling load. This enabled determination of the post-critical 

equilibrium path of the structure describing the relationship between the load and plate displacement  

(P-U3) for a weakly post-critical range. The geometrically nonlinear problem was solved by the 

Newton-Raphson method [1, 4, 5, 14, 16, 22]. 

The numerical model presented in Fig.2b was discretized using an eight-node, multi-layered shell 

element with six degrees of freedom at each node, with a reduced integration of S8R and using 

filtering of “parasitic forms”. On the basis of earlier research [9-11], it was decided to discretize the 

geometrical model in such a way as to obtain 4500 finite elements and 14012 nodes. 

�� ������

Fig. 2. Discrete model of a composite plate a) boundary conditions, b) discretization of the geometric model 

In the developed numerical model, the material is assigned orthotropic properties in a flat state of 

stress. In order to determine the strength of the composite used the tensor failure criterion - Tsai-Wu, 

dedicated for composite materials.�The boundary conditions formulated for the numerical model 

ensured articulated support of the compressed composite plate - Fig.2a. Displacement of the nodes 

belonging to the lower edge for the vertical direction has been blocked. The load of the model was 

realized by loading the upper edge of the plate to provide uniform compression to the vertical 

direction. 

4. EXPERIMENT

All experimental tests were performed on a universal Zwick/Roell Z050 testing machine with 

specially designed grips ensuring articulate support. The experiments were performed at room 
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temperature with a constant velocity of a cross-bar of the machine, equal to 2mm/min. The test stand 

for compression tests with mounted grips is presented in Fig.3. 

�

Fig. 3. Test stand used in experiment 

In an experimental study of thin-walled structures, buckling is a very important detailed 

registration of the relevant test parameters. In order to adequately describe the critical and post-critical 

state of structures, it is necessary to register the load and displacement at selected points of the 

structure. In the context of the carried out of studies, the plate deflection used in the ARAMIS non-

contact system was to measured, whose operating principle is based on stereographic transformations 

[13, 18]. During the measurements  the duration of the measurement, the compression force of the 

sample, cross-bar displacement, and deflection of the sample were recorded. As a result we have 

obtained measurements on the basis of which plate characteristics for assessing “critical state” were 

determined.�The experimental tests enabled us to determine post-critical equilibrium paths which 

were then used to determine an approximated value of the critical load using 2 independent 

approximation methods: the  P-w2 and P-w3 methods.�The determination of an approximate critical 

load is based on the diagram of the load in a function of the square difference in strains in case of the 

P-w2 method, or in a function of cubic difference in strains in case of the P-w3 method. Regarding the 

discussed methods, the post-critical equilibrium paths P-w2 and P-w3 are approximated by the linear 

function [17]. The critical load in both of methods is defined as the point of intersection between the 

determined approximation line and the vertical axis of the coordinate system of the diagram P=f 2(�1-

�2)2 and P=f 3(�1-�2)3. The results obtained by approximation via the above methods are not always 

unequivocal. The degree of linearity of the approximated curve strongly depends on the range of data 

used for determining critical loads. In addition to this, the results significantly depend on the number 

of points with specified coordinates subjected to approximation.  

EXPERIMENTAL AND NUMERICAL ANALYSIS OF COMPRESSION THIN-WALLED... 165



�

In this experiment, the correlation coefficient R2 was the key factor describing the accuracy of 

approximation, whose value determined the level of convergence between the approximation function 

and the selected range of the approximated experimental curve. In the applied approximation 

processes for experimental post-critical equilibrium paths of the structure the minimum correlation 

coefficient was set  R2 � 0.95. 

5. RESULTS OF THE NUMERICAL CALCULATIONS AND EXPERIMENTAL 

INVESTIGATIONS

The experimental tests and numerical computations led to a determination of critical forces and 

post-critical equilibrium paths in a weakly post-critical range of a thin-walled plate under 

compression. The identification of the critical state of the tested element was carried out on the basis 

of the obtained form of buckling, which is the first form of loss of stability, and the corresponding 

value of the critical load. The designated experimentally critical value was the basis for verification 

of the results of FEM numerical calculations. The received lowest form of buckling of the tested 

composites plate is shown in Fig. 4 a,b.��

Small increases in load amount can result in rapid destruction of the structure, and that is why in 

the second stage of the calculation, in order to ensure the stable plate work in the postcritical range�

constituting the solution of the nonlinear stability issue, plate work in the postcritical state was forced 

with a higher, flexural-torsional form of plate buckling Fig.4 c,d. In the experimental research the 

extortion of a higher form of buckling is initiated by the introduction of the deflection using a steel 

rod placed in the mid-plate height. 

�� ���������
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Fig. 4. The lowest (a,b) and higher (stable) flexural-torsional form of plate buckling (c, d) 

received by experiment (a, c) and FEM (b, d) 

Approximation of the experimental curve applied in these cases is illustrated in Fig. 5. 

a) b)

Fig. 5. Experimental results  and approximation line used for determining critical load by:  

a) P-w2, b) P-w3

The comparison of critical forces determined in the physical model with FEM results shown in  

Table 1. The errors values for the experimental critical loads are determined from the following 

dependence: 

�

(2.1) 

where: P*
cr is the experimental critical load�����Pcr is the numerical bifurcation load determined by FEM�
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Table 1. Comparison of experimental and numerical results of critical loads 

FEM P-w2 method P-w3 method 

Pcr P*
cr �P*

cr P*
cr �P*

cr

[N] [N] [%] [N] [%] 

36.74 33.30 9.37 33.54 8.71 

We herein observe that the results obtained with the P-w2 and P-w3 methods show very high 

agreement with the experimental and FEM numerical results. The highest differences do not exceed 

10%, which in the case of thin-walled structure stability analysis means that there is a high 

quantitative agreement between the applied research methods, and calculating the critical load of  

a real structure was correct. 

In addition, we compared the post-critical equilibrium paths P-U3 determined in the weak post-

critical range. The paths given in Fig. 6 show less stiffness than the results of the numerical 

calculations, however, the maximum differences do not exceed 27%. This fact results from the higher 

numerical model stiffness which preserves the ideal conditions of analysis, consistent with the results 

of similar studies published in existing literature [6,7]. 

Fig. 6. Comparison of postcritical equlibrium paths

6. CONCLUSIONS

The main aim of the investigations presented in this paper is to validate the numerical model using 

the results obtained during the experimental tests. 

The results of the research make it possible to formulate the following conclusions: 

− The results show a high agreement between the critical load results obtained with the 

approximation method - the difference does not exceed 10%. 
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− The postcritical equilibrium paths, both for the real structure and for the numerical model, 

retain the static character, confirming the validity of the adopted in the numerical calculation 

of the plate model. 

− The resulting stable form of the real construction work corresponding to the higher, flexural-

torsional form of buckling indicates the possibility of using thin-walled plate elements with 

cut-outs as the elastic elements. 

− Qualitative compatibility of the lowest form of buckling and the deformation form of the 

structure in the postcritical range was obtained, corresponding to forced work with a higher, 

flexural-torsional form.  

− A good quantitative of compliance of the numerical analysis results with the experimental 

results confirm the adequacy of the developed numerical model, which in this case maps the 

behavior of real construction. 

The research reported in this paper was conducted under the project UMO-2017/25/N/ST8/01066�
financed by the National Science Centre Poland. 
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SUMMARY: 

W pracy zajmowano si� oryginaln� koncepcj� płytowego elementu cienko�ciennego z centralnym wyci�ciem, do 

zastosowania jako element spr��ysty.  Badania obejmowały liniow� i nieliniow� analiz� numeryczn� konstrukcji  

z wykorzystaniem metody elementów sko�czonych oraz eksperymentaln� weryfikacj� oblicze� MES. 

Przedmiot bada� stanowiła cienko�cienna płyta z centralnym prostok�tnym wyci�ciem, wykonana  

z kompozytu w�glowo-epoksydowego. Struktura laminatu zło�ona była z 8 warstw o jednakowej grubo�ci wynosz�cej 

0.131 [mm] w symetrycznym układzie warstw wzgl�dem płaszczyzny �rodkowej pakietu. Badania prowadzono na płycie 

kompozytowej o konfiguracji warstw kompozytu [90/-45/45/0]s. 
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Zakres pracy obejmował badania eksperymentalne na rzeczywistej konstrukcji oraz wykonanie symulacji numerycznej z 

wykorzystaniem metody elementów sko�czonych. Analizowano stan krytyczny �ciskanej osiowo cienko�ciennej płyty 

kompozytowej z centralnym prostok�tnym wyci�ciem, podpartej przegubowo na obydwu ko�cach o	�
� rozwi�zanie 

zagadnienia nieliniowej stateczno�ci, w którym obliczenia prowadzono na modelach z zainicjowan� imperfekcj�

geometryczn� odpowiadaj�c� wy�szej, gi�tno- skr�tnej postaci wyboczenia konstrukcji. 

Prowadzone badania eksperymentalne na wytworzonej cienko�ciennej płycie kompozytowej umo�liwiły obserwacj�

rzeczywistego zachowania si� konstrukcji w stanie krytycznym i pokrytycznym, umo�liwiaj�c jednocze�nie identyfikacj�

postaci wyboczenia oraz okre�lenie warto�ci obci��enia krytycznego. Prowadzone równolegle symulacje numeryczne 

miały na celu opracowanie adekwatnych modeli MES zweryfikowanych do�wiadczalnie, umo�liwiaj�cych modelowanie 

zagadnienia stateczno�ci kompozytowych konstrukcji cienko�ciennych, w wierny sposób odwzorowuj�cych zachowanie 

konstrukcji rzeczywistej. Zastosowanym narz�dziem numerycznym był program Abaqus, natomiast badania 

do�wiadczalne �ciskanej płyty prowadzono na uniwersalnej maszynie wytrzymało�ciowej Zwick/Roell Z050. 

Przeprowadzone badania do�wiadczalne �ciskanej płyty kompozytowej z wyci�ciem dostarczyły informacji 

pozwalaj�cych na ocen� stanu odkształcenia konstrukcji rzeczywistej w funkcji obci��enia zewn�trznego. Otrzymane 

wyniki bada� umo�liwiły dokonanie jako�ciowej i ilo�ciowej analizy stanu dokrytycznego oraz krytycznego w oparciu o 

zarejestrowane parametry próby. Identyfikacj� stanu krytycznego badanego elementu przeprowadzono na podstawie 

uzyskanej formy wyboczenia stanowi�cej pierwsz� posta� utraty stateczno�ci oraz odpowiadaj�cej jej warto�ci obci��enia 

krytycznego. Na podstawie przeprowadzonych w badaniach eksperymentalnych pomiarów odkształce�  

w funkcji obci��enia zewn�trznego okre�lone zostały �rednie warto�ci siły krytycznej dla analizowanej płyty  

z wykorzystaniem dwóch aproksymacyjnych metod: P-w2 i P-w3, które nast�pnie zestawiono z wynikami oblicze�

numerycznych MES. 

W drugim etapie oblicze�, stanowi�cym rozwi�zanie zagadnienia nieliniowej stateczno�ci analizowano prac� płyty  

w stanie pokrytycznym z wymuszon� wy�sz�, gi�tno-skr�tn� postaci� wyboczenia płyty. W trakcie obci��ania 

konstrukcji w zakresie pokrytycznym rejestrowano te same parametry próby co w zakresie krytycznym. Wyznaczone 

zostały pokrytyczne �cie�ki równowagi w formie wykresów siła-ugi�cie (P-U3), umo�liwiaj�ce okre�lenie charakterystyki 

badanej płyty w stanie pokrytycznym. 

Reasumuj�c, przedstawione w pracy wyniki oblicze� numerycznych MES zostały pomy�lnie zweryfikowane poprzez 

wyniki bada� do�wiadczalnych. Otrzymane wyniki bada� koresponduj� z wynikami oblicze� numerycznych, czego 

wyrazem jest wysoka zbie�no�� wyników nie przekraczaj�ca 10%. 

Pokrytyczne �cie�ki równowagi dla konstrukcji rzeczywistej oraz modelu numerycznego zachowuj� charakter 

stateczny, potwierdzaj�c zasadno�� przyj�tego w obliczeniach numerycznych płytowego modelu konstrukcji, 

umo�liwiaj�cego  opis zagadnienia nieliniowej stateczno�ci. Otrzymana w przypadku konstrukcji rzeczywistej stabilna 

posta� pracy, odpowiadaj�ca wy�szej, gi�tno-skr�tnej postaci wyboczenia wskazuje na mo�liwo�� wykorzystania 

cienko�ciennych elementów płytowych z wyci�ciem do zastosowa�, jako elementy spr��yste.  

W prowadzonych badaniach otrzymano jako�ciow� zgodno�� najni�szej postaci wyboczenia oraz formy deformacji 

konstrukcji w zakresie pokrytycznym, odpowiadaj�cych wymuszeniu pracy z wy�sz� postaci� o charakterze gi�tno-

skr�tnym. Jednocze�nie zadawalaj�ca zgodno�� ilo�ciowa wyników analizy numerycznej z wynikami bada�

do�wiadczalnych potwierdza adekwatno�� opracowanego modelu numerycznego, który w analizowanym przypadku 

odwzorowuje zachowanie rzeczywistej konstrukcji.   
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