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ABSTRA
In this study, the effects of the hole diameter on the buckling behavior of glass-fiber-reinforced, laminated composite
rectangular plates were investigated both experimentally and numerically. As the test specimens, E-glass/epoxy symmetric-ply
composites with eight layers were manufactured using the hand lay-up technique and drilled with different hole diameters
ranging from 10 to 40 mm. The laminated composite plates were arranged with different symmetric orientation angles such as
[(0°/90°)2]s, [(–15°/15°)2]s, [(–30°/30°)2]s and [(–45°/45°)2]s. The experimental critical-buckling loads of the plates were found
by clamping the bottom and upper edges and then these results were compared with the results obtained with the numerical
analysis. The determination of the critical buckling loads for the laminated composite plates with different hole diameters was
performed using the ANSYS 12.1® finite-element-analysis software. The numerical analysis showed good agreement with the
experimental results for different hole diameters and fiber orientation angles. It was concluded that the critical buckling loads
strongly depend on the diameter of the hole and fiber orientation angles .

1 INTRODUCTION
Fiber-reinforced composite plates are widely used in many types of engineering applications such as the aerospace,
automotive and marine industries, as well as in medical prosthetic devices, electronic circuit boards and sports
equipment because of certain properties such as high specific stiffness and strength. A plate which is subjected to an
axial compressive load ought to remain stable. If, in spite of a small addition of an axial or lateral disturbance applied
to a plate, it remains to be in equilibrium, then the plate is said to be stable. If a small additional disturbance results in
a large response and the plate does not return to its original equilibrium configuration, the plate is said to be unstable.
The magnitude of the compressive axial load, at which the plate becomes unstable is called the critical buckling load. If
the load is increased beyond this critical load, it results in a large deflection and the plate seeks another equilibrium
configuration. Thus, the load at which a plate becomes unstable is of practical importance in the design of structural
elements. One of the important issues is the prediction of the critical buckling loads of composite materials. Here we
determine the critical buckling loads of the laminated composite rectangular plates with a cylindrical hole using
experimental and numerical methods. The buckling behavior of symmetric cross-ply and angle-ply laminated flat
composite columns was described in1, investigating the effects of the column thickness and wideness, the orientation
angles, the fillet radius and the modulus ratios on the critical buckling load with the finite-element method (FEM)
based on the first-order shear-deformation theory (FSDT). Arman et al.2 investigated the effect of the delamination
around a single circular hole on the critical buckling load of woven-fabric-laminated composite plates. Besides the
critical buckling load, they determined the critical delamination diameter. A buckling analysis of a wovenglasspolyester and boron/epoxy laminated composite plate containing a circular/elliptical hole given in3,4, respectively, was
done using the FEM.
Aydogdu5 studied the thermal-buckling behavior of cross-ply laminated beams, subjected to different boun dary
conditions. He used the Ritz method to obtain the critical buckling temperatures. Kim and Lee6 developed fine-beam
elements named as 2-, 3- and 4-noded isoparametric beam elements to analyze the lateral buckling of the sheardeformable laminated composites. Jung and Han7 presented an approach for the initial buckling behavior of laminated
composite plates and shells subjected to the combined in-plane loading. Laurin et al.8 developed an approach for the
multiscale-failure behavior for various stacking sequences. The buckling response of laminated composite structures
with a delamination was investigated by Lee and Park9. Matsunaga10 used the method of the power series expansion of
continuous-displacement components to come up with the two-dimensional global-deformation theory for the thermal
buckling of laminated composites and sandwich plates. The thermal-buckling behavior of laminated hybrid-composite
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plates containing a hole, subjected to a uniform temperature was studied by ªahin11. The thermal-buckling mode shapes
of laminated composites with varying fiber orientations, stacking sequences and E1/E2 ratios are studied in12. The
thermomechanical-buckling response of laminated composites and sandwich plates was investigated by Wu and
Chen13. The post- and thermal-buckling behavior of laminated composite beams with temperature-dependent material
properties is given in14. Dash and Singh15 developed an isoparametric nonlinear finite-element method for the
buckling and post-buckling of laminated composite plates. The buckling behavior of a composite structure based on the
generalized differential quadrature rule (GDQR) and Rayleigh-Ritz (R-R) method is presented in16,17. Topal and
Uzman18 investigated the optimization of the critical failure mode of simply supported laminated composite plates
under in-plane static loads. Shufrin et al.19 generated a semi-analytical formulation based on the total energy
minimization and the iterative extended Kantorovich approach for the buckling analysis of symmetrically laminated
composite plates. Malekzadeh and Shojaee20 studied the buckling response of carbon-nanotube-reinforced,
quadrilateral laminated plates. Özben21 presented the critical buckling load for laminated composite plates using the
FEM and analytical methods. The effects of the hole location and diameter on the lateral-buckling response of wovenfabric-laminated composite cantilever beams were determined experimentally and numerically in22. In this study, the
effects of the hole diameter and fiber orientations on the buckling behavior of glassfiber-reinforced, laminated
composite rectangular plates were investigated experimentally and numerically under compression. Firstly, the test
specimens for different fiber orientation angles were prepared with and without the holes. The test specimens made of
glass/epoxy consisted of eight symmetric plies. A uniformly distributed load was applied to the upper edges of the plate
specimens and critical buckling loads were determined experimentally and numerically. The results obtained with the
experimental and numerical methods were in good agreement. The results showed that the critical buckling loads
strongly depend on the diameter of the hole and the fiber orientation angles.

2 MATERIALS AND METHODS
2.1 Test specimens
For the experiments, laminated composite plates consisting of eight layers of e-glass woven fabrics with various fiber
orientation angles such as [(0°/90°)2]s, [(–15°/15°)2]s, [(–30°/30°)2]s and [(–45°/45°)2]s were manufactured. The fiber
volume fraction and the nominal thickness of the composite were approximately 55 % and 2 mm, respectively. For the
matrix material, the CY225 epoxy resin and hardener HY225 were used. The curing process was implemented at 120
°C for 3 h under a pressure of 0.25 MPa.23 Then, the composite was cooled to room temperature. The prepared plates
were cut to the dimensions of 100 × 100 mm and drilled in the center with different hole diameters such as 0 (without a
hole), 10, 20, 30 and 40 mm respectively.
Three identical specimens were tested for each hole diameter and all the specimens were subjected to an axial
compressive load until the first buckling mode was reached as shown in Figure 2. The laminated plate became unstable
as the first buckling mode was reached. The magnitude of the axial compressive load, at which the plate becomes
unstable, is called the critical buckling load. The other buckling modes were not studied in this paper. The test results
were taken as a text file on the data card of the test machine. Then the graphs of the loaddisplacement variations were
created for each specimen. A MATLAB® code was written for the upheaval of the slope of the load-displacement
curve. The critical buckling load was determined accordingly and shown in Figure 3. In this figure, Pcr is the critical
buckling load.
2.3 Finite-element buckling model
A three-dimensional finite-element analysis of the composite plates with a single circular hole was performed using the
commercial finite-element software ANSYS® 12.1. The model consists of eight layers with dimensions of 100 × 100 ×
0.25 mm for each layer and the 2 mm total thickness of the plate. The diameter of the hole changes from 0 (without
hole) to 10, 20, 30 and 40 mm. Additionally, the fiber orientation changes from [(0°/90°)2]s to [(–15°/15°)2]s, [(–
30°/30°)2]s and [(–45°/45°)2]s. Therefore, a total of 20 models were constructed. After the modeling of the composite
plates with a circular hole, the number of layers, the element type, the material properties of the laminated composite
plates, the fiber orientation angles and the thickness of each layer were introduced to the finite-element program. The
element type was a SHELL layered element having six degrees of freedom at each node: the translations in the nodal x,
y and z directions and the rotations about the nodal x, y and z axes. Finally, for the analysis.
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3 RESULTS AND DISCUSSION
The critical-buckling-load results were obtained both experimentally and numerically for the [(0°/90°)2]s, [(–
15°/15°)2]s, [(–30°/30°)2]s and [(–45°/45°)2]s fiber orientations for all the buckling-test specimens having 0 (without
hole), 10, 20, 30 and 40 mm hole diameters, respectively. The experimental results for each hole diameter are presented
in Figure 4. In this figure, three identical experimental graphs and their average values are shown. It is clear that all
the repeated experimental tests for each group with various hole-diameter values show a very similar buckling behavior
as reported in Figures 4a to 4e. The average values of all the results obtained experimentally and numerically are given
in Table 2 in order to compare them in terms of the critical buckling load. In the same table, P* cr refers to the critical
buckling load for the specimen without a hole.

4 CONCLUSION
In this study, the buckling response of the composite plates with symmetric orientation angles such as [(0°/90°)2]s, [(–
15°/15°)2]s, [(–30°/30°)2]s and [(–45°/45°)2]s with a single circular hole were examined by employing an
experimental study and a numerical analysis performed with the finite-element technique. The conclusions that can be
made in the contribution are as follows: • The critical buckling loads are strongly dependent on the hole size for all the
types of fiber orientation. • The maximum values of the critical buckling load were obtained for the specimens with the
[(0°/90°)2]s orientation angle. • The buckling load decreases exponentially with a decrease in the fiber orientation
angle of the composite material.
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