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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°790°),]s, [(-15°/15°),]s, [(=30°/30°),]s and [(—45°/45°),]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.
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V tej Studiji je bil eksperimentalno in numeri¢no preiskovan vpliv premera luknje na obnasanje pri upogibu s steklenimi vlakni
laminirane kompozitne $tirioglate plos¢e. Kompozitni vzorci so bili izdelani s simetricnim polaganjem E-steklo/epoksi, z
osmimi plastmi, z uporabo tehnike ro¢nega polaganja in vrtanja lukenj razli¢nega premera od 10 do 40 mm. Laminirane
kompozitne plosce so bile izdelane z razli¢nimi, simetri¢no orientiranimi koti vlaken, [(0°/90°),]s, [(=15°/15°)2]s, [(=30°/30°),]s
in [(—45°/45°),]s. Eksperimentalna kriticna upogibna obremenitev plos¢ je bila ugotovljena z vpetjem spodnjega in zgornjega
roba, rezultati pa so bili primerjani z rezultati numeri¢ne analize. DolocCitev kriti¢ne upogibne obremenitve za laminirane kom-
pozitne plosce z luknjami z razli¢nim premerom, je bila izvrSena z uporabo programa za analizo kon¢nih elementov ANSYS
12.1®. Numeri¢na analiza je pokazala dobro ujemanje z rezultati preizkusov, za razli¢ne premere lukenj in orientacijske kote
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vlaken. Ugotovljeno je, da je kritiéna upogibna obremenitev moc¢no odvisna od premera luknje in od kota orientacije vlaken.

Klju¢ne besede: upogibanje, steklena vlakna, metoda kon¢nih elementov (FEM)

1 INTRODUCTION

Fiber-reinforced composite plates are widely used in
many types of engineering applications such as the aero-
space, 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 equili-
brium, 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 configu-
ration, 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 import-
ance in the design of structural elements. One of the
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important issues is the prediction of the critical buckling
loads of composite materials. Here we determine the cri-
tical buckling loads of the laminated composite rectan-
gular 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 des-
cribed in', 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.? 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 woven-
glass-polyester and boron/epoxy laminated composite
plate containing a circular/elliptical hole given in4,
respectively, was done using the FEM.

Aydogdu’® studied the thermal-buckling behavior of
cross-ply laminated beams, subjected to different boun-
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dary conditions. He used the Ritz method to obtain the
critical buckling temperatures. Kim and Lee® developed
fine-beam elements named as 2-, 3- and 4-noded isopara-
metric beam elements to analyze the lateral buckling of
the shear-deformable laminated composites. Jung and
Han’ presented an approach for the initial buckling beha-
vior of laminated composite plates and shells subjected
to the combined in-plane loading. Laurin et al.® deve-
loped 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 Park®.

Matsunaga'® 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 plates containing a hole,
subjected to a uniform temperature was studied by
Sahin'!. The thermal-buckling mode shapes of laminated
composites with varying fiber orientations, stacking se-
quences and E1/E2 ratios are studied in'2. The thermo-
mechanical-buckling response of laminated composites
and sandwich plates was investigated by Wu and Chen'3.

The post- and thermal-buckling behavior of lami-
nated composite beams with temperature-dependent
material properties is given in'*. Dash and Singh'> deve-
loped an isoparametric nonlinear finite-element method
for the buckling and post-buckling of laminated com-
posite plates. The buckling behavior of a composite
structure based on the generalized differential quadrature
rule (GDQR) and Rayleigh-Ritz (R-R) method is presen-
ted in'®!7. Topal and Uzman'® investigated the optimi-
zation of the critical failure mode of simply supported
laminated composite plates under in-plane static loads.
Shufrin et al.' 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. Malekza-
deh and Shojaee®® studied the buckling response of
carbon-nanotube-reinforced, quadrilateral laminated
plates. Ozben?! 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 woven-fabric-lami-
nated composite cantilever beams were determined
experimentally and numerically in?%.

In this study, the effects of the hole diameter and
fiber orientations on the buckling behavior of glass-
fiber-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 con-
sisted of eight symmetric plies. A uniformly distributed
load was applied to the upper edges of the plate speci-
mens and critical buckling loads were determined
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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 con-
sisting of eight layers of e-glass woven fabrics with
various fiber orientation angles such as [(0°/90°)]s,
[(=15°/15°),]s, [(-=30°/30°),]s and [(—45°/45°),] 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.? Then, the composite was cooled
to room temperature. The prepared plates were cut to the
dimensions of 100 x 100 mm and drilled in the center
with different hole diameters such as 0 (without a hole),
10, 20, 30 and 40 mm respectively. Table 1 shows the
mechanical properties of the laminated composites.

Table 1: Mechanical properties of the composites plate
Tabela 1: Mehanske lastnosti kompozitnih plos¢

Ei=E Gp=Giz= _
(GPa) E5 (GPa) Gos (GPa) Vi2 Vi3 = V23
28.500 17.100 7.840 0.148 0.088

2.2 Experimental procedure of the critical buckling
load

The buckling tests were done in the compression
mode on a Shimadzu AG-100 kN test machine. The
buckling-test apparatus designed by Arman et al.? con-
sists of two clamped edges at the bottom and top and two
free edges as the boundary conditions as shown in
Figure 1. As a result of the clamped boundary condition
of the buckling-test apparatus that holds the specimen at
the bottom and top edges, each having a 10 mm

LOAD

FREE EDGE

80 mm

1

CIRCULAR HOLE _~

Io 00000'|

100 mm

A-A SECTION

Figure 1: Buckling-test apparatus’
Slika 1: Naprava za upogibni preizkus?
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Figure 2: View of the buckling-test process: a) before buckling and b)
after buckling

Slika 2: Izgled upogibnega preizkusa: a) pred upogibanjem, b) po
upogibanju

clamping length, the height of the test specimens were
determined to be 80 mm as shown in Figure 1.

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 load-
displacement variations were created for each specimen.
A MATLAB® code was written for the upheaval of the
slope of the load-displacement curve. The critical buckl-
ing load was determined accordingly and shown in Fig-
ure 3. In this figure, P, 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 per-
formed using the commercial finite-element software
ANSYS® 12.1. The model consists of eight layers with
dimensions of 100 x 100 x 0.25 mm for each layer and
the 2 mm total thickness of the plate. The diameter of the
hole changes from O (without hole) to 10, 20, 30 and 40
mm. Additionally, the fiber orientation changes from
[(0°/90°),]s to [(=15°/15°),]s, [(=30°/30°),]; and
[(-45°/45°);]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 pro-
gram. The element type was a SHELL layered element
having six degrees of freedom at each node: the trans-
lations 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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Figure 3: Determination of the experimental critical buckling load
Slika 3: Eksperimentalno dolocanje kriticne upogibne obremenitve

the unit pressure was applied to one of the clamped
edges, the model was meshed and the program was run.

3 RESULTS AND DISCUSSION

The critical-buckling-load results were obtained both
experimentally and numerically for the [(0°/90°).]s,
[(=15°/15°),]s, [(=30°/30°),]s and [(—45°/45°),], 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 expe-
rimentally and numerically are given in Table 2 in order
to compare them in terms of the critical buckling load. In
the same table, P", refers to the critical buckling load for
the specimen without a hole.

Table 2: Critical buckling loads for numerical and experimental stu-
dies

Tabela 2: Kriti¢na upogibna obremenitev pri numericni $tudiji in pri
preizkusu

Hole Critical buckling loads (P, P*o) (N)

dia- Fiber orientations (°)

meter | [(05/90°)s]; [(~15°/15°)][(=30°/30°)2][(-45°/45°),]

(mm) | Exp. [Num.| Exp. |[Num.| Exp. |Num.| Exp. | Num.
0 4867.24497.04347.3/4296.34000.74023.03660.13853.0
10 14310.54261.54277.74155.43934.13891.8/3540.83734.4
20 #4194.74073.53896.23970.93700.63709.13140.3/3550.0
30 [3710.93758.93703.33666.93434.53424.42830.73272.2
40 3326.33365.33117.83279.23034.3[3050.52280.92905.4

In addition, the experimental and numerical results
showing the variation in the critical buckling load versus
the hole diameter were presented in Figure 5. It is clear
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Figure 4: Experimental critical buckling loads for: a) without a hole, b) 10 mm hole diameter, ¢c) 20 mm hole diameter, d) 30 mm hole diameter

and e) 40 mm hole diameter

Slika 4: Eksperimentalne kriti¢ne upogibne obremenitve pri: a) brez luknje, b) premer luknje 10 mm, c) premer luknje 20 mm, d) premer luknje

30 mm in e) premer luknje 40 mm

from this figure that the experimental and numerical
results are consistent with each other. Figures S and 6
were automatically scaled starting at buckling loads of
1000 N and 2800 N, respectively, in order to clarify the
difference between of the results.

From Table 2 and Figure 5, it is concluded that the
critical buckling load for all the types of fiber orientation
angle has the highest value for the specimens without a
hole and the lowest value for the specimens having a 40
mm hole diameter.
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Figure 5: Comparison between the experimental and numerical
results for fiber orientations: a) [(0°/90°);2]s, b) [(=15°/15°)2]s, ©)
[(=30°/30°)2]s and d) [(—45°/45°)2]s

Slika 5: Primerjava rezultatov preizkusov in numeri¢nih rezultatov pri
orientaciji vlaken: a) [(0°/90°)2]s, b) [(=15°/15°)2]s, ©) [(=30°/30°)2]s
in d) [(-45°/45°)2]s
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Figure 6 shows the variation in the critical buckling
load versus the hole diameter in terms of fiber orien-
tation. The critical buckling load for the same hole dia-
meter is maximum at the orientation angle of [(0°/90°),],
and it decreases with the order of [(—=15°/15°),],
[(=30°/30°),]s and [(—45°/45°),]; as reported in Figure 6.
And also, the critical buckling load gradually decreases,
while the hole diameter increases for all the types of
fiber orientation.
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Figure 6: Numerical results for the critical buckling load versus the
hole diameter for all types of fiber orientation

Slika 6: Numeri¢ni rezultati za kriti¢no upogibno obremenitev v od-
visnosti od premera luknje, pri vseh orientacijah vlaken
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4 CONCLUSION

In this study, the buckling response of the composite
plates with symmetric orientation angles such as
[(0°/90°),]s,  [(=15°/15°),]s,  [(-30°/30°),]s and
[(—45°/45°),]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:

e The critical buckling loads are strongly dependent on
the hole size for all the types of fiber orientation.

e The maximum values of the critical buckling load
were obtained for the specimens with the [(0°/90°),]s
orientation angle.

e The buckling load decreases exponentially with a de-
crease in the fiber orientation angle of the composite
material.
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