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Abstract: In this study, a thermal buckling analysis of
laminate composite square plate was performed with
elliptical hole cutout using the finite element method.
Graphite/Epoxy laminate plate used in this study is sym-
metrical stacking sequence plate [(0/90),]s. This laminate
square plate was subjected to temperature loading with
clamped support on all edges. Moreover, the parameters
considered were fiber orientation (), a/b ratio (elliptical
hole), elliptical hole inclination (¢), thermal expansion
coefficient ratio (a1/a>), and thickness of plates (t). The
results showed that as the thermal expansion coefficient
ratio changes, the elliptical hole ratio and the elliptical
hole inclination have inconsequential effects on the perfor-
mance of the resistance of laminate composite plates. The
maximum values of thermal buckling amplification factor
were obtained when the ratio a/b = 1.0, which is a circle
cutout, while the minimum values were obtained when the
ratio a/b = 0.5, regardless of the thickness of plates. More-
over, the plate with elliptical or circle cutout hole provides
about 4% to 9% higher buckling resistance than that of the
plate without hole cutout, because when subjected to tem-
perature loading the plate with hole can release stress bet-
ter than the plate without hole.
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1 Introduction

The use of composite laminate is notably increasing in
commercial aircraft, automobile, marine industry, robotic
arms, and civil engineering [1], due to its high strength-to-
weight ratio, high stiffness, low coefficient of thermal ex-
pansion, and high fatigue resistance [2, 3]. A clear under-
standing of its structural behavior is essential, such as the
deflection, the through-thickness distributions of stress
and strain buckling, loads and modal characteristics, the
large deflection behavior, and of enormous necessity for
attaining strong, reliable multi-layered structures, the fail-
ure characteristics. But depending on their anisotropic
and heterogeneous nature, laminate composite plates are
more intricate in analysis than homogeneous plates. In
fact, owing to practical requirements, hole cutouts are of-
ten needed in structural components to reduce weigh and
increase efficiency in structures. For example, hole cutouts
in wing spars and cover panels of commercial transport
wings and military fighter wings are required to offer ac-
cess for electrical lines, hydraulic lines, and damage in-
spection [4]. Although the laminate composite is often sub-
jected to elevated temperature environments, which eas-
ily induce buckling, the study on thermal buckling of lam-
inate composite plates with elliptical/circle hole cutout
is still not adequate. Buckling is one of the main failure
modes of laminate composite plates when they are under
membrane stress caused by temperature loads, mechan-
ical loads, and thermo-mechanical loads. Therefore, the
buckling resistance of laminate composite is the govern-
ing factor in design [5-15]. Also proposed some new tech-
niques in predicting the critical buckling of plates with var-
ious thickness, aspect ratio and arbitrary loading.

When plates are subjected to elevated temperature
environments, the thermal stresses of laminate compos-
ite plates are developed at the edges of the plates, owing
to the constraint of thermal expansion coefficients. These
thermal stresses cause thermal buckling loads that affect
the structural behavior of the plates, which result in buck-
ling of the plates. Thus, Topal and Uzman [16] studied the
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optimal design of laminate composite plates with circu-
lar hole cutouts subjected to thermal buckling load. More-
over, the first order shear deformation was used for the fi-
nite element analysis. It demonstrated that as the aspect
ratio increases, the optimum fiber orientation and criti-
cal buckling load gradually decrease. Avic et al. [17, 18]
were interested in studying the rectangular symmetric and
asymmetric laminate composite plates that contain a cir-
cular hole with clamped and simply supported edges. The
first order shear deformation with eight-node Lagrangian
FE technique was used to analyze the thermal buckling.
Chen et al. [19] studied the thermal buckling of antisym-
metric cross-ply laminate composite plates with circular
hole. They showed that the effects of thermal expansion
and thickness ratio have no influence on the relative buck-
ling temperature. Also, their paper illustrated that the ther-
mal buckling load increased with the increase of elastic
modulus ratio in plates without a hole. Shaterzadeh et al.
[20] investigated the thermal buckling of symmetric and
antisymmetric laminate composite plates with a circular
cutout. Code developed in MATLAB software was used to
analyze thermal buckling with the first order shear defor-
mation theory. It proved that the critical thermal buckling
loads of symmetric plates are smaller than those of anti-
symmetric plates. It was also found that for small holes
(d/a = 0.1), the influence of hole is inconsequential for the
cases of decreased critical thermal buckling load, but as
the hole size increases, its effect becomes more substan-
tial.

Although many previous researches have focused on
the thermal buckling of laminate composite plates with cir-
cular holes, only a few studies have focused on the plates
with elliptical hole cutout. Kumar et al. [21] carried out
buckling analysis of woven-glass-polyester laminate com-
posite plates with elliptical/circular hole. They showed
that the buckling loads decreased when the ratio of mi-
nor axis to length of plate (c/a) and ratio of major axis
to length of plate (b/a) increased. In addition, the angle-
ply laminate composite plates have smaller resistance to
buckling than the cross-ply composite plate. OQuinas and
Achour [22] were interested in studying the buckling load
on square composite plates with an elliptical/circular hole.
They maintained that the designers must avoid the orien-
tation angle of the elliptical notch smaller than 45°, if they
wanted to obtain high resistance to buckling load. Kumar
et al. [5] studied the thermal buckling of rectangular lami-
nate composite plate with elliptical/circular cutout. Seven
different quasi-isotropic laminates were used to analyze
the thermal buckling load. The parameters used in their
study are the orientation of the elliptical cutout, plate as-
pect ratio, and plate length/thickness ratio. However, the
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results presented in previous study illustrated that the ef-
fect of plate length/thickness, plate aspect ratio, cutout
size, orientation of cutout, and elliptical hole aspect ratio
required more detailed investigation.

In the present study, the thermal buckling of square
laminate composite plate with elliptical/circular hole
cutout was considered. The Graphite/Epoxy laminate
plate used in this study was symmetrical stacking se-
quence plate [(0/90);,]s. This laminate square plate was
subjected to temperature loading with clamped support
along all four edges. The parameters studied were the ef-
fect of fiber orientation (0), ratio a/b (elliptical hole), el-
liptical hole inclination (¢), thermal expansion coefficient
ratio (a;/a,), and thickness of plate (t).

2 Finite Element Modeling

This study considered a thin laminate composite square
plate of length 100 mm, width 100 mm, and thickness t
= 1 mm (see Figure 1), and having an elliptical hole at its
center. The Graphite/Epoxy material [23] had the proper-
ties Ell =181 GPa, Ezz =10.3 GPa, G12 = G13 =717 GPa, G23
=6.2 GPa, v1, = 0.28, and was laid up in 8 plies.

The present plate was subjected to temperature load-
ing on the surface of the plate. Also, the finite element com-
mercial software ABAQUS 6.13 was used for the analysis.
The plates were modeled using an eight node shell element
(S8R5). The 2381 SHELL elements had 8 nodes with 6 de-
grees of freedom at each node; rotation around the nodal x,
y, z axes, and translations along the x, y, z directions. The
modeling was undertaken in plane stress. Also, the plate
contained 8 plies of lamina; each ply having a thickness of
0.125 mm. Figure 2 shows the orientation of the symmetric
cross-ply laminate composite plate.

In the practical requirements of composite plates in
the real world, different shapes and sizes of holes can be
used for design purpose. The elliptical hole used in this
study was located at the center of the plate. Thus, the differ-
ences of the elliptical hole orientations and proportions on
the thermal buckling were considered. The elliptical hole
orientations were represented by the angle of inclination
of the major axis of the elliptical hole to the x-axis, and the
variation was from 0° to 90°. When the inclination angle
¢ = 0°, the major axis of the elliptical hole was parallel to
the x-axis; when the inclination angle ¢ = 90°, the major
axis was perpendicular to the x-axis. The proportions of
the elliptical hole were represented by the dimensions of
the minor and major diameters of the elliptical hole, which
were denoted by ‘@’ and ‘b’, respectively. The parameter ‘b’



198 —— B.ChhornandW.Jung

100

100

DE GRUYTER

Fixed edge

Fixed edge
Fixed edge

Fixed edge

Figure 1: Geometric modeling and meshing of the plate with elliptical hole.
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Figure 2: Fiber orientation of the laminate plate.

remained constant, i.e. 10 mm, while the parameter ‘a’ was
varied from 1Imm to 10 mm.

3 Numerical Parametric Study of
Laminate Composite Plates

3.1 Influence of the geometric hole aspect
ratio (a/b) on the thermal buckling load

Figure 3 shows the effect of the geometric ratio (a/b) of an
ellipse on the variation of thermal buckling load for sev-
eral hole orientations. The major axis of the ellipse was of
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Figure 3: Effect of hole aspect ratio (a/b) on the thermal buckling
load.

constant length (b = 10 mm), while the length of the mi-
nor axis of the ellipse (a) was varied. The laminate compos-
ite material used in this case was symmetrical with types
[(0/90);]s. This figure is divided into two cases, case 1 el-
liptical hole orientation ¢ < 45°, and case 2 elliptical hole
orientation ¢ > 45°. The figure illustrates that for ¢ > 45°,
when the aspect ratio of elliptical hole was between (0.1
and 0.4), the thermal buckling load decreased slowly. For
@ < 45°, the decrement occurred up to the hole’s aspect
ratio of 0.5. Beyond this aspect ratio, the curve increased
exponentially. The maximum thermal buckling loads were
obtained for the largest ratio (a/b = 1), which was the circu-
lar hole, and which was identical in all cases of hole orien-
tation. Meanwhile, the minimum thermal buckling load in
the case of hole orientation ¢ > 45° was obtained when the
ratio a/b was equal to 0.4, and in the cases of hole orienta-
tion ¢ < 45°, was equal to 0.5. Moreover, it was observed
that the laminate composite plates with hole orientation ¢
= 0° showed the highest resistance to buckling; when ¢ =
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Figure 4: Effect of thermal expansion coefficient on the thermal buckling load.

90°, it provided the lowest values of thermal buckling load.
Therefore, it can be concluded that the composite laminate
plate with smaller elliptical hole orientation yields higher
buckling resistance.

3.2 Influence of the thermal expansion
coefficient

To highlight the effect of the thermal expansion coefficient
on the thermal buckling load of the laminate composite
plates with ratio a/b = 0.4, two cases of elliptical hole incli-
nation, ¢ = 0° and 45°, were considered. Figure 4 shows
the variation of the fiber orientation in these cases. The fig-
ure shows that the thermal buckling load decreased quasi-
linearly with the increase of the thermal expansion coeffi-
cient ratio, while it was similar for all cases of fiber orien-
tation for both inclinations of elliptical hole angle ¢ = 0°
and 45°. Exceptional cases occurred when the fibers were
orientated 6 = 0° and 90°, where it was observed that the
thermal buckling load decreased rapidly with the increase
of thermal expansion coefficient ratio (0.05 up to 0.4). Be-
yond this value and up to a1 /a; = 1.0, these curves showed
the same trend as the other curves. Thus, it can be con-
cluded that the thermal buckling of plates with plies orien-
tation 8 = 0° and 90° are sensitive to the change of ratio of
thermal expansion coefficient. This is due to the in-plane
thermal forces of plates with stacking sequence 6 = 0°
and 90° increasing more rapidly than those of plates with
other stacking sequence, when the thermal expansion co-
efficient ratio increases. Consequently, they are vulnera-
ble to buckling. In addition, it shows that the maximum
values were obtained when the thermal expansion coeffi-
cient’s ratio a; /a, = 0.05, while the lowest values were ob-

tained when a;/a, = 1.0. Hence, it can be seen that the
higher the thermal expansion coefficient ratio, the lower
the resistance of the laminate composite plate subjected to
buckling for both cases of elliptical hole inclination. In the
case ¢ =0°, it can also be noted that the plate with the fiber
orientation 6 = 0° and 15° showed the highest resistance
when a;/a, = 0.05. Then, the curve was remarkable when
ai/ay 2 0.4, the plates with fiber angle 6 = 30° and 60°
showed the highest resistance to bucking, while the lowest
values were obtained when the stacking sequence of plate
was 6 = 0° and 90°. In the case of ¢ = 45°, when a;/a; =
0.05, the highest values were for the plate with fiber angle
6 =0°, 15°, 75°, and 90°. When the a;/a; ratio exceeded
0.4 and up to 1.0, the results obtained were similar to the
results of the plate with elliptical hole inclination ¢ = 0°.
Figure 5 demonstrates the influence of the thermal ex-
pansion coefficient ratio of laminate composite material
on the variation of thermal buckling load for several val-
ues of the geometric ratio a/b. The laminate composite ma-
terial used in this case was symmetric, with stacking se-
quence [(0/90),]s. The transverse thermal expansion coef-
ficient was maintained constant, and the longitudinal ther-
mal expansion coefficient was varied. Also, two types of
elliptical hole inclination, ¢ = 0° and 45°, were studied.
Figure 5 shows that the case ¢ = 0° shows that the ther-
mal buckling load decreased quasi-linearly with increas-
ing thermal expansion coefficient ratio, and was identical
in all cases of hole ratios a/b. These results were due to
the increase in in-plane force, which resulted in the in-
crement of induced membrane forces. The maximum val-
ues of thermal buckling load were obtained when the ther-
mal expansion coefficient ratio was 0.05, while the small-
est values were obtained when the longitudinal thermal
expansion coefficient was equal to the transverse thermal
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Figure 5: Effect of thermal expansion coefficient with various hole ratios (a/b).

160

g Hole inclination
< 120 -
> ——9=0
F, —a—p-15
2 80 - =30
2 ——p =145
=
E 40 -
=

0 T T T T 1

0 02 0.4 0.6 0.8 1

al/a2

Figure 6: Effect of thermal expansion coefficient with various hole
inclinations (in the case a/b = 0.4).

expansion coefficient. Furthermore, the effect of the ratio
a/bwas also considered. This case illustrated that for all ra-
tios a/b, the thermal buckling loads were the same for the
entire range of thermal expansion coefficient ratio. Simi-
lar curves are shown in cases where the elliptical hole ori-
entation is ¢ = 45°. The results showed that the thermal
buckling load of each elliptical hole inclination was iden-
tical for all thermal expansion coefficient ratios. Figure 6
shows the relationship between the thermal buckling load
and the thermal expansion coefficient ratio with various
hole inclinations (¢). The ratio of elliptical hole (a/b = 0.4)
was selected to use in this case. It showed that the ther-
mal buckling of plates with elliptical hole inclinations ¢ =
0°, 15°, 30°, and 45° were similar for all cases of thermal
expansion coefficient. According to Figures 5 and 6, it can
be concluded that as the thermal expansion coefficient ra-
tio changes, the elliptical hole ratio (a/b), as well as the
elliptical hole inclination (¢), have almost no effect on the
resistance of laminate composite plates to buckling.

3.3 Influence of the layer thickness of
laminate composite plates

Figure 7 shows the thermal buckling load with regard to
the thickness of laminate composite plates with several
fiber orientations. Also, two cases of hole angle, ¢ = 0°
and 45°, with geometric ratio (a/b = 0.4) were considered.
The figure shows that the thermal buckling load increased
progressively and linearly with the increase of thickness of
the laminate composite plate for both cases of ¢ = 0° and
45°, regardless of the fiber orientation and hole inclination.
This was due to the increase of laminate composite plate
stiffness. Moreover, in the case where the elliptical hole
angle ¢ = 0°, note that the maximum values of thermal
buckling load were obtained when the fiber orientation 6
= 0°. In contrast, the lowest values were obtained when
the laminate composite plates were orientated with 6 = 45°,
regardless of the thickness of plates. In the case where the
elliptical hole inclination ¢ = 45°, the highest resistance
of laminate composite plates was obtained when the fiber
was set as 8 = 0°, 15°, 75°, and 90°, while the lowest resis-
tances of laminate composite plates were obtained when
the fibers were orientated at 8 = 45°, for all cases of plate
thickness. Thus, in this case, to avoid obtaining the lowest
buckling resistance of the laminate composite plates, the
ply orientation must not be set at 6 = 45°.

To demonstrate the effect of the ratio (a/b) of lami-
nate composite plates with respect to the thickness, two
cases of hole inclination were studied. In the first case, the
major axis of the elliptical holes was set parallel to the x-
direction. In the second case, the major axis of the ellipti-
cal hole was taken as ¢ = 45°, compared to the x-direction.
Figures 8 and 9 demonstrate the results obtained with sym-
metry of stacking sequence type [(0/90),]s. In these two
figures, the variation of the amplification factor of the ther-
mal buckling load is represented. Also, the thermal buck-
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Figure 7: Effect of layer thickness with various fiber orientations.
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tion factor (¢ = 45°).

ling amplification factor is denoted by the following:
« AT
= T‘:/t’:l (1)
where, AT,,, and AT, are the thermal buckling load of
the plates with and without an elliptical hole, respectively.
Note that the presence of the elliptical hole with
two different orientations in the same laminate compos-
ite plate provided almost the same results of the thermal

AT

buckling amplification factor. In the case where the ellip-
tical hole inclination was set parallel to the x-direction,
the curve of the amplification factor was divided into two
stages, as shown in Figure 8. In the first stage, it was ob-
served that the thermal buckling amplification factor de-
creased proportionally to the increment of the ratio a/b,
from (0.1 to 0.5). Above this value and up to 1, which was
the second stage, the factor AT" increased rapidly. In addi-
tion, the figure illustrates that the curve for the plate with
thickness equal to 0.6 provided the highest thermal buck-
ling amplification factor. Beside the laminate composite
plate with thickness 0.6, the A T” values were similar as the
ratio a/b increased from (0.1 up to 1.0). Therefore, it can be
noted that in the case t = 0.7 mm, the thickness of plate has
almost no effect on the thermal buckling amplification fac-
tor. The maximum AT" values are obtained when the hole
ratio a/b is equal to 1.0, i.e. a circular hole.

Figure 9 illustrates the variation of thermal buckling
amplification factor with respect to the ratio a/b. It is ob-
served that this figure shows the same trend as Figure 8.
In this case, the minimum values of amplification factor
were obtained when the ratio a/b equaled 0.5 (elliptical
hole), while the highest AT" values of 108.5% were ob-
tained when the ratio a/b = 1 (circular hole). These results
were due to the smaller dimension of the elliptical hole,
which can release lower stress than the larger circular hole.
Furthermore, depending on the dimension of the hole, it
can be seen that the plates with elliptical or circular hole
offered about 4% to 9% higher thermal buckling load than
the plates without a hole. These results under temperature
loading were due to the plates with hole being able to re-
lease stress better than the plates without hole. This means
that the hole cutout under temperature loading works as a
free boundary condition that allows the plate to expand
along the in-plane direction, rather than out-of-plane.
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4 Conclusions

The application and design parameters have a great effect
on the failure mode of a structure. The present study inves-
tigated the thermal buckling of graphite/epoxy composite
laminate square plates with elliptical hole. The effect of
fiber orientation (6), elliptical hole axes ratio a/b, ellipti-
cal hole inclination (¢), thermal expansion coefficient ra-
tio (a1/a>), and thickness of plate (t) were focused on as
the design parameters. From this study, the following con-
clusion can be made:

The higher the hole inclination value, the smaller
the thermal buckling resistance of the laminate com-
posite plate.

The effect of the thermal expansion coefficient on
the critical thermal buckling load greatly depends
on the fiber orientation. Additionally, the resis-
tance of laminate composite plates with stacking se-
quence 6 = 0° and 90° were the most sensitive to the
change of thermal expansion coefficient ratio, com-
pared to other stacking sequences.

The ratio of the elliptical hole a/b, as well as the el-
liptical hole inclination, showed almost no effect on
the resistance of laminate composite plates as the
thermal expansion coefficient ratio changed.

For all cases of plate thickness, to avoid obtaining
the lowest buckling resistance of laminate compos-
ite plates, the ply orientation must not be set at 6 =
45°,

In the case of thickness greater than 0.6 mm, the
thickness of laminate composite plates has negligi-
ble effect on the thermal buckling amplification fac-
tor.

The maximum values of thermal buckling amplifi-
cation factor were obtained when the ratio a/b =1,
which is a circle cutout; while the minimum value
was obtained when the ratio a/b = 0.5, regardless of
the thickness of plates.

The plate with elliptical or circular hole provides
about 4% to 9% higher buckling resistance than that
of the plate without hole cutout. This is because
when subjected to temperature loading, the plates
with hole can release stress better than the plate
without hole.
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