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ABSTRACT

Perforated composite panels are widely used in many engineering applications as subcomponents of
complex structures including aircraft, ships,and other transport vehicles. In many of these applications,
the primary objective of using the panel is to resist buckling. In this present study, a finite element
analysis is performed adopting popular commercial software code Ansys onthebuckling behavior of a
simply supported quasi-isotropic symmetric composite panel with central circular cutouts, reinforced
with stiffeners on both sides of the cutouts under uniaxial, biaxial and combined loading conditions. The
main objective is to achieve the elastic buckling response of the perforated composite panels considering
some important aspects of thestiffeneras follows: (1) effect of the presence of reinforcement, (2) effect
of stiffener area, (3) effect of stiffener thickness, (4) effect of stiffener material and (5) effect of fiber
orientationangle. It is observed that reinforcement can significantly improve the critical buckling load
of a panel, which is already reduced due to cutouts. Then, increasing the area of the stiffener does not
have a major impact on the buckling stability ofthe panels. However, increasing the thickness can play
acrucial role to strengthen the buckling stability. Finally, it is found that in comparison to aluminum and
titanium alloys, epoxy-carbon is more practical as a stiffener material with correct fiber orientation ange
(90°), considering the low weight increment and higher buckling achievability.

doi: 10.5829/ije.2021.34.01a.27

1. INTRODUCTION

load assessment of composite panels [8-11]. For instance,
buckling load of a rectangular panel with clamped-

Composite panels are often used as fundamental
structural components in both the transportation and
infrastructure industries. Cutouts are frequently found in
these panels to meet the specific requirements based on
applications like maintenance, pipe and cable access,
hydraulic lines, weight reduction, etc. However, due to
cutouts, in-plane compressive loading capability (also
known as critical buckling) of thin-walled panels,
reduces significantly with increasing cutout diameter [1-
3]. Besides, various cutout shapes (circular, elliptical,
square, triangular, etc.) present in the panel can
significantly affect the critical buckling load [4], in some
cases up to 50% [5]. In general, both circular and
elliptical cutouts provide optimum buckling load [6]
while their location in the panelis also crucial [7].
Among other important parameters, boundary and
loading conditions have a great influence in the buckling
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clamped type boundary condition is twice that of
clamped-simply supported condition, irrespective of
various linearly varying in-plane compressive loads [12].
Furthermore, square panels with partial edge
compression showed completely different behavior
compared to those with full edge compression [13].

It is not always feasible to determine buckling
strength of composite panels due to the complex setups
(e.g., poor hand layup manufacturing process of
composite panels [14], shearloading [15], etc.) and costs
involved. On the other hand, readily available analytical
formulas are not always applicable for panels, especially
with cutouts [16]. Therefore, commercial finite element
analysis (FEA) packages, namely, Abaqus, Ansys, MSC
Nastran, etc., are widely adopted to conduct various
parametric studies on the buckling strength of panels [17-
22]. In most cases, the predicted buckling [23, 24] and
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post-buckling [25] strength using FEM agrees quite well
with the experiments. However , in some particular
instances, the discrepancy may reach up to 30% due to
imperfections found in the tested specimen, material and
experimental boundary conditions [26].

As described earlier, cutouts are inevitable in panels,
which eventually decrease the in-plane compressive
loading capability of structures. Therefore, it is common
in offshore structures to adopt various reinforcement
types to strengthen the buckling load capability of
isotropic panels, which are mainly selected based on
loading conditions [27]. Apart from that, perforated
composite panels can also be strengthened with flange
reinforcement, ring reinforcement, flange and ring
reinforcement, and double ring reinforcement. It is
reported that for composite panels under shear loading,
double ring reinforcement is most effective; when
considering both stress reduction and buckling stability
[28]. Subsequent research reveals that the critical
buckling load of a composite C-section flange can be
increased by 20.9% with a reinforcing L-shape stiffener
[29]. More recent investigation on the reinforcement of
composite perforated panels suggests that longitudinal
and planer type stiffener can improve the buckling load
capacity of panels by 2.8 and 1.9 times in contrastto the
panel without the stiffener, respectively [30].

While several contributions] are made to investigate
the critical buckling load of the panels, only a few studies
are reported to reinforce the cutouts and improve the
buckling stability of the panels [1-13, 17-21, 23-30].
Moreover, no investigations are found to address the
effect of reinforcement parameters like area and
thickness of stiffener, stiffener material and fiber
orientation angle of composite stiffener on the buckling
stability of the panels. Therefore, the main objective of
this current research is to study the critical buckling
improvement of simply supported composite panels,
while reinforcing planer type stiffeners on both sides of
the panel around the cutout under three different loading
conditions, namely uniaxial, biaxial, and combined
loading, based on commercial finite element code Ansys.

2. PROBLEM STATEMENT

A quasi-isotropic symmetric layup [0°/45°/-45°/90°]s is
considered as a composite panel with a dimension of 300
mm (length, a) x 200 mm (width, b) x 3 mm [total
thickness of the panel, 0.1875 mm (= tpy) X 16] along
with central circular cutouts having a diameter (d) of 20
mm, 40 mm, 60 mm, 80 mm, 100 mm and 120 mm. The
cutouts are reinforced from both sides of the panel with
square planer type stiffeners. These stiffeners have the
same circular cutouts as the panels to which they are
affixed. The length of each side of the stiffener is defined
as 10 mm +d + 10 mm (see Figure 1). The thickness of

each stiffener attached on both sides of the panel is
0.1875 mm (the same as a single ply thickness of
composite laminate).

First, to study the effect of the area of the stiffeners,
the horizontal sides are increased by 5 mm intervals up to
30 mm while the lengths of the vertical sides are kept
fixed. Then, the vertical sides are lenghthened by similar
5 mm intervals while the lengths of the horizontal sides
are kept constant. Next, both the horizontal and vertical
sides are lengthened together in such a way that the area
increase matches the area of the stiffeners in the previous
steps of lengthening the horizontal or vertical sides. In
summary, the buckling load due to cutout reinforcement
is studied in the cases of incremental lengthening of the
horizontal side of the planer stiffener, incremental
lengthening of the vertical side ofthe planer stiffener, and
incremental lengthing of both sides simultaneously
(Figure 2). In addition, when investigation is conducted
on the stiffener thickness, the initial area of the stiffener,
thatis, 10 mm + d + 10 mm, is kept constant while the
thickness is increased as doubled, tripled and quadrupled
for both the affixed stiffeners. Similarly, during the
investigation of the area increment of stiffener, the
initially assumed thickness of the stiffener is kept fixed,
to be precise, 0.1875 mm. Finally, to study the effect of

Panel

10 m

b=200 mm

a=300 mm

A?Ianer-Typa Stiffener

Figure 1. Composite panel with circular cutouts and
reinforced stiffeners;a: 2D view of the composite panel with
stiffener and dimensions, b: 3D view of the stiffeners bonded
with composite panels
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C.
Figure 2. Area increment plan of stiffeners; a: Horizontal
side increment plan, b: Vertical side increment plan, c:
Simultaneous horizontal and vertical side increment plan

the material, both initial thickness and stiffener area are
kept constant. The following assumptions are made to
carry out the critical buckling investigations of the
perforated panel:-

(1) The Planer stiffener is perfectly bonded with the panel
around the cutouts. This assumption is valid since the
study is limited to critical buckling which occurs in the
elastic zone and does not have any effect on the
connection until the sudden post-buckling collapse takes
place in the plastic region [31].

(2) This investigation is limited to critical buckling only.
Further first ply failure, damage, etc.are notsoughtsince
critical buckling itself is a type of failure which takes

place far before the damage is initiated in the composite
panels [32-34].

The material of the composite panel is assumed to be
epoxy-carbon while for reinforced stiffener, aerospace
type aluminum alloy T3-2024 is adopted. To compare the
effect of the stiffener material on the buckling behavior
of the perforated panel, apart from aluminum alloy, the
same composite material of the panel with ply orietation
of 0°,30°,45°,60°, 90°, and titanium alloy is chosen. The
mechanical properties of all the materials used for this
case study are given below in Table 1.

3. FINITE ELEMENT PROCEDURE

Commercial FE code Ansys is employed to investigate
the eigenvalue buckling of the reinforced composite
panel. Meshing the structure to prepare for finite element
analysis is one of the most crucial steps since poor
meshing adoption often leads to inappropriate results and
special consideration should be taken for structures with
discontinuity, for instance, the panel with holes.
Therefore, for meshing the panel and the stiffener,
mapped face meshing with quadrilateral shell elements is
applied. Since the cutouts are sensitive, meshing is more
refined towards the cutout (Figure 3). Besides, for each
cutout ratio, the mesh element number is keptin such that
increasing the element number would not lead to any
further change in eigenvalue buckling.

For the boundary conditions of the panel, all edges are
considered as simply supported since most aerospace
panels are simply supported [35]. Three loading cases are
considered for the panel, namely, uniaxial, biaxal, and
combined loading (shear and uniaxial together), (see
Figure 4).

3. VALIDATION OF THE PRESENT STUDY

The present finite element analysis results are validated
with available experimental data for various composite
panels with central circular cutouts found in literature
[36], (see Table 2). It can be observed that most of the
current finite element predictions are closer to the
experimental results than the author’s finite element
results.

TABLE 1. Mechanical properties of Epoxy-Carbon Unidirectional, Aluminum and Titanium Alloy

Material Density, P (Kg/m®)  Eu1(GPa) B2=B3 (GPa) Gi12=G13(GPa) Ga23 (GPA) V12=V13 Va3
Epoxy-Carbon 1490 121 86 4.7 3.1 0.27 0.4
Aluminum Alloy 2780 73.1 27.481 0.33
Titanium Alloy 4620 96 35.3 0.36
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(

Figure 3. Composite panel meshing with stiffeners; a:
Composite panel meshing with refinements, b: Closure view
of stiffener meshed body

5. NUMERICAL RESULTS AND DISCUSSIONS

5. 1. Effect of Reinforcement Firstly, a
comparative study of perforated composite panels with
and without reinforcement is carried out to investigate the
influence of stiffeners on the critical buckling load for
cutout ratios (d/b) 0.1 to 0.6 as shown in Figure 5. It is
observed that for all loading cases, stiffened panels show
better critical buckling stability than panels without
having stiffeners. The studies also revealed that, as the
cutout ratio increases, due to the reinforcement, the

percentage of buckling stability of a panel increases
significantly compared to the same panel without having
stiffeners (see Figure 6). The highest buckling
achievement occurs for acombined loading case with the
cutout ratio 0.6. In this case, reinforcing the panel
improves buckling stability by 26%. However, for biaxial
loading, the increment percentage is relatively low
compared with other loading cases. Besides, for the
cutoutratio of 0.1, reinforcement does not greatly affect
the critical buckling load; it only changes by an increment
of around 5% for all loading cases.

Uy=0 Uz=0

©
Figure 4. Boundary conditions of the panel; a: Uniaxial
loading, b: Biaxial loading, ¢: Combined loading

TABLE 2. Comparison of buckling loads with central circular cutouts

Plate length by plate
thickness

Laminate Code Boundary Condition Author FEresults, N Experimental results, N PresentStudy,N

[90°/45°/-45°/0°]s 377.4 410 458.2
Clamped-Clamped
[90°/45°/-45°/0°] 540.65 465 510.77
[90°/45°/-45°/0°]s . 185.2 215 222.78
75 Clamped-Pinned
[90°/45°/-45°/0°] 277.3 240.6 262.2
[90°/45°/-45°/0°]s . . 94.2 89.1 101.7
Pinned-Pinned
[90°/45°/-45°/0°] 133.7 144.69 125.1
[90°/45°/-45°/0°]s 1608.7 1326 1571
Clamped-Clamped
[90°/45°/-45°/0°] 2120.3 2209 2000
[90°/45°/-45°/0°]s 792.7 759 755
375 Clamped-Pinned
[90°/45°/-45°/0°]s 1096.7 1244 1033.9
[90°/45°/-45°/0°]s 4145 358 395.76
Pinned-Pinned
[90°/45°/-45°/0°] 520.8 518 488
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Figure 5. Buckling load of perforated panels with and
without stiffeners
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Figure 6. Cutout ratio vs. buckling load increment under
various loading conditions

5. 2. Effect of Increasing the Area of Stiffeners
Since the reinforcement has a positive impact on the
buckling load of perforated panels, a further investigation
is performed by increasing the area of the stiffener to
check whether additional area provides better stability to
the panels. The results suggest that for any loading
condition, increasing the area horizontally, vertically, or
simultaneously does not have a major effect on the
buckling behavior of reinforced panels with cutout ratio
0.1 and 0.2 as shown in Figures 7(a) and 7(b). Similar
trends can be observed for cutout ratios 0.3 and 0.4
except for the uniaxial loading case, where the maximum
increment of the vertical area provides an increment of
8% critical buckling value to the panel as illustrated in
Figures 7(c) and 7(d). This trend continues for cutout
ratios 0.5 and 0.6 too, where buckling strength can be
further increased by 12 and 13.5%, respectively; for the
highest increment of the area, as shown in Figures 7(e)
and 7(f). For the other two loading conditions, the
increment of the area of any form has minor effects on
the overall critical buckling value of the panel observed
in Figures 7(e) and 7(f).
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Figure 7. Effect of area increment of stiffener on the
buckling load of panels; () Cutout ratio, d/b=0.1, (b) Cutout

ratio, d/b=0.2, (c) Cutout ratio, d/b=0.3, (d) Cutout ratio,
d/b=0.4, (e) Cutout ratio, d/b= 0.5, (f) Cutout ratio, d/b=0.6.

5. 3. Effect of Thickness of the Stiffener Unlike
the previously discussed case, increasing the thickness of
the stiffeners has a major impact on the critical buckling
load of the composite panels illustrated in Figures 8(a),
8(b), and 8(c). Even though, for cutout ratio 0.1, no
significant load increase is observed. However,
improvement of the buckling stability starts to take place
from cutout ratio 0.2. For cutoutratio 0.3, for a thickness
of 0.75 mm (x2) stiffener, the increment can be achieved
up to 229, 27.1, and 29.87% for uniaxial, biaxial and
combined loading, respectively. The highest impact on
the critical buckling load due to increasing the thickness
occured for cutout ratio 0.6 when doubling the thickness
from 0.1875 to 0.375 mm for both the stiffeners will
strengthen the buckling capacity of panels by 16.1, 13.67
and 22% for uniaxial, biaxial and combined loading
cases, respectively. For a thickness of 0.75 mm (x2)
stiffener, buckling strength can be increased further up to
495, 434 and 70% for uniaxial, biaxial and combined
loading cases, respectively. Besides, for the uniaxial
loading case, when the thickness of the stiffeners is
0.1875 mm x 6 and 0.1875 mm x 8, buckling load
increases with the cutout ratios. A similar conclusion can
be made for the biaxial loading caseas well , when 0.1875

mm x 8 reinforced stiffeners provide a rise in buckling
load with the increase of cutout ratios. However, no such
increase is observed for the combined loading case.
Finally, it is important to note that increasing the
thickness of stiffeners is most beneficial for strengthing
stability of combined loaded panels.

5. 4. Effect of Stiffener Material and Fiber
Orientation Reinforcement ona composite panel
will definitely add up weights to the structure which
should be minimized to achieve the desired strength of
the panel. Material plays an important role to achieve the
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Figure 8. Buckling load at various thickness of stiffeners
and cutout ratios at various loading conditions; (a) Uniaxial
loading, (b)Biaxial loading; (c) Combined loading
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convenient strength to weight ratio of a panel. Therefore,
adetailed study is carried out on the stiffener material and
it can be observed that, in case of composite stiffener,
fiber orientation angle has a strong influence on the
critical buckling load of composite panels. For all the
loading cases and cutout ratios, changing the fiber
orientation angle from 0° to 90°, leads to a sharp increase
in the critical buckling load of the panels (see Figure 9).
In comparison with the aluminum alloy, for all loading
cases and cutout ratio, 90° fiber orientation performs
slightly better than the alloy except for cutout ratio 0.6
when aluminum alloy provides a better stability to the
uniaxial and combined loading cases upto 4.5 and 3.8%,
respectively. Along with aluminum alloy and epoxy-
carbon, titanium alloy is also investigated which
outperforms both of them providing betterstability to the
panels. However, as described earlier, a strength to
weight ratio must be maintained for lightweight
structure; therefore, a comparison of weight increment
and buckling load increment in percentage for all cutout
ratios is shown in Figure 10. Interestingly, up until cutout
ratio 0.3, for all loading cases, epoxy-carbon provides
almost similar buckling strength to the panel compared
with titanium alloy. However, for cutout ratio 0.4 and
greater, titanium alloy provides increasingly more
stability to the panels. This is most severe for uniaxial
and combined loading cases and cutout ratio 0.6, when
using titanium alloy provides almost 16.29 and 13%
more stability to the panels. Nevertheless, looking at the
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Figure 9. Stiffener material and fiber orientation angle on
the buckling load at various loading condition; (a) Uniaxial
loading, (b) Biaxial loading; (c) Combined loading

weight increment, epoxy-carbon is more practical than
titanium alloy because of its lower density.
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Al-Alloy Composite
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Figure 10. Effect of stiffener material weight and
corresponding buckling increment;  (a)lncrement  of
Buckling load (in %) and weight increment (in %) at various
cutout ratios under uniaxial loading case, (b) Increment of
buckling load (in %) and weight increment (in %) at various
cutout ratios under biaxial loading case, (c) Increment of
buckling load (in %) and weight increment (in %) at various
cutout ratios under combined loading case

6. CONCLUSION

A large number of simulations are carried out to
investigate the effect of planer type stiffener as
reinforcement  to the quasi-isotropic  perforated
composite panels. Based on the investigations, key
findings are outlined as follows.

1. Buckling stability of panels with smaller cutout ratios
(0.1 and 0.2) does not improve greatlydue to
reinforcement. Even increasing the stiffener thickness or
choosing strong material like titanium alloy fails to
increase the stability of the panels significantly. In
summary, planar type stiffeners should not be chosen
asreinforcement for smaller cutouts.

2. Planer reinforcement improves the buckling stability
of the simply supported panels with central circular holes
under any loading conditions.

3. The percentage of buckling stability that is due to
reinforcement increases with increasing cutout area.

4. Increasing the area of the stiffener does not have a
significant effect on the critical buckling load of the
reinforced panels.

5. Increasing the thickness of the stiffener has a major
impact on the critical buckling load of the panels.

For the uniaxial loading case, when the stiffener
thicknessis tripled and quadrupled, the critical buckling
load of the panels increases with the cutout ratio.

6. In the case of choosing composite (epoxy-carbon) as
stiffener material, fiber orientation has a great impact on
the overall buckling stability of the panels.

7. For weight reduction and maximizing the critical
buckling capability, composite (epoxy-carbon) material
is preferable to metals (aluminum and titanium alloy)

8. Among all loading cases, the stability of stiffened
panels under combined loading condition is mostly
benefited from the reinforcement.
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