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Abstract-

Mechanical  buckling analyses  were
performed on rectangular plates with central cutouts.
The cutouts were either circular holes or square
holes. The finite-element structural analysis method
was used to study the effects of plate-support
conditions, plate aspect ratio, hole geometry, and
hole size on the mechanical buckling strengths of the
perforated plates. The  compressive-buckling
strengths of the plates could be increased
considerably only under certain boundary conditions
and aspect ratios. The plate-buckling mode can be
symmetrical or antisymmetrical, depending on the
plate boundary conditions, aspect ratio, and the hole
size. For the same cutout areas (i.e., same plate
weight density), the buckling strengths of the same-
sized plates with square holes generally surpass
those of the plates with circular holes over the range
of hole sizes. The results and illustrations provide
vital information for the efficient design of aerospace
structural panels.

INTRODUCTION

In aerospace structures, cutouts are
commonly used as access ports for mechanical and
electrical systems, or simply to reduce weight.
Structural panels with cutouts often experience
compressive loads that are induced either
mechanically or thermally, and can result in panel
buckling. Thus, the buckling behavior of those
structural panels with cutouts must be fully
understood in the structural design. For an
unperforated rectangular plate of finite extent (i.e.,
with finite length and finite width) under uniform
compression, the closed-form buckling solutions are
easily obtained because the prebuckling stress field is
uniform everywhere in the plate. When a finite
rectangular plate is perforated with a central cutout
(e.g., a circular or square hole), however, the
buckling analysis becomes extremely cumbersome
because the cutout introduces a load-free boundary
that causes the stress field in the perforated plate to
be nonuniform. Hence, the closed-form buckling
solutions are practically unobtainable, and various

approximate methods had to be developed to analyze
such perforated plates.

With the availability of powerful tools such

as the well-developed, finite-element structural
analysis computer programs, it is now possible to
calculate the prebuckling stress fields and the
buckling eigenvalue solutions quite accurately for the
finite rectangular plates of any aspect ratios,
containing cutouts of any geometry and any hole
sizes, under any specified boundary and loading
conditions.
This report investigates the mechanical- and thermal-
buckling analyses of rectangular plates containing
arbitrarily-sized central circular holes or square holes.
A finite-element method was used to study the effects
of plate aspect ratio, hole geometry, hole size, and
plate boundary conditions on the mechanical and
thermal-buckling strengths of perforated plates.

DESCRIPTION OF THE PROBLEM

The geometry of the perforated rectangular
plates and different boundary conditions used in the
finite-element analysis are described as follows.

Geometry

Figure 1 shows the geometry of two types of
perforated rectangular plates with length I, width w,
and thickness t. The central cutout is either a circular
hole with diameter d (fig. 1(a)), or a central square
hole with side c (fig. 1(b)). Table 1 lists the
dimensions of various perforated rectangular plates
analyzed.

Notice that all the plates have the same width, w = 20
in., and the same thickness, t = 0.1 in.
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Figure 1. Rectangular plates with central cutouts.

In table 1, the range 0 ~ 0.7 covers 0, 0.05,
0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6,
0.65, 0.7. For a given plate aspect ratio, the 15 hole-
size cases will provide 15 data points for plotting
each buckling curve in the ()cr vs. d/w (or c/w) plots.
If the buckling curve has any sharp bends in certain
regions, however, additional data points for d/w (or
c/w) values not listed in table 1 were generated to
define those sharp bend regions more accurately.

Table 1. Dimensions of perforated plates.

w, in. t.in. Iiw dhw c/
20 0.1 1.0 0-~0.7 0-~0.7
20 0.1 1.5 0-~0.7 0-~0.7
20 0.1 2.0 0~07 0-~0.7

Boundary Conditions

The various boundary conditions considered
in the mechanical- and thermal-buckling analyses are
described as follows. For mechanical buckling
(uniaxial compressive buckling), the four edges of
the perforated plates are either simply supported or
clamped. The lower edge of the plate is kept
stationary and the upper edge is allowed to move
freely in the loading direction (y-direction). The two
unloaded edges are either constrained from the
transverse in-plane motions. The four cases of
boundary conditions considered in the analysis are as
follows:

1. four edges simply supported; the two side
edges can slide freely along the lubricated
fixed guides.

2. four edges simply supported; the two side
edges can slide freely along the lubricated

guides, which can have free in-plane transverse
motions.

3. four edges clamped; the two side edges
can slide freely along the lubricated fixed
clamping guides .

4. four edges clamped; the two side edges
can slide freely along the lubricated clamping
guides, which can have free in-plane transverse
motions .

FINITE-ELEMENT ANALYSIS

In the finite-element analysis, the structural
performance and resizing (SPAR) finite-element
computer program was used. Because of symmetry,
only one quarter of the perforated plates were
modeled. The plates with circular holes were
modeled with both triangular combined membrane
and bending elements (E33 elements) and
quadrilateral combined membrane and bending
elements .For the plates with square holes, only the
square-shaped E43 elements were used. Two typical
quarter-panel finite-element models generated for a
typical circular cutout case (I/w = 1.5; d/w = 0.2) and
a typical square cutout case (l/w = 1.5; c/w = 0.2) are
shown, respectively,

The material properties used in the finite-
element analysis are those of monolithic Ti-6Al-4V
titanium alloy (ref. 15), listed in table 3.

°  Youngs modulus E = 1.095X10"N/m?
o Shear modulus G = 0.424X10*N/m?
o Poission ratio y = 0.31

RESULTS

The following sections present the results of
the finite-element mechanical- and thermal-buckling
analysis of rectangular plates with circular and square
holes.

Solution Accuracy

For checking the finite-element solution
accuracy, the finite-element buckling solutions for
simply supported solid plates (no holes) of different
aspect ratios under uniaxial compression were
compared with the corresponding classical buckling
solutions given by Timoshenko,{1961},Theory Of
Elasticity, 2" Edition, McGraw-Hill Book.

From His Theory, the critical buckling load
is given by

Ne,= kZEt/12w(1-0°) )

ISSN: 2249-2593

http://www.ijcotjournal.org

Page 7




International Journal of Computer & Organization Trends (IJCOT) — Volume 1 Issue 1 July to August 2011

Here k is the numerical factor depends on
the plate aspect ratio and boundary conditions. The
following table shows the results of buckling
strengths for the first boundary condition by
theoretical and finite element method.

I/w k Ner (N) | Nee (N) | Error
ratio (Theoritical) | (Ansys)

1 4 21521.176 20386 5.2
15 4.66 | 25072.170 24466 2.4

2 3.97 | 21346.170 20640 3.3

Comparison of Buckling Strengths

The buckling strengths of the plates with
circular holes will be compared with those of the
plates with square holes under the same weight
density conditions. Therefore, for a given aspect ratio
of the perforated plates (no change in width w), the
area of the square hole was set equal to that of the
circular hole by adjusting the side ¢ of the square
hole according to the relationship.

o/d = n/2 @)

Thus, before the comparison of buckling strengths
could be made, the abscissa c/w of figures 29, 31,33,
35, 37, 39, 41, 43, and 45 must first be converted to
the equivalent d/w using equation (2). Namely, the
data points for the square hole cases must be shifted
slightly toward the right because the equivalent d/w is
slightly greater than c/w in view of equation (2).
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Figure 3 Comparison of compressive buckling strengths of rectangular plates with different geometrical

cutouts; fixed edges.

(Fig 2-4)compare the compressive buckling strengths
of the two types of perforated plates under 4S fixed
and 4C fixed conditions.
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Figure 2 Comparison of compressive buckling strengths of square plates with different geometrical
cutouts: fixed edges.
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Figure 4 Comparison of compressive buckling strengths of rectangular plates with different geometrical
cutouts; fixed edges.

At large hole sizes, the square hole cases
exhibit higher buckling strengths than the respective
circular hole case.

For the 4S free and 4C free boundary
conditions, the square plates with square holes (fig.5)
have higher compressive buckling strengths than
those with circular holes. For the perforated
rectangular plates (figs.6), the square hole cases give
slightly higher buckling strengths at moderate hole
sizes than the circular hole cases.
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Figure 5 Comparison of compressive buckling strengths of square plates with different geometrical
cutouts; free edges.

For the 4S free and 4C free boundary
conditions, the square plates with square holes (fig.5)
have
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higher compressive buckling strengths than those
with circular holes. For the perforated rectangular
plates (figs.6), the square hole cases give slightly
higher buckling strengths at moderate hole

sizes than the circular hole cases. The reverse is true,
however, for hole sizes greater than diw =
0.5.
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Figure 6 Comparison of compressive buckling strengths of rectangular plates with different geometrical
cutouts; free edges.

The buckling behavior of plates with central
holes as presented is quite peculiar because, under
certain boundary conditions (especially cases with
clamped edges) and plate aspect ratios, the
mechanical buckling strengths of the perforated
plates, contrary to expectation, increase rather than
decrease as the hole sizes grow larger. The
conventional wisdom is that, as the hole sizes
increase, the plates lose more materials and become
weaker. Therefore, the buckling strengths were
expected to decrease as the hole sizes increase. This
was not the case. Such peculiar buckling
phenomenon of the perforated plates may be
explained as follows.

When the hole size becomes considerably
large relative to the plate width, most of the
compressive load is carried by the narrow side strips
of material along the plate boundaries. As is well
known, a stronger plate boundary condition (e.g.,
clamped rather than simply-supported boundaries)
increases the buckling strength, while the higher
stress concentration decreases the buckling strength.
Thus, which effects become dominant will determine
the increase or decrease of the buckling strengths of
the perforated plates.

For the square-hole cases, the load-carrying
narrow side strips along the plate boundaries are
practically under uniform compressive stress fields.
For the circular-hole cases, the narrow compressed
side strips are under stress concentration, which
reduces the buckling strengths. This fact may explain
why, for most of the cases studied (except figs. 51
and 52), the buckling strengths of the plates with
square holes increase more at larger hole sizes than

the plates with circular holes having the same weight
density.

The unusual buckling characteristics of the
perforated plates offer vital applications in aerospace
structural panel design. Namely, by opening holes of
proper sizes in aerostructural panels for weight
saving, their buckling strengths can be boosted
simultaneously. Thus, with a single stone, one can
shoot
down two birds.

CONCLUDING REMARKS

Finite-element mechanical- and thermal-
buckling analyses were performed on plates
containing centrally located circular and square holes.
The effects of plate aspect ratio, hole geometry, hole
size, and plate support conditions on the mechanical-
and thermal-buckling strengths and buckling mode
shapes were studied in great detail. The key findings
of the analysis are as follows:

* The buckling mode shapes of the
perforated plates can be symmetrical or
antisymmetrical depending on the hole sizes, plate
aspect ratios, and plate boundary conditions.

* Increasing the hole size does not

necessarily reduce the mechanical- and thermal-
buckling strengths of the perforated plates. For
certain plate aspect ratios and plate support
conditions, mechanical- and thermal-buckling
strengths increase with the increasing hole sizes.
For most cases under the same weight density
conditions, the mechanical- and thermal-buckling
strengths of the plates with square holes are slightly
higher than those of the corresponding plates with
circular holes at increasing hole sizes.

* The clamped boundary conditions more
effectively  enhance  the  mechanical- and
thermalbuckling strengths of the perforated plates at
larger hole sizes than the simply-supported boundary
conditions.
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