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Abstract

This paper aims to investigate the critical buckling loads of uniaxially loaded simply
supported square thin plates with central circular and square holes in terms of some
parameters like hole shapes, slenderness ratios and total hole areas. In this study,
buckling analyses of perforated plates with different hole shapes of perforation and
slenderness ratios were carried out. For this purpose, plate models with seven
different total hole areas were examined together with the non-perforated plate. The
total hole area ratios in the models are 0.79%, 3.14%, 7.07%, 12.57%, 19.63%, 28.27%
and 38.48%, respectively. The total hole areas of the models with square holes are
arranged to be the same as the models with circular holes to compare the results
among circular and square perforated plates properly. The models were established
by using the finite-element (FE) software ANSYS using Shell-181 elements which are
4-node structural shell elements. The comparisons on critical buckling loads between
square and circular perforated results show that the buckling load for the plates with
square holes is higher than for the plates with circular holes.
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Tek Eksenli Yiikleme Altindaki Kare ve Dairesel Delikli
Kare Plaklarin Burkulmasi

Oz

Bu makale, merkezi dairesel ve kare deliklere sahip tek eksenli ytiiklii basit mesnetli
kare ince plaklarin kritik burkulma ytiiklerini delik sekilleri, narinlik oranlar1 ve
toplam delik alanlar1 gibi baz1 parametreler agisindan incelemeyi amaglamaktadir. Bu
calismada, farkli delik sekillerine ve narinlik oranlarina sahip delikli plaklarin
burkulma analizleri yapilmistir. Bu amagla bosluksuz plak ile beraber yedi farkl
bosluk oranina sahip plak modelleri incelenmistir. Modellerdeki bosluk oranlari
sirasiyla %0.79, %3.14, %7.07, %12.57, %19.63, %28.27 ve %38.48 seklindedir. Dairesel
ve kare delikli plaklar arasindaki sonuglart dogru bir sekilde karsilastirabilmek icin
kare delikli modellerin toplam delik alanlar1, dairesel delikli modellerle ayn1 olacak
sekilde diizenlenmistir. Modeller, kiitiiphanesinde bulunan 4 diigiim noktal1 yapisal
kabuk elemani olan Shell-181 elemanlari kullanilarak sonlu elemanlar yazilimi
ANSYS ile analiz edilmistir. Elde edilen sonuglar, aym bosluk alanina sahip kare
delikli plakalarin burkulma ytiklerinin dairesel delikli plakalara gore daha yiiksek
oldugunu gostermistir.

Anahtar kelimeler: Burkulma, Delikli plaklar, Sonlu eleman, Kare delik, Dairesel delik.
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1.Introduction

Perforated plates are used in many
engineering
member and are subjected to a wide
variety of loads. One of these loads is the

areas as a structural

buckling load which was acting in-plane
uniaxial compressive to these members.
Buckling behavior is often encountered
in such structures and commonly
generates large deformations. Therefore,
buckling design for perforated plates
used as the main structural member is
gaining considerable importance in the
structural designs.

In this sense, although there are studies
on perforated plates, there has not been
much research on buckling and there are
few studies on this subject in the
literature. There were also studies about
perforated rectangular and square plates
subjected to various loads as lateral
bending and inplane tension loads with
different boundary conditions (Albayrak
& Saragoglu, 2016; Saracoglu &
Albayrak, 2018; Saracoglu et al., 2020;
Saracoglu et al., 2021, Karakaya, 2022).
Narayanan and Avanessian (1984),
investigated stability of plates with cut-
outs plates under shear by using finite
method. They computed
buckling coefficient for simply and fixed
supported plates containing various
shaped cut-outs. After the calculations
they suggested a formula for the use of
practical engineers. Brown, presented
elastic stability analyses of perforated
plates with different aspect ratios for
concentrated loading. He emphasizes in
his study that some simple modifications
to the boundary conditions and
geometry of the plate affect the critical

element
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load of the plate majorly (Brown, 1990).
Shakerley and Brown (1996), studied
buckling square
positioned perforated plates with fully
fixed and simply supported boundaries.
They explained the effect of longitudinal

of eccentrically

or lateral slots and the location of
perforations to the critical buckling load
in their study. Shanmugam et al. (1999)
have proposed critical loads for the
design perforated plates with
different boundary conditions and
different shapes of openings which are
subject to uni-axial and bi-axial in-plane
compressive loadings for design in their
study. El-Sawy et (2004) have
investigated the buckling stress of
perforated rectangular
square plates subjected to uniaxial
loadings. By using the finite element

of

al.

circular and

method effects of various parameters
have been determined in their study.
Maiorana et al. (2008) have investigated
the stability of perforated plates with
rectangular and circular holes under
localized symmetric loads. Kémiir and
Sonmez (2008), were studied the stability
of rectangular plates with different
perforations and loading cases, different
normalized hole sizes, and aspect ratios
by wusing finite element software
program ANSYS. Rezaeepazhand and
Sabori (2008), were studied the damaged
metallic perforated square plates and
they conducted finite element codes for
numerical studies. Maiorana et al. (2009)
were were developed some numerical
non-linear analyses for perforated plates
with eccentric holes in their parametric
study. In perforated plates, Komur
(2011) selected elliptical holes as a
different geometrical shape and he
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investigates the effect of
parameters on buckling behavior. Seifi et
al. (2017) were studied the global
buckling
perforated plates experimentally and
and Al-Araji

(2017) were investigated the buckling of

some

behavior of reinforced

numerically. Al-Amar

perforated and unperforated stiffened
plates under uniaxial compressive load.
Yanli et al. (2019) investigated the
buckling behavior of perforated plates
under bending by using finite element
software and a practical formula was
proposed for the coefficient of buckling.
Soares et al., (2019) studied about the
buckling of perforated thin and thick
plates. plates
considered with the simply supported
boundary condition and loaded with uni
axial in-plane loads. And also they

Investigated were

compare the results with the literature.
Soleimanian et al. (2020) studied the
buckling and vibration of perforated
plates made with composite materials
under thermal loads and they suggested
a model for analyses. Guo and Yao
(2021) presented an extensive parametric
study about the buckling behavior of
perforated plates with rectangular and
circular hole shapes. Evaluated plates
have simply
supported investigated  with
different parameters in their study. Kim
et al. (2021) were investigated the
perforated plates subjected to uni axial
compression loadings by using the
commercial

been considered as

and

finite element analysis
program and experimentally. They were
considered thickness, aspect ratio and
opening size as variables in their study.
Silveira et al. (2021) were studied about
perforated plate buckling which has

elliptical-shaped holes. They
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numerically simulated the models with
software using the Finite Element
Method and square steel perforated
plates have a symmetric geometry.
Plates were simply supported in its four
edges and submitted to a biaxial
compressive load and has a centered
They apply the
constructal design method for numerical
analysis of the perforated plates. Fu and
Wang (2022) were investigated the

elliptical ~ cutout.

buckling of perforated plates and for this
purpose, they developed a new semi-
analytical model by wusing the
Timoshenko shear beam theory in their
study and they compare the results with
finite element method solutions.

The main objective of this study is to
investigate the critical buckling loads of
simply supported perforated plates with
different perforations and different
slenderness under
uniaxial compressive loads numerically.
Investigated plates have the same
opening sizes with different hole shapes;

ratios in-plane

circular, and square shaped.
2.Material and Methods

Plates can be unstable because of the
critical in-plane forces acting on the
plates and these forces have effects also
on flexural behavior. And also, these
plates acting with these forces may
undergo buckling by becoming unstable.
In engineering practice design for
stability is critical. If the in-plane load
acting on the square plate is below the
critical value and too small to cause
buckling, the state of equilibrium is
stable. But if the in-plane load is greater
than the critical value, the state of
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equilibrium is unstable, and this leads to
larger deflections.

The general deflection expression which
satisfies the boundary conditions of a
simply supported rectangular plate can
be expressed as an infinite series of as
follows:

mmxX . Nmy

W= 10 et amnsinTsmT D

4P o o sin—=sin—=
~ abmD Zm=1,2,3,~~2n:1,2,3,~~ m2 n2\ mZocrh
a2 bZ)” w2a2D

In equation (2) D is the plate flexural
rigidity, a is the length of the plate in x
axis, b is the length of the plate in y axis,
and o« is the critical stress value.

When the denominator of one of the
terms in equation (2) becomes equal to
zero the critical stress value oo occurs.
This critical value will occur when n=1 in
equation (2). Equation (3) and Equation
(4) give these critical stress values.

In equation (1) w defines the deflection
value. This general expression can be
customized for a simply supported
rectangular plate uniformly lateral
loaded in the x direction and carrying a
concentrated load P at a point with
coordinates C and 1) is as follows.

sin——sin—= 2
m?a?D (m? 112

oo = (i 33) ©)
2D (mb a\2

0 =1 (o + ) *)

Geometry of a plate model subjected to
uniaxial compressive forces is shown in
Figure 1.
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Figure 1. Non-perforated plate model and boundary conditions under uniaxial

compressive forces

The elastic critical stress of a square
plates subjected to uniform axial
compressive stress which are simply

supported along all edges is as follows
(Bryan, 1891; Guo & Yao, 2021):
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m2E

O = K Hame ®)

The calculation results of the examples
discussed in this study were obtained
using the ANSYS finite element package
program. The 4-node structural shell
element SHELL 181 from the ANSYS
element library, shown in Figure 2, is

In equation (5) E is the elastic modulus,
v is the Poisson’s ratio, a is the plate
width and h is the plate thickness. Plate
buckling coefficient is expressed in
equation (5) as k. If D is the plate flexural
rigidity (Timoshenko & Woinowsky-
Krieger, 1959), plate buckling coefficient

used as the finite element. The
SHELL 181 element is 4-node structural
shell element with different options such

is explained in equation (6) and ) ) i
as triangular option, membrane option

ti 7).
equation (7) or layered option. Each of the 4 nodes of

this element has six degrees of freedom:

k =0, % 6

= Oer o2 ) translations in the X, y, and z directions
Eh3 . .

D= 0 (7)  and rotations in the x, y, and z axes.

Triangular Option

not recommended
KEYOPT(11) =0 ( ) KEYOPT(11} =1

Figure 2. Geometry of SHELL181 finite element in ANSYS (Swanson Analysis System
Inc., 2005)

It supports properties such as linear,  opening sizes. Holes on the plates are
large rotation, and large strain nonlinear  circular, and square shaped.
applications (Swanson Analysis System  Geometry and boundary conditions of

Inc., 2005). the plate model with a circular hole is
shown in Figure 3. In the present study,
3.Examples plates are considered to be simply

supported on all edges. Freedom of the
In order to investigate the hole shape  translational displacement in the plane
effect on buckling of uniaxially loaded of the plate and condition of
square plates, one dimension of the plate  nonoccurrence of rigid body movement
is taken as 300 mm, and analyses were  should be applied to the models. For this
performed for non-perforated, square  purpose, two joints at the bottom corners
perforated, and circle perforated square = were fixed in the y direction and middle
plates. Investigated two plates have joint at the bottom edge was fixed in the
different hole shapes with the same  x direction.
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Figure 3. Plate model with a circular hole and boundary conditions.

Dimensions and the loading of the plate
is shown in Figure 1 and Figure 3
Material properties of the example plates
were modulus of elasticity (E) and
Poisson’s ratio (v) are 200000 MPa, and
0.3, respectively.

3.1 Verification of Mesh Quality

The
simulations performed by the finite
element method are dependent on the
mesh quality. Results obtained with a

results obtained in numerical

poor mesh structure will also give poor
or inaccurate results. Therefore, it is
necessary to make sure that the mesh is
good enough to obtain reliable results. In
general, the finer mesh means the more
accurately results. But in this case, there
are more data points, and the number of
nodes and unknowns will increase. To
determine the dependence of the results
the mesh quality
independence study is performed.

In this mesh quality study, buckling

on a mesh

analyses were performed on a simply
supported square steel plate with the
dimension 300 mm x 300 mm and a
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thickness of 2 mm. A series of models
were generated for this sample plate by
meshing with finite elements whose size
was varying from 50 mm (coarsest mesh)
to 2 mm (finest mesh) divisions for mesh
quality verification. Critical buckling
load yielded from each model were
calculated and compared to study the
influence of mesh quality on the
buckling analysis results. This series of
buckling analysis results, comparisons
and percentage approximate errors were
calculated by comparing other results to
the &
Woinowsky-Krieger, 1959) and shown in
Figure 4. It can be observed from
Figure 4 that when the number of mesh
elements along plate length is higher

exact results (Timoshenko

than 60, the increase of mesh density
does not significantly improve the
accuracy of critical buckling load

anymore.
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Figure 4. Number of mesh elements vs

accuracy for critical buckling

load

Different results are obtained with
different frequencies
created for the analyzed plate models.
Because the mesh created for the
problems in the finite element method
directly affects the results. As the
number of elements increases, more
accurate results are approached. The
than
necessary will cause different numerical

finite element

frequency of elements more
errors. In order to determine the correct
mesh density, the
relationship between element size and
critical buckling load is examined by

finite element

increasing the number of finite elements,
and the element size with the same
amount of critical buckling load can be
determined. As a result of such
convergence processes, the finite
element size is taken as 5 mm in the
problems solved in this study.

3.2 Verification of Finite Element
Analysis Models

68

The correct calculation of the analysis
results is directly dependent on the
selected element type as well as the finite
element mesh density. To evaluate the
accuracy of finite element solutions, the
obtained results should be compared
with experimental results or theoretical
values. In this study, in order to verify
the finite solutions, the
problems taken from the reference

element

samples were also solved and the

convergence of the obtained values was
checked.

1Max
0.53889
0.77778
0.66667
0.55356
0.44444
0.33333
0.22222
o1
5.639%e-18 Min

Figure 5. Contour plot of total
deformations for a non-
perforated plate.

Before investigating the buckling

behavior of the perforated plates by
using finite element software buckling
analyses of the non-perforated plates
taken the literature were
performed by using the program to
verify the accuracy. For this purpose, the
results

from

obtained by finite element
method are compared to those results
obtained by using an exact solution
procedure based on the infinite power
series (Timoshenko & Woinowsky-

Krieger, 1959). As an example, buckling
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analysis was performed for

perforated square plate by taking the

non-

finite element size as 5mm and the
contour plot of total deformations of the
plate is shown in Figure 5.

Buckling analyses of the other example
problems also performed by using the
finite-element software and critical
buckling loads were obtained.

The buckling coefficient is calculated as

in Equation (8).

D 2
Ner = k7 (®)

In equation (8) N« is the critical buckling
load. The buckling coefficients obtained
by the finite element for the simply
supported square plates without holes
with  different thickness and the
corresponding values obtained from
Timoshenko and Woinowsky-Krieger
(Timoshenko & Woinowsky-Krieger,
1959) are listed in Table 1. Length of
square steel plate is taken as 300 mm.

Table 1. Comparison of critical buckling load and buckling coefficients of non-

perforated plate
a / h N FE KFE N(Tim&Woi)  k(Tim.&Woi.) KDifference% N Pifference%
(N/mm) (N/mm)
150 64.2790  4.0005 64.2709 4.0000 0.013 0.013
100 216.8800  3.9994 216.9144 4.0000 -0.016 -0.016
50 1732.1000  3.9926 1735.3151 4.0000 -0.185 -0.185

Difference% values are calculated by the
formula in equation (9):
FE—Reference

Difference% = —— x 100 C))

Reference
It can be seen from the Tablel that there
is a good consistency of the buckling
coefficients and loads obtained from

finite element method and numerical
results from literature. These results

indicate that the finite element method
models presented in this paper is reliable
and accurate. And also, critical buckling
load for simply supported square plate
with a circular hole is verified from El-
Sawy and Nazmy (El-Sawy & Nazmy,
2001) and shown in Table 2. In the
middle of the square plate, a circular
hole is perforated, and the diameter was
taken as 150mm which is half of the
square plate length.

Table 2. Comparison of critical buckling load and buckling coefficients of a square

plate with a circular hole

a/h NFE KFE N(EL&Naz)  Jc(El&Naz) KDifference% N Difference%
(N/mm) (N/mm)

150 46.6390 2.9026 46.5964  2.9000 0.091 0.091

100 157.2800  2.9003 157.2629  2.9000 0.011 0.011

50 1253.9000  2.8903 1258.1034  2.9000 -0.334 -0.334
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3.3 Finite Element Analysis Models

Analyzes were performed for square
plates with a square, and circular hole of
different open area ratios and different
slenderness ratios (a/h = 50, 100, and
150). Plate surface areas are constant as

300 mm x 300 mm. Square plates with
circular holes were taken as reference
and the open area in each problem was
modeled equally so that the sample
problems could be compared with each
other.

|
T
— — — — :
— l— — — :
— — — «— ————«<————:————>»————
— «— — «~— :
— — — «— \\\ | '// [A
—> — T |
— D, — — Dy N : P
| l%
[}
a a a

Figure 6. Plane view of square plate models with circle and square hole shapes.

A schematic plan view for one of the
example problems which has the same
open area is shown in Figure 6. The
notation & is the length between the line
of action of the load and the square hole
edge in the middle of the plate and the
notation l is the similar length for the
circle hole.
Boundary conditions are simply
supported in four edges as shown in
Figure 1. A uniform unit load is applied
to the edges of x=0 and x=a=300mm and
performed the eigenvalue analysis by
using the
program. After obtaining the lowest
eigenvalue, the critical buckling load Ner
was calculated. The effect of slenderness
ratio, open area ratio, and hole shape on
the critical buckling load of perforated
square plates loaded with uniaxial

compression are presented in Table 3. In

finite element software

the analyses, both cases of rectangular
and circular holes in the middle of the
plates are considered.
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The variation of the length ¢ is for square
perforated plate and the length Ic for
circle perforated plate versus the hole
area is shown in Figure 7.

160

140 -

O—Square
—o—Cirde

120 A

100 4

£ (inm)

80

60

40

10 15 20 25 30 35

Hole area (mm?) x 103

0 .% 40
Figure 7. Variation of the location of the
edge lines of the circular and

square holes.

Figure 8 compares the critical buckling
loads for simply supported square plates
with square and circular holes. In this
figure slenderness ratios of the plates are
150 so that 300 x 300 dimensioned plate
thickness is 2 mm.
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Ner (N/mmn)

Hole area (mm?)

o 68 81743 GGLT3 1IN0 167146 25M600 M03606

Figure 8. Critical buckling loads for

perforated square plates (a/h=150).

In Figure 9 and Figure 10, the buckled
shapes of the example plates are shown,
indicating the formation of only one
half-wave for all hole diameters used. In
these seven example problems, the hole
areas of the square holes are the same as
the circle holes.

Table 3 Comparison of critical buckling loads with different parameters

Model h Hole Open D- (2 Nere Ds s Ners
no (mm) area area (mm) (mm) (N/mm) (mm) (mm) (N/mm)
(mm?) ratio
(%)

1 2 0.00 0.00 0 150 64.279 0.000 150.000 64.279
2 2 706.86 0.79 30 135 61.772  26.587 136.707 61.684
3 2 282743 3.14 60 120 56.513 53.174 123.413 56.599
4 2 6361.73 7.07 90 105 51.871  79.760 110.120 52.354
5 2 11309.73 1257 120 20 48.687 106.347  96.826 49.539
6 2 1767146 19.63 150 75 46.639 132934 83.533 47.724
7 2 2544690 28.27 180 60 45.189 159.521  70.240 46.450
8 2 34636.06 38.48 210 45 43.885 186.108 56.946 45.554
9 3 0.00 0.00 0 150 216.880 0.000 150.000 216.880
10 3 706.86 0.79 30 135 208.420 26.587 136.707  208.076
11 3 282743 3.14 60 120  190.680 53.174 123.413  190.882
12 3  6361.73 7.07 90 105 175.010 79.760 110.120 176.523
13 3 11309.73 1257 120 90  164.240 106.347 96.826  166.967
14 3 1767146 19.63 150 75 157.280 132934 83.533 160.754
15 3 2544690 28.27 180 60 152.300 159.521 70.240  156.329
16 3 34636.06 38.48 210 45 147.730 186.108 56.946  153.138
17 6 0.00 0.00 0 150 1732.100 0.000 150.000 1732.100
18 6 706.86 0.79 30 135 1664.600 26.587 136.707 1660.760
19 6 2827.43 3.14 60 120 1523.100 53.174 123.413 1522.322
20 6 6361.73 7.07 90 105 1397900 79.760 110.120 1406.602
21 6 11309.73 1257 120 90 1311.100 106.347 96.826 1328.598
22 6 1767146 19.63 150 75 1253900 132.934 83.533 1276.296
23 6 2544690 28.27 180 60 1211.300 159.521 70.240 1237.184
24 6 34636.06 38.48 210 45 1169.600 186.108 56.946 1206.876
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Figure 9. Buckling mode shapes for circle plate models with different hole areas.

Figure 10. Buckling mode shapes for square plate models with different hole areas.

4.Results and Discussion uniaxial compressive loads have been

investigated numerically. Analyses were
The critical buckling loads of simply  performed by using commercial finite
supported  different hole shaped element software package ANSYS. As a
perforated plates subjected to in-plane  result of these simulations, it is observed
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that when the hole area increases the
critical buckling loads also decrease as
expected. Because the plate rigidity was
also decreased by the perforation.

In order to compare the results more
accurately, the hole areas of the square-
hole plates and the circular-hole plates
were taken as the same. It is interesting
that critical buckling loads of circular
perforated plates are lower than the
square perforated plates with the same
hole area. Similar to what Brown et al.
mentioned in their study (Brown et al,,
1987), if the length between the line of
action of the load and the hole edge in
the middle of the plate is longer, this
eventually increases the critical buckling
load with the increased area between the
edge of the square plate and the hole.
Thus, the critical buckling load of a
square hole plate is greater than for a
circle hole plate which has the same
boundary conditions and loadings.

As shown in Figure 7, the length fs is
greater than the length lc for all
considered example problems. As the
hole area increases, the
between the defined lengths increases,
and accordingly the critical buckling
loads for plates with square holes also

difference

increase. This result could be seen in
detail in Figure 8 for the a/h ratio of 150.
The graphs of critical buckling loads
versus open hole areas for thicker plates
with slenderness ratios of 100 and 50 are
similar to this graph, but only the values
of the loads change.

Analyses results of critical buckling
loads for simply supported square plates
with square and circle holes with the
same hole ratio are shown in Figure 9
and Figure 10. It can be seen from the
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figures that when the hole area decreases
total deformation of the plate increases
especially at the edges of the holes. In the
last two models whose hole area is
larger, this value is more dominant at the
edge of the hole perpendicular to the
lines where uniaxial buckling loads are
applied.

5.Conclusion

The critical buckling loads prediction of
staggered arranged perforated plates
with holes of different geometries
stainless steel plates under compressive
loading was investigated by finite
element analysis software. For this
purpose, buckling analyses of perforated
plates with different hole shapes of
perforation and slenderness ratios were
carried out. Centrally located circular
and square holes in square plates
subjected to uniaxial buckling load have
been considered and analyzed for
simply supported boundary conditions.
The following are some conclusions that
can be drawn based on the numerical
outcomes of the problems:

. Increasing the size of the hole
area will reduce the critical buckling
load of simply supported perforated
rectangular plates aforementioned in
this study.

. As the hole area increases, the
length between the action line of the
uniaxial load and the circle hole edge in
the middle of the plate decreases more
than the length between the square hole

edge.
. The critical buckling load of
square and circular hole simply

supported square plates with the same
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hole area loaded with uniaxial buckling
load is higher for plates with square
holes than for plates with circular holes.
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