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STATIC ANALYSIS OF ISOTROPIC & ORTHOTROPIC PLATES WITH CENTRAL
CUTOUT SUBJECTED TO EQUI-BIAXIAL LOADING
KANAK KALITA, ABHIK KUMAR BANERJEE
Abstract: In the present work a study on deflection and stress concentration of thin rectangular plates with
internal cutout subjected to biaxial loading is conducted. This study involves obtaining variation in deflection
pattern and stress concentration factor by using finite element method. Eight node shell element with 6
degrees of freedom at each node is used in this analysis. The effect of shape of cutout, cutout dimension by
plate side length ratio (d/B or b/B), boundary conditions and effect of material properties is observed. The
results of the analyzed models are presented here in graphical form. A popular finite element package ANSYS
is used for the analysis.
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Introduction: In engineering design, Stress
Concentration Factor (SCF) can be used as
multiplication factor, and by using the SCF maximum
stress can be predicted, thus it can predict the stress
field around the local region. Thus the study of elastic
stress field around discontinuous in geometry is very
important for researchers and designers for safe- life
of the components.
Peterson [1] studied the abrupt changes in geometry
in components under static loading for the isotropic
materials and reported its effect on design of machine
component. The SCF for different composite
materials are also presented by Shiau and Lee [2]. An
analytical Stress concentration around irregular holes
using complex variable methods are reported by
Simhaand Mahapatra [3].
The analytical solution of infinite elastic plate with an
circular hole andelliptic hole subjected to arbitrary
biaxial loading was obtained by Gao [4]. Zirka et al.
[5] have analyzed stress concentration around
circular hole in a rectangular plate for orthotropic
and isotropic plates under dynamic and static loading
by using photo elastic method. Tafreshi [6] presented
work on stress analysis of a series of thick, wide
flatplates with oblique holes subjected to uniaxial
tension. Amir R. Khamseh and Anthony M. Waas [7]
experimentally investigated the failure mechanisms
in fibrous laminated composite plates containing
stress raisers, in the form of cutouts, under static
biaxial planar compressive loading.Kalita et al. [8]
studied the variation of deflection and induced
stresses due to presence of central cutouts under
transverse loading.Paul et al. [9] presented the
deflection and bending moment in non-dimensional
forms at different location of the plate by using a 9
node isoparametric element.
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Mathematical Formulation:
2.1 Stress analysis in plates
Stress analysis of an elastic body is usually three
dimensional problem. But, most of the practical
problems appear in the state of plane stress or plane
strain. Stress analysis of three-dimensional bodies
under plane stress or plane strain can be treated as
two- dimensional problems. The solution of twodimensional problems require the integration of the
different equations of equilibrium together with the
compatibility equations and boundary conditions. If
body force is neglected, the equations to be satisfied
are
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Substitution of stress components by displacement
components u and v into Eq. (1) to (3) makes Eq. (3)
redundant and Eq. (1) and (2) transforms to
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Now we need to find u and v from a two dimensional
field satisfying the two partial differential Eq. (4) and
(5).Instead of determining the two functions u and v
the problem can be reduced to solving a single
function
, which can be determined by
satisfying Eq. (4) and (5). The displacement potential
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vanishes along this edge, the conditions become
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On a simply supported edge parallel to the x axis at y
= b, the change of w with respect to the x coordinate
vanishes, thus
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Fig.1: Shell element used in the analysis.
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By the above definitions the displacement
components u and v satisfies Eq. (4) and the only
condition reduced from Eq. (5) that the function
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+
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So, now the problem is to evaluate a single function
-harmonic Eq. (7), satisfying the
boundary conditions specified at the boundary.
2.2 Boundary conditions
2.2.1 Fixed Edge Conditions
If a plate is clamped at the boundary, then the
deflection and the slope of the middle surface must
vanish at the boundary. On a clamped edge parallel
to the yaxis atx= a, the boundary conditions are
|

=0 ;

|
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At clamped edge parallel to the x axis at y = b the
boundary conditions are
|

=0 ;

|
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2.2.2 Simply Supported Edge Conditions
A plate boundary that is prevented from deflecting
but free to rotate about a line along the boundary
edge, such as a hinge, is defined as a simply
supported edge. The conditions on a simply
supported edge parallel to the y axis at x = a are
|
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Since the change of w with respect to the ycoordinate
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Methodology: A thin rectangular plate of 1500mm x
1000mm x 2 mm (A x B x t) is considered for study.
Square cutouts of side b are provided at the center.
The cutout width (b) is varied from 100 mm to 500
mm i.e. ratio b/B of 0.1 to 0.5. For circular cutout
study the radius (r) of the circularcutout at the center
is varied from 50 mm to 250 mm thus varying the d/B
ratio from 0.1 to 0.5. Two different materials are
considered–an isotropic material (steel) with young’s
modulus (E) 200GPa and Poisson’s ratio 0.3 and an
orthotropic material (e-glass/epoxy) [10] with Ex, Ey,
Ez, Gxy, Gyz, Gzx, µxy, µyz, µzx 3 GPa, 8.6GPa,
8.6GPa, 3.8GPa, 3.8GPa, 3.8GPa, 0.28, 0.28, 0.28
respectively. Equi-biaxial tensile stress of 10 MPa is
applied at the edges. Three Different boundary
conditions are considered.
Plate A: All sides are simply supported.
Plate B: Edges parallel to X-axis are fixed, other two
are simply supported.
Plate C: Edges parallel to Y-axis are fixed, other two
are simply supported.
An 8 node shell element, (specified as SHELL 281 in
ANSYS) is used throughout the study (Fig.1). The
element has eight nodes with six degrees of freedom
at each node: translations in the x, y, and z axes, and
rotations about the x, y, and z-axes (when using the
membrane option, the element has translational
degrees of freedom only). Thus each element has 48
degree of freedom in total. SHELL281 is well-suited
for linear, large rotation, and large strain nonlinear
applications.
It is a good practice and efficient way to exploit
symmetry in FEM analysis whenever possible. Hence
in this case only one quadrant of the plate is
modelled and meshed. Mapped meshing is used to
get finer mesh near the cutout periphery.
Results and Discussion: Each graph shows variation
of a measured quantity (deflection or stress) with
respect to cutout dimension (which is d/B for plate
with circular cutout and b/B for plate with square
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central hole). The markers (at data points) used in
plots denote the geometry type of cutout. A, B and C
in the plot indicate type of boundary condition used
(as described in section 3 above). The data within the
bracket in the graph indicate the type of cutout. For
ex- A(Circular) means a rectangular plate with
circular central cutout
subjected to boundary
conditions as detailed in section 3 as plate A i.e. all
sides are simply supported.
4. 1. Deflection in X-direction:
4.1.1 Isotropic material:
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Fig.3 shows the variation of Ux/Ux with respect to
cutout ratio is maximum in plate C. In plate A Ux/Ux*
variation is almost same for both type of cutout,
where it initiates at about 1 for d/B and b/B ratio of
0.1 and decrease to about 0.65 for cutout ratio 0.5. In
*
plate B the Ux/Ux is about 1.25 at cutout ratio 0.5
whereas it is more prominent in plate C. In plate C, at
d/B=0.5 Ux/Ux* is 3.33 and 4.43 for b/B=0.5.Thus we
see that deflection is more in case of plates with
square cutouts.
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Fig. 2: A typical mesh used in the analysis
4.1.2 Orthotropic material: In the e-glass/epoxy
plate though the Ux/Ux* variation pattern for all the
three plates-A,B,C is similar to that of isotropic
plates, a striking difference is seen in terms of
magnitude of Ux/Ux* in Fig.4. At cutout ratio of 0.1 all
the plates start atan Ux/Ux* ratio in between 2 to 3
whereas these was only around 1 for isotropic
material. This means that in isotropic material the
presence of a small cutout does not bring any
significant change in the deflection pattern of the
plate. But in an orthotropic material like eglass/epoxy defection is 2 to 3 times more than a solid
plate for a plate with small cutout (d/B or b/B= 0.1)
and the deflection becomes significant when the
*
cutout dimension is large in plate C. The Ux/Ux
increases manifold to 13.8 times for b/B=0.5 and 8.4
for d/B=0.5 for plate C.
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Fig.3:

Ux/Ux* vs. Cutout
(Isotropic material)

dimension

4. 2. Deflection in Y-direction:
4.2.1 Isotropic material:
Fig.5 shows the variation of Uy/Uy* with respect to
cutout ratio is maximum in plate B for isotropic
material. All the 3 plates show similar pattern-initially
starts at 1 andthen deflection increases as the size of
the cutout increases. In plate A, maximumUy/Uy* is
3.1 for square cutout and 2.21 for circular cutout at
cutout ratio 0.5. These plots for Uy/Uy* show that as
cutout size increases the deflection in y-direction also
increases.In plate B, max Uy/Uy* ratio is 3.8 and 2.5 for
square and circular cutout respectively. In plate C,
*
Uy/Uy is 2.8 at b/B=0.5 and 2.1 at d/B=0.5. This
variation is as per expectations since plate B is simply
supported on edges parallel to y-direction.
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Fig.4: Ux/Ux* vs. Cutout dimension (orthotropic
material )
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4.2.2 Orthotropic material: The deflection in ydirection is maximum in plate B which is around 8
times higherfor a plate with large cutout as compared
to a solid plate (without any cutouts). In Fig.6 Plate A
and C shows similar variation of deflection, however
plates with square cutout deflect slightly more than
the ones with circular cutout. This might be due to
the fact that a slightly larger amount of material is
deducted in case of square cutout than in case of
circular ones.
4.3
x:
4.3.1 Isotropic material:
x with respect to
cutout dimensions reveals that it is more prominent
in plate C then in A and B as seen in Fig.7 in case of
isotropic material. In all three plates increase of SCF
x is observed with increase in cutout ratio. In

x is 3.04 at b/B=0.1
which increases to 4.93, for circular cutout it
x

increases from 2 to 2.5for square cutout and more or
less constant for circular cutout.In plate B SCF
xdecreases from 1.4 at d/B=0.1 to 1 at d/B=0.5.
However in case of square cutout it increases slightly
1.4 to 1.7 with increase in b/B from 0.1 to 0.5.
4.3.2 Orthotropic material: Fig.8 shows variation of
x which maximum in
xis seen to be
minimum between cutout ratios 0.2 and 0.3 for all
cases. With increase in cutout size the SCF
xdecreases until it reaches a minimum value and
then again starts increasing with increase in cutout
dimension.
Isotropic
A(C irc ular)
B(C irc ular)
C (C ircu la r)
A(Squ are)
B(Squ are)
C (S qua re )

5

8

4

Orthotropic
A (C ircular)
B (C ircular)
C (Circular)
A (S quare)
B (S quare)
C (S quare)

6

4

3

2

2
1

0

0.1

0.1

0.2

0.3

0 .4

0.2

0.3

0.4

0.5

Cutout dim ension(b or d)/Side length(B )

0.5

Cutout dimension(b or d)/Side length(B)

Fig.6: Uy/Uy* vs. Cutout dimension (Orthotropic
material)
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4. 4.
y:
4.4.1 Isotropic material:
Variation of SCF f
y in isotropic material is
prominent in plate C in which it increases from 1.1 at
b/B=0.1 to 4.43 at b/B=0.5 and increases slightly for
IMRF Journals

circular cutout between 2.4 to 2.6 (Fig. 9). The
variation is maximum in all plates with square cutout
as compared to the circular cutout ones. In plate A
yincreases from 1.76to 2.11 in circular
cutout and from 2.45 to 3.5in square cutout. Plate B
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y, it ranges around 1 for the
circular cutout but in square cutout increases from 1.4
to 2.4 for the isotropic material.
4.4.2 Orthotropic material:
y is maximum in
plate B, prominent in plate C and least in plate A. In
all the three plates with circular hole (Fig. 10) SCF

remains almost constant throughout where it attains
the least value for cutout size 0.2 or 0.3 and as we
increase the cutout size the stress concentration
increases. In plate B with square cutout SCF increases
from 8.7 at b/B=0.1 to 9.6 at b/B=0.5 and is least at
b/B=0.2.

O rth o t ro p ic
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4. 5.

4.5.1 Isotropic material:
xy for both type of
cutouts is similar in isotropic material. Shear stress
are more prominently present in plates with square
xy of 1.35. Apart
from this particular case all other models reveal that
concentration of shear stresses doesn’t vary much
and sticks around the 1.0 mark. Variation of shear
stresses in all the cases even with increase in size of
cutout is negligible.
4.5.2 Orthotropic material:
In orthotropic material (Fig. 12) the variation of SCF
xy is maximum in plate B and significant for plate
xy:

1.76 and 1.71 for plate B with circular and square
cutout respectively.
Conclusion: Variation of deflection in x-direction is
maximum in plate C and is minimal in plate A for
steel and e-glass/epoxy. Deflection in y direction is
seen to be maximum for plate B for both materials.
Max stress concentration is seen at hole periphery for

(Orthotropic material)

plate C and B. In general, as compared to plate A
stress is 52%- 60% less in plate B and 12%-18% less in
plate C. Any Circular cutout replacing a square cutout
shows a reduction in stress of about 5% in case of
x
y varies
most in plate C and least in plate A. The SCF in
general in more in orthotropic plate as compared to
isotropic plate. It is observed that SCF depends on
elastic constants and hence differ from material to
x and
plays
a
critical
role
in
design
of
plate
C.
Shear
y
stresses are not of much prominence while designing
thin plates under the action of biaxial stress. Also, a
comparison with results of this study and reference 8
reveals that the stress concentration produced by a
given cutout is not a unique number since it depends
on the mode of loading.
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