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Abstract

This paper presents a three!dimensional analysis of rectangular orthotropic plates by employing the
di}erential quadrature "DQ# method[ The derivation of the governing equations from the governing equa!
tions and the stressÐstrain relationship of the three!dimensional elasticity model is detailed[ The constrained
conditions of the orthotropic plate edges are given[ The governing equations and boundary conditions are
_rst normalized and discretized according to the DQ procedure[ Example problems pertaining to the bending\
buckling and free vibration of orthotropic plates with generic boundary conditions are selected to illustrate
the simplicity and applicability of the DQ method[ The convergence characteristics of the DQ method are
_rst obtained based on numerical studies\ after which\ the DQ solutions are compared\ where possible\ with
exact solutions[ It is found that the DQ method yields accurate results for the plate problems under
investigation[ Þ 0888 Elsevier Science Ltd[ All rights reserved[

0[ Introduction

Conventional numerical methods like the h!version _nite element method\ the _nite di}erence
method\ and the boundary element method usually require a large number of grid points for
accurate computation of results[ Recently\ an alternative numerical method\ the di}erential quad!
rature "DQ# method\ was introduced to address this problem[ It was found to be rather successful
in solving problems in structural mechanics "Bert and Malik\ 0885#[ It was reported that the DQ
method was able to rapidly compute accurate solutions for partial di}erential equations by using
only a few grid points in the respective solution domains "Bert et al[\ 0877a#[
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The original DQ method was _rst used for structural mechanics problems by Bert and his
associates "Jang\ 0876^ Bert et al[\ 0877a\ b\ 0878^ Striz et al[\ 0877^ Jang et al[\ 0878#[ Later Quan
and Chang "0878a\ b# and Shu and Richards "0881# improved on the DQ method by introducing
a recurrence relationship which can be used to generate weighting coe.cients for any higher!order
derivatives[ Their method of calculating the weighting coe.cients rids the DQ method of ill
conditioning problems which have plagued the previous method of obtaining the weighting
coe.cients[ Du et al[ "0883# employed this method of calculating the weighting coe.cients to
study structural mechanics problems[

Prior to the year 0884\ the application of the DQ method in structural analysis was limited to
Kirchho}ÐLove thin plates and BernoulliÐEuler slender beams "Jang\ 0876^ Chen\ 0883^ Farsa\
0880^ Malik\ 0883#[ Some applications of the DQ method in thick plates were subsequently reported
"Han and Liew\ 0884^ Malik and Bert\ 0884#[ Wang "0884# and Wang et al[ "0884# also solved
laminated plates and circular plates with varying thickness using the DQ method[ In 0886\ the
application of the DQ method was extended to the three!dimensional free vibration analysis of
isotropic plate problems "Teo and Liew\ 0886#[ Teo "0887# used the DQ method to solve bending\
buckling and free vibration of three!dimensional isotropic and orthotropic plates[ The DQ method
was also used by Malik and Bert "0887# to the solution three!dimensional vibration of thick plates[

Numerous methods have been employed by earlier researchers for solving plate problems based
on three!dimensional elasticity theory "Srinivas and Rao\ 0858\ 0869\ 0862^ Srinivas et al[\ 0858\
0869^ Iyengar et al[\ 0863^ Leissa and Zhang\ 0872^ Liew et al[\ 0882\ 0883\ 0884a\ b^ Young and
Dickinson\ 0884#[ These three!dimensional solutions are extremely useful in evaluating the accuracy
of approximate results\ for example\ in the case of two!dimensional plate theories[ To the authors|
knowledge\ the methods employed by these researchers are either limited to certain boundary
conditions or to the plate problem itself[ It is the purpose of this paper to provide useful literature
on orthotropic plate problems in terms of bending\ buckling\ and free vibration analyses with
generic boundary conditions[ The version of the DQ method employed in this study was originated
by Quan and Chang "0878a\ b#\ and Shu and Richards "0881#[ It uses a recurrence formulation to
compute the weighting coe.cients of higher!order di}erential equations[

This paper is organised into several sections[ First\ the DQ approximations are highlighted after
which the three!dimensional elasticity equilibrium equations for plate analysis and the boundary
conditions are outlined[ Next\ the normalisation and discretization of the three!dimensional linear
elasticity equations and boundary conditions are presented[ In the section on numerical results
and discussion\ the convergence characteristics and accuracy of the DQ method are demonstrated
through the solving of numerical test examples for which available exact solutions or numerical
values are used for comparison[ Finally\ some conclusions are drawn from this study[

1[ Differential quadrature method

To illustrate the DQ approximation\ a one!dimensional function\ f"x#\ shall be used here[
According to the DQ method\ the nth derivative of a function f"x# can be approximated by

1nf"x#
1xý

� s
N

j�0

A"n#
ij f"x# for i � 0\ 1\ [ [ [ \ N\ n � 0\ 1\ [ [ [ \ N−0 "0#
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where N is the number of discrete points chosen in the solution domain[ The term {A| represents
the weighting coe.cient at the ith point in the solution domain[ The details for calculating the
weighting coe.cients as used in this paper can be found in Shu and Richards "0881#[

For a multi!dimensional case\ each dimension is treated separately[ The three!dimensional
approximation of a function f"x\ y\ z# required for the present analysis is shown below "Teo and
Liew\ 0886#]

1f
1x bijk ¼ s

Nx

l�0

A"0#
il fljk^

1f
1y bijk ¼ s

Ny

m�0

B "0#
jm fimk "1a\b#

1f
1z bijk ¼ s

Nz

n�0

C "0#
kn fijn^

11f

1x1 bijk ¼ s
Nx

l�0

A"1#
il fljk "1c\d#

11

1y1 bijk ¼ s
Ny

m�0

B "1#
jm fimk^

11f

1z1 bijk ¼ s
Nz

n�0

C "1#
kn fijn "1e\f#

1

1x 0
1f
1y1 bijk ¼ s

Nx

l�0

A"0#
il s

Ny

m�0

B "0#
jm flmk "1g#

1

1x 0
1f
1z1 bijk ¼ s

Nx

l�0

A"0#
il s

Nz

n�0

C "0#
kn fljn "1h#

1

1y 0
1f
1z1 bijk ¼ s

Ny

m�0

B "0#
jm s

Nz

n�0

C "0#
kn fimn "1i#

In the above equations ðeqns "1#Ł\ A\ B and C denote the weighing coe.cients at the ith\ jth and
kth point for the partial derivative of the function with respect to the x\ y and z solution domain\
respectively[ Nx\ Ny\ and Nz are the total number of discrete points chosen in the x!\ y! and z!
directions[

2[ Basic equations

2[0[ Governin` equations

The equations of motion for an object in the x!\ y!\ and z!directions without body force "Srinivas
and Rao\ 0869^ Wittrick\ 0876# can be written as]

1sx

1x
¦

1txy

1y
¦

1txz

1z
� Px

11u

1x1
¦Py

11u

1y1
¦rv1u "2#

1txy

1x
¦

1sy

1y
¦

1tyz

1z
� Px

11v

1x1
¦Py

11v

1y1
¦rv1v "3#
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1txz

1x
¦

1tyz

1y
¦

1sz

1z
� Px

11w

1x1
¦Py

11w

1y1
¦rv1w "4#

The stressÐdisplacement relationships are shown below]

K

H

H

H

H

H

H

H

k

sx
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txz

txy

L

H

H

H

H

H

H
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H

H
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H
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C00

1

1x
C01

1

1y
C02

1

1z

C01

1

1x
C11

1

1y
C12

1

1z

C02

1

1x
C12

1

1y
C22

1

1z

9 C33

1

1z
C33

1

1y

C44

1

1z
9 C44

1

1x

C55

1

1y
C55

1

1x

L

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

l

×&
u

v

w' "5#

In the above equations ðeqns "2#Ð"5#Ł\ sx\ sy and sz represent the stresses in the x!\ y! and z!
directions and txy\ txz and tyx are the shear stresses in the xÐy\ xÐz and the yÐz planes[ C00\ C11\ C22\
C02\ C12\ C33\ C44 and C55 are the nine elastic constants for orthotropic materials[ The displacements
in the x!\ y!\ and z!directions are represented as u\ v\ and w\ respectively^ the angular frequency of
vibration is represented by the symbol v^ the density is represented by the symbol r[ The terms Px

and Py are the destabilizing loads on the body in the x!\ and y!directions\ respectively[ By
substituting eqns "5# into eqns "2#Ð"4#\ the equilibrium equations in terms of the displacements
"governing equations# can be obtained as follows]

C00

11u

1x1
¦C55

11u

1y1
¦C44

11u

1z1
¦"C01¦C55#

11v
1x 1y

¦"C02¦C44#
11w
1x 1z

� Px 0
11u

1x1
¦f

11u

1y11¦rv1u "6#

"C01¦C55#
11u

1x 1y
¦C55

11v

1x1
¦C11

11v

1y1
¦C33

11v

1z1

¦"C12¦C33#
11w
1y 1z

� Px 0
11v

1x1
¦f

11v

1y11¦rv1v "7#
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"C02¦C44#
11u

1x 1z
¦"C12¦C33#

11v
1y 1z

¦C44

11w

1x1

¦C33

11w

1y1
¦C22

11w

1z1
� Px 0

11w

1x1
¦f

11w

1y11¦rv1w "8#

The term f in eqns "6#Ð"8# is the ratio of the destabilizing loads[ It is de_ned as]

f �
Py

px

"09#

2[1[ Boundary conditions

For the three!dimensional analysis of a plate\ boundary conditions need to be applied to all the
six faces[ The boundary conditions at the four faces of the plate where x � 9\ a and y � 9\ b are
called edge boundary conditions[ The boundary conditions at the top and bottom surfaces of the
plate where z � 9\ c are called lateral surface boundary conditions[ Below are the equations
describing the boundary conditions[

2[1[0[ Ed`e boundary conditions
, Simply supported edge boundary conditions "S#]

At x � 9 and a] sx � 9^ v � 9^ w � 9 "00a#

At y � 9 and b] sy � 9^ u � 9^ w � 9 "00b#

, Clamped edge boundary conditions "C#]

u � 9^ v � 9^ w � 9 "01#

2[1[1[ Lateral surface boundary conditions
In this paper\ a uniform load q is applied to the top lateral surface of the plate for bending

analysis[
, Loading on the top surface]

On z � 9] sz � −q^ txz � 9^ tyz � 9 "02a#

On z � c^ sz � 9^ txz � 9^ tyz � 9 "02b#

For buckling and free vibration analyses\ the lateral surfaces are considered free[
, Free lateral surface condition]

sz � 9^ txz � 9^ tyz � 9 "03#

3[ DQ formulations

The DQ procedure for solving a system of partial di}erential equations is _rst to normalize the
geometry of the plate and then discretize it into grid points according to the directions of the
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solution domain[ The discretizing process involves applying the DQ approximation to the equi!
librium equations and the boundary conditions[

3[0[ Normalization

The following non!dimensional parameters are introduced in the normalization process]

X �
x
a

^ Y �
y
b

^ Z �
z
c

"04aÐc#

U �
u
a

^ V �
v
b

^ W �
w
a

"04dÐf#

a �
a
b

^ b �
c
b

^ g �
c
a

"04gÐi#

In the above equations ðeqns "04#Ł\ a\ b and c represent the dimensions of the plate in the x!\ y!
and z!directions\ respectively[ Substituting eqns "04# into the equilibrium equations ðeqns "6#Ð"8#Ł
results in the following normalized governing equations]

g1C00

11U

1X1
¦b1C55

11U

1Y1
¦C44

11U

1Z1
¦g1"C01¦C55#

11V
1X 1Y

¦g"C02¦C44#
11W

1X 1Z
� Px $g1 11U

1X1
¦fb1 11U

1Y1%−rv1c1U "05#

b1"C01¦C55#
11U

1X 1Y
¦g1C55

11V

1X1
¦b1C11

11V

1Y1
¦C33

11V

1Z1

¦ab"C12¦C33#
11W

1Y 1Z
� Px $g1 11V

1X1
¦fb1 11V

1Y1%−rv1c1V "06#

g"C02¦C44#
11U

1X 1Z
¦g"C12¦C33#

11V
1Y 1Z

¦g1C44

11W

1X1

¦b1C33

11W

1Y1
¦C22

11W

1Z1
� Px $g1 11W

1X1
¦fb1 11W

1Y1%−rv1c1W "07#

By substituting the non!dimensional parameters into the stress displacement equations ðeqns
"5#Ł and the boundary conditions ðeqns "00#Ð"03#Ł\ one can obtain the following normalised
boundary equations]
, Simply supported edge boundary condition "S# for X � 9\ 0]

g
1U
1X

¦g
C01

C00

1V
1Y

¦
C02

C00

1W
1Z

� 9 "08a#

V � 9 "08b#
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W � 9 "08c#

, Clamped edge boundary condition "C#]

U � 9 "19a#

V � 9 "19b#

W � 9 "19c#

, Loading condition at the top surface]

g
C02

C00

1U
1X

¦g
C12

C00

1V
1Y

¦
C22

C00

1W
1Z

� −
gq
C00

"10a#

g
1W
1X

¦
1U
1Z

� 9 "10b#

1V
1Z

¦ab
1W
1Y

� 9 "10c#

, Free lateral surface condition]

g
C02

C00

1U
1X

¦g
C12

C00

1V
1Y

¦
C22

C00

1W
1Z

� 9 "11a#

g
1W
1X

¦
1U
1Z

� 9 "11b#

1V
1Z

¦ab
1W
1Y

� 9 "11c#

3[1[ Discretization

According to the di}erential quadrature procedure\ the normalized governing equations ðeqns
"05#Ð"07#Ł can be discretized into the following form]

g1C00 s
NX

l�0

A"1#
il Uljk¦b1C55 s

NY

m�0

B "1#
jm Uimk¦C44 s

NZ

n�0

C "1#
kn Uijn

¦g1"C01¦C55# s
NX

l�0

A"0#
il s

NY

m�0

B "0#
jm Vlmk¦g"C02¦C44# s

NX

l�0

A"0#
il s

NZ

n�0

C "0#
kn Wljn

� PX $g1 s
NX

l�0

A"1#
il Uljk¦fb1 s

NY

m�0

B "1#
jm Uimk%−rv1c1Uijk "12#
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b1"C01¦C55# s
NX

l�0

A"0#
il s

NY

m�0

B "0#
jm Ulmk¦g1C55 s

NX

l�0

A"1#
il Vljk¦b1C11 s

NY

m�0

B "1#
jm Vimk

¦C33 s
Nb

n�0

C "1#
kn Vijn¦ab"C12¦C33# s

NY

m�0

B "0#
jm s

NZ

n�0

C "0#
kn Wimn

� Px $g1 s
NX

l�0

A"1#
il Vljk¦fb1 s

NY

m�0

B "1#
jm Vimk%−rv1c1Vijk "13#

g"C02¦C44# s
NX

l�0

A"0#
il s

NZ

n�0

C "0#
kn Uljn¦g"C12¦C33# s

NY

m�0

B "0#
jm s

NZ

n�0

C "0#
kn Vimn

¦g1C44 s
NX

l�0

A"1#
il Wijk¦b1C33 s

NY

m�0

B "1#
jm Wimk¦C22 s

NZ

n�0

C "1#
kn Wijn

� Px $g1 s
NX

l�0

A"1#
il Wljk¦fb1 s

NY

m�0

B "1#
jm Wimk%−rv1c1Wijk "14#

Similarly\ the di}erential quadrature procedure is applied to the normalized boundary conditions
ðeqns "08#Ð"11#Ł[ These equations are discretized as follows]
, Simply supported edge boundary condition "S# for X � 9\ 0]

g s
NX

l�0

A"0#
il Uljk¦g

C01

C00

s
NY

m�0

B "0#
jm Vimk¦

C02

C00

s
NZ

n�0

C "0#
kn Wijn � 9 "15a#

Vijk � 9 "15b#

Wijk � 9 "15c#

, Clamped edge boundary condition "C#]

Uijk � 9 "16a#

Vijk � 9 "16b#

Wijk � 9 "16c#

, Loading condition at the top surface]

g
C02

C00

s
NX

l�0

A"0#
il Uljk¦g

C12

C00

s
NY

m�0

B "0#
jm Vimk¦

C22

C00

s
NZ

n�0

C "0#
kn Wijn �

−qg

C00

"17a#

s
NZ

n�0

C "0#
kn Uijn¦g s

NX

l�0

A"0#
il Wljk � 9 "17b#
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s
NZ

n�0

C "0#
kn Vijn¦ab s

NY

m�0

B "0#
jm Wimk � 9 "17c#

, Free lateral surface condition]

g
C02

C00

s
NX

l�0

A"0#
il Uljk¦g

C12

C00

s
NY

m�0

B "0#
jm Vimk¦

C22

C00

s
NZ

n�0

C "0#
kn Wijn � 9 "18a#

g s
NX

l�0

A"0#
il Wljk¦ s

NZ

n�0

C "0#
kn Uijn � 9 "18b#

s
NZ

n�0

C "0#
kn Vijn¦ab s

NY

m�0

B "0#
jm Wimk � 9 "18c#

4[ Method of solution

For bending analysis\ the terms Px\ Py\ and v in eqns "2#Ð"4# are set to zero[ Hence\ the resulting
discretized governing equations for bending analysis become]

g1C00 s
NX

l�0

A"1#
il Uljk¦b1C55 s

NY

m�0

B "1#
jm Uimk¦C44 s

NZ

n�0

C "1#
kn Uijn

¦g1"C01¦C55# s
NX

l�0

A"0#
il s

NY

m�0

B "0#
jm Vlmk¦g"C02¦C44# s

NX

l�0

A"0#
il s

NZ

n�0

C "0#
kn Wljn � 9 "29#

b1"C01¦C55# s
NX

l�0

A"0#
il s

NY

m�0

B "0#
jm Ulmk¦g1C55 s

NX

l�0

A"1#
il Vljk¦b1C11 s

NY

m�0

B "1#
jm Vimk

¦C33 s
NZ

n�0

C "1#
kn Vijn¦ab"C12¦C33# s

NY

m�0

B "0#
jm s

NZ

n�0

C "0#
kn Wimn � 9 "20#

g"C02¦C44# s
NX

l�0

A"0#
il s

NZ

n�0

C "0#
kn Uljn¦g"C12¦C33# s

NY

m�0

B "0#
jm s

NZ

n�0

C "0#
kn Vimn

¦g1C44 s
NX

l�0

A"1#
il Wljk¦b1C33 s

NY

m�0

B "1#
jm Wimk¦C22 s

NZ

n�0

C "1#
kn Wijn � 9 "21#

For buckling analysis\ the term v in eqns "2#Ð"4# is ignored[ Hence\ the resulting discretized
governing equations for buckling analysis become]
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g1C00 s
NX

l�0

A"1#
il Uljk¦b1C55 s

NY

m�0

B "1#
jm Uimk¦C44 s

NZ

n�0

C "1#
kn Uijn

¦g1"C01¦C55# s
NX

l�0

A"0#
il s

NY

m�0

B "0#
jm Vlmk¦g"C02¦C44# s

NX

l�0

A"0#
il s

NZ

n�0

C "0#
kn Wljn

� Px $g1 s
NX

l�0

A"1#
il Uljk¦fb1 s

NY

m�0

B "1#
jm Uimk% "22#

b1"C01¦C55# s
NX

l�0

A"0#
il s

NY

m�0

B "0#
jm Ulmk¦g1C55 s

NX

l�0

A"1#
il Vljk¦b1C11 s

NY

m�0

B "1#
jm Vimk

¦C33 s
NZ

n�0

C "1#
kn Vijn¦ab"C12¦C33# s

NY

m�0

B "0#
jm s

NZ

n�0

C "0#
kn Wimn

� Px $g1 s
NX

l�0

A"1#
il Vljk¦fb1 s

NY

m�0

B "1#
jm Vimk% "23#

g"C02¦C44# s
NX

l�0

A"0#
il s

NZ

n�0

C "0#
kn Uljn¦g"C12¦C33# s

NY

m�0

B "0#
jm s

NZ

n�0

C "0#
kn Vimn

¦g1C44 s
NX

l�0

A"1#
il Wljk¦b1C33 s

NY

m�0

B "1#
jm Wimk¦C22 s

NZ

n�0

C "1#
kn Wijn

� Px $g1 s
NX

l�0

A"1#
il Wljk¦fb1 s

NY

m�0

B "1#
jm Wimk% "24#

For free vibration analysis\ the terms Px\ Py in eqns "2#Ð"4# are set to zero[ Hence\ the resulting
discretized governing equations for free vibration analysis become]

g1C00 s
NX

l�0

A"1#
il Uljk¦b1C55 s

NY

m�0

B "1#
jm Uimk¦C44 s

NZ

n�0

C "1#
kn Uijn

¦g1"C01¦C55# s
NX

l�0

A"0#
il s

NY

m�0

B "0#
jm Vlmk¦g"C02¦C44# s

NX

l�0

A"0#
il s

NZ

n�0

C "0#
kn Wljn � −rv1c1Uijk "25#

b1"C01¦C55# s
NX

l�0

A"0#
il s

NY

m�0

B "0#
jm Ulmk¦g1C55 s

NX

l�0

A"1#
il Vljk¦b1C11 s

NY

m�0

B "1#
jm Vimk

¦C33 s
NZ

n�0

C "1#
kn Vijn¦ab"C12¦C33# s

NY

m�0

B "0#
jm s

NZ

n�0

C "0#
kn Wimn � −rv1c1Vijk "26#
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g"C02¦C44# s
NX

l�0

A"0#
il s

NZ

n�0

C "0#
kn Uljn¦g"C12¦C33# s

NY

m�0

B "0#
jm s

NZ

n�0

C "0#
kn Vimn

¦g1C44 s
NX

l�0

A"1#
il Wljk¦b1C33 s

NY

m�0

B "1#
jm Wimk¦C22 s

NZ

n�0

C "1#
kn Wijn � −rv1c1Wijk "27#

The determinant of the matrix to be solved for a solution domain with a grid size of Nx×Ny×Nz

is "2×Nx×Ny×Nz#\ because for every point in the solution domain there are three conditions that
need to be satis_ed\ i[e[\ the three governing equations or the three equations describing the
boundary condition under consideration[

The points on the lateral surface of the plate are described by either the loading condition " for
bending analysis# or the free lateral surface boundary " for the buckling and free vibration analyses#[
The points along the edges of the plate are described by the respective edge boundary conditions[

The grid pattern used in this study is determined by the following function]

U"i# �
0
1 00−cos

"i−0#p
N−0 1 "28#

In eqn "28#\ U"i# can be the x"i#\ y"i# or z"i# co!ordinate of the ith points considered[
In this study\ the programming language used is FORTRAN 66[ The computation is

implemented using a Digital Alpha Server 7399 4:339 system[

5[ Results and discussion

The orthotropic material used for the implementation of the DQ solution corresponds to the
properties of the Aragonite crystal "Bisplingho} et al[\ 0854# shown in Table 0[

In presenting the solution for the bending of an orthotropic plate\ the non!dimensional par!
ameters used for de~ection\ stress in the x!direction\ and stress in the y!direction are C00w:cq\ sx:q\
and sy:q\ respectively[ For buckling analysis\ the non!dimensional buckling factor\ k\ is de_ned as

k � Pxg
1p1:C00 "39#

For free vibration analysis\ the non!dimensional frequency parameter\ l\ is de_ned as

l � vzrc1:C00 "30#

Table 0
Properties of Aragonite crystal

C11:C00 � 9[432092 C22:C00 � 9[429061
C01:C00 � 9[12208 C02:C00 � 9[909665
C12:C00 � 9[987165 C55:C00 � 9[151820
C44:C00 � 9[048803 C33:C00 � 9[15570
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To clarify the notation used to describe the boundary conditions\ we shall use the SCSC plate as
an example[ The description {SCSC| means the plate has sides X � 9 and X � 0 simply supported
and the sides Y � 9 and Y � 0 clamped[

Since this present method of calculating the weighting coe.cients rids the ill!conditioning
problems\ the authors hence decided to calculate the results presented in this paper till a maximum
grid size of 02×02×02[ It is deduced that the result will not be worst o} even when more grid
points are used[

5[0[ Bendin` analysis

Tables 1Ð3 show the convergence and accuracy studies of the de~ections\ and stresses of a
homogeneous SSSS orthotropic plate with aspect ratios of 9[4\ 0[9 and 1[9\ respectively[ The

Table 1
Convergence and accuracy studies of de~ections and stresses in homogeneous SSSS orthotropic plates "a:b � 9[4# under
uniform surface load

c:a Grid size
C00w:cq sx:q sy:q
"X � Y � Z � 9[4# "X � 9\Y � Z � 9[4# "X � 9\Y � Z � 9[4#

9[94 4×4×4 −10\813[7 163[206 83[2688
6×6×6 −10\396[1 159[451 66[2005
8×8×8 −10\431[3 151[545 68[5640

00×00×00 −10\431[4 151[560 68[4610
02×02×02 −10\431[2 151[576 68[4251
Exact solution0 −10\431[9 151[56 68[434
Reissner|s theory0 −10\431[9 151[96 68[226
Classical plate theory0 −10\190[9 151[15 68[010

9[09 4×4×4 −0324[55 57[8660 13[9099
6×6×6 −0288[77 54[2829 08[5241
8×8×8 −0397[37 55[9108 19[1393

00×00×00 −0397[40 54[8274 19[1949
02×02×02 −0397[37 55[9011 19[1011
Exact solution0 −0397[4 54[864 19[193
Reissner|s theory0 −0397[3 54[268 19[990
Classical plate theory0 −0214[0 54[453 08[679

9[03 4×4×4 −284[308 24[3629 01[4135
6×6×6 −273[857 22[4142 09[1052
8×8×8 −276[133 22[8166 09[4315

00×00×00 −276[146 22[7024 09[4943
02×02×02 −276[137 22[8924 09[4203
Exact solution0 −276[12 22[751 09[404
Reissner|s theory0 −276[16 22[154 09[201
Classical plate theory0 −233[82 22[340 09[981

0 Srinivas and Rao "0869#[
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Table 2
Convergence and accuracy studies of de~ections and stresses in homogeneous SSSS orthotropic plates "a:b � 0[9# under
uniform surface load

c:a Grid size
C00w:cq sx:q sy:q
"X � Y � Z � 9[4# "X � 9\Y � Z � 9[4# "X � 9\Y � Z � 9[4#

9[94 4×4×4 −09\063[5 036[312 80[0821
6×6×6 −09\315[6 033[004 75[8124
8×8×8 −09\332[2 033[217 76[9699

00×00×00 −09\332[4 033[174 76[9714
02×02×02 −09\332[4 033[228 76[9899
Exact solution0 −09\332[9 033[20 76[979
Reissner|s theory0 −09\331[9 032[76 75[810
Classical plate theory0 −09\135[9 033[28 75[376

9[09 4×4×4 −562[452 25[8467 12[2211
6×6×6 −576[450 24[8009 11[0540
8×8×8 −577[548 25[9655 11[1200

00×00×00 −577[522 24[8639 11[0897
02×02×02 −577[515 25[9541 11[1223
Exact solution0 −577[46 25[910 11[109
Reissner|s theory0 −577[26 24[467 11[937
Classical plate theory0 −539[28 25[987 10[511

9[03 4×4×4 −076[630 07[8305 01[1405
6×6×6 −089[707 07[1280 00[4658
8×8×8 −080[008 07[3102 00[5411

00×00×00 −080[985 07[1899 00[4741
02×02×02 −080[983 07[2803 00[5278
Exact solution0 −080[96 07[235 00[504
Reissner|s theory0 −080[91 06[895 00[342
Classical plate theory0 −055[69 07[306 00[920

0 Srinivas and Rao "0869#[

thickness to length ratios of the plate\ c:a\ considered in these tables are 9[94\ 9[09 and 9[03[ The
tables also show solutions from classical plate theory\ _rst!order shear deformation plate theory
and three!dimensional elasticity theory[ For comparison purposes\ the exact solution of Srinivas
and Rao "0869# is chosen as the benchmark here[

From the tables\ one can observe that for the de~ection of an orthotropic plate with thickness
to length ratios of 9[94 and 9[0\ convergence of up to _ve signi_cant _gures can be reached at a
grid size of 00×00×00[ When the plate has a thickness to length ratio of 9[03\ converged results
with a minimum of three signi_cant _gures can be reached at a grid size of 8×8×8[

When the DQ solutions for central de~ection are compared with the exact solution "Srinivas
and Rao\ 0869#\ one may observe that\ for plates with thickness to length ratio of 9[94 and 9[0\
accuracy to _ve signi_cant _gures is obtained at a grid size of 02×02×02[ For plates with thickness
to length ratio of 9[03\ the de~ection reaches four signi_cant _gures accuracy at a grid size of
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Table 3
Convergence and accuracy studies of de~ections and stresses in homogeneous SSSS orthotropic plates "a:b � 1[9# under
uniform surface load

c:a Grid size
C00w:cq sx:q sy:q
"X � Y � Z � 9[4# "X � 9\Y � Z � 9[4# "X � 9\Y � Z � 9[4#

9[94 4×4×4 −1917[65 34[1919 44[3509
6×6×6 −1932[99 39[1950 43[0905
8×8×8 −1937[87 39[6990 43[1884

00×00×00 −1937[89 39[5201 43[1585
02×02×02 −1937[78 39[5807 43[2915
Exact solution0 −1937[6 39[546 43[168
Reissner|s theory0 −1936[8 39[366 43[023
Classical plate theory0 −0877[0 39[759 42[727

9[09 4×4×4 −027[443 00[1961 03[1415
6×6×6 −027[658 8[73270 02[7011
8×8×8 −028[036 09[9885 02[8308

00×00×00 −028[984 8[86308 02[7477
02×02×02 −028[988 09[9579 02[8005
Exact solution0 −028[97 09[914 02[777
Reissner|s theory0 −027[82 8[7359 02[632
Classical plate theory0 −013[15 09[104 02[359

9[03 4×4×4 −28[7762 4[58754 6[42525
6×6×6 −28[6043 3[77930 6[08755
8×8×8 −28[7076 4[01283 6[22751

00×00×00 −28[6821 3[86847 6[13743
02×02×02 −28[6865 4[97908 6[29152
Exact solution0 −28[689 4[9253 6[6183
Reissner|s theory0 −28[642 3[7592 6[0247
Classical plate theory0 −21[234 4[1007 5[7560

0 Srinivas and Rao "0869#[

02×02×02 for plate aspect ratios of 9[4 and 0[9[ For a plate aspect ratio of 1[9\ three signi_cant
_gures accuracy is reached at a similar grid size[

The mid!surface de~ection converges to at least two signi_cant _gures at a grid size of
00×00×00[ When compared with the exact solution "Srinivas and Rao\ 0869#\ the DQ solution
has less than 2) error when the grid size of 8×8×8 and above are used[

It should also be commented that the convergence pattern for the de~ection of the SSSS plates
is monotonic whereas the convergence pattern for the de~ection of the SCSC plate is oscillatory[
For the convergence of the stresses\ one can generally conclude that the convergence is oscillatory[

In addition to the above convergence and accuracy studies\ some DQ solutions of a SCSC square
plate are presented in Table 4[ The formula used to calculate successive percentage convergence can
be expressed as]
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Table 4
Convergence of de~ections and stresses in homogeneous SCSC square orthotropic plates under uniform surface load

c:a Grid size
C00w:cq sx:q sy:q
"X � Y � Z � 9[4# "X � 9\Y � Z � 9[4# "X � 9\Y � Z � 9[4#

9[0 4×4×4 −305[15 14[939 19[190
6×6×6 −392[86 11[948 06[577
8×8×8 −393[49 11[075 06[546

00×00×00 −393[56 11[904 06[356
02×02×02 −393[78 11[112 06[645

9[1 4×4×4 −23[061 5[5449 4[3520
6×6×6 −22[235 4[5448 3[5167
8×8×8 −22[352 4[8583 3[8138

00×00×00 −22[321 4[6218 3[5410
02×02×02 −22[351 4[7857 3[7399

9[2 4×4×4 −8[2456 2[2454 1[6865
6×6×6 −8[9668 1[4614 1[0396
8×8×8 −8[0080 1[8040 1[3604

00×00×00 −8[0960 1[5888 1[1467
02×02×02 −8[0043 1[7285 1[2816

9[3 4×4×4 −3[9680 1[1673 0[8131
6×6×6 −2[8087 0[3871 0[1567
8×8×8 −2[8277 0[7435 0[4850

00×00×00 −2[8217 0[5311 0[3921
02×02×02 −2[8246 0[6792 0[4173

9[4 4×4×4 −1[1263 0[7343 0[4635
6×6×6 −1[0170 0[9038 9[7656
8×8×8 −1[0275 0[2864 0[1049

00×00×00 −1[0242 0[0603 0[9052
02×02×02 −1[0253 0[2070 0[0360

) converge=i×i×i � b
Solution at "i×i×i#−Solution at "i−0#×"i−0#×"i−0#

Solution at "i×i×i# b×099 "31#

where i×i×i is the grid size for which convergence is desired[
Using eqn "31#\ one can deduce that the worst successive percentage convergence for the SCSC

plate|s cental de~ection is 9[980) at a grid size of 02×02×02[ The di}erence between the
successive convergence percentages at grid size 02×02×02 and 00×00×00 is 9[092)[ From these
results\ one can conclude that the DQ solution for de~ection of orthotropic plates converges[
Contrary to the above favourable _ndings\ percentage convergence for the stresses in x! and y!
directions does not seem to be that promising[ The percentage convergence at a grid size of
02×02×02 for plates with thickness to length ratios of 9[0\ 9[1\ 9[2\ 9[3 and 9[4 are 0[517\ 2[771\
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4[527\ 7[085 and 00[392)[ As observed\ convergence gets poorer as the plate thickness to length
ratio increases[ It is deduced that\ in order to obtain acceptable convergence for the stresses in x!
and y!directions\ we should increase the number of grid points in the solution domain[

5[1[ Bucklin` analysis

The example chosen for convergence and accuracy studies is a SSSS plate[ Figures 0 and 1 show
convergence of the buckling load for di}erent grid sizes relative to the exact three!dimensional
solution by Srinivas and Rao "0869#[ In these _gures\ plots with varying thickness to length ratio
ranging from 9[0Ð9[4 are given[ From Figs 0 and 1\ one can see that the DQ method is able to
produce accurate results even at a grid size as small as 7×7×7[ After this grid size\ the convergence
pattern for all the cases presented is monotonic[

Figures 2 and 3 prevent design curves for buckling factor versus aspect ratio of SSSS and
CCCC orthotropic plates[ These _gures show buckling curves for uniaxially "f � 9# and biaxially
"f � 0[9# loaded plates[ From Fig[ 2\ it is observed that there is a mode shift from a lower mode
to a higher one as the aspect ratio increases for the case of the uniaxially loaded SSSS orthotropic

Fig[ 0[ Convergence and accuracy studies of the buckling factor for an orthotropic SSSS plate with thickness to width
ratio\ c:b � 9[0[ ðPx\ DQ solution^ P�x\ exact solution\ Srinivas and Rao "0869#Ł[
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Fig[ 1[ Convergence and accuracy studies of the buckling factor for an orthotropic SSSS plate with thickness to width
ratio\ c:b � 9[1[ ðPx\ DQ solution^ P�x\ exact solution\ Srinivas and Rao "0869#Ł[

plate[ The buckling factor for the biaxially loaded SSSS orthotropic plate decreases as the plate
aspect ratio increases[ It is also evident that\ if the plate thickness to width ratio is kept constant\
the buckling factor for the biaxially loaded plate is smaller than that of the uniaxially loaded plate
regardless of the plate aspect ratio[

From Fig[ 3\ one can see that the buckling factor for the CCCC plate decreases as the plate
aspect ratio increases[ It is also observed that\ similar to the SSSS plate\ the buckling factor for
the uniaxially loaded plate is higher than that for the biaxially loaded plate regardless of the plate
aspect ratio[ When looking at the graphs for the biaxially loaded plate\ one needs to keep in mind
that this graph shows the buckling factor expressed in terms of Px\ while the buckling of a biaxially
loaded plate is caused by both Px and Py[

5[2[ Free vibration analysis

Tables 5Ð8 tabulate the convergence studies for the _rst eight modes of SSSS\ CCCC\ SCCC
and CSSS plates\ respectively[ Three thickness to width ratios are considered in this study\ i[e[\ 9[0\
9[2 and 9[4[ From the tables\ one may observe that a grid size of 09×09×09 is su.cient to furnish
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Fig[ 2[ Buckling factor\ k � Pxg
1p1:C00\ vs aspect ratio\ a:b\ for SSSS orthotropic plates[

converged results up to three signi_cant _gures[ From the results\ one cannot conclude whether
the convergence of the DQ solution is monotonic or oscillatory[ The convergence characteristics
as deduced from the results changes when di}erent plate thickness and:or boundary conditions
are used[

For all eight modes presented for the SSSS plate "Table 5#\ the successive percentage convergence
at a grid size of 00×00×00 when the plate thickness to width ratios are 9[0\ 9[2 and 9[4\ is
9[112\ 9[992 and 9[997)\ respectively[ For the CCCC plate "Table 6#\ the successive percentage
convergence at a grid size of 00×00×00 when the plate thickness to width ratios are 9[0\ 9[2 and
9[4\ is 9[027\ 9[927 and 9[927)\ respectively[ For the SCCC plate "Table 7#\ the successive
percentage convergence at a grid size of 00×00×00\ when the plate thickness to width ratios are
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Fig[ 3[ Buckling factor\ k � Pxg
1p1:C00\ vs aspect ratio\ a:b\ for CCCC orthotropic plates[

9[0\ 9[2 and 9[4\ is 9[037\ 9[928 and 9[903)\ respectively[ Finally\ for the CSSS plate "Table 8#\
the successive percentage convergence at a grid size of 00×00×00\when the plate thickness to
width ratios are 9[0\ 9[2 and 9[4\ is 9[115\ 9[900 and 9[995)\ respectively[ From these observations\
one may conclude that the DQ solutions at that grid size have reached convergence[

The next study is to verify the DQ solutions and determine their accuracy[ First\ the DQ solutions
are normalized relatively to the exact solutions by Srinivas and Rao "0869#[ The normalized
frequency parameters are then plotted against the grid sizes[ From Fig[ 4\ one may conclude that
the DQ solutions are both accurate and convergent[ For this case\ an acceptable converged solution
starts at a grid size of 7×7×7[
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Fig[ 4[ Convergence and accuracy study of the DQ frequency parameter for a square orthotropic SSSS plate with
thickness to width ratio\ c:b � 9[0\ ðl\ DQ solution^ l�\ exact 2!D solution by Srinivas and Rao "0869#Ł[

6[ Concluding remarks

This paper explored the potential application of the DQ method to three!dimensional bending\
buckling and free vibration analyses of orthotropic plates[ The details of the DQ formulations
were shown and the solution method was detailed[ Numerous examples were employed to study
the convergence characteristics and the accuracy of the DQ method[ The examples showed that a
relative coarse grid is su.cient to furnish converged and accurate results[ It is\ hence\ veri_ed that
the DQ solutions are correct for the cases studied\ and that the method is applicable to the analysis
of three!dimensional orthotropic plates[
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Table 5
Convergence of frequency parameters\ l � vzrc1:C00 of SSSS square orthotropic plates

Mode sequence number
Grid size

c:b X×Y×Z 0 1 2 3 4 5 6 7

9[09 4×4×4 9[93571 9[05961 9[05961 9[07749 9[10217 9[11181 9[18402 9[23442
5×5×5 9[93619 9[09018 9[00528 9[05096 9[05096 9[05436 9[10692 9[20664
6×6×6 9[93632 9[09160 9[00728 9[05098 9[05098 9[05775 9[07367 9[10177
7×7×7 9[93631 9[09230 9[00784 9[05098 9[05098 9[05846 9[07855 9[10586
8×8×8 9[93631 9[09225 9[00773 9[05098 9[05098 9[05837 9[07849 9[10586
09×09×09 9[93631 9[09218 9[00779 9[05098 9[05098 9[05830 9[07807 9[10586
00×00×00 9[93631 9[09218 9[00779 9[05098 9[05098 9[05830 9[07765 9[10586

Exact Solution0 9[9363 9[0922 9[0077 ½ ½ 9[0583 9[0777 ½

9[29 4×4×4 9[21697 9[37104 9[37104 9[52825 9[64998 9[71115 0[9242 0[9547
5×5×5 9[22077 9[37211 9[37211 9[53995 9[53631 9[54952 9[77153 9[84214
6×6×6 9[22191 9[37216 9[37216 9[53787 9[54964 9[54468 9[78557 9[85586
7×7×7 9[22190 9[37216 9[37216 9[54925 9[54932 9[54533 9[78677 9[85543
8×8×8 9[22199 9[37216 9[37216 9[53873 9[54932 9[54504 9[78649 9[85546
09×09×09 9[22199 9[37216 9[37216 9[53861 9[54932 9[54500 9[78630 9[85543
00×00×00 9[22199 9[37216 9[37216 9[53863 9[54932 9[54501 9[78631 9[85543

9[49 4×4×4 9[58929 9[79248 9[79248 0[9539 0[2501 0[3657 0[4954 0[6197
5×5×5 9[69284 9[79425 9[79425 0[9716 0[1164 0[1761 0[3821 0[4777
6×6×6 9[69210 9[79435 9[79435 0[9718 0[1392 0[2927 0[3816 0[5005
7×7×7 9[69231 9[79435 9[79435 0[9712 0[1317 0[2943 0[3812 0[5098
8×8×8 9[69227 9[79434 9[79434 0[9712 0[1312 0[2933 0[3812 0[5098
09×09×09 9[69227 9[79434 9[79434 0[9713 0[1313 0[2932 0[3812 0[5098
00×00×00 9[69227 9[79434 9[79434 0[9713 0[1312 0[2932 0[3812 0[5098

0Srinivas and Rao "0869#[
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Table 6
Convergence of frequency parameters\ l � vzrc1:C00 of CCCC square orthotropic plates

Mode sequence number
Grid size

c:b X×Y×Z 0 1 2 3 4 5 6 7

9[09 4×4×4 9[96713 9[13006 9[16048 9[29127 9[23010 9[23464 9[26836 9[27418
5×5×5 9[96802 9[03291 9[04342 9[19326 9[16105 9[23962 9[24644 9[28549
6×6×6 9[96777 9[03350 9[04479 9[19714 9[13932 9[14067 9[16104 9[18911
7×7×7 9[96772 9[03090 9[04319 9[19488 9[13334 9[14532 9[16104 9[18428
8×8×8 9[96773 9[03094 9[04313 9[19599 9[12062 9[14976 9[16102 9[17597
09×09×09 9[96771 9[03092 9[04319 9[19487 9[12102 9[14001 9[16102 9[17535
00×00×00 9[96771 9[03090 9[04319 9[19484 9[12070 9[14980 9[16102 9[17515

9[29 4×4×4 9[32548 9[70492 9[71113 9[85373 0[91269 0[9817 0[0448 0[1971
5×5×5 9[33242 9[69600 9[64103 9[70563 9[84676 0[9112 0[9613 0[2998
6×6×6 9[33120 9[60104 9[64122 9[70577 9[85512 0[9084 0[9112 0[9657
7×7×7 9[33156 9[60222 9[64913 9[70571 9[85487 0[9112 0[9411 0[9655
8×8×8 9[33142 9[60209 9[64900 9[70579 9[85463 0[9112 0[9359 0[9655
09×09×09 9[33145 9[60210 9[64992 9[70566 9[85466 0[9112 0[9369 0[9655
00×00×00 9[33142 9[60204 9[63885 9[70565 9[85457 0[9112 0[9355 0[9655

9[49 4×4×4 9[72941 0[2483 0[3271 0[5987 0[6950 0[7509 0[8156 1[9539
5×5×5 9[74234 0[1752 0[2501 0[2779 0[6930 0[6262 0[6753 1[0128
6×6×6 9[74975 0[1859 0[2505 0[2808 0[6939 0[6438 0[6827 0[6886
7×7×7 9[74180 0[2911 0[2504 0[2825 0[6939 0[6593 0[6824 0[7570
8×8×8 9[74140 0[2905 0[2504 0[2829 0[6939 0[6486 0[6825 0[7482
09×09×09 9[74173 0[2915 0[2504 0[2823 0[6939 0[6595 0[6824 0[7515
00×00×00 9[74165 0[2914 0[2504 0[2822 0[6939 0[6593 0[6824 0[7508
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Table 7
Convergence of frequency parameters\ l � vzrc1:C00 of SCCC square orthotropic plates

Mode sequence number
Grid size

c:b X×Y×Z 0 1 2 3 4 5 6 7

9[09 4×4×4 9[95764 9[10759 9[11935 9[14858 9[29907 9[24951 9[25591 9[27017
5×5×5 9[95862 9[02784 9[02787 9[08375 9[11991 9[14813 9[24954 9[26900
6×6×6 9[95847 9[03906 9[03944 9[08778 9[11904 9[12374 9[12761 9[14822
7×7×7 9[95859 9[02587 9[02881 9[08604 9[11900 9[12898 9[13182 9[14823
8×8×8 9[95845 9[02588 9[03999 9[08611 9[11901 9[11880 9[12581 9[14820
09×09×09 9[95846 9[02699 9[02875 9[08601 9[11900 9[12923 9[12580 9[14820
00×00×00 9[95844 9[02585 9[02880 9[08604 9[11900 9[12990 9[12545 9[14820

9[29 4×4×4 9[30416 9[55039 9[66826 9[68766 9[85910 0[0919 0[0327 0[0838
5×5×5 9[31045 9[55901 9[58042 9[63617 9[66685 9[84027 0[9408 0[0091
6×6×6 9[31932 9[55940 9[58688 9[63668 9[66713 9[85993 0[9979 0[9454
7×7×7 9[31963 9[55939 9[58763 9[63461 9[66711 9[84839 0[9394 0[9448
8×8×8 9[31945 9[55933 9[58745 9[63446 9[66707 9[84813 0[9243 0[9451
09×09×09 9[31959 9[55931 9[58740 9[63438 9[66706 9[84804 0[9247 0[9451
00×00×00 9[31944 9[55932 9[58742 9[63430 9[66705 9[84801 0[9243 0[9451

9[49 4×4×4 9[79706 0[0913 0[2990 0[3038 0[5980 0[5647 0[7535 0[8954
5×5×5 9[71762 0[0992 0[1670 0[1856 0[2750 0[5646 0[6231 0[6417
6×6×6 9[71504 0[0909 0[1771 0[1861 0[2890 0[5615 0[6409 0[6595
7×7×7 9[71653 0[0997 0[1814 0[1861 0[2803 0[5645 0[6443 0[6485
8×8×8 9[71613 0[0997 0[1819 0[1861 0[2898 0[5644 0[6436 0[6590
09×09×09 9[71638 0[0997 0[1814 0[1860 0[2801 0[5642 0[6441 0[6599
00×00×00 9[71639 0[0997 0[1814 0[1860 0[2809 0[5642 0[6440 0[6599
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Table 8
Convergence of frequency parameters\ l � vzrc1:C00 of CSSS square orthotropic plates

Mode sequence number
Grid size

c:b X×Y×Z 0 1 2 3 4 5 6 7

9[09 4×4×4 9[94451 9[05961 9[08199 9[10383 9[11364 9[17026 9[20930 9[23721
5×5×5 9[94535 9[09464 9[02172 9[05096 9[06495 9[08261 9[17006 9[20664
6×6×6 9[94541 9[09586 9[02288 9[05098 9[06742 9[07562 9[08261 9[12039
7×7×7 9[94559 9[09660 9[02266 9[05098 9[06762 9[08043 9[08257 9[12467
8×8×8 9[94543 9[09650 9[02275 9[05098 9[06768 9[08025 9[08257 9[12230
09×09×09 9[94547 9[09646 9[02261 9[05098 9[06753 9[08095 9[08257 9[12230
00×00×00 9[94544 9[09645 9[02267 9[05098 9[06758 9[08952 9[08257 9[12296

9[29 4×4×4 9[23337 9[37104 9[46474 9[66386 9[71285 9[73228 0[93689 0[95479
5×5×5 9[24036 9[37211 9[47090 9[53170 9[55209 9[73179 9[77570 9[84214
6×6×6 9[24093 9[37216 9[47091 9[54027 9[56972 9[73084 9[89008 9[85586
7×7×7 9[24028 9[37216 9[47980 9[54185 9[56047 9[73085 9[89160 9[85543
8×8×8 9[24014 9[37216 9[47980 9[54125 9[56034 9[73088 9[89123 9[85546
09×09×09 9[24022 9[37216 9[47980 9[54117 9[56030 9[73088 9[89116 9[85543
00×00×00 9[24018 9[37216 9[47980 9[54118 9[56034 9[73088 9[89129 9[85543

9[49 4×4×4 9[58736 9[79248 9[84817 0[2727 0[3912 0[4971 0[5140 0[6322
5×5×5 9[60459 9[79425 9[85678 0[1248 0[1780 0[3902 0[4777 0[5244
6×6×6 9[60331 9[79435 9[85683 0[1378 0[2946 0[3999 0[5005 0[5242
7×7×7 9[60438 9[79435 9[85663 0[1418 0[2967 0[3999 0[5098 0[5252
8×8×8 9[60416 9[79434 9[85664 0[1414 0[2956 0[3999 0[5098 0[5252
09×09×09 9[60435 9[79434 9[85664 0[1418 0[2956 0[3999 0[5098 0[5251
00×00×00 9[60431 9[79434 9[85664 0[1418 0[2956 0[3999 0[5098 0[5251
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