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Abstract

The aim of the present study is to assess the accuracy of the few computational models based on various shear deformation theories in
predicting the bending behaviour of sandwich plates with anti-symmetric angle-ply face sheets under static loading. Five two-dimensional
models available in the literature are used for the present evaluation. The performance of the various models is evaluated on a simply
supported laminated plate under sinusoidal loading. The equations of equilibrium are derived using the principle of minimum potential

energy (PMPE). Analytical solution method using double Fourier series approach is used in conjunction with the admissible boundary
conditions. The accuracy of each model is established by comparing the results of composite plates with the exact solutions already avail-
able in the literature. After establishing the correctness of the theoretical formulations and the solution method, benchmark results for
transverse displacement, in-plane stresses, moment and shear stress resultants are presented for the multilayer sandwich plates.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Sandwich plates are basically a special form of fibre
reinforced plates composed of two thin strong, stiff layers
(face sheets) which resist bending bonded to a relatively
thicker, less dense layer (core) to resist shear force or also
made up of alternative arrangement of thin stiff layers
and thick flexible cores. Because of their lightweight and
high stiffness, sandwich plates and shells are being used
in aerospace, shipbuilding and other industries. The face
sheets are basically prepared from unidirectional fibre rein-
forced laminated composites. The core is a thick layer of a
lower density material made up of foam polymer or honey-
comb material. The methods of analysing sandwich struc-
tures and numerical solutions for the standard problems
are well documented in the books by Allen [1] and
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Plantema [2]. For an extensive review of literature for the
analysis of sandwich structures the reader may consult
the articles by Habib [3,4], Bert and Francis [5] and Burton
and Noor [6]. A selective review of the various analytical
and numerical methods used for the stress analysis of lam-
inated composite and sandwich plates was presented by
Kant and Swaminathan [7]. Analytical formulations, solu-
tions and comparison of numerical results for the buckling,
free vibration, stress analyses of cross ply composite and
sandwich plates based on the higher order refined theories
already reported in the literature by Kant [8], Pandya and
Kant [9–13] and Kant and Manjunatha [14] were presented
recently by Kant and Swaminathan [15–18]. Recently, the
theoretical formulations and solutions for the static analy-
sis of anti-symmetric angle-ply laminated composite and
sandwich plates using a nine degrees of freedom computa-
tional model were presented by Swaminathan and Ragoun-
adin [19]. Even though a large number of publications exist
on the modelling and analysis of sandwich structures using
various two-dimensional displacement models, there is as
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such no quantitative assessment made using the various
models. In this paper an attempt has been made to
compare and assess quantitatively the accuracy of the
results obtained using the various higher order models in
predicting the static–flexural response of simply supported
sandwich plate subjected to sinusoidal transverse load.

2. Displacement models

For the purpose of evaluation, the following higher order
displacement models are considered. The geometry of the
sandwich plate with positive set of the co-ordinate axes,
physical mid-plane displacement terms is shown in Fig. 1.

Model-1 [14]

uðx; y; zÞ ¼ uoðx; yÞ þ zhxðx; yÞ þ z2u�oðx; yÞ þ z3h�xðx; yÞ
vðx; y; zÞ ¼ voðx; yÞ þ zhyðx; yÞ þ z2v�oðx; yÞ þ z3h�yðx; yÞ
wðx; y; zÞ ¼ woðx; yÞ þ zhzðx; yÞ þ z2w�oðx; yÞ þ z3h�z ðx; yÞ

ð1Þ
Model-2 [13]

uðx; y; zÞ ¼ uoðx; yÞ þ zhxðx; yÞ þ z2u�oðx; yÞ þ z3h�xðx; yÞ
vðx; y; zÞ ¼ voðx; yÞ þ zhyðx; yÞ þ z2v�oðx; yÞ þ z3h�yðx; yÞ
wðx; y; zÞ ¼ woðx; yÞ

ð2Þ
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Fig. 1. Geometry of a sandwich plate with positive set of lamina/laminate
reference axes, displacement components and fibre orientation.
Though the above two models were already reported ear-
lier in the literature and numerical results were presented
using finite element formulations, analytical solutions for
sandwich plates with angle-ply face sheets are obtained
for the first time in this investigation and so the results ob-
tained using the above two models are referred to as pres-
ent in all the tables and figures. In addition to the above,
the following higher order models and the first order model
developed by other investigators are also considered for the
evaluation. Analytical formulations developed and numer-
ical results generated independently using these models are
also being presented here with a view to have all the results
on a common platform.

Model-3 [20]

uðx; y; zÞ ¼ uoðx; yÞ þ z hxðx; yÞ �
4
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vðx; y; zÞ ¼ voðx; yÞ þ z hyðx; yÞ �
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wðx; y; zÞ ¼ woðx; yÞ
ð3Þ

Model-4 [21]

uðx; y; zÞ ¼ uoðx; yÞ � z
owb

o

ox
� 4z3

3h2

ows
o

ox

vðx; y; zÞ ¼ voðx; yÞ � z
owb

o

oy
� 4z3

3h2

ows
o

oy

wðx; y; zÞ ¼ wb
oðx; yÞ þ ws

oðx; yÞ

ð4Þ

Model-5 [22]

uðx; y; zÞ ¼ uoðx; yÞ þ zhxðx; yÞ
vðx; y; zÞ ¼ voðx; yÞ þ zhyðx; yÞ
wðx; y; zÞ ¼ woðx; yÞ

ð5Þ

where the terms u, v and w are the displacements of a
general point (x,y,z) in the laminate domain in the x, y

and z directions, respectively. The parameters uo, vo are
the in-plane displacements wo; wb

o and ws
o are the trans-

verse displacement, it’s bending and shear components,
respectively, of a point (x,y) on the middle plane. The func-
tions hx, hy are rotations of the normal to the middle plane
about y and x axes, respectively. The parameters u�o; v�o;
w�o; h�x ; h�y ; h�z and hz are the higher-order terms in the
Taylor’s series expansion and they represent higher-order
transverse cross-sectional deformation modes.

3. Numerical results and discussions

To study the accuracy of prediction of the static–flexural
response using the various higher order displacement mod-
els given in the preceding section, the numerical examples
solved are described and discussed. For all the problems
a simply supported plate subjected to sinusoidal load is
considered for comparison. Results are obtained in
closed-form using Navier’s solution technique for the
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above geometry and loading. A shear correction factor of
5/6 is used to obtain the results using the displacement
model based on the first order shear deformation theory.

The following sets of data were used in obtaining
numerical results.

Material 1

E1 ¼ 40� 106 psi ð276 GPaÞ

E2 ¼ E3 ¼ 1� 106 psi ð6:895 GPaÞ

G12 ¼ G13 ¼ 0:5� 106 psi ð3:45 GPaÞ

G23 ¼ 0:6� 106 psi ð4:12 GPaÞ

t12 ¼ t23 ¼ t13 ¼ 0:25
Table 1
Non-dimensionalized transverse deflection in a simply supported anti-
symmetric angle-ply (h/�h. . .) square laminate under sinusoidal transverse
load

h a/h Theory �w

n = 2 n = 4

15� 4 Ren 1.4989 1.3050
Model-1 (present) 1.4258 1.2608
Model-2 (present) 1.4596 1.2869
Model-3 1.3307 1.1903
Model-4 1.0813 0.9580
Model-5 1.4485 1.1982

10 Ren 0.6476 0.4505
Model-1 (present) 0.6296 0.4423
Model-2 (present) 0.6374 0.4446
Model-3 0.6213 0.4329
Model-4 0.5672 0.3785
Model-5 0.6361 0.4289

100 Ren 0.4680 0.2668
Model-1 (present) 0.4621 0.2662
Model-2 (present) 0.4679 0.2667
Model-3 0.4678 0.2666
Model-4 0.4672 0.2660
Model-5 0.4679 0.2666

30� 4 Ren 1.4865 1.0943
Model-1 (present) 1.3439 1.0399
Model-2 (present) 1.3775 1.0605
Model-3 1.1082 0.9494
Model-4 1.0609 0.8993
Model-5 1.2464 0.9462

10 Ren 0.6731 0.3543
Model-1 (present) 0.6367 0.3439
Model-2 (present) 0.6432 0.3454
Model-3 0.5985 0.3291
Model-4 0.5888 0.3182
Model-5 0.6177 0.3244

100 Ren 0.4975 0.2049
Model-1 (present) 0.4931 0.2046
Model-2 (present) 0.4972 0.2048
Model-3 0.4967 0.2046
Model-4 0.4966 0.2045
Model-5 0.4969 0.2046
Material 2
Face sheets (Graphite Epoxy T300/934)

E1 ¼ 19� 106 psi ð131 GPaÞ
E2 ¼ 1:5� 106 psi ð10:34 GPaÞ
E2 ¼ E3 G12 ¼ 1� 106 psi ð6:895 GPaÞ
G13 ¼ 0:90� 106 psi ð6:205 GPaÞ
G23 ¼ 1� 106 psi ð6:895 GPaÞ
t12 ¼ 0:22 t13 ¼ 0:22 t23 ¼ 0:49

Core (isotropic)

E1 ¼ E2 ¼ E3 ¼ 2G ¼ 1000 psi ð6:90� 10�3 GPaÞ
G12 ¼ G13 ¼ G23 ¼ 500 psi ð3:45� 10�3 GPaÞ
t12 ¼ t13 ¼ t23 ¼ 0
Table 2
Non-dimensionalized transverse deflection in a simply supported two
layered anti-symmetric angle-ply (h/�h) rectangular (b = 3a) laminate
under sinusoidal transverse load

h a/h Theory �w

30� 4 Ren 2.8881
Model-1 (present) 2.6635
Model-2 (present) 2.6980
Model-3 2.3752
Model-4 2.3709
Model-5 2.6093

10 Ren 1.5787
Model-1 (present) 1.5321
Model-2 (present) 1.5388
Model-3 1.4872
Model-4 1.4864
Model-5 1.5212

100 Ren 1.3163
Model-1 (present) 1.3120
Model-2 (present) 1.3158
Model-3 1.3154
Model-4 1.3154
Model-5 1.3158

45� 4 Ren 3.9653
Model-1 (present) 3.6239
Model-2 (present) 3.6716
Model-3 3.1562
Model-4 3.0973
Model-5 3.3816

10 Ren 2.3953
Model-1 (present) 2.3215
Model-2 (present) 2.3323
Model-3 2.2440
Model-4 2.2326
Model-5 2.2786

100 Ren 2.0686
Model-1 (present) 2.0609
Model-2 (present) 2.0679
Model-3 2.0673
Model-4 2.0671
Model-5 2.0677



Table 3
Non-dimensionalized stress resultants in a simply supported two layered
anti-symmetric angle-ply (h/�h) square laminate under sinusoidal trans-
verse load

h a/h Theory Mx My Mxy Qx Qy

15� 4 Ren 0.0689 0.0150 �0.0087 – –
Model-1
(present)

0.0671 0.0155 �0.0092 0.2401 0.0781

Model-2
(present)

0.0676 0.0145 �0.0096 0.2425 0.0758

Model-3 0.0632 0.0132 �0.0124 0.2163 0.0754
Model-4 0.0770 0.0093 �0.0075 0.1363 0.1596
Model-5 0.0625 0.0138 �0.0125 0.2355 0.0828

10 Ren 0.0761 0.0107 �0.0073 – –
Model-1
(present)

0.0756 0.0107 �0.0075 0.2611 0.0572

Model-2
(present)

0.0756 0.0106 �0.0076 0.2613 0.0569

Model-3 0.0746 0.0103 �0.0081 0.2474 0.0550
Model-4 0.0776 0.0096 �0.0071 0.1398 0.1636
Model-5 0.0746 0.0105 �0.0081 0.2599 0.0585

100 Ren 0.0777 0.0096 �0.0070 – –
Model-1
(present)

0.0777 0.0096 �0.0069 0.2662 0.0520

Model-2
(present)

0.0776 0.0096 �0.0070 0.2660 0.0522

Model-3 0.0776 0.0096 �0.0070 0.2552 0.0496
Model-4 0.0777 0.0096 �0.0070 0.1404 0.1644
Model-5 0.0776 0.0096 �0.0070 0.2660 0.0523

30� 4 Ren 0.0472 0.0224 �0.0159 – –
Model-1 0.0456 0.0220 �0.0168 0.1961 0.1221
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Results reported in the tables are using the following non-
dimensional form:

�u ¼ u
100h3E2

poa4

� 	
�v ¼ v

100h3E2

poa4

� 	
�w ¼ w

100h3E2

poa4

� 	

�rx ¼ rx
h2

poa2

� 	
�ry ¼ ry

h2

poa2

� 	
�sxy ¼ sxy

h2

poa2

� 	

Mx ¼ Mx
1

poa2

� 	
My ¼ My

1

poa2

� 	
Mxy ¼ Mxy

1

poa2

� 	

Qx ¼ Qx

1

poa

� 	
Qy ¼ Qy

1

poa

� 	

Unless otherwise specified within the table(s) the locations
(i.e. x-, y-, and z-coordinates) for maximum values of dis-
placements and stresses for the present evaluations are as
follows (see Tables 1 and 2):

In-plane displacement (u): (0, b/2,±h/2)
In-plane displacement (v): (a/2,0,±h/2)
Transverse displacement (w): (a/2,b/2,0)
In-plane normal stress (rx): (a/2,b/2,±h/2)
In-plane normal stress (ry): (a/2,b/2,±h/2)
In-plane shear stress (sxy): (0, 0,±h/2)
Bending stress resultant: Mx: (a/2,b/2,0) My: (a/2,b/2,0)
Mxy: (0, 0,0)
Shear stress resultant: Qx: (0,b/2,0) Qy: (a/2,0,0)
(present)
Model-2
(present)

0.0453 0.0212 �0.0174 0.1971 0.1212

Model-3 0.0411 0.0184 �0.0209 0.1719 0.1101
Model-4 0.0467 0.0183 �0.0182 0.1351 0.1479
Model-5 0.0410 0.0189 �0.0207 0.1939 0.1245

10 Ren 0.0477 0.0196 �0.0170 – –
Model-1
(present)

0.0473 0.0194 �0.0173 0.2029 0.1154

Model-2
(present)

0.0471 0.0192 �0.0175 0.2029 0.1154

Model-3 0.0462 0.0187 �0.0182 0.1851 0.1059
Model-4 0.0434 0.0135 �0.0173 0.1295 0.0945
Model-5 0.0462 0.0188 �0.0182 0.2022 0.1161

100 Ren 0.0475 0.0188 �0.0175 – –
Model-1
(present)

0.0475 0.0188 �0.0174 0.2043 0.1139

Model-2
(present)

0.0474 0.0188 �0.0175 0.2042 0.1141

Model-3 0.0474 0.0188 �0.0176 0.1881 0.1048
Model-4 0.0474 0.0188 �0.0176 0.1398 0.1531
Model-5 0.0474 0.0188 �0.0176 0.2042 0.1141
Example 1. In the case of a square and rectangular thick
plates (a/h ratio 4 and 10) with different fibre orientations
considered, the transverse displacement values predicted by
model-2 is very much closer to the values reported by Ren
[23]. All other models show large difference in displacement
values. For a/h ratio equal to 4 and fibre orientation equal
to 15�, the transverse deflection �w values predicted by
model-1, model-2, model-3, model-4 and model-5 are
4.88%, 2.62%, 11.22%, 27.86%, and 3.36% lower for a
two layered square plate and 3.39%, 1.39%, 8.79%, 26.59%
and 8.18% lower for a four layered square plate as
compared to the values obtained by Ren. Both for the
thin (a/h = 100) square and rectangular plates, all the
models give almost the same results and they are in very
good agreement with those given by Ren. The non-
dimensionalized moment and shear stress resultants
Mx; My ; Mxy ; Qx and Qy of a two layered square com-
posite plate for different a/h ratios and fibre orientations
are given in Table 3. It can be observed that for all the
range of parameters considered, the moment and shear
stress resultants values predicted by model-1 and model-2
are almost same and very much closer to Ren values. The
computed values of all other models show very large
deviation and the models are unable to provide accurate
estimates of bending and shear stress resultants particularly
for thick plates.
Example 2. In order to study the flexural behaviour of
laminated sandwich plate, a five layered square plate (30�/
�30�/core/30�/�30�) with isotropic core and anti-symmet-
ric angle-ply face sheets is considered. Material set 2 is used.
The ratio of the thickness of core to thickness of the face
sheet tc/tf considered equal to 4. The non-dimensionalized
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maximum values of transverse displacement �w, in-plane
stresses �rx; �ry and �sxy for various values of side-to-thick-
ness ratio are given in Table 4. In the case of thick plates
with a/h ratio equal to 2, 4 and 10, the �w; �rx; �ry and �sxy

values predicted by model-1 and model-2 are very much clo-
ser whereas model-3, model-4 and model-5 very much
underpredicts these values. For a thick plate with a/h ratio
equal to 2, the values of �w predicted by model-2, model-3,
model-4 and model-5 are, respectively, 4.68% higher,
26.41%, 26.99% and 78.75% lower as compared to model-
1. The difference between the models tends to reduce for
thin and relatively thin plates. The through the thickness
variation of in-plane displacements �u and �v for a plate with
a/h ratio equal to 4 and ratio of the thickness of core to
thickness of the face sheet tc/tf equal to 4 are shown in Figs.
2 and 3. It clearly indicates that the model-1 and the model-
2 predict the realistic through the thickness variation of dis-
placements more accurately than model-3, model-4 and
model-5.

Example 3. A simply supported five layered square sand-
wich plate (30�/�30�/core/30�/�30�) with isotropic core
-0.60

Fig. 2. Variation of non-dimensionalized in-plane displacement (�u)
through the thickness (z/h) of a five layered (30�/�30�/core/30�/�30�)
simply supported anti-symmetric angle-ply square sandwich plate under
sinusoidal transverse load.
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Fig. 3. Variation of non-dimensionalized in-plane displacement ð�vÞ
through the thickness (z/h) of a five layered (30�/�30�/core/30�/�30�)
simply supported anti-symmetric angle-ply square sandwich plate under
sinusoidal transverse load.

Table 4
Non-dimensionalized transverse deflection and in-plane stresses in a
simply supported five layered anti-symmetric angle-ply (30�/�30�/core/
30�/�30�) square sandwich plate under sinusoidal transverse load

a/h Theory �w �rx �ry �sxy

2 Model-1 (present) 38.0751 2.6289 1.2761 �1.2922
Model-2 (present) 39.8563 2.6125 1.1894 �1.3466
Model-3 28.0172 1.3878 0.6746 �0.7949
Model-4 27.7984 1.5070 0.6417 �0.7405
Model-5 8.0923 0.2196 0.1648 �0.2181

4 Model-1 (present) 13.0335 1.0175 0.5013 �0.5859
Model-2 (present) 13.2429 1.0108 0.4982 �0.5932
Model-3 8.1972 0.5576 0.3002 �0.3694
Model-4 8.0144 0.6495 0.2744 �0.3269
Model-5 2.5977 0.2803 0.1510 �0.1948

10 Model-1 (present) 2.9394 0.4219 0.2050 �0.2622
Model-2 (present) 2.9521 0.4241 0.2102 �0.2618
Model-3 1.9692 0.3531 0.1699 �0.2139
Model-4 1.9047 0.3847 0.1610 �0.1992
Model-5 1.0182 0.3222 0.1415 �0.1787

20 Model-1 (present) 1.2839 0.3524 0.1567 �0.1991
Model-2 (present) 1.2868 0.3527 0.1581 �0.1984
Model-3 1.0300 0.3367 0.1471 �0.1850
Model-4 1.0107 0.3462 0.1445 �0.1806
Model-5 0.7884 0.3304 0.1396 �0.1755

50 Model-1 (present) 0.8032 0.3368 0.1422 �0.1791
Model-2 (present) 0.8044 0.3362 0.1421 �0.1784
Model-3 0.7627 0.3338 0.1403 �0.1762
Model-4 0.7594 0.3354 0.1398 �0.1754
Model-5 0.7237 0.3328 0.1391 �0.1746

100 Model-1 (present) 0.7339 0.3348 0.1401 �0.1761
Model-2 (present) 0.7350 0.3340 0.1398 �0.1754
Model-3 0.7246 0.3335 0.1393 �0.1749
Model-4 0.7238 0.3333 0.1392 �0.1747
Model-5 0.7149 0.3332 0.1390 �0.1745



Table 6
Non-dimensionalized transverse deflection and in-plane stresses in a
simply supported five layered anti-symmetric angle-ply (h/�h/core/h/�h)
square sandwich plate under sinusoidal transverse load

h Theory �w �rx �ry �sxy

15� Model-1 (present) 13.5481 1.4147 0.3491 �0.3906
Model-2 (present) 13.7509 1.4230 0.3524 �0.4000
Model-3 8.8488 0.7862 0.2407 �0.2787
Model-4 8.1608 0.9648 0.1633 �0.1962
Model-5 3.0735 0.3958 0.1296 �0.1564

30� Model-1 (present) 13.0335 1.0175 0.5013 �0.5859
Model-2 (present) 13.2429 1.0108 0.4982 �0.5932
Model-3 8.1972 0.5576 0.3002 �0.3694
Model-4 8.0144 0.6495 0.2744 �0.3269
Model-5 2.5977 0.2803 0.1510 �0.1948

45� Model-1 (present) 12.7676 0.7313 0.7313 �0.6698
Model-2 (present) 12.9778 0.7270 0.7270 �0.6705
Model-3 7.9482 0.4237 0.4237 �0.3908
Model-4 7.9482 0.4237 0.4237 �0.3908
Model-5 2.4409 0.2113 0.2113 �0.1973

60� Model-1 (present) 13.0334 0.5013 1.0174 �0.5859
Model-2 (present) 13.2429 0.4982 1.0108 �0.5932
Model-3 8.1972 0.3002 0.5576 �0.3694
Model-4 8.0144 0.2744 0.6495 �0.3269
Model-5 2.5977 0.1510 0.2803 �0.1948

75� Model-1 (present) 13.5481 0.3491 1.4147 �0.3906
Model-2 (present) 13.7509 0.3524 1.4230 �0.4000
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and anti-symmetric angle-ply face sheets is considered.
Material set 2 is used. The side-to-thickness a/h ratio con-
sidered equal to 4. The non-dimensionalized maximum val-
ues of transverse displacement �w, in-plane stresses
�rx; �ry and �sxy for various values thickness of core to thick-
ness of the face sheet tc/tf ratio are given in Table 5. For all
the values of tc/tf ratio the displacement and stress values
obtained using model-1 and model-2 are in good agreement
whereas considerable difference exists between these two
and other models. In particular the first order theory
(model-5) very much underpredicts these values. For plates
with tc/tf equal to 10 the value of �w predicted by model-2,
model-3, model-4 and model-5 are, respectively, 1.63%
higher, 53.30%, 53.73% and 94.89% lower as compared
to model-1. Similar pattern in the percentage difference
can be observed in the transverse displacement and in-
plane stress values for all other ratios of tc/tf.

Example 4. A simply supported five layered square sand-
wich plate (h/�h/core/h/�h) with isotropic core and anti-
symmetric angle-ply face sheets with the ratio of the thick-
ness of core to thickness of the face sheet tc/tf equal to 4 is
considered. Material set 2 is used. The side-to-thickness a/h
ratio considered equal to 4. The non-dimensionalized max-
imum values of transverse displacement �w, in-plane stresses
Model-3 8.8488 0.2407 0.7862 �0.2787
Model-4 8.1608 0.1633 0.9648 �0.1962
Model-5 3.0735 0.1296 0.3958 �0.1564

Table 5
Non-dimensionalized transverse deflection and in-plane stresses in a
simply supported five layered anti-symmetric angle-ply (30�/�30�/core/
30�/�30�) square sandwich plate under sinusoidal transverse load

tc/tf Theory �w �rx �ry �sxy

4 Model-1 (present) 13.0335 1.0175 0.5013 �0.5859
Model-2 (present) 13.2429 1.0108 0.4982 �0.5932
Model-3 8.1972 0.5576 0.3002 �0.3694
Model-4 8.0144 0.6495 0.2744 �0.3269
Model-5 2.5977 0.2803 0.1510 �0.1948

10 Model-1 (present) 96.6657 3.4494 1.6989 �1.8110
Model-2 (present) 98.2424 3.2296 1.5387 �1.8137
Model-3 45.1407 1.4128 0.7554 �0.9078
Model-4 44.7308 1.6416 0.6980 �0.8102
Model-5 4.9418 0.4682 0.2591 �0.3388

20 Model-1 (present) 379.1888 7.1995 3.5922 �3.6643
Model-2 (present) 383.1255 6.5706 3.1104 �3.6402
Model-3 195.8631 3.3148 1.7080 �2.0122
Model-4 195.1197 3.7562 1.6034 �1.8313
Model-5 8.8633 0.7941 0.4445 �0.5846

50 Model-1 (present) 744.3126 6.6225 3.6918 �3.9285
Model-2 (present) 745.8548 6.0370 3.2452 �3.9325
Model-3 647.4147 5.2918 2.9203 �3.5121
Model-4 645.7906 6.3147 2.6877 �3.1055
Model-5 20.5859 1.7850 1.0053 �1.3272

100 Model-1 (present) 795.7270 5.3705 3.6670 �4.2115
Model-2 (present) 796.6311 4.9925 3.3528 �4.3103
Model-3 783.8121 4.9550 3.3335 �4.2592
Model-4 780.8080 6.8890 2.9009 �3.5001
Model-5 39.9039 3.4519 1.9429 �2.5680
�rx; �ry and �sxy for various values of fibre orientation h are
given in Table 6. For all the values of h considered the
results computed using model-1 and model-2 are very
much closer but a considerable difference exists between
these two and other models. For a plate with h equal to
15� the value of �w predicted by model-2, model-3, model-
4 and model-5 are, respectively, 1.49% higher, 34.69%,
39.76% and 77.31% lower as compared to model-1. A sim-
ilar observation can be made for in-plane stresses
�rx; �ry ; �sxy and transverse displacement for any given value
of fibre orientation.

Example 5. A simply supported five layered square sand-
wich plate (30�/�30�/core/30�/�30�) with isotropic core
and anti-symmetric angle-ply face sheets are considered.
Material set 2 is used. The ratio of the thickness of core
to thickness of the face sheet tc/tf considered equal to 4.
The non-dimensionalized moment and shear stress resul-
tants Mx; My ; Mxy ; Qx and Qy fr varying slenderness
ratios and for a given ratio of the thickness of the core to
the thickness of the face sheet tc/tf equal to 4 are compared
in Table 7. In the case of a thick plate considerable devia-
tion exists in the moment stress resultant values predicted
by other models compared to model-1. The deviation is
much higher in the case of model-4. For thin plates all
the models render the same results. For all the values of
a/h ratios considered, reasonably good agreement exists



Table 7
Non-dimensionalized stress resultants in a simply supported five layered
anti-symmetric angle-ply (30�/�30�/core/30�/�30�) square sandwich plate
under sinusoidal transverse load

a/h Theory Mx My Mxy Qx Qy

2 Model-1 (present) 0.0322 0.0261 �0.0214 0.1687 0.1495
Model-2 (present) 0.0277 0.0212 �0.0261 0.1693 0.1489
Model-3 0.0243 0.0212 �0.0278 0.2843 0.2800
Model-4 0.0414 0.0174 �0.0211 0.2750 0.2898
Model-5 0.0274 0.0199 �0.0269 0.1709 0.1473

4 Model-1 (present) 0.0276 0.0220 �0.0258 0.1679 0.1503
Model-2 (present) 0.0265 0.0206 �0.0271 0.1684 0.1498
Model-3 0.0278 0.0200 �0.0267 0.3262 0.2825
Model-4 0.0410 0.0171 �0.0215 0.2966 0.3125
Model-5 0.0346 0.0183 �0.0241 0.1847 0.1335

10 Model-1 (present) 0.0340 0.0188 �0.0241 0.1830 0.1352
Model-2 (present) 0.0340 0.0186 �0.0243 0.1833 0.1349
Model-3 0.0363 0.0180 �0.0234 0.3674 0.2550
Model-4 0.0409 0.0170 �0.0216 0.3031 0.3194
Model-5 0.0396 0.0172 �0.0222 0.1942 0.1240

20 Model-1 (present) 0.0385 0.0175 �0.0225 0.1921 0.1262
Model-2 (present) 0.0386 0.0175 �0.0225 0.1922 0.1260
Model-3 0.0395 0.0173 �0.0222 0.3808 0.2436
Model-4 0.0409 0.0170 �0.0216 0.3041 0.3204
Model-5 0.0405 0.0170 �0.0218 0.1960 0.1222

50 Model-1 (present) 0.0404 0.0170 �0.0218 0.1959 0.1223
Model-2 (present) 0.0405 0.0170 �0.0218 0.1959 0.1223
Model-3 0.0407 0.0170 �0.0217 0.3856 0.2397
Model-4 0.0409 0.0169 �0.0216 0.3044 0.3209
Model-5 0.0408 0.0170 �0.0217 0.1966 0.1216

100 Model-1 (present) 0.0407 0.0170 �0.0217 0.1965 0.1217
Model-2 (present) 0.0408 0.0170 �0.0217 0.1965 0.1217
Model-3 0.0408 0.0170 �0.0217 0.3862 0.2390
Model-4 0.0409 0.0169 �0.0216 0.3044 0.3208
Model-5 0.0409 0.0169 �0.0217 0.1967 0.1215
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in the shear stress resultants values obtained using model-1
and model-2 whereas the results of model-3 and model-4
deviate somewhat more as compared to the deviation in
values shown by model-5.
4. Conclusion

Analytical solutions to the static analysis of simply sup-
ported anti-symmetric angle-ply composite and sandwich
plates are presented. Comparative study on the static–flex-
ural response of various shear deformation theories applied
to multilayer sandwich plates is done. Exact solutions
already available in the literature are used for comparison.
The results of all the models compared include the trans-
verse displacement, the in-plane stresses, moment and
shear stress resultants. From the extensive numerical
results presented in this paper it is concluded that both
for the composite and sandwich plates, model-1 and
model-2 considered in the present investigation predict
the displacements, in-plane stresses and the stress resultants
values with reasonable accuracy compared to other models.
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