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Analysis of Sandwich Plates Using a Hybrid-Stress
Finite Element

Koganti M. Rao* and H.-R. Meyer-Pieningt
Institute for Lightweight Structures and Rope Ways, Zurich, Switzerland

The bending analysis of a generally orthotropic sandwich plate is presented using an accurate hybrid-stress
finite element. The computer program necessary for such an analysis is developed, and its accuracy is checked
by comparing the results with the three-dimensional elasticity solution of a simply supperted three-layered
rectangular laminate. The response of a square angle-ply, fiber-reinforced plastic-(FRP)-faced sandwich with
simply supported and clamped edges is evaluated. The results show the following: 1) The soft core of an
angle-ply FRP-faced thick sandwich supports a comparatively small amount of the shear force, more so with
clamped conditions. The faces carry the shear force and are predominantly subjected to bending action about
their centroidal axes, and hence, they no longer act as membranes. 2) To achieve the expected economy of the
sandwich construction, it is recommended that the width-to-thickness ratio be kept greater than 20 and 50,
respectively, in the cases of simply supported and clamped sandwich plates, wherever possible.

Nomenclature
a =width of the sandwich plate
A =boundary of ith layer in element n
b =length of the sandwich plate
B =strain matrix of ith layer
C;,Cs = Boolean matrices corresponding to
displacements and stresses, respectively, in
ith layer
EL ’E T ’Exx
E,_.E, =elastic modulii, Egs. (24) and (26)
G.,G =layer [Eq. (11b)] and element [Eq. (18b)]
matrices
GLT’GTTany
Gy;,Gy, =shear modulii, Eqs. (24) and (26)
H H =layer [Eq. (11a)] and element [Eq. (18a)]
matrices
h =thickness of sandwich

hi(i =1,2,3,4)
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=heights of layer boundaries measured from
Xy plane

=determinant of the Jacobian of coordinate
transformation

=stiffness matrix, Eq. (22)

=longitudinal direction of fiber

=number of elements

=layer matrix depending on N; and
normalized coordinate ¢

=shape function of jth node

= transverse force intensity

= boundary load vector

= amplitude of sinusoidal load or uniformly
distributed load

= 6 X 40 polynomial matrix, Eq. (2)

= layer and element nodal displacement
vectors, respectively

= layer and element nodal force vectors,
respectively '

= width-to-thickness ratio, =a/h
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S; = compliance matrix of ith layer

t = half the thickness of ith layer

T = transverse direction of fiber

,v,w = normalized displacement components,

Eq. 25)

u viw = displacement components of ith layer

uj,v; ,w; = values of u’, v/, w at jth node

U = displacement vector of ith layer

Vi = volume of /th layer in element n

X,¥,Z = global coordinate axes

X5, = in-plane global coordinates of jth node

Z = normalized value of z, =2z/h

8.6 = element and layer stress parameter vectors,
' respectively

Bij(i = 1,2,3) = components of 8, Eq. (16)

€ = strain vector of ith layer

Exa€y$ez)eyz’

= engineering strains

= fiber orientation angle measured from
X axis

€zxs€Exy

BLTSHTT slhxy s

Ryg stz = Poisson’s ratios, Egs. (24) and (25)
£,¢ = normalized coordinates
= hybrid-stress functional
o; = stress vector of ith layer

Ox,0y,0; 3Tyzs
ToesTxy = stress components
6X ,5y ,az ﬁ'yz *

ToxsTxy = normalized stress components

1. Introduction

HE development of plastic foam core material and

fiber-reinforced plastic (FRP) composite technology led
to the application of sandwich structures to new areas like ship
building, automobile, chemical vessels, consumer goods, etc.
The structural geometry in these areas is quite different from
that of sandwiches used in space crafts as a result of varied
design criteria: The face sheets and, as a whole, the sandwich
walls are usually thicker. The detailed analysis of such
structures needs refined modeling of their mechanical
behavior. An attempt in that direction is made here.

Since the work of Reissner,! many research papers have
been published on the topic. Improving on the theory of
Hoff,? Yu? developed a new theory of elastic sandwich plates
with arbitrary relative thicknesses and material properties of
the face sheets and core. Rao’ derived improved equations
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governing the deflection of unsymmetric sandwich beams with
a stiff core. Rao® and Rao and Meyer-Piening’® evaluated the
buckling analysis of FRP-faced sandwich panels. Mindlin'®
examined the domain of applicability of Reissner’s sandwich
plate equations by means of the reduction of higher-order
approximation. A parametric differentiation technique was
used by Rao and Valsarajan!! to analyze the skew sandwich
plates. Whitney® presented a procedure for calculating accu-
rately the mechanical response of sandwich plates by modify-
ing the classical laminated plate theory to include the effect of
transverse shear deformation. The most accurate analysis of
sandwich plates using the three-dimensional theory of elastic-
ity approach was presented by Srinivas and Rao* and Pagano.’

The scope of application of the analytical solutions men-
tioned and others not cited is mainly limited to the cases of
simple loading, geometry, and boundary conditions. To over-
come this limitation, the more general finite element solution
method has been adopted by many investigators for the analy-
sis of sandwich structures. A four-noded rectangular element
with 16 degrees of freedom based on a displacement formula-
tion was used by Monforton and Schmit.'? The linear-strain
triangular element was applied to study the extent of the
validity of the Saint-Venant principle in the case of a sandwich
strip.!? Khatua and Cheung developed a triangular element'4
and rectangular element!® to study the multilayer sandwich
plates for their bending and vibration behavior. A finite-ele-
ment procedure was established for the analysis of sandwich
plates with different anisotropic composite facings due to
aerodynamic and thermal loads by Weinstein et al.!¢ Six-node
triangular and eight-node quadrilateral elements are used for
the analysis and optimum design of sandwich constructions by
Ding,!” taking the thicknesses of the faces and core as design
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variables. A simple isoparametric finite element formulation
based on a displacement model to account for the nonlinear
variation of in-plane displacements and constant transverse
displacement through sandwich thickness was presented by
Pandya and Kant'® for the flexural analysis of multilayer
symmetric sandwich plates. An initial stress stiffness matrix
applicable to the plate elements of arbitrary quadrilateral
shape with 12 degrees of freedom was formulated by Cook!?
and applied to the study of the buckling behavior of sandwich
plates.

Hybrid-stress finite elements have been developed for the
improved analysis based on a modified complementary energy
principle in which the intraelement equilibrating stresses and
displacements compatible over the entire volume of an ele-
ment or at the element boundary only are interpolated inde-
pendently. Cook® developed two general quadrilateral hy-
brid-stress elements having 12 degrees of freedom, one with
nine stress parameters and the other with five stress parame-
ters. The shear strain is assumed constant over the thickness of
the plate. A stiffness matrix was derived by Kraus? for a
5-degree-of-freedom rectangular orthotropic plate element
with thick faces by the assumed hybrid-stress approach. In the
work of Cook and Kraus, displacements are assumed at the
boundary of the element, compatible with the neighboring
elements, and the variational functional derived by Pian?? is
used. An eight-node hybrid element with S5 stress parameters
for each layer was developed by Liou and Sun? to study
laminated plates; however, its behavior with respect to invari-
ance, shear-locking, and spurious energy modes is not re-
ported. Spilker?»?* developed an eight-node hybrid-stress ele-
ment for the analysis of laminated plates; the equilibrating
state of stress is characterized by 67 stress parameters, and a
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a) Fig. 1 Geometry.
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different shear strain is taken in each layer. Hence, the num-
ber of element stress parameters and nodal degrees of freedom
is dependent on the number of layers.

In the present analysis, the eight-node quadrilateral
quadratic isoparametric element based on the hybrid-stress
formulation of Spilker?* is selected because of its improved
performance. In the case of a sandwich plate made of linear
elastic materials, the present analysis does not impose any
restriction on the geometric and material properties of the
faces and core. The displacement and transverse stress conti-
nuity at the interfaces and traction-free conditions on the
boundary surfaces are exactly satisfied. The element? is natu-
rally invariant with respect to coordinate transformation, non-
locking in the thin plate limit, and the element is of the correct
rank, which was not verified in the case of hybrid-stress ele-
ments used earlier for the analysis of sandwich plates.

II. Formulation

The geometry and coordinate system are given in Fig. 1. The
plane of the sandwich plate coincides with the xy plane. The
locations of layer surfaces are given by z = hy, hy, h3, and A,
starting from the bottom. The element and node numbering is
shown in Fig. 1b; the element shape functions are not listed
here, as they are well established elsewhere.?’ The plate is
acted on by distributed force vector p;(x, ) on its boundary
surfaces. The functional II for the hybrid-stress formulation is
given by*

N 3
II= E 2 { EV a,-TS,-a;dV—-EV a,-Te,-dV

n=1i=1

+ S U'pi dA} )]
Api
where
g; = assumed stress vector of ith layer,
[0, 750,77l |

S; = transformed compliance matrix of ith layer?¢
referred to in geometric axes (x, y, z)

¢; = engineering strain vector of /th layer calculated from
assumed displacements u, v, w,

[f,ivrfi A ’efvy] ’
= displacement vector [/, vi, w]T
Vyni = volume of ith layer in element n
pi = external force vector on ith layer
Ay = area of nth element in xy plane occupied by ith layer
N = number of elements

The equilibrating stress vector ¢;, given explicitly in Ref. 24,
assumed in the /th layer is written in matrix form as

0, =P (x,y,2)8 2)
where

B’ = stress parameter vector of layer i

[Bls BZ) 63’ sees B67]ir

P; =6 x 67 matrix formed of polynomial terms in
X, ¥, z with the g; of Ref. 24
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The elements of P; are usually converted into normalized
coordinates (£, 5, {) with the help of isoparametric coordinate
transformation relations

8
x= X N nx
~

8
=X Nk, ®
p-

where N;(§, 1) are the biquadratic serendipity-shaped func-
tions,? (x;, ;) are the global coordinates of the jth node, and
¢ is the transverse normalized coordinate related to z by

z = Y2[(h; + Biy o) + $(Riv — B &)

so that { = — 1 at the bottom and { = + 1 at the top of layer
i.

The in-plane displacements #’ and v’ are assumed to vary
linearly over each layer and the transverse deflection w is
taken to be constant over the plate thickness (i.e., ¢, = 0). The
displacement model of this pattern is capable of taking care of
the zig-zag deformed configuration of adjacent layers in thick
laminates (i.e., for width-to-thickness ratio a/A up to, say, 4).
The displacements u, v/, and w can be interpolated in terms of
their nodal values (u/, v/, w); in the ith layer as

) 8 1 o1 )
u' €m0 = _El A’j(é,ﬂ)l:i - u; + 3 A+ Oui™* ‘} (5a)
j=

) 8 1 | )
Vi) =j);’, N,-(E,n)[i aQ-9vi + > a+Hv/* ‘] (5b)

8
w(&,n) = j>=:1 N;(&mw; (59
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Fig. 2 Variation of 7y, and 7, over thickness (0.1/0.8/0.1, SS, SL).
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Fig. 3 Variation of 7,; over thickness (S =4, —45 /core/ + 45 deg, SS).

where (', u’*1,v/,vi* L w); are the values of u/, v, and w at
the bottom and top surfaces of layer i/ at the node j and may
be treated as vector g‘ of the nodal degrees of freedom of the
ith layer

i P i+l i it ] it
q'=[u,’,u{ VLV T Lwugagt L wa,,

ué»u§+ I,Vg,Vé*- laWB] (6)

Thus, at each node in the case of a three-layered sandwich,
there are nine degrees of freedom; the element nodal displace-
ment vector ¢ consists of 72 components in the present situa-
tion and is arranged as shown here.

q= [ull,ulz,uf,uf,v,‘,v,z,vf,vf',wl,uzl,...,wz,...,
T
usl:ugsu:?,ué‘yvsl,Vszyvxga"g,ws] (7)
With the help of Egs. (5) and the definition of the ith layer
nodal displacement vector ¢ in Eq. (6), the layer displacement
vector U’ defined by

U= viw]T . 8

can be cast into matrix form
Ui = Nig! 9)
where N'is a 3 X 40 matrix, and its elements are dependent
on the shape functions N; and normalized coordinate {. By
using the displacement vector of Eq. (9) in the linear-strain

displacement relations, the strain vector ¢; can be related to ¢’
by

¢ =Biq’ (10

where Bf is the strain matrix of the ith layer that can be
obtained with the help of Eqs. (5), (6), and (9).

By substituting Egs. (2), (9), and (10) in Eq. (1) and using
the following definitions of layer matrices:

1 1 1

Hi= t,.S S S PTSP;1J| dt dy d¢ (11a)
-1d ~1d -1
1 1 1

Gi= I,S S § PTBilJ| d§ dy d¢ (11b)
—1d -1d -1

Qi= g NTpIJ1 dE dn (11¢)

Ani

the variational functional II becomes

NS (1. o T
n- £ £ fpro-souae]

In Eq. (11), J is the Jacobian of the coordinate transformation
of Eq. (3), and ¢ is half the thickness of the ith layer given by

hi+ 1~ hi

£ 2 (13)
The stress parameters §; in the expression of stresses listed in
Ref. 24 are already adjusted to satisfy the static equilibrium
equations. They are now to be further adjusted to satisfy the
traction-free boundary conditions and the transverse stress
continuity conditions at the interfaces. As a result, the follow-
ing interrelations between 8] and 8.~ ' (i >1) will be found at

the interfaces z = h, and z = h;.

Bi=—8gi7h for i=23andj=1.2,.,12 (l4a)
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Table 1 Maximum stresses and deflections in three-layered rectangular (b =3a) laminate®

a’h  6x(a’/2,b/72, £1) a(a/2, b/2, £1/3)

Focl@, 872,00 Tye(a/2, b,0) Tola, b, £1) was2, b/2, 0)

4 HFE2 0.934 0.107 0.387 0.0380 —0.0266 2.752
-0.990 -0.109 0.422(5/12)¢ I 0.0276
ELb 1.10 0.109 0.351 0.0334 —0.0269 2.820
-1.14 -0.119 0.387(0.54) — 0.0281
10 HFE 0.695 0.037 0.454 0.0205 —0.0123 0.916
-0.711 —0.0366 —_— I 0.0124
EL 0.726 0.0418 0.420 0.0152 —0.0120 0.919
-0.725 —0.0435 [ R 0.0123
20 HFE 0.644 0.0256 0.472 0.0165 -0.00927 0.608
—0.647 —0.0257 - — 0.00934
EL +0.650 0.0294 0.432 0.0119 ¥0.0093 0.610
—-0.0299 N _
50 HFE +0.627 +0.0233 0.490 0.0137 ¥0.00824 0.519
EL +0.628 +0.0259 0.439 0.0110 ¥ 0.00840 0.520
100 HFE +0.623 +0.0229 0.496 0.0120 F0.00801 0.506
EL +0.624 +0.0253 0.439 0.0108 F0.00830 0.508
*Finite element saturation. "Elasticity solution. “Value of z where 7, is max.
A - 5o
8= lt;z] Biih for i=23andj=13,14,15 (14b) o=Y Ccig (18¢c)
i i=1
If we assume that the sandwich plate is subjected to only a the expression for I becomes
transverse distributed force of intensity p(x, y) at the surface N (1
(z = hy), the traction-free boundary conditions then are n=Y 3 BTHB-B8TGq + q7Q (19)
n=1

1
UZ

=7,=m,=0 at z=h
T =Te=0 at z=h (152)

that require that

B} =0 for j=5354,..,64 (15b)

The collection of stress parameters of all three layers in a
typical element after being subjected to the condition of Egs.
(14) and (15) yields an independent laminate stress parameter
vector 8 as

ﬁ = [6}6’6{7:-- . ’ﬂéhﬂ%&ﬂ%%- .. ’ﬂghﬂ%ﬁ’ﬂ?b- vey
. (16)

The layer nodal displacement vector g’ can be related to
element nodal displacement vector ¢, and the layer stress
parameter vector §' to element stress parameter vector 8 by

g9'=Cy (17a)
B =CiB (17b)

where C/ and C{ are the Boolean matrices with zero or unit as
the values of its elements.

By substituting Eq. (17) in Eq. (12) and using the definitions
3
H=Y C{HC} (18a)

i=1
3 Iy )
G=Y, ciGgic, (18b)

i=1

In Eq. (19) ¢ and 8 are the independent field parameters
with respect to which the functional IT must be extremized.
Extremizing it with respect to 8 and solving the resulting
equations, one gets

B=H"'Gq 0

thus paving the way to express the element stress parameters 8
in terms of nodal displacements ¢ . The elimination of 8 in Eq.
(19) by means of Eq. (20) results in

N
n=-Y {%qTGTH“Gq—qTQ} @y

i=1
The element stiffness matrix k& is then given by
k=GTH-'G 22)

In the present case, the element load vector Q takes the form

11
Q= S S [0,0,0,0,0,0,0,0,N,p,0,0,...,N>p,...,
1

-1

0,0,0,0,0,0,0,0,N;yp17J di dy (23

The layer matrices H/, G/, and Q' of Eq. (11) are numeri-
cally evaluated using a 4 X 4 X 4 Gauss quadrature rule and
then assembled to obtain element matrices H, G, and @. The
LDLT decomposition of the solution technique is used to get
the inverse of H and the product H ~!G in Eq. (22). Finally,
a frontal solution technique is adopted to solve for the global
displacements.

ITI1. Numerical Results

The formulation and computer program developed by the
authors were checked by comparing the results of the present
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solution with the three-dimensional elasticity solution of Ref.
5. The results, listed in Table 1 for comparison, are for a
three-layered rectangular laminate subjected to sinusoidal
load and simply supported. The material properties used are
those given in Ref. 5. The layers of the rectangular laminate
are of equal thickness and of a fiber orientation (0/90/0 deg)
and have the following material properties:

E; =25 x 10 psi (= 0.175 x 10° N mm?)
Er=10°psi (=0.7x 10* N mm?)
Grr = 0.5 x 106 psi (= 0.35 x 10* N mm?)
Grr = 0.2 x 106 psi (= 0.14 x 10* N mm?)
pr7 = prr = 0.25 (24)

The results presented with overbars are the normalized
quantities according to the scheme

(ax"-"y sixy) = 17_05'—2 (eray yTxy)

_ 1
(025725 T20) = pﬁ (02,7y25T2x)
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The response of a simply supported and clamped square
sandwich plate is studied by varying the parameters like the
fiber orientation angle # measured from the x axis, the width-
to-thickness ratio (S = a/h), laminate unsymmetricity, and
two different distributions of loading. The simply supported
conditions are defined by taking at the edges the deflection w
and the in-plane displacements parallel to the edges’ zero, and
for the clamped condition all the layer surface displacements
are zero at the boundaries. The face materials are character-
ized by the properties listed in Eq. (24), and the core is made
of Rohacell-71 foam characterized by the following proper-
ties:

E, =E,, = E, = 0.145 X 10° psi (= 100 N mm?)
Gy, = Gy, = G, = 0.58 x 10* psi (=40 N mm?)
Py = Hyz = o = 0.25 (26)

In the figures, B stands for the bottom layer, T for the top
layer, C for the core, SS for simply supported, CC for
clamped, SL for sinusoidal load, and UDL for uniformly
distributed load. The fiber orientation in the top and bottom
faces is denoted by + 60 or +'0, where the top sign corresponds
to the top face and the bottom sign to the bottom face. The
layer thickness fractions in the sandwich are denoted by (ns/
ny/ny), e.g., (0.170.7/0.2) means the volume fractions of the

100E s R
(n,v) = E—T3 (u,v), W= 4T w top, core, and bottom layers, respectively, are 0.1, 0.7 and
PhS PhS 0.2. Whenever symmetry exists, a quarter plate is discretized;
a 2z with arbitrary fiber orientation, the full plate is discretized.
S = 7 z= " 25) The 2x 2 and 4 X 4 meshes are used for quarter and full
\\51 k -
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Fig. 4 Variation of in-plane stresses over thickness (0.1/0.8/0.1, SS§,
SL).
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Fig. 7 Variation of central deflection w with 9 (S =4, 0.1/0.8/0.1,
SS, SL).

plates, respectively. The rectangular plate (b = 3a) with sym-
metry is discretized with a 2 X 6 mesh in one quarter. The
values used to plot the graphs are their averages obtainad from
all of the elements meeting at the point of interest.

-IV. Discussion

The results of the present solution are very close to those of
the threé-dimensional elasticity solution, as shown in Table 1.

Figures 2 and 3 illustrate the variation of the transverse
shear stresses 7,, and 7,, over the thickness at different cross
sections of a simply supported square sandwich plate. In the
case of thicker plates (S =4, Figs. 2a, 3¢, dand 3d), the trans-
verse shear stress is higher in the faces than in the core, This is
more so in a plane in which the faces are stiffer because of
fiber orientation, as is seen in Fig. 2a from the comparison of
the graphs of 7,, and 7,,. As a result, the faces are subjected to
bending action about their own centroidal axis that can be
observed from the nature of distribution of in-plane stresses in
Fig. 4. With the decrease of plate thickness, the shear stresses
gradually increase from the outer surface to the inner surface
of the faces and finally become maximum at the cénter of the
core (Fig. 2b, S =20 and 50). For values of S greater than

AIAA JOURNAL

about. 20, the transverse shear stresses are maximum in the
core, and the major part of the shear is resisted by the core,
and the faces tend to the membrane state, provided they are
sufficiently thin compared to the core. At some cross sections
[point (a/4, b/4) of Figs. 3c and 3d], the top face on the
convex side is heavily sheared and the bottom face on the
concave side is undersheared. The transverse shear Ty, at the
point (a, b/2) in Fig. 3c is negative in thé top face on the
convex side and positive in the bottom face on the concave
side; at such cross sections, the nature of bending action in the
faces opposses each other (Fig. 4a). For the sandwich with
faces of unequal th1ckness, the shear stress 7,, is higher at
certain cross sections, say, point (a/4, b/4) of Figs. 3a and 3b,
in the thinner face; at certain other ¢ross sections, say, points
(a/2, 0) and (3a/4, b/4). of Figs. 3a and 3b, the thicker faces
carry maximum shear force. In general, the shear stress in the
core decreases as the faces become thicker (Fig. 3).

In the case of thick sandwiches (Flgs 4a and 4b), the faces
act almost as two indepéndent plates At some cross section
i(a/2, b/2) and (a/2, 0) of Fig. 4a], they help each other to
resist the bending action and oppose each other at certain
other cross sections [(a/4, b/4) of Fig. 44a), whereas for thin
sandwiches, the bending action of both faces adds up to resist
the bending loads. The values of a particular in<plane stress
(3, 8y, Or 7,y)in both faces differ considerably in the case of
a thick saridwich, but are closér in the case of a thin sandwich.
The in-plane shear stress 7, is found to be maximum in the
bottom face of a generally orthotroplc sandwich at the point
(a/4 b/4) of Fig: 4b, which would occur at the corner points
iri the case of isotropic and cross-ply, face sandwiches and thin
sandwiches with the s1mply supported boundary conditions.

The deformed cross séctions of a simply supported $and-
wich under a sinusoidal load and 6f & clamped sandwich under
a uniformly distributed transverse load are shown in Figs. 5a
and 5b; respectively. The warpmg of the cross section is severe
for a value of S <50. As is obsérved in Fig. 5, the warping is
almost Zero at S = 50 and the cross sections remain plane after
deformation, in which case lower-6rder bending theories can
yield a suffic1ently accurate solution.

The, variation of the sandwich plate response with the
change of fiber orientation @ in the faces is presented in Flgs
6-9. The transverse shear stresses plotted in Fig. 6 are their
values in the mid-planes of the layers. The influence of fiber
orientation angle @ in the face sheets on the value of transverse
shear stress in thé core (Fig. 6) is almost neghglble At the
cross sections showri in Fig. 6, the shear stress Ty is higher in
the bottom face for 6 less than 27 deg, and 7., is higher in the

-8+

Fig. 8 Variation of 5, with 6 (S =4, 0.1/0.8/0.1, SS, SL).
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top face for 6 less than 63 deg. When the fibers are oriented
along the x axis, the shear stress 7,, at the point (a, b/2) is
almost zero in the bottom and very high in the top face (Fig.
6). The difference decreases with an increase in the value of .
The difference in values of 7,, in the top and bottom faces is
large when the fibers are placed closer to the y axis.

The central deflection and central in-plane stress in the
boundary surfaces, respectively, of a square sandwich plate
for two different fiber orientations 8 and + 6 are plotted in
Figs. 7 and 8. The symmetric angle-ply (16 curve) deflects
more than the antisymmetric angle-ply ( + 6 curve) sandwich.
However, the difference in the maximum values of the central
bending stresses for these two patterns of fiber orientations is
very small (Fig. 8). For a fiber orientation 0 < 6 < 90 deg, the
value of &, is higher in the top face.

The variation of in-plane shear stress 7,, at the outer sur-
faces with a fiber orientation angle 6§ for the two orientation
patterns at the points (0, 0), (a/2, b/2), and (a/4, b/4) is
plotted in Fig. 9. The influence of fiber orientation patterns
(x6 and =+ 0) over the values of 7,, in the top surface (T
curves) is negligibly small compared to that in the bottom
surface (B curves). The 7,, is higher in the bottom surface than
in the top surface for 0<#< 90 deg as in the case of in-plane
normal stress o,.

Figure 10 shows the variation of the normalized central
deflection w of a simply supported plate under sinusoidal
loading and of a clamped plate under uniformly distributed
loading with the width-to-thickness ratio S.

The behavior of a clamped square sandwich plate subjected
to a uniformly distributed load is presented in Fig. 11. The
shear stresses (say, 7,. of Fig. 11) in the core are much less than
in the faces of the clamped thick sandwich, compared to that
observed in the case of a simply supported sandwich (Figs. 3¢
and 3d). The maximum shear stress occurs at the centers of the
faces. As the plate becomes thinner, the shear stresses gradu-
ally increase in the faces from the outer surface to the inner
one; then they become maximum at the center of the core (Fig.
11, § =100 curve). For a simply supported sandwich, the
maximum shear stress occurs when the value of S is greater
than 20 (Fig. 2b), but for the clamped sandwich even when the
value of Sis 50, 7,, in the faces is higher than in the core (Fig.
11).

V. Conclusions
The behavior of a thick angle-ply FRP-faced sandwich is
very sensitive to various inherent parameters like the relative
thicknesses of faces and core, fiber orientation angle 6,
boundary restraint conditions, etc. It is difficult to arrive at a
definite conclusion regarding a particular observation, say,
the location where a certain stress reaches its maximum value.
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Within the limitations of the parametric study made in this
paper, the following conclusions can be drawn.

1) In the case of an angle-ply FRP-faced thick sandwich, the
core does not carry the shear force as much as is expected in a
sandwich. This is true more so for the clamped conditions.
The faces carry the bulk of the shear force and are subjected
to bending action about their own centroidal axis. They no
longer act as membranes as expected in a sandwich. The
nature of shear force, bending moment, and twisting moment
in the two faces differs widely. The values of any of the
specific stress-resultants for these three in the two faces may
add up to or oppose each other. The value of the in-plane
shear 7, in a clamped square sandwich is maximum at point
(a/2, 0), in contrast to isotropic and cross-ply faced sand-
wiches and thin sandwiches, irrespective of the face material
where 7,, is maximum at the center point (a/4, b/4) of their
quadrants.

2) For the width-to-thickness ratio S >20 in the case of a
simply supported sandwich and S > 50 in the case of a clamped
sandwich, the core comprises alinost the entire shear, and the
faces act as membranes. Ther&fore, to achieve the expected
economy of the sandwich construction, it is recommended
that the thickness parameter S bé adjusted whenever possible.

3) The central deflection is minimum when the fiber orienta-
tion angle (f) is + 45 deg in the top face and — 45 deg in the
bottom face.

4) The warping of the sandwich cross section is almost
negligible for S >50.
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