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Abstract—A finite element method of analysis of the vibrational and wave propagational characteristics is
presented for a laminated orthotropic plate under initial stress. The plate may have an arbitrary number of
bonded elastic orthotropic layers, each with distinct thickness, density and mechanical properties, and the
analysis is capable of treating a completely arbitrary three-dimensional state of initial stress. Biot’s theory for
incremental elastic deformations of a stressed solid forms the basis for this study. A homogeneous, isotropic
plate under two different states of initial stress was analyzed and their numerical results showed excellent
correlation with those from an exact solution. Further examples of a three layer composite plate and a
sandwich plate are offered to add some general insight to the physical behavior of such plates.

NOTATION

Bj» quasi-elastic moduli (containing initial stress effect)
i elastic moduli
contracted notation for elastic moduli, see Appendix.
extensional moduli
prescribed incremental surface tractions
shear moduli
total thickness of plate
element stiffness
element geometrical stiffness
plate stiffness
plate geometrical stiffness
element mass
plate mass
arrays of nodal displacement coordinates
R RT={r"r*7}, see Equation (21)
S; components of initial stress
AT incremental kinetic energy
u; rectangular cartesian displacement components
U, U% nodal displacement coordinates
U array of plate nodal displacement coordinates
AV incremental potential energy
x, rectangular cartesian coordinates
8 variational symbol
8; Kronecker delta
€; components of the small strain tensor
A eigenvalue parameter for elastic stability, see equation (24)
A A2 wave lengths in x, and x, directions, respectively
v; Poisson’s ratios
p material density
oy incremental stress tensor referred to deformed geometry
7; incremental stress tensor referred to original geometry
w, components of rotation tensor, see equation (2)
w natural frequency
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I. INTRODUCTION

The advantages of multilayered composite materials, which have led to their increased usage,
are intuitively apparent and require no elaboration. To design structures composed of such
materials, and furthermore, to utilize their inherent characteristics optimally. analytical methods
must be available to evaluate their physical behavior.

In this paper the vibrational characteristics of laminated plates under initial stress are
considered. It has long been known that a state of initial stress in a body can have a significant
influence on its subsequent response to static and dynamic loads. Initial stresses in composites
are inevitably present as residual stresses from fabrication processes. Moreover. the possibilities
offered by controlled prestressing to effectively exploit the full potential of such materials are
exciting and should be of great interest.

Many investigations on vibrations of initially stressed isotropic plates of rectangular and
circular planforms based on Kirchhoff theory have been reported and are summarized by
Leissa[1]. The extension to orthotropic plates was presented by Lekhnitskii[2]. A finite element
analysis of rectangular isotropic plates under arbitrary initial stress states was recently given by
Mei and Yang[3]. One of the first comprehensive studies on plates was carried out by Herrmann
and Armenakas[4], who developed a refined theory for initially stressed isotropic plates. Their
theory accounted for both transverse shear deformation and rotatory inertia as well as
components of initial inplane and transverse shearing stresses. More recently, Sun presented
some new analyses of initially stressed isotropic and orthotropic plates and beams(S, 6], which
are based on a continuum theory including microstructure. His analyses are primarily intended
for laminated structures consisting of two alternating layers, one of which is much stiffer and
thicker than the other. The theories and applications in Refs. {1-6] can be grouped as approximate
plate theories rather than as a complete three-dimensional model.

The laminated plate considered herein has an arbitrary number of bonded elastic orthotropic
layers, each with distinct thickness, density and mechanical properties. The elastic axes of all
orthotropic materials coincide with the plate coordinate axes. The analysis is based on Biot’s
three-dimensional theory for incremental elastic deformations of a stressed solid[7]. It should be
pointed out that besides Biot's theory, there is another generally accepted mathematical
description of this class of problems due to Trefftz[8]. Bazant[9] concluded from a correlation
study of these two theories and variants of them that they were all mutually equivalent. The
solution technique employed herein is the Extended Ritz technique, which has been applied to
vibrations of laminated plates and cylinders[10-12]. The analysis involves discretization of the
plate into a number of subregions termed laminas. A waveform along the propagation direction is
explicitly stated at the outset and the dependence through the thickness is treated by a Ritz
analysis using suitable interpolation functions within each lamina and appropriate interlaminar
continuity conditions. An algebraic eigenvalue problem results from which the modal data can be
extracted. Since each lamina is independent, it is possible for it to have not only distinct
properties but also a distinct and completely general initial stress state consisting of any or all six
components. Thus, it is possible to model completely arbitrary initial stress states, for example
one in which the initial stresses may vary over the depth of the plate. Also, the problem of elastic
stability of multilayered plates is contained as the special case when the frequency goes to zero.
This particular case can also be separately posed as another eigenvalue problem and some
comments on this point will be made in the paper.

2. BASIC EQUATIONS FOR AN INITIALLY STRESSED SOLID
Cartesian tensor notation is adopted. and unless otherwise noted, the summation range
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implied by a repeated subscript is from 1 to 3. Let the plate have a reference state in which initial
stresses S are in equilibrium and the material properties relative to this state are assumed
known. Equations will be given describing the incremental process which is elastic irrespective of
the nature in which the reference state was reached.

In Biot’s theory[7], two rectangular Cartesian frameworks are utilized, one denoted by x;
which is fixed with axes running along some suitable directions in the solid and the other in which
a local rigid body rotation has occurred. Let u; be displacement components along the x;
directions. Then, the usual definitions for the components of the small strain and rotation tensors
are, respectively:

€ = 2 Uy + Uy y) 0
o = WU ~ Uij). 2)

The constitutive relation for the incremental stresses and strains can be cast into two alternate
but equivalent forms:

im

T = L jk €im (3)
or
[
T = B jtT €. 4

In equations (3) and (4), s and oy are incremental stress components in the rotated coordinate
system referred to unit area before and after deformation, respectively. The transformation
between 7; and oy is given by:

T = O+ Sikéll - %(Sjlflk + SkIGﬂ)- (5)

The Cji in (3) are the usual elastic coefficients which have symmetry about their indices and can
be regarded as the dual of those in the constitutive law for an unstressed solid, except now they
are referred to the present reference state. The B’ are quasi elastic coefficients, and in general
they are not symmetric about their indices due to initial stresses S;. The relation between Cjy and
By is:

= Cit = Sibim + 4(Simbi + Sk + Siomdy + Siiom} ©

where 8; is the Kronecker symbol. For an orthotropic solid, the explicit form of (6) in matrix
notation is:

n Ch G 0 0 0
ZCzx 0 0 0
5 0 0 0
[Bi= CZ 0 0 +
50
: i3
0 _Sn ‘“Sn 0 313[2 Snzjz
-8 0 82 Sa3f2 0 S:f2
~Sx =S 0 S23/2 Sis/2 0 )]
"S:,x —823/2 “523/2 (Szz+ 533)/4 512/4 513/4
“Sl}/z _SB '“st/z 512/4 (Sn + 332)/4 523/4
=82 _Slzfz -8 Sisl4 Sn/4 (Slz + Sz:)/4
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It can be seen from (7) that even though the material is orthotropic, constitutive relation (4)
appears to be more general than that for orthotropy because of what can be called
“stress-induced” anisotropy.

The stress equations of motion and the associated traction boundary conditions for a stressed
solid are:

(i + Sic + Sy + ilslkfu - %Slielk).k = pli; t]

(T + Suwy + %Slkflj - %Slielk)nk = Af; (Gl

where n. are the components of the outward unit normal, p is the density and Af; are the
prescribed incremental surface tractions.

The variational principle leading to equations of motion (8) and boundary conditions (9) can
be stated as:

6(AV—AT)—f f Afidu; ds =0 (10)
surf
where AT and AV are the incremental kinetic and strain energies and have the forms:

AT=” f %pu,u, dvol a1

Vol

AV=AV,+AV, (12)
with
AV, = jf J %fjke;k dvol = J.J f %C;relme;‘k dool (12a)
Vol Vot
1
AV: = fj j ; Sjk (Ejlwlk + €1Wij + w,-,wkl) dUOL (12b)

Vol

The breakdown of AV into AV, and AV, is for convenience only. Note that AV, has exactly the
same form as that for an unstressed solid and it is associated with the strain energy due to
incremental stresses only. The other part AV, accounts for the strain energy due to the presence
of initial stresses during the incremental deformation process. It will be seen in the next section
on the formulation of the analysis and solution technique that AV, leads to the usual stiffness
matrix while AV, gives rise to an initial stress or geometrical stiffness matrix.

3. EXTENDED RITZ ANALYSIS OF A PLATE

Consider a plate composed of an arbitrary number of bonded elastic orthotropic layers. Let
Cartesian coordinates x; be established with x;, x» in the plane of the plate and x: normal to it.
The orthotropy axes for all layers coincide with the x; coordinate directions. In an Extended Ritz
analysis, the plate is discretized into a number of laminas, each of which may have distinct
properties, thickness and initial stress state.

The displacement field within a lamina can be taken as:

uj(xk’ t) — {UI(X3) + IUT(JC:;)} ei(mt+€x|+nx2) (] - 1’ 2)

13
us(xi, 1) = {iUs(x1) + U%(x3)} el (wrrexitxy) {13)
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where o is the natural frequency and £ = @/A,, n = /A, are wave numbers along xi, x,
respectively. It can be seen from (13) that the dependence of the waveform is explicit along the
propagation direction, but is as yet undetermined in x; of the plate. The functions U; (and U*¥)
can be approximated by a quadratic interpolation:

Ui(x3) = Up(1=3x +2x%) + Uy (4x = 4x) + Uy (2x° = x) (14)
where

X :(Xs—xw)/(x}f—xab) (15)

and xa», X3; are the thickness coordinates of the bounding surfaces of the lamina. The generalized
coordinates Uy, U, Uy (and Ug, Ul Uj) represent the values of the U; (and U%)
displacement at the back, mid and front nodal surfaces. It was found in Refs. [10-12] that a
suitable number of these elements with quadratic interpolation (14) possess excellent modelling
capability of the physical phenomena over a wide range of frequencies and wave lengths. The
imaginary unit i (corresponding to i = &%) provides for a /2 phase difference between those
displacements with and without it. The necessity of including U* arises because of initial stress
components Sz, S»; and they cause coupling of U; with U*. In the case when Sis, S»; are absent,
then it is possible to consider only one wave form, U, or U¥, as both will represent identical
waves that are separated by a /2 phase shift. This will be clearly seen in the derivation of the
stiffness matrix.

It is noted that wave form (13) can be taken to represent a propagating plane wave whose
wave length is the vectorial sum of the wave lengths along x, and x,, i.e. ={(7/£)*+ (7 /n)}'".
Thus, it is possible to reduce the number of independent spatial variables by one for the analysis.
However, in so doing, the orthotropic properties must undergo a corresponding rotational
transformation to the propagation direction and this leads to a constitutive relation that appears
to have an anisotropic form more general than orthotropy, even though the fact remains that only
nine of the elastic coefficients are independent. To avoid this difficulty, it is more convenient to
treat the displacement field in terms of a pair of superposed orthogonal waves.

The lamina potential and kinetic energies can be obtained by using (12) and (11). However,
because complex displacements (13) are involved. it is necessary to modify the forms of (11) and
(12) by using complex conjugate quantities so that real energies are possible. It is possible to cast
the expressions for AV, AV, and AT entirely in terms of displacements by substituting (1) and
(2) into (11) and (12). Thus

1 _ _
AVl:;fj f {C:}ul.lul.l‘i" nguz,zuz‘z“' ngumﬁm

Vol
33 _ _ 33 _ _ 2 _ _
+ CZZ(ullul} + u2.2u3,3) + Cl](u3.3ul,l + u3,3ul,l) + C]%(ul,lug‘: + ulylug‘g)
23 _ _ _ _ 13 _ _ _ _
+ Cox(Uzallas + Ussllas+ BosUsp+ Usails ) + Cra(Us s, + Us B3+ Haaliy 3+ Uyslly )

+ Cia(U o2+ Uralloy + Byalls + Uz flza)} dx; dx: dxs (16)

1 1 _ _ _ _ _
AV,= 5 2{511(3112,1”2.1 = Uil + 3Usals, — wesily s~ U 202, — W2z~ Upails, — Hy3Us,)

Vol

+ S22 282 — Ul + 3Usplls s — Us 3oz — U llo— HagUy 2 — Uz 3ty — H23Us )
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+ S33Bui sl a— Usallsg + 3Ussllas — Usollan — Us gl s — Haallys— Uzl — Us2U53)

+ 812Ul 2+ 2000012~ 20 1oy = 280Uy + 2Usnlln, + 2000 2uaol— 2022002

+ 823Uz pl25+ 2l22Uas — 2Uz 2830~ 2la2Ua > + 2Us alla g+ 2033l 2~ 2Us sl s — 20 als 5

+ 33Ul s+ 30000 3 — Uoylisg — B2 Us — Uagfea— Hoa = Uy ol — I 2l y) tn
+ S5Qui 5+ 200Uy — 20 s — 200 Qs sliag + 205 3050 — 200 s — 20500

+ 33Uz ila5+ 3yl — Usalla s — Wy alas— Ui zllaz— Wy 2Uas— Us iz~ U lh.:)} dx, dx,dx;

AT:%fffp{d.ﬂ1+u2ﬁg+u3ﬂ3}dxldx:dx3 (18)
Vol
where the superior bars indicate complex conjugation. Substituting displacement form (13) into

(16), (17) and (18) and observing that the limits of integration over the depth of the lamina is (X35,
X35), there results integrals with integrands of the form:

avi= | f v ¥, [ f0xs, CHL &1 U, Unn . U d (16a)
AVZ = ffdx. de f Y f(x_x, Sjk, f, n, U.s. U,,m, . U,:(;) dx; (173)
AT= -wzfjdxl dx. J ! f(xs, Unpy Unon Uns U, UE L UEY dixa. {18a)

Three important features should be noted. First, it is seen that the integrands in (16a, 17a, 18a) are
not functions of x, and x. and that the corresponding double integral is the same for all three
expressions. Hence they can be removed from consideration in this problem when the variational
principle (10) is applied. Secondly, it can be seen that AV, which is associated with the strain
energy of the incremental stresses only, will lead to contributions in the total element stiffness
matrix which are the same as that for an unstressed solid[12, 10]. Lastly, recall that because
constitutive relation (4) was not symmetric due particularly to the initial stresses Sj, it was not
obvious at the outset that AV, would lead to contributions for the total element stiffness matrix
that are symmetric about its principal diagonal. However, by examining (17). it is clear that AV,
which is associated with initial stress or geometrical stiffness matrix contributions, will in fact
possess symmetry. Thus, the total element stiffness matrix will be symmetric, and unless the
initial stresses exceed those limits causing instability. it will be positive definite so that real
frequencies can be expected.

Carrying out the integrations indicated in {16a). (17a), (18a) leads to results for AV and AT of
the form

AV=3R"[k+k.]R (19)
AT=—-l0’R"mR (20)

where
R” ={"r"} 2h
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and
r" ={Us, Uz, Usp, Uimy Uy Usmy Usy, Usy, Usp} (21a)

r*T:{Ult, Uzi- Uy, Ulﬁu Uz, U, U:;, U;f" U;; . (21b)

The element stiffness k, geometrical stiffness k, and m matrices in (19) and (20) are of rank
18 X 18 and can be partitioned into following matrices, each of which has a rank of 9x9.

_ k] 0] _[kz ks . _[mx O]
k‘[o ki)’ ke = k" kﬁ}’ "1 mJ 22)

The explicit forms of k;, ks, k; and m, are given in the Appendix. It can be seen (19), (21) and (22)
that r and r* are coupled through the submatrix ks given in the Appendix, it can be seen that this
coupling is due to the presence of S;; and S, the initial transverse shear stresses. If these initial
stress components are absent, then it is possible to consider only one waveform consisting of
only one set of generalized coordinates, either r or r*, as identical stiffness and mass matrices will
be encountered. Recall that these two waveforms are identical and are separated by a 7 /2 phase
difference as seen in (13).

Variation of the sum of all lamina potential and kinetic energies comprising the plate results in
the following algebraic eigenvalue problem.

[K+Ko]U=0’MU (23)

where U is an ordered set of generalized coordinates for the plate and contains r only for each
element or both r and r* depending on the nature of the initial stress state. In (23), K, Kg and M
are, respectively, the plate stiffness, geometrical stiffness and mass matrices.

Equation (23) is solved by means of a direct-iterative eigensolution technique described in
Refs. [14, 15]. The essence of this method is a reduction of the rank of the algebraic eigensystem
with a suitably chosen set of reduced generalized coordinates. The eigenvalue problem is solved
in this reduced space. This process is iterated until convergence of the results has been reached.
Its convergence is assured because the method is akin to the Stodola-Vianello technique except
that it is applied to a group of eigenvectors simultaneously instead of only one. The method is
extremely efficient computationally. For this paper, the computer code was written using 16
vectors for the reduced space and iteration was performed until the lowest ten converged within a
preset tolerance.

4. ANOTE ON ELASTIC STABILITY ANALYSIS
The elastic stability of a multilayered plate for a given set of wave numbers, ¢, 7 is said to
occur if the corresponding frequency goes to zero. It is also possible to treat this problem
separately. In (23), let w®=0 and introduce a parameter A such that

K+ 2KglU=0. (24)
The parameter A has the meaning as the ratio of the critical initial stress state to the present initial
stress state. Thus, an alternate eigenvalue problem (24) results for the determination of the lowest

critical absolute value of A. The concept of reducing the rank of the eigenvalue problem can also
be applied here[13], and the direct-iterative eigensolution technique[14, 15] can again be used.

1SS Vol I No 2—F
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5. HOMOGENEOUS. ISOTROPIC PLATE

In this set of calculations, an opportunity was provided to verify the computer code and
determine the accuracy of the modeling technique. Numerical results were compared with those
based on analytical methods. In addition, data were generated to illustrate the physical behavior of
homogeneous, isotropic plates under various states of initial stress.

A plate with unit thickness (H = 1) and Poisson’s ratio v = 0-3 was adopted and it was modeled
with 20 equal size laminas. This corresponded to 41 nodal planes and the number of degrees of
freedom ranged from 82 to 246 depending on the nature of the initial stress and the propagation
direction. Stress free surface conditions were prescribed. All quoted frequencies are normalized
with respect to the third lowest frequency at cutoff for that of an unstressed plate. i.c.

Wt = (/R G p 09

where G and p are the shear modulus and unit density. respectively. The values of initial stress are
normalized with respect to G, i.e. S; = S;/G.

Frequencies at selected wave numbers for a plate under (1) uniform tension. (2) uniform in-plane
shear, and (3) uniform transverse shear are presented in Tables 1, 2, 3, respectively. Also shown in
these tables are resuits obtained by analytical techniques, such as by an established frequency
equation ((Biot[7] pp. 327-328) Table 1) or by a regula falsi procedure applied to the equations of
motion and the prescribed boundary conditions (Tables 2. 3). Examination of these results shows
extremely good agreement for the range of thickness modes and for all of the initial stress states
considered.

InFig. 1, frequency spectra for the lowest four plane wave modes are plotted with the magnitude
of the uniform tension as a parameter. As noted the initial stress S, is a normalized value taken with
respect to G, so that some of the values may appear to be unrealistically high. These values were
contrived only for purposes of showing sufficient differences in the frequencies in the range of wave
numbers considered. It canbe seenthat only the lowest modeisaffected over the entire wave number
range by the initial stress. Inthe other three modes, the effectis not pronouncedly felt until the higher
wave numbers.

In Fig. 2, the lowest two plane wave modes are plotted for a flexural-type initial stress state. The
exact initial stress distribution as illustrated in this figure, actually consisted of a stepwise series of
constant initial stress in each of the laminas. Displacement patterns for these two modes at
H/A,=1-0 are shown in Fig. 3.

Table 1. Normalized natural frequencies—homogeneous isotropic plate under uniform axial stress

Hix =010 Hix.=00 Hix, =10 Hix =00

1 =0:003 Si = ~0:003 S, =028 S 028
Mode Computed?  Analf  Computedt Analt  Computed® Analt  Computed?  Apalf

1 0-016634 0-016633 0-013322 0-013321 0-898450 0-898447 0-626318 0-626317
2 0-168902 0-168902 0-168902 0-168902 1-456109 1-456109 1367616 1-367615
3 1-016327 1-016326 1-017562 1-017562 1-899735 1-899732 1914167 1914164
4 1-849655 1:849653 1-849909 1-849907 2:010411 2-010406 1991742 1991737
5 2:027708 2-027696 2029918 2:029906 2:796982 2-796959 2855243 285118
6 2-997824 2997723 3-001536 3-001435 3036039 3035947 3112899 3112807
1 3747113 3747087 3747133 3747107 4-033863 4-033437 4-191346 4191234
8 3-998996 3998572 4-003981 4003556 4155283 4155166 4217212 4216762

+82 degrees of freedom.
1Biot’s frequency equation (Ref. [7] pp. 327-328).
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Table 2. Normalized natural
frequencies—homogeneous,  isotropic
plate under uniform in-plane shear

H/A, =030 H/A, =030

S2=025

Mode  Computedt Analt

1 0-938459 0-938459
2 1-490188 1-490188
3 2220716 2:220715
4 3-564705 3-564704
5 3-849546 3-849543
6 5-471525 5-471508
7 6-988052 6-988019
8 9-162458 9162155
9 12-02694 12-02682

0 12-25184 12-25054

1123 degrees of freedom.
1By regula falsi.

Table 3. Normalized  natural
frequencies—homogeneous,  isotropic
plate under uniform transverse shear

H/r =030, H/A,=00

|71

13 =025

Mode  Computedt Analf

0-303722 0-303722
0-925763 0-925762
1-584650 1-584649
3-275156 3-275155
3-552424 3-552422

A RNV S

1246 degrees of freedom.
1By regula falsi.

Before proceeding to another example, a brief mention of one calculation on the elastic stability
limit of a thinisotropic plate is made. Using the same model through the thickness (20 elements) for a
square plate (H/A, = H/X> = 0-01), the computed critical uni-directional stress $,, for buckling was
Si“ = ~9-39445 x 10™*. That obtained from classical plate theory (Timoshenko and Gere[16]) was
Si1=0o/G =-9:39962 X 10" where o., = [-kE/12(1 - v*)] x (mH[A)* with k =4. Thus, both
results are in good agreement of each other.

6. COMPOSITE PLATE

Frequency analyses were conducted on a laminated plate composed of three layers, all of the
same material (a high modulus fiber-reinforced composite) but oriented in different directions. The
properties of this composite are:

Ei [Er =25, Gir/|Er =05, Grr/Er =02, vr=025 (26)

where L and T are directions parallel and transverse to the fibers, respectively. For the present
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Fig. 1. Frequency spectra for lowest four plane wave modes under initial uniform tension §,, = $../G.

MODE | ¢ MODE 2
o _ =
s L 2.0—
w | 5739 0.25
2t L 0.0
i ro> | L
2.0
0 | i | i 1 { | 1
0 2 4 0 2 4
H/x, H/A,

Fig.2. Frequency spectra for lowest two plane wave modes under initial flexural stress distribution So= SolG.

analysis, both E+ and p the material density, can be set equal to unity without loss of generality. The
coefficients Cy corresponding to (26) with fibers oriented along the x, direction are:

2517 0-3356 03356 |
10710 0-2711
10710
C, = 02 (26a)
0-5
0-5
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Fig. 3. Displacement distribution for lowest two plane wave modes under initial flexural stress distribution.

a /2 rotation of (26a) about the x axis gives the appropriate values of C; for fibers along the x.
direction. The laminate construction is 0°-90°-0° cross-ply as shown in Fig. 4 and thicknesses of the
outer laminates are 0-3H and 0-2H and the middle laminate is 0-5H, where H is the total plate
thickness. A model was adopted consisting of 20equal-thickness elements corresponding to41 nodal
surfaces. The exact number of degres of freedom depends, of course, on the nature of the initial
stress state. For the two cases of initial stress states considered for the square plate (£ = ), (1)
uniformaxial stressinbothdirections (S, = S,) and (2) uniform transverse shears in both directions
(S15 = S=), 123 and 246 degrees of freedom, respectively, were required. Stress free surface
conditions were prescribed. In these problems, S; is normalized according to S; = S;;/Ex.

In Fig. 4, the lowest modes of a square plate are plotted for an initial stress of uniform axial stress
inbothdirections. Ascanbeseen,the most significant frequency variations occurin the lowest mode.
The typical increase in frequency due to intial tension and decrease due to initial compression until
instability are again evident. Effects upon the higher modes are not pronounced until the larger wave
numbers, a phenomenon which has been seen in the previous isotropic plate analysis.

In Fig. 5 the lowest four modes of the same plate under the uniform transverse shear stress state
(S)3 = Sas)areplotted. In all four modes, thisinitial stress state causes adecrease in frequency for the
wave number range considered. In the lowest mode, it can be seen that instabilities are possible,
especially at particularly small wave numbers.

7. SANDWICH PLATE

Sandwich construction is a special class of laminated structures which has been extensively
employed. Furthermore, there have been some interest in achieving optimum design by
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Fig. 4. Frequency spectra for lowest four modes under uniform tension in both Fig. < Frequency spectra for fowest [our modes under transverse sheuring

x_and x, directions (S, = S,.1. tress inhoth directions ¢S = b

¥t

oNoQ ‘g 'S PUB Quodavig ‘D ]



Elastndvianic behavior of laminated orthotropic plates under initial stress 225

controlled prestressing. Frequency analyses of two special cases of prestress on a particular
sandwich were carried out in order to illustrate a type of behavior associated with this type of

construction. _
A plate with cross-sectional construction shown on Fig. 6 was considered. The material

properties of the facings are

35 15 15
35 15
C, 35 and p = 7’ @7
Symm, 1-0
10
1-0

and that for the core are:

| 0-0133  0:0033 0-0033

0-0133  0-0033

0-0133

Ci= | Symm. 0-005 andp = 1-0. (28)
0-005

0-005

Only plane wave motions were considered. Stress free surface conditions were prescribed. All
initial stresses S; are normalized with respect to shear modulus G of the facings.

On Fig. 6 are plots of frequency spectra of the lowest four modes for the condition that the
faces alone are under a state of uniform extension. On Fig. 7 are plots of frequencies for the
lowest four modes for an initial stress state corresponding to pure bending as simulated by
uniform tension compression on the two faces. The large differences in the frequencies over the
entire range of wave lengths for relatively small changes in the magnitude of the initial stress
states suggest that the objective of controlled prestressing to achieve a particular response is
highly feasible. Also, it appears to be realistic to achieve this objective without resorting to any
unusually complicated or highly imaginative initial stress state.

On Fig. 8 are plots of the displacement and incremental stress distributions through the cross
section for the lowest three modes for uniform tension in the faces of the sandwich plate of
magnitude S, = 1-0 for only wave numbers H/A, = 0-1 and 20, respectively. It can be seen from
these plots that the incremental stress boundary conditions at the free surfaces and the interfaces
dre met.

On Fig. 9. a romparison is shown of displacement patterns for the lowest mode of the
sandwich plate under three different types of prestressing. One is for tension on both faces,
another is for compression on both faces and the third depicted a bending condition, and all of
these states are associated with H/x,=2-0 and S;, =0-05. Most significant to notice is the
relative increase in displacement magnitudes in the initially compressed regions.

8. CONCLUDING REMARKS
A solution method bas been presented for the vibrational and stability analyses of prestressed
laminated orthotropic plates. The formulation and solution method are extensions of earlier
investigations of plate and cylinder problems involving no initial stress states, Because of the
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Fig. 8. Displacement and incremental stress distributions in sandwich plate with uniform tension in faces
S =1-0and H/A, = 0-1,2:0.
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Fig. 9. First mode displacement comparisons for tension, compression, and bending of sandwich plate with
H[A, =2-0and S,, = 0-05.
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computational efficiency and the latitude to incorporate any initial stress state, it is possible to
exploit this technique to study a wide variety of plate problems. Several calculations were made
on isotropic plates to demonstrate the method’s capabilities and lend confidence to its means for
extremely accurate solutions over a range of wave numbers. Two additional problems involving
composite and sandwich plates were given to further demonstrate the formulation and solution
method. It is intended that such a technique will provide the possibility of furthering our insight
into the behavior of initially stressed plates in order that residual stress analysis, stability analysis
and controlled prestressing may be utilized in the design of plates, especially those of the
composite and sandwich types.
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APPENDIX

The non-zero elements of the stiffness and mass matrices appearing in (22) are:
m,—matrix (m, = m; symmetric}

Mg = Mss = Moo = 41y = dMga = M2 = 4Myr = dMigs = 4Mog
=8 s = 8M s = 8Mse = 8y = 8Mss = 8Bmey
= —16m,- = ~16m,5 = —16ms, = 16ph /30
k,—matrix (k, =k, symmetric)
ko =k =4CH A+ CeB)+7CssD
kas = kg = 4(C2aB + CeA) +7CaD
ki3 = Koo =4(C5sA + CBV+7C53D
ke =16(C1 A + CosB + CssD)
kss = 16(CeeA + C22B + CasD)

koo = 1(CssA + CosB + C53D)
ke =8k = ~16k s = 8koy = — 16Kz = kos = 8k = 8ksy = 4k = 16(Ci2+ Coa)C
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~kiz= koo = HCi3~ CJE
—k2 = kge = HCoi~ Cu)F
kiy=ke=2C A+ CeoB)-8CssD
kio=—dkio= —kag=dkyy = ks =~k =4{Cps + Cs)E
(s = K = ACuB + Coed)—~8CuD
ko= —4kas = —~kus = 4k = ko = —hew = HCoi + C)F
kse = ke = 2ACssA + CuB)—8Cy:D
ki»=~(C\A + CesB)+ CssD
kw=—(CB+ Coud)+ CysD
k= ~(CasB + Cs:AY+ CsyD

k:— matrix (k, =k, symmetric)
ki = ks = B(38:~ 8} +48,,C + D(2185: - 78,)/4
kay = ke = A(3S), ~ S22V H48C + D(21Ss: —750)/4
kss = koo = A(3S,~ 8333+ B(3Sn ~ 855+ 65,0
ki =4B(38,~ 8,0+ 165,C +4D(3S - S
kss=4A(38, ~ S22) +168,,C +4D(385; - S-2)
koo =4A(3S), = S832) +4B(3S;;, ~ S5y + 125,,C
k= ko= =C(S8,) + 8220 —(8BA + 8B +7D)S .. /4
4k = =3k = 12k =YK= — 12k = = 3kao = ke = 4oy = 3E(S 11 + §23) + 380 F

4k = —3koe = 12ka0 = Yhas = — 1230 = ~3kow = Skg = dhga = IFIS:+ 80 +38,LE
kiu=kio=B3S.-8,)/2+ 28:C+2D(8,, —3Sw)

Kis=ksy= k= keo==C(S,,+ 822~ Si(A + B -2D)
Kas= ko= A(3S), = S22+ 28,,C +2D( 83— 38:3)

b= 20 = ko= A(3S:, = 50,02+ B(3Sn— Su)f2+38,:C
hio=—4C(8,+ 8~ 4SuCA +2B+ D)
ki;=BtS~38.)4-S.C+D(38..~ Su)/4

kios= ko= C(8) + Sn)f4+ S1-(2A +2B - D)4

ko= A(S::-38))/4— S8:2:C + D(385;,~ S-0)/4

k: — matrix

kiy=—kow = M8 F ~ SnE)f4 (antisymmetric, i.e. k; = —A; )
kyy=kay=~811(4A +2B +7D)2~ §..C (symmetric,i.e. k, = k;)
koa = ko = =830 ~ 82:(4B +2A 4 7D)/? (symmetric)
ki=ke= -4k =48,,E + 685, F {antisymmetric)
~hic= 4R = Koy =4k = ~kaw = ~ker = S s F + SuE (antisymmetric)
ki = ks = ko = ks = —Si(2A + B - 8D)/2 - $»C2 (symmetric)
—kas = dkay = kg = —685 \E — 485, F (antisymmetric)
K3 = 4o = koo = M8 E + SniF) (antisymmetric)
ko= —481(2A + B +2D)-48,C {symmetric)
kse=~485.C—4852B+ A +2D) {symmetric)

kie=ks:= 8,2A + B =2D)/4+ 8,,Cl4

(symmetric)
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kao=kss=8,:Cl4+ S5,:2B+ A —2D)/4 (symmetric)
kae = kas = kss = key = —8:C/2— §::(2B + A —8D)2 (symmetric}
where

A“‘f:hBO Cn:C::

B=nh/30 Ci=C7

C=nh/30 Ca=C4

D= ]/3h C:::CE

E= §/6 C:x = C;

F= 7]/(7 CJ] = C:;

f = 77/)\1 Cau= Ciz

n=1/A, Cse=Cl}

h = x5, = Xy {thickness of lamina), o= C13



