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Abstract—An approximate solution is presented for large deflections of clamped, uniformly
loaded, unsymmetrically laminated, anisotropic, rectangular plates. Expressing the load and
displacements in the form of series, the von Karman-type nonlinear differential equations and
immovable boundary conditions are reduced to a series of linear partial differential equations
and boundary conditions. The solution obtained by successive approximations can reduce to
some existing solutions for large deflections of homogeneous plates. Numerical results based
on the first three terms of the truncated series are graphically presented for unsymmetrical
cross-ply and angle-ply plates having various values of fiber-reinforced material, number of
layers, and aspect ratio. The results in small deflections of coupled laminates are compared
with available data.

NOTATION
A, B, D stiffness matrices of plate
Aij, Bij, D;;  stiffness coefficients of plate
a, b plate length and width along x and y directions
a;, b, ¢ nondimensional stiffness coefficients of plate
AP, CP angle-ply and cross-ply plates
BO, GL, GR boron-epoxy, glass-epoxy and graphite-epoxy
c stiffness coefficients of a layer
E,  Ey tensile moduli in filament and transverse directions
F,G H polynomials
Grr shear modulus
h plate thickness
L, differential operators
M N stress couple and stress resultant matrices
M,, M,, M., stress couples
M., M,, M, nondimensional stress couples
Ny, Ny, Nyy stress resultants
N;, Ny, N, nondimensional stress resultants
n number of layers in a plate
Q nondimensional load parameter
q uniform transverse load
q; coefficients in load expansion
Ruij, Snij, Tuij coefficients in polynomials
U, Vv, nondimensional displacement components in §, 7, z directions
u®, % w displacement components in x, y, z directions
Uiy U,y W variable coefficients in series expansions for U, V and W
Wo nondimensional central deflection
Wo central deflection

t Associate Professor.
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X Y.z Cartesian coordinates

Zm‘j Sm‘j or T:n‘_}

5y nondimensional midsurface strains

& midsurface strain matrix

ey, 68, el midsurface strains

L, 7 nondimensional Cartesian coordinates
aspect ratio

K bending curvature matrix

Ky Ky, Ky bending curvatures

vLr Poisson’s ratio

() partial differentiation with respect to i = {, .

INTRODUCTION

The elastic problem of unsymmetrically laminated rectangular plates has received con-
siderable attention. Reissner and Stavsky{1] have shown that a coupling occurs between
bending and stretching for two-layer, angle-ply plates. Based on Kirchhoff"s hypothesis,
Stavsky[2] has developed a linear theory for coupled laminates and presented solutions for
cylindrical bending and uniform distribution of stress resultants and couples. Whitney and
Leissa[3] have derived the von Karman-type large-deflection equations in terms of dis-
placements for composite plates and obtained linear solutions for sinusoidal transverse load,
flexural vibration and stability of unsymmetrical cross-ply and angle-ply plates with simply
supported edges. Using the same set of equations and boundary conditions as above, a
double Fourier series solution has been given by Whitney[4] for the bending of plates under
transverse load. Expressing the governing differential equations in terms of transverse
deflection and stress function, Whitney and Leissa[5] have presented double Fourier series
solutions for simply supported plates under uniform pressure, transverse vibration, and
buckling. Using the linearized equations{3] and multiple Fourier method. Whitney[6] has
also discussed the bending, buckling and vibration of composite plates with various sets of
boundary conditions. The bending of unsymmetrically laminated orthotropic plates with
simply supported edges has been treated by Holston[7] expanding the transverse load and
stress function into double Fourier series. Applying the method analogous to Levy's
solution for isotropic plates, Kan and [to[8, 9] have recently investigated the bending
problem of coupled laminates with simple support on two edges and general boundary
conditions on the other two edges. The other related work based on the linear theory can be
found elsewhere. There have been a few investigations of composite plates based on von
Karman-type large-deflection theory. Assuming a particular form for the transverse deflec-
tion, Pao[10] has presented a solution for simple bending of unsymmetrically laminated
anisotropic plates. Applying the Galerkin method. Bennett[11] has studied the nonlinear
vibration of unsymmetrical angle-ply plates. A double Fourier series solution in terms of
appropriate beam eigenfunctions has been obtained by the writer and Prabhakara[12] for
the postbuckling of unsymmetrically laminated anisotropic plates.

This paper is analytically concerned with the large-deflection behavior of a heterogeneous
anisotropic rectangular plate. The plate is clamped along its edges and subjected to uniform
transverse load. The type of plate under consideration consists of n layers of orthotropic
sheets perfectly bonded together. Each layer has arbitrary thickness, elastic properties and
orientation of orthotropic axes with respect to the plate axes. A solution for the boundary-
problem is formulated on the basis of the perturbation technique and specified for unsym-
metric angle-ply and cross-ply plates. Unsymmetric angle-ply and cross-ply plates are
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assumed to consist of an even number of layers all of the same thickness and the same
elastic properties. The orthotropic axes of symmetry in each ply are alternately oriented at
angles of +8 and —6 10 the plate axes in the former and at 0° and 90° in the latter,

GOVERNING DIFFERENTIAL EQUATIONS

Consider a rectangular plate of length 24 in the x direction. width 25 in the y direction and
thickness £ in the z direction. The origin of the coordinate system is chosen to coincide with
the center of the midplane of the undeformed plate. The type of plate under discussion
consists of # layers of orthotropic sheets perfectly bonded together. Each layer has arbitrary
thickness, elastic properties, and orientation of orthotropic axes with respect to the plate
axes.

The differential equations governing the large-deflection behavior of the plate under
uniformly distributed lateral load ¢ per unit area can be derived from the classical non-
linear theory of elastic plates. Let membrane stress resultants, N, N,, N, stress couples,
M,. M,. M, midsurface strains, &7, &), ¢7,, and bending curvatures. k., «,. x,,, be
defined as usual in the classical theory of thin homogeneous plates. The constitutive relations
for the composite plate can be written in the matrix notation

(W] =15 2][:] g

hi2

(4, Bu‘, Dij.) :J‘_;,,m ng;‘{)“» £, 22) dz (i.j=1206) 2)

where

in which C{¥ are the anisotropic stiffness coefficients of the kth layer. If the two in-plane
displacements and transverse deflection at the midsurface in the x, y, z directions are
denoted by u°, v° and w, respectively, the governing differential equations[3] in the present
case can be written in the nondimensional form.

ALIU‘*’A‘LZ V”'L3 = ”“‘W,CLIW“A,W‘"LZ W
ALy U+ ALY ~ LW = W LW — AW, LW
ALy U+ ALy V — LW = —=*Q — WU, + W 2L, W 3)

— BV + W DLW = MAU , + V + W W )Ly W
~ W LW =AW L W = 20(by — bW 2~ W W, ).

In equations (3), the comma denotes partial differentiation with respect to the correspond-
ing coordinate and the nondimensional parameters and constants are defined by

U = bu®jh?, V =b®lh?, W =wih
0 =qb* |4y, {=x]a, n=ylb, A=alb
ay = AyelAys, a, = Aeel4;y. ay = (Ay; + Age)l A1
a, = AzelAys. as = Ay,[Ay,, ag = Ay;]/Ay,
by = By [hAy,, by = ByslhA,,, by = By,/h4,, 4
by = BeelhAyy, bs = Bye/hd;;. be = By,lhAy,

¢ = Dy /P4y, ¢, = D/l A, c3 =(Dy; +2Dgs)H* 4y,
Cq = Dze/thus s = Dzz/hzfiu
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and the nondimensional linear differential operators by

Li()=()g+ 24ay( )an T+ 22a,( Y

Ly( ) =ay( )y + Aaz( ), + Alay )om

Ly( ) =010 ) g + 32b5( ) gy + A2(b;y + 2b, ) ).om + A2bs( Y o

Ly( ) =ay( ) g + 24a( ) ¢ + A2as( )

Ls( ) =by( ) g+ Mbs + 2b,)( ) g + 32%bs( Yom T Abg( ) J— (5)
Lo( ) = ¢y( ) qrzg + 4Aea( ) ggq + 227630 ) gy + 44740 ) gy + A2¢5C )
()=0)yg+2da,( )y + Aag( )

() =ae( )y +22a4( ), + Aas( )onm

() =ay( ) g+ 2hay( ) g + A2ag( ) -

7

NN
[+

If the plate is clamped along its edges, the appropriate boundary conditions can be
written in the nondimensional form

UsV=W=W,=0 at {=+1

U=V=W=W,=0 at n==+I. ()

Equations (3) are to be solved in conjunction with boundary conditions (6).

SOLUTION
The parameters in load, deflection and two in-plane displacements are developed into
power series with respect to the nondimensional central deflection, W(0, 0), of the plate,
denoted by W, .

Q = Z qn an* W = Z Wn(Ca ’I)Wo"
n=t1 n=1
(7
U= Y udomWe's V= 3 oWy
By definition, it requires that
wi(0,0) =1, w;(0,0) =0, i=2.3,... (8)

Substituting equations (7) into (3) and (6) and equating like powers of Wy, a series of
differential equations and boundary conditions are obtained. In the first approximation, the
terms in the first power of W, are equated. The corresponding set of differential equations
are given by

ALjuy + AL,vy —Lyw, =0
ALuy + AL v, —Lswy =0 (9)
ALsu, + ALsvy — Low, = =A%,
which governs the small deflection of unsymmetrically laminated anisotropic plates. The
second approximation leads to

ALjuy + ALyvy — Lywy = —wy Lyw; — Awy , L, wy
ALyuy + AL4vy —Lswy = —w Lywy — Awy Lowy
ALsuy + ALsv, — Lgwy, = —A%qy — Auy (Lo w, — A0y Lgw; (10)

— AMAuy y + vy JLowy —wy (Lywy — Awy y Ls wy
— 2Mb3 — bYWy g — Wi gt Wi -
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The third approximation yields

ALjuy + ALyvy — Lywy = —wy Lyw, — wy Lywy — Mw, Ly w, + w,  Lowy)
iLz Uz -+ /’LL41)3 - LS Wiy = “"WI’{LZ Wy — wZ,CLZ Wy — A(W}__ﬂ[ﬂ; W, + wZ'qL4wl)
Moty + ALsvy — Lowy = =A%y — Ay (Lo wy — (aty g+ wy 220w, (1D

— My Lywy — A2vy , + Wy .0 [2) Ly wy

— MAuy 4+ vy Jowy — Mty + g+ Wy Wy oW,
— Wy Lywy, —wy Lywy — Uwy ,Lsw, + w,y Lsw,)
— 24y ~ b)2W (yWa oy — Wi g Wam — W2 B4 W1 )+

The other sets of differential equations in high-order approximations can be similarly
obtained. The boundary conditions in any approximations are obtained from equations (6)
and (7).

Alongl{=+1: u,=v,=w,=w,, =0 n=1.2. .. (12)
Alongn=+1: y,=v,=w,=w,, =0

In equations (7), 4;, wy, 4, and v, are then determined from equations (9) and (12) for
n=1,4q,, w,. u, and v, from equations (10) and (12) for n =2, and so forth. Once the
solution of equations (9) are found, the right members of equations (10) become the known
functions of { and . Hence equations (10) result in a system of linear partial differential
equations. By successive substitutions, any set of equations in other approximations are to be
systems of linear equations.

The solution to any set of the foregoing differential equations is assumed to be in the form
of polynomial

w, = (1 = (321 = n»*F(, m)
=0 =) =Gy n=1,2,3,... (13)
o, = (1 = )1 = nP)H(, ).
In equations (13), F, G, and H are the complete polynomials defined by

F =Ry + Ruiol + Ruottt + 4+ Rogo {® + Rys: U0 + Roua 0% + Ryuy O
+ Ro2a 0n* + RyysIn® + Rogen®

G = Sn00 + Satol + Spott + 7 + 85007 + Spar I + 8,52 00 + S, 0 (14)
+ Snl4cﬂ4 + SnOS ’?5

H=Tao+ Tool + Thott + - + Toso 0 + Toay U0 + T32 0% + Rypa P
+ Tnld-cﬁ“'{-TnOSnﬁ

where R’s. §’s, and T’s are constant coefficients. In view of equations (8),
Rioo=1 Rupo=0, n=23.. (15)

It is observed that equations (13) satisfy all the boundary conditions (12) for any value of
n. Upon substitution of equations (13) for n =1 in equations (9), twenty-three algebraic
equations are generated from each of the first two of equations (9) and twenty-four equations
from the last by equating coeflicients of like powers of { and y to zero and the constant
term on the left-hand side of the last equation to ¢,. These linear algebraic equations except
the one containing g, are then solved simultaneously for 69 coefficients in w,, u; and v,. By
substitution, ¢, is determined. The procedure on the determination of the unknowns in the
second and high order approximations is quite similar to that used in the first approximation.
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Based on the previous work{13, 14], the series solution given by equations (7) may be
taken to be

3 3
Q = Zf]n WO"a W= Zl “’n(is U)Won
3 3 (16)
U ~ Zlun(‘:5 r’)WOH’ I/ ~ Z Un(cs W)Won-
"= n=1

Once the unknowns, g,,, w,, i, and v, , in equations (16) are determined, the nondimensional
membrane stress resultants and stress couples can be, in view of equation (1), calculated
from the following:

NC = 51 + a(, 52 -+ 0153 - bl W'Cc/llz - b3 W”"I - 2b2 W’gn/l
N, =ag0; +asd, + a,03 —by W JA? —bg W, — 2bs W4 (17)
N{’? = 61151 + a452 “+ az 53 - bz W»CC/)"Z - bs W~'m - 2b4_ W{g,ﬁll

and
MC = bl 51 + b3 62 + b2 53 - C1 W‘;C/llz - Cb W’rm - 2C2 W-"'I/A
Mﬂ = b3 51 -+ b652 + b5 (53 — Cg W‘gc/lz — C5 WJI'I - 2C4 Wy'l'l/}' (18)
M{n = b2 51 + b5 52 + b4 53 — Cy W';C/A,Z — {4 WJJ" - (C3 - C6)W’,m/}.

where

(N( N,, Ny = (N, N, N )b*[IPA4;,
(Mc. M,,. M;”) = (Mx* My, Mxy)bz//l:s/‘ll

Su =AU+ WA 6y=V,+ W22 (19)
53 = (}“U.,’ + V‘; + W‘C W’q)/)n CC = DlszTZAII‘
The solution presented above is simplified for some special cases.
In the case of unsymmetrical angle-ply plates, it can be shown that
Ao = Az6 = Dig =Dy =0 (20)

and that all elements of the B matrix vanish except B;, and B, . In view of equations (4), it
follows that

a, =a,=0,=0¢,=0

b, = b, = b, = b, =0, 2h

It is observed that the deflection and in-plane displacements in this case possess the follow-
ing properties:

wol =<, —n) = wul. 1), WS, =) =w{—{.m

u—<, —n = —u(l, m. wfl, =) = —u (—=C. ) (22)

U,,(—-C. —*V]) = ~Un(‘:s ’7)' Un(C5 —V]) = n(-c’ ’7) ‘
1,(0,0) = ,(0,0) =0 n=123

To satisfy equations (22), we take in equations (14)
R,io = Ry51 = R0 =Ry = R,2 = Ryos = 0
Rys0 = Ryyy = Ry =Ry =Ry = R,os =0 (23)
Zuoo = Lnzo = Zuiyr = Zygs =Zpao =Zpzy = 0
Zyyy =23 =Znoa =0 n=123
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in which
Zn;‘;’ =S

wiy OF Ty (24)
For unsymmetrical cross-ply plates, it is found that

A16 = Aye = Dig = Dy =0

(25)
Ayy = Ay, By, = — By, D,; = Dy,
and that all other elements of the B matrix vanish. Thus, from equations (4)
a =a,=b, =b;=b,=b, =0 26)

¢y = ¢4 =0, as =1, be = —by, cs = ¢,

To satisfy the two-fold symmetry with respect to the xz- and yz-planes, we take in addition
to equations (23)

Ry = Ry = Ryi3 = Rusy = Rz = Ryys =0
Spo1 = Sp2t = Spo3 = Spar = Sp23 = Rygs =0 (27)
Too = Thso =Ths = Tyso =132 = T = 0.

In the case of symmetrically laminated anisotropic plates, the material coupling phenome-
non does not occur between transverse bending and in-plane stretching. Consequently,

B;; =0, ij=1,2,06
or (28)
b, =0, i=12...,6.

In view of equations (35) and on the consideration of the geometric symmetry with respect to
the middle plane, obtained is the following:

Li=L =y =v,=w, =u; =0v; =0 29
For material homogeneity, equations (2) become
Ai;=hCy; and D, =h>C;/12, ij=1,2,6 (30)

in addition to equations (28) and (29). The general solution presented in this work, therefore,
can reduce to those for anisotropic. orthotropic, and isotropic plates{13-16].

NUMERICAL RESULTS AND DISCUSSION

In numerical examples the solution (16} is applied to unsymmetrical angle-ply and cross-
ply plates. In these two cases, the nondimensional parameters in uniform load, membrane
stress resultants and stress couples defined in equations (4) and (19) can be simplified by
replacing 4,, by E 4, in which £7 is the tensile modulus of an orthotropic material per-
pendicular to the filament direction. Calculations are performed for glass-epoxy, boron-
epoxy, and graphite-epoxy composites. The elastic constants typical of these materials are
listed in Table 1, where E, is the tensile modulus in the filament direction, Gy is the shear
modulus and v, 5 is the Poisson’s ratio. In the case of angle-ply plates, the orthotropic axes
of layers are oriented alternately at angles of 45° and —45° to the plate axes. The classical
stiffness transformation is used to obtain C{¥". The total number of layers in a plate, denoted
by n, 1s taken to be 2, 4, 6 and oo and the aspect ratio A, to be 10, 15 and 2-0. To avoid
confusion, it is best to regard b as fixed in magnitude and to think of large 2’s asrepresenting
large values of a, whereas small A’s correspond to small values of a. In the presentation of
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Table 1. Numerical values of elastic constants

Ei/Er Grq/Er Yer

Glass-epoxy 30 060 0-25
Boron-epoxy 100 £ 0-22
Graphite-epoxy 40-0 0-50 0-25

numerical results, unsymmetrical angle-ply and cross-ply plates are respectively denoted by
AP and CP and glass-epoxy. boron-epoxy. and graphite-epoxy composites. by GL, BO and
GR, respectively.

The validity of the three-term approximation given by equation (16) is examined by
comparison with the two-term approximation. In the case of a +45° angle-ply two-layer
graphite-epoxy plate. the load-deflection relations given by the one-term, two-term and
three-term solutions are shown in Fig. 1 for 4 = 1-0, 1-5 and 2-0. It is seen from the figure

*/// - S

3 TERMS —
2 TERMS ~—— ~ o
LINEAR ——

wo/h

I *' i l
20 40 60 80 100
q bd'/ Er h4

Fig. 1. Effect of aspect ratio on load-deflection relation for - 45° angle-ply two-layer graphite-
epoxy plate.

that the series given by equation (7) converges rapidly and that the values of the central
deflection w, given by the two-term and three-term solutions are subjected to a maximum
difference of 5 per cent for the central deflection equal to the plate thickness. For the plate
with n = 4, the numerical result (not presented here) shows that the three-term approximation
can be applied to w, = 1-1 & within the same accuracy. Generally the three-term solution is
valid in a range of deflections larger for glass-epoxy and boron-epoxy plates than for the
equivalent graphite-epoxy plates. In this analysis all the numerical results are based on the
three-term approximation and no attempt is made to use the higher order approximations.

The relation between transverse load g and central deflection w, of a two-layer graphite-
epoxy plate is shown in Fig. 1 for various aspect ratios. It is observed that for a given load
the central deflection of the plate increases with the aspect ratio. This is also true for cross-ply
plates. The linear load-deflection relations are also presented and agree fairly with the
graphical results given by Whitney[6]. Figure 2 shows the variation of the central deflection
of a square two-layer plate with the transverse load for different material properties. When
the deflection is held constant, a high pressure is required for a high-modulus material. For a
fixed load the central deflection of an angle-ply plate is slightly greater than an equivalent
cross-ply plate. In Fig. 3 the load-deflection curves are presented for various values of the
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! ) ] L

[¢] 20 40 &0 80 100
qb%/esh®

Fig. 2. Effect of material properties on load-deflection relations for square two-layer cross-ply
and +45° angle-ply plates.

er
=2
TM=4
£
S =
o i N=6
B
N=wo
s ; i ] ,
] 20 40 &0 80 00
ab¥ e h?

Fig. 3. Effect of number of layers on load-deflection relation for square -+45° angle-ply boron-
epoxy plate.

total number of layers in a square angle-ply boron-epoxy plate. For fixed values of plate
thickness and load, the central deflection decreases as the total number of layers increases.
The curve for # = 6 is close to that given by the uncoupled solution (n == oo) for which
Bif = 0.

Figures 4 and 5 respectively show the stress couple M, at the center of a plate and at the

4 -
WHITREY [8]
+ LINEAR BO
&~ GR
wl“
PR
~ - /
o;in & e
had
= /
/ AP
T s e
i 4 | {
o 20 40 60 80 100
q bq/ET nt

Fig. 4. Stress couple M, at the center of square four-layer cross-ply and +45° angle-ply plates
of different materials.
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Fig. 5. Stress couple M, at edge midpoint (1, 0) of square two-layer +45° angle-ply plate of
different materials.

midpoint of a transverse edge. The results are presented for both cross-ply and angle-ply
laminates of various materials. For a given pressure a large stress couple in magnitude
occurs for a high-modulus material. The results based on the linear theory are also shown
in Fig. 4. The present value is in good agreement with Whitney’s result[6] for the graphite-
epoxy plate but not for the boron-epoxy laminate. This is because the shear modulus and
Poisson’s ratio for the boron-epoxy plate are different from those used by Whitney. Finally,
the membrane stress resultant N, at different points are presented in Fig. 6 for a square

20

At (1,0)
At (0,0) —— —

0 20 40 &0 80 100
qbq/ETh4

Fig. 6. Membrane stress resultant N, at the center (0, 0) and edge midpoint (1, 0) of square cross-
ply boron-epoxy plate for various values of number of layers.

cross-ply boron-epoxy plate. It is found that for a given load the membrane stress resultant at
a point decreases with increasing the total number of layers and the largest value occurs at
the midpoint of a plate edge as the stress couple M.

CONCLUSIONS

A series solution is formulated for the large deflection of a clamped unsymmetrically
laminated anisotropic plate under uniform transverse load. This solution can reduce to some
existing solutions for large deflections of isotropic, orthotropic and anisotropic plates[13-
16]. The three-term approximation used in calculations for unsymmetrical cross-ply and
angle-ply plates is illustrated to be applicable to the central deflection equal to the thickness
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of plate. For deflections larger than the plate thickness, higher order approximations are
recommended. The present results in small deflections of unsymmetrical laminates agree
closely with available data[6]. Some concluding remarks regarding the large deflection
behavior of unsymmetrical cross-ply and angle-ply plates may be drawn from the present
study.

When the central deflection is held constant, a large load is required for a high-modulus
material. For a fixed pressure, the central deflection increases with the aspect ratio but
decreases with the number of layers in the plate. As in the case of small deflections, coupling
between bending and stretching reduces the effective stiffness of the plate.

The uncoupled solution is a good approximation for large deflections, stress couples and
stress resultants of a coupled plate consisting of a large number of layers {» > 6) as in the
case of small deflections. However, the coupling effect for large deflections of two-layer
laminates is not so significant as that for small deflections.

The central deflection, stress couple M, and membrane stress resultant N of an angle-ply
plate are greater than those of the corresponding cross-ply plate. Both the stress couple and
stress resultant are of the largest magnitudes at the midpoint of a transverse edge as in the
case of homogeneous plates

Acknowledgement—The results presented in this paper were obtained in the course of research sponsored by
the National Research Council of Canada.

REFERENCES

1. E. Reissner and Y. Stavsky, Bending and stretching of certain types of heterogeneous aeolotropic
elastic plates, J. appl. Mech. 28, 402-408 (1961).
2. Y. Stavsky, Bending and stretching of laminated aeolotropic plates, J. Eng. Mech. Div. Am. Soc. Civ.
Engrs. 87, EM6, 31-56 (1961).
3. J. M. Whitney and A. W. Leissa, Analysis of heterogeneous anisotropic plates, J. appl. Mech. 36, 261~
266 (1969).
4. J. M. Whitney, Bending-extensional coupling in laminated plates under transverse loading, J. Com-
posite Matrer. 3, 20-28 (1969).
5. J. M. Whitney and A. W. Leissa, Analysis of a simply supported laminated anisotropic rectangular
plate, ATAA J. 8, 28-33 (1970).
6. J. M. Whitney, The effect of boundary conditions on the response of laminated composites, J. Com-
posite Mater, 4, 192-203 (1970).
7. A. Hoiston, Jr., Laminated orthotropic plates under transverse loading, 4144 J. 9, 520-522 (1971),
8. Y. R. Kan and Y. M. Ito, On the analysis of unsymmetrical cross-ply rectangular plates, J. appl. Mech.
39, 615-617 (1972).
9. Y. R. Kan and Y. M. Ito, Analysis of unbalanced angle-ply rectangular plates, Int. J. Solids Struct. 8,
1283-1297 (1972). ’
10. Y. C. Pao, Simple bending analysis of laminated plates by large-deflection theory, J. Composite Mater.
4, 380389 (1970).
11. J. A. Bennett, Nonlinear vibration of simply supported angle ply laminated plates, 4144 J. 9, 1997~
2003 (1971).
12. C. Y. Chia and M. K. Prabhakara, Postbuckling behavior of unsymmetrically layered anisotropic
rectangular plates, J. appl. Mech. 41, 155-162 (1974).
13. C. Y. Chia, Finite deflections of uniformly loaded, clamped, rectangular, anisotropic plates, A74.4 /. 10,
1399-1400 (1972).
14. C. Y. Chia, Large deflection of rectangular orthotropic plates, J. Eng. Mech. Div. Am. Soc. Civ- Engrs.
98, EMS, 1285-1298 (1972).
15. R. Hooke, Approximate analysis of the large deflection elastic behavior of clamped, uniformly loaded,
rectangular plates, J. Mech. Engng Sci. 2, 256-268 (1969),
16. W. Z. Chien and K. Y. Yeh, On the large deflection of rectangular plate, Proc. 9th Int. Cong. Appl.
Mech. Brussels 6, 403-412 (1957).



976

CHUEN-YUAN CHIA

Aéctpaxkr — Jlaetcs NpHOTWKEHHbIE pelieHHs A OOJBIIAX NPOrubOB 3alEMICHHBIX,
paBHOMEPHO HarpyKCHHBIX, HECHMETPHYECKH CIOHCTHBIX, AHH3OTPOIHBIX, HPSMOYTONBHEIX
TJTACTHHOK. BeIpaxkasi HarpysKy M nepeMelneHHss B (OpMeE psSOOB, CBONATCS HENMHEHHbIE
nuddepennanpabie ypasaeHus THiTa KapMaHna 4 HeIONBHXHbIE TPAHHYHbIE YCIIOBHS K PAJaM
NUHEHHBIX M depeHUHATBHBIX YPABHEHHH B YACTHBIX IPONU3BOIHBIX H I'PAHMYHBLIM YCTOBHAM.
IToyyeHHOE pelIeH e Iy TEM NOCIIe0BATEIbHBIX MPUOITHKEHHI MOXHO IPUBOIHTE K HEKOTO-
PBIM CYIHECTBYIOLUIMM PELIEHHAM LU GOJIbIINX nHporuGoB OOHOPOAHBIX IIACTHHOK. Jdarorcs
rpaduyecKH YUCIEHHBIE PE3YJILTATEI HA OCHOBE TPEX [EPBbIX WICHOB YCEYESHHBIX PAAOB )i
ITACTHHOK C HECHUMMETPHYECKMM IIOTIEPEYHBIM CIOEM YIJIOBBIM CJIOEM; 7TH ILIACTHHKH
o0analoT pasHbIMH 3HAYEHUSIMH MaTepHana A/ YCHICHMs BOJIOKHAMH, YMCIIOM CIIOE€B |
OTHOWICHHEM TMTOJIOkeHUs1, CpaBHUBAKOTCH pe3ybTaThl B OOMACTH MalbiXx NPOTHOOB OMs
CHApEHHBIX CIOEB C JOCTYIHBIMHU HaHHBIMHA.



