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Large-Amplitude Random Response of
Angle-Ply Laminated Composite Plates
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and
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Large-amplitude response of antisymmetric angle-ply laminated rectangular panels subjected to broadband
random acoustic excitation is studied analytically. The boundary conditions considered are all the edges simply
supported and all the edges clamped. Inplane edges considered are immovable and movable for each of the
cases. Mean-square deflections, mean-square strains/stresses, and equivalent linear frequencies at various
acoustic loadings are obtained for laminates of different length-to-width ratios, lamination angles, number of
layers, and panel damping ratios. Results obtained can be used as a guide for sonic fatigue design of angle-ply
laminates under high noise environment.
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Nomenclature
plate length and width
laminate stiffnesses, Eq. (8)
error of linearization, Eq. (42)
mean-square of q, Eq. (47)
Young's moduli in major (longitudinal) and minor
(transverse) principal material directions
equivalent linear frequency, Hz
stress function, Eq. (1 1)
shear modulus
plate thickness
frequency response function, Eq. (48)
mass coefficient, Eqs. (26a) and (37a)
resultant bending moment per unit width
number of layers
resultant normal force per unit width
constants, Eqs. (29) and (38)
pressure
modal amplitude or displacement
length-to- width ratio, alb
nondimensional excitation spectral density para-
meter, Eq. (51)
spectral density function of excitation pressure
P ( t )
time
displacements
coordinates
nonlinearity coefficient
nondimensional nonlinearity coefficient
strains
damping ratio, c/cc
lamination angle
middle surface curvature
nondimensional frequency parameter
function, Eq. (13c)
frequency, rad/s
equivalent linear or nonlinear frequency, rad/s
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Subscripts
c = complementary solution
p = particular solution
x,y,z = coordinate directions
0 = linear
Superscript
k = kih layer

I. Introduction

THE need to improve sonic fatigue resistance of aircraft
structures has become increasingly important as a result

of military and commercial demands on current and future
airplane designs. Numerous theoretical studies1"6 and ex-
perimental investigations7'12 on sonic fatigue design of air-
craft structures have been undertaken during the past several
years to help provide the needed reliability.

The majority of analytical investigations to date have been
formulated within the framework of linear or small-deflection
structural theory. Test results on various aircraft panels in
Refs. 5, 7, and 9-12, however, have shown that high noise
levels in excess of 120 dB produce nonlinear behavior with
large deflections in such panels. The linear analyses often
predict the root-mean-square (rms) deflection and rms
strains/stresses well above those of the experiment, and the
frequencies of vibration well below those of the ex-
periment.7'11'12 It is known that the prediction of ser-
vice/fatigue life is based on rms stress/strain and
predominant response frequency in conjunction with the
stress vs cycles to failure (S-N) data. Current analytical
design methods2'4'5'7 for sonic fatigue prevention are based
essentially on linear theory. The use of linear analyses,
therefore, would lead to poor estimation of panel fatigue life.

High modulus-type fiber-reinforced composite materials
are under development for use on aircraft components such as
skin panels, substructural parts, etc. Many of these structural
components are exposed to high-intensity noise fields
generated by the aircraft propulsion system and are subjected
to acoustic fatigue. However, few investigations on large-
amplitude random response of composite plates are reported
in the literature. In the present paper, the large deflection
response of regular antisymmetric angle-ply laminated rec-
tangular plates subjected to broadband random acoustic
excitation is studied analytically. The boundary conditions
considered are all the edges simply supported and all the edges
clamped. Inplane edges considered are immovable and
movable for each of the preceding cases. The classical Kir-
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chhoff hypothesis and the Karman-type geometric
nonlinearity are used in the formulation. Thin-plate equations
for angle-ply laminates in terms of a stress function and the
deflection function are derived. A deflection function
satisfying the out-of-plane boundary condition is assumed.
Corresponding to the assumed mode, a stress function
satisfying the different inplane edge conditions is obtained.
Galerkin's method is then applied to the governing equation
in deflection to yield a nonlinear differential equation with
time as the independent variable. The acoustic excitation is
assumed to be Gaussian. The equivalent linearization
method13"15 is employed so that this nonlinear equation is
linearized to an equivalent linear differential equation. An
iterative procedure is introduced to obtain rms amplitude and
equivalent linear (or nonlinear) frequencies for rectangular
laminates of different length-to-width ratios, lamination
angles, number of layers, panel damping ratios, and ex-
citation pressure spectral density (PSD), rms strains/stresses
are also obtained as a function of rms amplitude.

II. Equations of Motion
The Kirchhoff hypothesis of classical thin-plate theory and

the Karman-type geometric nonlinearity lead to the total
strains

(la)e =e"+ZKy

yxy = yxy

where

(Ic)

(2a)

(2b)

(2c)

With the assumption of small slopes (w,2x < 1 etc.), the middle
surface curvatures can be written as

,= -2w,x (3)

The plate equations are obtained by applying d'Alembert's
principle to an element of the Ath layer of the laminate. In-
tegrating these equations over the plate thickness /*, neglecting
inplane inertia and rotary inertia terms, and retaining those
nonlinear terms in accordance with the von Karman
assumptions, lead to the following equations of motion:

4-/V =0^ iy y,y u

- 4- M -\- N w 4-2/V wx,xx xy,xy ~ iviy,yy ~ 1 x w> xx ~ ̂ ^ xy w> xy

+ N w

(4)

(5)

where the average mass density of the laminate is defined by

f / z /
=\

J -

/z/2

h/2
(6)

is
The constitutive relation for a laminated composite plate

16,17

M B £> (7)

The laminate stiffnesses A, B, and D are symmetric matrices
defined by the relations

{ h/2
_hi2 (8)

The Qij are the transformed reduced stiffness components
and can be related to the more familiar engineering elastic
moduli. For a regular antisymmetric angle-ply laminated
plate, A16=A26 = B]]=B12=B22=B66=D16=D26 = 0.
Nonvanishing elements of A, B, and D and Qtj are given in
Refs. 16 and 17. Equation (7) can be rewritten as

where

A*=A~J B*=-A*B D*= (10)

Nonvanishing components of the inverted laminate stiffnesses
A *, B*, and D* are also given in Ref. 16.

The Airy stress function Fis defined such that

NT=\F F -F 11 * I * >yy L >xx L >XV > (11)

Using Eqs. (3), (7), (9), and (11) in Eq. (5) leads to the
equation of motion in the transverse direction as

(12)

where

-L3 = (2B*26-B*61) (13b)

(13c)

The compatibility equation is derived from Eq. (2) and is

O i O _ , O i l k w\ —0~ >w ) — v

By use of Eqs. (9), (11) and (14), the compatibility equation
can now be written

L2F+L3w+ =0 (15)

where

Equations (12) and (15) are the governing equations which
will be solved by employing Galerkin's approach and the
equivalent linearization method.

III. Method of Analysis
A. Simply Supported Angle-Ply Laminates with Movable Edges

Consider a rectangular angle-ply composite plate of
dimensions a, b shown in Fig. 1. The simply supported
boundary conditions are

x=±a/2: w = 0

y=±b/2: w = 0

= 0 (17 a)

= 0 (lib)
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Fig. 1 Angle-ply laminated plate.

For the inplane condition of zero shear stress at the edges, the
deflection function satisfying the preceding conditions is
assumed as

H> = q (t) hcos (irx/a) cos(iry/b) (18)

Substitution of Eq. (18) into Eq. (15) and solution of the
resulting equation leads to the stress function

(19)

irx
F=-qhF00sm — sm — -

q2h2r
32

•2 / 2irx
- \F]0cos ——

+ Fn,cos
2iry\

b )
where the constants F,. are

r nn =

= 1/A*2

(20)

(2 la)

(21b)

The complementary solution Fc will now be obtained such
that it satisfies inplane boundary conditions. For movable
edges corresponding to case S4 in Ref. 18, the inplane
boundary conditions are

x=±a/2: F,xy =

y=±b/2: F,x=0 [° FSxxdx=0
y J -a/2

(22a)

(22b)

Because of these conditions, Fc can be shown to be zero;
hence, F=Fp.

With the assumed deflection w given by Eq. (18) and stress
function F given by Eq. (20), Eq. (12) is then satisfied by
applying Galerkin's method:

(23)

(24)

(25)

(26a)

which yields a modal equation of the form

and

Pp=f3*p(E2h2/pb4)

AIAA JOURNAL

wJ^+^a^

+ ̂ [(2^-^)7-+ (2B16-B'a)r*]} (26b)

"^T^^o+^J (26c)^ 16E2h

B. Simply Supported Angle-Ply Laminates with Immovable Edges
The inplane boundary conditions corresponding to case S3

inRef. 18 are

x=±a/2: F,xy =

y=±b/2: F,xy =

(21 a)

e°- 1/2w,2y)dxdy = 0 (27b)

The complementary solution is assumed as

Fc = Ny(x2/2)+Nx(y2/2)

It follows from Eqs. (9), (18), (27), and (28) that

(28)

8(A*A*-A*2) (29b)

The particular solution Fp has been obtained and given in
Eq. (20). The total stress function, therefore, is F=Fc+Fp.
Substitution of the stress function F and the deflection w in
Eq. (23) yields

q + u2
0q+(f3p+i3c)q3=p(t)/m

where

8E2hr4

(30)

(3 la)

(31b)V '

The term (3C is an addition to the nonlinearity coefficient due
to immovable inplane edges.

C. Clamped Angle-Ply Laminates with Movable Edges
The deflection function which satisfies the clamped con-

dition on all four edges of the plate is assumed as

(32)
4 \ a / \ b /

Introducing Eq. (32) in Eq. (15) and solving for F yields

(33)

qh

+ F0]cos

2-irx . 2-rcy q2h2r2 2irx
00 a

2iry
b + 7 /CC

4iry-f +^i«

" ' f t 32 V""

2?rx 2?r^
a /? 20

^TT^ 2?r^
)s —— cos —— +F/2co

a b

\Jo a

4-xx
a

a
4iry\

)ST-)

where the constants Ffj are

F = (2B*6-B*61)r+(2B*6-B*2)r3

00 A*22+(2A*2+A*66)r2+A*}r4

(34)

(35a)
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Fol=l/A;,r*

F,,=

= 1/16A*22

16A*22+4(2A*,2+A*66)r2+A*IIr'1

________1_________
A*22+4(2A12+A'66

(35b)

(35c)

(35d)

(35e)

(35f)

Because of the movable inplane edge conditions Eq. (22) (case
C4 in Ref. 18), Fc can be shown to be zero; hence, F=Fp.
Introducing the expressions for w and Fin Eq. (23) yields

(36)

where w0 and (3 have been defined in Eq. (25), and

9E2h3r4

i = 9pH2/16 (37a)

[3D*,, +2(D*,2 +2D*66)r2 +3D*22r<

+ Fm[ (2B'x-B'a)r+ (2B*16-B*62)ri}} (37b)

*r*
+F/2)] (37c)

D. Clamped Angle-Ply Laminates with Immovable Edges
The complementary stress function is assumed as the form

appearing in Eq. (28). Upon enforcing the inplane edge
conditions Eq. (27) (case C3 in Ref. 18) yields

32 (A
3g2h2^2 /A*22 A*2\
*}A*22-A^2) \ a2 b2 )

N = 32(A*nA*22-A*l2
2)\b2 a

(38a)

(38b)

Using Eqs. (28), (32), and (38), and applying Galerkin's
method yields the modal equation

(39)

The additional nonlinearity coefficient given in Eq. (31) holds
also for the clamped case.

£. Damping Factor
Two methods commonly used for determining the damping

characteristics of structures are the bandwidth method and
the decay rate method. In the bandwidth method, the half-
power bandwidth ( = 2f) is measured at modal resonance. In
the decay rate method, the logarithmic decrement (= 2irf) of
decaying modal response traces is measured. The values of
damping ratio f ( ~c/cc) generally range from 0.005 to 0.05
for the common type of composite panel construction used in
aircraft structures.4'12'19 Once the damping ratio is determined
from experiments or from existing data of similar con-
struction, the modal equations [Eqs. (24), (30), (36), and (39)]
for various boundary conditions can be expressed in a general
form as

(40)

The method of equivalent linearization will be used to obtain
an approximate rms amplitude from Eq. (40).

The error of linearization, a random process, is

F. Method of Equivalent Linearization
The basic idea of the equivalent linearization method is to

assume that an approximate solution to Eq. (40) can be ob-
tained from the linearized equation

(41)

(42)

which is simply the difference between Eq. (40) and Eq. (41).
The method of attack is to minimize the error in a suitable
way. The usual choice is to require that the mean-square error
E[zrr2] is a minimum, the necessary condition for the
requirement is

(43)

If the acoustic pressure excitation p ( t ) is stationary
Gaussian, is ergodic, and has a zero mean, then the ap-
proximate displacement q, computed from the linearized Eq.
(41), is also Gaussian and approaches stationarity because the
panel motion is stable. Substitution of Eq. (42) into Eq. (43)
yields

(44)

which leads to the relation between the equivalent linear
frequency fl and the mean-square displacement as

(45)

(46)

where E[q2] is the maximum mean-square deflection of the
laminated composite plate.

The mean-square response of modal amplitude from Eq.
(41) is

(47)

where Sp(u) is the PSD function of the excitation p(t). The
frequency response function //(co) is given by

Dividing both sides of Eq. (45) by (E2h2/pb4 ) yields

= ll [m (Q2 -co2 +2/f«0o>) ] (48)

For lightly damped (f<0.05) structures, the frequency
response curves will be highly peaked at Q (not at w0 as in the
small-deflection linear theory). The integration of Eq. (47)
can be simplified greatly when the spectral density of the
excitation is varying slowly in the neighborhood of 12.
Therefore, Sp (0) can be treated as constant in the frequency
band surrounding this nonlinear resonance peak Q. Then, Eq.
(47) yields

(49)

In practice, the PSD function generally is given in terms of the
frequency / in Hz. To convert the foregoing result one can
substitute Q = 27r/and Sp(Q) =Sp(f)/2>K in Eq. (49). Then,
the mean-square peak deflection becomes

E[q2] =32S/ir4£\0\2, for simply supported plate

= 32S/81$\0\2, for clamped plate (50)
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The PSD function Sp(f)/2ir has the units (Pa)2/Hz or
(psi)2/Hz, and 5 in Eq. (50 is defined as

5 =
P

2h2(E2h2/pb4y (51)

G. Solution Procedure
The mean-square displacement E[q2} in Eq. (49) is

evaluated at the equivalent linear frequency 12, which in turn is
related to E[q2] through Eq. (45). To determine the mean-
square deflection, an iterative procedure is introduced. One
can estimate the initial mean-square deflection E[q2

0] using
linear frequency <jo0 through Eq. (49) as

(52)

which is simply the mean-square displacement based on linear
theory. With this E[q2

0}, a refined estimate of Q; through Eq.
(45) is Qj=cog + 3/3£[^]. Then, E[q}} is computed through
Eq. (49) as

For movable inplane edges, the last term in Eqs. (57a) and
(57b) vanishes. Equations for the strain components can also
be derived for laminates with clamped edges.

Examining Eqs. (57a-c) leads to a general expression for the
strain at any point on the surface of the laminated plate as

(58)

where the constants C, and C2 can be determined from
material properties, dimensions and number of layers of the
plate, lamination angle, and the location at which the strain is
to be measured. Similarly, by using the stress-strain relations
and Eq. (58) yields a general expression for the stress at any
point on the surface of the laminate as

o=D1q+D2q2 (59)

where D1 and D2 are constants. The autocorrelation function
of the stationary stress is

(60)

(53)

As the iterative process converges on the nth cycle, the
relations

(54)

(55)

become satisfied. In the numerical results presented in the
following section, convergence is considered achieved when
the difference of the rms deflections satisfies the relation

(56)

H. Strain and Stress Response
Once the rms displacement is determined, the strains can be

obtained from Eqs. (1), (3), and (9). For simply supported
angle-ply laminates with immovable inplane edges, the strains
on the surface (z = h/2) of the plate are

1 TTX iry
- cos — cos —2 a b

ir2 /
~8 \

2irx

itz

~W( (57a)

2B*26r "I . irx , iry r2 irx iry^ it2

sin — sin — + — cos — cos — [#+ —
J a b 2 a b ) 8

2-KX
(cos——\ a

(57b)

: Trycos —b

1 irx Try ~|
-sin — sin —
r a a J

(57c)

Under a Gaussian excitation, the approximate q ( t ) is
Gaussian, and Eq. (60) becomes

Rao(T)=D2RqQ(T)+D2((E[q2])2+2R2 (r) (61)

where the displacement is assumed to have a zero mean,
E [ q ( t ) ] = 0, for simplicity. The mean-square stress (or strain)
is then related to the mean-square modal amplitude in a
general expression as

(62a)

(62b)E[o2}=D2E[q2]+3D2
2(E[q2})2

Therefore, the mean-square stress (or strain) can be obtained
from Eq. (62) once the convergence of mean-square
displacement, Eqs. (55) and (56), is achieved.

IV. Results and Discussion
Because of the complications in analysis of the many

coupled modes, only a single-mode approximation is used in
the analysis. The assumption for fundamental mode
predominacy is admittedly overly simplified; the conditions
under which this is a valid approximation remain to be in-
vestigated. This single-mode approximation was first
presented by Miles,20 and its use has become known as
"Miles' single degree-of-freedom theory." This ap-
proximation commonly is used for all sonic fatigue analyses.2

Recently, White21 has showed that the fundamental mode
responded significantly and contributed more than 60% to the
total mean-square strain response.

In the results presented, the excitation PSD function Sp (f)
is considered constant or varying slowly with frequency in the
vicinity of the equivalent linear frequency /, and a
representative high-modulus graphite-epoxy with material
properties

G12/E2 = 0.5 (63)

is used in all computations. Mean-square displacement,
equivalent linear frequency, and mean-square stresses in the
principal material directions are determined for rectangular
laminates of different length-to-width ratios, lamination
angles, number of layers, and panel damping ratios at various
nondimensional excitation spectral density parameters.

A. Simply Supported Angle-Ply Plates
In Fig. 2, the rms maximum deflection is given as a function

of lamination angle and number of layers for a square an-



OCTOBER 1982 RESPONSE OF ANGLE-PLY LAMINATED COMPOSITE PLATES 1455

3.0 r

2.5-

o:

2.0 -

15 30 45
LAMINATION ANGLE, 6

Fig. 2 rms deflection of simply supported square angle-ply plates at
£= 0.02 and 5=5000.

3.0

2.5-

5tr

2.0-

1.5-

40

= 0.5

ORTHOTROPIC
SOLUTION
(B|6 = B26 = 0)

-2b-

0 30 60 90

LAMINATION ANGLE, 6

Fig. 4 rms deflection of simply supported rectangular angle-ply
plates with immovable inplane edges at f= 0.02 and 5=5000.

350p

2°°6 15 30
LAMINATION ANGLE, 0

Fig. 3 Maximum rms stress for simply supported two-layered square
angle-ply plates with immovable inplane edges at f=0.02 and
5 = 5000.

tisymmetric angle-ply laminated graphite-epoxy plate with a
damping ratio of f = 0.02 and at an acoustic pressure loading
with nondimensional spectral density parameter of 5=5000.
The infinite number of layers case corresponds to the specially
orthotropic solution in which the coupling between bending
and extension is ignored. For a two-layered plate and a ±45-
deg lamination angle, neglect of coupling results in an un-
derprediction of the deflection by 18 and 32 % for immovable
and movable inplane edges, respectively. The effect of
coupling between bending and extension is quite significant
for two-layered laminates, but rapidly decreases as the
number of layers increases, irrespective of the lamination
angle. For a fixed-laminate thickness h, the bending-extension
coupling stiffnesses

B16,B26=- (H2/2n) (QJ6JQ26) _e (64)
obviously decrease as n increases, so the source of the change
in the influence of coupling is evident. However, only where
there are more than six layers can coupling be ignored without
significant error. The rms deflection of the immovable in-
plane edges case is much less than that of the movable edges;
that is, as the inplane edges are restrained, the plate becomes
stiffer.

ORTHOTROPIC
SOLUTION

= 0)

2 4 6 8 10
PSD OF EXCITATION, S x I03

Fig. 5 Mean-square deflection vs pressure spectral density parameter
for simply supported square angle-ply plates at f = 0.02.

The normalized rms maximum stresses (at the center of the
plate) in the principal material directions vs lamination angle
of two-layered square laminates with immovable inplane
edges at f=0.02 and 5=5000 are shown in Fig. 3. The
longitudinal stress component a; decreases very rapidly, but
the transverse component o2 remains almost constant as 0
increases from 0 to 45 deg. The shear stress increases rapidly
from zero, then stays constant at 6= 10 to 30 deg, and finally
diminishes to zero at 0 = 45 deg.

Figure 4 shows the rms deflection as a function of
lamination angle and number of layers of a rectangular angle-
ply plate of r = 2 and a damping ratio 0.02 with immovable
edges. The laminates are subjected to an acoustic excitation of
spectral density 5=5000. Clearly, the effect of coupling
between bending and extension is extremely significant for a
small number of layers, but it dies out rapidly as the number
of layers increases.

The maximum mean-square deflections vs nondimensional
spectral density parameter of acoustic pressure excitation for
a square plate with a ±45-deg lamination angle are shown in
Fig. 5. Clearly, coupling is significant for two-layered
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laminates, but rapidly decreases as the number of layers
increases. The mean-square deflections of the movable in-
plane edges cases are approximately three to four times those
of the immovable edges. Results of mean-square deflection vs
forcing spectral density based on small deflection theory are
also shown. The use of linear theory would lead to poor
prediction of fatigue life.

B. Clamped Angle-Ply Plates
In Fig. 6, the rms maximum deflection is shown as a

function of lamination angle and number of layers for a
square angle-ply plate with f=0.02 and subjected to a
pressure excitation S= 5000. The rms deflection increases with
the lamination angle. The presence of coupling between
bending and extension generally increases deflections. For
example, the rms deflection of a clamped square plate with
6 = 45 deg and 2 layers is about 50% more than the specially
orthotropic solution which is valid when the number of layers

1.6

1.4

1.2
£

1.0

0.8
ORTHOTROPIC SOLUTION

IMMOVABLE

450 15 30
LAMINATION ANGLE, 0

Fig. 6 rms deflection of clamped square angle-ply plates at f=0.02
and 5 = 5000.

is infinite. Again, as the number of layers increases, the effect
of coupling decreases. The rms deflection of the clamped
plates is generally somewhat less than that of the simply
supported case.

The rms deflection results as a function of lamination angle
and number of layers for a rectangular angle-ply plate of
aspect ratio r = 2 and a damping ratio 0.02 with immovable
inplane edges are shown in Fig. 7. The rms deflection
decreases very rapidly as the lamination angle increases,
which has completely different characteristics as compared
with the square plate.

In Figs. 8 and 9, the mean-square deflection vs PSD of
excitation is given for a square plate with 6= ±35 deg and a
rectangular (alb = 2) plate with 0 = ± 30 deg, respectively. The
mean-square deflection of the movable inplane edges case is
only approximately twice that of the immovable edges case.
The difference of mean-square deflections between im-
movable and movable edges for clamped laminates is small
compared to that for simply supported laminates. Results
based on linear structural theory are also given in the figures.

Figure 10 shows the rms deflection vs lamination angle for
clamped square six-layered angle-ply plates of different

h- b

-NUMBER OF
v LAYERS

n =2, /MOVABLE

IMMOVABLE

o

ORTHOTROPIcX
SOLUTION \f\\—^

8 10
PSD OF EXCITATION, S x 10°

Fig. 8 Mean-square deflection vs pressure spectral density parameter
for clamped square angle-ply plates, £=0.02.

2.4r

2.2

2.0

1.8

.c

"g 1.6

5

c/> 1-4
2tr

1.2

1.0

0.8

0.6

NUMBER OF
LAYERS

ORTHOTROPIC
SOLUTION

J_ J_ _L J
30 60 90

LAMINATION ANGLE, 6
Fig. 7 rms deflection of clamped rectangular angle-ply plates with
immovable inplane edges at f = 0.02 and S=5000.

IMMOVABLE

ORTHOTROPIC SOLUTION
= B26 = 0)

= 0.5 = 0.25

0 2 4 6 8 10
PSD OF E X C I T A T I O N , S x I03

Fig. 9 Mean-square deflection vs pressure spectral density parameter
for clamped rectangular angle-ply plates, {*= 0.02.
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DAMPING^? = 0.010

~\
= 40 ^

°'70 15 30
LAMINATION ANGLE, 0

Fig. 10 Effects of damping on rms deflection for clamped square six-
layered angle-ply plates at S= 5000.

81-

ro
O

IMMOVABLE,

2X ORTHOTROPIC
r- SOLUTION
\ (Bj6 = 826 = 0)

'
-n-̂ -"~ -"MOVA BL E

^-NUMBER OF LAYERS

_L _L J

Fig. 11 Frequency parameter vs mean-square deflection for clamped
square angle-ply plates.

damping ratios. It is clear from the figure that the precise
determination of plate damping is important.

In Fig. 11, the equivalent linear frequency square vs mean-
square deflection for a square plate with 0= ±35 deg is given.
The frequencies corresponding to zero mean-square deflection
are resonance frequencies based on linear structural theory.
The equivalent linear frequency should be used in estimation

of panel fatigue life. Clearly, the use of frequency obtained
from linear theory will give poor estimation.

V. Concluding Remarks
An analytical method is presented for determining large-

amplitude response of antisymmetric angle-ply laminated
rectangular plates subjected to broadband random acoustic
excitation. Governing equations in terms of a stress function
and the deflection function are derived. The formulation is
based on the Karman-type geometric nonlinearity, a single-
mode Galerkin approach, the equivalent linearization
method, and an iterative procedure. Angle-ply laminates of
both simply supported and clamped support conditions with
either immovable or movable inplane edges are considered.
Computer programs are developed to aid in the determination
of rms deflection, rms stress/strain, and equivalent linear
frequency at given pressure spectral density of excitation. This
computed rms stress/strain and equivalent linear frequency,
in conjunction with failure S-N data, should be used for the
estimation of service life. Experiments on simple composite
plates are needed urgently for adequate quantitative com-
parison. The test measurements should include linear
frequency, equivalent linear or nonlinear frequency, damping
ratio, rms deflection, rms strains, and excitation pressure
spectral density.

The presence of coupling between bending and extension in
a laminate generally increases rms deflections and rms
stresses. Hence, coupling decreases the effective stiffnesses of
a laminate. The effect of coupling, however, dies out rapidly
as the number of layers increases. For more general
laminates, specific investigation is required.
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