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Aeroelastic Behavior of Composite Plates
Subject to Damage Growth
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A study of the aeroelastic response of damaged composite plates is presented. The plates considered are those
that undergo damage on a slow or rapid time scale due to the natural progression of microcracks in the composite
structure. Dynamic characteristics are unique to the coupled damage/aeroelastic system and are developed as
part of the solution methodology. The aeroelastic response is shown to be highly dependent upon the distribution
and accumulation of damage, and the importance of the interdependence of aeroelastic stability and damage is
established. The aeroelastic stability boundary evolves with the growth of damage and the results show the need
to develop damage as part of the solution.

Introduction

A EROELASTICITY is the time-dependent interaction
between aerodynamic, inertial, and structural forces.

Typically, the elastic forces of the structure are assumed to
behave in a linear manner and the stiffness of the structure
is assumed to remain constant for the life of the structure.
Although composite materials are used for aircraft applica-
tions as these materials provide lightweight, response-tailored
structures, microstructural damage is both inherent and un-
avoidable in these materials. Sources of damage include ma-
trix cracking, delamination, fiber breakage, or fiber-matrix
debonding. Investigations to characterize damage have been
quite active resulting in several analytically and experimen-
tally based damage models. The influence of damage accu-
mulation on the response of aeroelastic systems, including the
aeroelastic stability of this evolving structure, is of interest.
This evolution is the result of degradation of the structure
due to the naturally occurring progression of damage and the
damage accumulation is dependent upon the aeroelastic his-
tory of the structure.

Several studies, such as the efforts of Dowell1 and Gray et
al. ,2 have addressed the specific case of nonlinear panel flutter
of plate-like structures, but the authors are aware of no studies
that address the aeroelastic performance of composite struc-
tures with microstructural damage. Dowell3 described the
change in the aeroelastic stability arising from the degradation
of an isotropic plate structure due to fatigue. Dowell suggested
that nonlinear flutter analysis would permit the prediction of
the fatigue life of the associated plate structure. Dowell fur-
ther suggested that conventional fatigue data could be used
for estimating the fatigue life of the plate structure specifically
at flutter conditions; however, this effort did not address the
relationship between the displacement-dependent loads as-
sociated with aeroelastic behavior and the growth of fatigue
loads. Xue et al.4 studied the fatigue life of beams with thermal
effects. Frequencies and stresses for the limit-cycle behavior
of these structures were determined for several thermal load-
ing conditions. The critical dynamic pressure at which flutter
occurred was found for various structural states throughout
the fatigue-life history; these results show that infinite fatigue
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life was guaranteed below a certain dynamic pressure. Chen
et al.5 presented studies of panel flutter for thin cracked plates.
The structure was limited to small displacement and a single
crack case. A hybrid-displacement finite element was used in
order to facilitate the singularity near the crack tip. The in-
fluence of the crack length and flow direction on the critical
dynamic pressure was presented.

The results presented herein build upon the preliminary
efforts previously described by Kim et al.6 and Strganac et
al.7 Since the primary goal of this study is to contribute to the
understanding of the behavior of aeroelastic systems with
structural evolution, a simple aeroelastic model is used. The
structure is represented by a composite laminate plate and
piston theory is used to represent the unsteady aerodynamic
loads. The model of microstructural damage for composite
plates is also developed. Results are presented for two ex-
amples of aeroelastic systems with microstructural damage:
1) panel flutter of a composite plate and 2) bending-torsion
flutter of a wing represented by a cantilevered composite
plate.

Theory
Aeroelastic Equations

The equations of motion for the transverse response of a
plate (Fig. 1) are

d2W
DV4w + p —— = p (1)

where D is the structural stiffness, p is the material density,
p is the distributed aerodynamic load, and w is the transverse
displacement.

The aerodynamic loads are dependent upon the motion of
the structure. Numerous models have been developed to de-

Fig. 1 Aeroelastic response is predicted for a cantilevered composite
laminate plate. The principal directions of the laminae are rotated by
angle 0 relative to the laminate plate.

68



STRGANAC AND KIM 69

scribe unsteady aerodynamic loads. Examples include the vor-
tex lattice method developed by Strganac and Mook,8 which
is appropriate for subsonic flow; the doublet lattice method
developed by Albano and Rodden,9 which is widely accepted
for aeroelastic studies in the subsonic flow regime; and the
efforts of Batina,10 which provide a methodology for unsteady
transonic flows. For the present study, these unsteady aero-
dynamic loads are determined by piston theory11

P =
dw
dx

1 (Ml - 2) dw
U^ (Ml - 1) dt

where q^ is the dynamic pressure (defined as p^Ul/2), M^ is
the Mach number, p^ is the air density, and Ux is the flow
velocity.

Piston theory is limited to hypersonic flow and/or hf motion,
yet this theory provides a simple mechanism to model the
unsteady aerodynamic loads on the plate. The aerodynamic
loads are computed at a specific point on the lifting surface
with no influence from any other point (no spatial depen-
dence) and with no influence from the prior history of the
motion (no temporal dependence). However, the aerody-
namic loads are velocity and displacement dependent, and as
such these loads introduce both damping-related forces and
stiffness-related forces.

The governing equations for the aeroelastic response of
plates with damage are derived in detail by Kim.12 The equa-
tions for linear aeroelastic behavior of the plate are written
as

&- [CA]{W] + [[Ks] \(KA]]{W} = {G,}

(3)

where the overbar indicates nondimensional quantities, [M]
is the mass matrix, the matrices [CA] and [KA] represent damp-
ing and stiffness contributions from the unsteady aerodynamic
loads, [Ks] is the stiffness of the structure that includes the
effect of damage and depends upon the prior load history,
and {G^} is an external excitation due to forcing from distur-
bances such as gusts or turbulence. A reference frequency,
aerodynamic parameter, and damping parameter are intro-
duced in Eq. (3); these terms, respectively, are defined as

= \/DR/pha4

A = DR \/Ml -

g =
A/I, Ml - 2

1

(4)

(5)

(6)

where h is the plate thickness, a is the reference length (chord
of the plate), DR is the reference stiffness [defined as E2h3,
where E2 is the modulus in the 2 material direction (see Fig.
1)], and jji is the mass ratio [defined as (p^a/ph)].

The governing equations [Eq. (3)] are solved in the time-
domain to effectively include the interaction with the damage
growth model. With this nondimensional form of the equa-
tions a nondimensional time is introduced such that r = tal
Ux. In addition, the system is examined in the frequency
domain to identify the frequency and damping characteristics
of the evolving structure. To this end, a solution for these
equations of the form {W} = {W}e'lT is assumed, where 11 =
8 ± io), in which 8 represents aperiodic motion and a> rep-
resents oscillatory motion. With this assumption, and ignoring
the external loads {G^}, the equations are

The eigenvalue AC describes both frequency and damping
characteristics that depend upon the flow conditions. The
eigenvalue is defined as

(8)

Equation (7) and the associated eigenvalue reduces to a
standard form representing the free vibration characteristics
of the structure if the dynamic pressure is zero (i.e., A = 0).
As the dynamic pressure is increased, two (or more) fre-
quencies may tend to approach each other and the damping
of the system goes to zero. ACR is defined as the critical
dynamic pressure at which the coalescence of frequencies KR
occurs and AFL is defined as the flutter dynamic pressure at
which the system damping AC/ goes to zero. If the system damp-
ing is zero then 11= ±/o>; thus, from Eq. (8):

(9)K - KR ± iKf = (CD/0)0)2 ~

The terms in Eq. (9) lead to

0) = (*>0\/KR

0) = CJQgKj

The damping parameter is found from Eqs. (10) and (11)

(10)

as

g = Kti\/KR (12)

Also, from Eq. (6) g = VA^/Af^) (for the case M^
1), thus, the dynamic pressure at which flutter occurs is

AFL - (13)

In general, ACR is not equal to AFL since AFL depends upon
the aerodynamic damping, (fi/M^)'. Typically, AFL is greater
than ACR, but AFL approaches ACR as (//,/M*,) approaches
zero.

Damage Model for the Structure
The damage model used in this study follows the general

formulation given by Coleman and Gurtin13 as described in
their work on thermodynamics with internal state variables
(ISV). The method proceeds from the assumption that ISVs
can be implemented to describe the state of damage. A char-
acteristic of the ISV approach is that an elastic medium with
damage is treated as an equivalent homogeneous material.
Damage effects are introduced at the ply level; thus, the ISV
method is independent of the stacking sequence associated
with the laminate.

The wing structure is modeled as a composite laminate plate
as described by Jones.14 The internal forces {N} and moments
{M} are the result of the unsteady aerodynamic loads and are
related to extension and flexure of the plate as

Ml = [A"] (B"}
{M}| \(B"] [D"] (14)

[[Ks] + \[KA] - K[M]]{w} = 0 (7)

where the matrices [Ad], [Bd], and [Dd] are the extensional,
extension-flexure coupling, and flexural stiffness matrices,
respectively. These stiffness terms incorporate damage; thus,
the superscript d is introduced to emphasize the presence of
damage. The term {eL} represents the local strain and the
term {KL} represents the local curvature.

The damage-dependent stiffness components ([Ad], [Bd],
and [Dd]) of the laminate are found from the damage-depen-
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dent stiffness of each lamina. The stiffness of the lamina in
the principal material directions is defined14 as

More specifically, the damage growth law for matrix cracking
is given as21

1 -
0

0

0 0

(15)

where Elt E2, vl2, G12, and v2l ( = vl2E2/El) are constitutive
properties of the lamina. The subscript 1 indicates the fiber
direction as illustrated in Fig. 1 and the subscript 2 indicates
the direction normal to the fiber direction. These directions
are related to the x-y coordinate system of the plate by the
angle 6 shown in Fig. 1. Again, the superscript d indicates
the influence of damage.

The constitutive properties of the damaged lamina in the
principle material directions are related to the properties of
the undamaged lamina by

£? =

= vl2 +

+ C8(r12)2 -

2f [Cg - C

(C16 -

= G12

(16)

(17)

(18)

(19)

where f is the damage parameter introduced by Talreja15-16

to describe the density of damage at the ply level and the
terms C3, Cs, C13, and C16 are experimentally derived material
constants.

The stiffness matrices in Eq. (14) are found by integrating
the lamina contributions through the thickness of the plate

t(l, z, z2) dz (20)

where Qfj is the stiffness of the lamina with damage in the
x-y coordinate system (see Fig. 1) and the subscripts indicate
the element of the stiffness matrix. Qt, which is a function of
£?, E2, i/?2, Gf2, and 0, is found in the conventional manner
as described by Jones.14 The stiffness matrix [Ks] of Eqs. (3)
and (7) is derived from [£K| as described in detail by Kim.12

The damage parameter £ represents the crack density, the
magnitude of which is subject to a damage growth law. £ is
dependent upon the stress and frequency (or time) associated
with the motion of the wing. The stress field depends upon
the stacking sequence associated with the laminate as well as
the unsteady aerodynamic loads. The model of damage growth
incorporates the efforts of Talreja,15-16 Alien et al.,17~19 and
Harris et al.20 In general, the ISVs are described as

— aP-(e- T"/; V f c / /> L ' (21)

where apj is the set of/? ISVs, etj is the strain, T is the tem-
perature, and the overdot represents the derivative with re-
spect to time.

For the general case of material damage, the ISVs are de-
fined as

(22)

where VL is the local volume in which homogeneity is as-
sumed, uf is the crack-face displacement, and «y is the normal.

(23)

where ap
22 is the ISV representing matrix cracking, k and n

are material constants, G is the strain energy release rate, S
is the crack surface, and N is the number of cycles.

Further, the growth is expressed in terms of stress as

(24)dS

where a is the average stress in the direction normal to the
fiber direction (cr2 for the lamina principal material directions)
and Cm is a material parameter. Also, G = VLo-(da%2/dS),
thus, the growth of matrix cracks is described by

dap
22

dN (25)

The ISV, a^, is directly related to the nondimensional dam-
age parameter f.

Results
The dynamic response of a plate with damage exposed to

a flow is obtained by integrating Eq. (3) with respect to time
(a nondimensional time is used, r = ta/Ux). In addition, com-
putation of the stability parameters, which include the aero-
elastic frequencies, mode shapes, and freestream conditions
at which aeroelastic flutter occurs, is performed by eigen-
analysis of Eq. (7). These stability parameters are found for
a sufficient number of damage states (time steps) to ade-
quately describe the flutter boundary. The integration and
eigenanalysis continues until damage saturation occurs.

The aeroelastic response of a graphite epoxy composite
(AS4/3502) plate is examined. Table 1 presents the consti-
tutive properties of the material for several levels of damage
as measured by £. The loss of stiffness due to damage primarily
occurs in the direction normal (the 2 direction) to the fiber
direction.

Material constants for the damaged composite plate, as
derived from experimental measurements by Sanders et al.22

include C3 - -0.627 x 106 psi, C8 = -0.329 x 106 psi,
and C16.= -0.564 x 106 psi (C13 = 0 due to symmetry of
the laminate's stacking sequence). Other material properties
include p = 1.4488 x 10~4 Ib-s2/in.4, G12 - 0.7 x 106 psi,
t = 0.00544 in. An aerodynamic damping parameter of jjJM^
= 0.10 and a gust loading of GA = 0.004 sin(120r) is used
in the simulations.

Initially, the aeroelastic characteristics of the plate model
shown in Fig. 2 are examined.67 This first study assumes a
semi-infinite plate such that the plate model is reduced to that
of a beam model. The aeroelastic frequencies are presented
in Fig. 3 for two damage cases. In one case the damage is
assumed to be uniformly distributed; in the second case the
state of damage is determined according to the local stress
associated with the response. Flutter is characterized by the

Table 1 Lamina properties for damaged
graphite epoxy

£„ psi psi

0.00
0.10
0.20
0.30
0.40

19.80 x 106

19.76 x 106

19.71 x 106

19.67 x 106

19.63 x 106

1.45 x 106

1.33 x 106

1.20 x 106

1.08 x 106

0.96 x 106

0.30
0.29
0.27
0.25
0.22
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Table 2 Flutter conditions for the two
damage cases

Uniform Stress
Case Undamaged distribution distribution

4.37
19.80

4.14
21.60

4.05
19.10

Note:£AVG = 0.167.

Fig. 2 Panel flutter occurs as flow passes over a plate-like struc-
ture.

no damage
uniform £,
£ from stress

Fig. 3 Complex eigenvalue *c is found for increasing dynamic pres-
sures. Vibration and stability characteristics depend upon the damage
state of the evolving plate and the magnitude of the dynamic pressure.
Results are shown for the plate without damage and for two damage
cases used in the study. Results also show the effect of damping g on
the prediction of flutter.

coupling of two (or more) aeroelastic modes and the loss of
damping in the system. The results presented in Fig. 3 show
the aeroelastic frequencies associated with two modes for in-
creasing dynamic pressures. At subcritical flow conditions these
modes are separate and distinct, yet coupled, due to the pres-
ence of aerodynamic loads; however, these modes depend
upon the flow conditions and at the onset of flutter these
modes coalesce to form a single aeroelastic mode and fre-
quency KR. In addition, the damping Kf of the system becomes
zero. The flutter conditions for these two damage cases are
presented in Table 2.

The results presented in Fig. 3 clearly show the need to
develop the damage as part of the solution rather than assume
a uniform loss of stiffness. The flutter conditions are appar-
ently raised if uniform damage occurs as assumed in the first
case; however, the second case shows that the flutter condi-
tions are reduced if damage is found as part of the solution.
The natural frequencies of the plate are dependent upon the
stacking sequence of the laminae and the magnitude of dam-
age, and the growth in damage is dependent upon the lamina
orientation. Although the frequencies show a significant change
due to damage, differences in the mode shapes due to damage
are not remarkable.

Next, the aeroelastic response of a cantilevered composite
plate, as depicted in Fig. 1, is examined. Predictions of aero-
elastic response and the associated damage behavior depend
upon the dynamic pressure. In the solution methodology de-
scribed herein, the change in aeroelastic response is predicted
for a specified dynamic pressure. In addition, a simple har-
monic gust is used to excite the wing. The results presented
in Fig. 4 show the stresses at the center of the plate due to
the oscillatory forcing at two different dynamic pressures. The
plate is a [0/90]5 laminate. The stress level is larger for the
flow conditions associated with the higher dynamic pressure;
consequently, damage will occur at a faster rate as the dy-
namic pressure is increased. As shown in Fig. 5, the presence
of damage will lead to failure. The results presented in Fig.
6 show that the time to failure increases as the margin between
the dynamic pressure of the simulation and the dynamic pres-
sure of flutter (AFL = 20.4) increases. A lower bound of
dynamic pressure exists at which the presence of damage will
not lead to failure since significant stresses are not present.

The spatial and temporal distributions of the stress are re-
quired to model damage growth. The stress field is not uni-
form due to the distribution of the aerodynamic loads; thus,
damage is not uniform and the accumulation of damage is
concentrated in the region of the higher stresses associated
with the dominate aeroelastic motion. To illustrate, the aero-
elastic response of the laminate is predicted for A = 18.0
and the stress distribution for the plate laminae is shown in
Fig. 7. This distribution shows the evolution of the stresses

a(ksi)

a(ksi)

-5

A. = 17.0

A, = 19.0

.8

Fig. 4 Damage growth depends upon the oscillatory stress field. The
stress history is shown for the midpoint in the x-y plane of the plate
for two dynamic pressures. The distribution of stresses depends upon
the dynamic pressure, laminate properties, and damage state.

Q(ksi) 0

Fig. 5 Aeroelastic loads are deformation dependent. Stresses will
grow in the presence of damage and lead to failure. The span wise
stress is shown for the midpoint in the x-y plane of the plate for A =
17.5.
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22. G

20.0-

18.0-

16.0-

undamaged

A, = 17.0

18.0

A, = 17.5

3.0

logT

Fig. 6 Time to failure depends upon the magnitude of the dynamic
pressure. As the dynamic pressure approaches the critical dynamic
pressure associated with flutter, the time to failure is reduced.

6 = 90°
= 0

Fig. 7 Stress state evolves due to the presence of damage and the
unsteady aerodynamic loads. The span wise stress Held is shown for
two laminae of a [0/90Jv laminate.

in the span wise direction. The stresses in the chordwise di-
rection are not shown as these stresses are significantly lower
and show little change over time. The stresses in the outer
lamina (primary stiffness in the chordwise direction) change
little over time, whereas the stresses in the inner lamina (pri-
mary stiffness in the spanwise direction) show an appreciable
growth over time. This increase in stress is the consequence
of a change in the load path which resulted from the growth
of damage. The distribution of damage for the outer lamina
is shown in Fig. 8. The largest concentration of damage occurs
near the clamped edge. In addition, the damage accumulates
near the trailing edge due to the unsteady aerodynamic loads.
Very little growth in damage occurs within the inner lamina
as a consequence of the laminate design.

The evolution of the flutter boundary for the composite
laminate plate is shown in Fig. 9. With damage growth, a
reduction in the dynamic pressure at which flutter occurs is

Fig. 8 Change in structural stiffness is indicated by contours of £.
The accumulation of damage is shown for an outer lamina of the plate:
a) early damage of the plate and b) damage state immediately prior
to flutter.

21

20

19

no damage

w/ damage

0

Fig. 9 Flutter boundary is reduced due to the presence of damage.
The reduction depends upon the magnitude of the operating dynamic
pressure (A = 18.0 for the case shown) and the properties of the
laminate. The boundary plateaus as the stress field is redistributed
over time.

predicted. However, the boundary plateaus after the initial
reduction as a consequence of a change in the stress distri-
bution resulting from damage accumulation. The growth of
damage, evolution of the stress field, and change in the flutter
boundary depend upon the magnitude of the dynamic pres-
sure at which the plate operates.

Concluding Remarks
Many studies have been presented that examine the use of

composite materials in aerospace systems; however, no stud-
ies are available that describe the dynamic response and sta-
bility of composite plates with naturally occurring damage in
the presence of aeroelastic loads. Two cases have been pre-
sented: 1) panel flutter of a composite plate and 2) bending-
torsion flutter of a wing modeled as a cantilevered composite
plate. The dynamic and aeroelastic responses of these plates
are shown to be dependent upon the distribution of damage.
The stress field within the laminae of the composite plate
varies spatially and temporally due to the presence and dis-
tribution of the unsteady aerodynamic loads. As a conse-
quence, the growth and distribution of damage are not uni-
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form. The development of appropriate damage models is
important as the change in the stress field affects the accu-
mulation of damage and the resulting evolution of the aero-
elastic stability boundaries. The results presented in this study
verify that the stability characteristics must be identified for
the evolving aeroelastic system. Furthermore, the modal and
stability characteristics of the evolving structure will provide
a nonevasive measure for damage detection and system iden-
tification.
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