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ABSTRACT

The increasing demand of lightweight structural panels in aircrafts, spacecrafts,
automobiles and civil engineering structures has necessitated the use of laminated
composite materials. The curvilinear fibers, with spatially varying fiber orientation
according to the requirement, may be used to design the variable stiffness composite
laminates (VSCL) and reduce the weight of such panels. Hence, the structural
performance of such lightweight VSCL panels is a subject of ongoing research. An
attempt is made in this thesis to investigate the stability behavior of lightweight structural
panels under various static or dynamic loading conditions using the shear deformable
finite element method and the appropriate solution algorithm.

The buckling and postbuckling resistance of isotropic and laminated composite
(made of straight and curvilinear fibres) shear panels is studied at the beginning. The
effects of in-plane boundary conditions on the pre-buckling state-of-stress (associated
development of a tension / compression strip) and out-of-plane restraints against bending
/ torsion of the edges on the shear buckling loads of isotropic rectangular plates are
examined. Buckling loads of laminated composite plates are studied with an attempt to
correlate the fibre orientation with the compression strip. Limited parametric study has
been conducted to examine the postbuckling behavior of perfect, imperfect and
eccentrically loaded thin rectangular plates with various practical boundary conditions.

Next, the dynamic stability characteristics of variable stiffness composite plates
under periodic in-plane loads are taken up for investigation. The modal transformation
technique is used to reduce the equations of motion for the flexural vibration problem of
a rectangular panel into a set of Mathieu-Hill equations and the method of multiple scales

is used to identify the dynamic instability regions. The multi-modal response of the shear



panels under periodic edge traction is demonstrated through the time history analysis of
the coupled Mathieu-Hill equations. Thereafter, the possibility for single-mode flexural
vibration (for the case of decoupled Mathieu-Hill equations) or multi-modal response
(for coupled Mathieu-Hill equations) of isotropic and composite plates is explored for
the representative cases of in-plane loading, i.e., periodic compression or shear. The
destabilizing zones of the excitation frequency are determined for the isotropic and
composite (made of straight or curvilinear fibers) plates under in-plane compression or
shear in presence or absence of static compression.

Further, the dynamic stability behaviour of variable stiffness composite laminates
subjected to non-conservative compressive or shear follower loads is studied in detail.
The veering of modal frequencies are studied by eigenvalue analysis to classify the
divergence and flutter type of instabilities and evaluate the critical loads for isotropic and
variable stiffness laminated plates under both types of follower forces. The method of
multiple scales is used to determine the regions of instability in composite laminates
under pulsating follower forces. Limited numerical examples are presented to
demonstrate the simple and combination (additive / difference) type of parametric
instabilities for the edge supported and cantilever panels with curvilinear fibers under
compressive or shear pulsating follower forces.

Finally, the aero-elastic stability behavior of rectangular and trapezoidal VSCL
panels is examined. The dynamic pressure from the high velocity airflow is evaluated
from the first-order piston theory and eigenvalue analysis is performed to investigate the
flutter or divergence type of instabilities in such composite panels under combined
mechanical and aerodynamic loads. The limit cycle oscillation of variable stiffness plates

subjected to aerodynamic pressure is investigated.

Vi
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Hi3 = M2z = 0.29, p = 1540 kg/m3).

Comparison of flutter frequency and flutter load for a
rectangular isotropic CFSS plate (a/h = 100, p = 0.3,

o, =wb’\/p/Dand i, =N a’/D)
Comparison of flutter frequency and flutter load for a square
angle ply composite CFSS plate for different lamination

schemes (ash = 100; o, =ob*\/plE,h? and
A, =N- a’/E,bh?)

Non-dimensional flutter frequency and flutter load for a VSCL
composite plate with CFSS boundary condition for various
lamination schemes and aspect ratio (o, = wb? /7z2\/,o/T2h2
A, =Nja*/z°E,h* for compression; A, =N a’/z’E,h’
for shear).

Non-dimensional flutter frequency and flutter load for a VSCL

composite plate with CFFF boundary condition for various

lamination schemes and aspect ratio (@, = wb®/z*\ p/E,h?

Ay =NJ @% I 7*E, h?* for compression; A, =Ny a*/z°E, h’
for shear).
Parametric coefficient matrices (C,,, = S, @, ®,) for a square

cantilever isotropic plate under conservative follower in-plane

loads.
Parametric  coefficient matrices (C,, =S, @, ®,) for

rectangular (a/b = 1.5) VSCL [+ (0]70)]2s plates.
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Table 8.2.1.

Table 8.2.2.

Table 8.3.1.

Table 8.3.2.

Table 8.3.3.

Table 8.4.1.

Table 8.4.2.

Comparison of critical aerodynamic pressure (Acr) for square
isotropic and composite plate for different boundary conditions
(a/h = 100; 4, =2a®/D for isotropic and A, =1a®/E,h® for
composite).

Comparison  of non-dimensional natural frequencies
@=wa’lz?/ph/D for a symmetric simply supported

isotropic trapezoidal panel.

Critical ~aerodynamic  pressure (4, =1a®/E,h®) and

corresponding critical frequency (o, =wb®/z*\/p/E,h* ) for
8 layered constant stiffness and variable stiffness square
composite laminates for different boundary conditions (a/h =
100).

Critical flutter load (4, =1a°/E,h*) for isotropic, constant

stiffness and variable stiffness composite plate under combined
in-plane compression and aerodynamic pressure for two
different boundary conditions.

Critical flutter load (A, =1a®/E,h®) for isotropic, constant

stiffness and variable stiffness composite plate under combined
in-plane shear (positive and negative) and aerodynamic pressure

for two different boundary conditions.

Critical aerodynamic  pressure (A, =1a®/E,h?®) and

corresponding critical frequency (@ = wb? /;zz\/p/Tth) for 8
layered constant stiffness and variable stiffness symmetric (o =
p = 73.39 and un-symmetric (« = 63.435°, p = 84.299)
trapezoidal composite laminates for different boundary
conditions (a = b, a’/h = 100, c/a = 0.4).

Critical aerodynamic pressure (1, =A1a®/E,h®) for isotropic

and composite un-symmetric (o« = 63.435°, B = 84.299)
trapezoidal cantilever plate (a = b, a’/h = 100, c/a = 0.4).
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NOMENCLATURE AND ABBREVIATIONS

English Notations

a ; Length of the panel

Width of the panel
Uo : In-plane displacement along X-direction
Vo ; In-plane displacement along Y-direction
Wo ; In-plane displacement along Z-direction
A ; Extensional stiffness coefficient

Bending-extensional stiffness coefficient

D ; Bending stiffness coefficient
S ; shear stiffness coefficient
Ni : Shape function corresponding to 'i-th' node
E : Young’s modulus
F : Load vector
G : Shear modulus
h : Thickness
[M] : Mass matrix
[Ki] : Linear stiffness
[Knc] : Nonlinear stiffness
[Ke] : Geometric stiffness matrix
N_xy : In-plane edge shear
N, / Nyy : In-plane edge compression
C : Parametric coefficient matrix
Ner : Critical buckling load
NP : Compressive follower force
NxFy : Shear follower force
Knc : Non-conservative load matrix
gr : Aerodynamic damping parameter
U Air flow velocity
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[Aa] : Aerodynamic load matrix

M ) Mach number

Greek Notations

0 : Slope of curvilinear fibre

®, : Rotation of the normal about Y axis
P, : Rotation of the normal about X axis
£ : Strain

Shear strain

) Degrees of freedom vector

K Curvature

i : Assumed shear strain
B Periodic in-plane load

p. Static in-plane load

) Modal matrix

Em Amplitude of the m-th vibration mode
Q0 Excitation frequency

@ : Natural frequency

o : Detuning parameter

a : Non-conservativeness parameter
Acr : Flutter load

Wy Real frequency

| Imaginary frequency

) : Aerodynamic pressure parameter
La : Density of air
p : Density of plate

@ : Non-dimensional natural frequency
U : Poisson’s ratio
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Abbreviations

FEM ; Finite Element Method

FSDT : First Order Shear Deformation Theory
CSCL : Constant Stiffness Composite Laminates
VSCL : Variable Stiffness Composite Laminates
MITC : Mixed Interpolation of Tensorial Components
MMS : Method of Multiple Scales

C : Clamped

F : Free

S : Simply supported

IPBC : Inplane boundary condition

DIRS : Dynamic instability regions
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