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Abstract

Laminated composite and sandwich plate and shell panels are widely used in civil,
mechanical, automobile and marine engineering applications due to their high
stiffness and strength to weight ratios. A typical sandwich structure consists of one or
more high strength and high stiffness facesheets bonded to one or more cores. Such
sandwich structures are weak in shear due to the presence of soft cores which have
low shear modulus compared to their extensional rigidity. The effect of shear
deformation is quite significant in case of sandwich structures as material properties
vary drastically between the core and facesheets and the accuracy of the results for
sandwich structures largely depends on the computational model adopted. Due to the
sudden change in material properties, the stresses across the interface are found to be
having discontinuity. To alleviate such problems, a new class of materials known as
functionally graded materials (FGM), was proposed. The FGMs are made of two
different materials, viz. metal and ceramic, and the elastic properties are gradually
varied across the thickness so that the stress distribution is continuous across the
interface. Functionally graded materials are often used in high temperature

applications such as nuclear, space and many other applications.

This work presents finite element formulation based on layerwise
displacement fields to analyze static and dynamic behavior of laminated and FGM
sandwich plate and shell panels. A new layerwise theory is developed in which the
higher-order in-plane displacement fields are expanded using Taylor’s series for the
core and first-order displacement field is assumed for both upper and lower facesheets
maintaining the displacement continuity at the layer interfaces. The transverse
displacement is considered to be constant along the thickness of the panel. Eight-
noded isoparametric elements with 13 and 9 nodal unknowns per node for higher-
order and first-order layerwise formulations, respectively are employed for the
layerwise formulation. The presented finite element formulation requires a C°
continuity, which is simple to obtain. Hamilton’s principle is used in order to
formulate governing static and free vibration equations. In the present study, the
elastic properties of FGM under thermal condition are considered to be temperature
dependent and the temperature distribution along the thickness of the panel is
considered as nonlinear. The effective material properties of FGM are obtained using
two micro mechanical models, rule of mixture (ROM) and the Mori-Tanaka (MT)
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homogenization scheme. The material composition of the FGM are varied by

changing the volume fraction index of the constituent materials.

Since FGM are employed in high temperature applications, study of thermally
induced vibrations in such panels due to thermal shock is essential for its application
in high temperature. Therefore, in this work, behavior of FGM sandwich plate and
shell panels subjected to different thermal shock conditions is also investigated. The
solution for temperature profile is obtained using central difference method and
Crank-Nicolson time integration procedure. Further, the dynamic equations are solved
by using Newmark average acceleration time marching scheme to obtain transient

displacement and stresses.

The results obtained from the present layerwise formulations are first
compared with benchmark solutions available in the literature in order to establish the
correctness of the formulation. Convergence studies are carried out to determine
appropriate mesh sizes required for static and dynamic analyses of laminated and
functionally graded sandwich panels. After establishing the accuracy of the
formulations, parametric study is conducted to investigate effects of geometric
parameters, elastic properties, thermal gradients, sandwich configuration and
boundary conditions on the static and free vibration behavior of sandwich plate and
shell panels, as required appropriately. It is shown that the proposed layerwise
formulations are simple, straightforward and can accurately predict static and
dynamic behavior of both laminated and functionally graded sandwich panels for a

wide range of problems.
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List of Symbols

Symbols used in present thesis have been listed here. The symbols that are not present

in this list have been defined when they appear for first time.
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z(®
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9)?)1 eéi)

Uy, Vo, &, 6,
h1, hz, hs

o, g
5" g
DO
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DY, DY
N®
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|0

B®

G®

E®

X, y and z axes in rectangular coordinate system

Length, width and thickness of panel in rectangular plan
Radius of curvature in x and y directions

Displacements in x, y and z directions

Layer number

Local z axis of i layer

Displacement component along

Displacements of the middle plane along x, y and z directions
Rotations of normal to middle plane of i'" layer about y and x axes
Higher-order terms in the Taylor’s series expansion
Thickness of bottom, middle and top layer

Stress and Strain vector corresponding to i layer

Stress resultants and mid-surface strain vector corresponding to i
layer

Rigidity matrix

Membrane and Shear rigidity matrix for any it layer
Bending, Membrane-Bending coupling for any it layer
Shape function matrix of i layer

Differential operator matrix of shape function of it" layer
Inertia matrix of it" layer

Bulk modulus

Shear modulus

Young’s modulus

Poisson’s ratio

Coefficient of thermal expansion

Coefficient of thermal conductivity

Effective material property for any it layer

Elastic properties of pure metallic and ceramic
Temperature

Reference temperature, temperatures at top and bottom surfaces
Specific heat of material

Heat flux

Strain energy due to linear strain
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E1, E2

Gi2, Gi13, G23
n

Strain energy due to nonlinear strain

Shape function

Kinetic energy of the panel

Global stiffness matrix of the panel

Global geometric stiffness matrix of the panel
Global mass matrix of the panel

Total work done external applied transverse load p
Total thermal load vector

Displacement, Velocity and acceleration vectors
Non-dimensional natural frequency

Elastic modulus along longitudinal and transverse direction
Shear moduli

Volume fraction index
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Organization of the Thesis

This thesis consists of eight chapters, Chapter 1 presents general introduction of
problem, significance of present investigation and overview of methodology adopted.
Chapter 2 focuses on review of available literature on static and dynamics analyses of
laminated and functionally graded sandwich plates and shell panels. It also includes a
review of problems related to thermally induced vibrations of functionally graded
sandwich panels and gaps related to all considered areas. Scope and objectives of the
present investigation are highlighted in Chapter 3. Detailed mathematical formulation
of the problem is presented in Chapter 4. Results and discussion for problems related
to static and dynamic analyses of laminated composite and sandwich plates and shell
panels are discussed in Chapter 5. Chapter 6 comprises of results and discussion for
static and dynamics analyses of functionally graded sandwich plates and shell panels.
Behavior of FGM sandwich plate and shell panels subjected to thermal shock are
discussed in Chapter 7. Conclusions based on discussion of results are presented in

Chapter 8. List of references used in the present thesis are mentioned subsequently.
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