ANALYSIS OF FLAT AND CURVED PANELS
USING ELEMENT FREE GALERKIN METHOD

GAURAV WATTS

DEPARTMENT OF APPLIED MECHANICS
INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2018



ANALYSIS OF FLAT AND CURVED PANELS
USING ELEMENT FREE GALERKIN METHOD

by

GAURAV WATTS
DEPARTMENT OF APPLIED MECHANICS

Submitted

in fulfilment of requirements for the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

OCTOBER 2018



©Indian Institute of Technology Delhi (IITD), New Delhi, 2018



Certificate

This is to certify that the thesis entitled, ‘Analysis of Flat and Curved Panels using
Element Free Galerkin Method’ submitted by Mr. Gaurav Watts to the Indian
Institute of Technology Delhi for the award of degree of Doctor of Philosophy
embodies original research work done by him under our supervision. In our opinion, the
thesis work meets the requisite standards and the candidate is worthy of consideration
for the degree of Doctor of Philosophy in accordance with the regulations of the institute.
The contents of this thesis have not been submitted to any other University or Institute

for the award of any degree or diploma.

Date: October 12, 2018
Place: New Delhi, India

Dr. S. Pradyumna Dr. M. K. Singha

Associate Professor Professor

Department of Applied Mechanics Department of Applied Mechanics
Indian Institute of Technology Delhi Indian Institute of Technology Delhi



Acknowledgments

First and foremost, I would like to express my sincere gratitude to my supervisors who
guided me through this difficulty journey from an inexperienced student to an independent
researcher. Dr. Pradyumna is more like a friend and a mentor to me than a supervisor. I
always felt comfortable working with him because he calmly listened to all the problems
I faced related to my research work and suggested immediate solutions. Dr. Singha, who
has vast experience in the field of computational mechanics, helped in overcoming critical
junctures throughout my doctoral degree. He not only helped me with his experienced
opinions on my area of research but also helped me in improving my writing skills so that
I could effectively communicate the idea and findings in research publications.

I would also like to thank my SRC (student research committee) members, Prof. B.
P. Patel, Prof. Puneet Mahajan, Prof. Santosh Kapuria and Dr. Vasant Matsagar for
their insightful comments and encouragement during the evaluation process of my doc-
toral work. I would like to take this opportunity to thank Prof. Sriram Hegde, Mr. V.
S. Rawat, Dr. Ajeet Kumar and Dr. Sawan Suman who ensured the best facilities for
students in the computation lab. I would also like to acknowledge Ministry of Human
Resource and Development, Government of India for the financial assistance to carry out
my doctoral research work at II'T Delhi.

My friend Manish Anand, who is more like a brother to me, helped me to maintain a pos-
itive frame of mind even in the depths of despair. My senior colleagues, Sandeep Singh,
Jitendra Agrahari, Aswani Kumar, Emarti Kumari, Shreya Banerjee, Shashank Pandey
and Vishwanath Managuli, mentored me during the initial but difficult phase of my PhD

life. T would always cherish the conversations I had over a cup of tea with my friends

Vil



Acknowledgments

Mohit, Adnan, Bishweshwar, Gargi, Anurag, Mehnaz, Amit, Prakhar, Quaiyyum and my
junior colleagues, Raushan, Sagar, Sriram, Sajan, Bashir, Hasan, Yadwinder, Ankita and
Purnashish. Computation Lab has now become an extended family to me away from my
home.

I have no words to express my gratitude to my parents, my sister and brother-in-law who
provided immense emotional support which kept me motivated to complete my work. I
hope I can repay the trust they showed in me by supporting them for rest of my life. I
wish to make them prouder by becoming a better human being and by contributing to

the society as a teacher.

Gaurav Watts

viil



Abstract

The present work deals with the nonlinear bending and stability behaviours of thin and
moderately thick, flat and curved panels. The first order shear deformation theory in
combination with Marguerre-von Karman strain-displacement assumptions is employed
to model the flat plates and shallow shell panels on rectangular planform, while Sanders’
shell theory is used to analyze shallow conical shell panels. Element free Galerkin (EFG)
method with moving kriging (MK) shape functions is employed to transform the gov-
erning integral weak form into a set of algebraic equations. An in-house MATLAB code
is developed to solve the linear/nonlinear equations of equilibrium for flat and curved
panels. Nonlinear equilibrium paths are obtained using the modified Riks technique in
conjunction with Newton-Raphson method.

At the beginning, the efficiency of the present numerical technique (EFG with MK
shape function along with the relevance / effectiveness of associated parameters, e.g., the
support domain) in dealing with the “shear locking problem of Reissner-Mindlin plates”,
and “membrane locking problem of curved panels” is examined by a series of convergence
studies and comparison of the present numerical results with available analytical or nu-
merical solutions. Thereafter, several new problems on bending, buckling and vibration
behaviours of thin structural panels made up of isotropic and laminated composite ma-
terials are taken up for investigation, with particular focus to non-rectangular geometry,
for which research publications are limited. An attempt is made to provide the numerical
results on the “bending and buckling of structural panels” in the “non-dimensional form”,
so that they can be easily used as “benchmark solutions” by engineers and researchers in

the future.

1X



Abstract

First, the flexural (bending and buckling) behaviours of various flat panels (rectangular,
skew, trapezoidal and arbitrary straight-sided quadrilateral) under a variety of practi-
cal loading and boundary conditions (edge supported, corner supported, continuous over
multiple spans, supported on elastic foundation) are examined.

Next, the nonlinear bending and stability characteristics of various curved shell
panels with rectangular planform (cylindrical, spherical, hypar and conoidal) and non-
rectangular planform (conical) are studied for different geometrical parameters (circum-
ferential angle, radius-to-span ratio, span-to thickness ratio, semi-vertex angle, etc.) and
boundary conditions. Attempts are made to obtain the representative snap-through re-
sponses (hardening to softening) and possible equilibrium configurations of various curved
panels under different cases of symmetric and un-symmetric bending.

Finally, the present numerical technique (EFG method with MK shape function)
is extended for the free flexural vibration analysis of flat panels in contact with bounded
fluid. The fluid is assumed to be ideal and the effect of free surface waves is neglected.
Potential flow theory is assumed and the velocity potential is used to calculate the added
mass effect due to the fluid. The effect of various structural and fluid domain parameters
on natural frequencies of thin isotropic and laminated composite skew/trapezoidal bot-

tom of a rectangular tank filled with fluid is investigated in detail.
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