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Abstract

The present thesis deals with the nonlinear static and dynamic behaviors of thin-
walled structures made of isotropic and laminated composite materials. Sixteen-node
degenerated shell element, based on the total Lagrangian formulation for large displacement
(Green-Lagrange strain tensor) and large rotation of the normal vector is employed here to
model few common structural elements, such as, isolated plates, web plates of built-up
sections (assembled plate structures), cantilever twisted panels and curved shell panels.
Attempt is made to investigate some characteristic features of the nonlinear behaviors of such
flexible and shear-deformable thin-walled structures.

The nonlinear stability behavior of built-up beams (e.g., box-beam, I-beam and C-
section) is investigated at the beginning. The state-of-stresses in the individual plates (e.g.,
web panel) of such assembled plate structures are significantly different than isolated flat
panels. Here, the stability behavior of the web panels with or without restraints from the
idealistic stress-free flanges are studied under four different theoretical states-of-stresses, i.e.,
() pure shear with parabolic distribution through the height of the web panel, (b) in-plane
bending, (c) shear and in-plane bending and (d) combined stresses involving in-plane shear,
bending and compression. Then, the buckling behavior of the idealistic compression flange is
also investigated considering restraints from the idealistic stress-free web plates. The
correlation between the buckling loads of such idealistic web and flange panels and the
complete built-up sections provide enhanced understanding on the stability characteristics of
assembled plate structures.

Next, the nonlinear free vibration behavior of cantilever plates are considered, where,
the accuracy of the solution depends on several factors, such as, the structural model,

discretization technique (assumed space-mode analytical solution or numerical discretization)



and finally the solution procedure. The present higher-order element, based on Green-
Lagrange nonlinearity for large displacement along with large rotation of the normal vector is
employed to study the large-amplitude individual-mode free flexural vibration behavior of the
first three bending-modes and the first torsion-mode of flat and pre-twisted cantilever panels.
The effect of transverse shear deformation on the nonlinear behavior of moderately thick,
isotropic and laminated composite cantilever plates is explored. Next, the effect of rotation
speed on the nonlinear free flexural and torsional vibration behavior of flat and pre-twisted

cantilever panels is also taken up for investigation.

Finally, the nonlinear transient response of flat and curved panels under extreme
loading condition, e.g., thermal shock due to sudden heating and mechanical shock during
blast loading is investigated. For this purpose, the relative performances of several step-by-
step implicit time integration techniques are examined. Thereafter, the effect of several
geometrical (radius-to-span and span-to-thickness ratio) and material parameters (isotropic
and laminated composites with different ply-orientations) on the response of moderately thick

curved panels under thermal and mechanical shock are studied in detail.



aR

gdaH it smeuciiue iR dffmcs fda wmial ¥ &9 uaet dlary arel
TSl & IR-RR RR 3R 7faefidl sagR ¥ Heifdd g1 dieg-Ae ufdd e dw, o9
fIRITT -9 R TR) & 1T ot SHIgueH BiHd WR 3R €, 3R I ddex &
TS UCTHE P $S MG IRATHD dedl, oI fob SEHT-UT Wiy, 99 Wiey & HH{ur & fog
FaIfTa foram T B 1 31T ToRM (3HS Wi W), hiedaR [gxes Ud 3R Hos Jd U |
T el 3R HeRI-fAPaqul gae SlaR| aTel! SRa-13] & IR-SIdgR ald TdgR &) TS
faRIarsii o1 Sifd HRA &1 ya fosan Sran g |

fyee-o i (O, deg-dH, 3me-di SR F-Jawm) & AR RRda TagR &
IS T ST Bt STl ¢ | $ RE &b Ihg We T3] & Al Td Wel (o, 9§ U)o
IS0 & TG SHE-YTHT US §U U B ga1 | HI%! 79 8Id & | Tg1, SMERard! a-ra-Had
TReiol & A1 fodT gfadel & 99 Ual 31 FRRAT Ha8R &1 30 IR 3{el-3a JGiad
3faRT3 & i fpam ST &, S, (a) R RAR fay Reifos fexdisgmm 3 3 gEe
3TH & 99 A (@) 39-wH af=, () RRR 08 37 -wH afRT 3 (S) Hars ww™
gAlfedt 31 -wH RrR, I @8 #3RE | 9, 3 qufda fRfeR i 2 ssfafes
HEIE TS 3T AT FARNIeS HiRTsRT Wel<y WA 3 ssfafes ©9 Wl ag
@ey | 39 dE & SMeRiare! a9 3R A g3 fhaRT & dgd YR SR guf fAffa anf & i
TeeY 3og Wic T3] B! fRRAT faRivdrel R 9¢1 g3 IHe UM axal g |

P TG, HicddR Wel & AR Jad HU- TdgR &I AT II1dl &, STg!, THTM
D TIHdl B3 FRDI R IR R g, O fF Weets Hisd, fAawifieR dae-is
(SHARE-TS fARAVUITAS THIYH I GBS [AIBNIBR) R 3fd T T ufehan| |
IqHH I-HH I, T AgeR & Fs AT & 1Y-T1Y 99 fa=mT & fow Ha-adm
AARARS TR MYURT 8, S Ugd b SFST-HIS 3R Ugd eRYE & §o-3MaH ard
SfASsra-1s WIRRT HU- TAER HT LT I & ol BRI &1 & Shae 3M1H
SiRad RRIR SBHRM W ¥ AMdHR fdgfamR offp wieedt s, gacius U
AffFcE FHifvle BicdiR Wed 3 THWRS | 3% d1g, e 3R W-ffs HdeaR




U7 & AR ! TIRRA 3R eh-d U4 deR WR ACIH Bt 1d BT JH1g off ST &
fo Somn g

3id #, sraftier aAifeT fUfY & dgd Wi iR gHEaeR UHdl & AMaRgHaR &t
gfcford, S, 3 BieTT & HRUI YHA JCHT 3R IR ANST & GRM AiADG Hed DI
T B ST B 1 39 I & folE, s IRUI-GR-IR0T 3fdfied THT UHIH0 db-tdh] o TTae
TR B oI B o1 31 9P a1, YHd 3R AbAhd ek & ded Al Hicl 9 Ial
o1 ufafshdr R s S (ear-3-3afdy 3R 3af--Mer 3rurd) iR Ireht Ardst
(3TTT- 3T WS - 3N aTa TSNS 3R AFHCS HUIfoIe) & UG BT 3T fobar
STl &, faaR 1




Tables of Contents

Title

Certificate

Acknowledgments

Abstract

Table of contents

List of Figures

List of Tables

CHAPTER 1

INTRODUCTION

CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

2.2 Stability of Isolated Plates

2.3 Stability of Built-up Sections

2.4 Flexural Vibration Behavior of Rotating Cantilever Plates
2.5Nonlinear Transient Dynamics Behavior of Curved Panels
2.5.1 Time Integration Techniques

2.5.2 Nonlinear Vibration Behavior of Panels under Thermo-Mechanical Load
2.5.3 Blast Load

CHAPTER 3

SCOPE FOR THE PRESENT INVESTIGATION

3.1 Introduction

3.2 Solution Procedure

3.3 Problems Considered in the Present Study

xiii

vii

Xiii
XVii

XXi

10
14
15
16

17

21
21
21

22



3.4 Presentation and Discussion of Results

CHAPTER 4

SOLUTION METHODOLOGY

4.1 Introduction

4.2 Finite Element Formulation

4.3 Stability Analysis of Assembled Plates

4.4 Nonlinear Vibration of Pretwisted Panels

4.5 Nonlinear Dynamics of Curved Panels

CHAPTERS

STABILITY OF WEB PANELS IN BUILT-UP SECTIONS

5.1 Introduction

5.2 Geometry and Boundary Conditions

5.3 Validation and Convergence Study

5.4 Stability of Web Panels Under Pure Shear

5.5 Stability of Box Section under Pure Moment

5.6 Stability of Web Panels in Cantilever Built-up Sections Under Edge Traction
5.7 Stability of Built-up Sections Under Uniformly Distributed Transverse Load go
5.8 Summary

CHAPTER 6

DYNAMIC VIBRATION OF ROTATING TWISTED PLATES
6.1 Introduction

6.2 Validation and Convergence Study

6.3 Linear Vibration Analysis of Rotating Panels

6.4 Nonlinear Vibration of Flat Cantilever Plate

6.5 Summary

CHAPTER 7

NONLINEAR DYNMAIC ANALYSIS OF CURVED PANELS

Xiv

23

25
25
25
33
35
38

43
43
44
45
48
53

58

69

71
71
72
77
85
89

91



7.1 Introduction 91

7.2 Validation and Convergence Study 92
7.3 Performance of Time Integration Techniques 96
7.4 Nonlinear Response of Shell Panels under Thermo-Mechanical Load 102
7.5 Response of Curved Panels under Blast Load 109
7.6 Summary 116
CHAPTER 8

CONCLUSIONS 117
8.1 Conclusions of the Present Investigation 117
8.2 Recommendations for Future Work 121
REFERENCES 123
List of Publications Related to the Present Investigation 139

AUTHOR BIODATA 141

XV



Fig.
No.

2.1

4.1
4.2

4.3
4.4

5.21

5.4.1

5.4.2

543

5.5.1

5.5.2
5.5.3

5.5.4

5.6.1

5.6.2

5.6.3

LIST OF FIGURES

Variation of pressure during air blast (t is arrival time for blast wave; t; is the
positive phase duration and t, is the negative phase duration).

Schematic representation of sixteen node degenerated shell element

Tying schemes for the strain components &11, €13 and e12 for the 16-noded
element. Tying schemes for the strain components &22 and e33 are obtained
from the condition of symmetry (Bathe 1997)

The schematic representation of built-up sections

The schematic representation of twisted plates along with the curvilinear
coordinate system (&, 7, 7)

The schematic representation of built-up sections and web panels with
idealized boundary conditions (S: us =0; C: us=a = =0)

Distribution of stress in the web (a) shear stress distribution (b) bending stress
distribution

The non-dimensional web buckling load (1=Vd/z°D) of isotropic box-
sections under the idealistic case of pure shear

Postbuckling paths of the web panels in isotropic box-sections under pure
shear

The non-dimensional moment buckling load (4 =Md/2z2D) of box-sections
under pure bending and the corresponding stability behaviors of web and
flange panels with SSSS boundary condition (d = 60h)

Postbuckling paths of a box-section under pure bending

The curvature of box and strains in flanges for an isotropic box sections (L =
3d) under pure bending

Postbuckling paths of a web and flanges of a box beam under pure moment (a)
b=d=L(b)b=0.4d,L=d(c)b=0.5d,L=d, 2d, 3d (web) (d) b=0.5d, L =
d, 2d, 3d (flange)

The non-dimensional buckling load (4=N,d*/z’D) of cantilever box-
section and its web panels under end shear (d = 60h; SR: u1 =u>= uz=0atx
=0;CRiu1=u2= uz=a=p4=0atx=0)

The stability characteristics of web panels in cantilever box sections having
higher flange thickness and subjected to end shear (4 = Nwd2 | 7°D; d = 60h;
ht = 2hw)

Postbuckling equilibrium paths of isotropic (v = 0.3) cantilever box beams
under transverse load at the free end

XVii

Page
No.

19
26

33
35

44

52

52

53

55

55
56

57

59

61



5.6.4

5.6.5

5.7.1

5.7.2

5.7.3

5.7.4

6.2.1

6.3.1

6.3.2

6.3.3

6.3.4

6.3.5

The stability characteristics of 5-layered [45%-45°/45%/-45°/45°] laminated
composite cantilever box section under edge shear (1 = Ny d 2/E2h3 )

Nonlinear stability behavior of isotropic cantilever box-section and I-section
under edge shear (d/h =40, 2=N,,d*/z*D; b = 0.75d for box section and b
= 0.375d for I-section)

The web buckling characteristics of cantilever box-section under uniformly
distributed load and its influence on the stability behavior of the built-up
section (4 = q,d? /72D ; d/hw= 60)

The non-dimensional shear buckling load (A = nyd2 /7r2D) of cantilever box
beams under end shear (d =60h; CR:u1=u2= uzs=a=f=0atx=0)
Comparison of the nonlinear stability behavior of isotropic cantilever box-

section (d/h = 40, b = 0.75d for box section and b = 0.375d for I-section) and
I-section under uniformly distributed load (qo) on the webs (1 =q,d*/z°D ).

The non-dimensional shear buckling load (4 = nyd2 | 7°D) of cantilever box
beams under end shear (d = 60h; SR:u1=u2= uz3=0atx=0;CR:u1=ux =
us=a=p=0atx=0).

Nonlinear response of a cantilever plate under static loading (E = 1.2 x 108, v
= O)

The variation of non-dimensional fundamental frequency (=, = wa®,/ph/D for
isotropic and @, = (wa?/h)\[p/E, for composite) with non-dimensional
rotation speed (/1) of isotropic and angle-ply [45%/-45%/45%/-45%]s composite
cantilever plates (a/b = 4, b/h = 20, Rx = 20).

Non-dimensional frequency (@ = (aJaZ/h),/,o/E11 ) verses rotation speed
(£ 1) of quasi-type [45°/-45°/0°/90°]s laminated cantilever plates (a/b = 5,
b/h = 20 and Rn = 20.0) with different setting angle (¢).

Non-dimensional frequency (w:(a)elz/h),/p/Ell ) verses rotation speed (2
| 1) of quasi-type [45°/-45°/0°/90°]s laminated plates (a/b = 5, b/h = 20 and y
= 15°) with different hub radius (Rp).

The variation of non-dimensional fundamental frequency (@, = wa®,/ph/D for
isotropic and @, = (wa®/ z*h)\[p/ E,, for composite) with non-dimensional
rotation speed (Q/an) of isotropic and angle-ply [45°%-45%45%-45°] composite
cantilever panels (a/b = 5, b/h = 20, Rn = 20 and v = 0.3) linearly tapered (
h=h,(1-ax/a)(1+ B(0.5+y/b))) along span-wise and chord-wise both x-axis

and y-axis.
The variation of non-dimensional fundamental frequency (=, = wa®,/ph/D for
isotropic and @, =(ma? / z*h)\[p/ E, for composite) with non-dimensional

rotation speed (Q/an) of isotropic and angle-ply [45%/-45%/45%-45°] composite
parabolically tapered cantilever panels (a/b =5, b/h = 20, Rn = 20 and v=0.3).

XViii

62

63

66

68

68

69

76

78

81

82

83

84



6.4.1

6.4.2

6.4.3

6.4.4

7.11
721

7.2.2

7.2.3

7.3.1

7.3.2

7.3.3

7.3.4

7.3.5

74.1

7.4.2

7.4.3

744

The frequency-amplitude relationship of a flat isotropic cantilever plate (
@ =awa’\ph/D).

The frequency-amplitude relationship for pre-twisted isotropic cantilever (a =
5b; a/h =50 @ =wa’®,/ph/D).

The frequency-amplitude relationship for rotating isotropic cantilever plate (a
=5Db; a/h = 50; R = 10h; @, = wa®,/ph/ D).

The frequency-amplitude relationship for rotating angle-ply [45%-45%45%-
45° composite cantilever plate (a = 5b; a/h = 50; R, = 10h;

@ =(wa’ I z°h)p/E, ).
Schematic representation of various flat and curved panels

Non-dimensional central deflection of a simply supported (SSSS3) anti-
symmetric angle-ply [-45%45°%/-45°/45°] laminated cylindrical panel subjected
to a uniform thermal load (AT)

Nonlinear transient response of simply supported (SSSS4) cross-ply [90%07]
spherical panel subjected to uniformly distributed external load

The non-dimensional central deflection and exponential decaying blast load (
P(0,0,t)=q,(1—t/t,)e * V%) response of a four-layered cross-ply
[0%/90°%/90°/0°] laminated flat panel

Free vibration response of a simply supported (SSSS3) isotropic plate
obtained by using Newmark’s constant acceleration technique

Free vibration responses (displacement, velocity, acceleration and total
energy) of the plate obtained by different time integration techniques (
At=T,/20)

The dynamic response for the forced vibration of an isotropic square plate
under sinusoidal step load. (a) At =10.01 second, (b) At = 0.1 second and (c) At
= 0.2 second

Dynamic response of a simply supported (SSSS1) isotropic spherical panel
under sinusoidal loading (At = 0.05 second, Tn = 0.756 second)

Percentage of (a) amplitude decay and (b) period elongation for different time
integration schemes

The nonlinear response of simply-supported (SSSS1)  cross-ply
[0%/90°/0°%/90°/0°] laminated composite thin (a/b = 1, a’h = 100) spherical
panel under sudden thermal shock (step thermal load)

The nonlinear response of simply-supported (SSSS1) angle-ply [45%/-45°%45%-
45%45°] laminated composite thin spherical panel under sudden thermal shock
(step thermal load)

The nonlinear response of simply supported (SSSS1) cross-ply
[0%/90°/0°%/90°/0°] laminated composite thin (a/b = 1, a/h = 100) cylindrical
panel under sudden thermal shock (step thermal load)

The nonlinear response of simply supported (SSSS1) angle-ply [45%-45%45%-
45%45°] laminated composite thin (a/b = 1, a’h = 100) spherical panel under

XiX

85

86

87

88

92
94

95

96

97

98

99

100

101

103

103

104

105



745

7.4.6

7.4.7

7.4.8

7.4.9

7.5.1

7.5.2

7.5.3

754

7.5.5

7.5.6

757

sudden thermal shock (step thermal load) in presence of mechanical load (at
room temp = 20°C, go = 10 kN/m?)

The nonlinear response of angle-ply [45%-45%/45%/-45%/45°] laminated
composite thin cylindrical panel under sudden thermal shock (step thermal
load) in presence of mechanical load (a/b = 1, a/h = 100, R/a = 8 at room temp
=20°C)

The nonlinear response of cross-ply [0°/90°/0°/90°/0°] laminated composite
thin cylindrical panel under sudden thermal shock (step thermal load) in
presence of mechanical load (a/b = 1, a’/h = 100, R/a = 8 at room temp =
20°C)

The nonlinear dynamic response of clamped (CCCC) angle-ply curved panels
(R/a = 8, a/lb = 1) under thermo-mechanical load (AT = 100°C and q, = 10

kN/mZ) at room temperature = 20°C

The nonlinear dynamic response of simply supported (SSSS1) cylindrical
panel under slow heating at AT = 100°C and room temperature = 20°C (R/a =
10, g, = 10 kN/m?) T , is the time of heating

The nonlinear dynamic response of simply supported (SSSS1) spherical panel
under slow heating at AT = 100°C and room temperature = 20°C (R/a = 10, q,

=10 kN/mZ) T,, is the time of heating

Effect of thickness to span ratio on central deflection (us/h) of clamped
(CCCC) laminated plate under blast load

Effect of radius-to-span ration on central deflection (us/h) of clamped (CCCC)
laminated cylindrical panel (a/h = 50) under blast load

Nonlinear transient response of clamped (CCCC) composite plates to
represent the effect of peak pressure

Nonlinear transient response of clamped (CCCC) cylindrical panels (R/a = 8)
to represent the effect of peak pressure

Effect of boundary condition on central deflection (us/h) of cross-ply
[0%/90°/90°/0°] laminated panel (a/h = 50) under blast load (qo = -300 kPa)
Effect of waveform parameter (a’) on central deflection (us/h) of cross-ply
[45°/-45°%/-45%45°] laminated panel (a/h = 50) under blast load (t, = 0.1
second, go = -300 kPa)

Effect of positive phase duration (tp) on central deflection (us/h) of cross-ply
[45°/-45°%/-45%45°] laminated panel (a/h = 80) under blast load (a’ = 2.0, qo = -
200 kPa)

XX

106

107

108

108

109

110

111

112

113

114

115

115



LIST OF TABLES

Table Page
No. No.

5.3.1  Convergence of non-dimensional critical buckling load (1=N _b*/z°D)of 46
an isotropic square plate under in-plane compression for various boundary
conditions (uniform stress)

5.3.2  Convergence of non-dimensional critical buckling load (1=N b*/7°D) of 47
an isotropic square plate under in-plane shear for various boundary
conditions

5.3.3  The comparison of non-dimensional critical buckling load (1 =vd/z*D) 47
and critical buckling moment (4 =Md /z*D) of isotropic square plate (L x
d)

5.3.4  Comparison of non-dimensional buckling load of angle-ply (45°%- 48
45°%/45%-45°/45%) square plate (a/h = 40)

5.3.5  Convergence of non-dimensional critical buckling load (A=N_b*/z’D)of 43
an isotropic square box under in-plane compression for various boundary
conditions

5.4.1  The comparison of non-dimensional critical buckling load (1 =Vd/z°D) 50
of isotropic square plate (L x d) with the web panels of built-up sections
with or without flange restraints (d/h = 100; V = Ny d for edge traction).
(The case of uniform shear stress is studied in Table 5.2.3)

5.5.1  The non-dimensional critical buckling moment 4 =mMd /272D (d/h = 60) 54
of isotropic box-section

5.6.1  The non-dimensional critical buckling load (A =Vd /z>D; V=2N_d) of 60
the web panel in cantilever box-section under edge traction (d/h= 60)

5.7.1  The non-dimensional critical buckling load (1=v__d/~?D;V,_ =q,L) 67
of the web panel in cantilever box-section under uniformly distributed
load qo. (d/h = 60)

6.2.1  Comparison of non-dimensional frequency parameter (@ =wa?/ph/D)of 73
pre-twisted isotropic cantilever plates (a/b = 1.0, b/h =20.0 and v=0.3).

6.2.2  Comparison of non-dimensional frequency parameter (=, =wa’Jph/D) of 73
a pre-twisted isotropic cantilever plate (a/b = 1.0 and b/h = 5.0) with
three-dimensional elasticity solutions.

6.2.3  Comparison of natural frequency (Hz) of a cantilever plate rotating at 74
1000 rpm (a=2m, b = 0.05m, h =0.005 m, hub radius Ry =0.2 m, E =
70 GPa, G = 26 Gpa and p = 2700 kg/m3).

6.2.4  Non-dimensional frequencies (=, =®a?\/ph/ D) Of rotating for isotropic 74

cantilever plates (= 30°, a/b = 3, b/h = 20, Ry = 2a/3; w: is the first
vibration frequency of the plate).

XXi



6.2.5

6.2.6

6.3.1

6.3.2

6.3.3

721

7.2.2

Comparison ~ of  non-dimensional  frequency  parameter  (
@, =(wa’ Ih)[p/E,)) of three-layer [6%-6%0°] laminated composite
moderately-thick (b/h = 20) pre-twisted (y = 60°) square cantilever plate.

Fundamental non-dimensional frequency parameter (@, = @a*\/ph,/D, )

of isotropic square cantilever (CFFF) plate (a/b = 2, a/ho = 100, ho = 1.0,
v = 0.3) considering variable thickness function is linearly tapered along
x-directionh = h,(1- a(x/a)).

Non-dimensional fundamental frequency of cantilever plates (a/b =5, b/h
=20, Rn = 20).

Loci crossing and loci veering phenomena occurs at different rotation
speeds of isotropic cantilever plates (a/b = 5, b/h = 20, Ry = 20, ¢= 0° and
v=0.3)

Loci crossing and loci veering phenomena occurs at different rotation
speeds of laminated cantilever plates (a/b = 5, b/h = 20, Ry = 20 and ¢ =
0°).

Comparison of non-dimensional frequencies (@ =(wa’/h)|/p/E, ) of
simply supported (SSSS3) spherical panels (a/b =1, h=1)

Comparison of non-dimensional central deflection (
W= (u,h’E, /g,a*)x10%) of simply supported (SSSS3) square spherical
shell panel (a/b = 1) under a uniformly distributed load

XXii

75

77

79

80

93



	Thesis-Emarti.pdf
	Thesis.pdf
	front.pdf
	blank.pdf
	Tables of Contents.pdf
	Chapter_1.pdf
	Chapter_2.pdf
	Chapter_3.pdf
	Chapter_4.pdf
	CHAPTER 5.pdf
	CHAPTER 6-C.pdf
	CHAPTER 7.pdf
	Chapter_8.pdf
	blank.pdf
	Reference_final.pdf

	blank.pdf




