Contents

1 Stressand Strain . . ......... ... .. . ... .. 1
Lsl:  INEOAUCHON: v o s 55 @mm s 5w menss 0o EmE 5 Fmmm 558 50 55 50 5 425 1
1.2 INdeX NOTAtION G oy 5 s g v s s s wnesborariacs s o T sy urionte Susfuisimgile 7 Hged 1 il sl 3
1.3 Stress VeCOr o wuivis s s ammmis s cmaes s s samess sh@mmns § o aibe fomme b 5
1.4 State of Stress ata Point .. ...... ... ... . ... 7
1.5 Transformation'of G 86 P ws: sowmmss sommaess s smme s & man same 5 9
1.6 Cauchy’s Equations of Motion . . .......... ... ... ... ... ... ..... 10
1.7 Thin Spherical Shell. . . ... ... ... .. . . . 15
1.8  Thin Cylindrical Shell ........ ... .. ... ... ... .. ... . .. ... .... 16
1.9 Uniaxial Stress, Direct Shear Stress, Bearing Stress ... ............... 17
1.10 'Welded ConNections' ;s s c « siamu s sidmbims s soowsms’s simbimis v w0 21
1511 'RIVEIted JOINES v s « s 55 5 pammbe ¥ 5@ h 5 F5ites § oonad o8 me fosmms 25

1.11.1 Stresses in Rivetted Thin Shells . . ........................ 26
1.12 Lagrangian and Eulerian Descriptions . .. ......................... 28
1.13  Measures of Deformation: Strain. . . ............................. 30
1.14 Strain Transformation Relations . ............................... 30
1.15 Physical Meaning of Ejy. . ... ... i 31
1.16 Strain-Displacement Relations . ... ........... ... ... ... ....... 32
L17 Small Strains . . . .. ... o 33
1:18 ‘Small Displacement Gradi€nt: : ;. wwws: s smams 3 s ottt s smmmes o0 mas 34
1.19 Visualisation of e¢-u Relations . . . ........ ... ... ... ... .......... 37
1.20" Boundary Conditions ;s wwms s ssmmes s s ams 533 comsnas 5 3 @mmas & gm0 38
1.21  Strain Compatibility Equations for w;; <1 ........ ... .. ... ... ... 41
1.22 Strain Energy INCYEMeNnt . « . « « s cwwae s s awass s s smmssss iamnis iasas 44
1.23  Principal and Extremal Values of Stress and Strain . ................. 47
1.24 Principal Axes of Stress, Principal Stresses .. ...................... 47
1.25 Invariants of State of Stress . ........ ... . ... ... ... 49
1.26 Mohr’s Representation of 7 .. .................c.coiiiiiiiii.. 50
1.27 Mohr’s Circle for 7iin Plane of 1, 05 .. ....... ... ... ... ....... 52
1.28 Hydrostatic and Deviatoric Decomposition . ....................... Sif
1.29 Some Special Cases of State of Stress. . . ............... ... ...... 57
130" 'Tlustrated EXSMPIES: ;s 55 smarmm s & omrmenss e e &6 6 s s o o 62
I3l SREVAEWITI: 5 it 505 5 5 ot a5t 3 TSR x5 & GRidios 80 355 SRERGRLId o 5 6 i e 3550000 0 20 69
1:32 (Problemsil. . wwme i b vomis shs i mmme st swmined » beo s b0 i sl s P 5 03 70

2 Constitutive Equations . . . .. ........... .. .. ... . . 81
2.1  INtroductionmiiss o s shiw s Bk Medmb s s e o s Al fen s Ml Bhie R ey 81
2.2 Isothermal Uniaxial Tension Test .. ........... . ... .. ... .. ...... 82
23 'Ductile.Matenial' BehaviOUTl « .« : 5 aaes: s cmmme o o0 @ @ s & 6 @506 SOMmGUs o 85
2.4  Brittle Material Behaviour ... ........ ... ... .. . . ... e 90
2.5  Compression TESt . . .ocuviss simmu s s it mus ooy sle s mnl o i isimspis 4o 91
2.6  Idealized Elastic-Plastic Models . ............... ... ... .. ....... 91

vii



viii

Contents

2 At gue HAIre e L e o e 93
2.8 Introduction to Constitutive Equations. . ... ....................... 96
2.9 GGeneralized Hooke s Law o 97
2108 Isotropic Material o e e s e e s e e 98
2.11 A Plane of Material Symmetry . . ........... ..o tiiiiii... 101
2.12 5 Orthotropic: Material e el e e e ot ke U SR SR 102
2.13 Transversely Isotropic Material . . . .......... ... ... ... ... ....... 104
2.14 Stability of Linear Elastic Isotropic Solid .........ccvviiiovin,eon. 104
2.15 Basic Governing Equations. . .. ........ ... . ... .. 108
2:16: Saint Venant’s PrNCIPIE . « s & 5 ohinc sl sl ilaeie o s s e & s kel s e 109
2.17 Stress Concentration Factor ... ........ ... ... . ... ... ... ...... 109
2 18 Safety Hactor o e e e e o e s s 112
2.19 AxiallyLoaded Long Bars .. ... .....couuuirsiotcnemnnneenaen, 112
2.20 " Nature of Initial Yield Eriterion oo i e e 114
2.2 Mises Yield Criterion s e s e e e bk e oo 116
222 Tresca, Yield Criterion: oo hon it s e e 117
223 Other Yaeld Criterion i, o s e 119
2.24: Modified Mohr’s Criterion of Brittle Fracture) ... . . ..ccve cvm s smom 120
2.25 Fatigue Under Combined Stress .. ... ...t 125
2,26 Statically Determinate Bars... ¢ 5 i 00 G s 126
2.27 Statically Indeterminate Bars. . .. ........ ... ... ... .. . 129
2.28 Thin Composite Rings and Circular Cylindrical Shells . ... ............ 145
22 R VW R o Py 149
2, 30 PrOD IS 2 150
Energy: Theorems: & s e oo sl o s ot e e e oo o 165
3.1 A General “Work: Related Result oo i s s o s 165
3.2  Work=Energy Relation . : v o o oo cioieioie oo te ot b o st st s o et e et oo et 166
3 T i quen eSS TThe O TS = S R R 167
3.4  Reciprocal Theorems for Linear Elastostatics . . . . ................... 169

3.4.1 Alternative Proof of Maxwell’s Reciprocal Theorem . .......... 170

3.42  Alternative Proof of Betti’s Reciprocal Theorem . ............. 171
3.5 Principle of Virtual Work . . . ....... ... .. . 172
3.6 Principle of Stationary Potential ENergy ........cowe: ciseesin o oo, 173
3.7 Castigliano’s First Theorem . .. ............ ... ... it 174
3 8 Hamilton? st Principle s s 174
3.9  Principle of Complementary Virtual Work. . ....................... 175
3.10 Stationary Complementary Potential Energy Principle ................ 176
3.11 Castigliano’s Second Theorem . ............ ... ... ...t 177
3.12 Dynamic Impact Loads: A Simple Model ......................... 183
L R V1 W S s 187
B & o] (11 i e e e e s 188
00 v 0010 6 T e ook e o e G 193
4.1 Torsion of a'Circular Cylnder . 5. i oo i et e S e e et e e 193
4.2 Elastic-Plastic Torsion of a Circular Bar .. ........................ 197
4.3 ApplicationsiofiCircular:Section’ . i it g s i e St 201
4.4  General Solution for Torsion . .............. ... ... i, 211
4.5 Thin Rectangular Secton: o v o oo e s e 216
4.6  Thin Open SECHOM . : « v o wiv o v o ioimioin o sias bs s s 46 aie s ale o v sl s o s s 217
4 T R ectan gular Section it X bl R s 220
4.8  Thin Closed Single-Cell Section . .. ......... ... . ... ... 221
4.9 Thin Closed Multiple-CelliSeCtion . c . v s sialaleieieoinie s ot als s sl s 225



Contents ix

4.10 Limiting Fully Plastic Torque . . . onicce s cnninios s somn s o s ibmmnn & b 228
41l Axiall Force and 1 orsion s e e e 234
4.12 Equilibrium Equation for Torsionof aBar . ....................... 238
4] R e V1 W S P e 239
T & o] T T e i o s K o £ 0 1 S Bt e e s 240
5 Bending of Beams - e e e e R e 253
5.1 WAtea Inertia MAe s e o L et s 253
5.2 Equilibrium Equations of'a Beam . .. - oo i s i s s s 257
5.3 Normal Bending of a Cylindrical Beam. . . . ..ccovie ¢ cimine oon viiiie s o 267
§.4°  General Pure Bending ofia/Beam o0 0 e e 274
5.4.1 Close-Coiled Helical Spring Under Axial Moment ............ 277

5.5  Shear Flow and Average Shear Stress Due to S.F. in Thin Beams ....... 278
5.6.  Order of Magnifude of Stresses. .0 08 D 284
57 CompositerBeams Fs S 293
STt SO (0 6 it o s o e e 5 O 5 55 kGBS 5 g C U 8 B B G B Bt 299
5.9°  Elastic-Plastic: Bending of Beams, . oot o ciine 6 b siimwmie o8 i o i 306
5.10: Deflection of Neutral Axis of Beam . ... o civiiiiin v v oo vleeiane s o 318
511 Macaulay’s Step Function Method « ccocn s oo onivc s maer s v o6 32/
S22 N ECastivliano’siheorem for Beam S 332
5:12.1° FElat Spiral SPring: o sio s v vinsz an ainie d s e e s 338

5135 Mohs s Gonjugate Beam Method i i 339
5:14. Deflection PuetoiSheari. oo v o e 352
S e AT S T 11 S T S P 357
5.15.1 Simply-Supported Semi-elliptic Leaf Spring .. ............... 357
5.15.2 Spring with n, Graduated and n; Full-Length Leaves .......... 360

5.15.3 Optimal Spring with n, Graduated and n; Full-Length Leaves . ... 360

5:16¢ Impact LLoadss e o ot g s e e e o A 366
5.1 Plastic @ollapse of Beamsi . o i e s et e e b e e i e 373
5.18 Bending Theory of Beams for Arbitrary Axes . ..................... 378
5.19 Shear in General Thin-Walled Closed Sections . .................... 392
8 2 R e Vi e W e 401
S21 ProblemS 5 L T e e S e s 403
6 Bars: General oad e o R 427
6.1  Eccentric Compressive Load P on a Short Column . ................. 427
6.2 Axial Force and Bending Moment ... o L niin o i 433
6.3 Castigliano's-Theorems foraBFrame oo vc oo b e 436
6.3.1  Thin Circular Ring Under Diametral Load .................. 444

6132 Thin Chain Link Under:Central'Toad . ... .. comeis vonoes o 446

614 Stresses’in Bars for General L oad e e e 448
6.5 ElasticiEnergy. Absorbing Gapacity - oot e e 462
6:5:1 " Open-Coiled Helical ;Spring i s e 464

6:60 ReVIEW 61 e e e 468
6 P TO D e 1S {6 R N e o ey 469
70 Column Buckling -0 -0 s e e L 481
Tl JGe e NTIATOT s 5 5 o et mies o Dot 55 5055 1D 8 B0 B 50 & 810 0518 G G o0 481
7.2 Governing Equations of Beam=Columni.oc i saen s co i o 484
I E e B uiC k1110 1L O e e 485
7.4 Eccentric [load—Secant Bormula ..o ici s i s e s 494
7.5 Lateral Iload and dnitial {Curyature e e R R 497
7.6 Dynamic Analysis of Stability . i i e s e 500

-7 Potential Ener gy M etho 0 B e r e e 501



Contents

7.8 Elastic-Plastic Buckling Load . .. ............................... 508
7.9  Empirical Practical Formulae . ................................. 510
(7O = A T 1 e e NP 511
TollIL AT T o 6 o oo e e 5 b ottt o £ € e X o e s S12
L S T R e s 5 e i R 3 1 G e e R 513
Visco-Elastic Bars .............. ... ... .. .. .. . .. ... 519
] 1 (O 1 C L 0T s S O s DR 519
8.2, Maxwell MOdel . . . vv o viiir simie o e s o o s o e e e e ol 521
83 Kelvin-Voigt Model . . .......... ... i 522
84 ThreeElementModels . ... ......cvviiiininne e, 523
85 FourElementModel ............ ...ttt 526
8.6  Generalised Stress and Generalised Strain ... ...................... 528
B R eyieW 8 545
S I Prob eSS B B ) S = SR 546

.............................................................. 549



