Contents

Equilibrium and Reactions: «:.cc:msassvimsaninsinsisn:ssiosins 1
Ty TEOTCESH e 5 s wisors siagovionior o gnsgon S bl Eooes v sosgn S vpeavasgon s v 2
111 The paralleloprain T s : w« wewe ms mmam sas @aessms o 2
1:1.2 Parallel TonCesas o s miias sois wsimn o e o onsin o s soiiois st s s 4
1.2 MOmMEnts . . ovvvt ettt e e e e e 5
1.2.1 Moment from forcesinaplane ..................... 6
1.2.2 Moment from forces in space....................... 8
1.2.3 Forcecouples ..........cooiiiiiiiiniinian.. 9
1:3 BEquilibrivmn: o e smes s s eses.e s 5o om0 w0 56 5608 & 86§00 50 10
1.3.1 Virtual work of rigid bodies........................ 11
1.3.2 Bquilibritin i 8 PLane « : o« @ e s s w5 vms @ 9w § 08 @ o 13
1:8:31 Distribitted Lol o st s sisiie sods s s s iokos s s ks 14
1.4 Support conditions .............. .. 16
1.5 Reactions by equilibrium equations ....................... 19
1.5.1 Plane beamiS . ... .cccuveuennnmemnmemonnemensenenss 21
1.5.2 Simpleframes..............c. i, 24
1:5:3 Three-hinge Framie : « : s« s semsoms mems sms 555655655 27
1.5.4 Space Structures. ............c.c.ouiiiiieinnennnnn. 29
116 Reactions by VITUAl WOTK ws s ms wsws was wsisss asesimns g5 30
Tl IDCTCISEN & s ot 6anis ciins 11n ot s oo i 5 160 o8 s s ol & 5 il o 34
"TFUSS  SETUCHIITCE .« o5 wrws w o 5 965w 808 6 9 we s 5 5% msies s 05 @ 39
211 Basic prineiples: c:msmsws.ams 56 os 55650 58 550550505 9 55655 a5 41
2.1.1 Building with triangles . ........................... 42
2.1.2 Counting joints and bars .......................... 43
2.1.3  Qualitative tension-compression considerations . . ... .. 45
2.2 Method of joints ......... .. ... . ... . ... 47
2:2.1 Planar truss structiuresi: s: s:u:assnsns susnenssns s 48
2.2.2  SPACE ETUSSES vt v wivvis o a e e i s oo s e i e e 53
2.3 Method of sections ...........c.coviiiiiiniinininennnnn.. 54
2.3.1 Bar forces via the method of sections ............... 55
2.3.2  Special types of planar trusses ..................... 57
2.4 Stiffness and deformation of truss structures ............... 64

2.4.1 Axial stressand strain .............. ... ... .. ...... 64



viii

Contents

24.2 Linear @lastic DamS ..« o oo soe snnsmosesssmsoosens 66
2.4.3 Virtual work for truss structures ................... 67
2.4.4 Displacements of elastic truss structures............. 71
2.5 Finite element analysis of trusses .............. ... ... ..... 73
2.5.1 Elastic barelement ............................... 74
2.5.2 Finite Element Method for trusses.................. 7
2.5.3 The MiniTruss program. ..............c..coeuuneeon.. 80
2:0 'HXETCISEE 5 ux wnsme me 2mmmems mme 266 600650 505 60 5510 %8 66w 84
Statics of Beams and Frames ............................. 91
3.1 Internal forces and moments ............................. 93
3.2 Beams with concentrated loads . .......................... 95
3.2.1 Variation of internal forces for concentrated loads .... 99
3.3 Beams with distributed load ............................. 104
3.3.1 Differential equations for internal forces ............. 107
3.3.2 Maximum moment .................iiiiii.... 109
Sty Combed TOAAS: 1o o es 5 i 555 s 50 50608 6058 5 o a0 6ed 6 & 568 8 8 56 116
3.4.1 Superposition of load cases ........... ... ... ..... 116
3.4.2  Superimposing the distributed load ................. il g
3.5 Internal forcesin frames...............civiiiiiiann.... 121
3.5.1 Influence of load distribution....................... 124
3.5.2 Influence of support conditions .............co.vn.nn. 128
3.5.3 Three-hingeframe ............ ..o, 131
3.5.4 Principle of thearch .............................. 133
316 DBXOTCISES i mi s 515 515 55 B0 5 655 618 1608 B0k BES 8 et B0 4 616 16 BalE 68180 W60 oo & 136
Deformation of Beams and Frames ....................... 143
47 Bending of elastic Dearns : s isams s mas s me mos s eam s 5es e 144
4.1.1 Homogeneous bending .............. ... ... . ..... 145
4.1.2 Linear kinematic relations . ........................ 148
42 Bernoulli beamn SheOryr @ s o s s o605 5 b 55 § 5000805 0 5 506 5 3os 4 151
4.2.1 Statically determinate beams ...................... 154
4.2.2 Statically indeterminate beams. .................... 159
4.3 Shear flexible beams .......... .. ... .. .. ... .. 162
4.4 Virtual work and displacements of beams .................. 168
4.4.1 Principle of vittual work. :cssmsmesssboessasnasaiasa 168
4.4.2 Displacements in elastic beams . .................... 171
4.4.3 Virtual work and displacements in frames ........... 179
A5 TEXCTCISES i 555 550500 565 5 5 5o ise 5 605 e 535 8 580508 15§ 06 st 05 08 506 101 s B 184
Column Stability ........... .. ... .. .. .. .. .. .. ... .. ... ... 189
5. Beam withimormal TOTCE 5 o usm s o5 sms s a0 osms s as oo s ns s 190
5.1.1 Stiffness reduction from normal force ............... 193

5.2 Stability of the ideal column ............. .. ... ... ........ 194



Contents ix

52.1 BEquivalent columin length . soserwemssus msmpsss sass 203
5.2.2  Buckling direction and intermediate supports ........ 205

5.3 Design of columns ....... ... . 207
5.3.1 Column length and slenderness..................... 208
5.3.2  Geometric imperfections. . ......... ... ... .. ... ... 212
5.3.3 Stresses in column cross-sections ................... 215
5.3.4  Perry-Robertson’s column design criterion ........... 218

5.4 EXEICISES . oo 222
6 The Force NMethod:  :m:«ssmsmsmmons 5mess s s s e smssssn: 6 227
6.1 Principle of the force method .......... .. .. ... ... ..... .. 228
6.2 The general force method.............. .. coiiiiiiiinin.. 233
6201 Released STUEIITe o i s e cmsms 6m05 65 a5 8 ms 6w s oising s 233
6.2.2 The basic steps . ... 237
6.2.3 Summary of the force method...................... 241

6.3 Application of the Force Method ......................... 242
6.4 The force method for frame structures .................... 250
6:4.1 Simply supported frames :x:wiswmisinssnimssimins s 251
6.4.2 Frames with fixed supports ............. ... ... ... 257

010, FHETCISE I s wsmsim e @r R AR BB SRR U EIEE SH R 261
7 Deformation and Element Methods for Frames ........... 267
7.1 Stiffness of beams . ... .. . 268
7.1.1 Symmetric and anti-symmetric bending ............. 269
7.1.2 Basic cases of imposed deformation ................. 271
7.1.3 Loads on constrained beams ....................... 277

7.2  Deformation method for frames .......................... 278
7.3 Beamelements ........... . .. 296
7.3.1 Beam bendingelement ............ccoociiiiiiainn.. 297
7.3.2 Beam-column element............................. 299
7.3.3 Transformation to global form ..................... 305

7.4 Finite element method for frames......................... 307
7.4.1 The MiniFrame program .......................... 308
7.4.2 Stability analysis of frames .............. ... ... .... 312

T:5: EXCTEISES 5507 6 5.0 5 55 55 58 515 5 #06r mud 50 51 58 81 5 95 5 ol sk 1 505 5 s ms 50 250 316
8 Stresses and Strains .............. .. .. ... 321
BUL  OlTOBE 05w 55 555 55 5 95 50 B 0 3 1 5o 5t B 5 600 s B 5 s S 5405 0 322
8.1.1 The stress vector . ... 322
81,2 General St1ess COrMPOIENtSs « s w s ¢ v smsms s 555588 255 5 s 324
8.1.3 Equilibrium ......... .. ... 329

8.2 Deformation and strain............... ... ... .. ... ... ... 332
821 Strain.sses spvasns snsmees s@EEEIE IESTH4ETH 68 FIE T 5 332

8.2.2 Rotationatapoint ........... ... .. ... ... ...... 337



10

11

Contents

8.2.3 Displacement decomposition ....................... 337
813  ViEGal Workia sam o vasvss sasnas 105005 Dahane S ek i 338
8.3:1 Equation of virtual Work .. .. semsss sesmss s s 338
8.3.2 Matrix and tensor notation ........................ 341
8.4 Special states of stressand strain ......................... 342
8.4.1 Plane stress and plane strain....................... 342
8.4.2 Stress and strain transformations ................... 343
8.4.3 Principal stresses and strains in a plane ............. 349
8.4.4 Principal stresses in three dimensions ............... 354
&9 | BRETRISEE) nusmumemenonmane Cusnes §nEhe g S Eae e asams 358
Material Behavior .................. ... .. ... .. ... ... ... 363
9.1 Elasticmaterials ........... ... ... . i 364
9:1:1 Internal elastic €NErEY: «u s s siwmsis s om i s s asmes e 365
9.1.2 Linear isotropic elasticity .......................... 367
9.2 Mean and deviator components .................c...o.... 376
9.3 Yield conditions for metals .............. ... ... ........ 380
9.3.1 Von Mises’ yield condition ......................... 380
9.3.2 ‘Tresca’s yield ‘condibion, .« x s s s o oe s as wames s 384
9.4 Coulomb’s theory of friction materials..................... 385
9.4.1 Critical section and stress state .................... 386
94.2 Coulomb: failure: SUTTACE 2 ¢ 5 & wssnn o6 wocins & o & 5860 8 o 388
0.5 EXEICISES ..ot i ittt e e 391
General Bending of Beams. ............................... 395
10.1 Bending of non-symmetric beams . ........................ 397
10.1.1 Kinematic formulation ............................ 397
10.1.2 Stresses and section forces ...............coii.... 400
10.2 ‘Cross-seotion QIALTEIS: « s wvi v uns o s wiie o aie o 8 166 00 o 2 s bl 403
10.2.1 Blagtic: CENtET 7.z o3 mvsms o 6053 008 s 646 815 o5 6 346 5508 540 403
10.2.2 Moments of inertia .................. ... ... 411
10.2.3 Principal coordinate system........................ 417
10.3 Axial stresses and strains...........c.ooiiiiiiiiiiiin.. 425
10.3.1 Neutral axis and line of curvature .................. 434
104 EXCTCISES o wwvswswssons s swonsnsss s s o s s s ass o bm s oms s s s s 440
Flexure and Torsion of Beams ............................ 443
11.1 Shear stresses in beam flexure . ........................... 444
11.1.1 Shear flow — Grashof’s formula. . .................... 445
11.1.2 Shear stress on cross-section ....................... 449
11.2 Thin-walled cross-sections in shear........................ 455
1020, Shear CeMBEY, « s w e s ssuenos s s e o o6 s s & v & 462
11.2.2 Shear Hesibility . « o« oo awimnm e amin w5 o s s o s 465

11.3 Torsion of circular cylinders. . ............oiviiiinenennnn. 467



Contents xi

11.4 General homogeneous torsion of beams .. .................. 472
11.4.1 The Prandtl stress function . ....................... 475

11.5 Torsion of thin-walled beams............................. 480
11.5.1 Open Sections . .. ..ottt 480

11.5:20 Single-cell SeCHIGTHS s wwm w i muge s »8wwn® 5 o5 5% wEm #9358 484

11.5.3 Multi-cell sections . ...........ccvviuiiererenenen... 490

11.6 EXErciSes .. ... 493
BRICTETOIICES . .. o » 65 15 50 11 S 5 ok 0 38 5 o s o0 s s 065 618 Bl 9085 B B R S0 20 50 499



