Contents

Preface 10 the Third EdItION ........ooouiiiiieiieiieeeceeeeeeeee et e et e e e e e e e eeeeeeeeeeeseeaeeseeneeeasneeeenes xiii

PART A FUNDAMENTALS OF STRUCTURAL ANALYSIS

Section A1

CHAPTER 1
1.1
1.2
1.3
1.4
1:5
1.6
1.7
1.8
1.9
1.10
1.1
1.12
1.13
1.14
1.15
1.16

CHAPTER 2
2:1
22
2.3
24
25
2.6

Elasticity
7 T oY P T T 5
LTI . s s s s assmesimenmns s smssmass o s mamms b e s o R R A R A P RS S S 5
Notation for fOrces and SIIESSES.......cceiiririreriereeiereeieeee ettt ete e eseseeeseaes 7
Eqiiations :of @quili iMoo 9
PIane: SIEES e & s timmtins s s ST ysvvesmesseia s Bt i Fes s G V0 o Sy By 11
Boundary CONAItIONS. ......ccoevuirieeieierieeeecieee ettt er e seaeeneens 11
Determination of stresses on inclined planes...........c.coceeerirerenienenenienieneecneneenes 12
PHINCIPAL SEHESECS wsunemsssssnmmsssmeunsisssninsmsssesss s imsssassess s s s e o s s 15
MORI’S CITCIE Of SIIESS ..cueiiiiiiiiiiiiiie et 17
S TRl et T o S e o T R T T e oot S e e e ST 22
Compatibility SQUAtIONS s o mmmmsesimis o mssisiiammimesstassrisrsms 25
LT o 1 T T — 26
Determination of strains on inclined planes..........ccccevuveceerieeceeecieeneesieecieece s 2]
PrinCipal StrAINS ..cc..ooieriiiiieieeeeeeeee ettt a e erneene e ennens 29
Mohi’s €irele: Of SITAIN s ssssmssiimimenis s assnsonssnssmsnms soaseansnss smrens 30
Stress—strain: telAtioNShIPS nuwsseosmmnsusmisumsnssmmmsrss s 30
Experimental measurement of surface Straifns........co.occoereeerieereeinieensenieeneenenes 37
RIETETEINCE. .. - o nmn e emnannssommnones smnasssmaussmssn e eomsnss skmsssnans sras s s saksstomasansnsshas asanss sesvamwsnsses 43
AddIIoNal TEANINE soscsmuscssminmsns i omim i firssinsssonsamensansrasrusssssassmssmassssss sossasniseses 43
2] 03 L5 1 43
Two-dimensional problems in elastiCity ........cceveeceerrereerrrssererrrereeseeeeresanneeaas 47
Two-dimensional Problems..........c.cceoeuioiriiiriiiiniiiineee e 47
SITESS TUNCUIONS: cuursusisssssisssssassssansin sissssntsossssssmmsnssnussmss ssmmssanessmes arsssmasssnsssmsassassonssens 49
Inivetse: and SemiI-inverse: MEthOUS . ...couummmmnmmsanenimsms s s 50
St. VENant's PHnCIPIE....couramumusumssmmarmssmmssesis s s i p e e eoss 56
DISPLACEIIBIES ...c.ovussmversesssmasmccsssimssmsmssonsvssssissesvrisssssmssesssswstssisrmtonervsrssss s seessssss 57
Bending of an end-loaded cantileVer...........ccooevieviriiinineseeeeeeeeeee e 58
RUCTOTCTNCE  svasumormmasmsvnsis ns osmssoms s chms T s R SRR SR 0 AA M SR S0 30 AR5 A P A 63
PrODICTIS. ...ttt et 63

vii



viii Contents

CHAPTER 3
3.1
3.2
3.3
34

Section A2

CHAPTER 4
4.1
4.2
4.3

CHAPTER 5
5.1
5.2

5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11

CHAPTER 6
6.1
6.2
6.3
6.4
6.5
6.6

Torsion of Solid SECHONS.........cccurcerercee e 69
Prandtl stress function SOIULION...........euevrueuieieciereeeceeeeececee e, 69
St. Venant warping function SOIUtION. .........vucveveviecuvceceeeeeeeeeeeeee e, 81
The membrane analogy ............cceeioeeieenruerniieeeeieice e, 82
Torsion of a Narrow rectangular StHP........c.o.eeeeuievivieeeceeeeeeeeeeeeeee e eeseeeena 84
IRCIETETIEES o5 concruminsosiss srosebnmsicsasnssininmems ssswsss i smmynsersivmsss 07wt EoE e AR SRR AR EES 86
E57aTod <o L O 87
Virtual work, energy, and matrix methods .............cceeun..... 89
Virtual work and energy methods ..........cccoceueurercememrercssseessesc e s sssssssseeens 91
WWIOTKC v smissmmsussusonssasssnmssss ot ssnossis s snessonins sint shmmmasafnson Samesamasmsss sesnssmsvehessvmssnsessssss 91
Principle of Virtual WOTK ........c.ooeoioiiiiiictiecceeeeeeeeeeeeeee e, 92
Applications of the principle of virtual WOTK ..........ococooooveviioieeeeeeeeeeeeen 106
R G O O Elumssuasmeanisissnssusnscsnt sbnmarsedrpasmmnasn sadasss orsssussisionssovass s sty sy sstssasRsas N ERRRES 117
24 £u] o] =12 1 NN S 118
ENErgy MEthodS .........coieeeercrcceeter e s s eeme e sme s e e sme s e e s 123
Strain energy and cOmMplementary energy ...........o.cocveueeeeeeeeeeeeeeeereeeeseesesesennns 123
Principle of the stationary value of the total complementary
BIICEEY svronnmmssvnsmenmossonsena i russss ot sons s s s H s sns e s sy s s v SR YT S 125
Application to deflection Problems ...........coceueuiueuiueeiuieieeeieeeeeeeeeee e 126
Application to the solution of statically indeterminate systems........................... 135
Unit 10ad MEthOd...........cocoiiiiiiiiiceeeecec et 152
FlexiBility TETNOd csmarmssmsmimisnmsmssmmnsensasmsis s aioreorsesmokisssssuesassssssss s 155
Total potential €nergy .........ccooveveereomrierereeeeeeeeeeeeeeen, VO — 160
Principle of the stationary value of the total potential energy............................. 161
Principle of SUPEIPOSILION ....c.c.evrveieirieiiiicececeeceeceee e 164
RECIPHOGAL TNEOTCIIN sisussmmmmumssssinsimsnisssiainmmssasmnissmannsssisessboasnssessemessssians resussinsses 164
Temperature effECtS..........ccevieriieiniririeeec e 168
133537 o T 171
PUTTREE FOAAMID i ciskns i aiastsmisnspns ssrnsomomns s simsvms esssswsses rssmas s sss oveAspas R e 171
PEOBIETIS vussessunmunsssnssmousmossissssmammssssssseass siinnssnsndbnsontiss ormmes oves sssssss onsssinessss sesmsnsssss 17l
BT MBI oo e OISR RS s 183
N EAIOD, o s msomcxiimmmmmemmmsmimosminswessssspnssymsses Sy T SR R T S SRS 184
Stiffness matrix for an elastic SPriNG........coeueveveiveurrrueeieeeeceeeeeeee et ee s 185
Stiffness matrix for two elastic springs in lin€ .............c.oovoveeeeeeueeereeereeeerennnn, 186
Matrix analysis of pin-jointed frameworks .............cocoovoveveveveveeeeeeeeeeeeeeeeeenn, 189
Application to statically indeterminate frameworks ..............cccoeveveueveereeeennnn, 196

Matrix analysis of SPACe [TAMES ......cvveveueverereeieieeeeceeceeeeeee e 196



Contents ix

6.7 Stiffness matrix for a uniform bBEAM ...........c.eveviuiieieveeeieeieeeece e 198

6.8 Finite element method for continuuM SITUCIUTES .......cvcuevevevererieeiereieeeeeereseeeeeaees 205

RETCTOICE S isucunssviisnmsammmmursemmssho s snssssss s s s e R R T S S SR R HT A 223

FUrther reading.........cccooveieiiiiiieecee ettt 223

PODI OIS icsiisseiimiuninsmmmnmnssnssimssss sassammsansentssonme s mnsssms Ha3Arsnmsnsin AR AR SSRGS SRR 223

Section A3  Thin plate theory........cccureriecvcceiiiiccccccere e 231
CHAPTER 7 Bending of thin Plates..........cceeeeeeereeeccissssssssssessssessssssssssssssssssssssssssssssssanas 233
7.1 Pure bending of thin PIALES ........coevrvevrieeereieiereeereieteee e snas 233

7.2 Plates subjected to bending and tWISHING .......cccveeeveieeeiereeeeeeeeeeee e 236

7.3 Plates subjected to a distributed transverse 10ad ...........cooovvveveveeeveverceceeeeereeenne. 240

7.4 Combined bending and in-plane loading of a thin rectangular plate................... 250

7.5 Bending of thin plates having a small initial curvature .............ccoeeveveuerevenennne. 254

7.6 Energy method for the bending of thin plates...........ccceeeuerrverereereeisiereeeeinnes 255

FUIher reading......c..ocviiiiiiiiiiiee et sbe e 263

PEODIEINS  cussnenssssssssssaronss sasssmns sseiinssusasensrssnsassnsssans s ssnsnssssanshss smsssssossasosssnasi sesssnssn 263

Section A4 Structural instability............ccccoerririiiiiiieee 267
CHAPTER 8  COIUMNS ...t e earaese s e seasa s s s s ssssasssess s asssssssensssssssssensanans 269
8.1 Euler buckling of COIUMNS.........ceoveuieietiieteietieeteeee ettt aens 269

8.2 Inelastic: BUCKING wus s st sy s i o v s iasneias 275

8.3 Effect of initial IMPerfections...........ccviuierierereieierirerereieseeieee e sasnaes 280

8.4 Stability of beams under transverse and axial 10ads .............cccooveveveveveeereeeeenenne. 283

8.5 Energy method for the calculation of buckling loads in columns....................... 286

8.6 Flexural—torsional buckling of thin-walled columns ..............ccccoveveurvereeerenrnnne. 290

REICTENCES m et By el o o Boen e momn nnn o B o B o 302

PROBIEIIS, ..o encnmeiiesssomeunsamsammesetioems saesss vorswissvesissse ik i e s b s sssn i 302

CHAPTER 9  THin PIates....ccimcesnuscsasmenssrassassansassossanensesassssnsssessesssassssessnsasessmnsasassssmsasase 311
9.1 Buckling of thin Plates.: ummissmmiimmmsinmsminmaitsmommmsmmmassnsssssssnssnssonrsssssssaen 311

9.2 Inelastic buckling Of PIALES ..........c.cveuiieuereeiieceeieeeteeceee et eneeea 314

9.3 Experimental determination of the critical load for a flat plate .......................... 316

9.4 L0Cal INSIADIIILY ...c.ceeeeeieieieceeeeieieteteteese et s s s e nen s 316

9.5 Instability of stiffened Panels ...........coeeeevereeviueiereieeeieeeeecteeeeee e 317

9.6 Failure stress in plates and stiffened panels..............ocooeeeerrererereeeeeeerirerereeenennes 319

9.7 Tension field DEAMS ........coeuiuiiirieirieeceeeeeteece e 323

RETETEIICES ...ttt ettt ettt 339

PO IS oovvamusimmsmassismimms simins s 656 56065 padnesaamionss At s AR5 SRR A4S 088 S0 RSB AR A 340



X Contents

PART B ANALYSIS OF AIRCRAFT STRUCTURES

Section B1 Principles of stressed skin construction

CHAPTER 10 Materials ........cceeureureeurereearenescaseessesssessseessessssssssssssessssssssssensessesssesnssnses 349
10,1 ATUDYDUN. BIOFS ..oscvunrsascrsmrssarssnssismsmnsssasnisansnsosssnsassvmsvasemesssrsssoss sossmensenesssssessasyassss 349

10,2 BIEEL v i b s e e 351

103 THEANIUMN ..ottt e e e e s e enses 352

1014 PLASHCS ..ottt sttt es s e e e eeeenesen 353

10,5 1GIASS somrmssmnissmiomsis fotismbmmmmsssnsssssssess b sy samomesiismes D00

10.6 COMPOSILE MAETIALS .....vecveieceececeeecteeee ettt e e e s eee e e enenesas 353

10.7 Properties Of MALEITALS ..........vveveeeiruereieiceceeeeeceeeee e eese e 355
CHAPTER 11 Structural components of QirCraft ............oceeeeemememeereseerresesesmssssnsessssessssssens 373
11.1 Loads on Structural COMPONENLS .........c.ov.vueueieceieeeeeeeeseeeeeeeeeseeeees e ee e eeeeeeees 373

11.2 Function of Structural COMPONENLS ..........eveveveereeereieceeeieeese oo eeeeenees 375

11.3 Fabrication of structural COMPONENLS ............c.viveeeeeeeeeeeeeeeeeeeeeeeeeeeseeseeeereeeerenns 380

114 CONTECHONS srssusesssussismuminirmsisssisssiisenisonsinnnsinainsinsavmsssinsssnsss s srras sssolnmrasssssmrssssasass 385

R CTETIOE somssvssnmeonsesoussunsamsssmsnss e es oA RSN SR A3 oo smensin s mrsies s s ssokoms 391

PrOBIEMS. ... 391

Section B2 Airworthiness and airframe loads

CHAPTER 12 AirwOrthiness ........cccueeeseueureuseseseseessesssssessesssssssssssssesssssssssssssssssssessssnssnees 397
12.1 Factors of safety-flight €nVElOPE .........cc.cveviurucveieeceeeeeeeceeeeee e 397

12.2 Load factor determination...............c.ocoeveveveuemeeeeeueeeseeeeeeennn A P S — 399
REfEIENCE.......viiiiiiitciii e 402

PTODICINIS. ... ccnv s onsroivusmommsnsnmessnmns sononswscnsvasessssassvssssssss g sexsssss sisasss sons sosssesis epsassssass 402

CHAPTER 13 AIrframe 10adS.........ccceueeereeurecseearsessesssessssesssssesssssssssssssssssssssssessessnesnssnses 403
13.1 Aircraft inertia 10adS ......oc.cueueuecirieiieeieieeeeecceeee e 403

13.2 Symmetric Maneuver 10AAS . .......ccouevvrueuiieieeeeeeeeeecese e eeees 409

13.3 Normal accelerations associated with various types of maneuver....................... 414

1314 GUSE L0AAS ..ottt eeeen 418
REFEIENCES .....eiiiiiiinsinisiesecasasseseassssssasesssnsssastssisssuassinssessosssssssnsessassssntssssnsasnis 426

DO D IS 5 s ol U S A S SR 426

CHAPTER 14 FatigUe........c.ceueeeeceeeceesesssessesnsesesesesesasesasasesssasnsesmsmsnsasasassasasasasesneeas 433
14.1 Safe life and fail-safe SITUCIUTES ........vevveeeceeeeececeeeeeeeeeeeee e 433

14.2 Designing against FAZUE..............ovv...ovveeeeeeeeeeeeeeeeeeeseeeoseseeseesseeeseesseeesesseeesseees 434

14.3 Fatigue strength of COMPONENLS.........cccevevereecuererreererieensesenssstsssesesesseesssserseseseaees 435

14.4 Prediction of aircraft fatigue 1ife .........cooeveiruevieeeceeeieeeeeeeeeeeeeeeee e 441



Contents xi
14.5 Crack PrOPaAZation ...........ocoiueveeiureierecececeeeeeeeeeee e eeeneseeae 447
REFETEIICES ...ttt ettt ettt ettt en e 454
FUMHET FOAAINE csssmssnninminmng i sissmsmsnmmmmmmammsrnmessasssnssarasasimsoneasrasasssmsnsmmmansasnan 454
PEOBIGINS s 0vmmmmss cnvsnspmmns svessmons messas st s s sma e i i TR P eSS S S SHR R 454
Section B3 Bending, shear and torsion of thin-walled beams
CHAPTER 15 Bending of open and closed, thin-walled beams..........cccoceeeeeeerrmreeeeeeeeessnnns 459
15.1 Symmetrical Bending..........ccoeoieueuriiieiiiieeieieieeecse e 460
15.2 Unsymmetrical Bending ........cccoovovveiuiueuererieeececeieieeeeesceeeseseeeeseeesese e 468
15.3 Deflections due to BENAING ............c.eueueveueveueeeeeeeeeeeeeeeeeeeeeeee e 475
15.4 Calculation of SECtION PrOPEILIES ......cvevvueveveirieerieiececeeeeeeeee e neneeas 490
15.5 Applicability of bending theOry ........cccceueviueuereveeeieieeeeeeeeeeeeeeeeeeeee e 499
15.6 Temperature effECtS.........coovueueuiuiuiueierereee et 499
REFETBIICE. ... s vensersnss rsassassosassnnsrssnensansamanenssinkmss onsessmmss sassesi s snsenss vrsmsesss someomsaversesans 503
P T DO covusussnasssnss susmmss s s aiR 48,435 s imsss s nmsamasararssEARs RemARRRERS RS SRS RS RERSRA SRR OSSR 503
CHAPTER 16 SHear of DEAMS .........ccoeuueurecureureearessesssscssesssssssessssssessssssssssssssssssssssssaces 513
16.1 General stress, strain, and displacement relationships for open and
single-cell closed section thin-walled beams ...........cccooeveiereeeiciciceeiceeeeeeee. 513
16.2 Shear of Open SECtiON BEAMS .......c.c.evevevevereeeeeeeeeee et Sl
16.3 Sheat of i¢losed SEEtion: BEAMS: s s st sssmss 526
ReCithcei e sl 2 p . camapmas e el e e e 535
PTODICINS. ...ttt ettt 535
CHAPTER 17 Torsion of BEAMS .........ccvucureusueurerareresssssssssssesssssssssssessssesssassssssansassases 545
17.1 Torsion of closed SECtion DEAMS ...........c.cveveucererueeereeeeeecececeeseeeeeeeeeeeee et 545
17.2 Torsion of Open SECioN DEAMS .........c.eveiiiruruereiiecieeeeeee e 555
REFEIENCE. ...ttt et eas 561
P HODIEIIIS s s s i mion samsomnasis s smee v oo b s e e o e s s e 561
CHAPTER 18 Combined open and closed SECtiON DEAMS........cccvvemeermeeememeereemsesesesesasanans 569
181 BeNAINg...eecueiiicieieiieee ettt 569
18.2 SREAT ..ottt 571
18.3 TOISION ....vuiueiteticeetee ettt s e en e 574
PrODIEINS s 551 cmisucis cobsiisisasnsmmmrassasnnssnsnsars rsassmsmns rasnssnamsnssansssomsssmssremmsness sres o anasans 579
CHAPTER 19 Structural idealization ...............cceeeeereeecusseecsreessssssessssessssssssssssssssssssssas 581
19:1] PROCIPIS 2. omst e 5t it oo e e e B B B B B o e o 581
19.2 Idealization Of @ PANEL........ccoviueueiieiieiiieeeieeee e 582
19.3 Effect of idealization on the analysis of open and closed section beams ........... 584
19.4 Deflection of open and closed Section beams.............ccoeveueeeeeeeemeeeeereeeereeeeeeean 596

Problems, e vmrssmmmmenmmsisemsmvsssnsssimsssys sy s s s e P s 599



Xii Contents

Section B4 Stress analysis of aircraft components

CHAPTER 20 Wing spars and DOX DEAMS ........ccccucurereemsecsssssnseesesessesessesssesesssesessssneens 607
20.1 TaPEred WINE SPAT.......oeeeeeeeeeeeereeecee e e s seeeeeeeeeseeeeseseeeeeseeesesessas 607

20.2 Open and closed SECHON DEAMS...........c.c.eueuieieieieieieeeeeeeeeereeee e e e e eeee e 611

20.3 Beams having variable SIrNZer ar€as...........cooeevevivvreeeieeeeeeeereeeeereeeeeeesseseeeens 616

RETETENCE. ...t 621

 PHODEIS 0 o5 it senssonsissmesmassvesmmmesnamns s s e R S RSB RS 621

CHAPTER 27 FUSEIAZES........eeeeececeeeeecacscasaesessessssseseeesesessasssesesesessssasesesessasasassssseesssnsens 625
211 BENING ... eeeeeee e ee e eeee e ee e eeeesee e eeeesee oo 625

21,2 SREAT ...ttt ettt et et et eeeenn 627

21,3 TOTSION ettt ettt eee ettt ettt ee et enes e s s et eees s et seeaeeeeeeeeees 629

21.4 Cut-0ULS IN FUSEIAZES ...vevereeeiieceeeei ettt eeeeen 631

PODICINS  oxus ssvmsnusnanssmnvssussmpionsmmmonssnissssss i So5aiaais assnodshorssmssamn s m oo ssmsmnsss smess 636

CHAPTER 22 WINES ......eeeeeeeeecececscacscscscscssssssesssesssesesessesneessasasssasannsassasasassssssssasasans 639
22.1 Three-boom SHEll.........cooiiuiuiueiiiieieieiceceeee e eee e eee e 639

22.2 BENIINE ccoisicisimnisormimmsamsmssansmssiseaissfs s s piserss isasssrere sy St srssspass sz 640

P R 0 e S 641

22,4 SHEAT ..o s e eeee oo 646

P T o i 11 653

22.6 TAPErEd WINES ..cuceveeeeceeereiiecieseeee ettt sesaee s ee st e s e eeeees s neeseeens 653

22T DIBEICCUONS s.nsssssnnsssmsnssissns sissmsviss isnmsissnans snnsss ussais borasdssnessrmss susss nessivae cedscnsvms fosons 656

22.8 CUL-OULS TN WINZS «.vvuemieeiiaierieeeiee ettt es s s s eees e eeeeeeeas 657
REFETENCE. ... een e, 665

PTOBIBIIG, 1. e costiniisicnimsangnsmesisasonastumsiomssns sawssssesiss wos s ss eymsmss e S Fas s SRS 665

CHAPTER 23 Fuselage frames and Wing MBS ..........cuevecurueeucuruecesesssssessssessecsseesssesessesenee 673
23.1 Principles of stiffener/web CONSIIUCIION .............c.ooveveueeeeeeeeeeeeeeeeeee e 673

23.2 FUSEIAZE fTAMES ....vvvveeteeeecececeeeeeeeeeeee ettt enaen e 678

233 WHILE THDE . rsmmconcrsmnns srvisenesnsmmsromsussensons wonsemmmens semtan senssss sss s pusssssssssssss seessaan s somsussess 679
Pioblems.cusmmeansmnms e T B A AR S S A e A S Sy 683

CHAPTER 24 Laminated cOMPOSIte SLIUCHUES .......c.crvevecucerenssrerecsseessssssessssssesssssssssssnes 685
24.1 Elastic constants of a simple 1aming .........c..co.oooveueeiveieeeeieeeeeeeeeeeeeeeeeeeeeeeeae 685

24.2 Stress—strain relationships for an orthotropic ply (macro approach) ................... 691

A3 T ATTIOATES 5ias swmsmsnsisimnssishssinesiniassmliosss fsocesssisi S ons s s ogmos ey RS 700

24.4 Thin-walled COMPOSIE DEAMS ........ververeieiereeeceeeeeeeeeeeeeeeeee s seeseesaes 716
RETCTENOEE v s emrssmsssssssmsensswsmmssmessusenssumssss s soussssasssvn o S s ¥ Fev s sy R o ms s s 729

PHOBLEINS. s tussessssuassssmsssponpsvrmssescasssmeerss veysssisss 10 o s o s T Lo 729



