DESIGN OF
MODERN STEEL
RAILIWAY
Foin BHIDGES 118

mk———ﬂi‘.u.« i

CRC Press

Taylor & Francis Group




Contents

Preface . ... ..o Xiii
Acknowledgments .......... .. XVvii
e e e = Bl e o e s e e e ) s Sl et s s XiX
Chapter 1 History and Development of Steel Railway Bridges ............... 1
Ll IntrodUCTION: ¢ s « 5 suemen s smmsn » & swws 5 5 simes 5 £ sapiss ¥ £ £ 5 1

1.2 Iron Railway Bridges .........ccoooviiiiiiiiiin ... 2

1.2.1  CastIron ConstruCtion..............oooeveeeeiinn... 2

12,2  Wiought Iron- CONSTUCHOMN s » = s 5 wossuss 5 5 8

1.3 Steel Railway Bridges .........c..cccoviiiiiiiiiiiiiiiine... 23

1.4 Development of Railway Bridge Engineering ............... 32

1.4.1  Strength of Materials and Structural Mechanics ... 32

1.4.2  Railway Bridge Design Specifications.............. 34

1.43  Modern Steel Railway Bridge Design .............. 36

R T E S 36

Chapter 2 Steel for Modern Railway Bridges ..., 39
2:1  InTroduction: : sucsms s s samsms +5 caminns s & aemag & 5 nans & § Shauie 4 5o 39

2.2 Engineering Properties of Steel.......................... 39

D2 STENEU e oo s v srossprs s s sosvsimss = 5 ssageonts & ssem & 2 s 39

2:220  DUCHIEY s 5 s s 4 3 s s s 5 somena § 3 5506505 5 580005 § 50 41

2.2.3  Fracture Resistance ...............oovviiiiiiiiinnnan, 41

224  Weldability ... 43

2.2.5 Weather ReSISTANCE o - s sumirns v sswmms 1 v somsnss s » 5395 43

2.3 Types of Structural Steel ..., 47

2.3.1 Carbon Steels .......cooooiiiiiiiiiiiii 47

2.3.2  High-Strength Low-Alloy Steels .................... 47

2.3.3  Heat-Treated Low-Alloy Steels ..................... 48

2.34  High-Performance Steels ............................ 48

2.4 Structural Steel for Railway Bridges ...............covveen 49

2.4.1  Material Properties...........ccooovviiiieiinineeinn.. 49

2.4.2  Structural Steels Specified for Railway Bridges.... 50

RCTCTCIICCS U NS T, 50

vii



viii Contents
Chapter 3  Planning and Preliminary Design of Modern Railway Bridges.... 53
3.1 Inroduction. ... 53
3.2 Planning of Railway Bridges ... 54
3.2.1 Bridge Crossing ECONOMICS ...civevvivisnssvmsnveess 54
3.2.2  Railroad Operating Requirements................... 55
3.2.3  Site Conditions (Public and Technical
Requirements of Bridge Crossings)................. 56
3.2.3.1 Regulatory Requirements ............... 56
3.2.3.2  Hydrology and Hydraulics of the
Bridge Crossing: : c:.u.s:ssoiss s satimions s 56
3.2.3.3  Highway, Railway, and Marine
Clearances..........ooooeeiiiiiiiio. 64
3.2.34  Geotechnical Conditions ................ 65
324  Geometry of the Track and Bridge .................. 66
324.1 Horizontal Geometry of the Bridge .. ... 66
3.2.4.2  Vertical Geometry of the Bridge ........ 74
3.3  Preliminary Design of Steel Railway Bridges ............... /4
3.3.1  Bridge ACSthCHCS: vui: « siwsnivs vacnain : sxmensn s s . }
3.3.2  Steel Railway Bridge Superstructures ........ ai A0
3.3.2.1  Bridge Decks for Steel Railway
BAAEES .o « e v s susmmns » sspsms
3322  Bridge Framing Details.................. 80
3.3.23  Bridge Bearings..................... .80
3.3.3  Bridge Stability ...
3.34 Pedestrian Walkways . .c.ooosmmmaessvmammes o )
3.35 General Design Criteria: o : cummns s s suwnnzsvos 83
3.3.6  Fabrication Considerations .......................... 83
3.3.7  Erection Considerations ................ccoooiieno... 85
3.3.8  Detailed Design of the Bridge ....................... 85
RETEreNCES . on e 85
Chapter 4 Loads and Forces on Steel Railway Bridges .................... ;
4.1  IntroduCHON.cuse: sosvsns s sammns s aasmiss sameats s somumss s nssns -
42 DeadLoads ...
4.3 Railway Live Loads ... 58
4.3.1  Static Freight Train Live Load ................... 89
4.3.2  Dynamic Freight Train Live Load ............. 92
43.2.1 Rocking and Vertical Dynamic
Forces ..o 92
4.3.2.2  Longitudinal Forces Due to Traction
and. BraKing: ...cqn < svmor. : sumsnes s vanms 107
4.3.23  Centrifugal Forces ....................... 115
4324  Lateral Forces from Freight
EQUIPIMEN. « sucenss vossies 3 e « nomsmes 18
4.3.3 Distribution of LiVe Lioadcqw: : sevsns : ssmemss s v sarms o 119



+ Contents

Chapter 5

ix
4.3.3.1  Distribution of Live Load for Open
Deck Steel Bridges ...................... 119
4.3.3.2  Distribution of Live Load for Ballasted
Deck Steel Bridges ...................... 119
4.4  Other Steel Railway Bridge Design Loads................... 122
4.4.1  Wind Forces on Steel Railway Bridges ............. 123
4.4.2  Lateral Vibration Loads on Steel Railway
LB S e o e e e A e e el 127
4.4.3  Forces from the CWR on Steel Railway Bridges... 128
4.4.3.1  Safe Rail Separation Criteria . -<........ 130
4.4.3.2  Safe Stress in the CWR to Preclude
BUCKIING v ¢ s s s & 5 s 5 ¢ 131
4.43.3  Acceptable Relative Displacement
between Rail-to-Deck and
Deck-to-Span ..., 132
4434  Design for the CWR on Steel Railway
BIIAFES s s 5 smmmmos 1+ v ¢ 5 s 5 5 omme 139
4.4.4  Seismic Forces on Steel Railway Bridges .......... 139
4.4.4.1  Equivalent Static Lateral Force ......... 139
4.4.4.2  Response Spectrum Analysis of Steel
Railway Superstructures................. 140
4.4.5 Loads Relating to Overall Stability of the
SUPETSHUCTULES:. : . . 5 ciisis : ¢ 555055 5 5 s0mivimn = sorsrsmini o« ssninin 143
4.45.1 DerailmentLoad ......................... 143
4.4.5.2  Other Loads for Overall Lateral
STABTIEY e « s s svaspes 3 vasms + ¢ s 144
4.4.6 Pedestrian Loads . cocee s susmmnss vaminns v osminins s s sinn 144
4.47  Load and Force Combinations for Design of Steel
Railway Superstructures....................ooooo... 144
References .........oooiiiiiiiiiii 145
Structural Analysis and Design of Steel Railway Bridges.......... 149
S8 INroduCtion. .. ...o.ueeitti i 149
5.2 Structural Analysis of Steel Railway Superstructures ....... 150
5.2.1  Live Load Analysis of Steel Railway
SUPETSITUCTUTES s 5 + s s 5 sthisinss 5 5 55055 5 ¥ Finssiorsis & asnse 150

5.2.1.1  Maximum Shear Force and Bending
Moment Due to Moving Concentrated
Loads on Simply Supported Spans ..... 151
5.2.1.2  Influence Lines for Maximum Effects
of Moving Loads on Statically
Determinate Superstructures ............ 162
5.2.1.3  Equivalent Uniform Loads for
Maximum Shear Force and Bending
Moment in Simply Supported Spans ... 182



Chapter 6

Chapter 7

Contents

5.2.1.4  Maximum Shear Force and Bending
Moment in Simply Supported Spans

from Equations and Tables .............. 192
5.2.1.5  Modern Structural Analysis ............. 192
5.2.2  Lateral Load Analysis of Steel Railway

SUPEISITUCIUTES « .o v vvvvtieettt et eeeeeeeeeaaeeeenn.. 193
5.2.2.1  Lateral Bracing Systems................. 193
5.3 Structural Design of Steel Railway Superstructures......... 206
5.3.1  Steel Railway Superstructure Failure ............... 207
5.3.2  Steel Railway Superstructure Design ............... 208
53.2.1 Strength Design ..., 208
5.3.2.2  Serviceability Design.................... 210

5.3.23  Other Design Criteria for Steel Railway
Bridges s s s o s s nonns s § s s 8 paias ¥ 224
References ..o 225
Design of Axial Force Steel Members............................. 227
6.1 Introduction.............ooiiiiiiiiiiiiii 227
6.2 Axial Tension Members............ooooooiiii 227
6.2.1  Strength of Axial Tension Members ................ 227

6215 Net Area, A, of Tension Members ..... 228
6.2.1.2  Effective Net Area, A., of Tension

Members ... 230
6.2.2  Fatigue Strength of Axial Tension Members ....... 232
6.2.3  Serviceability of Axial Tension Members .......... 234
6.2.4  Design of Axial Tension Members for Steel

Railway Bridges ........ooooooiiiiiiiiiii 238
6.3 Axial Compression Members ..........ooooiiiiiiiiii 240
6.3.1  Strength of Axial Compression Members .......... 240
6.3:1.1 Elastic Compression Members.......... 240
6.3.1.2  Inelastic Compression Members........ 246
6.3.1.3  Yielding of Compression Members ..... 251

6.3.14  Compression Member Design in Steel
e Railway Superstructures................. 251

6.3.2  Serviceability of Axial Compression Members .... 252
6.3.3  Axial Compression Members in Steel Railway

Bridges «.oovvviei 253

6.3.3.1 Buckling Strength of Built-up
Compression Members .................. 254
RETETENGCES: sommwins 5 & v 3 sammus 4 5 o 5 5 Sussinn § SOESES ¥ Sepmm + 3 sasiens 272
Design of Flexural Steel Members ................................ 213
i1l ICOAUCHON s « 5 s s 5 smavmis ¥ 5 i & o & § Suivmess 5 § 5150 213

7.2 Strength Design of Noncomposite Flexural Members ...... 273



.Contents

Chapter 8

xi

7.2.1  Bending of Laterally Supported Beams

and Girders ... 273
7.2.2  Bending of Laterally Unsupported Beams and
GIEACES < 7555 s 25w i 5 it St ins R G inin msmimmini 1o 275
7.2.3  Shearing of Beams and Girders ..................... 280
7.2.4  Biaxial Bending of Beams and Girders ............. 282
7.2.5  Preliminary Design of Beams and Girders ......... 282
4:2:60  Plate Girder DESION « s sonwsns vsmvann s summnes 2 ssmsess 55 283
7.2.6.1 Main Girder Elements ................... 284
7.2.6.2  Secondary Girder Elements ....75:.:.... 299
T:25° Box/GIrderDesIBN : i i ccounit v omiini « sociniin « snsmmamn s 5o 303
7.2.7.1 Steel Box Girders ................ccoonn 303
7.2.1.2  Steel-Concrete Composite Box
Girders ......ooovvviiiiiiiiiiii 303
7.3 Serviceability Design of Noncomposite
Flexutal MemMBers . « « suns s « sosmee s s o s 5 sosies 5 ¢ svamas s 5 303
7.4  Strength Design of Steel and Concrete Composite
Flexural Members ..., 311
7.4.1  Flexure in Composite Steel and Concrete Spans ... 313
7.4.2  Shearing of Composite Beams and Girders ........ 316
7:4.2.1  'Web Plate!Shear. . .ouce: « swwnss snvnmess s 316
7.4.2.2  Shear Connection between Steel and
(6101 163 1 (O 316
7.5  Serviceability Design of Composite Flexural Members..... 318
REFETENCES 5 : siisiss & 5miniss si3imeninse s soimssninis wimisiiaibinis o Srfieimiete smisiasmsmsne 328
Design of Steel Members for Combined Forces ................. 331
B.1 INMOAUGHON .« ; :cominss i 5dunns s btimmmsinn domsrasicies « smmirminie o mommesinin = = 331
82 BiaxialBending ... 331
8.3  Unsymmetrical Bending (Combined Bending and
TOESTION): <. ciuins 5 2 4085 5 wimpms ot o  miessinsese o R iesbis e rdhmsmsmiose o wiminsaseiain o o 333
8.4  Combined Axial Forces and Bending of Members .......... 346
8.4.1  Axial Tension and Uniaxial Bending ............... 346
8.4.2  Axial Compression and Uniaxial Bending.......... 347
8.4.2.1  Differential Equation for Axial
Compression and Bending on a Simply
Supported Beam ... 348
8.4.2.2  Interaction Equations for Axial
Compression and Uniaxial Bending .... 353
8.4.3  Axial Compression and Biaxial Bending ........... 356
8.4.4 AREMA Recommendations for Combined Axial
Compression and Biaxial Bending .................. 356
8.5 Combined Bending and Shear of Plates...................... 357

REFETBIIEES ...« 15,5005t & msininirsnie & simimmmiminis wisieircsiniaie s-miemsieiaisin eais pissopen sisinsersimers o 357



xii Contents
Chapter 9  Design of Connections for Steel Members........................ 359
9.1 Introduction..........ooiiii i 359
9.2 Welded Connections ..........ooiiiiiiiniiiiiiiannn 360
9.2.1 Welding Processes for Steel Railway Bridges...... 361
9.2.1:1 Shielded Metal Arc Welding ............ 361
9.2.1.2  Submerged Arc Welding................. 362
9.2.1.3  Flux Cored Arc Welding................. 362
9.2.14  SwdWelding............ooooiiiiii 362
9.2.1.5  Welding Electrodes ...................... 362
9.2:2  Weld Types. .uu::sawnns ssvinns s somns s e smaians s s s sms 362
9.2.2.1 Groove Welds ..., 363
9222  FilletWelds ..., 363
923 JOINt TYPES « oo 365
9.24 Welded Joint DESIEN .. : covins s ssmns s samsnns  samsen 366
9.24.1  Allowable Weld Stresses ................ 366
9.2.42  Fatigue Strength of Welds ............... 367
9.243  Weld Line Properties ... : s sewwss s swvan 367
9.2.44  Direct Axial Loads on Welded
ConNECctionsS ... 369
9.24.5  Eccentrically Loaded Welded

ConNNections ..o 371
9.3 Bolted CONNECUONS ouvis : ssimmiss < sxsmins s suiweisis & s s wswms 379
9.3.1  Bolting Processes for Steel Railway Bridges ....... 379
9.3.1.1 Snug-Tight Bolt Installation............. 379
9.3.1.2  Pretensioned Bolt Installation........... 380
932  BOItTYypes..ooiiiiiiiiiii e 381
9.3.2.1 Comitnon Steel BOIS ..o . vammmes ¢ somas 381
9.3.2.2  High-Strength Steel Bolts ............... 381
933 JoIintTypes «oooiiiiiii 381
9.3.4  Bolted Joint Design ... 382
9.34.1  Allowable Bolt Stresses ................. 382

9.3.4.2  Axially Loaded Members with Bolts in
Shear ........ooovviiiiiiiiii 392

9.3.43  Eccentrically Loaded Connections with
S Bolts in Shear and Tension .............. 400
TREFCICICES ..o 420
DRN@X ¢ a5 isis i s i s s om0 5 4 9 0 5 s 08055 8 85 40 0K &8 T 8 8088 610 15 B4 3 i 2 8 421



