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6.6.1.3.2—Lateral Connection Plates 
6.6.1.3.3—Orthotropic Decks 

6.6.2—Fracture 
6.7—GENERAL DIMENSION AND DETAIL REQUIREMENTS 

6.7.1—Effective Length of Span 
6.7.2—Dead Load Camber 
6.7.3—Minimum Thickness of Steel 
6.7.4—Diaphragms and Cross-Frames 

6.7.4.1—General 
6.7.4.2—I-Section Members 
6.7.4.3—Box Section Members 
6.7.4.4—Trusses and Arches 

6.7.5—Lateral Bracing 
6.7.5.1—General 
6.7.5.2—I-Section Members 
6.7.5.3—Tub Section Members 
6.7.5.4—Trusses 

6.7.6—Pins 
6.7.6.1—Location 
6.7.6.2—Resistance 

6.7.6.2.1—Combined Flexure and Shear 
6.7.6.2.2—Bearing 

6.7.6.3—Minimum Size Pin for Eyebars 
6.7.6.4—Pins and Pin Nuts 

6.7.7—Heat-Curved Rolled Beams and Welded Plate Girders 
6.7.7.1—Scope 
6.7.7.2—Minimum Radius of Curvature 
6.7.7.3—Camber 

6.8—TENSION MEMBERS 
6.8.1—General 
6.8.2—Tensile Resistance 

6.8.2.1—General 
6.8.2.2—Reduction Factor, U 
6.8.2.3—Combined Tension and Flexure 

6.8.3—Net Area 
6.8.4—Limiting Slenderness Ratio 
6.8.5—Builtup Members 

6.8.5.1—General 
6.8.5.2—Perforated Plates 

6.8.6—Eyebars 
6.8.6.1—Factored Resistance 
6.8.6.2—Proportions 
6.8.6.3—Packing 

6.8.7—Pin-Connected Plates 
6.8.7.1—General 
6.8.7.2—Pin Plates 
6.8.7.3—Proportions 
6.8.7.4—Packing 

6.9—COMPRESSION MEMBERS 
6.9.1—General 
6.9.2—Compressive Resistance 

6.9.2.1—Axial Compression 
6.9.2.2—Combined Axial Compression and Flexure 

6.9.3—Limiting Slenderness Ratio 
6.9.4—Noncomposite Members 

6.9.4.1—Nominal Compressive Resistance 
 6.9.4.1.1—General 
 6.9.4.1.2—Elastic Flexural Buckling Resistance 
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 6.9.4.1.3—Elastic Torsional Buckling and Flexural-Torsional Buckling Resistance 
6.9.4.2—Nonslender and Slender Member Elements 

 6.9.4.2.1—Nonslender Member Elements 
6.9.4.3—Builtup Members 

6.9.4.3.1—General 
6.9.4.3.2—Perforated Plates 

6.9.5—Composite Members 
6.9.5.1—Nominal Compressive Resistance 
6.9.5.2—Limitations 

6.9.5.2.1—General 
6.9.5.2.2—Concrete-Filled Tubes 
6.9.5.2.3—Concrete-Encased Shapes 

6.10—I-SECTION FLEXURAL MEMBERS 
6.10.1—General 

6.10.1.1—Composite Sections 
6.10.1.1.1—Stresses 

6.10.1.1.1a—Sequence of Loading 
6.10.1.1.1b—Stresses for Sections in Positive Flexure 
6.10.1.1.1c—Stresses for Sections in Negative Flexure 
6.10.1.1.1d—Concrete Deck Stresses 
6.10.1.1.1e—Effective Width of Concrete Deck 

6.10.1.2—Noncomposite Sections 
6.10.1.3—Hybrid Sections 
6.10.1.4—Variable Web Depth Members 
6.10.1.5—Stiffness 
6.10.1.6—Flange Stresses and Member Bending Moments 
6.10.1.7—Minimum Negative Flexure Concrete Deck Reinforcement 
6.10.1.8—Net Section Fracture 
6.10.1.9—Web Bend-Buckling Resistance 

6.10.1.9.1—Webs without Longitudinal Stiffeners 
6.10.1.9.2—Webs with Longitudinal Stiffeners 

6.10.1.10—Flange-Strength Reduction Factors 
6.10.1.10.1—Hybrid Factor, Rh 
6.10.1.10.2—Web Load-Shedding Factor, Rb 

6.10.2—Cross-Section Proportion Limits 
6.10.2.1—Web Proportions 

6.10.2.1.1—Webs without Longitudinal Stiffeners 
6.10.2.1.2—Webs with Longitudinal Stiffeners 

6.10.2.2 Flange Proportions 
6.10.3—Constructibility 

6.10.3.1—General 
6.10.3.2—Flexure 

6.10.3.2.1—Discretely Braced Flanges in Compression 
6.10.3.2.2—Discretely Braced Flanges in Tension 
6.10.3.2.3 Continuously Braced Flanges in Tension or Compression 
6.10.3.2.4 Concrete Deck 

6.10.3.3—Shear 
6.10.3.4—Deck Placement 
6.10.3.5—Dead Load Deflections 

6.10.4—Service Limit State 
6.10.4.1—Elastic Deformations 
6.10.4.2—Permanent Deformations 

6.10.4.2.1—General 
6.10.4.2.2—Flexure 

6.10.5—Fatigue and Fracture Limit State 
6.10.5.1—Fatigue 
6.10.5.2—Fracture 
6.10.5.3—Special Fatigue Requirement for Webs 

6.10.6—Strength Limit State 
6.10.6.1—General 
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6.10.6.2—Flexure 
6.10.6.2.1—General 
6.10.6.2.2—Composite Sections in Positive Flexure 
6.10.6.2.3—Composite Sections in Negative Flexure and Noncomposite Sections 

6.10.6.3—Shear 
6.10.6.4—Shear Connectors 

6.10.7—Flexural Resistance—Composite Sections in Positive Flexure 
6.10.7.1—Compact Sections 

6.10.7.1.1—General 
6.10.7.1.2—Nominal Flexural Resistance 

6.10.7.2—Noncompact Sections 
6.10.7.2.1—General 
6.10.7.2.2—Nominal Flexural Resistance 

6.10.7.3—Ductility Requirement 
6.10.8— Flexural Resistance—Composite Sections in Negative Flexure and Noncomposite Sections 

6.10.8.1—General 
6.10.8.1.1 Discretely Braced Flanges in Compression 
6.10.8.1.2—Discretely Braced Flanges in Tension 
6.10.8.1.3—Continuously Braced Flanges in Tension or Compression 

6.10.8.2 Compression-Flange Flexural Resistance 
6.10.8.2.1—General 
6.10.8.2.2—Local Buckling Resistance 
6.10.8.2.3—Lateral Torsional Buckling Resistance 

6.10.8.3—Tension-Flange Flexural Resistance 
6.10.9—Shear Resistance 

6.10.9.1 General 
6.10.9.2 Nominal Resistance of Unstiffened Webs 
6.10.9.3 Nominal Resistance of Stiffened Webs 

6.10.9.3.1 General 
6.10.9.3.2—Interior Panels 
6.10.9.3.3—End Panels 

6.10.10 Shear Connectors 
6.10.10.1—General 

6.10.10.1.1 Types 
6.10.10.1.2—Pitch 
6.10.10.1.3—Transverse Spacing 
6.10.10.1.4—Cover and Penetration 

6.10.10.2—Fatigue Resistance 
6.10.10.3—Special Requirements for Points of Permanent Load Contraflexure 
6.10.10.4—Strength Limit State 

6.10.10.4.1—General 
6.10.10.4.2—Nominal Shear Force 
6.10.10.4.3—Nominal Shear Resistance 

6.10.11 Stiffeners 
6.10.11.1—Transverse Stiffeners 

6.10.11.1.1—General 
6.10.11.1.2—Projecting Width 
6.10.11.1.3—Moment of Inertia 

6.10.11.2—Bearing Stiffeners 
6.10.11.2.1—General 
6.10.11.2.2—Projecting Width 
6.10.11.2.3—Bearing Resistance 
6.10.11.2.4—Axial Resistance of Bearing Stiffeners 

6.10.11.2.4a—General 
6.10.11.2.4b—Effective Section 

6.10.11.3—Longitudinal Stiffeners 
6.10.11.3.1—General 
6.10.11.3.2—Projecting Width 
6.10.11.3.3—Moment of Inertia and Radius of Gyration 
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6.10.12—Cover Plates 
6.10.12.1—General 
6.10.12.2—End Requirements 

6.10.12.2.1—General 
6.10.12.2.2—Welded Ends 
6.10.12.2.3—Bolted Ends 

6.11—BOX-SECTION FLEXURAL MEMBERS 
6.11.1—General 

6.11.1.1—Stress Determinations 
6.11.1.2—Bearings 
6.11.1.3—Flange-to-Web Connections 
6.11.1.4—Access and Drainage 

6.11.2—Cross-Section Proportion Limits 
6.11.2.1—Web Proportions 

6.11.2.1.1—General 
6.11.2.1.2—Webs without Longitudinal Stiffeners 
6.11.2.1.3—Webs with Longitudinal Stiffeners 

6.11.2.2—Flange Proportions 
6.11.2.3—Special Restrictions on Use of Live Load Distribution Factor for Multiple Box Sections 

6.11.3—Constructibility 
6.11.3.1—General 
6.11.3.2—Flexure 
6.11.3.3—Shear 

6.11.4—Service Limit State 
6.11.5—Fatigue and Fracture Limit State 
6.11.6—Strength Limit State 

6.11.6.1—General 
6.11.6.2—Flexure 

6.11.6.2.1—General 
6.11.6.2.2—Sections in Positive Flexure 
6.11.6.2.3—Sections in Negative Flexure 

6.11.6.3—Shear 
6.11.6.4—Shear Connectors 

6.11.7—Flexural Resistance—Sections in Positive Flexure 
6.11.7.1—Compact Sections 

6.11.7.1.1—General 
6.11.7.1.2—Nominal Flexural Resistance 

6.11.7.2—Noncompact Sections 
6.11.7.2.1—General 
6.11.7.2.2—Nominal Flexural Resistance 

6.11.8—Flexural Resistance—Sections in Negative Flexure 
6.11.8.1—General 

6.11.8.1.1—Box Flanges in Compression 
6.11.8.1.2—Continuously Braced Flanges in Tension 

6.11.8.2—Flexural Resistance of Box Flanges in Compression 
6.11.8.2.1—General 
6.11.8.2.2 Unstiffened Flanges 
6.11.8.2.3—Longitudinally Stiffened Flanges 

6.11.8.3—Tension-Flange Flexural Resistance 
6.11.9—Shear Resistance 
6.11.10—Shear Connectors 
6.11.11—Stiffeners 

6.11.11.1—Web Stiffeners 
6.11.11.2—Longitudinal Compression-Flange Stiffeners 

6.12—MISCELLANEOUS FLEXURAL MEMBERS 
6.12.1—General 

6.12.1.1—Scope 
6.12.1.2—Strength Limit State 

6.12.1.2.1—Flexure 
6.12.1.2.2—Combined Flexure and Axial Load 
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6.12.1.2.3—Shear 
  6.12.1.2.3a—General 

6.12.1.2.3b—Square and Rectangular HSS 
6.12.1.2.3c—Circular Tubes 

6.12.2—Nominal Flexural Resistance 
6.12.2.1—General 
6.12.2.2—Noncomposite Members 

6.12.2.2.1—I- and H-Shaped Members 
6.12.2.2.2—Box-Shaped Members 
6.12.2.2.3—Circular Tubes 
6.12.2.2.4—Tees and Double Angles 
6.12.2.2.5—Channels 
6.12.2.2.6—Single Angles 
6.12.2.2.7—Rectangular Bars and Solid Rounds 

6.12.2.3—Composite Members 
6.12.2.3.1—Concrete-Encased Shapes 
6.12.2.3.2—Concrete-Filled Tubes 

6.12.3—Nominal Shear Resistance of Composite Members 
6.12.3.1—Concrete-Encased Shapes 
6.12.3.2—Concrete-Filled Tubes 

6.12.3.2.1—Rectangular Tubes 
6.12.3.2.2—Circular Tubes 

6.13—CONNECTIONS AND SPLICES 
6.13.1—General 
6.13.2—Bolted Connections 

6.13.2.1—General 
6.13.2.1.1—Slip-Critical Connections 
6.13.2.1.2—Bearing-Type Connections 

6.13.2.2—Factored Resistance 
6.13.2.3—Bolts, Nuts, and Washers 

6.13.2.3.1—Bolts and Nuts 
6.13.2.3.2—Washers 

6.13.2.4—Holes 
6.13.2.4.1—Type 

6.13.2.4.1a—General 
6.13.2.4.1b—Oversize Holes 
6.13.2.4.1c—Short-Slotted Holes 
6.13.2.4.1d—Long-Slotted Holes 

6.13.2.4.2—Size 
6.13.2.5—Size of Bolts 
6.13.2.6—Spacing of Bolts 

6.13.2.6.1—Minimum Spacing and Clear Distance 
6.13.2.6.2—Maximum Spacing for Sealing Bolts 
6.13.2.6.3—Maximum Pitch for Stitch Bolts 
6.13.2.6.4—Maximum Pitch for Stitch Bolts at the End of Compression Members 
6.13.2.6.5—End Distance 
6.13.2.6.6—Edge Distances 

6.13.2.7—Shear Resistance 
6.13.2.8—Slip Resistance 
6.13.2.9—Bearing Resistance at Bolt Holes 
6.13.2.10—Tensile Resistance 

6.13.2.10.1—General 
6.13.2.10.2—Nominal Tensile Resistance 
6.13.2.10.3—Fatigue Resistance 
6.13.2.10.4—Prying Action 

6.13.2.11—Combined Tension and Shear 
6.13.2.12—Shear Resistance of Anchor Bolts 

6.13.3—Welded Connections 
6.13.3.1—General 
6.13.3.2—Factored Resistance 

© 2010 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



6.13.3.2.1—General 
6.13.3.2.2—Complete Penetration Groove-Welded Connections 

6.13.3.2.2a—Tension and Compression 
6.13.3.2.2b—Shear 

6.13.3.2.3—Partial Penetration Groove-Welded Connections 
6.13.3.2.3a—Tension or Compression 
6.13.3.2.3b—Shear 

6.13.3.2.4—Fillet-Welded Connections 
6.13.3.2.4a—Tension and Compression 
6.13.3.2.4b—Shear 

6.13.3.3—Effective Area 
6.13.3.4—Size of Fillet Welds 
6.13.3.5—Minimum Effective Length of Fillet Welds 
6.13.3.6—Fillet Weld End Returns 
6.13.3.7—Seal Welds 

6.13.4—Block Shear Rupture Resistance 
6.13.5—Connection Elements 

6.13.5.1—General 
6.13.5.2—Tension 
6.13.5.3—Shear 

6.13.6—Splices 
6.13.6.1—Bolted Splices 

6.13.6.1.1—General 
6.13.6.1.2—Tension Members 
6.13.6.1.3—Compression Members 
6.13.6.1.4—Flexural Members 

6.13.6.1.4a—General 
6.13.6.1.4b—Web Splices 
6.13.6.1.4c—Flange Splices 

6.13.6.1.5—Fillers 
6.13.6.2—Welded Splices 

6.13.7—Rigid Frame Connections 
6.13.7.1—General 
6.13.7.2—Webs 

6.14—PROVISIONS FOR STRUCTURE TYPES 
6.14.1—Through-Girder Spans 
6.14.2—Trusses 

6.14.2.1—General 
6.14.2.2—Truss Members 
6.14.2.3—Secondary Stresses 
6.14.2.4—Diaphragms 
6.14.2.5—Camber 
6.14.2.6—Working Lines and Gravity Axes 
6.14.2.7—Portal and Sway Bracing 

6.14.2.7.1—General 
6.14.2.7.2—Through-Truss Spans 
6.14.2.7.3—Deck Truss Spans 

6.14.2.8—Gusset Plates 
6.14.2.9—Half Through-Trusses 
6.14.2.10—Factored Resistance 

6.14.3—Orthotropic Deck Superstructures 
6.14.3.1—General 
6.14.3.2—Effective Width of Deck 
6.14.3.3—Superposition of Global and Local Effects 

6.14.3.3.1—General 
6.14.3.3.2—Decks in Global Tension 
6.14.3.3.3—Decks in Global Compression 

6.14.3.4—Transverse Flexure 
6.14.3.5—Diaphragms 

6.14.4—Solid Web Arches 
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6.14.4.1—Moment Amplification for Deflection 
6.14.4.2—Web Slenderness 
6.14.4.3—Flange Stability 

6.15—PILES 
6.15.1—General 
6.15.2—Structural Resistance 
6.15.3—Compressive Resistance 

6.15.3.1—Axial Compression 
6.15.3.2—Combined Axial Compression and Flexure 
6.15.3.3—Buckling 

6.15.4—Maximum Permissible Driving Stresses 
6.16—REFERENCES 
 
APPENDIX A6—FLEXURAL RESISTANCE OF STRAIGHT COMPOSITE I-SECTIONS IN NEGATIVE FLEXURE AND 
STRAIGHT NONCOMPOSITE I-SECTIONS—WITH COMPACT OR NONCOMPACT WEBS 
A6.1—GENERAL 

A6.1.1 Sections with Discretely Braced Compression Flanges 
A6.1.2 Sections with Discretely Braced Tension Flanges 
A6.1.3 Sections with Continuously Braced Compression Flanges 
A6.1.4 Sections with Continuously Braced Tension Flanges 

A6.2—WEB PLASTIFICATION FACTORS 
A6.2.1—Compact Web Sections 
A6.2.2—Noncompact Web Sections 

A6.3—FLEXURAL RESISTANCE BASED ON THE COMPRESSION FLANGE 
A6.3.1—General 
A6.3.2—Local Buckling Resistance 
A6.3.3—Lateral Torsional Buckling Resistance 

A6.4—FLEXURAL RESISTANCE BASED ON TENSION FLANGE YIELDING 
 

APPENDIX B6—MOMENT REDISTRIBUTION FROM INTERIOR-PIER I-SECTIONS IN STRAIGHT CONTINUOUS-
SPAN BRIDGES 
B6.1—GENERAL 
B6.2—SCOPE 

B6.2.1—Web Proportions 
B6.2.2—Compression Flange Proportions 
B6.2.3—Section Transitions 
B6.2.4—Compression Flange Bracing 
B6.2.5—Shear 
B6.2.6—Bearing Stiffeners 

B6.3—SERVICE LIMIT STATE 
B6.3.1—General 
B6.3.2—Flexure 

B6.3.2.1—Adjacent to Interior-Pier Sections 
B6.3.2.2—At All Other Locations 

B6.3.3—Redistribution Moments 
B6.3.3.1—At Interior-Pier Sections 
B6.3.3.2—At All Other Locations 

B6.4—STRENGTH LIMIT STATE 
B6.4.1—Flexural Resistance 

B6.4.1.1—Adjacent to Interior-Pier Sections 
B6.4.1.2—At All Other Locations 

B6.4.2—Redistribution Moments 
B6.4.2.1—At Interior-Pier Sections 
B6.4.2.2—At All Other Sections 

B6.5—EFFECTIVE PLASTIC MOMENT 
B6.5.1—Interior-Pier Sections with Enhanced Moment-Rotation Characteristics 
B6.5.2—All Other Interior-Pier Sections 

B6.6—REFINED METHOD 
B6.6.1—General 
B6.6.2—Nominal Moment-Rotation Curves 
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APPENDIX C6—BASIC STEPS FOR STEEL BRIDGE SUPERSTRUCTURES 
C6.1—GENERAL 
C6.2—GENERAL CONSIDERATIONS 
C6.3—SUPERSTRUCTURE DESIGN 
C6.4—FLOWCHARTS FOR FLEXURAL DESIGN OF I-SECTIONS 

C6.4.1—Flowchart for LRFD Article 6.10.3 
C6.4.2—Flowchart for LRFD Article 6.10.4 
C6.4.3—Flowchart for LRFD Article 6.10.5 
C6.4.4—Flowchart for LRFD Article 6.10.6 
C6.4.5—Flowchart for LRFD Article 6.10.7 
C6.4.6—Flowchart for LRFD Article 6.10.8 
C6.4.7—Flowchart for Appendix A6 
C6.4.8—Flowchart for Article D6.4.1 
C6.4.9—Flowchart for Article D6.4.2 
C6.4.10—Moment Gradient Modifier, Cb (Sample Cases) 

 

APPENDIX D6—FUNDAMENTAL CALCULATIONS FOR FLEXURAL MEMBERS 
D6.1—PLASTIC MOMENT 
D6.2—YIELD MOMENT 

D6.2.1—Noncomposite Sections 
D6.2.2—Composite Sections in Positive Flexure 
D6.2.3 Composite Sections in Negative Flexure 
D6.2.4 Sections with Cover Plates 

D6.3—DEPTH OF THE WEB IN COMPRESSION 
D6.3.1—In the Elastic Range (Dc) 
D6.3.2—At Plastic Moment (Dcp) 

D6.4—LATERAL TORSIONAL BUCKLING EQUATIONS FOR CB > 1.0, WITH EMPHASIS ON UNBRACED LENGTH 
REQUIREMENTS FOR DEVELOPMENT OF THE MAXIMUM FLEXURAL RESISTANCE 

D6.4.1—By the Provisions of Article 6.10.8.2.3 
D6.4.2—By the Provisions of Article A6.3.3 

D6.5—CONCENTRATED LOADS APPLIED TO WEBS WITHOUT BEARING STIFFENERS 
D6.5.1—General 
D6.5.2—Web Local Yielding 
D6.5.3—Web Crippling 

 
 
SECTION 7: ALUMINUM STRUCTURES 
 

7.1—SCOPE 
7.2—DEFINITIONS 
7.3—NOTATION 
7.4—MATERIALS 

7.4.1—General 
7.4.2—Aluminum Sheet, Plate, and Shapes 

7.4.2.1—Extrusions and Mechanically Fastened Builtup Members 
7.4.2.2—Welded Builtup Members 

7.4.3—Material for Pins, Rollers, and Expansion Rockers 
7.4.4—Fasteners—Rivets and Bolts 
7.4.5—Weld Metal 
7.4.6—Aluminum Castings 
7.4.7—Aluminum Forgings 

7.5—LIMIT STATES 
7.5.1—Service Limit State 

7.5.1.1—Appearance of Buckling 
7.5.1.2—Effective Width for Calculation of Deflection of Thin Gage Sections 
7.5.1.3—Web Crippling 
7.5.1.4—Live Load Deflection 

7.5.2—Fatigue and Fracture Limit State 
7.5.3—Strength Limit State 
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7.5.4—Resistance Factors 
7.6—FATIGUE AND FRACTURE CONSIDERATIONS 

7.6.1—Fatigue 
7.6.1.1—General 
7.6.1.2—Load-Induced Fatigue 

7.6.1.2.1—Application 
7.6.1.2.2—Design Criteria 
7.6.1.2.3—Detail Categories 
7.6.1.2.4—Fatigue Resistance 

7.6.1.3—Distortion-Induced Fatigue 
7.6.1.3.1—Transverse Connection Plates 
7.6.1.3.2—Lateral Connection Plates 

7.6.2—Fracture 
7.7—DESIGN CONSIDERATIONS 

7.7.1—Dead Load Camber 
7.7.2—Welding Requirements 
7.7.3—Welding Procedures 
7.7.4—Nondestructive Testing 
7.7.5—Uplift and Slip of Deck Slabs 
7.7.6—Composite Sections 

7.8—GENERAL DIMENSION AND DETAIL REQUIREMENTS 
7.8.1—Effective Length of Span 
7.8.2—Slenderness Ratios for Tension and Compression Members 
7.8.3—Minimum Thickness of Aluminum 
7.8.4—Diaphragms and Cross-Frames 
7.8.5—Lateral Bracing 

7.8.5.1 General 
7.8.5.2—Through-Spans 

7.8.6—Pins and Pin-Connected Elements 
7.9—TENSION MEMBERS 

7.9.1—General 
7.9.2—Tensile Resistance 
7.9.3—Effective Area of Angle and T-Sections 
7.9.4—Net Area 

7.10—COMPRESSION MEMBERS 
7.10.1—General 
7.10.2—Compressive Resistance of Columns 
7.10.3—Compressive Resistance of Components of Columns—Outstanding Flanges and Legs 
7.10.4—Compressive Resistance of Components of Columns, Gross Section—Flat Plates with Both Edges Supported 

7.10.4.1—General 
7.10.4.2—Effect of Local Buckling of Elements on Column Strength 

7.10.5—Compressive Resistance of Components of Columns, Gross Section—Curved Plates Supported on Both Edges, 
Walls of Round, or Oval Tubes 

7.11—FLEXURAL MEMBERS 
7.11.1 Tensile Resistance of Flexural Member 

7.11.1.1 Net Section 
7.11.1.2—Tension in Extreme Fibers of Beams, Structural Shapes Bent about Strong Axis, Rectangular Tubes 
7.11.1.3—Tension in Extreme Fibers of Beams, Round, or Oval Tubes 
7.11.1.4—Tension in Extreme Fibers of Beams—Shapes Bent about Weak Axis, Rectangular Bars, Plates 

7.11.2—Compressive Resistance of Flexural Members 
7.11.2.1—Compression in Beams, Extreme Fiber, Gross Section, Single-Web Beams Bent about Strong Axis 
7.11.2.2—Compression in Beams, Extreme Fiber, Gross Section, Round or Oval Tubes 
7.11.2.3—Compression in Beams, Extreme Fiber, Gross Section, Solid Rectangular Beams 
7.11.2.4—Compression in Beams, Extreme Fiber, Gross Section, Rectangular Tubes, and Box Sections 

7.11.3—Compressive Resistance of Flexural Members Limited by Plate Slenderness 
7.11.3.1—General 
7.11.3.2—Compression in Components of Beams with Component under Uniform Compression, Gross Section, 
Outstanding Flanges 

7.11.3.2.1—General 
7.11.3.2.2—Effect of Local Buckling of Elements on Resistance 
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7.11.3.3—Compression in Components of Beams with Component under Uniform Compression, Gross Section, Flat 
Plates with Both Edges Supported 
7.11.3.4—Compression in Components of Beams—Curved Sections 
7.11.3.5—Compression in Components of Beams with Component under Bending in Own Plane, Gross Section, Flat 
Plates with Compression Edge Free, Tension Edge Supported 
7.11.3.6—Webs of Beams, Gross Section, Flat Plates with Both Edges Supported 
7.11.3.7—Webs of Beams with Longitudinal Stiffener, Both Edges Supported 

7.11.4—Shear Resistance 
7.11.4.1—Shear—Unstiffened Flat Webs 
7.11.4.2—Shear in Webs—Stiffened Flat Webs 

7.11.5—Design of Stiffeners 
7.11.5.1—Longitudinal Stiffeners for Webs 
7.11.5.2—Transverse Stiffeners for Shear in Webs 
7.11.5.3—Stiffeners For Outstanding Flanges 
7.11.5.4—Bearing Stiffeners 

7.12—TORSION 
7.12.1—General 
7.12.2—Compression Members Subjected to Torsion 

7.12.2.1—Members With Double-Axis Symmetry 
7.12.2.2—Members With Single-Axis Symmetry 

7.12.3—St. Venant Torsion 
7.12.3.1—Open Section 
7.12.3.2—Box Section 

7.12.4—Warping Torsion 
7.12.4.1 Open Sections 
7.12.4.2—Box Section 

7.13—COMBINED FORCE EFFECTS 
7.13.1—Combined Compression and Flexure 
7.13.2—Combined Shear, Compression, and Flexure 
7.13.3—Torsion and Shear in Tubes 
7.13.4—Combined Compression and Flexure—Webs 

7.14—CONNECTIONS AND SPLICES 
7.14.1—General 
7.14.2—Bolted Connections 

7.14.2.1—Bolts and Nuts 
7.14.2.2—Holes 
7.14.2.3—Size of Fasteners 
7.14.2.4—Spacing of Fasteners 

7.14.2.4.1—Minimum Pitch and Clear Distance 
7.14.2.4.2—Maximum Pitch for Sealing Fasteners 
7.14.2.4.3—Maximum Pitch for Stitch Fasteners 
7.14.2.4.4—Stitch Fasteners at the End of—Compression Members 
7.14.2.4.5—End and Edge Distances 

7.14.2.5—Shear Resistance of Fasteners 
7.14.2.6—Slip-Critical Connections 
7.14.2.7—Bearing Resistance at Fastener Holes 

7.14.2.7.1—General 
7.14.2.7.2—Bearing Resistance at Rivet and Bolt Holes 
7.14.2.7.3—Bearing on Flat Surfaces and Pins 

7.14.2.8—Tension 
7.14.3—Block Shear or End Rupture 
7.14.4—Splices 

7.14.4.1—General 
7.14.4.2—Tension Members 
7.14.4.3—Compression Members 
7.14.4.4—Flexural Members 
7.14.4.5—Welding 

7.15—PROVISIONS FOR STRUCTURE TYPES 
7.15.1—Floor System 
7.15.2—Lateral Bracing 

© 2010 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



7.15.3—Beam and Girder Framing 
7.15.4—Trusses 

7.15.4.1—General 
7.15.4.2—Portal and Sway Bracing 

7.15.5—Arches 
7.16—REFERENCES 
 
 
SECTION 8: WOOD STRUCTURES 
 

8.1—SCOPE 
8.2—DEFINITIONS 
8.3—NOTATION 
8.4—MATERIALS 

8.4.1—Wood Products 
8.4.1.1—Sawn Lumber 

8.4.1.1.1—General 
8.4.1.1.2—Dimensions 
8.4.1.1.3—Moisture Content 
8.4.1.1.4—Reference Design Values 

8.4.1.2—Structural Glued Laminated Timber (Glulam) 
8.4.1.2.1—General 
8.4.1.2.2—Dimensions 
8.4.1.2.3 Reference Design Values 

8.4.1.3—Tension-Reinforced Glulams 
8.4.1.3.1—General 
8.4.1.3.2—Dimensions 
8.4.1.3.3—Fatigue 
8.4.1.3.4—Reference Design Values for Tension-Reinforced Glulams 
8.4.1.3.5—Volume Effect 
8.4.1.3.6—Preservative Treatment 

8.4.1.4—Piles 
8.4.2—Metal Fasteners and Hardware 

8.4.2.1—General 
8.4.2.2—Minimum Requirements 

8.4.2.2.1—Fasteners 
8.4.2.2.2—Prestressing Bars 
8.4.2.2.3—Split Ring Connectors 
8.4.2.2.4—Shear Plate Connectors 
8.4.2.2.5—Nails and Spikes 
8.4.2.2.6—Drift Pins and Bolts 
8.4.2.2.7—Spike Grids 
8.4.2.2.8—Toothed Metal Plate Connectors 

8.4.2.3—Corrosion Protection 
8.4.2.3.1—Metallic Coating 
8.4.2.3.2—Alternative Coating 

8.4.3—Preservative Treatment 
8.4.3.1—Requirement for Treatment 
8.4.3.2—Treatment Chemicals 
8.4.3.3—Inspection and Marking 
8.4.3.4—Fire Retardant Treatment 

8.4.4—Adjustment Factors for Reference Design Values 
8.4.4.1—General 
8.4.4.2 Format Conversion Factor, CKF 
8.4.4.3 Wet Service Factor, CM 
8.4.4.4 Size Factor, CF, for Sawn Lumber 
8.4.4.5 Volume Factor, CV,—(Glulam) 

 8.4.4.6 Flat-Use Factor, Cfu 
 8.4.4.7 Incising Factor, Ci 
 8.4.4.8 Deck Factor, Cd 
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 8.4.4.9 Time Effect Factor, Cλ 
8.5—LIMIT STATES 

8.5.1—Service Limit State 
8.5.2—Strength Limit State 

8.5.2.1—General 
8.5.2.2—Resistance Factors 

 8.5.2.3—Stability 
8.5.3—Extreme Event Limit State 

8.6—COMPONENTS IN FLEXURE 
8.6.1—General 
8.6.2—Rectangular Section 
8.6.3—Circular Section 

8.7—COMPONENTS UNDER SHEAR 
8.8—COMPONENTS IN COMPRESSION 

8.8.1—General 
8.8.2—Compression Parallel to Grain 
8.8.3—Compression Perpendicular to Grain 

8.9—COMPONENTS IN TENSION PARALLEL TO GRAIN 
8.10—COMPONENTS IN COMBINED FLEXURE AND AXIAL LOADING 

8.10.1—Components in Combined Flexure and Tension 
8.10.2—Components in Combined Flexure and Compression Parallel to Grain 

8.11—BRACING REQUIREMENTS 
8.11.1—General 
8.11.2—Sawn Wood Beams 
8.11.3—Glued Laminated Timber Girders 
8.11.4—Bracing of Trusses 

8.12—CAMBER REQUIREMENTS 
8.12.1—Glued Laminated Timber Girders 
8.12.2—Trusses 
8.12.3—Stress Laminated Timber Deck Bridge 

8.13—CONNECTION DESIGN 
8.14—REFERENCES 
 
 
SECTION 9: DECKS AND DECK SYSTEMS 
 

9.1—SCOPE 
9.2—DEFINITIONS 
9.3—NOTATION 
9.4—GENERAL DESIGN REQUIREMENTS 

9.4.1—Interface Action 
9.4.2—Deck Drainage 
9.4.3—Concrete Appurtenances 
9.4.4—Edge Supports 
9.4.5—Stay-in-Place Formwork for Overhangs 

9.5—LIMIT STATES 
9.5.1—General 
9.5.2—Service Limit States 
9.5.3—Fatigue and Fracture Limit State 
9.5.4—Strength Limit States 
9.5.5—Extreme Event Limit States 

9.6—ANALYSIS 
9.6.1—Methods of Analysis 
9.6.2—Loading 

9.7—CONCRETE DECK SLABS 
9.7.1—General 

9.7.1.1—Minimum Depth and Cover 
9.7.1.2—Composite Action 
9.7.1.3—Skewed Decks 
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9.7.1.4—Edge Support 
9.7.1.5—Design of Cantilever Slabs 

9.7.2—Empirical Design 
9.7.2.1—General 
9.7.2.2—Application 
9.7.2.3—Effective Length 
9.7.2.4—Design Conditions 
9.7.2.5—Reinforcement Requirements 
9.7.2.6—Deck with Stay-in-Place Formwork 

9.7.3—Traditional Design 
9.7.3.1—General 
9.7.3.2—Distribution Reinforcement 

9.7.4—Stay-in-Place Formwork 
9.7.4.1—General 
9.7.4.2—Steel Formwork 
9.7.4.3—Concrete Formwork 

9.7.4.3.1—Depth 
9.7.4.3.2—Reinforcement 
9.7.4.3.3—Creep and Shrinkage Control 
9.7.4.3.4—Bedding of Panels 

9.7.5—Precast Deck Slabs on Girders 
9.7.5.1—General 
9.7.5.2—Transversely Joined Precast Decks 
9.7.5.3—Longitudinally Post-Tensioned Precast Decks 

9.7.6—Deck Slabs in Segmental Construction 
9.7.6.1—General 
9.7.6.2—Joints in Decks 

9.8—METAL DECKS 
9.8.1—General 
9.8.2—Metal Grid Decks 

9.8.2.1—General 
9.8.2.2—Open Grid Floors 
9.8.2.3—Filled and Partially Filled Grid Decks 

9.8.2.3.1—General 
9.8.2.3.2—Design Requirements 
9.8.2.3.3—Fatigue and Fracture Limit State 

9.8.2.4—Unfilled Grid Decks Composite with Reinforced Concrete Slabs 
9.8.2.4.1—General 
9.8.2.4.2—Design 
9.8.2.4.3—Fatigue Limit State 

9.8.3—Orthotropic Steel Decks 
9.8.3.1—General 
9.8.3.2—Wheel Load Distribution 
9.8.3.3—Wearing Surface 
9.8.3.4—Refined Analysis 
9.8.3.5—Approximate Analysis 

9.8.3.5.1—Effective Width 
9.8.3.5.2—Decks with Open Ribs 
9.8.3.5.3—Decks with Closed Ribs 

9.8.3.6—Design 
9.8.3.6.1—Superposition of Local and Global Effects 
9.8.3.6.2—Limit States 

9.8.3.7—Detailing Requirements 
9.8.3.7.1—Minimum Plate Thickness 
9.8.3.7.2—Closed Ribs 
9.8.3.7.3—Unauthorized Welding to Orthotropic Decks 
9.8.3.7.4—Deck and Rib Details 

9.8.4—Orthotropic Aluminum Decks 
9.8.4.1—General 
9.8.4.2—Approximate Analysis 

© 2010 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



9.8.4.3—Limit States 
9.8.5—Corrugated Metal Decks 

9.8.5.1—General 
9.8.5.2—Distribution of Wheel Loads 
9.8.5.3—Composite Action 

9.9—WOOD DECKS AND DECK SYSTEMS 
9.9.1—Scope 
9.9.2—General 
9.9.3—Design Requirements 

9.9.3.1—Load Distribution 
9.9.3.2—Shear Design 
9.9.3.3—Deformation 
9.9.3.4—Thermal Expansion 
9.9.3.5—Wearing Surfaces 
9.9.3.6—Skewed Decks 

9.9.4—Glued Laminated Decks 
9.9.4.1—General 
9.9.4.2—Deck Tie-Downs 
9.9.4.3—Interconnected Decks 

9.9.4.3.1—Panels Parallel to Traffic 
9.9.4.3.2—Panels Perpendicular to Traffic 

9.9.4.4—Noninterconnected Decks 
9.9.5—Stress Laminated Decks 

9.9.5.1—General 
9.9.5.2—Nailing 
9.9.5.3—Staggered Butt Joints 
9.9.5.4—Holes in Laminations 
9.9.5.5—Deck Tie-Downs 
9.9.5.6—Stressing 

9.9.5.6.1—Prestressing System 
9.9.5.6.2—Prestressing Materials 
9.9.5.6.3—Design Requirements 
9.9.5.6.4—Corrosion Protection 
9.9.5.6.5—Railings 

9.9.6—Spike Laminated Decks 
9.9.6.1—General 
9.9.6.2—Deck Tie-Downs 
9.9.6.3—Panel Decks 

9.9.7—Plank Decks 
9.9.7.1—General 
9.9.7.2—Deck Tie-Downs 

9.9.8—Wearing Surfaces for Wood Decks 
9.9.8.1—General 
9.9.8.2—Plant Mix Asphalt 
9.9.8.3—Chip Seal 

9.10—REFERENCES 
 
 
SECTION 10: FOUNDATIONS 
 

10.1—SCOPE 
10.2—DEFINITIONS 
10.3—NOTATION 
10.4—SOIL AND ROCK PROPERTIES 

10.4.1—Informational Needs 
10.4.2—Subsurface Exploration 
10.4.3—Laboratory Tests 

10.4.3.1—Soil Tests 
10.4.3.2—Rock Tests 

10.4.4—In-Situ Tests 
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10.4.5—Geophysical Tests 
10.4.6—Selection of Design Properties 

10.4.6.1—General 
10.4.6.2—Soil Strength 

10.4.6.2.1—General 
10.4.6.2.2—Undrained Strength of Cohesive Soils 
10.4.6.2.3—Drained Strength of Cohesive Soils 
10.4.6.2.4—Drained Strength of Granular Soils 

10.4.6.3—Soil Deformation 
10.4.6.4—Rock Mass Strength 
10.4.6.5—Rock Mass Deformation 
10.4.6.6—Erodibility of Rock 

10.5 LIMIT STATES AND RESISTANCE FACTORS 
10.5.1—General 
10.5.2—Service Limit States 

10.5.2.1—General 
10.5.2.2—Tolerable Movements and Movement Criteria 
10.5.2.3—Overall Stability 
10.5.2.4—Abutment Transitions 

10.5.3—Strength Limit States 
10.5.3.1—General 
10.5.3.2—Spread Footings 
10.5.3.3—Driven Piles 
10.5.3.4—Drilled Shafts 
10.5.3.5—Micropiles 

10.5.4—Extreme Events Limit States 
10.5.4.1—Extreme Events Design 
10.5.4.2—Liquefaction Design Requirements 

10.5.5—Resistance Factors 
10.5.5.1—Service Limit States 
10.5.5.2—Strength Limit States 

10.5.5.2.1—General 
10.5.5.2.2—Spread Footings 
10.5.5.2.3—Driven Piles 
10.5.5.2.4—Drilled Shafts 
10.5.5.2.5—Micropiles 

10.5.5.3—Extreme Limit States 
10.5.5.3.1—General 
10.5.5.3.2—Scour 
10.5.5.3.3—Other Extreme Limit States 

10.6—SPREAD FOOTINGS 
10.6.1—General Considerations 

10.6.1.1—General 
10.6.1.2—Bearing Depth 
10.6.1.3—Effective Footing Dimensions 
10.6.1.4—Bearing Stress Distributions 
10.6.1.5—Anchorage of Inclined Footings 
10.6.1.6—Groundwater 
10.6.1.7—Uplift 
10.6.1.8—Nearby Structures 

10.6.2—Service Limit State Design 
10.6.2.1—General 
10.6.2.2—Tolerable Movements 
10.6.2.3—Loads 
10.6.2.4—Settlement Analyses 

10.6.2.4.1—General 
10.6.2.4.2—Settlement of Footings on Cohesionless Soils 
10.6.2.4.3—Settlement of Footings on Cohesive Soils 
10.6.2.4.4—Settlement of Footings on Rock 

10.6.2.5—Overall Stability 

© 2010 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



10.6.2.6—Bearing Resistance at the Service Limit State 
10.6.2.6.1—Presumptive Values for Bearing Resistance 
10.6.2.6.2—Semiempirical Procedures for Bearing Resistance 

10.6.3—Strength Limit State Design 
10.6.3.1—Bearing Resistance of Soil 

10.6.3.1.1—General 
10.6.3.1.2—Theoretical Estimation 

10.6.3.1.2a—Basic Formulation 
10.6.3.1.2b—Considerations for Punching Shear 
10.6.3.1.2c—Considerations for Footings on Slopes 
10.6.3.1.2d—Considerations for Two-Layer Soil Systems—Critical Depth 
10.6.3.1.2e—Two-Layered Soil System in Undrained Loading 
10.6.3.1.2f—Two-Layered Soil System in Drained Loading 

10.6.3.1.3—Semiempirical Procedures 
10.6.3.1.4—Plate Load Tests 

10.6.3.2—Bearing Resistance of Rock 
10.6.3.2.1—General 
10.6.3.2.2—Semiempirical Procedures 
10.6.3.2.3—Analytic Method 
10.6.3.2.4—Load Test 

10.6.3.3—Eccentric Load Limitations 
10.6.3.4—Failure by Sliding 

10.6.4—Extreme Event Limit State Design 
10.6.4.1—General 
10.6.4.2—Eccentric Load Limitations 

10.6.5—Structural Design 
10.7—DRIVEN PILES 

10.7.1—General 
10.7.1.1—Application 
10.7.1.2—Minimum Pile Spacing, Clearance, and Embedment into Cap 
10.7.1.3—Piles through Embankment Fill 
10.7.1.4—Batter Piles 
10.7.1.5—Pile Design Requirements 
10.7.1.6—Determination of Pile Loads 

10.7.1.6.1—General 
10.7.1.6.2—Downdrag 
10.7.1.6.3—Uplift Due to Expansive Soils 
10.7.1.6.4—Nearby Structures 

10.7.2—Service Limit State Design 
10.7.2.1—General 
10.7.2.2—Tolerable Movements 
10.7.2.3—Settlement 

10.7.2.3.1—Equivalent Footing Analogy 
10.7.2.3.2—Pile Groups in Cohesive Soil 

10.7.2.4—Horizontal Pile Foundation Movement 
10.7.2.5—Settlement Due to Downdrag 
10.7.2.6—Lateral Squeeze 

10.7.3—Strength Limit State Design 
10.7.3.1—General 
10.7.3.2—Point Bearing Piles on Rock 

10.7.3.2.1—General 
10.7.3.2.2—Piles Driven to Soft Rock 
10.7.3.2.3—Piles Driven to Hard Rock 

10.7.3.3—Pile Length Estimates for Contract Documents 
10.7.3.4—Nominal Axial Resistance Change after Pile Driving 

10.7.3.4.1—General 
10.7.3.4.2—Relaxation 
10.7.3.4.3—Setup 

10.7.3.5—Groundwater Effects and Buoyancy 
10.7.3.6—Scour 
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10.7.3.7—Downdrag 
10.7.3.8—Determination of Nominal Axial Pile Resistance in Compression 

10.7.3.8.1—General 
10.7.3.8.2—Static Load Test 
10.7.3.8.3—Dynamic Testing 
10.7.3.8.4—Wave Equation Analysis 
10.7.3.8.5—Dynamic Formula 
10.7.3.8.6—Static Analysis 

10.7.3.8.6a—General 
10.7.3.8.6b—α-Method 
10.7.3.8.6c—β-Method 
10.7.3.8.6d—λ-Method 
10.7.3.8.6e—Tip Resistance in Cohesive Soils 
10.7.3.8.6f—Nordlund/Thurman Method in Cohesionless Soils 
10.7.3.8.6g—Using SPT or CPT in Cohesionless Soils 

10.7.3.9—Resistance of Pile Groups in Compression 
10.7.3.10—Uplift Resistance of Single Piles 
10.7.3.11—Uplift Resistance of Pile Groups 
10.7.3.12—Nominal Horizontal Resistance of Pile Foundations 
10.7.3.13—Pile Structural Resistance 

10.7.3.13.1—Steel Piles 
10.7.3.13.2—Concrete Piles 
10.7.3.13.3—Timber Piles 
10.7.3.13.4—Buckling and Lateral Stability 

10.7.4—Extreme Event Limit State 
10.7.5—Corrosion and Deterioration 
10.7.6—Determination of Minimum Pile Penetration 
10.7.7 Determination of Rndr Used to Establish Contract Driving Criteria for Bearing 
10.7.8—Drivability Analysis 
10.7.9—Test Piles 

10.8—DRILLED SHAFTS 
10.8.1—General 

10.8.1.1—Scope 
10.8.1.2—Shaft Spacing, Clearance, and Embedment into Cap 
10.8.1.3—Shaft Diameter and Enlarged Bases 
10.8.1.4—Battered Shafts 
10.8.1.5—Drilled Shaft Resistance 
10.8.1.6—Determination of Shaft Loads 

10.8.1.6.1—General 
10.8.1.6.2—Downdrag 
10.8.1.6.3—Uplift 

10.8.2—Service Limit State Design 
10.8.2.1—Tolerable Movements 
10.8.2.2—Settlement 

10.8.2.2.1—General 
10.8.2.2.2—Settlement of Single-Drilled Shaft 
10.8.2.2.3—Intermediate Geo Materials (IGMs) 
10.8.2.2.4—Group Settlement 

10.8.2.3—Horizontal Movement of Shafts and Shaft Groups 
10.8.2.4—Settlement Due to Downdrag 
10.8.2.5—Lateral Squeeze 

10.8.3—Strength Limit State Design 
10.8.3.1—General 
10.8.3.2—Groundwater Table and Bouyancy 
10.8.3.3—Scour 
10.8.3.4—Downdrag 
10.8.3.5—Nominal Axial Compression Resistance of Single Drilled Shafts 

10.8.3.5.1—Estimation of Drilled Shaft Resistance in Cohesive Soils 
10.8.3.5.1a—General 
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10.8.3.5.1b—Side Resistance 
10.8.3.5.1c—Tip Resistance 

10.8.3.5.2—Estimation of Drilled Shaft Resistance in Cohesionless Soils 
10.8.3.5.2a—General 
10.8.3.5.2b—Side Resistance 
10.8.3.5.2c—Tip Resistance 

10.8.3.5.3—Shafts in Strong Soil Overlying Weaker Compressible Soil 
10.8.3.5.4—Estimation of Drilled Shaft Resistance in Rock 

10.8.3.5.4a—General 
10.8.3.5.4b—Side Resistance 
10.8.3.5.4c—Tip Resistance 
10.8.3.5.4d—Combined Side and Tip Resistance 

10.8.3.5.5—Estimation of Drilled Shaft Resistance in Intermediate Geo Materials (IGMs) 
10.8.3.5.6—Shaft Load Test 

10.8.3.6—Shaft Group Resistance 
10.8.3.6.1—General 
10.8.3.6.2—Cohesive Soil 
10.8.3.6.3—Cohesionless Soil 
10.8.3.6.4—Shaft Groups in Strong Soil Overlying Weak Soil 

10.8.3.7—Uplift Resistance 
10.8.3.7.1—General 
10.8.3.7.2—Uplift Resistance of Single Drilled Shaft 
10.8.3.7.3—Group Uplift Resistance 
10.8.3.7.4—Uplift Load Test 

10.8.3.8—Nominal Horizontal Resistance of Shaft and Shaft Groups 
10.8.3.9—Shaft Structural Resistance 

10.8.3.9.1—General 
10.8.3.9.2—Buckling and Lateral Stability 
10.8.3.9.3—Reinforcement 
10.8.3.9.4—Transverse Reinforcement 
10.8.3.9.5—Concrete 
10.8.3.9.6—Reinforcement into Superstructure 
10.8.3.9.7—Enlarged Bases 

10.8.4—Extreme Event Limit State 
10.9—MICROPILES 

10.9.1—General 
10.9.1.1—Scope 
10.9.1.2—Minimum Micropile Spacing, Clearance, and Embedment into Cap 
10.9.1.3—Micropiles through Embankment Fill 
10.9.1.4—Battered Micropiles 
10.9.1.5—Micropile Design Requirements 
10.9.1.6—Determination of Micropile Loads 

10.9.1.6.1—Downdrag 
10.9.1.6.2—Uplift Due to Expansive Soils 
10.9.1.6.3—Nearby Structures 

10.9.2—Service Limit State Design 
10.9.2.1—General 
10.9.2.2—Tolerable Movements 
10.9.2.3—Settlement 

10.9.2.3.1—Micropile Groups in Cohesive Soil 
10.9.2.3.2—Micropile Groups in Cohesionless Soil 

10.9.2.4—Horizontal Micropile Foundation Movement 
10.9.2.5—Settlement Due to Downdrag 
10.9.2.6—Lateral Squeeze 

10.9.3—Strength Limit State Design 
10.9.3.1—General 
10.9.3.2—Ground Water Table and Buoyancy 
10.9.3.3—Scour 
10.9.3.4—Downdrag 
10.9.3.5—Nominal Axial Compression Resistance of a Single Micropile 
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10.9.3.5.1—General 
10.9.3.5.2—Estimation of Grout-to-Ground Bond Resistance 
10.9.3.5.3—Estimation of Micropile Tip Resistance in Rock 
10.9.3.5.4—Micropile Load Test 

10.9.3.6—Resistance of Micropile Groups in Compression 
10.9.3.7—Nominal Uplift Resistance of a Single Micropile 
10.9.3.8—Nominal Uplift Resistance of Micropile Groups 
10.9.3.9—Nominal Horizontal Resistance of Micropiles and Micropile Groups 
10.9.3.10—Structural Resistance 

10.9.3.10.1—General 
10.9.3.10.2—Axial Compressive Resistance 

10.9.3.10.2a—Cased Length 
10.9.3.10.2b—Uncased Length 

10.9.3.10.3—Axial Tension Resistance 
10.9.3.10.3a—Cased Length 
10.9.3.10.3b—Uncased Length 

10.9.3.10.4—Plunge Length Transfer Load 
10.9.3.10.5—Grout-to-Steel Bond 
10.9.3.10.6—Buckling and Lateral Stability 
10.9.3.10.7—Reinforcement into Superstructure 

10.9.4—Extreme Event Limit State 
10.9.5—Corrosion and Deterioration 

10.10—REFERENCES 

 
APPENDIX A10—SEISMIC ANALYSIS AND DESIGN OF FOUNDATIONS 
A10.1—INVESTIGATION 
A10.2—FOUNDATION DESIGN 
A10.3—SPECIAL PILE REQUIREMENTS 
 
 
SECTION 11: ABUTMENTS, PIERS, AND WALLS 
 

11.1—SCOPE 
11.2—DEFINITIONS 
11.3—NOTATION 

11.3.1—General 
11.4—SOIL PROPERTIES AND MATERIALS 

11.4.1—General 
11.4.2—Determination of Soil Properties 

11.5—LIMIT STATES AND RESISTANCE FACTORS 
11.5.1—General 
11.5.2—Service Limit States 
11.5.3—Strength Limit State 
11.5.4—Resistance Requirement 
11.5.5—Load Combinations and Load Factors 
11.5.6—Resistance Factors 
11.5.7—Extreme Event Limit State 

11.6—ABUTMENTS AND CONVENTIONAL RETAINING WALLS 
11.6.1—General Considerations 

11.6.1.1—General 
11.6.1.2—Loading 
11.6.1.3—Integral Abutments 
11.6.1.4—Wingwalls 
11.6.1.5—Reinforcement 

11.6.1.5.1 Conventional Walls and Abutments 
11.6.1.5.2—Wingwalls 

11.6.1.6—Expansion and Contraction Joints 
11.6.2—Movement and Stability at the Service Limit State 

11.6.2.1—Abutments 
11.6.2.2—Conventional Retaining Walls 
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11.6.2.3—Overall Stability 
11.6.3—Bearing Resistance and Stability at the Strength Limit State 

11.6.3.1—General 
11.6.3.2—Bearing Resistance 
11.6.3.3—Overturning 
11.6.3.4—Subsurface Erosion 
11.6.3.5—Passive Resistance 
11.6.3.6—Sliding 

11.6.4—Safety against Structural Failure 
11.6.5—Seismic Design 
11.6.6—Drainage 

11.7—PIERS 
11.7.1—Load Effects in Piers 
11.7.2—Pier Protection 

11.7.2.1—Collision 
11.7.2.2—Collision Walls 
11.7.2.3—Scour 
11.7.2.4—Facing 

11.8—NONGRAVITY CANTILEVERED WALLS 
11.8.1—General 
11.8.2—Loading 
11.8.3—Movement and Stability at the Service Limit State 

11.8.3.1 Movement 
11.8.3.2 Overall Stability 

11.8.4—Safety against Soil Failure at the Strength Limit State 
11.8.4.1—Overall Stability 

11.8.5—Safety against Structural Failure 
11.8.5.1—Vertical Wall Elements 
11.8.5.2—Facing 

11.8.6—Seismic Design 
11.8.7—Corrosion Protection 
11.8.8—Drainage 

11.9—ANCHORED WALLS 
11.9.1—General 
11.9.2—Loading 
11.9.3—Movement and Stability at the Service Limit State 

11.9.3.1 Movement 
11.9.3.2 Overall Stability 

11.9.4—Safety against Soil Failure 
11.9.4.1—Bearing Resistance 
11.9.4.2—Anchor Pullout Capacity 
11.9.4.3—Passive Resistance 

11.9.5—Safety against Structural Failure 
11.9.5.1—Anchors 
11.9.5.2—Vertical Wall Elements 
11.9.5.3—Facing 

11.9.6—Seismic Design 
11.9.7—Corrosion Protection 
11.9.8—Construction and Installation 

11.9.8.1—Anchor Stressing and Testing 
11.9.9—Drainage 

11.10—MECHANICALLY STABILIZED EARTH WALLS 
11.10.1—General 
11.10.2—Structure Dimensions 

11.10.2.1—Minimum Length of Soil Reinforcement 
11.10.2.2—Minimum Front Face Embedment 
11.10.2.3—Facing 

11.10.2.3.1—Stiff or Rigid Concrete, Steel, and Timber Facings 
11.10.2.3.2—Flexible Wall Facings 
11.10.2.3.3—Corrosion Issues for MSE Facing 
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11.10.3—Loading 
11.10.4—Movement and Stability at the Service Limit State 

11.10.4.1—Settlement 
11.10.4.2—Lateral Displacement 
11.10.4.3—Overall Stability 

11.10.5—Safety against Soil Failure (External Stability) 
11.10.5.1 General 
11.10.5.2 Loading 
11.10.5.3—Sliding 
11.10.5.4—Bearing Resistance 
11.10.5.5—Overturning 

11.10.6—Safety against Structural Failure (Internal Stability) 
11.10.6.1—General 
11.10.6.2—Loading 

11.10.6.2.1—Maximum Reinforcement Loads 
11.10.6.2.2—Reinforcement Loads at Connection to Wall Face 

11.10.6.3—Reinforcement Pullout 
11.10.6.3.1—Boundary between Active and Resistant Zones 
11.10.6.3.2—Reinforcement Pullout Design 

11.10.6.4—Reinforcement Strength 
11.10.6.4.1 General 
11.10.6.4.2—Design Life Considerations 

11.10.6.4.2a—Steel Reinforcements 
11.10.6.4.2b—Geosynthetic Reinforcements 

11.10.6.4.3—Design Tensile Resistance 
11.10.6.4.3a—Steel Reinforcements 
11.10.6.4.3b—Geosynthetic Reinforcements 

11.10.6.4.4—Reinforcement/Facing Connection Design Strength 
11.10.6.4.4a Steel Reinforcements 
11.10.6.4.4b—Geosynthetic Reinforcements 

11.10.7—Seismic Design 
11.10.7.1—External Stability 
11.10.7.2—Internal Stability 
11.10.7.3—Facing Reinforcement Connections 

11.10.8—Drainage 
11.10.9—Subsurface Erosion 
11.10.10—Special Loading Conditions 

11.10.10.1—Concentrated Dead Loads 
11.10.10.2—Traffic Loads and Barriers 
11.10.10.3—Hydrostatic Pressures 
11.10.10.4—Obstructions in the Reinforced Soil Zone 

11.10.11—MSE Abutments 
11.11—PREFABRICATED MODULAR WALLS 

11.11.1—General 
11.11.2—Loading 
11.11.3—Movement at the Service Limit State 
11.11.4—Safety against Soil Failure 

11.11.4.1—General 
11.11.4.2—Sliding 
11.11.4.3—Bearing Resistance 
11.11.4.4—Overturning 
11.11.4.5—Subsurface Erosion 
11.11.4.6—Overall Stability 
11.11.4.7—Passive Resistance and Sliding 

11.11.5—Safety against Structural Failure 
11.11.5.1—Module Members 

11.11.6—Seismic Design 
11.11.7—Abutments 
11.11.8—Drainage 

11.12—REFERENCES 
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APPENDIX A11—SEISMIC DESIGN OF ABUTMENTS AND GRAVITY RETAINING STRUCTURES 
A11.1—GENERAL 

A11.1.1—Free-Standing Abutments 
A11.1.1.1—Mononobe-Okabe Analysis 
A11.1.1.2—Design for Displacement 
A11.1.1.3—Nonyielding Abutments 

A11.1.2—Monolithic Abutments 
A11.2—APPENDIX REFERENCES 
 
 
SECTION 12: BURIED STRUCTURES AND TUNNEL LINERS 
 

12.1—SCOPE 
12.2—DEFINITIONS 
12.3—NOTATION 
12.4—SOIL AND MATERIAL PROPERTIES 

12.4.1—Determination of Soil Properties 
12.4.1.1—General 
12.4.1.2—Foundation Soils 
12.4.1.3—Envelope Backfill Soils 

12.4.2—Materials 
12.4.2.1—Aluminum Pipe and Structural Plate Structures 
12.4.2.2—Concrete 
12.4.2.3—Precast Concrete Pipe 
12.4.2.4—Precast Concrete Structures 
12.4.2.5—Steel Pipe and Structural Plate Structures 
12.4.2.6—Deep Corrugated Structures 
12.4.2.7—Steel Reinforcement 
12.4.2.8—Thermoplastic Pipe 

12.5—LIMIT STATES AND RESISTANCE FACTORS 
12.5.1—General 
12.5.2—Service Limit State 
12.5.3—Strength Limit State 
12.5.4—Load Modifiers and Load Factors 
12.5.5—Resistance Factors 
12.5.6—Flexibility Limits and Construction Stiffness 

12.5.6.1—Corrugated Metal Pipe and Structural Plate Structures 
12.5.6.2—Spiral Rib Metal Pipe and Pipe Arches 
12.5.6.3—Thermoplastic Pipe 
12.5.6.4—Steel Tunnel Liner Plate 

12.6—GENERAL DESIGN FEATURES 
12.6.1—Loading 
12.6.2—Service Limit State 

12.6.2.1—Tolerable Movement 
12.6.2.2—Settlement 

12.6.2.2.1—General 
12.6.2.2.2—Longitudinal Differential Settlement 
12.6.2.2.3—Differential Settlement between Structure and Backfill 
12.6.2.2.4—Footing Settlement 
12.6.2.2.5—Unbalanced Loading 

12.6.2.3—Uplift 
12.6.3—Safety against Soil Failure 

12.6.3.1—Bearing Resistance and Stability 
12.6.3.2—Corner Backfill for Metal Pipe Arches 

12.6.4—Hydraulic Design 
12.6.5—Scour 
12.6.6—Soil Envelope 

12.6.6.1—Trench Installations 
12.6.6.2—Embankment Installations 
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12.6.6.3—Minimum Soil Cover 
12.6.7—Minimum Spacing between Multiple Lines of Pipe 
12.6.8—End Treatment 

12.6.8.1—General 
12.6.8.2—Flexible Culverts Constructed on Skew 

12.6.9—Corrosive and Abrasive Conditions 
12.7—METAL PIPE, PIPE ARCH, AND ARCH STRUCTURES 

12.7.1—General 
12.7.2—Safety against Structural Failure 

12.7.2.1—Section Properties 
12.7.2.2—Thrust 
12.7.2.3—Wall Resistance 
12.7.2.4—Resistance to Buckling 
12.7.2.5—Seam Resistance 
12.7.2.6—Handling and Installation Requirements 

12.7.3—Smooth Lined Pipe 
12.7.4—Stiffening Elements for Structural Plate Structures 
12.7.5—Construction and Installation 

12.8—LONG-SPAN STRUCTURAL PLATE STRUCTURES 
12.8.1—General 
12.8.2—Service Limit State 
12.8.3—Safety against Structural Failure 

12.8.3.1—Section Properties 
12.8.3.1.1—Cross-Section 
12.8.3.1.2—Shape Control 
12.8.3.1.3—Mechanical and Chemical Requirements 

12.8.3.2—Thrust 
12.8.3.3—Wall Area 
12.8.3.4—Seam Strength 
12.8.3.5—Acceptable Special Features 

12.8.3.5.1—Continuous Longitudinal Stiffeners 
12.8.3.5.2—Reinforcing Ribs 

12.8.4—Safety Against Structural Failure—Foundation Design 
12.8.4.1—Settlement Limits 
12.8.4.2—Footing Reactions in Arch Structures 
12.8.4.3—Footing Design 

12.8.5—Safety Against Structural Failure—Soil Envelope Design 
12.8.5.1—General 
12.8.5.2—Construction Requirements 
12.8.5.3—Service Requirements 

12.8.6—Safety Against Structural Failure—End Treatment Design 
12.8.6.1—General 
12.8.6.2—Standard Shell End Types 
12.8.6.3—Balanced Support 
12.8.6.4—Hydraulic Protection 

12.8.6.4.1—General 
12.8.6.4.2—Backfill Protection 
12.8.6.4.3—Cut-Off (Toe) Walls 
12.8.6.4.4—Hydraulic Uplift 
12.8.6.4.5—Scour 

12.8.7—Concrete Relieving Slabs 
12.8.8—Construction and Installation 
12.8.9—Deep Corrugated Structural Plate Structures 
 12.8.9.1—General 
 12.8.9.2—Width of Structural Backfill 

12.8.9.2.1—Deep Corrugated Structures with Ratio of Crown Radius to Haunch Radius ≤5 
12.8.9.2.2—Deep Corrugated Structures with Ratio of Crown Radius to Haunch Radius >5 

12.8.9.3—Safety against Structural Failure 
12.8.9.3.1—Structural Plate Requirements 
12.8.9.3.2—Structural Analysis 
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12.8.9.4—Minimum Depth of Fill 
12.8.9.5—Combined Thrust and Moment 
12.8.9.6—Global Buckling 
12.8.9.7—Connections 

12.9—STRUCTURAL PLATE BOX STRUCTURES 
12.9.1—General 
12.9.2—Loading 
12.9.3—Service Limit State 
12.9.4—Safety against Structural Failure 

12.9.4.1—General 
12.9.4.2—Moments Due to Factored Loads 
12.9.4.3—Plastic Moment Resistance 
12.9.4.4—Crown Soil Cover Factor, CH 
12.9.4.5—Footing Reactions 
12.9.4.6—Concrete Relieving Slabs 

12.9.5—Construction and Installation 
12.10—REINFORCED CONCRETE PIPE 

12.10.1—General 
12.10.2—Loading 

12.10.2.1—Standard Installations 
12.10.2.2—Pipe Fluid Weight 
12.10.2.3—Live Loads 

12.10.3—Service Limit State 
12.10.4—Safety against Structural Failure 

12.10.4.1—General 
12.10.4.2—Direct Design Method 

12.10.4.2.1—Loads and Pressure Distribution 
12.10.4.2.2—Analysis for Force Effects with the Pipe Ring 
12.10.4.2.3—Process and Material Factors 
12.10.4.2.4—Flexural Resistance at the Strength Limit State 

12.10.4.2.4a—Circumferential Reinforcement 
12.10.4.2.4b—Minimum Reinforcement 
12.10.4.2.4c—Maximum Flexural Reinforcement without Stirrups 
12.10.4.2.4d—Reinforcement for Crack Width Control 
12.10.4.2.4e—Minimum Concrete Cover 

12.10.4.2.5—Shear Resistance without Stirrups 
12.10.4.2.6—Shear Resistance with Radial Stirrups 
12.10.4.2.7—Stirrup Reinforcement Anchorage 

12.10.4.2.7a—Radial Tension Stirrup Anchorage 
12.10.4.2.7b—Shear Stirrup Anchorage 
12.10.4.2.7c—Stirrup Embedment 

12.10.4.3—Indirect Design Method 
12.10.4.3.1—Bearing Resistance 
12.10.4.3.2—Bedding Factor 

12.10.4.3.2a—Earth Load Bedding Factor for Circular Pipe 
12.10.4.3.2b—Earth Load Bedding Factor for Arch and Elliptical Pipe 
12.10.4.3.2c—Live Load Bedding Factors 

12.10.4.4—Development of Quadrant Mat Reinforcement 
12.10.4.4.1—Minimum Cage Reinforcement 
12.10.4.4.2—Development Length of Welded Wire Fabric 
12.10.4.4.3—Development of Quadrant Mat Reinforcement Consisting of Welded Plain Wire Fabric 
12.10.4.4.4—Development of Quadrant Mat Reinforcement Consisting of Deformed Bars, Deformed Wire, or 
Deformed Wire Fabric 

12.10.5—Construction and Installation 
12.11—REINFORCED CONCRETE CAST-IN-PLACE AND PRECAST BOX CULVERTS AND REINFORCED CAST-IN-
PLACE ARCHES 

12.11.1—General 
12.11.2—Loads and Live Load Distribution 

12.11.2.1—General 
12.11.2.2—Modification of Earth Loads for Soil-Structure Interaction 
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12.11.2.2.1—Embankment and Trench Conditions 
12.11.2.2.2—Other Installations 

12.11.2.3—Distribution of Concentrated Loads to Bottom Slab of Box Culvert 
12.11.2.4—Distribution of Concentrated Loads in Skewed Box Culverts 

12.11.3—Service Limit State 
12.11.4—Safety against Structural Failure 

12.11.4.1—General 
12.11.4.2—Design Moment for Box Culverts 
12.11.4.3—Minimum Reinforcement 

12.11.4.3.1—Cast-in-Place Structures 
12.11.4.3.2—Precast Box Structures 

12.11.4.4—Minimum Cover for Precast Box Structures 
12.11.5—Construction and Installation 

12.12—THERMOPLASTIC PIPES 
12.12.1—General 
12.12.2—Service Limit States 
12.12.3—Safety against Structural Failure 

12.12.3.1—General 
12.12.3.2—Section Properties 
12.12.3.3—Chemical and Mechanical Requirements 
12.12.3.4—Thrust 
12.12.3.5—Wall Resistance 

12.12.3.5.1—General 
12.12.3.5.2—Buckling 
12.12.3.5.3—Resistance to Local Buckling of Pipe Wall 

12.12.3.5.3a—General 
12.12.3.5.3b—Idealized Wall Profile 
12.12.3.5.3c—Slenderness and Effective Width 

12.12.3.5.4—Combined Strain 
12.12.3.5.4a—General 
12.12.3.5.4b—Bending Strain 

12.12.3.6—Handling and Installation Requirements 
12.13—STEEL TUNNEL LINER PLATE 

12.13.1—General 
12.13.2—Loading 

12.13.2.1—Earth Loads 
12.13.2.2—Live Loads 
12.13.2.3—Grouting Pressure 

12.13.3—Safety against Structural Failure 
12.13.3.1—Section Properties 
12.13.3.2—Wall Area 
12.13.3.3—Buckling 
12.13.3.4—Seam Strength 
12.13.3.5—Construction Stiffness 

12.14—PRECAST REINFORCED CONCRETE THREE-SIDED STRUCTURES 
12.14.1—General 
12.14.2—Materials 

12.14.2.1—Concrete 
12.14.2.2—Reinforcement 

12.14.3—Concrete Cover for Reinforcement 
12.14.4—Geometric Properties 
12.14.5—Design 

12.14.5.1—General 
12.14.5.2—Distribution of Concentrated Load Effects in Top Slab and Sides 
12.14.5.3—Distribution of Concentrated Loads in Skewed Culverts 
12.14.5.4—Shear Transfer in Transverse Joints between Culvert Sections 
12.14.5.5—Span Length 
12.14.5.6—Resistance Factors 
12.14.5.7—Crack Control 
12.14.5.8—Minimum Reinforcement 
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12.14.5.9—Deflection Control at the Service Limit State 
12.14.5.10—Footing Design 
12.14.5.11—Structural Backfill 
12.14.5.12—Scour Protection and Waterway Considerations 

12.15—REFERENCES 
 

APPENDIX A12—PLATE, PIPE, AND PIPE ARCH PROPERTIES 
 
 
SECTION 13: RAILINGS 
 

13.1—SCOPE 
13.2—DEFINITIONS 
13.3—NOTATION 
13.4—GENERAL 
13.5—MATERIALS 
13.6—LIMIT STATES AND RESISTANCE FACTORS 

13.6.1—Strength Limit State 
13.6.2—Extreme Event Limit State 

13.7—TRAFFIC RAILING 
13.7.1—Railing System 

13.7.1.1 General 
13.7.1.2—Approach Railings 
13.7.1.3—End Treatment 

13.7.2—Test Level Selection Criteria 
13.7.3—Railing Design 

13.7.3.1—General 
13.7.3.1.1—Application of Previously Tested Systems 
13.7.3.1.2—New Systems 

13.7.3.2—Height of Traffic Parapet or Railing 
13.8—PEDESTRIAN RAILING 

13.8.1—Geometry 
13.8.2—Design Live Loads 

13.9—BICYCLE RAILINGS 
13.9.1—General 
13.9.2—Geometry 
13.9.3—Design Live Loads 

13.10—COMBINATION RAILINGS 
13.10.1—General 
13.10.2—Geometry 
13.10.3—Design Live Loads 

13.11—CURBS AND SIDEWALKS 
13.11.1—General 
13.11.2—Sidewalks 
13.11.3—End Treatment of Separation Railing 

13.12—REFERENCES 
 

APPENDIX A13—RAILINGS 
A13.1—GEOMETRY AND ANCHORAGES 

A13.1.1—Separation of Rail Elements 
A13.1.2—Anchorages 

A13.2—TRAFFIC RAILING DESIGN FORCES 
A13.3—DESIGN PROCEDURE FOR RAILING TEST SPECIMENS 

A13.3.1—Concrete Railings 
A13.3.2—Post-and-Beam Railings 
A13.3.3—Concrete Parapet and Metal Rail 
A13.3.4—Wood Barriers 

A13.4—DECK OVERHANG DESIGN 
A13.4.1—Design Cases 
A13.4.2—Decks Supporting Concrete Parapet Railings 
A13.4.3—Decks Supporting Post-and-Beam Railings 
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A13.4.3.1—Overhang Design 
A13.4.3.2—Resistance to Punching Shear 

 
 
SECTION 14: JOINTS AND BEARINGS 
 

14.1—SCOPE 
14.2—DEFINITIONS 
14.3—NOTATION 
14.4—MOVEMENTS AND LOADS 

14.4.1—General 
14.4.2—Design Requirements 

14.4.2.1—Elastomeric Pads and Steel Reinforced Elastomeric Bearings 
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