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[bookmark: _Toc9955852]1.6.1	Structural Steel, General Girders

This chapter primarily covers design and construction of steel plate and box girder bridge superstructures, provides guidance to help bridge designers working on Oregon Department of Transportation projects to achieve optimal quality and value in steel bridges.

[bookmark: _Toc119902444][bookmark: _Toc137007827]1.6.1.1	Preliminary Design Considerations

The success of a steel bridge design depends on the preparation of the designer:
· Have a well-founded knowledge of design specifications.
· Be familiar with the construction and fabrication specifications and standard drawings that apply to steel structures.
· Be aware of construction and fabrication specifications’ influence on design and any modifications or special provisions they may require.
· Take time during initial decision making to consult with Steel Bridge Standards Engineer, fabricators, steel erectors, and contractors for ideas on achieving economical, easily built designs.
· While designing, think about how everything fits together—for example, how rotation, deflection (especially differential deflection), twist, stiffness (vertical bending, lateral bending, and torsion), and skew affect interaction between different elements.
· Always provide clear and distinct load paths that mitigate or, preferably, eliminate out-of-plane bending.
· Always provide enough access for bolting, welding, and painting. Keep designs simple by maximizing the use of common details and minimizing the number of plate sizes and rolled shapes fabricators are required to purchase. Complicated details are always hard to fabricate and build.
· Never use details that permit water and debris to collect on girders.

Designs that merely satisfy design specifications are rarely good. Good designs reflect consideration of the requirements of fabrication, construction and maintenance.

1.6.1.2	Codes and Standards
Design

Design according to AASHTO LRFD Bridge Design Specifications unless specified otherwise in this document.

The following AASHTO/NSBA Steel Bridge Collaboration publications are available to aid in the design and fabrication of steel bridges. These publications can be downloaded from the AISC website at www.aisc.org/nsba/nsba-publications/aashto-nsba-collaboration/:
· G13.1-2019, Guidelines for Steel Girder Bridge Analysis
· G12.1-2016, Guidelines to Design for Constructability
· G1.4-2006, Guidelines for Design Details
· G1.2-2003, Design Drawing Presentation Guidelines
· G1.3-2002, Shop Detail Drawing Presentation Guidelines
· S2.1-2018, Steel Bridge Fabrication Guide Specification
· G4.1-2019, Steel Bridge Fabrication QC QA Guidelines 
· G4.2-2006, Recommendations for the Qualification of Structural Bolting Inspectors
· G4.4-2006, Sample Owners Quality Assurance Manual
· G1.1-2000, Shop Drawing Approval Review/Approval Guidelines
· G2.2-2016, Guidelines for Resolution of Steel Bridge Fabrication Errors
· S8.1-2014, Guide Specification for Application of Coating Systems with Zinc-Rich Primers to Steel Bridges
· S8.2-2017, Specification for Application of Thermal Spray Coatings for Steel Bridges
· G9.1-2004, Steel Bridge Bearing Design and Detailing Guidelines
· S10.1-2019, Steel Bridge Erection Guide Specification

The following FHWA Steel Bridge Design Handbook, which includes 19 volumes of steel bridge design aids and 6 design examples, are also available as design aids and can be downloaded from the FHWA website at: www.fhwa.dot.gov/bridge/steel/pubs/hif16002/. 
· Bridge Steels and Their Mechanical Properties–Volume 1
· Steel Bridge Fabrication–Volume 2
· Structural Steel Bridge Shop Drawings–Volume 3
· Structural Behavior of Steel–Volume 4
· Selecting the Right Bridge Type–Volume 5
· Stringer Bridges–Making the Right Choices–Volume 6
· Loads and Load Combinations–Volume 7
· Structural Analysis–Volume 8
· Redundancy–Volume 9
· Limit States–Volume 10
· Design for Constructability–Volume 11
· Design for Fatigue–Volume 12
· Bracing System Design–Volume 13
· Splice Design–Volume 14
· Bearing Design–Volume 15
· Substructure Design–Volume 16
· Bridge Deck Design–Volume 17
· Load Rating of Steel Bridges–Volume 18
· Corrosion Protection of Steel Bridges–Volume 19
· Design Example 1: Three-span Continuous Straight Composite Steel I-Girder Bridge
· Design Example 2A: Two-span Continuous Straight Composite Steel I-Girder Bridge
· Design Example 2B: Two-span Continuous Straight Composite Steel Wide-Flange Beam Bridge
· Design Example 3: Three-Span Continuous Horizontally Curved Composite Steel I-Girder Bridge
· Design Example 4: Three-Span Continuous Straight Composite Steel Tub Girder Bridge
· Design Example 5: Three-Span Continuous Horizontally Curved Composite Steel Tub-Girder Bridge

1.6.1.3	ODOT Steel Bridge Practice

ODOT does not require Certified Erector qualification for erection of steel bridges.  For a complex project in which a contractor with such qualification is deemed necessary, obtain Bridge Engineering Section approval prior to including such requirement in the contract documents.

Curved and skewed deck girder bridges have the potential for three dimensional deflection and rotation.  Longer spans magnify the rotation of the girders and cause unaccounted stresses on the diaphragm connections.  Include a note in the contract drawings stating that the girder webs are plumb in the final condition.  This requires the erector to force fit the diaphragms with the girders out-of-plumb prior to deck placement.  Rotation of girders resulting from the deck placement plumbs the girders web and releases stresses caused from force fitting the diaphragms.

Steel tub (box) girders are visually pleasing structures and are more expensive than usual steel plate girders because of fabrication cost.  One of the main concerns in steel tubs or box girders in the State of Oregon is corrosion inside the girders.  In the construction drawings, require inside surfaces of boxes or tubs (bottom flange, top flange, web and diaphragm) to be painted with a silver gray prime coat.  Painting inside the tub (box) girders will prevent corrosion resulting from leakage thru the deck and condensation.  Light color paint also increases illumination inside the tub (box) and eases detection of corrosion or cracks in steel members.  Consider other corrosion protection measures as specified herein.

Whenever the end of steel members is cast inside concrete, the end of the member cast in concrete requires a three coat paint system as shown in Figure 1.6.1.10C.

Fatigue Design Requirements – Design all welded and bolted connections for infinite fatigue design life using ADTT from LRFD Table 6.6.1.2.3-2.  Do not use details category E or E’ in any steel girder bridge (plate girders, tub girders or box girders) connections.

1.6.1.4	Estimating Structural Steel Weights and Preliminary Design

For the preliminary quantities or preliminary girder design, an estimate of steel weights for built-up plate composite I-girders can be obtained from the Span to Weight Curves from the AISC website. The Steel Span to Weight Curves are the quickest way to determine the weight of steel per square foot of bridge deck for straight, low skew, plate girder bridges.  The Curves are organized by span arrangement (1, 2 or 3 or more span bridges) and girder spacings. The Curves also provides a good double check on final quantities.

For more detailed design, refer to the Continuous Span Standards from the AISC website. The Continuous Span Standards include 88 unique solutions for 3 span bridges with center spans between 150'-0" and 300'-0", girder spacing between 7-'6" and 12'-0", and plate girder designs utilizing both homogenous and hybrid steel options. Each conceptual solution is presented in tables with girder plate sizes, diaphragm spacing, intermediate stiffener sizes and locations, shear connector spacing, camber, and girder weights.

For short span bridges, 40’-0” to 140’-0”, refer to Short Span Steel Bridge Alliance website for preliminary quantities and girder design: https://www.shortspansteelbridges.org/resources/espan140/


Bid items

Use following bid items for structural steel.  Use horizontally curved steel (plate or box) girder bid item when the radius of horizontal curve on the structure is less than 1000ft.
· Steel Rolled Beam
· Steel Plate Girder
· Steel Box Girder
· Steel Plate Girder with haunch
· Trapezoidal Steel Box Girder with haunch
· Horizontally Curved Steel Plate Girder
· Horizontally Curved Steel Box Girder
· Specialty Bridges (tied arches, Cable Stayed)
· Structural Steel Maintenance


1.6.2	Structural Steel, Design




[bookmark: _Toc119902518][bookmark: _Toc137007902]1.6.21.1	Materials and IdentificationSteel Grade Selection

(1)  General

Identify all steel by grade on the contract plans.

Provide structural steel for bridges conforming to ASTM A709 (AASHTO M270).  These specifications include Grades 36, 50, 50W, HPS 50W, and HPS 70W.  ASTM A709 steel specifications are written exclusively for bridges wherein supplementary requirements for Charpy V-Notch Impact tests are mandatory.  Grade HPS 70W steel has recently been developed that provides high strength, enhanced durability and improved weldability.  Depend on the availability, Grade HPS 70W may be economical only in hybrid girders. With Grade 50W webs, use a hybrid configuration with HPS 70W tension flanges and HPS 70W compression flanges in negative moment regions. Specify Grade HPS 50W and HPS 70W to be “Quenched and Tempered” in the contract document and for thermo-mechanical control processed require the contractor to provide test samples at both ends of each rolled plate.  Plates that pass the required test are acceptable for fabrication.

Provide structural Steel for steel piling, metal sign structures and other incidental structures conforming to ASTM A36, ASTM A572 or ASTM A588.  Incidental structures include luminaire and traffic signal supports, bridge metal rails and metal rail posts, guardrail connections, earthquake restraints, bridge deck expansion joints, fencing post connections, etc.  Merchant quality steel (non-spec) is used in items such as catch basin frame, catch basin, deck drain grate, manhole rungs and steps, access hole cover, guardrail spacer blocks, shims, anchor bolt plate embedded in concrete, etc. where a high degree of internal soundness, chemical uniformity or freedom of surface defects are not required.  Acceptance of such items is on the basis of visual inspection.

ASTM A36, A572, or A588 may be used for structural steel for bridges provided the supplementary Charpy V-Notch Impact test requirements are included in the Special Provisions. If Charpy V-Notch Impact tests are required for ASTM A36, A572 or A588 structural steel, use the supplementary requirements of ASTM A709.

Do not use A709 (Grades 36, 50, 50W) steels for plates thicker than 3 inches, nor butt welds in tension members over 3 inches.  Limit plate thickness for HPS 50W and HPS 70W to 2 inches.  Consult with the Steel Bridge Design Standards Engineer for specific project needs.

Specify ASTM A709 Grade 50 steel for all structures that require yield strengths between 36 ksi and 50 ksi and are to be painted or galvanized.

1.6.2.2	Weathering Steel
 (2)  Weathering Steel

Under a wide range of exposure conditions, weathering steels also rust, but form oxides that remain tightly adherent to the steel substrate and develop a much more stable oxide layer than non-weathering steel. Shortly after blast cleaning to remove mill scale, weathering steel turns “rusty” in appearance. Through several cycles of wetting and drying (usually between 6 and 24 months depending on environment), the surface of the steel develops a tight oxide coating (patina) that provides its own corrosion resistant surface finish.  Eliminating the need for painting results in minimal future maintenance and lower life cycle costs.

Consider the use of ASTM A709 Grade 50W, HPS 50W,  & HPS 70W & 100W weathering steel with some caution. Avoid weathering steel in some environmentalPoor performance of weathering steel was attributed to improper detailing and overextension of the technology to highly corrosive applications such as marine environments, excessive deicers, accumulated debris, and high times of wetness.

Conditions or locations of concern include:

Environment

· Marine Coastal areas
· Frequent high rainfall, high humidity or persistent fog
· Industrial areas where concentrated chemical fumes may drift onto the structure

Location

· Grade separations in tunnel like conditions
· Low level water crossings
· Conditions that do not allow for the drying of the steel necessary to develop a good patina.

With proper design and detailing, good performance from weathering steel can be achieved:
· Provide adequate drainage beneath overpass structures to prevent ponding and continual traffic spray from below. Communicate the importance of adequate drainage to roadway designers.
· Do not detail deck drains that can discharge water onto the steel, especially in regions that use de-icing chemicals.
· Avoid any type of open joint that allows runoff to reach the steel.
· Provide details that take advantage of natural drainage.
· Provide drip plates (also called drip tabs) to divert runoff water and protect abutments and columns from staining. 
· Eliminate details that retain water, dirt, and other debris. Provide stiffener clips for proper ventilation and drainage.
 areas, locations or conditions. There have been cases where the use of this material in improper locations or under improper conditions has resulted in less than desirable performance of the structure. Conditions or locations of concern include:

Environment

· Marine Coastal areas
· Frequent high rainfall, high humidity or persistent fog
· Industrial areas where concentrated chemical fumes may drift onto the structure
· Welded, riveted, or bolted built up structural member (boxes or plate girders)

Location

· Grade separations in tunnel like conditions
· Low level water crossings
· Conditions that do not allow for the drying of the steel necessary to develop a good patina.


Review the following references for use of weathering steel:
· FHWA Steel Bridge Design Handbook: Volume 19 – Corrosion Protection of Steel Bridges
· FHWA Technical Advisory T 5140.22, “Uncoated Weathering Steel in Structures”
· NCHRP Report 314, Guidelines for the Use of Weathering Steel in Bridges

Refer to ASTM G101 “Estimating the Atmospheric Corrosion Resistance of Low-Alloy Steels.” for long-term corrosion exposure data. Weathering capability is calculated using the heat analysis compositions in an equation to calculate an atmospheric corrosion resistance index, “I”.  The higher the index, “I”, the more corrosion resistant is the steel. Data show that in the industrial and rural environments, the rate of corrosion for weathering steel stabilizes to a negligible corrosion rate of approximately 0.3 mils per year per side (or lower in many cases). Understanding the steady state corrosion rate of weathering steel allows for the designer to determine the amount of sacrificial plate thickness to include in the design once the service life has been established., for location restrictions and recommended detailing practices.

One of the significant advantages of HPS 50W, HPS 70W steel is its enhanced weathering capacity over Grades 50W and 70W steels.  Weathering capability is calculated using the heat analysis compositions in an equation to calculate an atmospheric corrosion resistance index, “I”, in ASTM G101 “Estimating the Atmospheric Corrosion Resistance of Low-Alloy Steels.”  In general, a corrosion index of 6.5 is considered a minimum to be classified as HPS.  The higher the index, “I”, the more corrosion resistant is the steel.  Do not use Grade 70W steel.

1.6.2.3	Simple Spans Made Continuous

Span configuration plays an important role in the efficient use of steel. Two-span continuous girders are not efficient because of high negative moments. Three-span units with interior spans about 20 to 30 percent longer than end spans are preferable but not always possible. The designer is encouraged to consider simple spans made continuous bridges in the design of multi-span structures when efficient span configuration is not achievable. Simple made continuous bridges reduce uplift in unbalanced spans, reduce negative moments at the bents, simplify fabrication, and eliminate the need for bolted field splices. 

Critical to the functionality of simple made continuous structures is the continuity connection at the interior bents. A feasible connection detail to provide live load continuity over the pier in an SDCL (simple for dead and continuous for live load) steel girder system for the case of conventional methods of construction is to use a concrete diaphragm over the piers to connect the girders. See DET3620. 

When the design intend is to eliminate deck joint at interior bents and allows a bridge’s simple span behavior to be retained, consider Ultra-High Performance Concrete (UHPC) link slabs for continuity connection. Link slabs provide an economical means to eliminate deck joints on bridges, which considerably increases the bridge’s service life, reduces the need for frequent maintenance, and provides a smooth riding surface.

As industry best practices develop with new research, the designer is encouraged to discuss with Steel Bridge Standards Engineer to select the most appropriate connection details for design and construction. 

1.6.2.4	Uplift

If end spans are short in relation to interior spans, uplift can be a problem at the girder ends. If end spans are too long in relation to interior spans, a disproportionate amount of steel will be required for the end spans.

Always consider the presence of uplift at ends of continuous girders, particularly with light, rolled beam units or short end spans. Commentary to AASHTO LRFD Bridge Design Specifications, Article C3.4.1, indicates uplift to be checked as a strength load combination and provides guidance in the appropriate use of minimum and maximum load factors. Uplift restraint, when needed, should satisfy the Strength limit state and the Fatigue and Fracture limit state.

1.6.2.5	Girder Spacing

Use wider girder spacing to reduce the number of lines of girders, which will reduce shop and field labor. Many studies show that the weight of structural steel per square foot of deck area decreases as girder spacing increases. However, optimize girder spacing with the following considerations:
· ODOT prefers a minimum of four I-shaped beams/girders for a vehicular bridge span. 
· Stability and redundancy of the structure during future re-decking.
· Thicker concrete deck resulting in more weight, concrete and reinforcing steel. Methods for forming the deck. For wide girder spacing, slabs (or floor systems) cannot adequately support certain overloads.
· On straight bridges, interior and exterior girders shall be detailed as identical. Spacing should be such that the distribution of wheel loads on the exterior girder is close to that of the interior girder.


	Commentary: 

· Refer to G12.1-2016, Guidelines to Design for Constructability Article 1.2 for more information. Generally, for a bridge with an average span length less than 175′, there is not an appreciable difference in the structural steel unit weight for the various girder spacings summarized in the graph in G12.1 Article 1.2. For a bridge with an average span length more than 175′, the designer may want to consider a wider girder spacing, perhaps between 11′ and 13′, as this wider girder spacing trends to a lighter steel superstructure.

· The fatigue live load specified in AASHTO LRFD Article 3.6.1.4 shall be used for checking girder details in accordance with Article 6.6. A single fatigue truck, without lane loading or variable axle spacing, is placed for maximum and minimum effect to a detail under investigation. The impact is 15 percent, regardless of span length. As specified in Article 3.6.1.1.2, multiple presence factors are also not to be applied to the fatigue limit state check for which one design truck is used. The load factor is 1.75. It is generally possible to meet the constant amplitude fatigue limit (CAFL) requirement for details with good fatigue performance. Limiting the calculated fatigue range to the CAFL ensures infinite fatigue life.

[bookmark: _GoBack]With wider girder spacing and AASHTO simplified live load distribution factor, the fatigue limit-state check at the crossframe connection-plate weld to the bottom flange could ends up governing the design of the bottom flange. It is prudent for the designer to consider moving the crossframe away from high flexural location, or use refined analysis to determine the stress at the crossframe connection-plate weld to the bottom flange to achieve economical girder design, rather than increase the bottom flange thickness for the entire girder segment. 





1.6.2.6	Shop Lengths of Welded Girders

Make girder segments as long as possible to reduce the number of field splices. Maximum girder or girder field segment lengths without a field splice is 130 feet to 150 feet depending upon cross section. There may be locations where girders lengths will be controlled by weight or access to the bridge site.  Long and deep girders may also require auxiliary lateral support during transportation.  

It is typical to show an optional bolted field splice to allow the fabricator and contractor some flexibility in fabrication and transportation. Locate field splices in welded steel beams so as not to exceed the following shop lengths and mass (All field splices shall be bolted):
· Bridge site is readily accessible....150 feet (longer girders have been fabricated and hauled to project sites, however contact fabricators and Steel Bridge Standards Engineer if project need requires girder segments longer than 150 feet).
· Bridge site is not readily accessible....125 feet
· Fabricators are limited to their shop crane sizes.   Contact fabricators in the State of Oregon for project specific needs and requirements.

For curved girders, limit the girder sweep plus the flange width to 6 feet for ease of shipping. The current legal vehicle width is 8 feet 6 inches without a permit. Limiting the overall shipping width of curved girders to 6 feet permits fabricators to offset the girder on the trailer, as is frequently done, while not exceeding an overall width of 8 feet 6 inches. Add optional field splices if required. 

1.6.2.7	Rolled Beam Sections

Rolled beams can be more economical than plate girders for their applicable span lengths (up to 80 feet) because of decreased fabrication costs. Do not use sections smaller than W18. Select beams that have a top flange that is sufficiently wide to provide adequate spacing for three stud connectors per row. The beams should be large enough that the elastic neutral axis of the composite section is within the steel beam, not within the slab or haunch. Rolled beams usually do not need bearing stiffeners. Verify this using the provisions in LRFD D6.5. The diaphragms between beams usually consist of rolled shapes with channels being the most common choice.

1.6.2.8	Plate Girders

See Standard Details DET3600, DET3605 and DET3610 for general details. 

1.6.2.8.1	Flange Width and Thickness

Keep the number of changes in flange size to a minimum, as the cost of a butt weld will offset a considerable length of excessive flange area. 	When locating flange thickness transitions (shop flange splices), include no more than two butt splices or three different flange thicknesses for an individual flange between field splices, except for unusual cases such as very long or heavy girders or mill length availability limits.

Constant width flanges enables the fabricator to order the flanges in multiple width plates which are more economical than universal mill plates.  The shop flange splices can be made while the plates are in wide slabs and cut to widths simultaneously with multiple cutting torches. Limit the maximum change between adjacent plate 6 inches in width, at both welded and bolted connection section changes.

Efficiently locating thickness transitions in plate girder flanges is a matter of plate length availability and the economics of welding and inspecting a splice compared to the cost of extending a thicker plate. Refer to NSBA G12.1 Guidelines to Design for Constructability Article 1.5.2 to optimize flange thickness transition.

The minimum size flange is 3/4” x 12”.  The minimum 3/4 inch flange thickness is to minimize the distortion of the flange due to welding of the flange to the web.

It may not be prudent to minimize the top flange. Flange width affects girder stability during handling, erection, and deck placement. Keep the girder length (field section length) to flange width ratio below 85. The girder needs significant lateral load capacity to resist lateral transportation loads and lateral loads from deck overhang brackets and deck placements.  Another side benefit of providing generous top flange is that the non-composite deflections are reduced.

Make top and bottom flanges a constant width where possible.  Minimizing the number of changes in the top flange will also facilitate easier deck forming. If a change in bottom flange width is needed, make it at a bolted splice location.

Limit the maximum flange thickness to 3.0 inches. At welded flange splices, the thinner plate should not
be less than one-half the thickness of the thicker plate.

Generally, use a minimum flange width that is equal to the width of the flange resisting the maximum positive moment.  Widen the flange as necessary in negative moment areas so the flange thickness will not exceed 3.0 inches at the bent.

1.6.2.8.2	Web Depth and Thickness

Girder depths, particularly for haunched girders, may be limited because of transportation constraints.

Use constant depth girders where possible. Commonly used web plates are in the range of 48 inches to 96 inches. Minimum web thickness is 1/2 inch.

Note that economy will often be served by the choice of a web plate of sufficient thickness that it does not require transverse stiffeners.  In some cases thinner web plate with partial web stiffeners are economical.  The labor to place and weld one foot of stiffener is equal to about 25 pounds of steel.  Un-stiffened webs reduce fabrication, painting costs (for non-weathering steel) and flange sizes.  Thicker webs are also helpful in reducing web distortion due to welding and in supporting deck overhang brackets for the deck placement.

Design web plates in 1/16 inch increments with a note that the contractor may increase the web thickness shown by 1/16 inch at no additional cost to the state.  Minimize web transitions as the cost of a butt weld web splice often exceeds the cost of the added material between sections.

The cost of a square butt joint web splice is equal to about 800 pounds of steel per foot of splice.  When web plates are over 80 feet long and constant thickness, give the fabricator an optional shop splice on the design plans.  The most economical bid can then be prepared according to the mill length extras, market areas available, and transportation and handling costs.

1.6.2.8.3	Girder Splices

Locate splices to avoid conflicts with wind bracing, diaphragms and/or intermediate stiffeners.  Layout locations of all intermediate stiffeners, diaphragms and wind bracing to avoid conflicts with the flange cutoff points (and possible splice locations).

Splices are a natural location to make changes in the flange size to eliminate flange welds.  Maintain the same web thickness on each side of the splice.  For flexural members, it is recommended that the smaller section at the point of splice be taken as the side of the splice that has the smaller calculated moment of inertia for the non-composite steel section.

1.6.2.8.4	Intermediate Web Stiffeners

Where transverse intermediate stiffeners are used, provide them on both faces of the webs of interior girders and on the interior faces, only, of exterior girders.

Rigidly connect the stiffeners to the compression portions of the flanges.  Stiffeners may be welded to compression flanges.  Ends welds about 1/4” away from the edge (snipe, clip, etc.) to avoid a poor quality weld termination.

[image: ]


Figure 1.6.1.4A


1.6.2.8.5	Bearing Stiffeners

Bearing stiffeners and the web act as a column section, transferring loads from the superstructure to the substructure.  In combination with the end frames, they also transfer lateral loads from the superstructure to the substructure.  Minimum size of fillet weld is the minimum specified in BDM 1.6.2.2.  Select bearing stiffener widths in increments of 1/2 inch.
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Figure 1.6.1.5A


Limit bearing stiffeners skew angle at end bents or interior bents to the values shown in Figure 2.3 of the AWS D1.5 for bearing stiffeners to web connection.  Discard the footnotes of the figure which permits angles less than 60 degrees.  When the skew angle exceeds limit shown on the Figure, use bent plates.


1.6.2.9	Check Samples and Fracture Critical Members

Check Samples	Comment by LIM Alex K: Add Stress reversal region

Tension members and elements that require notch toughness check samples are to be clearly identified on the plans.  Check samples are required for cross-frame members on curved steel girders.
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Figure 1.6.1.1A


Fracture Critical Members

Cleary identify fracture-critical members on the plans.


[image: ]	Comment by LIM Alex K: Should be FCM not FMC. Modify figure.


Figure 1.6.1.1B



(3)  Check Samples

Tension members and elements that require notch toughness check samples are to be clearly identified on the plans.  Check samples are required for cross-frame members on curved steel girders.


[image: ]


Figure 1.6.1.1A


(4)  Fracture Critical Members

Cleary identify fracture-critical members on the plans.
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Figure 1.6.1.1B
[bookmark: _Toc119902519]

[bookmark: _Toc137007903]

1.6.1.2	Shop Lengths of Welded Girders

Locate field splices in welded steel beams so as not to exceed the following shop lengths and mass (All field splices shall be bolted):
· Bridge site is readily accessible....150 feet (longer girders have been fabricated and hauled to project sites, however contact fabricators and Bridge Engineering Section if project need requires girder segments longer than 150 feet).
· Bridge site is not readily accessible....125 feet
· Fabricators are limited to their shop crane sizes.   Contact fabricators in the State of Oregon for project specific needs and requirements.


[bookmark: _Toc119902520][bookmark: _Toc137007904]1.6.1.3.2.10	Intermediate Cross-Frames

Skewed and Curved I-Girder Bridge Fit and Framing Arrangements

The contract documents should state the fit condition for which the cross-frames or diaphragms are to be detailed for the following I-girder bridges (LRFD 6.7.2):
· straight bridges where one or more support lines are skewed more than 20 degrees from normal;
· horizontally-curved bridges where one or more support lines are skewed more than 20 degrees from normal and with an L/R in all spans less than or equal to 0.03;
· horizontally-curved bridges with or without skewed supports and with a maximum L/R greater than 0.03.

where: 

L = actual span length bearing to bearing along the centerline of the bridge (ft)

R = girder radius at the centerline of the bridge (ft)

Fit Condition – deflected girder geometry associated with a targeted dead load condition for which the cross-frames are detailed to connect to the girders.

	Loading Condition Fit
	Construction Stage Fit
	Description

	No-Load Fit (NLF)
	Fully-Cambered Fit
	The cross-frames are detailed to fit to the girders in their fabricated, plumb, fully-cambered position under zero dead load.

	Steel Dead Load Fit (SDLF)
	Erected Fit
	The cross-frames are detailed to fit to the girders in their ideally plumb as-deflected positions under bridge steel dead load at the completion of the erection.

	Total Dead Load Fit (TDLF)
	Final Fit
	The cross-frames are detailed to fit to the girders in their ideally plumb as-deflected positions under the bridge total dead load.



See Skewed and Curved Steel I-Girder Bridge Fit (Standalone Summay) and Skewed and Curved Steel I-Girder Bridge Fit (Full Document) for more information. 

Recommended Fit Conditions for Straight I-Girder Bridges (including Curved I-Girder Bridges with L/R in all spans ≤ 0.03)

	Square Bridges and Skewed Bridges up to 20 deg Skew

	
	Recommended
	Acceptable
	Avoid

	Any span length
	Any
	None

	Skewed Bridges with Skew > 20 deg and Is ≤ 0.30 +/-

	
	Recommended
	Acceptable
	Avoid

	Any span length
	TDLF or SDLF
	-
	NLF

	Skewed Bridges with Skew > 20 deg and Is > 0.30 +/-

	
	Recommended
	Acceptable
	Avoid

	Span lengths up to 200’ +/-
	SDLF
	TDLF
	NLF

	Span lengths greater than 200’ +/-
	SDLF
	-
	TDLF & NLF



Recommended Fit Conditions for Horizontally Curved I-Girder Bridges ((L/R)MAX > 0.03)

	Radial or Skewed Supports

	
	Recommended
	Acceptable
	Avoid

	(L/R)MAX ≥ 0.2
	NLF
	SDLF
	TDLF

	All other cases
	SDLF
	NLF
	TDLF



· Detail for a Steel Dead Load Fit, unless the maximum L/R is greater than or equal to 0.2.
· When (L/R)MAX ≥ 0.2, detail for No-Load Fit, unless the additive locked-in force effects from Steel Dead Load Fit detailing are considered.


Design

If needed, provide and design cross-frames for all stages of construction and the final condition.

For skewed (>20°) and curved I-girder bridges:
· See LRFD C6.7.4.2 for discussion about beneficial framing arrangements in skewed and curved I-girder bridges to alleviate detrimental transverse stiffness effects.
· It is recommended to offset the first intermediate cross-frame placed normal to the girders adjacent to a skewed support:

[image: ]

Figure 1.6.1.3

· Framing of a normal intermediate cross-frame into or near a bearing location along a skewed support line is strongly discouraged unless the cross-frame diagonals are omitted.
· At skewed interior bents and end bents, place cross-frames along the skewed bearing line, and locate intermediate cross-frames greater than or equal to the recommended minimum offset from the bearing lines.
· For curved I-girder bridges, provide contiguous intermediate cross-frame lines within the span in combination with the recommended offset at skewed bearing lines.


Detailing

In choosing between intermediate cross-frames of "K" or "X" form, in general use the "X" form when the ratio of the beam spacing to the frame depth is less than 2 and the "K" form when it is greater than 2.  Consider a solid plate diaphragm when the depth of the frame approaches 3 feet or less.

Also consider maintenance requirements in the cross-frame design.  Providing adequate clearance for sandblasting and painting is recommended.  Avoid inaccessible areas.  It may also be necessary to provide for maintenance walkways and/or utilities through the cross-frames.
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Figure 1.6.1.3A


Rigidly connect cross-frames to the top and bottom flanges to prevent web distortions and cracking.  Weld stiffeners to compression and tension flanges as shown on Figures 1.6.1.3B, 1.6.1.3C and 1.6.1.3D.  Stop ends of welds about 1/4 inch away from the edge (snipe, clip, etc.) to avoid a poor quality weld termination.

Where two adjacent plate girders have significant differential deflection, such as the first row of cross-frame from the end bents, do not use the “K” or “X” type of cross-frames.  Use details shown on Figure 1.6.1.13B.  Check fatigue requirements of all welded connections.

Provide intermediate cross-frames between the box girders.  Submit a request for a design deviation to the State Bridge Engineer when a project requires omitting intermediate cross-frames or diaphragm between steel tub or box girders.

Connection Plates for Bracing Members - Cope diaphragm connection plates, which are welded to both the web and flange of a plate girder, a minimum of 1-1/2 inches to prevent intersection of the two welds.  Avoid lateral connection plates for lateral bracing which will be connected to the web of the plate girder or box girders.  Bolt lateral connection plates to the flange of the steel girder.  Cope lateral connection plates to be clear of any transverse web stiffener or diaphragm connection plate.
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Figure 1.6.1.3B
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Figure 1.6.1.3C




[image: ]


Figure 1.6.1.3D


[bookmark: _Toc119902521][bookmark: _Toc137007905]

1.6.2.11	Cross-Frames at Bents

Cross-frames at bents are more critical to transfer seismic forces from the superstructure to the substructure.  One solution is to use detail Figure 1.6.1.6A with a W shape beam between the girders at the top of the cross-frame.  Welded studs are added to the top flange of these W shape beams to provide the lateral resistance.

If a joint system is required for a cross-frame at end bents, it may be necessary to use details similar to cross-frames at continuous beam interior bents.  See Figure 1.6.1.6A.



Diaphragms or cross-frames are required along skewed interior bents and end bents.


[image: ]


Figure 1.6.1.6A


It is desirable to have all cross-frame member centerlines intersecting at a common point.  But, it is often easier to design for the eccentric loads in the connection than to get a common intersection point of the member centerlines.
1.6.1.4	Intermediate Web Stiffeners

Note that economy will often be served by the choice of a web plate of sufficient thickness that it does not require transverse stiffeners.

Where transverse intermediate stiffeners are used, provide them on both faces of the webs of interior girders and on the interior faces, only, of exterior girders.

Rigidly connect the stiffeners to the compression portions of the flanges.  Stiffeners may be welded to compression flanges.  Ends welds about 1/4” away from the edge (snipe, clip, etc.) to avoid a poor quality weld termination.
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Figure 1.6.1.4A


[bookmark: _Toc119902522][bookmark: _Toc137007906]1.6.1.5	Bearing Stiffeners

Bearing stiffeners and the web act as a column section, transferring loads from the superstructure to the substructure.  In combination with the end frames, they also transfer lateral loads from the superstructure to the substructure.  Minimum size of fillet weld is the minimum specified in BDM 1.6.2.2.  Select bearing stiffener widths in increments of 1/2 inch.
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Figure 1.6.1.5A


Limit bearing stiffeners skew angle at end bents or interior bents to the values shown in Figure 2.3 of the AWS D1.5 for bearing stiffeners to web connection.  Discard the footnotes of the figure which permits angles less than 60 degrees.  When the skew angle exceeds limit shown on the Figure, use bent plates.


[bookmark: _Toc119902523][bookmark: _Toc137007907]1.6.1.6	Cross-Frames at Bents

Cross-frames at bents are more critical to transfer seismic forces from the superstructure to the substructure.  One solution is to use detail Figure 1.6.1.6A with a W shape beam between the girders at the top of the cross-frame.  Welded studs are added to the top flange of these W shape beams to provide the lateral resistance.

If a joint system is required for a cross-frame at end bents, it may be necessary to use details similar to cross-frames at continuous beam interior bents.  See Figure 1.6.1.6A.



Diaphragms or cross-frames are required along skewed interior bents and end bents.
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Figure 1.6.1.6A


It is desirable to have all cross-frame member centerlines intersecting at a common point.  But, it is often easier to design for the eccentric loads in the connection than to get a common intersection point of the member centerlines.


[bookmark: _Toc119902524][bookmark: _Toc137007908]1.6.21..127	Composite Action and Flange Shear Connectors

Provide shear connectors in all portions of continuous spans, positive or negative moment. Old practice was to not use concrete reinforcement to increase the moment capacity of composite girders in the negative moment areas. However, for deflection and moment calculations include longitudinal reinforcing steel in the composite section properties of the girder in the negative moment areas.

Extend shear connectors at least 1 inch above the mid depth of the deck.  Generally, the deck build up on steel girders is constant except for bridges with variable cross-slopes (super elevation) along the bridge.  However the top flange plate thicknesses may vary.  Consider the effect of top flange thickness variation and bridge deck super elevations when checking the shop drawings or specifying the shear connector’s length.  The advantages of longer shear connectors are in distributing load to larger area of the bottom mat reinforcing steel when a girder fails in fatigue.   The concrete deck will distribute a portion of the unsupported load of the failed girder to adjacent girder/girders.
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Figure 1.6.1.7A


[bookmark: _Toc119902525][bookmark: _Toc137007909]1.6.21..138	Beam Camber

(1)  Beam Camber, General

Steel beams are cambered to compensate for dead load, shrinkage deflections and gradelines.  The final position of the bottom flange is either flat or follows the grade, except in a sag vertical curve.  Do not place a final negative camber in a beam.  Profile grades can be incorporated into the camber by either added camber in the beam or by varying the deck flange build-ups along the beam.  Sag vertical curves always require flange build-ups.  Consider the superelevation of the deck in the design of minimum flange build-ups.

Slope adjustment or build-up for straight girders on curved roadways must also be considered.  Deck grades are based on the roadway centerline and straight girders are offset at midspan from the centerline. As a result, the adjustment is the superelevation times the midspan offset.  Additional beam camber at midspan or additional build-up at the ends will be required.  See Figure 1.6.1.8A.

In addition to girder deflections, show girder rotations at bearing stiffeners. This will allow shop plan detailers to compensate for rotations so that bearing stiffeners will be vertical in their final position.
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Figure 1.6.1.8A


Sketches of the camber options for simple spans are shown in Figures 1.6.1.8B through 1.6.1.8D.
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Figure 1.6.1.8B
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Figure 1.6.1.8C
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Figure 1.6.1.8D




(2)  Shrinkage Camber

Bridge deck shrinkage has a varying degree of effect on superstructure deflections. The designer shall use some judgment in evaluating this effect on camber. Bridge deck shrinkage should be the smallest portion of the total camber. It has greater influence on shallower girder sections, say rolled beams. Simple spans will see more effect than continuous spans. For calculation, apply a shrinkage strain of 0.0002 to the long-term composite section using 3n. Tests have indicated that the unit shrinkage of the slab in composite beams (i.e., the shrinkage strain adjusted for long-term relaxation effects) may be taken equal to 0.0002.

The steel stresses in straight simple spans may be approximated by considering the composite cross-section as an eccentrically loaded column with a load of 0.0002EcnAc applied at the centroid of the slab and using n = Es/Ec.


[image: ]


Figure 1.6.1.8E


	 M = moments applied to structure due to concrete shrinkage

	    = (0.0002 in/in)EcAcYt in kip-inches

Where:

	Ec = Modulus of elasticity of concrete (ksi)
	f’c = Concrete Strength (psi)
	Ac = total area of concrete (in²)
	Yt = distance from cg of the deck to the cg of the composite section *.  (inches).

	* Note:  Use 3n for modular ratio in calculating section properties.


Example of a two span bridge with two different girder sections:

[image: ]

Figure 1.6.1.8F


For two span bridge, the magnitude of the applied moments is equal to the compression force times the distance from the mid-depth of the deck to the c.g. of the composite section for that segment. Where two segments join the applied moment is the difference between the calculated moments for each segment. 

The deflections of the first pour are based on the whole girder acting non-composite, then the deflections of the second pour are based on the area of the first pour acting compositely with the rest of the girder non-composite and so on until the last pour. The deflections due to each pour sequence are added together and only the total is shown in the camber table.

For structures requiring close tolerances on girder cambers, refined analysis of shrinkage effects utilize structural analysis software such as MIDAS Civil may also be used provided they are based on the same concrete shrinkage strain.


(3) Camber Diagrams

Show the following data for steel beam camber on the contract drawings:
	Grade line camber........................................................
	

	Dead load camber.........................................................
	

	Superimposed Dead load camber.................................
	

	Shrinkage camber.........................................................
	

	Total Camber.................................................................
	

	Camber due to weight of steel beam and diaphragm…
	





Camber diagram examples:
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Figure 1.6.1.8F
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Figure 1.6.1.8G


[bookmark: _Toc119902526][bookmark: _Toc137007910]1.6.2.14	Deck Overhang and Wind Loads


1.6.21.159	Deck Pouring Sequence

Deck pouring sequences for continuous steel spans must be developed according to the span and deflection characteristics of the particular bridge.

The general principal is to first place the sections that are outside of the negative moment zones.  Subsequent placements may produce negative flexure in the previously placed sections (See LRFD C6.10.3.7 for commentary).  Provide minimum negative flexure slab reinforcement per LRFD 6.10.3.7 as needed.  Set retarding admixture may be required to reduce excessive induced stresses in adjacent spans placed sequentially.

Any changes to the pouring sequence during construction must be analyzed by the Contractor’s Engineer to determine any effects on stresses and camber.  This review will need to be completed early in the process, because it may affect the beam fabrication.

The following steps are a general rule for pouring sequence of continuous steel bridges:
1. Pour (1) consists of all positive moment areas along the bridge which will not cause upward deflection on other span/s.  No waiting period is required between these spans.
2. Pour (2) consists of multiple separate placements of all positive moment areas of spans that cause upward deflection on other spans.  The wait period between these span placements is a minimum of three days after the last pour (1) ended and reaches 70% of final strength.  If multiple spans are placed sequentially in the same pour, set retarding admixture may be required to reduce excessive induced stresses in adjacent spans.
3. Pour (3) consists of all negative moment areas.  The pour can be placed a minimum three days after the last pour (2) ended.

The pouring sequence of three span continuous balanced bridges is shown below:


[image: ]


Figure 1.6.1.9A


The deck pouring sequence for bridges designed continuous for live load consists of two pours.  Pour (1) for all positive moment areas except for closure pours.  Pour (2) consists of all closure pours at interior and/or end bents a minimum of three days after pour (1).


[bookmark: _Toc119902527][bookmark: _Toc137007911]1.6.2.161.10	End Bents Detailing

It is desirable to eliminate end bent joints or make construction jointless to protect the girder steel from leaking joints.

Use the extended deck detail or semi integral abutments similar to Figures 1.6.1.10A or 1.6.1.10B.

Use the integral abutments when geometry and span length allow.  Show a painted section at the ends of plate girders.  On jointless bridges paint the end of the girder for a length of 1’-0” outside the concrete interface and 4 inches inside the concrete interface.  See Figure 1.6.1.10C.

Where joints cannot be avoided, show a paint detail at the end of plate girders.  Paint the end of the girder for a length at least 1.5 times the depth of the girder and all attachments within this limit.  See Figure 1.6.1.10D.  The paint color is to match the developed weathering steel patina 2.5 years after completion of the bridge construction.  See Figure 1.6.1.10D.
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Figure 1.6.1.10A
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Figure 1.6.1.10B


[image: ]


Figure 1.6.1.10C
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Figure 1.6.1.10D


[bookmark: _Toc119902528][bookmark: _Toc137007912]

1.6.12.1117	Expansion Joint Blockouts

Show a blockout detail (see Figures 1.14.2A) on the plans to allow the expansion joint assembly to be placed a period of time after the final deck pour.  Providing a blockout makes the adjacent deck pour easier, provides smoother deck transition to joint, and allows the majority of the superstructure shrinkage to occur prior to joint assembly placement.


[bookmark: _Toc119902529][bookmark: _Toc137007913]1.6.12.1812	Bearings and Anchor Rods

Due to high cost, try to avoid using built up steel bearings, pot bearings, and spherical bearings.

Design integral jointless bridges or use elastomeric bearings wherever possible.

Use circular elastomeric bearings on curved steel girders.

See also BDM 1.14.1.

See G9.1-2004, Steel Bridge Bearing Design and Detailing Guidelines for additional guidance. See Drawing E2.3 for prefer bearing anchor rods connection detail.

[bookmark: _Toc119902530][bookmark: _Toc137007914]

1.6.1.132.19	Structure Widenings

Generally, to avoid transferring dead loads from the widening to existing beams, diaphragms are temporarily connected to resist lateral loads only and a closure pour is made between the deck pours.  An example is shown below.
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Figure 1.6.1.13A
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Figure 1.6.1.13B
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