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Unit 1 — Bridge Engineering: Types and
Fundamentals

1.1 Historical development of bridge engineering

Bridges have come a long way since ancient times. From simple log crossings to massive steel structures,
bridge engineering has evolved dramatically. This journey reflects human ingenuity and technological
progress, shaping how we connect across landscapes.

Modern bridges are marvels of engineering, using advanced materials and design techniques. From the
Industrial Revolution to today's smart technologies, bridges showcase our ability to span greater distances,
carry heavier loads, and withstand harsh conditions.

Bridge Engineering Evolution

Ancient and Medieval Bridges
« Bridge engineering originated in ancient civilizations with early examples including:
* Log bridges spanning small streams and rivers
« Stone arch bridges constructed by Romans (Pont du Gard) and Chinese (Zhaozhou Bridge)
» Middle Ages witnessed more sophisticated stone arch bridges:
* Pont d'Avignon in France demonstrated advanced medieval engineering
* Charles Bridge in Prague showcased ornate architectural elements
* True arch development in ancient Rome allowed for:
* Longer spans across wider waterways
* Greater load-bearing capacity in stone structures

* More efficient distribution of forces through the arch

Industrial Revolution Advancements

* Industrial Revolution marked significant shift in bridge engineering:

* Introduced new materials like cast iron and wrought iron

» Enabled longer spans and more complex designs

* Iron Bridge in Shropshire, England (1779) pioneered use of cast iron in bridge construction
» Suspension bridge concept emerged in early 19th century:

» Menai Suspension Bridge (1826) designed by Thomas Telford showcased innovative suspension
technology

* Allowed for even longer spans across wide rivers and valleys

* Truss bridges developed in mid-19th century:
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« Utilized triangular structures to distribute loads efficiently
+ Enabled construction of railroad bridges to support heavy locomotive traffic

* Fink truss patented by Albert Fink became popular for railroad bridges

Modern Era Innovations

+ Late 19th and early 20th centuries saw emergence of steel as primary construction material:
* Allowed for creation of iconic structures (Brooklyn Bridge, Golden Gate Bridge)

* Increased strength-to-weight ratio compared to iron

 Enabled construction of longer and more slender bridge designs

* Reinforced concrete introduced new possibilities:

* Alvord Lake Bridge in San Francisco (1889) pioneered use of reinforced concrete

» Combined compressive strength of concrete with tensile strength of steel reinforcement
* Led to development of prestressed concrete for even greater structural efficiency

* Modern bridge engineering incorporates advanced materials:

* Prestressed concrete allows for longer spans and reduced material usage

« Composite materials (fiber-reinforced polymers) offer high strength-to-weight ratios

+ High-strength steel grades enable more efficient and economical designs

Milestones in Bridge Construction

Revolutionary Design Concepts

* Cable-stayed bridge designs implemented in mid-20th century:

« Offered alternative to suspension bridges for medium to long spans

+ Stromsund Bridge in Sweden (1955) marked first modern cable-stayed bridge
* Reduced material costs and construction complexity compared to suspension bridges
» Segmental bridge construction techniques developed in 1950s:

* Allowed for more efficient and cost-effective construction of concrete bridges
+ Enabled construction of longer spans with prefabricated segments

* Reduced on-site construction time and improved quality control

* Accelerated Bridge Construction (ABC) methods gained popularity:

« Utilized prefabricated bridge elements and systems

« Significantly reduced traffic disruption and on-site construction time

* Improved worker and public safety during construction
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Technological Breakthroughs

» Computer-Aided Design (CAD) revolutionized bridge engineering:

* Enabled more precise calculations and optimized designs

+ Allowed for virtual modeling and simulation of bridge behavior

* Improved collaboration and communication among project stakeholders
* Finite Element Analysis (FEA) enhanced structural analysis:

* Provided detailed understanding of stress distribution and deformation
 Enabled optimization of bridge components for improved performance

* Facilitated analysis of complex loading scenarios and dynamic responses
+ 3D printing technology transformed prototyping process:

+ Allowed for rapid creation and testing of scale models

+ Enabled iterative design refinement before full-scale construction

* Facilitated communication of design concepts to non-technical stakeholders

Advanced Materials and Monitoring

* High-performance concretes developed for increased durability:

« Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC) offered exceptional strength and
ductility

« Self-consolidating concrete improved constructability and surface finish

» Geopolymer concrete provided environmentally friendly alternative to traditional Portland cement
» Smart bridge technologies introduced in 21st century:

* Incorporated sensors for real-time structural health monitoring

» Enabled early detection of potential structural issues

* Facilitated data-driven maintenance and asset management strategies

+ Self-healing materials showed promise for future applications:

* Incorporated microcapsules or bacteria to repair small cracks autonomously

+ Potential to extend service life and reduce maintenance costs

» Research ongoing to develop practical applications for large-scale structures

Technology's Impact on Bridges

Design and Analysis Advancements

» Advanced structural analysis software enables complex optimized designs:

* Considers multiple load scenarios (wind, seismic, traffic)
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* Accounts for environmental factors (temperature, humidity, corrosion)

+ Allows for parametric design exploration and optimization

* Building Information Modeling (BIM) improves project collaboration:

« Streamlines design and construction process through integrated 3D modeling
+ Facilitates clash detection and resolution before construction

* Enhances communication between architects, engineers, and contractors

« Artificial Intelligence (Al) and Machine Learning (ML) applications emerge:

» Optimize design parameters based on historical data and performance metrics
+ Predict maintenance needs and structural behavior over time

* Assist in decision-making for bridge management and rehabilitation

Construction and Inspection Innovations

* Drones and LiDAR technology improve site surveying and inspection:

» Enhance safety by reducing need for manual inspections in hazardous areas
* Provide high-resolution 3D scans for accurate as-built documentation

* Enable regular monitoring of hard-to-reach structural components

* Prefabrication and modular construction techniques reduce on-site time:

* Improve quality control through factory production of bridge components

* Minimize traffic disruption during bridge replacement projects

+ Allow for standardization and economies of scale in bridge construction

* Robotic systems assist in construction and maintenance:

» Automated welding and assembly of steel bridge components

* Remote-controlled inspection and repair of underwater bridge foundations

 Exoskeleton suits enhance worker capabilities and safety

Materials and Monitoring Advancements

+ High-performance materials enable more efficient designs:

« Carbon fiber reinforced polymers (CFRP) offer high strength-to-weight ratios
» Shape memory alloys provide self-centering capabilities for seismic resilience
» Nanomaterials enhance concrete properties (strength, durability, conductivity)
* Smart sensors and Internet of Things (loT) enable real-time monitoring:

* Fiber optic sensors measure strain, temperature, and vibration

» Wireless sensor networks provide continuous data on structural performance
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* Edge computing devices process data locally for rapid response to anomalies
* Energy harvesting technologies power monitoring systems:

* Piezoelectric materials convert traffic vibrations into electrical energy

* Solar panels integrated into bridge structures provide sustainable power

» Thermoelectric generators utilize temperature differentials for energy production

Notable Bridge Engineers

Pioneers of Modern Bridge Engineering

« John A. Roebling pioneered steel wire rope in suspension bridges:

» Designed iconic Brooklyn Bridge completed in 1883

* Developed innovative spinning method for cable construction

« Established family legacy in bridge engineering continued by his son Washington Roebling
+ Gustave Eiffel renowned for innovative iron structures:

* Designed Maria Pia Bridge in Portugal (1877) featuring novel arch design

* Created Garabit Viaduct in France (1884) pushing limits of iron bridge technology

* Applied expertise to other structures (Eiffel Tower, Statue of Liberty internal framework)

» Othmar Ammann designed numerous significant bridges in New York:

* Created George Washington Bridge (1931) with record-breaking main span

* Designed Verrazano-Narrows Bridge (1964) incorporating advanced aerodynamic features

* Pioneered use of steel alloys and lightweight deck systems in suspension bridges

Innovators in Concrete and Cable-Stayed Bridges

* Fritz Leonhardt made significant contributions to cable-stayed bridge design:

» Developed modern cable-stayed bridge concept with Franz Dischinger

* Designed Dusseldorf Knee Bridge (1969) showcasing elegant cable-stayed form

+ Authored influential texts on bridge engineering and structural aesthetics

* Tung-Yen Lin pioneered prestressed concrete in bridge construction:

* Developed segmental bridge construction method for efficient concrete bridge building

* Designed San Mateo-Hayward Bridge (1967) utilizing precast segmental technology

* Founded T.Y. Lin International, influential engineering firm specializing in bridges

* Michel Virlogeux designed record-breaking bridges and advanced cable-stayed technology:
+ Created Millau Viaduct in France (2004) world's tallest bridge at time of completion

* Developed innovative stay cable systems for improved durability and performance
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* Contributed to design of Normandy Bridge (1995) pushing limits of cable-stayed span length

Structural Innovators with Bridge Applications

* Fazlur Rahman Khan developed tube structural system for tall buildings:

« Concept later adapted for long-span bridge design (box girder bridges)

* Pioneered computer-aided structural analysis techniques

* Influenced integration of architecture and structural engineering in bridge design

+ Christian Menn advanced concrete bridge design through elegant forms:

* Designed Ganter Bridge in Switzerland (1980) showcasing innovative curved form

* Created Sunniberg Bridge (1998) combining aesthetics with structural efficiency

« Contributed to design of Leonard P. Zakim Bunker Hill Memorial Bridge in Boston (2003)
« Jorg Schlaich innovated in lightweight structures and cable net designs:

* Developed cable net roof system adapted for pedestrian bridge applications

* Created Stuttgart TV Tower (1956) influencing slender tower designs in cable-stayed bridges

* Pioneered use of transparent and translucent materials in bridge design

1.2 Classification and types of bridges

Bridges come in various types, each with unique strengths and uses. From simple beams to complex
suspension systems, the choice depends on factors like span length, load, and site conditions.
Understanding these types is key to grasping bridge engineering basics.

This topic dives into bridge classification, exploring structural forms, materials, and functions. We'll
compare beam, truss, arch, suspension, and cable-stayed bridges, examining their load transfer
mechanisms, advantages, and limitations. This knowledge forms the foundation for smart bridge design
and selection.

Bridge classification by structure, function, and materials

Structural Forms and Load Distribution

* Bridge classification categorizes structures based on primary load-carrying mechanism, intended
purpose, and construction materials

« Structural forms include beam, truss, arch, suspension, and cable-stayed bridges, each with distinct
load distribution characteristics

+ Span length significantly influences choice of structural form and materials used in construction

» Environmental factors (site conditions, local climate) play crucial role in determining suitable bridge
classification for given location

Functional Classifications and Material Properties

+ Bridge functions encompass pedestrian, highway, railway, and multi-use applications, influencing
design requirements and load considerations
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« Common bridge materials include steel, reinforced concrete, prestressed concrete, and composite
materials, each with specific strength and durability properties

» Advancements in materials science and engineering led to development of innovative bridge types
(stress ribbon, integral abutment bridges)

Beam vs Truss vs Arch vs Suspension vs Cable-stayed Bridges

Load Transfer Mechanisms

» Beam bridges transfer loads through bending action, suitable for short to medium spans up to 250 feet

* Truss bridges utilize system of connected elements forming triangular units to distribute loads
efficiently, allowing for longer spans than simple beam bridges

* Arch bridges rely on compressive forces to transfer loads to supports, ideal for spanning valleys or
gorges with solid abutments

» Suspension bridges use cables as primary load-bearing elements, allowing for extremely long spans
up to 7,000 feet or more

+ Cable-stayed bridges employ inclined cables connected directly to bridge deck and towers, offering
balance between aesthetics and structural efficiency for medium to long spans

Structural Behavior and Construction Considerations

+ Load path and force distribution vary significantly among bridge types, influencing behavior under
different loading conditions

* Bridge deck configuration and support systems differ among bridge types, affecting construction
methods and maintenance requirements

* Truss bridges offer excellent strength-to-weight ratios, suitable for medium spans
» Suspension bridges can adapt to various ground conditions but require significant anchorage systems

+ Cable-stayed bridges provide efficient load distribution and aesthetic appeal for medium to long spans

Bridge type advantages and limitations

Span Length and Load-Carrying Capacity

» Beam bridges cost-effective and simple to construct for short spans, become inefficient for longer
spans due to increased self-weight and deflection

* Truss bridges suitable for medium spans, may require more maintenance due to numerous
connections and potential fatigue issues

« Arch bridges efficiently carry heavy loads over medium to long spans, require substantial horizontal
thrust resistance at supports

» Suspension bridges excel in spanning extremely long distances, susceptible to wind-induced
vibrations

» Cable-stayed bridges provide efficient load distribution for medium to long spans, may experience
complex dynamic behavior
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* Load-carrying capacity influenced by factors (material properties, structural depth, ability to distribute
loads effectively)

Construction Feasibility and Maintenance

« Construction feasibility varies among bridge types, factors include site accessibility, equipment
requirements, erection methods

* Arch bridges may pose challenges in construction and formwork
» Suspension bridges require precise cable tensioning during construction
» Cable-stayed bridges require precise cable tensioning during construction

* Truss bridges may require more frequent inspections and maintenance due to numerous connections

Bridge selection for site conditions and requirements

Site Considerations and Traffic Requirements

« Site topography (obstacles to be crossed, foundation conditions) significantly influences selection of
appropriate bridge type

» Geotechnical factors (soil bearing capacity, seismic activity) must be considered when choosing
between different bridge types and foundation systems

« Traffic requirements (vehicular and pedestrian loads, lane configurations, future expansion needs)
impact selection of bridge type and deck design

+ Clearance requirements (navigation, flood levels, underlying roadways) may dictate minimum vertical
profile and structural depth of bridge

Aesthetic and Economic Factors

* Aesthetic considerations (visual impact on surrounding landscape, architectural harmony with nearby
structures) play crucial role in bridge type selection for urban or scenic areas

« Construction costs (material availability, transportation logistics, erection methods) must be evaluated
when comparing different bridge types for given project

* Long-term maintenance requirements and life-cycle costs should be factored into bridge type
selection process to ensure optimal performance and cost-effectiveness over structure's lifespan

1.3 Basic components and terminology of bridges

Bridges are complex structures with many interconnected components. This section breaks down the basic
elements of bridges, from foundations to decks, and explains their functions. Understanding these
components is crucial for grasping how bridges work and stay standing.

The terminology and concepts introduced here form the foundation for bridge engineering. We'll explore
load transfer, stability systems, and how to read bridge drawings. These basics will help you make sense
of more advanced bridge topics later on.
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Bridge Components and Functions

Foundation and Support Structures

* Foundations transfer loads from bridge to ground
« Spread footings distribute load over large area

* Piles transfer load to deeper, stronger soil layers
* Caissons (large diameter shafts) support heavy loads in deep water
* Piers vertically support superstructure

* Transfer loads from superstructure to foundations
+ Constructed of reinforced concrete or steel

» Shapes include solid, hollow, or multi-column

* Abutments support bridge ends

« Connect bridge to approaching roadway

* Retain soil behind structure

* Often include wing walls to contain embankment

Superstructure Elements

* Girders support deck and transfer loads horizontally

« Common materials steel or prestressed concrete

» Types include I-beams, box girders, and plate girders

» Work in bending and shear to span required distances

* Bridge decks carry traffic and distribute loads

« Typically reinforced concrete construction

» May include wearing surface (asphalt) for smoother ride

* Thickness varies based on span and loading requirements
* Bearings allow controlled movement between superstructure and substructure
* Types include elastomeric, pot, disk, and rocker bearings

» Accommodate thermal expansion/contraction and rotations
* Transfer vertical and horizontal loads

» Expansion joints accommodate structure movement

« Allow for thermal expansion/contraction

* Types include strip seals, modular joints, and finger joints

* Prevent water and debris from damaging substructure
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Bridge Terminology

Structural Definitions

» Span measures distance between supports

« Simple span supported at both ends

+ Continuous span extends over multiple supports

« Cantilever span projects beyond support

* Clearance ensures safe passage underneath

« Vertical clearance (height between bridge and surface below)
* Horizontal clearance (width for navigation or traffic)
» Critical for bridges over waterways or roadways

» Camber counteracts anticipated deflection

« Slight upward curvature built into girders or deck

* Accounts for dead load and portion of live load

* Ensures level riding surface under normal conditions

Load and Capacity Concepts
+ Bearing capacity defines soil/rock load support
» Maximum load without excessive settlement or failure
» Determined through geotechnical investigation
* Influences foundation design and type
* Live loads represent temporary, movable forces
* Vehicles, pedestrians, wind, and seismic forces
* Vary in magnitude and position on structure
* Design considers worst-case loading scenarios
* Dead loads account for permanent structural weight
« Self-weight of all bridge components
+ Additional permanent elements (barriers, lighting)

* Remains constant throughout bridge life

Design Considerations

* Fatigue addresses repeated loading effects
» Weakening of materials over time

« Critical in steel structures and connections
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* Influenced by stress range and number of cycles

* Redundancy ensures multiple load paths

* Prevents catastrophic failure if one element fails

* Achieved through additional members or load sharing

* Important for critical bridge components (fracture critical members)

Load Transfer and Stability
Vertical Load Path

+ Deck distributes traffic loads to supporting elements
* Acts as a two-way slab spanning between girders

+ Transfers concentrated wheel loads to wider area

* Girders or trusses transfer deck loads to supports

* Primary load-carrying members of superstructure

+ Experience bending, shear, and torsional forces

» Spacing and depth influence load distribution

* Piers and abutments receive superstructure loads

* Transfer concentrated forces to foundations

* Resist both vertical and horizontal loads

* Design considers stability and settlement

Lateral Stability Systems
» Diaphragms and cross-bracing enhance girder stability
» Connect adjacent girders at regular intervals
* Prevent lateral-torsional buckling of girders
* Improve load distribution across bridge width
* Bearings facilitate load transfer while allowing movement
» Accommodate thermal expansion/contraction
+ Allow rotations from live load deflections
* Transmit horizontal forces (braking, wind) to substructure
* Foundations distribute loads to supporting ground
* Spread concentrated loads over larger area
* Resist overturning and sliding forces

* Design considers soil properties and groundwater conditions
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System Interaction

» Complete load path ensures structural integrity

+ Continuous transfer from traffic to supporting ground
» Each component designed for specific role in system
* Redundancy provides multiple load paths for safety
« Component interactions affect overall behavior

» Composite action between deck and girders

* Load sharing between adjacent girders

« Soil-structure interaction at foundations
Interpreting Bridge Drawings

Plan and Elevation Views

* Plan views show overall bridge layout

+ Span lengths and pier locations

« Alignment with roadway or obstacle crossed

* Deck width and lane configurations

* Elevation drawings depict side view of structure
* Vertical clearances and pier heights

* Superstructure depth and profile

» Foundation types and depths

Detailed Drawings

* Cross-section drawings provide component arrangement
» Deck thickness and cross-slope

+ Girder spacing and dimensions

« Barrier and railing details

» Foundation plans illustrate substructure layout

* Footing dimensions and reinforcement

* Pile or caisson arrangements

* Relationship to piers and abutments

« Structural details show component connections

« Girder-to-pier connections (fixed or expansion)

* Expansion joint assemblies
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* Bearing types and installation details

Specifications and Notations

+ Reinforcement drawings specify steel placement

* Bar sizes, spacing, and arrangements

» Cover requirements and splicing details

« Critical for concrete elements (deck, piers, abutments)
* Technical specifications complement drawings

» Material properties (concrete strength, steel grade)
+ Construction methods and tolerances

+ Quality control and testing requirements

+ Drawing notations provide additional information

» Dimensioning and elevation references

» Material callouts and section markers

* General notes for design assumptions and codes

1.4 Factors influencing bridge design and selection

Bridge design is a complex process influenced by numerous factors. From topography and soil conditions
to environmental considerations and material choices, engineers must carefully weigh each element to
create safe, efficient structures. These factors shape everything from foundation design to span length and
overall structural configuration.

Traffic impact plays a crucial role in bridge design. Engineers must consider current and future traffic
volumes, vehicle loads, and the needs of pedestrians and cyclists. This ensures bridges can handle
projected capacities, meet safety standards, and accommodate various users. Aesthetic considerations
and sustainability also factor into modern bridge design, balancing visual appeal with long-term
performance and environmental impact.

Bridge Design Factors

Topography and Geotechnical Considerations
« Site topography impacts bridge design
* Influences span length (short spans for hilly terrain, longer spans for wide valleys)
+ Determines pier placement (fewer piers for deep valleys, more for shallow crossings)
» Shapes overall structural configuration (arch bridges for deep gorges, beam bridges for flat terrain)
+ Soil conditions dictate foundation design
* Clay soils require deep foundations (piles or caissons)

+ Sandy soils may need soil improvement techniques (compaction or grouting)
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* Rock allows for shallow foundations (spread footings)
» Geotechnical characteristics affect load-bearing capacity
+ Soft soils may require soil stabilization (soil mixing or stone columns)

* Liquefiable soils in seismic zones need special consideration (dynamic compaction or soil
replacement)

* Hydraulic factors influence bridge design near water bodies
* Flood levels determine minimum deck elevation
» Stream flow shapes pier design (streamlined piers for fast-flowing rivers)

+ Scour potential affects foundation depth and erosion protection measures (riprap or gabions)

Environmental and Material Considerations

» Environmental factors shape structural design

» Wind loads influence bridge aerodynamics (streamlined deck sections for long-span bridges)

« Seismic activity requires ductile design and energy dissipation systems (base isolation or dampers)
» Temperature variations necessitate expansion joints and bearings

« Construction materials have distinct properties affecting design

« Steel offers high strength-to-weight ratio (suitable for long-span bridges)

* Concrete provides durability and low maintenance (ideal for short to medium spans)

« Timber brings aesthetic appeal and sustainability (appropriate for pedestrian bridges or rural settings)
 Material choice impacts bridge performance

» Span capabilities vary (steel allows longer spans than concrete)

* Maintenance requirements differ (steel needs painting, concrete may require crack sealing)

« Cost-effectiveness depends on local availability and expertise

Constructability and Accessibility

« Site accessibility influences design decisions

« Limited access may require segmental construction techniques

* Remote locations might favor prefabricated elements to reduce on-site work
+ Construction methods affect bridge design

« Cantilever construction suits tall piers or deep valleys

* Incremental launching works well for multi-span viaducts

* Float-in or lift-in methods are useful for water crossings

* Equipment requirements shape structural choices

* Heavy lift cranes allow for larger precast elements
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« Limited crane access might necessitate cast-in-place concrete
* Project scheduling considerations
* Accelerated bridge construction (ABC) techniques for minimal traffic disruption

» Seasonal constraints (avoiding in-water work during fish spawning seasons)

Traffic Impact on Bridges

Traffic Volume and Capacity

* Traffic volume projections guide bridge capacity

» Determine number of lanes (2-lane rural bridges, multi-lane urban expressways)

* Influence deck width (wider decks for high-volume highways)

» Shape overall bridge dimensions (longer, wider bridges for busy corridors)

* Future growth estimates ensure long-term functionality

« Consider regional development plans and population trends

+ Allow for potential lane additions or widening in the future

« Traffic flow patterns optimize bridge geometry

* Analyze approach roads for smooth transitions (gradual curves and appropriate superelevation)
+ Design merging lanes to reduce congestion (acceleration and deceleration lanes)

* Plan intersection layouts near bridge ends (traffic signals or roundabouts)

Vehicle Loads and Design Standards

* Vehicle loads determine required structural strength

« Static forces from vehicle weight

» Dynamic forces from moving vehicles (impact factors)

+ AASHTO LRFD Bridge Design Specifications provide standardized criteria
» HL-93 design load model for typical highway bridges

* Special load cases for military vehicles or oversized loads

+ Load combinations and factors of safety ensure structural reliability

» Combine dead loads, live loads, and environmental loads

* Apply load factors to account for uncertainties

« Special vehicle considerations influence design

* Oversized loads may require increased vertical clearance (14'-6" minimum for standard highways)
* Emergency vehicles necessitate adequate lane widths and load capacity

* Transit vehicles on bridges require specific lane configurations and loading zones
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Pedestrian and Cyclist Requirements

* Pedestrian and cyclist needs impact deck design
 Separate walkways for safety (typically 5-10 feet wide)

* Protective barriers between vehicular and pedestrian areas
* Non-slip surfaces for wet conditions

« Safety features for non-motorized users

» Adequate lighting for nighttime use

+ Railings and fencing to prevent falls (42" minimum height)
* Crash-resistant barriers to protect from errant vehicles

* Accessibility considerations for all users

» ADA-compliant ramps and cross slopes

« Tactile warning strips at transition points

* Bicycle-friendly expansion joints and drainage grates

Future Technologies and Adaptability
* Integration of intelligent transportation systems (ITS)
» Embed sensors for structural health monitoring
* Incorporate communication infrastructure for connected vehicles
* Install variable message signs for real-time traffic information
» Adaptability for future transportation modes
+ Design flexibility for potential light rail or bus rapid transit
« Consider charging infrastructure for electric vehicles

* Plan for autonomous vehicle technology integration

Aesthetics in Bridge Design

Visual Harmony and Proportion

* Form and proportion create visual appeal

+ Balance span lengths for rhythmic appearance

* Use golden ratio (1:1.618) for pleasing proportions

* Employ symmetry or asymmetry intentionally

* Integration with surrounding environment

» Match bridge color to landscape (earth tones for natural settings)

* Reflect local architectural styles in design elements
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* Frame scenic views through thoughtful pier placement

* Aesthetic treatments enhance appearance

* Textured concrete surfaces (form liners or exposed aggregate)
* Decorative railings and lighting fixtures

* Architectural cladding on structural elements

Cultural Context and Public Engagement

* Cultural elements reflect local identity

* Incorporate indigenous art motifs in bridge details

» Reference historical structures in design (arches reminiscent of Roman aqueducts)
* Use local materials to connect with regional building traditions

+ Public perception influences design decisions

» Conduct community surveys to gauge preferences

* Hold design charrettes for collaborative idea generation

» Organize public hearings to address concerns and gather feedback

* Iconic designs create landmarks

* Distinctive shapes become recognizable symbols (Golden Gate Bridge in San Francisco)
* Unique lighting schemes create nighttime identities (colorful LED displays)

* Viewing platforms or walkways encourage public interaction

Visual Impact and Artistic Integration

* Landscape impact assessment guides design

» Conduct viewshed analysis to understand visibility from key points
* Create photorealistic renderings for public presentation

 Consider seasonal changes in vegetation and lighting

+ Lighting design enhances aesthetics and safety

* Use energy-efficient LED fixtures for sustainability

* Implement dark sky-compliant designs to reduce light pollution

* Create dynamic lighting scenes for special events or seasons

* Integration of public art adds cultural value

+ Collaborate with local artists for site-specific installations

* Incorporate interpretive elements to educate about local history or ecology

* Design interactive features to engage pedestrians and cyclists
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Sustainability in Bridge Design
Life-Cycle Cost Analysis

* LCCA considers long-term financial impacts

« Initial construction costs (materials, labor, equipment)

» Maintenance expenses over the bridge lifespan (inspections, repairs)

» Rehabilitation needs (deck replacement, strengthening)

 Eventual replacement or decommissioning costs

+ Maintainability factors influence long-term performance

* Design for easy inspection access (walkways, hatches)

* Facilitate component replacement (modular elements, standardized parts)

* Implement corrosion protection systems (cathodic protection, protective coatings)

Durability and Resilience

 Material selection impacts service life

* Use high-performance concrete for improved durability
* Employ weathering steel to reduce painting needs

* Specify corrosion-resistant reinforcement (stainless steel or FRP bars)
* Design details enhance longevity

* Proper drainage to prevent water accumulation

» Adequate concrete cover for reinforcement protection
* Expansion joints to accommodate thermal movement
» Monitoring systems improve maintenance strategies

« Install strain gauges to track structural behavior

» Use accelerometers for seismic monitoring

* Employ fiber optic sensors for distributed strain sensing

Environmental Sustainability

» Material sourcing considers environmental impact

* Use recycled materials when possible (recycled steel, fly ash in concrete)
* Specify locally sourced materials to reduce transportation emissions

* Choose materials with low embodied energy

+ Construction methods minimize ecological disturbance

* Implement erosion control measures during construction
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» Use low-noise equipment in sensitive habitats

» Employ prefabrication to reduce on-site environmental impact
* Energy efficiency in operation

* Install solar panels on noise barriers or maintenance buildings
* Use LED lighting for reduced energy consumption

+ Implement regenerative braking systems for cable-stayed bridges

Adaptability and Future-Proofing
+ Design for potential future demands
* Allow for deck widening or strengthening
* Plan for potential mass transit integration
+ Consider climate change impacts (sea-level rise, increased storm intensity)
» End-of-life considerations promote circular economy
* Design for easy disassembly and material separation
« Specify materials with high recycling potential

« Plan for potential adaptive reuse (pedestrian bridges, green corridors)
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Unit 2 — Bridge Design: Process &
Considerations

2.1 Stages of bridge design and project lifecycle

Bridge design and construction involve six main stages: planning, preliminary design, detailed design,
pre-construction, construction, and post-construction. Each stage plays a crucial role in ensuring a
successful project, from initial feasibility studies to final inspections and long-term maintenance plans.

Key stakeholders in bridge projects include owners, project managers, engineers, contractors, and
regulatory agencies. Effective communication and collaboration between these parties are essential for
addressing complex design issues, optimizing construction methods, and meeting project goals within
budget and schedule constraints.

Bridge Design and Construction Stages

Planning and Preliminary Design

* Bridge design and construction process consists of six main stages encompassing planning,
preliminary design, detailed design, pre-construction, construction, and post-construction

* Planning stage involves project initiation, feasibility studies, environmental impact assessments, and
development of project brief

* Feasibility studies evaluate technical and economic viability of proposed bridge project

» Environmental impact assessments analyze potential effects on surrounding ecosystems and
communities

* Preliminary design includes conceptual design, site investigations, and selection of preferred bridge
type and layout

« Site investigations gather crucial data on soil conditions, topography, and existing infrastructure

* Bridge type selection considers factors such as span length, load requirements, and site constraints
(arch, truss, cable-stayed)

Detailed Design and Pre-Construction

* Detailed design involves creation of comprehensive structural calculations, drawings, and
specifications for all bridge components

« Structural calculations determine load-bearing capacities, stress distributions, and dynamic responses
 Drawings include plan views, elevations, cross-sections, and connection details

* Pre-construction stage encompasses contractor selection, procurement of materials, and
development of construction methodologies and schedules

* Contractor selection often involves competitive bidding process based on technical expertise and cost
proposals

» Material procurement focuses on sourcing high-quality construction materials (steel, concrete,
reinforcement)

Fiveable archived study guides Page 21



+ Construction methodologies may include innovative techniques such as incremental launching or
segmental construction

Construction and Post-Construction

* Construction phase involves site preparation, foundation work, superstructure erection, and
installation of auxiliary components

« Site preparation includes clearing, grading, and establishment of temporary access roads
» Foundation work may involve pile driving, caisson construction, or spread footing installation

* Superstructure erection methods vary based on bridge type (girder placement, arch construction,
cable tensioning)

* Post-construction activities include final inspections, commissioning, and implementation of long-term
maintenance and monitoring plans

* Final inspections verify compliance with design specifications and quality standards
« Commissioning involves testing of bridge systems (expansion joints, bearings, drainage)

* Long-term maintenance plans outline regular inspection schedules and preventive maintenance
activities

Stakeholder Roles in Bridge Projects

Project Ownership and Management

* Project owner or client defines project requirements, secures funding, and makes key decisions
throughout project lifecycle

* Project requirements may include bridge capacity, design life, and aesthetic considerations

* Funding sources can include government allocations, public-private partnerships, or toll revenue
projections

* Project managers oversee entire project, coordinating between stakeholders, managing budgets and
schedules, and ensuring overall project success

« Coordination involves facilitating communication between design teams, contractors, and regulatory
agencies

» Budget management includes cost control measures and value engineering initiatives

» Schedule management utilizes critical path method (CPM) and other project planning tools

Engineering and Construction Teams

+ Design engineers develop bridge concepts, perform structural analyses, and produce detailed design
documents

« Structural analyses may include finite element modeling and dynamic response simulations
+ Design documents encompass structural drawings, material specifications, and design calculations

» Geotechnical engineers conduct site investigations and provide recommendations for foundation
design and construction

Fiveable archived study guides Page 22



« Site investigations may include soil borings, in-situ testing, and laboratory analysis of soil samples
» Foundation recommendations consider factors such as soil bearing capacity and potential settlement

« Construction contractors execute design plans, manage on-site activities, and ensure adherence to
quality and safety standards

* On-site activities include coordination of labor, equipment, and material deliveries
+ Quality control measures involve regular testing of materials and workmanship

« Safety standards compliance includes implementation of fall protection systems and traffic
management plans

Regulatory and Support Roles

* Regulatory agencies review and approve design plans, issue permits, and ensure compliance with
environmental and safety regulations

+ Design plan reviews focus on structural integrity, environmental impact, and code compliance

* Permits may include environmental clearances, construction permits, and navigational approvals for
bridges over waterways

» Material suppliers and specialized subcontractors contribute expertise and resources to specific
aspects of bridge construction process

» Material suppliers provide structural steel, precast concrete elements, or specialized bridge
components (bearings, expansion joints)

« Specialized subcontractors may handle tasks such as post-tensioning, bridge deck waterproofing, or
corrosion protection systems

Communication and Collaboration in Bridge Design

Effective Communication Strategies

« Effective communication ensures all stakeholders have clear understanding of project goals,
timelines, and potential challenges

* Project goals may include completion deadlines, budget constraints, and performance objectives

* Potential challenges could involve unexpected site conditions, material supply issues, or regulatory
hurdles

* Regular project meetings and progress reports facilitate exchange of information and help identify and
resolve issues promptly

* Project meetings may include design review sessions, construction progress updates, and
stakeholder briefings

* Progress reports typically cover schedule status, budget updates, and key performance indicators

+ Clear communication channels between project team and regulatory agencies help streamline
approval process and minimize delays

« Communication with regulatory agencies involves submitting required documentation, addressing
review comments, and coordinating site inspections
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Collaborative Design and Construction Approaches

* Collaboration between design and construction teams during early stages leads to more constructable
designs and improved project outcomes

« Constructability reviews identify potential challenges in translating design concepts into built structures
« Early contractor involvement can provide valuable input on construction methods and sequencing

« Interdisciplinary coordination proves essential for addressing complex design issues and optimizing
integration of various bridge systems

« Coordination between structural, geotechnical, and hydraulic engineers ensures comprehensive
design solutions

* Integration of mechanical and electrical systems requires collaboration with specialized consultants

+ Use of Building Information Modeling (BIM) and other collaborative technologies enhances information
sharing and decision-making across different teams

* BIM allows for 3D visualization of bridge design, clash detection, and quantity takeoffs

+ Cloud-based project management platforms facilitate real-time document sharing and version control

Stakeholder Engagement and Public Communication

« Effective stakeholder engagement, including public consultation, proves crucial for managing
expectations and addressing community concerns throughout project lifecycle

+ Public consultation may involve town hall meetings, online surveys, and information sessions

» Community concerns often relate to traffic disruptions, environmental impacts, and visual aesthetics of
the bridge

+ Clear communication of project benefits and potential impacts helps build public support and mitigate
opposition

* Project benefits may include improved transportation connectivity, economic development
opportunities, and enhanced safety

* Potential impacts could involve temporary noise and dust during construction or changes to local
traffic patterns

Critical Milestones in Bridge Projects

Planning and Design Milestones

* Planning phase culminates in approval of project brief, feasibility studies, and environmental impact
assessments

* Project brief approval signifies agreement on project scope, objectives, and constraints
* Feasibility study approval confirms technical and economic viability of proposed bridge

+ Key deliverables of preliminary design stage include conceptual drawings, cost estimates, and
selection of preferred bridge option

» Conceptual drawings illustrate overall bridge layout, structural system, and key dimensions
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* Cost estimates provide order-of-magnitude projections for budgeting and funding allocation

* Detailed design phase produces comprehensive structural calculations, construction drawings,
technical specifications, and design reports

« Structural calculations cover load analysis, member sizing, and connection design
+ Construction drawings include detailed plans, elevations, sections, and reinforcement layouts

+ Technical specifications outline material requirements, construction methods, and quality control
procedures

Pre-Construction and Construction Milestones

« Critical pre-construction milestones include award of construction contract, approval of contractor's
quality and safety plans, and procurement of long-lead items

+ Contract award marks formal engagement of construction contractor and project commencement

* Quality and safety plan approvals ensure alignment with project standards and regulatory
requirements

+ Long-lead item procurement may involve ordering of specialized bridge bearings or expansion joints

* During construction, important milestones include completion of foundations, erection of main
structural elements, and installation of deck systems

» Foundation completion signifies readiness for superstructure construction

* Erection of main structural elements may involve placement of girders, arch segments, or cable-stay
towers

* Deck system installation includes formwork, reinforcement placement, concrete pouring, and surface
finishing

Project Completion and Post-Construction Milestones
« Final inspections, load testing, and issuance of completion certificates mark end of construction phase
+ Final inspections verify compliance with design specifications and workmanship standards
* Load testing assesses bridge performance under various loading conditions (static and dynamic)
» Completion certificates formally transfer responsibility from contractor to owner

* Post-construction deliverables include as-built drawings, operation and maintenance manuals, and
implementation of long-term monitoring systems

« As-built drawings document actual constructed conditions, incorporating any field changes

+ Operation and maintenance manuals provide guidelines for routine inspections, maintenance
procedures, and repair protocols

+ Long-term monitoring systems may include strain gauges, accelerometers, or corrosion sensors to
track bridge performance over time
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2.2 Site investigation and data collection

Bridge site investigations are crucial for successful design and construction. They provide key data on local
conditions, potential hazards, and environmental constraints. This information guides decisions on
foundation types, span lengths, and structural systems, ensuring safety and efficiency.

Various techniques are used to gather site data. Geotechnical investigations assess soil properties,
hydrological studies examine water behavior, and topographical surveys map terrain. Environmental
studies identify sensitive ecosystems. All this data informs bridge design and construction planning.

Site Investigations for Bridge Design

Importance of Thorough Site Investigations

* Provide crucial information about local conditions impacting bridge design, construction, and long-term
performance

« Identify potential geotechnical hazards (landslides, soil liquefaction), environmental constraints
(protected habitats, flood zones), and existing infrastructure (underground utilities, nearby buildings)

« Inform selection of appropriate foundation types (deep piles, shallow footings), span lengths, and
structural systems (arch, truss, cable-stayed)

+ Contribute to more accurate cost estimates and construction schedules by reducing uncertainties and
potential surprises during construction phase

» Ensure safety, durability, and sustainability of bridge structure by providing essential information for
design decisions

» Extent and depth of investigations correlate with project complexity and scale
« Larger or more challenging sites require more extensive investigations

« Simple bridge over a small creek needs less extensive investigation than a multi-span bridge over a
major river

Site Investigation Techniques

+ Geotechnical investigations

+ Soil borings extract soil samples at various depths

» Cone penetration tests (CPT) measure soil resistance and pore water pressure

» Geophysical surveys (seismic refraction, electrical resistivity) map subsurface layers
* Hydrological assessments

» Stream gauging measures water flow rates and levels

» Bathymetric surveys map underwater topography

 Hydraulic modeling simulates water behavior during flood events

 Topographical surveys

+ LiDAR (Light Detection and Ranging) creates detailed 3D terrain models

* Photogrammetry uses aerial photographs to generate topographic maps
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« Traditional surveying with total stations and GPS for precise measurements
» Environmental studies

« Habitat surveys identify protected species and sensitive ecosystems

» Water quality sampling assesses potential impacts on aquatic life

* Noise monitoring determines baseline levels and potential construction impacts

Data Requirements for Bridge Design

Geotechnical Data

« Soil properties (shear strength, compressibility, permeability)

» Rock properties (compressive strength, joint spacing, weathering)
 Subsurface stratigraphy detailing soil and rock layers

» Groundwater conditions (water table depth, artesian pressure)

* Potential geohazards

* Liquefaction susceptibility in seismic areas

« Karst topography with underground cavities

» Expansive soils that change volume with moisture content

Hydrological and Meteorological Data

* River flow rates (average and peak discharges)

* Flood levels for various return periods (100-year flood, 500-year flood)
* Scour potential around bridge foundations

» Water quality information for environmental impact assessment

» Wind patterns (prevailing directions, maximum gusts)

» Temperature ranges (extreme highs and lows, freeze-thaw cycles)

* Precipitation levels (average rainfall, snowfall accumulation)

Topographical and Infrastructure Information

* Terrain contours and site elevations

« Existing natural features (rivers, cliffs, vegetation)

* Man-made features impacting bridge alignment (buildings, roads)
+ Traffic data

* Current and projected traffic volumes

* Vehicle types (passenger cars, heavy trucks)

* Load spectra for pavement and structural design
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« Existing infrastructure
» Underground utilities (water mains, gas lines, fiber optic cables)
« Adjacent structures (buildings, retaining walls)

* Transportation networks (highways, railways, waterways)

Site Data Collection and Analysis

Geotechnical Investigation Methods
* Soil borings
* Extract soil samples at various depths using drill rigs
* Perform Standard Penetration Tests (SPT) to measure soil density
» Cone Penetration Tests (CPT)
* Push instrumented cone into soil to measure resistance and pore pressure
* Provide continuous soil profile without sample extraction
» Geophysical surveys
+ Seismic refraction measures wave velocities to determine soil/rock layers
« Electrical resistivity imaging maps subsurface conductivity variations
+ Laboratory testing of soil and rock samples
» Determine engineering properties (shear strength, Atterberg limits)

* Assess chemical properties (pH, sulfate content) for material selection

Hydrological and Environmental Assessment Techniques
» Stream gauging
» Measure water velocity and cross-sectional area to calculate flow rate
* Install automated gauging stations for long-term monitoring
» Bathymetric surveys
* Use sonar or LiDAR to map underwater topography
« Identify potential scour zones around bridge foundations
» Hydraulic modeling
* Develop computer models to simulate river behavior during floods
* Analyze water surface elevations and velocities for bridge design
» Environmental sampling
+ Collect water, soil, and air samples for laboratory analysis

* Assess potential contaminants and environmental impacts
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Topographical and Traffic Data Collection

* LiDAR (Light Detection and Ranging)

* Use laser pulses to create high-resolution 3D terrain models

* Capture detailed information on vegetation and structures

* Photogrammetry

* Analyze overlapping aerial photographs to generate topographic maps
* Produce orthophotos for visual site documentation

« Traffic studies

* Deploy automatic traffic counters to record vehicle volumes and types
» Conduct origin-destination surveys to understand travel patterns

* Develop traffic simulation models to analyze future scenarios

Data Interpretation for Bridge Design

Geotechnical Data Analysis

+ Determine appropriate foundation types based on soil/rock properties
* Deep piles for weak soils or high loads

+ Shallow footings for competent rock or stiff soils

« Calculate foundation capacities and expected settlements

* Assess slope stability for bridge approaches and abutments

« Evaluate liquefaction potential in seismic areas

+ Design appropriate ground improvement techniques (soil mixing, stone columns)

Hydrological and Environmental Data Interpretation

+ Design adequate bridge clearances based on flood levels

* Develop scour protection measures (riprap, sheet piles)

* Size drainage systems to handle expected runoff

* Assess environmental impacts and develop mitigation strategies
« Create wildlife crossings or fish passages

* Implement erosion control measures during construction

* Determine wind loads on bridge superstructure and cable systems

Topographical and Traffic Data Analysis

* Optimize bridge alignment to minimize earthwork and environmental impact

» Determine appropriate span lengths based on site constraints
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* Design approach roadways and interchanges

+ Calculate required number of lanes based on traffic projections

* Determine design loading for structural elements (deck, girders, piers)

* Plan for future expansion capabilities based on long-term traffic forecasts

* Integrate new bridge with existing transportation networks and utilities

Comprehensive Site Model Development

+ Synthesize multiple data sources into a unified digital model

« Utilize Building Information Modeling (BIM) for 3D visualization

« Identify potential design constraints and conflicts

* Limited right-of-way in urban areas

+ Challenging soil conditions requiring special foundations

» Environmental restrictions affecting construction methods

* Facilitate informed decision-making throughout design process
 Enable efficient collaboration among different engineering disciplines

« Support stakeholder communication with visual representations of proposed designs

2.3 Environmental and aesthetic considerations

Bridges aren't just functional structures; they're a balancing act between engineering, environment, and
aesthetics. Designers must consider how these massive projects impact ecosystems, wildlife, and local
communities while creating visually appealing landmarks.

Environmental assessments, sustainable design principles, and habitat preservation are crucial in modern
bridge engineering. Equally important are aesthetic elements that enhance public perception and create
iconic structures. It's all about finding harmony between function, beauty, and ecological responsibility.

Environmental Considerations in Bridge Design

Environmental Impact Assessments and Regulations

» Environmental impact assessments (EIAs) evaluate potential effects of bridge projects on
ecosystems, wildlife habitats, and local communities

» Compliance with environmental regulations ensures project approvals and permits
+ Clean Water Act governs water pollution control and water quality standards

» Endangered Species Act protects threatened and endangered plants and animals
« Climate change impacts require consideration for long-term bridge resilience

» Sea-level rise may affect coastal bridge designs

» Extreme weather events necessitate more robust structural planning
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Sustainable Design Principles

* Minimize resource consumption in bridge construction and operation

+ Use recycled materials (reclaimed steel, recycled aggregate concrete)
+ Implement energy-efficient lighting systems (LED fixtures)

» Reduce carbon footprint throughout bridge lifecycle

 Optimize transportation of materials to construction site

« Utilize low-carbon concrete mixes

* Promote long-term environmental stewardship

* Design for longevity and ease of maintenance

* Incorporate monitoring systems for early detection of environmental issues

Green Infrastructure and Habitat Preservation

* Integrate green infrastructure elements to mitigate environmental impacts

* Bioswales filter and clean stormwater runoff

* Permeable surfaces reduce water pollution and recharge groundwater

* Preserve natural habitats and wildlife corridors during construction and operation
* Minimize vegetation clearing and replant native species

* Create buffer zones between bridge structures and sensitive habitats

» Maintain biodiversity and ecological balance in affected areas

» Conduct pre-construction wildlife surveys

* Implement habitat restoration programs post-construction

Mitigating Environmental Impacts of Bridges

Water and Air Quality Protection
* Implement erosion control measures to prevent water pollution
+ Install silt fences and sediment barriers
» Use temporary seeding to stabilize exposed soil
* Manage construction materials properly to avoid contamination
« Store chemicals and fuels in secure, contained areas
* Implement spill prevention and response plans
» Address air quality impacts from construction and increased traffic
« Utilize low-emission vehicles and equipment

 Implement dust control measures (water spraying, covered truck loads)
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* Develop traffic management plans to reduce congestion and emissions
+ Optimize traffic flow during construction

+ Design for improved long-term traffic efficiency

Noise Reduction and Habitat Protection

 Implement sound barriers to reduce noise pollution

* Use noise-absorbing materials in bridge design

* Install temporary sound walls during construction

+ Limit construction hours to minimize disturbance to communities and wildlife
+ Adhere to local noise ordinances

» Schedule noisy activities during less sensitive times

* Incorporate wildlife crossings into bridge designs

« Construct underpasses for terrestrial animals

* Design overpasses with vegetation for arboreal species

* Minimize in-water construction to protect aquatic ecosystems
+ Use cofferdams to isolate work areas

» Implement fish passage systems where necessary

Visual Impact and Contamination Prevention

 Address visual impacts on landscapes through careful design

* Select materials that blend with the surrounding environment

* Use innovative design approaches to minimize visual intrusion

* Prevent soil and groundwater contamination

* Implement proper handling and disposal of hazardous materials
» Conduct regular soil and water quality monitoring

* Develop spill prevention and response plans

* Train personnel in spill containment procedures

» Stock spill response equipment on-site
Aesthetics in Bridge Design

Aesthetic Elements and Public Perception

+ Consider form, proportion, scale, color, and texture in bridge design
+ Use graceful curves and balanced proportions

* Incorporate textures that complement surrounding architecture
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* Recognize the influence of visual impact on public opinion and project success
» Conduct visual impact assessments from multiple viewpoints

» Consider how the bridge appearance changes throughout the day and seasons
* Design iconic bridges as symbols of civic pride and cultural identity

» Golden Gate Bridge (San Francisco) iconic suspension bridge design

« Millau Viaduct (France) sleek cable-stayed structure

Balancing Aesthetics with Function and Budget

* Integrate aesthetic appeal with functional requirements

* Design structural elements that serve both aesthetic and engineering purposes
* Use lighting to enhance nighttime appearance and improve safety

» Work within budget constraints while achieving aesthetic goals

* Prioritize key aesthetic elements

 Explore cost-effective materials and construction techniques

* Engage public and stakeholders in the aesthetic design process

» Conduct community workshops to gather input

* Use surveys to assess preferences for design alternatives

Visualization and Context Consideration

« Utilize 3D renderings and virtual reality for design communication
* Create immersive experiences for stakeholders to explore designs
» Use augmented reality to visualize the bridge in its actual setting

« Consider historical and cultural context in bridge aesthetics

* Incorporate local architectural styles or motifs

» Reference historical bridges or landmarks in the design

» Respect and enhance the character of the surrounding area

* Harmonize bridge design with natural landscapes

* Integrate urban design elements in city environments
Integrating Environmental and Aesthetic Considerations

Holistic Design Approaches

* Implement context-sensitive solutions (CSS) in bridge planning
« Consider environmental, community, and aesthetic factors from project inception

« Tailor designs to fit the unique characteristics of each site
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« Utilize life-cycle assessment (LCA) techniques for design evaluation

* Analyze environmental impacts throughout the bridge's lifespan

» Compare different design alternatives and material choices

* Foster multidisciplinary collaboration for balanced integration

» Engage engineers, architects, landscape designers, and environmental specialists

» Conduct regular interdisciplinary design charrettes

Innovative Materials and Technologies

* Incorporate high-performance materials for sustainability and aesthetics

* Use ultra-high-performance concrete for slender, durable structures

* Employ advanced composites for lightweight, corrosion-resistant elements
* Integrate renewable energy technologies into bridge designs

* Install solar panels on noise barriers or pedestrian walkways

* Incorporate small-scale wind turbines in bridge towers

* Implement adaptive lighting systems for efficiency and visual appeal

+ Use LED fixtures with programmable color-changing capabilities

+ Design lighting that responds to traffic patterns and ambient light levels

Sustainable Construction Techniques

* Employ modular and prefabricated construction methods

* Reduce on-site environmental impacts and construction time

« Allow for greater quality control and aesthetic precision

* Optimize material use and minimize waste

* Implement Building Information Modeling (BIM) for accurate material estimation

* Develop comprehensive waste management and recycling plans

+ Balance environmental protection with construction efficiency

» Use accelerated bridge construction techniques to minimize ecosystem disruption

* Implement temporary environmental protection measures during rapid construction phases

2.4 Economic factors and feasibility studies

Economic factors and feasibility studies are crucial in bridge engineering. They determine project viability,
shape design choices, and impact long-term success. From initial costs to maintenance expenses, these
factors guide decision-making throughout a bridge's lifecycle.

Feasibility studies assess technical, environmental, and financial aspects. They involve geotechnical
analysis, cost estimation, and traffic forecasting. These studies help engineers choose the most
cost-effective and sustainable bridge designs, ensuring projects meet community needs and budget
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constraints.
Economic Factors in Bridge Design

Cost Considerations and Funding Sources

» Economic factors determine feasibility, scope, and design of bridge projects throughout planning,
construction, and maintenance phases

« Initial construction costs, long-term maintenance expenses, and potential economic benefits to
surrounding community impact decision-making

» Funding sources typically combine public and private investments
» Government allocations

* Bonds

* Tolls

* Public-private partnerships (PPPs)

 Choice of materials, construction methods, and design features significantly impacts initial costs and
long-term economic performance

« Steel bridges often have higher initial costs but lower maintenance requirements
« Concrete bridges may have lower upfront costs but higher long-term maintenance needs

» Economic factors influence prioritization of bridge projects within broader infrastructure development
plans

» Affects resource allocation and project scheduling

+ High-priority projects (critical transportation links) may receive faster approval and funding

Economic Analysis Tools

« Life Cycle Cost Analysis (LCCA) evaluates long-term economic viability of bridge projects
 Considers initial costs, maintenance expenses, and potential rehabilitation or replacement needs
*» Helps compare different design alternatives based on total cost over bridge lifespan

+ Benefit-Cost Analysis (BCA) quantifies economic advantages compared to total costs

* Assesses reduced travel time, improved safety, and increased economic activity

« Calculates ratio of benefits to costs to determine project viability (ratio > 1 indicates positive economic
impact)

* Net Present Value (NPV) calculation used to evaluate project's financial performance over entire
lifecycle

* Discounts future cash flows to present value for comparison
* Positive NPV indicates financially viable project

« Internal Rate of Return (IRR) determines project's profitability
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» Compares project's return to minimum acceptable rate of return

* Higher IRR indicates more financially attractive project

Feasibility Studies for Bridge Projects

Technical and Environmental Assessments

» Comprehensive feasibility study includes technical, economic, environmental, and social impact
assessments

» Geotechnical studies determine site suitability and potential construction challenges
+ Soil composition analysis

» Foundation requirements assessment

* Hydrological studies evaluate water-related factors

* Flood risk assessment

+ Scour potential analysis

» Environmental impact assessment evaluates potential ecological consequences

« Wildlife habitat disruption

» Water quality impacts

+ Associated mitigation costs (wildlife corridors, stormwater management systems)

* Alternative analysis compares different bridge designs, locations, or transportation solutions
* Identifies most economically viable option

+ Considers factors like span length, material choices, and construction methods

Cost Estimation and Traffic Analysis

* Detailed cost estimation analyzes direct and indirect costs

* Direct costs: materials, labor, equipment

* Indirect costs: design, project management, financing

« Traffic demand forecasting projects future usage patterns

+ Essential for toll bridges to estimate potential revenue streams

* Uses historical data, population growth projections, and economic development plans

* Risk analysis techniques account for uncertainties in cost estimates and revenue projections
» Monte Carlo simulations model various scenarios and their probabilities

* Sensitivity analysis assesses impact of changes in key variables (construction costs, traffic volumes,
interest rates)
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Financial Viability of Bridge Projects

Lifecycle Cost Analysis

* Financial viability assessment analyzes initial capital costs, ongoing operational expenses, and
long-term maintenance requirements

« Lifecycle cost analysis considers factors impacting long-term expenses
» Material durability (corrosion-resistant steel, high-performance concrete)
» Maintenance schedules (routine inspections, periodic rehabilitation)

+ Potential rehabilitation or replacement needs over bridge's lifespan

* Financing options evaluated for cost-effective project implementation

* Public funding (government grants, infrastructure bonds)

+ Private investment (equity partners, concession agreements)

+ Debt instruments (municipal bonds, federal loans)

Revenue Generation and Risk Management

* Revenue generation potential assessed against projected traffic volumes and regional economic
growth forecasts

* Particularly important for toll bridges

* Considers factors like toll rates, traffic growth, and competing transportation options

* Risk management plans formulated to mitigate potential cost overruns and schedule delays
+ Contingency budgets for unexpected expenses

* Insurance policies for natural disasters or accidents

 Performance bonds for contractor reliability

« Sensitivity analysis conducted to understand impact of variable changes on financial viability
* Assesses effects of fluctuations in material costs, labor rates, or interest rates

* Helps identify critical factors that could jeopardize project success

Economic Optimization for Bridges

Value Engineering and Innovative Design

* Value engineering techniques identify cost-effective design alternatives

» Maintain or improve functionality and safety while reducing costs

» Example: Optimizing girder spacing to reduce material usage without compromising structural integrity
* Innovative materials and construction methods evaluated for cost reduction and improved durability

* High-performance concrete for longer lifespan and reduced maintenance
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* Fiber-reinforced polymers for corrosion resistance in coastal environments

» Modular and prefabricated construction techniques considered to reduce on-site construction time and
costs

* Pre-cast concrete segments manufactured off-site and assembled on location

* Accelerated Bridge Construction (ABC) methods for minimal traffic disruption

Sustainability and Community Partnerships

* Energy-efficient and sustainable design features incorporated to reduce operational costs

* LED lighting systems for reduced energy consumption

* Solar panels on noise barriers for renewable energy generation

* Partnerships with local communities and businesses explored to maximize economic benefits
» Job creation programs during construction phase

* Integration of pedestrian and cycling infrastructure to promote local economic activity

* Risk management strategies developed to protect long-term economic performance

* Regular structural health monitoring systems for early problem detection

* Preventive maintenance programs to extend bridge lifespan and reduce major repair costs
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Unit 3 — Structural Mechanics and Load
Analysis

3.1 Principles of structural mechanics for bridges

Bridges rely on structural mechanics principles to withstand loads and remain stable. Understanding
statics, equilibrium, and support conditions is crucial for designing safe and efficient bridges. These
concepts form the foundation for analyzing forces and ensuring structural integrity.

Reactions and internal forces play a vital role in bridge design. By examining statically determinate
structures and force distribution, engineers can optimize load paths and ensure each component can
handle the stresses it experiences. This knowledge is essential for creating durable, long-lasting bridges.

Statics and Mechanics in Bridges

Fundamental Principles

« Statics deals with forces acting on rigid bodies at rest or in equilibrium

* Newton's laws of motion form the foundation for analyzing forces in bridge structures
* First law focuses on equilibrium

* Third law addresses action-reaction pairs

* Free-body diagrams visualize and analyze forces acting on bridge components and the structure as a
whole

* Principle of superposition allows combination of multiple load effects to determine overall structural
response of a bridge

* Moment of inertia and section modulus determine resistance of bridge members to bending and
deflection

« Stress-strain relationships, including Hooke's law (0 = E€), describe behavior of materials under
various loading conditions

Analysis Tools and Techniques

« Utilize free-body diagrams to isolate and analyze specific bridge components (deck, girders, piers)

* Apply principle of superposition to assess combined effects of dead loads, live loads, and
environmental forces (wind, temperature)

* Calculate moment of inertia for common bridge cross-sections (I-beams, box girders)
* Determine section modulus to evaluate bending resistance of bridge members

* Use stress-strain curves to analyze material behavior under different loading scenarios (elastic,
plastic, failure)

* Implement finite element analysis (FEA) software to model complex bridge structures and simulate
load distributions
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Equilibrium in Bridge Design

Static Equilibrium Conditions

+ Equilibrium refers to state where all forces and moments acting on the system sum to zero

« Static equilibrium requires both force equilibrium (ZF = 0) and moment equilibrium (ZM =0)inall
directions

* Apply principle of virtual work to analyze equilibrium in complex bridge structures (cable-stayed,
suspension bridges)

* Ensure stability by maintaining intended shape under various loading conditions (dead loads, live
loads, wind loads)

» Implement pre-stressing and post-tensioning techniques to create beneficial equilibrium states in
concrete bridge elements

* Incorporate redundancy in bridge design to maintain overall equilibrium even if individual components
fail

Equilibrium Applications
+ Balance forces in truss bridges by ensuring each joint is in equilibrium
* Optimize arch bridge designs by achieving funicular shapes that minimize bending moments

* Analyze cable forces in suspension bridges to ensure equilibrium of tower and deck systems

* Design counterweights for movable bridges (bascule, swing) to maintain equilibrium in both open and
closed positions

* Calculate horizontal thrust in tied-arch bridges to ensure proper tension in tie elements

« Evaluate load distribution in multi-span continuous bridges to optimize span lengths and support
locations

Support Conditions in Bridges
Types of Supports

* Pinned supports allow rotation but restrict translation

» Modeled with one reaction force in each translational direction
» Common in truss bridges and simply supported beam bridges
* Roller supports permit rotation and translation in one direction
* Usually modeled with a single vertical reaction force

» Used to accommodate thermal expansion and contraction

* Fixed supports prevent both rotation and translation

+» Provide moment resistance in addition to reaction forces

* Typical in cantilever bridges and rigid frame structures
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« Elastic supports simulate partial restraint
+ Allow some degree of movement or rotation proportional to applied force or moment

» Model soil-structure interaction in bridge foundations

Support Design Considerations

* Implement expansion joints to accommodate thermal expansion and contraction

* Affects support conditions and load distribution in bridges

» Critical for long-span structures (steel truss bridges, concrete box girders)

* Analyze effects of support settlements on force distribution

* Crucial for ensuring long-term structural integrity of bridges

* Consider differential settlement between adjacent supports

+ Design bearings to transfer loads between superstructure and substructure

« Select appropriate bearing types (elastomeric, pot, disk) based on bridge type and loading conditions
 Account for seismic isolation in support design for bridges in earthquake-prone regions

* Implement base isolation systems to reduce seismic forces transmitted to the structure

Reactions and Internal Forces in Bridges

Analysis of Statically Determinate Structures

« Statically determinate structures have reactions determined solely using equations of equilibrium
» Apply method of joints and method of sections to analyze truss bridges and determine member forces

* Develop shear and moment diagrams to visualize and quantify internal forces in beam and girder
bridges

+ Use principle of consistent deformations to analyze internal forces in arched bridges and curved
structural elements

+ Construct influence lines to determine critical positions of moving loads and their effects on reactions
and internal forces

+ Calculate axial forces, shear forces, and bending moments at critical sections to design and verify
bridge components

Force Distribution and Load Effects

* Analyze load paths in different bridge types (beam, truss, arch, cable-stayed)

+ Evaluate distribution of live loads across multiple girders in multi-girder bridges
* Determine torsional effects in curved bridges and skewed bridge decks

* Assess load sharing between main cables and hangers in suspension bridges

+ Calculate load distribution factors for different bridge components (deck, girders, cross-frames)
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* Analyze dynamic load amplification effects for moving loads (vehicles, trains) on bridges

3.2 Types of loads and load combinations

Bridge design relies heavily on understanding loads and how they interact. This topic dives into the types
of forces bridges face, from constant dead loads to dynamic live loads from traffic. It also covers how these
loads are combined to simulate real-world scenarios.

Proper load analysis is crucial for safe and efficient bridge design. By mastering load types and
combinations, engineers can create structures that withstand various stresses while optimizing material
use. This knowledge forms the foundation for designing bridges that are both sturdy and cost-effective.

Loads on Bridge Structures

Types of Static Loads
* Dead loads consist of permanent, static forces including
« Self-weight of structural components (girders, deck, piers)
» Weight of non-structural elements (barriers, utilities, wearing surfaces)
* Typically calculated using material densities and component volumes
« Construction loads involve temporary forces during building process
» Weight of construction equipment (cranes, scaffolding)
» Material storage loads on partially completed structures

« Often require separate analysis to ensure stability during construction phases

Dynamic and Environmental Loads

* Live loads encompass temporary, moving forces from traffic

* Vehicle loads vary based on truck weights and configurations

* Pedestrian and cyclist loads typically modeled as uniform distributed loads
* Position and magnitude of live loads change over time requiring envelope analysis
* Impact loads result from dynamic effects of moving vehicles

+ Usually expressed as percentage increase of static live load (15-30%)

* Accounts for vibrations, bouncing, and sudden braking forces

* Environmental loads include various natural phenomena

* Wind loads calculated based on bridge location and geometry

» Snow and ice loads significant in colder climates

» Temperature changes cause expansion/contraction stresses

* Seismic forces critical in earthquake-prone regions
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Special Load Considerations

* Vessel collision forces apply to bridges spanning navigable waterways

+ Calculated based on vessel size, speed, and impact probability

» May require special design of pier protection systems (fenders, dolphins)
+ Blast loads considered for critical infrastructure

* Designed to withstand potential terrorist attacks or accidental explosions
* Involves complex dynamic analysis and specialized protective measures
* Load distribution varies depending on bridge characteristics

* Bridge type (beam, truss, arch, cable-stayed) affects load paths

» Span lengths influence magnitude of dead load relative to live load

» Geographical location determines relevant environmental loads

Load Combinations for Bridges

Purpose and Principles

+ Load combinations group different load types to simulate realistic scenarios
» Represent most critical loading conditions during bridge lifetime

* Account for simultaneous occurrence of multiple load types

+ Ensure bridge can withstand worst-case loading situations

* Factored load combinations apply multipliers to increase load intensities

* Provide safety margin in design to account for uncertainties

* Factors typically greater than 1.0 for critical loads (live loads)

* Factors may be less than 1.0 for loads with beneficial effects

« Limit states concept closely related to load combinations

« Ultimate Limit State (ULS) combinations check strength and stability

* Serviceability Limit State (SLS) combinations verify performance under normal use

Types of Load Combinations

* Basic load combinations include primary loads

* Dead load + Live load

* Dead load + Live load + Wind load

* Dead load + Live load + Temperature effects

» Extreme event combinations incorporate rare but significant loads

* Dead load + Live load + Earthquake load
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* Dead load + Live load + Vessel collision force
* Dead load + Ice load + Wind load
* Fatigue load combinations assess long-term cyclic loading
* Typically involve reduced live load magnitudes
« Consider repetitive stress cycles from traffic over bridge lifespan
« Construction stage combinations analyze temporary conditions
* Dead load of partially completed structure
« Construction equipment loads
* Wind loads on incomplete structure
Significance in Bridge Design
* Proper application of load combinations ensures
* Adequate strength to resist ultimate loads without collapse
* Acceptable performance under service conditions (deflections, vibrations)
* Durability and longevity of the structure
+ Optimizes bridge design by balancing safety and economy
 Avoids over-conservative design that wastes materials and increases costs
* Prevents under-design that could lead to structural failures
* Facilitates standardized approach to bridge engineering
* Allows comparison of different design alternatives

» Ensures consistency in safety levels across various projects

Design Codes for Load Combinations

Major Bridge Design Codes
* AASHTO LRFD Bridge Design Specifications (United States)
* Load and Resistance Factor Design (LRFD) philosophy
* Provides load factors and load combination equations
» Updated regularly to incorporate new research and best practices
* Eurocode (European Union)
* EN 1990 specifies general principles for structural design
* EN 1991-2 covers traffic loads on bridges
« Allows for national annexes to account for country-specific requirements

» Canadian Highway Bridge Design Code (Canada)
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 Similar to AASHTO LRFD but tailored for Canadian conditions

* Includes provisions for extreme cold weather effects

Code Application and Selection

* Engineers select appropriate design code based on

* Project location and jurisdiction requirements

* Client preferences or contractual obligations

« Specific bridge type or unique design features

* Load combinations in codes typically categorized by limit states
« Strength limit states (ultimate capacity)

* Service limit states (normal operating conditions)

» Extreme event limit states (rare but significant events)

* Fatigue and fracture limit states (repeated loading effects)
* Application varies for different structural components

* Superstructure elements (deck, girders, bearings)

« Substructure components (piers, abutments)

» Foundations (spread footings, piles, caissons)

Special Provisions and Updates

* Codes include special requirements for unique situations

« Seismic design provisions for earthquake-prone areas

* Vessel collision design for bridges over navigable waterways

* Provisions for integral abutment bridges

* Regular updates to design codes necessitate ongoing education
» Engineers must stay current with latest requirements

+ Design software needs frequent updates to reflect code changes

+ Older bridges may require evaluation using current code standards
Design Loads for Bridge Components

Load Calculation Methods
» Determine magnitude of individual loads acting on specific components
* Dead loads calculated from material properties and dimensions
» Live loads based on design vehicle configurations and traffic patterns

» Environmental loads derived from site-specific data and code provisions
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« Utilize load distribution techniques to analyze force transfer
* Influence lines for simple span analysis

* Finite element analysis for complex structures

* Grillage analysis for bridge decks and floor systems

* Apply dynamic load allowance (impact factor) to live loads

* Typically ranges from 15% to 30% increase in static live load

* Varies based on bridge type and component location

Component-Specific Load Considerations

* Superstructure elements require analysis of

* Vertical forces from dead and live loads

* Horizontal forces from braking and wind

* Torsional effects in curved bridges

* Substructure components must account for

* Reactions from superstructure loads

* Direct environmental loads (wind, ice, seismic)

« Earth pressures on abutments and retaining walls

» Foundation design loads incorporate

» Cumulative effects of all superstructure and substructure forces
» Geotechnical considerations (soil bearing capacity, lateral earth pressure)

« Uplift forces in certain load combinations

Critical Load Combination Identification

 Analyze multiple load combinations to determine most critical case
* May vary for different structural elements and limit states

« Often requires iterative process or envelope analysis

+ Consider both maximum positive and negative effects

* Maximum moment vs. maximum shear

* Tension vs. compression in members

« Evaluate both strength and serviceability criteria

+ Ultimate capacity for strength limit states

* Deflections, cracking, and vibrations for serviceability limit states

 Account for load positioning to create worst-case scenarios
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« Critical vehicle positions for maximum moment or shear

« Partial loading cases for continuous spans

3.3 Analysis of internal forces and stress distribution

Internal forces and stress distribution are crucial aspects of bridge engineering. They determine how loads
are transmitted through structures and impact overall stability. Understanding these concepts helps
engineers design safer, more efficient bridges that can withstand various forces and environmental
conditions.

Analyzing internal forces involves examining axial, shear, and bending forces within bridge components.
Stress distribution looks at how these forces create normal and shear stresses across cross-sections.
Together, they form the foundation for assessing structural integrity and optimizing bridge designs.

Internal forces in bridge components

Types and principles of internal forces

* Axial forces, shear forces, and bending moments comprise internal forces in bridge components
resulting from external loads and structural configuration

« Static equilibrium principle underlies internal force analysis requires sum of forces and moments to
equal zero

* Free-body diagrams visualize and calculate internal forces at any point within bridge components

» Method of sections determines internal forces by making imaginary cuts through the structure and
analyzing equilibrium

* Influence lines graphically show how internal forces in a specific location change as a load moves
across the structure (moving truck on a bridge)

* Superposition principle allows combination of effects from multiple loads to determine total internal
force distribution

« Structural indeterminacy impacts internal force distribution in complex bridge systems (continuous
multi-span bridges)

Advanced analysis techniques

* Moment and shear diagrams graphically represent variation of bending moments and shear forces
along bridge element length

* Three-moment equation calculates internal forces in continuous beams or trusses
+ Sign convention for internal forces and moments must be consistently applied throughout calculations

« Statically determinate structures require calculating reactions first using equilibrium equations,
followed by internal force calculations

» Advanced methods like finite element analysis may be necessary for highly complex or indeterminate
bridge structures
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Stress and internal forces

Fundamentals of stress

« Stress defined as internal force per unit area acting within a material measured in units of pressure
(Pa, psi)

* Normal stress (o) results from axial forces and bending moments acting perpendicular to
cross-sectional plane

* Shear stress (1) caused by shear forces and torsion acting parallel to cross-sectional plane
* Relationship between stress and internal forces expressed through formulas:

* Axial stress: 0 = P/A (P = axial force, A = cross-sectional area)

- Average shear stress: T = V/A (V = shear force, A = cross-sectional area)

» Combined stress states occur when multiple types of internal forces act simultaneously on a bridge
element (bending + axial compression in an arch bridge)

« Saint-Venant's principle states stress distribution becomes uniform at sufficient distance from point of
load application

» Understanding stress crucial for assessing structural integrity and safety of bridge components under
various loading conditions (dead loads, live loads, wind loads)

Stress analysis in bridge elements

* Flexure formula calculates normal stress distribution due to bending in beam-like bridge elements:
0 = My/l (M = bending moment, y = distance from neutral axis, | = moment of inertia)

+ Shear flow formula determines shear stress distribution in beam cross-sections: T = VQ/It (V = shear
force, Q = first moment of area, | = moment of inertia, t = thickness)

» Torsion formula applied to find shear stress distribution in circular cross-sections: T = Tr/} (T = torque,
r = radius, J = polar moment of inertia)

* Superposition principle allows combination of stresses from different loading types (axial stress +
bending stress in a bridge pier)

« Stress concentration factors account for localized increases in stress near geometric discontinuities or
changes in cross-section (holes, notches, sudden changes in thickness)

* Neutral axis concept essential in understanding stress distribution in flexural members where normal
stress changes from tension to compression

» Advanced topics like shear center and unsymmetric bending necessary for complex bridge
cross-sections (box girders, |I-beams)

Stress distribution in bridge cross-sections

Stress distribution analysis techniques

« Flexure formula (0 = My/l) calculates normal stress distribution due to bending in beam-like bridge
elements
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« Shear stress distribution in beam cross-sections determined using shear flow formula (T = VQ/It)
« Circular cross-sections under torsion analyzed with torsion formula (T = Tr//)

* Superposition principle combines stresses from different loading types (axial + bending in a bridge
column)

« Stress concentration factors account for localized stress increases near geometric discontinuities (bolt
holes in steel plates)

 Neutral axis concept essential for understanding stress distribution in flexural members
» Normal stress changes from tension to compression across the neutral axis

* Location of neutral axis depends on cross-sectional geometry and material properties

» Advanced topics for complex bridge cross-sections:

» Shear center analysis for unsymmetric sections (channel beams)

» Unsymmetric bending calculations for non-symmetric cross-sections (L-shaped members)

Practical applications and considerations

« Stress distribution analysis crucial for:

* Designing efficient bridge cross-sections (optimizing material use)

« Identifying critical stress points in bridge components (potential failure locations)

« Selecting appropriate materials for different bridge elements (based on stress requirements)

* Finite element analysis (FEA) used for detailed stress distribution modeling in complex bridge
structures

* Non-linear stress distributions considered in advanced analysis (plastic behavior, composite
materials)

» Temperature effects on stress distribution accounted for in bridge design (thermal expansion and
contraction)

* Dynamic stress analysis performed for bridges subject to cyclic loading (fatigue considerations in steel
bridges)

* Residual stresses from fabrication processes incorporated into stress distribution analysis (welded
connections)

« Stress distribution knowledge applied in:
* Optimizing cross-sectional shapes for bridge components (I-beams, box girders)
+ Determining reinforcement placement in concrete bridge elements

* Assessing load-carrying capacity and safety factors of existing bridges
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3.4 Dynamic load effects and fatigue considerations
Dynamic Loads on Bridges

Characteristics of Dynamic Loads

Dynamic loads are forces that change over time, causing oscillations and vibrations in a bridge structure.
This contrasts with static loads (like the bridge's own dead weight), which remain constant. Understanding
dynamic loads matters because they can amplify stresses well beyond what a simple static analysis would
predict.

A bridge's response to dynamic loading depends on three properties:

+ Natural frequency — how fast the structure naturally wants to vibrate, determined by its mass,
stiffness, and geometry

» Damping ratio — how quickly vibrations die out due to energy dissipation
» Mode shapes — the specific patterns of deformation the structure takes on when vibrating

The dynamic amplification factor (DAF) quantifies how much larger the structural response is under
dynamic loading compared to the equivalent static load. A DAF of 1.3, for example, means the dynamic
response is 30% greater than the static case.

The main types of dynamic loads on bridges include:
» Traffic-induced vibrations from moving vehicles
* Wind loads, especially on long-span structures
* Seismic forces from earthquake ground motion
* Impact loads such as vessel collisions with piers

If left unaddressed, these loads can cause fatigue damage, excessive deflections, or resonance (which
occurs when the loading frequency matches the structure's natural frequency, causing vibrations to grow
dramatically).

Structural Dynamics Concepts

The simplest dynamic model is the single degree-of-freedom (SDOF) system, which represents a bridge as
a mass-spring-damper. This works for basic analysis, but real bridges vibrate in multiple patterns
simultaneously. Multi-degree-of-freedom (MDOF) systems capture these multiple vibration modes and give
a more realistic picture of structural behavior.

Two main types of dynamic analysis apply to bridges:

* Forced vibration analysis examines the structure's response to known external loads, producing
displacement, velocity, and acceleration time histories.

» Random vibration analysis handles stochastic loads (like turbulent wind) using probabilistic methods
to predict the range of likely structural responses.

The natural frequency of a simple system is calculated as:

=1./k
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where K is the stiffness and M is the mass. Getting this value right is critical for checking whether any
expected loading frequency could trigger resonance.

Bridge Response to Dynamic Loads

Wind-Induced Effects

Wind creates several distinct types of dynamic loading on bridges, each with different mechanisms:

* Vortex shedding — When wind flows around bluff bodies like deck sections or cables, it sheds vortices
alternately from each side. This creates periodic lateral forces that can lock in to the structure's natural
frequency.

* Flutter — A coupled torsional and vertical oscillation where the wind feeds energy into the structure
faster than damping can remove it. Flutter is self-exciting and can lead to catastrophic failure. The 1940
Tacoma Narrows Bridge collapse is the classic example.

+ Buffeting — Random vibrations caused by turbulent wind flow. Unlike vortex shedding, buffeting
forces are irregular and broadband.

* Galloping — Large-amplitude, low-frequency oscillations that primarily affect slender elements like
cables and hangers, often triggered by ice accretion changing their aerodynamic profile.

For long-span bridges, aerodynamic stability analysis is essential. Engineers use wind tunnel testing on
scaled models and computational fluid dynamics (CFD) simulations to evaluate susceptibility to these
phenomena before construction.

Seismic Response Analysis

Earthquake loading enters a bridge through ground acceleration, which is characterized by acceleration
time histories recorded from past earthquakes or synthetically generated to match a target hazard level.

Response spectra are a key design tool. They plot the peak response (acceleration, velocity, or
displacement) of SDOF systems across a range of natural periods, giving engineers a quick way to
estimate how strongly a bridge will respond to a given earthquake.

The seismic analysis process typically involves several steps:

1. Site-specific seismic hazard analysis — Evaluate local geology and fault proximity to determine
design ground motions for the bridge location.

2. Modal analysis — Perform eigenvalue analysis to find the bridge's natural frequencies and mode
shapes.

3. Response analysis — Either run a full time-history analysis (solving equations of motion via
numerical integration) or use response spectrum analysis, which combines modal responses using
statistical methods like SRSS (square root of sum of squares) or CQC (complete quadratic
combination).

4. Soil-structure interaction — Account for how the foundation soil modifies ground motions and
changes the overall system dynamics. Soft soils, for instance, can amplify certain frequency
components.

Mitigation Strategies

Engineers have several tools to reduce dynamic response in bridges:
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Energy dissipation devices absorb kinetic energy and convert it to heat: - Viscous dampers force fluid
through orifices to resist motion - Friction dampers dissipate energy through controlled sliding at interfaces

Base isolation systems decouple the superstructure from ground motion: - Lead-rubber bearings provide
both flexibility and energy dissipation in a single unit - Friction pendulum systems use curved sliding
surfaces so the structure's period shifts away from dominant earthquake frequencies

Tuned mass dampers (TMDs) are large masses attached to the structure and tuned to vibrate out of phase
with the problematic mode, absorbing vibrational energy. These are common on pedestrian bridges and
long-span structures susceptible to wind excitation.

All of these strategies rely on computational methods for design and verification. Finite element analysis
models complex structural behavior under dynamic loads, while numerical integration techniques (such as
Newmark's method) solve the time-dependent equations of motion.

Fatigue in Bridge Components

Fatigue Mechanisms and Influencing Factors

Fatigue is the progressive accumulation of damage under repeated loading. Even when individual stress
cycles are well below the material's yield strength, thousands or millions of repetitions can initiate and grow
cracks until a component fails. For bridges, the primary sources of cyclic loading are traffic, wind, and
thermal fluctuations.

Several factors control how quickly fatigue damage accumulates:

Material properties: - Fatigue strength (or endurance limit) defines the stress level below which a material
can theoretically survive infinite cycles - Crack growth rate determines how fast an existing flaw propagates
under cyclic loading

Stress concentration factors amplify local stresses at geometric discontinuities. These are especially
problematic at welded connections, where the toe of the weld and weld terminations create sharp
transitions that act as stress risers. Holes, notches, and cutouts have the same effect.

Environmental factors compound the problem: - Corrosion reduces the effective cross-sectional area and
creates surface pitting that acts as crack initiation sites - Temperature fluctuations induce thermal stresses
that add to the cyclic load count

Applied stress characteristics that most influence fatigue life include the stress range (A0, the difference
between maximum and minimum stress in a cycle), the mean stress level, and the frequency of loading
cycles. Of these, stress range is typically the dominant variable.

Fabrication and Design Considerations

Fabrication processes introduce residual stresses that affect fatigue performance before a bridge ever
sees traffic. Welding, for example, creates tensile residual stresses near the weld that effectively raise the
mean stress and reduce fatigue life. Cold-forming operations create their own residual stress gradients.

Initial flaws are equally important. Material imperfections like inclusions and voids, or fabrication defects
like incomplete weld fusion and surface scratches, act as pre-existing crack initiation sites. A component
with a small initial flaw can have a dramatically shorter fatigue life than an identical defect-free component.

Design detailing has a major impact on fatigue resistance: - Avoid abrupt changes in geometry that create
stress concentrations - Use smooth transitions and generous radii at connections - Minimize the number of
welded attachments in high-stress regions
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On material selection: higher-strength steels allow thinner sections, but thinner sections experience larger
stress ranges under the same load. This means high-strength steels can actually be more susceptible to
fatigue cracking than lower-strength alternatives, despite their superior static strength. Fatigue-resistant
alloys are available for critical components where this trade-off matters.

Fatigue Analysis for Bridge Performance

Fatigue Life Prediction Methods

Three main approaches are used to predict fatigue life in bridge components:
1. S-N Curve Approach (Stress-Life)

This method relates stress amplitude to the number of cycles to failure and is the standard for high-cycle
fatigue (typically greater than 10° cycles). The relationship follows:

N =A(Ag)™™

where N is cycles to failure, AD is the stress range, and A and M are material/detail constants. On a
log-log plot, this produces a straight line, making it straightforward to look up expected life for a given
stress range.

2. Fracture Mechanics Approach (Crack Growth)

When a crack already exists or is assumed to exist, Linear Elastic Fracture Mechanics (LEFM) predicts
how fast it will grow. Paris' law describes the crack growth rate:

da = C(AK)"

where @ is crack length, N is the number of cycles, AK is the stress intensity factor range, and C and m
are material constants. Engineers integrate this equation from an initial flaw size to a critical crack length to
estimate remaining life.

3. Miner's Rule (Cumulative Damage)

Real bridges experience variable-amplitude loading, not constant stress cycles. Miner's rule sums the
fractional damage from each stress level:

n _

N;

where Ni is the number of applied cycles at stress level j and N is the number of cycles to failure at that
stress level from the S-N curve. When the sum reaches 1.0, failure is predicted. This is a simplification (it
ignores load sequence effects), but it's widely used in practice.

Probabilistic fatigue analysis adds another layer by accounting for uncertainties in loading, material
properties, and initial flaw sizes. Monte Carlo simulation generates thousands of fatigue life scenarios to
build a statistical picture, and the resulting reliability index quantifies the probability of fatigue failure over
the design life.

Design and Assessment Tools

Fatigue detail categories are the primary design tool in practice. The AASHTO Bridge Design
Specifications classify structural details into categories ranging from A (best fatigue resistance, such as
plain rolled steel) to E' (worst, such as certain welded attachments). Each category has its own S-N curve,
so the designer selects the appropriate category for each connection detail and checks that the expected
stress range stays below the allowable value for the required number of cycles.
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Finite element analysis (FEA) determines local stress concentrations at fatigue-critical locations.
Submodeling techniques allow engineers to build a coarse global model of the entire bridge, then create a
refined local model of a specific connection to extract accurate stress histories for fatigue assessment.

Non-destructive testing (NDT) methods detect and monitor fatigue cracks in existing bridges: - Ultrasonic
testing sends sound waves through the material to identify internal flaws - Magnetic particle inspection
reveals surface and near-surface cracks by applying magnetic fields and iron particles to the area of
interest

Structural health monitoring (SHM) systems provide ongoing, real-time fatigue assessment. Strain gauges
installed at critical locations measure actual stress cycles during service. Data analysis algorithms then use
these measured histories, combined with S-N curves or fracture mechanics models, to predict remaining
fatigue life and flag components that need inspection or repair.
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Unit 4 — Beam Bridges — Design and
Analysis

4.1 Types and characteristics of beam bridges

Beam bridges are the workhorses of bridge engineering, offering simple yet effective solutions for spanning
gaps. From basic designs to advanced configurations, these structures use various materials and load
transfer mechanisms to safely carry traffic across obstacles.

Understanding beam bridge types and characteristics is crucial for engineers. This knowledge helps in
selecting the most suitable design for a given site, considering factors like span length, load requirements,
and construction constraints. Let's dive into the world of beam bridges!

Beam Bridge Types

Simple and Continuous Beam Bridges

* Simple beam bridges span single distances up to 250 feet

* Transfer loads directly to supports at each end

« Cost-effective for short spans (highway overpasses)

+ Continuous beam bridges extend over multiple spans with regular supports
« Allow for longer total bridge lengths (multi-span river crossings)

* Distribute loads across spans reducing maximum bending moments

* Both types utilize bending moments and shear forces for load transfer

« Simple beams concentrate forces at supports

+ Continuous beams spread forces more evenly

Advanced Beam Bridge Configurations

* Cantilever beam bridges employ overhanging sections anchored on one end
» Enable longer individual spans (suspension bridge approach spans)

* Use counterweights or anchored sections to balance loads

* Transfer forces through tension and compression

* Truss bridges incorporate triangular structures for efficient load distribution

* Allow greater span lengths with reduced material use (railroad bridges)

« Distribute axial forces through members

+ Diagonal elements transfer shear forces

* Chords resist bending moments

* Box girder bridges use hollow box-shaped beams
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* Increase structural depth and torsional rigidity

« Common in highway overpasses and curved alignments

* Resist torsional forces effectively due to closed cross-section

* Plate girder bridges employ deep, fabricated steel beams

» Optimize strength-to-weight ratios with varying flange thicknesses

« Transfer loads through web (shear resistance) and flanges (bending moment resistance)
» Composite beam bridges combine steel girders with concrete deck

* Leverage strengths of both materials (highway bridges)

« Utilize shear connectors for load sharing between steel and concrete

» Enhance overall structural efficiency

Load Transfer Mechanisms

Basic Load Transfer Principles

* Vertical loads create internal forces in beam bridges

* Bending moments cause tension in bottom fibers and compression in top fibers
» Shear forces develop along the span, maximum near supports

* Load path follows from applied forces to support reactions

« Distributed loads (vehicle traffic) converted to concentrated forces
* Forces flow through bridge elements to foundations

« Stress distribution varies across beam cross-section

» Maximum bending stress at extreme fibers

» Neutral axis experiences zero bending stress

+ Deflection occurs due to elastic deformation under load

* Maximum deflection typically at midspan for simple beams

+ Deflection limited by design codes to ensure serviceability

Advanced Load Transfer Techniques

+ Continuous beam bridges redistribute moments across supports
* Negative moments develop over interior supports

* Positive moments in spans reduced compared to simple beams
* Results in more efficient material use

« Cantilever bridges balance forces through counterweights

» Anchor span counteracts forces in cantilever arm
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* Creates tension in top fibers over support (reverse of typical beams)
* Truss bridges utilize axial forces in members

* Top chord primarily in compression

* Bottom chord primarily in tension

* Web members (verticals and diagonals) transfer shear

* Box girders distribute torsional forces through closed section

* Resists twisting more effectively than open sections

* Improves load distribution in curved bridges

» Composite action in steel-concrete bridges

* Shear connectors (studs) transfer horizontal shear between materials
+ Concrete deck acts as top flange of steel beam

* Neutral axis shifts upward, increasing effective depth

Beam Bridge Advantages vs Limitations

Efficiency and Cost Considerations

» Simple beam bridges offer cost-effective solutions for short spans
« Easy to construct and analyze (small creek crossings)

» Become inefficient for longer spans due to self-weight

* Prone to excessive deflection beyond optimal span range
 Continuous beam bridges improve material efficiency

* Reduce maximum positive moments compared to simple beams
« Allow longer total bridge lengths (multi-span river crossings)

» Require more complex analysis and construction techniques

* Truss bridges provide excellent strength-to-weight ratios

« Enable longer spans with less material (railroad bridges)

« Often visually appealing, becoming landmarks

* Higher fabrication and maintenance costs due to numerous connections
» Composite beam bridges combine benefits of steel and concrete
« Utilize strengths of both materials (highway overpasses)

* Require careful design of shear connectors

* Need consideration of differential thermal expansion between materials
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Constructability and Span Capabilities
* Cantilever beam bridges allow construction without falsework
« Useful for crossing deep valleys or navigable waterways
* Enable longer individual spans than simple beams
» Require careful balancing and more complex design
* Box girder bridges offer superior torsional rigidity
* Perform well in curved alignments (interchange ramps)
* Provide clean aesthetics with smooth underside
» Can be more expensive to fabricate
* May require specialized construction methods (segmental construction)
* Plate girder bridges allow customization of member sizes
» Optimize material use by varying flange thickness
* Fabrication can be more complex than rolled sections
* Span length limitations compared to more advanced bridge types
* Prestressed concrete beams enable longer spans than reinforced concrete
» Reduce section depths for given span lengths
* Improve crack control and durability

* Require specialized fabrication and construction techniques

Materials for Beam Bridges

Metallic Materials

« Structural steel widely used due to high strength-to-weight ratio

« Allows for longer spans (highway bridges)

« Offers ductility, important for seismic design

* Various grades available (A36, A572) for different strength requirements
» Requires corrosion protection (painting, galvanization)

» Weathering steel forms protective rust patina

* Reduces maintenance requirements in suitable environments

* Improves corrosion resistance (rural bridge applications)

» May not be suitable for marine environments or areas with high pollution
» Aluminum used in specialized applications

« Lightweight for movable bridges or pedestrian structures
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* Naturally corrosion-resistant
* Lower strength and stiffness compared to steel

» Higher material cost than steel

Concrete and Composite Materials

* Reinforced concrete employed in shorter-span beam bridges

« Offers durability and fire resistance (highway overpasses)

» Lower material costs compared to steel

+ Limited in span length due to self-weight

* Prestressed concrete allows for longer spans

* Pre-tensioned for precast elements (bridge girders)

« Post-tensioned for cast-in-place construction (box girders)

» Reduces section depths compared to conventional reinforced concrete
* High-performance concrete (HPC) achieves higher strengths

* Improves durability and long-term performance

* Allows for more slender elements and longer spans

« Often used in aggressive environments (coastal bridges)

* Fiber-reinforced polymers (FRP) offer high strength and corrosion resistance
* Used in bridge rehabilitation (external strengthening)

» Employed as internal reinforcement in some new construction

* Higher material costs offset by reduced maintenance

» Composite systems optimize structural performance

« Steel-concrete composites common in highway bridges

 Hybrid FRP-concrete systems emerging for improved durability

» Require careful design of connections between materials

4.2 Analysis and design of simple and continuous beam bridges

Beam bridges are the workhorses of bridge engineering, spanning rivers and valleys with simple yet
effective designs. This section dives into the nuts and bolts of analyzing and designing these structures,
from basic principles to advanced techniques.

We'll explore how engineers calculate forces, stresses, and deformations in beam bridges. You'll learn
about design methods, cross-sections, and reinforcement layouts that ensure these bridges are strong,
safe, and long-lasting.
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Structural Mechanics for Beam Bridges

Fundamental Principles and Analysis Methods

« Structural mechanics principles (equilibrium, compatibility, constitutive relationships) form foundation
for analyzing beam bridges

 Simple beam bridges statically determinate while continuous beam bridges statically indeterminate
requiring additional analysis methods

* Principle of superposition allows combination of various load effects in linear elastic analysis
* Influence lines determine critical position of moving loads and corresponding maximum internal forces

» Moment distribution method and slope-deflection method classical techniques for analyzing
continuous beam bridges

* Matrix methods (direct stiffness method) provide systematic approach for computer-aided analysis

* Finite element analysis (FEA) powerful numerical method for analyzing complex beam bridge
structures considering various boundary conditions and material properties

* Allows for detailed modeling of geometry, material properties, and loading conditions
+ Can account for non-linear behavior and dynamic effects

» Examples include SAP2000, ANSYS, and ABAQUS software packages

Advanced Analysis Techniques

» Dynamic analysis considers time-dependent effects on beam bridges

* Modal analysis determines natural frequencies and mode shapes
 Time-history analysis evaluates bridge response to seismic or wind loads

* Non-linear analysis accounts for material and geometric non-linearities

» Material non-linearity (concrete cracking, steel yielding)

* Geometric non-linearity (large deformations, P-delta effects)

* Probabilistic analysis assesses uncertainties in loads and material properties
» Monte Carlo simulation generates multiple scenarios

* Reliability analysis determines probability of failure

Internal Forces and Deformations in Beams

Stress and Force Analysis
+ Shear force and bending moment diagrams visualize and quantify internal forces
« Construct diagrams for various loading conditions (point loads, distributed loads)
» Normal stresses primarily caused by bending moments calculated using flexure formula

0= Ty where M is moment, y is distance from neutral axis, | is moment of inertia
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*» Shear stresses determined using shear formula considering cross-sectional properties

e T= % where V is shear force, Q is first moment of area, t is width

* Torsional stresses occur due to eccentric loading or curved alignments analyzed using torsion theory
.T=I

7 where T is torque, ris radius, J is polar moment of inertia

» Combined stress states evaluated using failure criteria (von Mises yield criterion for ductile materials)

*Oym = \/o)f +0§ — 0x0y + 3T§y

Deformation Analysis and Dynamic Effects

* Deflections calculated using methods such as moment-area theorem, conjugate beam method, or
virtual work principle

B B
* Moment-area theorem: g, = [, Melx and Agy = J‘AX%Q‘X

* Dynamic effects (impact factors, vibrations) considered for moving loads
+ Impact factor typically ranges from 1.1 to 1.3 depending on span length
» Modal analysis determines natural frequencies and mode shapes of beam bridges

* First natural frequency should be above 2-3 Hz to avoid resonance with pedestrian loading

Design of Beam Bridges

Design Methodologies and Standards

* Load and Resistance Factor Design (LRFD) methodology incorporates load factors and resistance
factors

* Load combinations: ZI]MO; =< ¢R, where n is load modifier, y is load factor, Q is load effect, @ is
resistance factor, R_n is nominal resistance

+ AASHTO LRFD Bridge Design Specifications provide primary guidelines for highway bridges in United
States

+ Covers design loads, analysis methods, and member proportioning

* Reinforced concrete beam bridges designed considering flexural strength, shear capacity, and crack
control

* Flexural design: M, = Asfy(d — %) where A_s is steel area, f_y is yield strength, d is effective depth, a
is depth of compression block

* Prestressed concrete beam bridges utilize pre-tensioning or post-tensioning techniques
* Pre-tensioning: tendons stressed before concrete placement
* Post-tensioning: tendons stressed after concrete has hardened

« Steel beam bridges designed considering local and global stability, fatigue resistance, and connection
details

* Local buckling checks for flanges and webs
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« Lateral-torsional buckling prevention through bracing or section properties

Advanced Design Considerations

» Composite action between concrete decks and steel beams improves efficiency

» Shear connectors (headed studs, channels) transfer forces between steel and concrete

* Seismic design incorporates ductility and energy dissipation in earthquake-prone regions
+ Capacity design principles ensure ductile failure modes

* Isolation bearings reduce seismic forces transmitted to substructure

* Fatigue design checks critical details in steel bridges

* S-N curves used to determine fatigue life

« Stress range and number of cycles considered

Serviceability and Ultimate Limit States

Serviceability Limit States

« Deflection control ensures user comfort and prevents damage to non-structural elements

* Typical limits: L/360 for vehicular bridges, L/1000 for pedestrian bridges (L is span length)
« Vibration limitations prevent excessive movement under dynamic loads

 Acceleration limits: 0.5 m/s”2 for vertical vibrations, 0.2 m/s*2 for lateral vibrations

« Crack width restrictions for reinforced concrete elements control durability and aesthetics

» Maximum crack width typically limited to 0.3 mm for exterior exposure

Ultimate Limit States and Performance Evaluation

* Flexural failure, shear failure, and stability issues (lateral-torsional buckling in steel beams) considered

* Flexural capacity: My < ®M;, where M_u is factored moment, ¢ is resistance factor, M_n is nominal
moment capacity

* Fatigue limit state evaluation crucial for steel beam bridges subjected to cyclic loading

* Fatigue detail categories (A through E') determine allowable stress ranges

+ Durability considerations (corrosion protection, freeze-thaw resistance) ensure long-term performance
* Concrete cover requirements

» Epoxy-coated reinforcement or stainless steel for corrosive environments

* Load rating procedures assess capacity of existing beam bridges

* Operating rating: maximum permissible live load

* Inventory rating: load level that can safely utilize bridge for extended period

* Redundancy and robustness evaluated to ensure structural integrity under extreme conditions
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* Fracture critical members identified and designed with higher safety factors

» Non-destructive testing techniques (acoustic emission, ground-penetrating radar) assess condition of
bridges in service

« Ultrasonic testing for detecting cracks in steel members

+ Impact-echo method for evaluating concrete deck thickness and integrity

Beam Bridge Cross-Sections and Reinforcement

Concrete Beam Cross-Sections

* T-beam, I-beam, and box girder cross-sections common for concrete beam bridges
* T-beams: efficient for short to medium spans (20-30 m)

* |-beams: suitable for medium to long spans (30-50 m)

* Box girders: optimal for long spans (50-100 m) and curved alignments

+ Reinforcement layouts satisfy flexural and shear strength requirements

My \ . . .
* Longitudinal reinforcement: As = FACEE) where M_u is factored moment, @ is resistance factor, f_y is
yield strength, d is effective depth, a is depth of compression block

» Shear reinforcement (vertical stirrups, bent-up bars) resists diagonal tension stresses

Afd _— o .
« Stirrup spacing: s = vf where A_v is stirrup area, f_yt is yield strength of transverse reinforcement,

V_s is shear force carried by stirrups

Steel Beam Cross-Sections and Composite Design

* Rolled or plate girder sections utilized based on span length and loading requirements
* Rolled sections economical for spans up to 30 m

* Plate girders custom-designed for longer spans or heavy loads

« Stiffeners and diaphragms provide lateral stability and distribute loads between girders
* Transverse stiffeners prevent web buckling

+ Longitudinal stiffeners enhance bending resistance

» Composite action in steel-concrete beam bridges achieved through shear connectors

v, . . : .
« Number of shear connectors: N = o—: where V_h is horizontal shear force, Q_n is nominal strength of
one connector

+ Optimization techniques (genetic algorithms, topology optimization) determine efficient cross-sections
* Minimize weight while satisfying strength and serviceability requirements

« Consider fabrication constraints and cost factors in optimization process
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4.3 Prestressed concrete beam bridges

Prestressed concrete beam bridges revolutionize bridge design by countering tensile stresses and
boosting load capacity. These structures use high-strength materials and clever force application to create
longer spans with less material. It's like giving concrete a superpower!

Prestressing enhances structural behavior, improving cracking resistance, deflection control, and fatigue
performance. Designers balance prestressing force, eccentricity, and layout to optimize strength and
serviceability. It's a game of forces that makes bridges stronger, sleeker, and more durable.

Prestressing Concepts and Principles

Fundamentals of Prestressing

* Prestressing induces compressive stresses in concrete elements before external load application
+ Counteracts tensile stresses that would occur under service conditions

* Increases load-carrying capacity and span length

* Reduces crack formation and deflection

* Prestressing methods include pre-tensioning and post-tensioning

* Pre-tensioning tensioned before concrete placement (precast elements)

« Post-tensioning tensioned after concrete has hardened (cast-in-place structures)

» Materials used in prestressed concrete bridges

* High-strength concrete (compressive strengths 6000-10000 psi)

* High-tensile strength prestressing steel (wires, strands, or bars)

* Typical ultimate strengths 250-270 ksi

Prestressing Force Application

* Prestressing forces applied eccentrically to beam's cross-section

* Induces both axial compression and bending moment

» Optimizes stress distribution throughout the member

* Load balancing concept in prestressed concrete

* Uses prestressing force to counteract portion of applied loads

« Effectively reduces net load on structure

 Improves overall structural efficiency

* Prestressed concrete beam bridges utilize various cross-sectional shapes
* |I-beams optimize material distribution and depth

* Box girders provide high torsional rigidity

* Bulb-tee sections balance efficiency and constructability
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Prestressing Effects on Bridges

Structural Behavior Enhancements

« Significantly increases cracking moment of concrete beams

+ Delays onset of flexural cracking (improves durability)

* Enhances overall structural integrity

* Alters stress distribution in beam cross-section

* Results in compression throughout depth under service loads
* Minimizes tension zones prone to cracking

» Reduces deflections in beam bridges

* Counteracts effects of applied loads

* Induces upward camber (improves aesthetics and ride quality)
» Enhances fatigue resistance

» Reduces stress range experienced by reinforcement under cyclic loading

» Extends service life of bridge components

Performance Improvements

* Improves shear capacity of concrete beams

* Induces compressive stresses

* Delays formation and propagation of diagonal tension cracks
* Influences ductility and ultimate load-carrying capacity

* Affected by amount and distribution of prestressing steel

» Non-prestressed reinforcement contributes to ductile behavior
* Affects dynamic response of beam bridges

* Potentially alters natural frequencies and mode shapes

* Influences vibration characteristics under traffic and wind loads

Design of Prestressed Beam Bridges

Design Process and Considerations

+ Determine required prestressing force and eccentricity

« Satisfies strength and serviceability limit states

+ Balances compression and tension zones in beam cross-section
« Select appropriate prestressing layouts

« Consider factors: span length, loading conditions, construction method
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* Evaluate economic feasibility and long-term performance

« Account for immediate and time-dependent prestress losses

» Ensures adequate performance throughout bridge's service life

» Requires accurate prediction models and safety factors

* Arrange prestressing tendons: straight, harped, or parabolic

« Straight tendons simplify construction

» Harped tendons optimize force distribution

« Parabolic tendons follow bending moment diagram
Detailing and Optimization

* Design anchorage zones to prevent local failures

* Manage high concentrated forces at ends of prestressed members

« Utilize special reinforcement patterns (spiral reinforcement)

* Incorporate adequate non-prestressed reinforcement

« Controls cracking and provides ductility

* Resists shear forces not accounted for by prestressing

* Optimize prestressed beam cross-sections

« Balance structural efficiency with practical considerations

* Consider formwork complexity and transportation limitations

« Evaluate cost-effectiveness of different section shapes

Prestressing Losses and Impact

Types of Prestress Losses

* Immediate losses occur instantaneously upon prestress transfer

« Elastic shortening: concrete shortens as prestress is applied

* Anchorage set: slight slippage at anchorage devices

« Friction losses in post-tensioned systems (curvature and wobble effects)
» Time-dependent losses develop over the structure's lifetime

* Creep: continuous deformation under sustained load

* Shrinkage: volume reduction due to moisture loss

« Steel relaxation: gradual reduction in tensile stress over time

Factors Influencing Prestress Losses

« Elastic shortening losses influenced by:
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* Modular ratio (ratio of steel to concrete elastic moduli)

* Prestressing sequence (single-stage vs multi-stage tensioning)

* Creep and shrinkage affected by:

» Concrete composition (cement content, water-cement ratio)

* Member geometry (volume-to-surface ratio)

» Environmental conditions (humidity, temperature)

« Steel relaxation varies with:

* Type of prestressing steel (stress-relieved vs low-relaxation strands)

« Initial stress level in the prestressing steel

Long-term Performance Implications

* Accurate prediction of prestress losses crucial for design

* Ensures structure meets performance requirements throughout design life
« Often requires sophisticated analysis methods (finite element analysis)
* Impact of prestress losses on long-term performance:

* Increased deflections over time

« Potential for cracking in tension zones

* Reduced load-carrying capacity

» Changes in dynamic properties (natural frequencies, damping)

+ Mitigation strategies for prestress losses:

* Use of low-relaxation strands

« Staged post-tensioning

« Careful control of concrete mix design and curing conditions

4.4 Composite steel-concrete beam bridges

Composite steel-concrete beam bridges blend the strengths of steel and concrete, creating efficient
structures. They offer increased load capacity, longer spans, and improved durability. This design
approach maximizes the benefits of both materials, resulting in bridges that are stronger, lighter, and more
cost-effective.

Understanding composite action is key to designing these bridges. Shear connectors bond steel girders to
concrete decks, creating a unified structure. This shifts the neutral axis, improves stress distribution, and
enhances overall performance. Factors like deck thickness, concrete strength, and environmental
conditions all influence composite behavior.
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Composite Beam Bridge Behavior

Structural Efficiency and Performance

» Combines tensile strength of steel girders with compressive strength of concrete decks creating a
more efficient structural system

* Increases overall stiffness and load-carrying capacity allowing for longer spans and reduced material
usage

* Improves deflection control and vibration characteristics enhancing serviceability and user comfort

« Offers flexibility in design and construction methods through precast concrete deck panels or
cast-in-place concrete

» Reduces maintenance costs due to protective nature of concrete deck over steel girders minimizing
corrosion and deterioration

+ Decreases foundation costs and improves seismic performance through lighter weight compared to
all-concrete alternatives

Construction and Design Advantages

+ Enables use of prefabricated elements (steel girders, precast deck panels) speeding up construction
process

« Allows for shallower structural depth compared to non-composite designs increasing clearance under
bridges

* Provides better distribution of live loads across the bridge width improving overall structural efficiency
» Enhances redundancy and load redistribution capabilities in case of localized damage or overloading

+ Facilitates easier inspection and maintenance of steel components compared to all-concrete
structures

* Permits greater flexibility in future widening or strengthening projects due to modular nature of
components

Steel-Concrete Composite Action

Mechanics of Composite Behavior

+ Achieves composite action through transfer of horizontal shear forces at steel-concrete interface
creating unified structural element

» Uses shear connectors (headed studs, channels) to mechanically bond steel girder to concrete deck
transferring horizontal shear forces

» Determines effective width of concrete deck based on bridge geometry and loading conditions
(specified in design codes like AASHTO LRFD)

« Shifts neutral axis location upward in composite section compared to non-composite section resulting
in more efficient material use and increased moment capacity

+ Develops partial composite action when insufficient shear connectors are present requiring special
analysis and design considerations
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* Varies degree of composite action along bridge length due to factors like concrete cracking, creep,
and shrinkage

* Analyzes stress distribution using transformed section properties accounting for different elastic
moduli of steel and concrete

Factors Influencing Composite Action

« Affects composite behavior through concrete deck thickness influencing overall stiffness and load
distribution

 Impacts composite action through steel girder properties (depth, flange thickness) determining section

modulus and moment of inertia

* Influences composite performance through concrete strength affecting deck stiffness and shear
connector capacity

« Alters composite behavior over time due to concrete creep and shrinkage causing stress redistribution

« Affects degree of composite action through environmental factors (temperature, humidity) impacting
material properties

« Influences composite performance through live load magnitude and distribution determining shear
flow at steel-concrete interface

* Impacts long-term composite behavior through fatigue loading causing potential degradation of shear

connectors

Design Considerations for Composite Bridges

Shear Connector Design and Interface Slip

» Determines shear connector spacing, size, and quantity based on horizontal shear force and
individual connector strength

* Considers interface slip between steel girder and concrete deck affecting overall stiffness and load
distribution

+ Accounts for strength and stiffness of shear connectors influencing degree of composite action
achieved

+ Performs ultimate limit state (strength) and serviceability limit state (deflection, vibration) checks for
composite system

« Evaluates effects of concrete creep and shrinkage on long-term behavior and stress redistribution

» Conducts fatigue design of shear connectors especially in regions of high stress reversals complying
with design code requirements

* Analyzes construction sequence to account for different stages of loading and composite action
development

Structural Analysis and Load Distribution

« Utilizes finite element analysis to accurately model composite behavior and load distribution
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* Considers live load distribution factors for moment and shear as specified in design codes (AASHTO
LRFD)

* Analyzes effects of differential shrinkage between concrete deck and steel girders on stress
distribution

« Evaluates torsional effects in curved composite bridges requiring specialized analysis techniques
* Considers dynamic load allowance (impact factor) in design to account for moving vehicle effects
* Analyzes thermal effects due to temperature differentials between steel and concrete components

+ Evaluates effects of deck cracking on composite action and load distribution in negative moment
regions

Fatigue and Durability of Composite Bridges

Fatigue-Critical Details and Assessment

» Governs fatigue resistance primarily by performance of steel components and connections (girders,
diaphragms, shear connectors)

« Identifies critical fatigue-prone details including welded connections, cover plate terminations, and
web stiffener attachments

* Provides some protection to steel girders from environmental factors through concrete deck potentially
improving long-term durability

* Prevents moisture ingress and subsequent corrosion through proper detailing and material selection
at steel-concrete interface

» Enhances durability significantly using high-performance concrete and corrosion-resistant
reinforcement in deck

« Evaluates fatigue of shear connectors considering both push-out and pull-out forces experienced
during cyclic loading

+ Implements long-term monitoring and inspection programs to assess fatigue performance and
durability throughout service life

Durability Enhancement Strategies

* Applies protective coatings to steel components before concrete placement reducing corrosion risk

« Utilizes stainless steel reinforcement in deck areas prone to chloride ingress (expansion joints,
drainage locations)

« Implements effective drainage systems to minimize water ponding and chloride accumulation on deck
surface

* Employs integral abutments where possible eliminating expansion joints and reducing potential for
water infiltration

« Utilizes weathering steel for girders in appropriate environments providing self-protecting oxide layer
* Incorporates cathodic protection systems for steel reinforcement in highly corrosive environments

* Applies sealants or overlays to concrete deck surface enhancing impermeability and wear resistance
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Unit 5 — Truss Bridges: Design and
Analysis

5.1 Truss types and configurations

Truss bridges come in various types, each with unique geometric arrangements. From the simple Warren
to the complex Baltimore, these designs distribute loads differently through tension and compression.
Understanding their configurations is crucial for efficient bridge engineering.

Truss types have distinct advantages and drawbacks. Warren trusses are simple but may struggle with
concentrated loads, while Pratt trusses excel in steel construction. Knowing these traits helps engineers
choose the best design for specific project needs and materials.

Truss Bridge Types and Configurations

Primary Truss Bridge Types

* Truss bridges classified into several main types (Warren, Pratt, Howe, K-truss, Baltimore) each with
unique geometric arrangements

» Warren truss forms equilateral triangles with diagonal members creating "W" shapes along span

* Pratt truss features vertical members in compression and diagonal members in tension sloping
towards span center

» Howe truss inverts Pratt design with vertical members in tension and diagonal members in
compression

« K-truss incorporates additional vertical and diagonal members forming "K" shapes enhancing
structural stability

« Baltimore truss varies Pratt design by including additional vertical members and sub-struts for extra
support in longer spans

* Truss configurations further classified as through trusses, deck trusses, or pony trusses based on
deck position relative to main structure

Truss Configurations and Characteristics

 Through trusses have deck positioned between top and bottom chords allowing traffic to pass through
the truss

* Deck trusses support the deck on top of the main truss structure
* Pony trusses feature a deck positioned between two parallel trusses without top lateral bracing
* Warren truss diagonal members form equilateral or isosceles triangles along the span

* Pratt truss vertical members typically spaced at regular intervals with diagonals sloping downward
towards the center

* Howe truss resembles Pratt design but with diagonals sloping upward towards the center

+ K-truss incorporates additional short diagonal members forming "K" shapes within each panel
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* Baltimore truss adds sub-struts to standard Pratt configuration breaking up long compression
members

Load Transfer in Truss Bridges

Axial Force Distribution

* Trusses transfer loads primarily through axial forces (tension and compression) in members with
minimal bending moments at joints

» Warren trusses alternate diagonal members between tension and compression efficiently distributing
loads across structure

* Pratt trusses design diagonal members for tension under typical loading conditions advantageous for
slender steel members

* Howe trusses place main diagonal members in compression beneficial for materials strong in
compression (timber)

* K-trusses distribute loads through combination of short compression members and longer tension
members reducing overall buckling potential

« Baltimore trusses utilize sub-struts to break up long compression members enhancing buckling
resistance for efficient material use in longer spans

Load Path and Force Transfer

* Load path typically involves transferring forces from deck to vertical members then to diagonal
members and finally to supports at truss ends

* Deck transfers live loads (traffic, pedestrians) and dead loads (self-weight, utilities) to floor beams or
stringers

* Floor beams distribute loads to main truss at panel points where vertical members intersect chords
* Vertical members transfer loads to diagonal members and chords

+ Diagonal members carry axial forces to redistribute loads along truss length

» Top and bottom chords resist overall bending moments acting on the bridge

+» End supports (abutments, piers) receive accumulated forces from truss and transfer them to the
foundation

Advantages and Disadvantages of Truss Types

Design and Construction Considerations

» Warren trusses offer simplicity in design and construction with fewer members and joints but may
require larger individual members for concentrated loads

* Pratt trusses efficient for steel construction due to tension-dominant diagonals but less suitable for
materials weak in tension

* Howe trusses well-suited for timber construction due to compression-dominant diagonals but less
efficient for steel bridges
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* K-trusses provide excellent stability and reduced member lengths but involve more complex
fabrication and increased material costs

« Baltimore trusses allow for longer spans and efficient material use but require intricate design and
increased fabrication complexity

Structural Performance and Efficiency

* Through trusses offer maximum vertical clearance but may require additional wind bracing
* Deck trusses provide better lateral stability but reduce vertical clearance beneath the bridge

» Warren trusses distribute forces evenly among members but may experience higher local stresses at
panel points

* Pratt trusses efficiently handle gravity loads but may be less effective for reverse loading conditions
» Howe trusses perform well under heavy deck loads but may require larger vertical members

* K-trusses minimize buckling in compression members but increase the number of connections and
potential failure points

+ Baltimore trusses optimize material use in longer spans but increase design complexity and
fabrication costs

Truss Geometry and Structural Performance

Geometric Parameters and Their Effects

+ Depth-to-span ratio significantly affects overall stiffness and material efficiency with deeper trusses
providing better performance but potentially increasing wind loads

* Panel length (distance between vertical members) influences magnitude of forces in truss members
with shorter panels resulting in lower member forces but increased fabrication complexity

» Angle of diagonal members impacts distribution of axial forces with steeper angles leading to lower
axial forces but increased overall truss depth

* Truss configuration affects distribution of internal forces with some designs minimizing force variations
across members leading to more uniform member sizes and improved material efficiency

+ Location and design of truss joints significantly influence overall structural behavior with proper
detailing essential for efficient load transfer and minimizing stress concentrations

Advanced Geometric Considerations

» Asymmetrical truss designs can optimize performance for specific loading conditions or site
constraints but may lead to more complex analysis and fabrication

* Curved or arched top chords in trusses can enhance aesthetic appeal and potentially improve
structural efficiency by better aligning with bridge's moment diagram

* Variable depth trusses (deeper at supports, shallower at midspan) can optimize material distribution
and improve overall efficiency

* Truss spacing in multi-girder bridge systems affects load distribution and overall bridge stiffness
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* Incorporation of secondary members (cross-bracing, lateral bracing) influences overall stability and
load-sharing between primary truss elements

* Use of haunched ends or tapered members can optimize material use and improve structural
performance at high-stress regions

5.2 Analysis of truss bridges

Truss bridges are marvels of engineering, using interconnected members to distribute loads efficiently.
This section dives into the nitty-gritty of analyzing these structures, from basic joint and section methods to
more complex stability assessments.

We'll unpack how forces flow through trusses and how to identify critical members. By the end, you'll grasp
the key techniques for evaluating truss performance and optimizing designs for both safety and efficiency.

Truss Analysis Methods

Joint and Section Analysis Techniques

* Method of joints analyzes equilibrium of forces at each truss joint considering known and unknown
forces

» Method of sections cuts truss at specific section and analyzes equilibrium of portion on one side of cut
* Both methods use static equilibrium principles

* Force equilibrium (ZF =0)

* Moment equilibrium (ZM =0)

+ Choice between methods depends on truss configuration and forces to determine

* For method of joints, start analysis at joint with maximum two unknown forces

* Method of sections useful for determining forces in specific members without analyzing entire truss

» Both methods assume frictionless pin connections and loads applied only at joints

Application of Analysis Methods
» Choose appropriate method based on truss complexity and analysis goals
* Method of joints for simple trusses or full member force analysis
* Method of sections for determining forces in specific members (Warren truss)
* Apply equilibrium equations systematically
« Start with known forces and reactions
* Solve for unknown member forces sequentially
* Use trigonometry to resolve forces into components when necessary
« Verify results by checking global equilibrium of the truss

« Consider computational tools for large or complex trusses (structural analysis software)
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Internal Forces in Trusses

Force Distribution and Member Behavior

* Internal forces in truss members typically axial (tension or compression) due to pin connection
assumption

+ Calculate reaction forces at supports before analyzing internal member forces
+ Consider support type (pin, roller, fixed) and degrees of freedom
* Analyze effects of multiple load cases separately then combine results using superposition principle

+ Use influence lines to determine critical loading positions for maximum internal forces (moving loads
on bridge trusses)

* Force distribution in truss members changes significantly with different loading conditions
* Analyze multiple scenarios (fully loaded, partially loaded)

« Special consideration for unsymmetrical loading conditions resulting in complex force distributions

Load Considerations and Analysis

» Account for dead loads including truss self-weight and permanent attachments
* Incorporate live loads from traffic, wind, or other variable sources

* Develop load combinations based on design codes and standards (AASHTO LRFD Bridge Design
Specifications)

* Consider dynamic load effects for certain truss types (pedestrian bridges, railway bridges)
* Analyze thermal effects on truss behavior, especially for long-span bridges

+ Evaluate impact of support settlements or displacements on internal force distribution

Truss Stability and Determinacy

Stability Assessment and Triangulation

« Truss stability evaluated by ability to resist vertical and horizontal forces without excessive
deformation or collapse

* Assess truss stability using triangulation concept
* Form stable basic triangle
» Add additional members to maintain stability

« Zero-force members do not contribute to stability but may prevent buckling or handle secondary
loading

« Identify and analyze potential instability mechanisms (joint instability, member buckling)

* Consider overall system stability, including supports and connections
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Determinacy Evaluation

* Assess truss determinacy by comparing unknown forces to available equilibrium equations

« For 2D statically determinate truss, satisfy equation: M + r = 2j

* m: number of members

* r: number of reaction components

* j: number of joints

« Statically indeterminate trusses have more unknown forces than available equations

» Require additional analysis methods (force method, displacement method)

* Degree of static indeterminacy affects truss behavior under load and sensitivity to imperfections

+ Evaluate redundancy in truss design by considering consequences of individual member failures

Truss Performance Evaluation

Critical Member Identification

« Identify critical members subjected to highest stress ratios (actual stress / allowable stress)
* Evaluate compression members for buckling potential

« Consider effective length and cross-sectional properties

* Assess force distribution to identify load paths and potential stress concentration areas

* Analyze effects of member imperfections or damage on overall truss behavior

* Consider fatigue performance of critical members under cyclic loading (bridges)

Structural Efficiency and Optimization

* Assess truss efficiency by comparing force distribution to material distribution

* Optimize member sizes to reduce material costs while maintaining structural safety

« Evaluate truss performance under various loading scenarios (strength, serviceability, fatigue)
« Consider dynamic effects (vibrations, impact loads) in addition to static analysis

* Use analysis results to refine truss configuration and improve overall performance

* Incorporate constructability and maintenance considerations in performance evaluation

5.3 Design considerations for truss bridges

Truss bridges are a crucial part of civil engineering, combining structural efficiency with aesthetic appeal.
This section explores the key design considerations that shape these iconic structures, from material
selection to load distribution and site-specific factors.

Selecting the right truss configuration is vital for optimal performance and cost-effectiveness. We'll examine
common truss types, their ideal applications, and the design parameters that influence member sizing,
connections, and overall bridge geometry. Understanding these factors is essential for creating safe,
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durable, and efficient truss bridges.

Truss bridge design factors

Structural and loading considerations

+ Span length determines overall structural configuration and member sizes required to support loads
* Loading considerations include

* Dead loads (self-weight of the structure)

* Live loads (traffic, pedestrians)

 Environmental loads (wind, snow, seismic)

* Dynamic loads (vibrations, impact)

* Clearance requirements dictate truss depth and overall bridge geometry to accommodate traffic or
waterway passage beneath structure

» Material selection affects structural behavior, durability, and cost-effectiveness

» Common materials include steel, timber, and composite materials

Site and construction factors

« Site conditions influence foundation design and overall bridge configuration
* Soil properties

» Topography

* Environmental factors (temperature extremes, corrosive environments)

+ Construction methods and equipment accessibility at site impact feasibility of different truss
configurations and member sizes

* Aesthetics and visual impact on surrounding environment important, particularly in urban or scenic
areas

Truss configuration selection

Common truss types
* Pratt trusses
* Vertical members in compression, diagonal members in tension
« Efficient for medium spans (50-200 ft)
* Warren trusses
* Equilateral or isosceles triangular shapes
* Good for short to medium spans (40-150 ft)
* Howe trusses

* Vertical members in tension, diagonal members in compression
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* Historically used for timber bridges
* K-trusses
» Additional vertical members divide diagonal members

» Reduces buckling length of compression members

Design parameters and considerations

* Truss depth-to-span ratios typically range from 1/5 to 1/10, depending on truss type and design
requirements

* Member sizing involves determining cross-sectional areas based on

+ Axial forces

* Buckling considerations

* Top and bottom chords

* Vertical and diagonal web members

» Connection design crucial for proper load transfer between truss members
» Gusset plates

* Bolted or welded joints

* Fabrication and transportation limitations may influence selection of member sizes and overall truss
dimensions

» Computer-aided design and analysis software essential for efficient configuration selection and
member sizing optimization

Design codes for truss bridges

AASHTO LRFD specifications

+ AASHTO LRFD Bridge Design Specifications provide primary guidelines for designing highway
bridges in United States

+ Load and Resistance Factor Design (LRFD) methodology accounts for uncertainties in loads and
material strengths through partial safety factors

» Load combinations specified for various design scenarios (strength, service, fatigue)

* Resistance factors applied to nominal member capacities

Additional design considerations

« Serviceability limit states ensure user comfort and long-term performance

+ Deflection criteria (typically L/360 for vehicular bridges)

* Vibration criteria

« Fatigue design crucial for members and connections prone to stress concentrations

« Stress range calculations
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* Fatigue detail categories

+ Seismic design requirements vary by region
* Importance factors

» Response modification factors

+ Capacity design principles

« Corrosion protection measures and material durability specifications ensure long-term performance
and safety

* Protective coatings (galvanization, paint systems)
* Weathering steel

« Stainless steel for critical components

Quality control and inspection

+ Quality control procedures during fabrication adhere to relevant standards (AWS D1.5 for welding)
* Inspection requirements during construction ensure bridge meets design specifications

* Non-destructive testing of welds

* Bolt tightening verification

* Dimensional tolerances

Truss optimization

Material efficiency and innovative design

* High-strength materials minimize member sizes and overall bridge weight
* High-strength low-alloy (HSLA) steels
* Advanced composite materials

» Optimized member sizes reduce material usage while meeting strength and serviceability
requirements

* Innovative truss configurations minimize redundant elements
* Hybrid trusses combining different configurations

» Adaptive truss systems

Constructability and standardization

» Modular design enables prefabrication, reducing on-site construction time

« Standardization of member sizes and connection details improves fabrication efficiency
* Reduces potential for errors during construction

* Facilitates easier replacement of damaged components

+ Design for ease of transportation and on-site assembly
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* Consideration of maximum transportable member lengths

« Splice locations optimized for efficient field assembly

Maintenance and life-cycle considerations

* Incorporation of inspection and maintenance access features

» Walkways

» Connection points for temporary scaffolding

+ Design for durability minimizes long-term maintenance requirements
* Proper drainage systems to prevent water accumulation

« Corrosion-resistant materials in critical areas

« Life-cycle cost analysis guides design decisions

« Initial construction costs

* Maintenance expenses

* Potential rehabilitation needs

* Future expansion or modification needs considered in initial design
* Provisions for widening

+ Ability to strengthen for increased loads
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Unit 6 — Arch Bridges — Types and
Behavior

6.1 Arch bridge types and structural behavior

Arch bridges are marvels of engineering, using their curved shape to transfer loads efficiently. From fixed
to hinged designs, these structures showcase the power of geometry in load-bearing. Let's dive into the
world of arches and discover how they stand strong.

Tied and spandrel arches offer unique solutions to thrust and aesthetics. We'll explore how these bridges
work their magic, distributing forces and minimizing bending moments. Get ready to uncover the secrets
behind these elegant and efficient structures!

Arch Bridge Types and Characteristics
Fixed and Hinged Arch Bridges

* Arch bridges transfer loads through structural configuration and load-bearing mechanism
* Fixed arch bridges utilize rigid connections at both ends for high stability and efficient load distribution

» Two-hinged arch bridges employ pinned connections at supports allowing horizontal movement and
reducing bending moments

* Three-hinged arch bridges incorporate an additional hinge at the crown providing greater flexibility and
adaptability to temperature changes

Tied and Spandrel Arch Bridges

* Tied arch bridges use a horizontal tie to resist outward thrust of the arch eliminating need for massive
abutments

» Open-spandrel arch bridges feature series of smaller arches or columns supporting deck (reduces
dead load, enhances aesthetics)

+ Closed-spandrel arch bridges have solid walls between main arch and deck offering increased
stiffness but higher dead load

» Spandrel design choice impacts bridge's dead load, aesthetics, and maintenance requirements
Load Transfer in Arch Bridges

Axial Compression and Force Resolution
* Arch bridges primarily transfer loads through axial compression along curved arch structure

* Arch shape converts vertical loads into diagonal forces resolved into horizontal thrust and vertical
reactions at supports

* Bending moments in arch bridges typically smaller compared to beam bridges resulting in more
efficient material use
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* Funicular arch shape closely follows line of thrust minimizing bending stresses and optimizing
structural efficiency

Support Conditions and Live Load Effects
* Horizontal thrust at arch supports resisted by massive abutments or tie system to maintain equilibrium
« Structural behavior influenced by arch geometry, material properties, and support conditions

* Live loads cause deformations altering distribution of internal forces requiring careful analysis and
design considerations

* Proper drainage systems within spandrel and fill areas prevent water accumulation and potential
structural damage

Arch Shape and Performance

Geometric Considerations

* Arch shape significantly affects load distribution (common geometries circular, parabolic, catenary)

* Rise-to-span ratio critical parameter influencing magnitude of horizontal thrust and overall structural
efficiency

* Lower rise-to-span ratios result in higher horizontal thrust but may be more aesthetically pleasing and
provide better clearance

* Higher rise-to-span ratios lead to reduced horizontal thrust and improved structural efficiency but may
present challenges in approach grades and visual impact

Span Length and Structural Efficiency

» Span length affects required depth and stiffness of arch rib to resist buckling and control deflections

* Relationship between arch shape and span influences distribution of bending moments and shear
forces along arch

» Optimization of arch geometry leads to more efficient material use and improved overall bridge
performance

* Interaction between deck and arch influences overall structural behavior and can be optimized to
enhance performance

Design Elements of Arch Bridges

Spandrel and Fill Design

 Spandrel walls in closed-spandrel arch bridges provide lateral support to arch and help distribute
loads from deck to main arch

« Fill material in closed-spandrel arch bridges contributes to overall stiffness of structure and helps
distribute loads more evenly

» Choice between open and closed spandrel designs affects bridge's dead load, aesthetics, and
maintenance requirements
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* Proper drainage systems within spandrel and fill areas crucial to prevent water accumulation and
potential structural damage

Deck Design and Load Transfer

* Deck serves as primary load-bearing surface for traffic and transfers loads to arch through spandrel
structure

* Deck design must account for local bending and shear effects while ensuring proper load transfer to
underlying arch system

* Interaction between deck and arch influences overall structural behavior and can be optimized to
enhance performance

+ Deck-arch interaction optimization improves load distribution and structural efficiency (deck stiffening,
composite action)

6.2 Analysis and design principles of arch bridges

Arch bridges are marvels of engineering, using their curved shape to transfer loads through compression.
This section dives into the nitty-gritty of how these bridges work, from the thrust line concept to optimal
arch shapes.

We'll explore analysis methods, design considerations, and stability factors. By the end, you'll understand
how arch bridges handle forces and why they're so darn good at spanning long distances.

Arch bridge analysis

Force distribution and thrust line concept

* Arch bridges transfer loads primarily through compressive forces along the curved structure
minimizing bending moments

* Thrust line concept represents the path of compressive forces through the arch crucial in arch bridge
analysis

* Horizontal thrust at the arch supports affects foundation design and overall stability

+ Degree of indeterminacy in arch bridges impacts the complexity of analysis and distribution of internal
forces

Analysis methods and tools

* Graphical techniques (force polygons) and analytical methods (elastic theory, finite element analysis)
analyze arch bridges

* Funicular polygon method determines the ideal arch shape for given loading conditions
« Influence lines analyze the effects of moving loads on arch bridges

» Computer-aided analysis tools (SAP2000, STAAD.Pro) perform complex structural calculations for
arch bridges
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Optimal arch design

Arch shape optimization

 Catenary curve represents ideal arch shape for uniform loading
« Parabolic curves optimize for uniformly distributed loads on a horizontal projection
* Rise-to-span ratio affects structural efficiency and aesthetics critical parameter in arch bridge design

* Factors influencing arch shape selection include material properties (steel, concrete, masonry),
construction methods (cast-in-place, precast), and environmental conditions (wind, temperature)

Site-specific considerations

« Site topography and geological conditions determine feasible arch configurations

« Clearance requirements for traffic or waterways beneath the bridge impact arch geometry and span
length

» Wind loads and seismic considerations necessitate modifications to ideal arch shape for improved
stability

» Computer-aided optimization techniques fine-tune arch dimensions for specific project requirements
(genetic algorithms, particle swarm optimization)

Arch bridge components

Structural elements

* Foundations account for both vertical loads and horizontal thrust from the arch

» Abutments support arch ends and retain soil behind the structure

» Spandrel columns or walls transfer loads from deck to arch and contribute to overall aesthetic
* Deck systems designed as integral parts of arch or separate structures supported by arch

» Hangers or ties incorporated in tied-arch designs resist horizontal thrust and reduce foundation loads

Material selection and detailing

» Materials selection (reinforced concrete, steel, stone) influences component design and construction
methods

» Expansion joints and bearings accommodate thermal movements and rotations
» Reinforcement detailing in concrete arches ensures proper load distribution and crack control

» Connections in steel arch bridges (bolted, welded) designed for strength and fatigue resistance

Arch bridge stability

Structural stability analysis

* Buckling analysis crucial for slender arch structures particularly for long-span or steel arch bridges
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* Dynamic load effects including vehicular impact and wind-induced vibrations considered in stability
assessments

* Non-linear analysis techniques predict arch bridge behavior under extreme loading conditions

* Load distribution factors analyze how deck loads transfer to arch structure

Serviceability and long-term performance

« Serviceability criteria include deflection limits, crack control (for concrete arches), and vibration
performance

* Fatigue analysis essential for steel arch bridges subject to cyclic loading from traffic
» Thermal effects impact arch bridge behavior accounted for in design and evaluation

* Long-term creep and shrinkage effects in concrete arches analyzed for structural integrity over time

6.3 Construction techniques for arch bridges

Arch bridges are marvels of engineering, combining form and function. Their construction requires careful
planning and specialized techniques. From traditional centering to modern cable-stayed methods, builders
must consider site conditions, materials, and design factors to choose the best approach.

Quality control is crucial in arch bridge construction. Rigorous inspections, real-time monitoring, and
advanced surveying techniques ensure the structure meets design specifications. Proper documentation
and performance verification are essential for long-term safety and maintenance of these iconic structures.

Arch Bridge Construction Methods

Traditional and Modern Techniques

« Centering involves building temporary support structures (falsework) to hold the arch during
construction

» Ensures precise arch geometry

» Commonly used for shorter spans and accessible sites

* Requires substantial temporary supports, making it challenging for deep valleys or water crossings
+ Cantilevering builds the arch from both abutments towards the center

» Uses temporary supports or cables to hold each segment in place

* Reduces need for extensive falsework

* Requires careful balance and temporary support systems, particularly for longer spans

+ Cable-stayed techniques utilize temporary or permanent cable systems to support arch segments
+ Allows for greater flexibility in design

* Reduces need for falsework

« Suitable for construction in challenging terrain and complex arch designs

* Requires specialized equipment and expertise
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Prefabrication and Innovative Methods

» Segmental construction involves prefabricating arch segments off-site and assembling on-site
» Often combines multiple techniques (centering, cantilevering, cable-stayed)

* Reduces on-site construction time

* Improves quality control

* May increase transportation and lifting costs

* Incremental launching pushes preassembled bridge sections from one end to the other

* Minimizes disruption to the area below the bridge

* Requires precise calculations and specialized equipment

« Self-supporting arches utilize the arch's inherent stability during construction

» Reduces need for temporary supports

* Requires careful design and sequencing

Advantages and Limitations of Methods

Site-Specific Considerations

» Topography significantly influences method feasibility

« Centering less suitable for deep valleys

+ Cable-stayed techniques advantageous for difficult terrain

* Soil characteristics impact foundation design and construction method selection
* Soft soils may require deep foundations, affecting overall construction approach
» Water bodies present unique challenges

« Cantilevering or cable-stayed methods often preferred for river crossings

* Marine environments may necessitate corrosion-resistant materials and specialized construction
techniques

Design and Material Factors

+ Span length affects method suitability

* Longer spans favor cantilevering or cable-stayed techniques

* Shorter spans may benefit from traditional centering

* Rise-to-span ratio influences structural behavior and construction approach
« Higher ratios may require more robust temporary supports

* Lower ratios might benefit from self-supporting arch techniques

» Material choice impacts construction method selection
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« Steel arches often utilize segmental or cantilevering methods

+ Concrete arches may benefit from centering or incremental launching techniques

Construction Sequencing and Staging

Pre-Construction Planning

» Develop detailed construction schedule outlining activity sequence
« Site preparation (clearing, grading, access roads)

» Foundation work (piling, footings)

+ Arch construction (segment fabrication, erection)

* Deck installation and finishing works

« Identify critical path activities and potential bottlenecks

* Optimize resource allocation

» Minimize delays through strategic planning

» Design temporary works and support systems

* Ensure structural stability throughout all construction stages

« Pay particular attention to arch closure phase

Safety and Logistics Management

* Implement comprehensive safety plan addressing specific risks

» Working at heights

» Handling large prefabricated elements

» Equipment operation in confined spaces

« Coordinate material delivery and storage

* Minimize on-site congestion

* Ensure smooth workflow

* Consider just-in-time delivery for large components

« Plan for contingencies and develop alternative strategies

» Address potential challenges (unexpected ground conditions, extreme weather)

* Prepare backup plans for critical operations

Quality Control and Monitoring

Inspection and Testing Protocols

« Establish rigorous quality control program

+ Regular inspections of ongoing work
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» Material testing (concrete strength, steel properties)

» Dimensional checks of fabricated components

* Implement real-time monitoring system

* Track arch geometry during construction

* Monitor stress distribution in key elements

» Measure deformations and compare with design predictions
« Utilize advanced surveying techniques

+ 3D laser scanning for precise geometry verification

* Photogrammetry for detailed surface analysis and defect detection

Performance Verification and Documentation

* Develop strict tolerances for key parameters

* Arch profile (vertical and horizontal alignment)

» Segment positioning and joint preparation

+ Cable tensioning in cable-stayed systems

» Conduct load tests at various construction stages

« Verify structural behavior under controlled conditions

» Make necessary adjustments based on test results

» Maintain detailed documentation

* Record all quality control activities

* Log test results and any deviations from original design

* Create comprehensive as-built drawings for future reference
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Unit 7 — Suspension Bridges: Key
Components & Design

7.1 Components and structural system of suspension bridges

Suspension bridges are marvels of engineering, utilizing a complex system of components to span vast
distances. This topic dives into the key elements that make these bridges work, from the massive main
cables to the intricate deck structures.

Understanding how forces flow through a suspension bridge is crucial for grasping their design. We'll
explore how loads travel from the deck to the towers and anchorages, highlighting the unique
tension-based system that makes these bridges so efficient.

Suspension Bridge Components and Functions

Main Structural Elements

» Main cables span the entire bridge length transferring loads to towers and anchorages
» Composed of high-strength steel wire strands

» Form catenary shape under tension

» Suspender cables (hangers) connect main cables to deck structure

» Distribute deck load vertically to main cables

* Typically spaced at regular intervals (10-15 meters apart)

» Towers (pylons) support main cables at highest points

* Transfer cable forces to foundation

« Often incorporate flexible connections at base to accommodate movement
» Anchorages resist horizontal pull of main cables

» Massive concrete or rock structures at each bridge end

» Ensure overall system stability

» May utilize deep foundations or rock anchors

Deck and Stiffening Systems
* Deck structure carries traffic loads
* Typically reinforced concrete or steel orthotropic panels
« Directly supports live loads (vehicles, pedestrians) and dead loads (self-weight)
« Stiffening girders or trusses run along deck length
* Provide rigidity to deck structure

* Distribute live loads across multiple hangers
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* Crucial for lateral and torsional stability

* Help resist wind-induced forces (vortex shedding)

Load Transfer in Suspension Bridges

Primary Load Path
* Deck structure supports initial live and dead loads
« Stiffening girders/trusses distribute forces along bridge length
» Suspender cables transfer loads to main cables
« Convert vertical loads to tension forces
» Main cables, under high tension, transfer loads to towers
» Combination of vertical and horizontal forces
» Towers experience compressive forces and bending moments
« Vertical forces from structure weight
* Horizontal forces from main cable pull
» Anchorages resist horizontal component of main cable forces

» Complete load path to ground

Force Distribution and Equilibrium

+ System primarily works in tension

» Compression mainly occurs in towers and anchorages

* Horizontal forces at tower tops balanced by opposing cable pull
« Entire bridge acts as self-anchoring system

« Efficiently transfers loads to ground

* Allows for some structural flexibility

* Load distribution affected by factors like:

+ Cable sag (typically 1/9 to 1/11 of main span)

» Tower height (usually 1/6 to 1/10 of main span)

« Stiffening system design
Anchorages, Towers, and Cables

Anchorage Design and Function

» Serve as massive counterweights
» Resist maximum tension in main cables

« Account for potential seismic forces
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* Design considerations include:

+ Soil conditions and geology

* Horizontal and vertical force components

* Long-term creep and settlement

* Types of anchorages:

« Gravity anchorages (large concrete blocks)

* Rock-anchored systems (in suitable geological conditions)

Tower Design and Behavior

* Primary vertical support for main cables

* Design factors:

» Wind loads (lateral forces)

+ Seismic forces (multi-directional)

* Potential ship impact (for water crossings)

» Tower shapes:

* Traditional A-frame or H-frame designs

* Modern single column designs (Golden Gate Bridge)
* Material options:

« Steel (common for taller towers)

* Reinforced or prestressed concrete

Cable System Engineering
» Main cables designed for enormous tensile forces
* Maintain specific catenary profile under various loads
* Factors in cable system design:
» Thermal expansion and contraction
* Wind-induced vibrations (galloping, flutter)
* Fatigue over bridge lifespan
+ Cable protection methods:
+ Galvanization of individual wires
* Protective wrapping or sheathing

» Dehumidification systems (modern bridges)
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Stiffening Girders vs Truss Systems

Functions of Stiffening Systems

* Provide lateral and torsional stability to bridge deck

* Prevent excessive deflections and oscillations

» Distribute concentrated live loads across multiple suspenders
* Resist wind-induced forces, particularly vortex shedding

* Incorporate aerodynamic design principles in modern bridges
* Reduce wind sensitivity

* Improve overall structural performance

* Contribute to dynamic load resistance (earthquakes)

* Provide additional damping

+ Aid in energy dissipation
Comparison of Girders and Trusses

« Stiffening girders:
« Simpler design and fabrication
* Lower profile, potentially reducing wind loads
+ Often used in shorter span bridges (under 1000 meters)
* Truss systems:
* Greater stiffness-to-weight ratio
* Better for longer spans (over 1000 meters)
» More complex fabrication and assembly
» Selection factors:
* Span length requirements
* Desired deck stiffness
» Aesthetic considerations
+ Cost and material availability
Design Optimization
* Finite element modeling crucial for system optimization
« Balance flexibility and rigidity
+ Analyze dynamic behavior under various load conditions

+ Consideration of aerodynamic stability:
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» Wind tunnel testing of scaled models

» Computational fluid dynamics (CFD) simulations

* Integration with cable system:

« Coordinate stiffness properties with main cable design

» Optimize suspender spacing and connection details

7.2 Analysis and design principles of suspension bridges

Suspension bridges are engineering marvels that rely on complex analysis and design principles. These
structures use catenary curves, intricate force distributions, and sophisticated component interactions to
span great distances and withstand various loads.

Understanding the behavior of suspension bridges under wind, seismic, and traffic loads is crucial for safe
design. Engineers employ advanced analysis techniques and specialized design codes to ensure these
iconic structures perform reliably throughout their lifespans.

Catenary curves in suspension bridges

Mathematical properties of catenary curves

 Catenary curve forms when flexible chain or cable suspended between two points under own weight
« Described mathematically by hyperbolic cosine function: ¥ = a * cosh(x/a)

* 'a' constant determines curve shape

* Represents ratio of horizontal tension to weight per unit length of cable

* Horizontal component of cable tension remains constant along cable length

* Vertical component varies with cable slope

* Crucial for determining cable sag, length, and tension distribution in bridge design

Application to suspension bridges

» Main cables approximately follow catenary curve when only supporting own weight
* Deviate slightly when supporting deck and live loads

* Modified catenary method accounts for additional loads from bridge deck and traffic
* Results in curve more accurately representing actual cable shape in loaded bridge
* Finite element analysis techniques model complex cable behavior

* Incorporate non-linear geometry and material properties for more precise results

» Understanding catenary curve essential for:

+ Optimizing cable geometry

« Calculating tension forces at different points

» Determining vertical and horizontal reactions at towers and anchorages
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Forces on suspension bridge components

Main cable forces

* Subjected to tensile forces varying along length

* Maximum tension typically occurs at tower tops

* Dead loads create baseline tension

* Include weight of deck, cables, and other permanent structures

* Live loads induce additional tensile forces

+ Vary based on load position and magnitude (vehicle traffic, pedestrians)
» Wind loads create static and dynamic forces

+ Cause lateral deflection and vibration

* Analyzed for both strength and fatigue considerations

» Temperature changes alter cable length and tension

» Thermal expansion or contraction must be accommodated in design

Hanger and deck forces

» Hangers (suspenders) transfer loads from deck to main cables
* Primarily subjected to tensile forces

+ Vary based on location and loading conditions

+ Deck experiences combination of forces:

» Compressive forces from cable tension

* Bending moments from live loads and self-weight

* Torsional forces from eccentric loading or wind

* Load distribution methods used to determine force effects:

« Elastic theory

* Influence line analysis

Dynamic load considerations

« Traffic-induced vibrations affect force distribution in cables and hangers
* Vortex shedding can cause oscillations in cables and deck

» Dynamic amplification factors applied to static loads for design purposes
* Modal analysis determines natural frequencies and mode shapes

* Crucial for understanding dynamic behavior under various loads
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Suspension bridge behavior under loads

Wind load effects

* Induce static deformation, vortex-induced vibrations, flutter, and buffeting
* Analyzed using wind tunnel tests and computational fluid dynamics

» Aerodynamic stability critical to prevent catastrophic phenomena

» Example: Torsional flutter in Tacoma Narrows Bridge collapse

* Design considerations to mitigate wind effects:

+ Streamlined deck cross-sections

* Installation of wind fairings

* Use of slotted or perforated deck systems

Seismic load response

« Cause significant longitudinal, transverse, and vertical motions

* Analysis of structure's dynamic response and energy dissipation mechanisms required
* Modal analysis determines natural frequencies and mode shapes

* Time-history analysis evaluates bridge performance under specific earthquake records
* Response spectrum analysis assesses overall seismic behavior

* Non-linear behavior of structural components considered

» Cable geometry changes

» Material non-linearity in towers and deck

Component interaction during loading

* Flexibility of main cables, deck, and towers affects overall bridge response

+ Cable-deck interaction influences load distribution and dynamic behavior

» Tower-cable-deck system requires coupled analysis for accurate force prediction
» Damping systems and seismic isolation devices often incorporated

* Tuned mass dampers

* Viscous dampers

* Lead-rubber bearings

* Specialized analysis techniques required for design and optimization of these systems
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Suspension bridge component design

Cable and hanger design

* Main cables designed to withstand maximum tensile forces under all load combinations
+ Considerations for cable design:

* Fatigue strength

« Corrosion protection (zinc coating, dehumidification systems)
* Ease of inspection and maintenance

» Hanger design accounts for:

* Tensile forces

* Fatigue loading

* Potential replacement during bridge lifetime

+ Cable sizing based on:

* Required strength

* Desired sag-to-span ratio

 Aesthetics and economic factors

Tower and anchorage design

 Towers analyzed for:

» Compressive forces from main cables

» Bending moments from eccentric loading

* Dynamic forces from wind and seismic events

» Tower design considerations:

« Stability against overturning

* Resistance to buckling

* Provision for cable saddles and maintenance access
» Anchorage systems transfer cable forces to ground
* Require careful geotechnical analysis

* Design ensures long-term stability

* Types include gravity anchorages and rock anchorages

Deck and secondary component design

* Deck structure designed for stiffness and strength

« Distributes live loads
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* Resists wind-induced motions

« Often incorporates aerodynamic features to improve stability

« Streamlined box girder sections

* Edge fairings

* Expansion joints accommodate thermal movements and seismic displacements
* Bearings transfer forces between structural components

» Types include elastomeric bearings, pot bearings, and spherical bearings

Design codes and analysis tools

* Design codes provide specific requirements:

* AASHTO LRFD Bridge Design Specifications (United States)
* Eurocode (Europe)

+ Codes specify:

+ Load factors

* Resistance factors

* Performance criteria

» Advanced structural analysis software used for modeling and design
* Incorporates finite element methods

* Non-linear analysis capabilities

« Software ensures compliance with code requirements

* Optimizes structural performance through iterative design process

7.3 Cable-stayed bridges: similarities and differences

Cable-stayed bridges are a marvel of modern engineering, combining strength and elegance. They use
cables attached directly to towers to support the deck, creating a unique structural system that efficiently
distributes loads.

Compared to suspension bridges, cable-stayed bridges offer advantages in medium-span lengths. They're
more economical, easier to build, and provide greater design flexibility. However, they have shorter
maximum spans and require more complex analysis.

Cable-stayed vs Suspension Bridges

Structural System Comparison

+ Cable-stayed bridges connect deck directly to towers with cables, while suspension bridges use main
cables between towers with vertical suspenders supporting deck

» Towers in cable-stayed bridges typically taller and more substantial bear significant compressive
forces
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» Cable-stayed bridges have stiffer deck structure allows better distribution of live loads

» Anchorage system in cable-stayed bridges generally less extensive cables transfer loads directly to
towers

» Cable-stayed bridges offer various cable arrangements (fan, harp, semi-fan patterns) while
suspension bridges use uniform catenary cable arrangement

» Main span lengths of cable-stayed bridges generally shorter practical limits around 1,000 meters for
cable-stayed and up to 2,000 meters for suspension bridges (Golden Gate Bridge)

+ Both bridge types rely on cable tension to support deck, but cable-stayed bridges incorporate
significant compression forces in towers and deck

Load Transfer and Force Distribution

* Cable-stayed bridges utilize tension in cables and compression in towers and deck creating
self-anchoring system

+ Suspension bridges primarily rely on tension in main cables and vertical suspenders

 Cable-stayed bridges distribute loads more efficiently along deck length through intermediate cable
supports

* Suspension bridges transfer loads to main cables then to towers and anchorages

» Cable-stayed bridges experience varying load distribution among cables depending on angle and
location

* Suspension bridges have more uniform load distribution along main cables

» Cable-stayed bridges can better accommodate asymmetrical loads due to their stiffer structure

Advantages and Disadvantages of Cable-stayed Bridges

Economic and Construction Benefits

* More economical for medium-span lengths (200-1,000 meters) reduced material requirements and
simpler construction processes

« Construction can be more easily staged cantilevering sections outward from towers reduces need for
temporary supports

» Lower maintenance costs easier cable inspection and replacement procedures

* Greater design flexibility accommodates various aesthetic options and complex geometries (Millau
Viaduct)

« Efficient use of materials compared to traditional beam or truss bridges

« Shorter construction time compared to suspension bridges due to simpler erection process

» Reduced foundation requirements compared to suspension bridges lower anchorage forces
Structural and Performance Advantages

« Stiffer deck provides better aerodynamic stability less susceptible to wind-induced vibrations

* Better load distribution along deck length improves overall structural efficiency
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» Can accommodate complex geometries and asymmetrical spans (Erasmus Bridge)
* Higher torsional rigidity improves stability under eccentric loads

* Better control of deck deformations under live loads enhances user comfort

* Ability to use partial cable layouts for aesthetic or functional purposes

» Can be designed with concrete towers and decks reducing steel requirements in some cases

Limitations and Challenges

+ Shorter maximum span length compared to suspension bridges limited to around 1,000 meters
» More complex analysis required for load distribution and cable forces

* Higher sensitivity to construction tolerances and errors

* Potential for cable vibrations under certain wind conditions requires careful design

+ More challenging to widen or modify after construction compared to some other bridge types

+ Higher complexity in deck-tower connection design to accommodate forces and movements

* Potential for uneven settlement of towers can lead to significant force redistribution

Load Transfer in Cable-stayed Bridges

Primary Load Path Components

* Loads transfer from deck to towers through inclined cables under tension
* Deck acts as continuous beam with cables providing intermediate supports along length
» Compressive forces induced in deck and towers result from tensile forces in cables

« Load distribution among cables varies depending on angle and location steeper cables generally carry
higher loads

+ Towers resist vertical and horizontal components of cable forces through compression and bending

* Deck experiences combination of compression, bending, and torsion depending on load location and
cable arrangement

» Anchorages at deck and tower levels crucial for efficient force transfer between components

Factors Influencing Load Transfer

« Stiffness of deck and towers plays crucial role in load transfer mechanism influences overall bridge
behavior

» Cable arrangement (fan, harp, semi-fan) affects load distribution and structural efficiency

* Longitudinal forces (braking vehicles) resisted by cable inclination and tower bending stiffness

» Cross-sectional properties of deck and towers impact load distribution and deformation characteristics
» Connection details between cables, deck, and towers critical for proper force transfer

* Prestressing of deck and cables can optimize load distribution and reduce deformations
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» Temperature effects and time-dependent material properties (creep, shrinkage) influence long-term
load transfer behavior

Secondary Load Transfer Mechanisms

» Deck-tower interaction through bearings or rigid connections affects overall load distribution
* Transverse cable arrangements in wide bridges provide additional load transfer paths
« Stay pipe systems in multi-cable arrangements distribute forces more uniformly to deck

» Counterweight systems in some designs help balance cantilever moments during construction and
service

+ Earth anchors in soil or rock formations may supplement tower foundations in resisting cable forces
» Damping systems integrated into cables or deck structure influence dynamic load transfer

» Expansion joints and sliding bearings accommodate thermal movements and affect load transfer at
supports

Behavior of Cable-stayed Bridges under Loads

Static Loading Response

* Dead loads and live loads induce complex stress patterns in cables, deck, and towers
* Non-linear behavior under large deformations requires iterative analysis techniques

+ Cable sag effect influences overall stiffness and load distribution

* Prestressing of cables and deck optimizes stress distribution under service loads

* Long-term effects (creep, shrinkage) in concrete components lead to time-dependent deformations
and stress redistributions

» Temperature changes cause thermal expansion and contraction stress redistribution in bridge
components and potential changes in cable tensions

« Differential support settlements can significantly alter load distribution and internal forces

Dynamic Loading Characteristics

» Wind and seismic forces cause vibrations and oscillations require careful analysis of modal
characteristics

+ Vortex shedding, flutter, and galloping phenomena critical for aerodynamic stability analysis

« Traffic-induced vibrations affect user comfort and fatigue performance of components

+ Cable vibrations under wind or rain-wind excitation may require installation of dampers

+ Seismic response influenced by overall flexibility and energy dissipation capacity of structure

» Dynamic amplification factors for moving loads depend on span length and stiffness properties

» Modal coupling between deck, tower, and cable vibrations can lead to complex dynamic behavior
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Long-term Performance Considerations

* Fatigue loading from cyclic stresses particularly important in cable anchorages and deck-to-cable
connections

« Corrosion protection systems for cables and other steel components crucial for durability

 Concrete creep and shrinkage effects more pronounced in cable-stayed bridges compared to other
bridge types

+ Cable force monitoring and adjustment may be necessary to maintain optimal performance over time
» Wear and deterioration of bearings and expansion joints can alter load transfer mechanisms

* Long-term deflections and geometry changes may require periodic adjustments to maintain intended
profile

» Maintenance of corrosion protection systems and replacement of wearing surfaces essential for
longevity
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Unit 8 — Bridge Materials and Properties

8.1 Concrete properties and applications in bridges

Concrete is the backbone of modern bridge construction. It's a versatile material that combines strength,
durability, and cost-effectiveness. Understanding its properties and applications is crucial for designing and
building bridges that stand the test of time.

This section dives into concrete's composition, key properties, and how they impact bridge design. We'll
explore its advantages and limitations, factors affecting strength and durability, and essential testing
methods. This knowledge forms the foundation for creating safe, long-lasting concrete bridges.

Concrete Composition and Properties

Concrete Components and Mixing Ratios

 Concrete combines cement, aggregates (coarse and fine), water, and admixtures
* Portland cement forms binding paste through calcium silicate reaction with water
» Aggregates provide volume stability and strength

« Coarse aggregates include crushed stone or gravel

* Fine aggregates typically consist of sand

» Water-cement ratio impacts strength and workability

* Lower ratios increase strength but may reduce workability

» Admixtures modify concrete properties in small quantities

» Examples include accelerators, retarders, air-entraining agents, and water reducers

Key Properties for Bridge Construction

» Compressive strength determines load-bearing capacity

* Tensile strength affects crack resistance

» Modulus of elasticity influences deformation under load

* Creep causes gradual deformation under sustained loads

* Shrinkage leads to volume reduction as concrete hardens

» Thermal expansion coefficient affects behavior during temperature changes
+ High-performance concrete (HPC) enhances strength and durability

+ Outperforms conventional concrete in multiple characteristics

Advantages vs Limitations of Concrete Bridges

Benefits of Concrete in Bridge Design

* High compressive strength supports heavy loads
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* Fire resistance improves safety in extreme conditions
+ Moldability allows diverse shapes and forms

* Lower initial costs compared to steel bridges

* Reduced maintenance requirements over lifespan

* Thermal mass mitigates temperature fluctuations

« Particularly beneficial in variable climates

Challenges and Drawbacks

* Low tensile strength necessitates reinforcement or prestressing
» Heavier than equivalent steel structures

* Poses challenges for foundation design and construction

« Cracking issues can lead to durability problems

* Requires proper management and monitoring

* Time-consuming curing process

* May extend construction schedules compared to other materials

Factors Affecting Concrete Strength and Durability

Mix Design and Material Properties

» Water-cement ratio significantly impacts strength

* Lower ratios increase strength but may reduce workability

» Aggregate characteristics influence performance

* Quality, size, and gradation affect strength and durability

» Well-graded aggregates with appropriate maximum size enhance concrete properties
+ Air entrainment improves freeze-thaw resistance

* Crucial in cold climates

* Excessive air content can reduce strength

» Supplementary cementitious materials enhance durability

* Fly ash and silica fume improve pore structure

* Reduce permeability for better long-term performance

Environmental and Construction Factors

« Curing conditions impact strength development
» Temperature and humidity affect early-age concrete properties

» Presence of deleterious substances in materials
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» Can negatively affect strength and durability

» Exposure to aggressive environments

+ De-icing salts, sulfates, and carbonation lead to deterioration
« Construction practices and quality control

* Proper placement, consolidation, and finishing techniques crucial for durability

Testing and Quality Control of Bridge Concrete

Fresh Concrete Tests

* Slump test assesses workability and consistency

+ Performed on-site during construction

« Air content testing crucial for freeze-thaw resistance

* Pressure or volumetric methods commonly used

» Temperature measurement ensures proper curing conditions

« Affects setting time and early strength development

Hardened Concrete Evaluation

» Compressive strength testing of cylinders or cores

* Typically performed at 7, 28, and 56 days after casting

» Non-destructive testing methods for in-situ assessment

* Rebound hammer tests measure surface hardness

« Ultrasonic pulse velocity evaluates internal concrete quality
* Permeability tests assess chloride ion resistance

+ Rapid chloride permeability test (RCPT) commonly used

* Petrographic analysis examines microstructure

« Evaluates air void distribution, aggregate-paste bond, and potential durability issues

Quality Control Procedures

« Statistical analysis of test results ensures specification compliance
« Continuous monitoring throughout construction process

« Early identification of potential issues

* Implementation of corrective actions when necessary

* Documentation and reporting of quality control measures
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8.2 Steel properties and applications in bridges

Steel is a crucial material in bridge engineering, offering strength and versatility. This section covers
various steel types, their properties, and applications in bridges. We'll explore structural grades,
high-performance steels, and specialized types like weathering and stainless steels.

Understanding steel's behavior under load is key for bridge design. We'll examine stress-strain
relationships, mechanical properties, and factors affecting steel performance. Temperature effects, fatigue
resistance, and corrosion protection methods are also covered to ensure long-lasting, safe bridge
structures.

Steel Types for Bridges

Classification and Grades of Structural Steel
« Structural steel grades classified based on yield strength
» Common grades include A36, A572, and A992
» A36 yield strength 36 ksi (248 MPa)
» A572 yield strength ranges from 42 to 65 ksi (290 to 448 MPa)
» A992 yield strength 50 ksi (345 MPa), improved weldability
* High-performance steel (HPS) grades offer enhanced properties
* HPS 70W yield strength 70 ksi (483 MPa)
+ HPS 100W yield strength 100 ksi (690 MPa)
 Improved strength, weldability, and corrosion resistance
» Weathering steels form protective rust patina
» A588 grade contains copper, chromium, and nickel
« Patina reduces long-term maintenance requirements

« Effective in environments with wet-dry cycles

Specialized Steel Types for Bridge Applications
« Stainless steels used in corrosive environments or for aesthetics
* Austenitic grades (304, 316) offer high corrosion resistance
* Duplex grades (2205) provide improved strength and corrosion resistance
+ Higher initial cost offset by reduced maintenance and longer lifespan
« Selection factors for steel type and grade
* Load requirements (static and dynamic loads)
* Environmental conditions (temperature, humidity, exposure to de-icing salts)
« Life-cycle cost considerations (initial cost vs. maintenance costs)

+ ASTM and AASHTO provide steel specifications
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* ASTM A709 specific for bridge steels

* AASHTO M270 corresponds to ASTM A709 with additional requirements

Steel Behavior Under Load

Stress-Strain Relationship and Mechanical Properties

« Stress-strain curve characterized by elastic and plastic regions

« Elastic region linear relationship between stress and strain

* Plastic region non-linear behavior after yield point

* Yield point marks transition between elastic and plastic behavior

+ Critical mechanical properties of steel

» Modulus of elasticity (E) typically 29,000 ksi (200 GPa) for structural steel

* Yield strength (Fy) varies by grade (36 to 100 ksi for common bridge steels)

« Ultimate tensile strength (Fu) typically 1.5 times yield strength

* Ductility and toughness influence steel performance

+ Ductility measured by percent elongation (typically 15-30% for structural steels)
» Toughness measured by Charpy V-notch test (minimum values specified by AASHTO)
+ Behavior under cyclic loading described by fatigue properties

» Endurance limit stress level below which failure does not occur

« Stress-life (S-N) curves relate stress range to number of cycles to failure

Temperature Effects and Residual Stresses

» Temperature effects on steel properties

* Ductile-to-brittle transition temperature (DBTT) crucial for cold-climate designs
* DBTT varies with steel composition and microstructure

* Fracture toughness decreases at temperatures below DBTT

* Residual stresses in steel members

* Result from fabrication processes (welding, cold-forming, heat treatment)
+ Can affect overall structural behavior and fatigue performance

* Typically relieved through heat treatment or mechanical stress relief

« Strain hardening concept in steel

* Increase in strength due to plastic deformation

« Utilized in cold-formed steel members for increased strength

* Must be considered in design of plastically designed members
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Steel Durability in Bridges

Fatigue Resistance Factors

« Stress range influences fatigue life

* Higher stress ranges result in shorter fatigue life

+ Constant amplitude fatigue limit (CAFL) defines threshold for infinite life

* Number of load cycles affects fatigue performance

» Cumulative damage theory (Miner's rule) used to assess fatigue life

* Bridge classification (low, medium, high volume) determines design cycles

« Stress concentrations impact fatigue resistance

» Geometric discontinuities (holes, notches, welds) create stress concentrations
« Stress concentration factor (Kt) quantifies local stress increase

» AASHTO fatigue detail categories

« Categories A through E' based on connection geometry and stress concentration
» Each category has specific fatigue resistance curves

* Design based on cumulative damage and detail category

Corrosion Factors and Protection Methods

» Environmental factors affecting corrosion

» Moisture presence accelerates corrosion process

» Temperature influences corrosion rate (generally increases with temperature)
* De-icing salts and industrial pollutants accelerate corrosion

* Protective coatings enhance corrosion resistance

« Zinc galvanization provides sacrificial protection

« Paint systems (epoxy, polyurethane) create barrier against corrosive agents
* Metalizing applies zinc or aluminum coating through thermal spraying

+ Cathodic protection systems mitigate corrosion

* Impressed current systems use external power source

« Sacrificial anode systems use more reactive metals (zinc, magnesium)

* Particularly effective in marine environments

+ Design details impact long-term corrosion resistance

* Proper drainage prevents water accumulation

* Elimination of water traps in structural elements
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* Sealed connections to prevent moisture ingress

« Corrosion fatigue synergistic effect

» Combined action of cyclic loading and corrosive environment
* Reduces fatigue life compared to air environment

» Addressed through material selection and protective measures

Steel Bridge Construction and Maintenance

Fabrication and Erection Methods

+ Fabrication processes for steel bridge components

« Cutting methods include plasma, laser, and water jet cutting

* Drilling and punching create holes for bolted connections

* Welding processes (SMAW, GMAW, FCAW) join steel elements

» Heat treatment improves material properties or relieves residual stresses
* Quality control in steel fabrication

* Non-destructive testing methods ensure structural integrity

« Ultrasonic testing detects internal flaws

» Magnetic particle inspection identifies surface and near-surface defects
» Radiographic testing examines weld quality

* Erection methods for steel bridges

« Cantilever construction builds bridge outward from piers

* Incremental launching pushes completed sections from one end

» Temporary supports or falsework used for complex geometries

» Assembly procedures ensure structural integrity

* Proper bolt tensioning using turn-of-nut or tension control bolts

» Welding procedures follow AWS D1.5 Bridge Welding Code

* Field splices connect prefabricated sections on-site

Inspection, Maintenance, and Rehabilitation

* Inspection techniques for steel bridges

* Visual inspection identifies surface defects and corrosion

* Non-destructive testing methods assess internal conditions
« Structural health monitoring systems provide real-time data

» Maintenance strategies for steel bridges
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* Regular cleaning removes debris and contaminants

* Repainting protects against corrosion (typically every 15-25 years)
» Replacement of wearing surfaces (deck overlay) every 15-20 years
» Expansion joint maintenance prevents water infiltration

* Rehabilitation techniques for existing steel bridges

» Composite materials (CFRP) strengthen deteriorated members

* Post-tensioning systems increase load-carrying capacity

« Section enlargement adds material to existing members

* Fatigue crack repair methods (hole-drilling, peening, rewelding)

« Life extension strategies for aging steel bridges

* Load posting restricts vehicle weights to reduce stress

« Structural modifications redistribute loads to stronger elements

* Replacement of critical components (pins, hangers) addresses vulnerabilities

« Conversion to different structural systems (adding redundancy)

8.3 Advanced and composite materials for bridges

Advanced materials are revolutionizing bridge construction. High-performance concrete and
fiber-reinforced polymers offer superior strength, durability, and corrosion resistance. These materials
enable longer spans, reduce maintenance costs, and extend bridge lifespans.

Composite materials bring unique challenges, including higher initial costs and limited long-term data.
However, their benefits often outweigh these drawbacks. Engineers must understand the behavior of
composite components and adapt design practices to harness their full potential in bridge engineering.

Advanced Materials in Bridge Construction

High-Performance Concrete (HPC)

« Exhibits superior strength, durability, and workability compared to conventional concrete
» Compressive strengths typically exceed 8,000 psi (55 MPa)

* Applications in bridge construction include

* High-strength bridge decks

* Prestressed girders

* Bridge piers subjected to extreme environmental conditions or high loads

« Ultra-high performance concrete (UHPC) possesses exceptional mechanical properties
» Compressive strengths exceed 22,000 psi (150 MPa)

» Enhanced tensile strength due to steel fiber reinforcement

« Self-healing concrete incorporates microencapsulated healing agents or bacteria
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* Activates when cracks form
* Increases service life by autonomously repairing minor damage

* Reduces maintenance costs and improves long-term durability

Fiber-Reinforced Polymers (FRP)

» Composite materials consisting of high-strength fibers embedded in a polymer matrix
« Offer high strength-to-weight ratios and corrosion resistance
« Common applications in bridge construction

+ External strengthening of existing structures

* Internal reinforcement as an alternative to steel

* All-FRP structural elements (bridge decks and girders)

* Types of fibers used in FRP composites

* Glass fibers (GFRP) for economical applications

* Carbon fibers (CFRP) for high-performance requirements

» Aramid fibers for impact resistance

» Matrix materials include

» Thermoset polymers (epoxy, polyester, vinyl ester)

» Thermoplastic polymers for improved recyclability

Benefits and Challenges of Composites

Advantages of Composite Materials

« Significant weight reduction compared to traditional materials

* Allows for longer spans

* Reduces dead loads

* Facilitates easier transportation and installation of bridge components
* High strength-to-weight ratio enables more efficient structural designs
* Potentially reduces material costs

* Improves overall performance of bridge structures

« Corrosion resistance, particularly in FRP

» Extends service life of bridges

» Reduces maintenance costs in aggressive environments (coastal areas, de-icing salt exposure)
» Customizable material properties

* Tailored to specific structural requirements
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* Optimized for different loading conditions

Challenges in Composite Implementation

« Higher initial material costs compared to traditional materials

» May be offset by reduced life-cycle costs and extended service life
* Lack of long-term performance data and established design codes
* Leads to conservative designs

+ Causes hesitation in widespread adoption by transportation agencies
« Different failure modes compared to traditional materials

* Requires specialized knowledge and testing methods

* Ensures structural safety and reliability

+ Anisotropic nature of composite materials

» Necessitates more complex analysis and design procedures

* Potentially increases design time and costs

« Limited familiarity among engineers and contractors

* Requires specialized training and education

* Impacts construction and maintenance practices

Behavior of Composite Bridge Components

Structural Performance

» Composite bridge decks exhibit orthotropic behavior

* Layered structure requires advanced analysis techniques

* Accurately predicts stress distributions and deflections under traffic loads
+ Fatigue performance critical in bridge applications

« Different fatigue mechanisms compared to traditional materials

 Matrix cracking

* Delamination

* Fiber breakage

» Requires specialized testing and analysis methods

» Thermal effects significant due to differences in thermal expansion coefficients
+ Can lead to internal stresses and deformations

* Requires consideration in design and material selection
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Time-Dependent and Environmental Effects

* Viscoelastic behavior of polymer matrices in FRP composites

* Results in time-dependent deformations (creep) under sustained loads

* Necessitates long-term performance analysis and prediction models

* Impact resistance important for bridge components (bridge decks)

« Exhibits different energy absorption mechanisms compared to traditional materials
* Requires specialized testing and design considerations

* Dynamic response under seismic loads or wind-induced vibrations

« Differs from conventional structures due to lighter weight

+ Exhibits different damping characteristics

* Necessitates advanced dynamic analysis techniques

» Hygrothermal effects impact mechanical properties and long-term durability

* Moisture absorption can lead to matrix degradation and fiber-matrix debonding
» Temperature fluctuations affect material stiffness and strength

» Requires careful consideration in design, material selection, and protective measures

Manufacturing and Monitoring of Composite Bridges

Manufacturing Techniques

* Pultrusion process for producing FRP structural shapes

* Continuous manufacturing method

« Commonly used for bridge girders and deck panels

« Offers high production rates and consistent quality

» Vacuum-assisted resin transfer molding (VARTM)

« Effective for large, complex composite bridge components

* Allows production of integrated structures

» Reduces weight and improves performance

* Filament winding technique

* Used for cylindrical or tubular bridge elements (columns, piles)

* Provides high fiber volume fractions and controlled fiber orientation

Installation and Quality Control

« Specialized equipment and techniques for composite bridge component installation

+ Lightweight cranes for reduced weight advantage
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* Innovative connection methods (adhesive bonding, mechanical fasteners)

» Non-destructive testing (NDT) methods crucial for quality control

« Ultrasonic testing for internal defect detection

» Thermography for identifying delaminations and voids

* Acoustic emission for real-time damage monitoring

« Structural health monitoring (SHM) systems enable real-time performance tracking
« Fiber optic sensors for strain and temperature measurements

* Wireless sensor networks for deflection and vibration monitoring

* Allows for early detection of potential issues and optimized maintenance strategies

Long-Term Evaluation and Sustainability

» Life-cycle assessment (LCA) evaluates environmental impacts

« Considers raw material extraction, manufacturing, use phase, and end-of-life scenarios
» Compares composite bridges to traditional materials for sustainability metrics

* Life-cycle cost analysis (LCCA) assesses long-term economic viability

* Includes initial costs, maintenance, repair, and replacement expenses

* Helps justify higher upfront costs of composite materials

* Accelerated aging tests predict long-term durability

 Simulates environmental exposure (UV radiation, moisture, temperature cycling)
* Provides data for service life prediction models

* Long-term exposure studies in real-world conditions

« Validate laboratory test results

* Improve understanding of composite bridge performance over time
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Unit 9 — Bridge Foundations &
Substructure Design

9.1 Types of bridge foundations and their applications

Bridge foundations are crucial for structural stability and load distribution. This section covers shallow and
deep foundation types, including spread footings, piles, drilled shafts, and caissons. Each type has unique
applications based on soil conditions and bridge requirements.

Selecting the right foundation involves considering geotechnical factors, environmental impact, and
construction feasibility. We'll explore load transfer mechanisms, capacity calculations, and group effects to
understand how different foundations support bridge structures effectively.

Bridge Foundation Types

Shallow vs Deep Foundations

+ Bridge foundations categorized into shallow and deep foundations based on soil conditions and
structural requirements

+ Shallow foundations used when competent soil found at relatively shallow depths
* Include spread footings and mat foundations

» Deep foundations employed when suitable bearing strata located at greater depths or significant
lateral loads present

* Encompass pile foundations, drilled shafts, and caissons

Pile Foundation Types
* Pile foundations classified into driven piles and cast-in-place piles
« Driven piles include concrete, steel, or timber piles
« Offer rapid installation and immediate load-bearing capacity
» May face limitations in urban areas (noise and vibration concerns)
« Cast-in-place piles provide flexibility in length and integration with pile caps
* Potential concrete integrity issues if not properly executed
Drilled Shafts and Caissons
+ Drilled shafts (bored piles) large-diameter cylindrical foundations reaching great depths
+ Suitable for various soil and rock conditions
« Offer versatility but may face challenges in water-bearing soils
+ Caissons used for deep foundations in water-bearing soils or water-crossing bridges

» Types include open caissons and pneumatic caissons
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 Excel in water-crossing applications but complex and expensive to construct

Foundation Selection Factors

Geotechnical and Environmental Considerations

» Geotechnical properties of site heavily influence foundation type selection

« Soil strength, stratification, and groundwater conditions

» Environmental impact and regulatory requirements may restrict certain foundation types
* Especially in sensitive ecosystems or protected areas

* Presence of existing structures, utilities, or infrastructure may limit options

» May require special construction techniques (underpinning, micropiles)

Structural and Construction Factors

« Structural loads from bridge superstructure and environmental factors considered

* Vertical and lateral loads (dead load, live load, wind load, seismic load)

« Site accessibility and available construction equipment influence feasibility

* Remote locations may limit options (barge-mounted equipment, helicopter transport)
* Project budget and timeline constraints affect foundation choice

+ Balance cost-effectiveness with long-term performance

* Consider equipment mobilization costs and construction duration

Long-term Considerations

+ Expected lifespan of bridge structure factored into foundation selection

* Design life (typically 75-100 years for major bridges)

* Long-term maintenance considerations evaluated

* Accessibility for inspections and repairs (cofferdams for underwater foundations)
* Potential for future expansion or modification of the bridge

» Foundations designed to accommodate possible widening or strengthening

Foundation Advantages vs Disadvantages

Shallow Foundations
* Spread footings offer simplicity in construction and lower costs
* Limited to sites with competent soil at shallow depths
* Restricted load-bearing capacity compared to deep foundations

» Mat foundations distribute loads over large area, reducing differential settlement
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* Cost-prohibitive for smaller structures

* Require extensive excavation and dewatering in some cases

Deep Foundations

« Pile foundations provide high load-bearing capacity and reach deep, competent strata

» May require specialized equipment (pile drivers, cranes)

* Costly for deep installations (offshore platforms, long-span bridges)

« Drilled shafts offer versatility in various soil conditions and achieve high capacities

* Challenges in water-bearing soils (slurry techniques, casing)

* Require careful quality control during construction (concrete placement, rebar cage alignment)
« Caissons excel in water-crossing applications and reach great depths

» Complex to construct and typically more expensive than other foundation types

» Require specialized workforce and equipment (compressed air work, tremie concrete)
Load Transfer Mechanisms and Capacity

Shallow Foundation Mechanics

+ Shallow foundations transfer loads primarily through base resistance
* Rely on bearing capacity of soil directly beneath foundation

+ Bearing capacity of spread footings calculated using classical theories
« Terzaghi's method: quit = cNc + gNg + 0.5yBN,

* Meyerhof's method: incorporates shape and depth factors

* Factors affecting shallow foundation capacity

* Soil shear strength parameters (cohesion, friction angle)

» Foundation geometry (width, depth, shape)

» Groundwater conditions

Deep Foundation Mechanics

* Deep foundations transfer loads through combination of skin friction and end-bearing
+ Relative contribution varies based on soil conditions and foundation geometry

* Pile foundations derive capacity from:

« Skin friction in cohesive soils (clay, silt)

« Combination of skin friction and end-bearing in granular soils (sand, gravel)

+ Capacity estimation methods for piles:

« Static analysis (a-method, B-method, A-method)
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* Dynamic analysis (wave equation analysis, dynamic load testing)
* Load testing (static load test, rapid load test, statnamic test)

* Drilled shafts rely more heavily on end-bearing in rock formations
« Skin friction significant in soil deposits

* O'Neill and Reese method for capacity estimation in soils

+ Caisson load transfer similar to large-diameter drilled shafts

» Added complexity of dealing with water pressure during construction

Group Effects and Efficiency

* Group effects considered when multiple piles or shafts used
 Capacity of group not simple sum of individual capacities

+ Overlapping stress zones reduce efficiency

* Group efficiency factors applied to account for interaction

- Converse-Labarre formula: =1 — ggo (%)

* Where n efficiency factor, 6 pile spacing angle, m rows, n columns
* Minimum pile spacing typically 2.5-3 times pile diameter

+ Balances group efficiency with practical construction considerations

9.2 Design of abutments and piers

Abutments and piers are crucial components in bridge design, transferring loads from the superstructure to
the foundation. This section dives into their design process, considering load combinations, structural
analysis techniques, and soil-structure interactions.

We'll explore dimensional factors, reinforcement detailing, and stability analysis for abutments and piers.
We'll also discuss durability, maintainability, and aesthetic considerations, ensuring bridges are safe,
functional, and visually appealing.

Bridge Abutment and Pier Design

Load Transfer and Analysis Techniques

» Abutments and piers transfer loads from superstructure to foundation

+ Design considers various load combinations (dead loads, live loads, wind loads, seismic loads)
« Structural analysis techniques analyze forces and stresses

* Moment distribution

* Finite element analysis

» Computer-aided design tools

« Soil-structure interaction requires consideration of soil properties, foundation types, and potential
settlement issues
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* Design codes and standards (AASHTO LRFD Bridge Design Specifications) provide guidelines for
structural design

Design Process and Considerations

» Determine appropriate geometry based on bridge span, superstructure type, and anticipated loads
* Select suitable materials for structural integrity and safety

+ Specify reinforcement details to ensure structural integrity

+ Consider site-specific constraints (soil conditions, clearance requirements)

* Analyze soil-structure interaction for foundation design

* Incorporate design code requirements (AASHTO LRFD Bridge Design Specifications)

Abutment and Pier Dimensions and Reinforcement

Dimensional Factors and Reinforcement Detailing

» Dimensions influenced by bridge span, superstructure type, anticipated loads, and site-specific
constraints

» Reinforcement detailing specifies size, spacing, and arrangement of reinforcing bars
* Resists tensile stresses
« Controls cracking

» Abutment wall and wing wall design considers earth pressures, surcharge loads, and potential for
overturning or sliding

* Pier design determines cross-sectional shape based on hydraulic performance, aesthetics, and
structural efficiency

+ Shapes include circular, rectangular, or hammer-head

Structural Calculations and Site-Specific Considerations

» Shear and moment capacity calculations size structural elements and determine reinforcement
requirements

» Design expansion joints, bearings, and connections between substructure and superstructure
components

» Accommodates thermal movements

+ Facilitates load transfer

« Site-specific factors influence foundation depth and design
* Scour potential

* Frost depth

 Seismic hazards
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Stability and Performance of Abutments and Piers

Stability Analysis and Seismic Design

« Stability analysis checks for overturning, sliding, and bearing capacity under various load
combinations and limit states

+ Seismic design considers site-specific hazards (ground motion parameters, liquefaction potential)
» Performance-based seismic design evaluates behavior under different earthquake scenarios

» Dynamic analysis techniques assess performance under seismic loads

* Response spectrum analysis

* Time-history analysis

« Evaluate use of isolation bearings or energy dissipation devices to improve seismic performance

Hydraulic Forces and Long-Term Performance

+ Analyze hydraulic forces impact on pier stability and foundation design
+ Stream flow

* Flood events

+ Potential scour

* Assess long-term performance considerations

* Creep

* Shrinkage

* Fatigue

+ Ensure durability and serviceability throughout design life

Durability, Maintainability, and Aesthetics in Abutment and Pier Design

Material Selection and Durability Features

+ Select materials considering corrosion resistance, freeze-thaw durability, and chemical attack
resistance

* Detail proper drainage systems to prevent water accumulation and deterioration

* Weep holes

» Waterproofing measures

« Evaluate high-performance materials to enhance durability and reduce maintenance
* Fiber-reinforced polymers

* Ultra-high-performance concrete
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Aesthetic and Maintenance Considerations

* Incorporate aesthetic considerations in design
* Surface treatments

* Architectural features

* Integration with surrounding environment

» Address maintainability through access for inspection, monitoring systems, and design features for
future repairs

* Perform life-cycle cost analysis to optimize construction costs and long-term maintenance expenses
* Consider sustainable design practices to minimize environmental impact
+ Use of recycled materials

* Innovative construction techniques

9.3 Geotechnical considerations in bridge substructure design

Geotechnical considerations are crucial for bridge substructure design. Soil properties, groundwater
conditions, and problematic soils impact foundation choices and stability. Understanding these factors
helps engineers select appropriate foundation systems and design safe, durable bridge substructures.

Soil-structure interaction affects how bridges respond to loads and earthquakes. Advanced analysis
techniques, like finite element modeling, help optimize designs. Proper geotechnical investigation and
interpretation of soil data are essential for selecting the right foundation type and ensuring long-term bridge
performance.

Foundation Soil Properties and Substructure Design

Geotechnical Properties and Soil Classification

» Geotechnical properties of soil encompass physical characteristics (particle size distribution, specific
gravity) and engineering properties (shear strength, compressibility, permeability) influencing
substructure design decisions

+ Soil classification systems categorize soils based on engineering properties and behavior

* Unified Soil Classification System (USCS) groups soils into coarse-grained (gravel, sand) and
fine-grained (silt, clay) categories

* AASHTO system classifies soils primarily for highway construction purposes

* Bearing capacity of soil determines maximum load safely applied to foundation without causing shear
failure or excessive settlement

* Calculated using formulas such as Terzaghi's bearing capacity equation:

+ Soil compressibility affects potential settlement of bridge substructures, leading to structural damage
and serviceability issues if not properly accounted for in design

» Measured through consolidation tests and expressed as compression index (Cc) or coefficient of
volume compressibility (mv)
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Problematic Soils and Groundwater Considerations

* Presence of expansive soils, collapsible soils, or liquefiable soils significantly impacts substructure
design and requires specialized foundation solutions

» Expansive soils (montmorillonite clay) swell when wet and shrink when dry, causing foundation
movement

* Collapsible soils (loess) suddenly decrease in volume when saturated, leading to foundation
settlement

* Liquefiable soils (loose saturated sands) lose strength during earthquakes, causing foundation failure
» Groundwater conditions influence soil behavior and must be considered in substructure design

* Depth of water table affects effective stress and soil strength

« Seasonal fluctuations in groundwater levels can cause cyclic loading on foundations

* Presence of artesian pressure may require special dewatering techniques during construction

Geotechnical Investigation Reports for Design

Field and Laboratory Testing Methods

» Geotechnical investigation reports include borehole logs, laboratory test results, and
recommendations for foundation design based on site-specific soil conditions

« Standard Penetration Test (SPT) results and Cone Penetration Test (CPT) data estimate soil strength
parameters and classify subsurface materials

» SPT N-value correlates with soil density and strength (N<4 very loose, N>50 very dense for sands)
» CPT provides continuous soil profile and measures tip resistance, sleeve friction, and pore pressure

* Laboratory testing results provide critical information on soil strength, stress-strain behavior, and
compressibility characteristics

* Triaxial tests measure soil strength parameters (c, @) under different stress conditions
* Direct shear tests determine shear strength of soils, particularly for slope stability analysis
+ Consolidation tests assess soil compressibility and predict settlement behavior

» Geophysical investigation methods provide additional insights into subsurface conditions and soil
properties

+ Seismic refraction surveys measure seismic wave velocities to determine soil/rock layering

« Electrical resistivity surveys detect variations in soil conductivity, useful for identifying contamination or
groundwater

Interpretation and Application of Geotechnical Data

* Interpretation of geotechnical reports requires understanding of soil mechanics principles and ability to
correlate field and laboratory data with engineering design parameters

» Geotechnical recommendations often include allowable bearing capacities, estimated settlements,
and suggested foundation types based on site-specific conditions
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* Allowable bearing capacity typically derived by applying factor of safety to ultimate bearing capacity
(FS = 2-3 for static loads)

* Estimated settlements calculated using elastic theory or consolidation theory depending on soil type

* Incorporation of geotechnical findings into design process involves selecting appropriate foundation
systems, determining foundation depths, and establishing design criteria for substructure elements

» Foundation selection based on soil strength, compressibility, and depth to bedrock

* Foundation depth determined by considering frost depth, scour potential, and bearing capacity
requirements

* Design criteria may include maximum allowable settlement, minimum factor of safety against bearing
capacity failure, and seismic performance requirements

Soil-Structure Interaction in Bridge Substructures

Static and Dynamic Soil-Structure Interaction

* Soil-structure interaction (SSI) refers to interdependent behavior of foundation soil and bridge
substructure elements under static and dynamic loading conditions

« Stiffness and strength characteristics of foundation soil influence distribution of forces and moments
within substructure elements, affecting their design and performance

* Soil springs used in structural models to represent soil-structure interaction (Winkler foundation
model)

» Dynamic soil-structure interaction significantly alters response of bridge system to earthquake ground
motions

* Period elongation due to soil flexibility can increase or decrease seismic forces on structure
+ Radiation damping in soil can reduce structural response in some cases

« Lateral earth pressures acting on retaining walls and abutments influenced by soil-structure interaction
effects

» Wall flexibility affects magnitude and distribution of earth pressures (active, at-rest, passive
conditions)

+ Soil-wall friction reduces lateral earth pressures and increases wall stability

Advanced Analysis and Special Considerations

* Numerical modeling techniques assess complex soil-structure interaction problems and optimize
substructure design

* Finite element analysis allows for detailed modeling of soil-structure system
» Time-history analysis captures nonlinear behavior during seismic events

* Potential for scour around bridge piers and abutments impacts long-term stability and performance of
substructure

* Local scour depth estimated using empirical equations (HEC-18 methodology)

» Countermeasures include riprap protection, sheet pile cutoffs, or deep foundations

Fiveable archived study guides Page 122



« Effects of cyclic loading on soil behavior and potential for soil degradation or liquefaction considered in
evaluation of soil-structure interaction

* Cyclic stress ratio (CSR) compared to cyclic resistance ratio (CRR) to assess liquefaction potential

» Degradation of soil stiffness and strength under repeated loading can lead to increased deformations
and reduced capacity

Foundation Systems and Substructure Design

Shallow and Deep Foundation Design

« Selection of foundation type (shallow or deep) based on soil conditions, structural loads, and
performance requirements

« Shallow foundations (spread footings, mat foundations) suitable for competent soils near surface
» Deep foundations (piles, drilled shafts) used for weak soils or high loads

« Shallow foundation design involves determining footing dimensions, embedment depth, and
reinforcement requirements

* Footing size based on allowable bearing capacity and structural loads
» Embedment depth considers frost penetration, scour potential, and bearing capacity
» Reinforcement designed for flexure, shear, and punching shear (ACI 318 requirements)

+ Deep foundation design includes selection of pile/shaft type, determination of length and capacity, and
consideration of group effects

* Pile types include driven piles (steel H-piles, concrete piles) and cast-in-place piles
* Pile capacity estimated using static analysis methods (a-method, B-method, A-method)
* Group effects accounted for using efficiency factors or detailed analysis (e.g., GROUP software)

* Load transfer mechanisms in deep foundations evaluated to ensure adequate capacity and
performance

« Skin friction developed along pile shaft through soil-pile adhesion

* End bearing capacity at pile tip dependent on soil strength and pile diameter

Settlement Analysis and Specialized Design Considerations

« Settlement analysis for immediate and long-term (consolidation) settlement crucial for ensuring
serviceability and structural integrity

» Immediate settlement calculated using elastic theory (Schmertmann method for sands)
+ Consolidation settlement estimated using one-dimensional consolidation theory (Terzaghi's theory)
« Slope stability analysis essential for designing bridge abutments and approach embankments

« Limit equilibrium methods (Bishop's method, Morgenstern-Price method) used to calculate factor of
safety

* Seismic slope stability assessed using pseudo-static analysis or Newmark sliding block method
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* Design of retaining structures accounts for lateral earth pressures, hydrostatic pressures, and
potential surcharge loads

« Lateral earth pressure theories (Rankine, Coulomb) used to calculate pressures on walls

« Stability checks include overturning, sliding, and bearing capacity

+ Consideration of construction methods and their impact on surrounding soil and existing structures
« Vibrations from pile driving may cause settlement of adjacent structures

» Excavation support systems (sheet piles, soldier piles) required for deep foundations in urban areas

» Dewatering techniques (wellpoints, deep wells) used to control groundwater during construction
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Unit 10 — Bridge Superstructure Design

10.1 Deck systems and their design

Bridge decks are the unsung heroes of our roadways. They're the surface we drive on, supporting our
weight and distributing loads to the structure below. From concrete to steel to timber, each type has its
strengths and ideal applications.

Choosing the right deck system is crucial for a bridge's success. Factors like span length, traffic volume,
and environment all play a role. And once built, proper maintenance is key to keeping these vital structures
safe and functional for years to come.

Bridge Deck Systems
Types and Applications of Bridge Deck Systems

* Bridge deck systems classified into three main categories

+» Concrete decks

+ Steel decks

* Timber decks

* Concrete deck systems include

* Cast-in-place concrete

* Precast concrete panels

* Prestressed concrete

« Offer durability and versatility for various bridge types

* Steel deck systems encompass

* Orthotropic steel decks

* Open grid steel decks

* Filled grid steel decks

* Provide lightweight solutions for long-span and movable bridges
 Timber deck systems comprise

* Nail-laminated decks

* Glue-laminated decks

+ Stress-laminated decks

* Used primarily for short-span bridges and in areas with abundant timber resources
» Composite deck systems combine multiple materials

» Steel-concrete composite decks enhance structural performance and reduce overall weight
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Factors Influencing Deck System Selection

» Span length determines appropriate deck type (short spans for timber, longer spans for steel)
« Traffic volume impacts required durability and load-bearing capacity

» Environmental conditions affect material choice (corrosion resistance in coastal areas)

* Construction methods influence deck system selection (precast for rapid construction)

« Life-cycle costs consider initial, maintenance, and replacement expenses over bridge lifespan

Load Distribution in Bridge Decks
Types of Loads on Bridge Decks

+ Dead loads include weight of deck, barriers, and utilities
* Live loads encompass vehicle and pedestrian traffic
» Environmental loads consist of wind, snow, and temperature effects

* Dynamic loads from moving vehicles cause vibrations and impact forces

Factors Affecting Load Distribution

* Deck thickness influences load-carrying capacity and distribution
 Span length affects moment and shear force distribution
* Support conditions (simple, continuous) impact load transfer

* Presence of diaphragms or cross-frames enhances load distribution between girders

Load Distribution Analysis

« Transverse and longitudinal load distribution factors determine load proportion carried by deck
elements

« Effective width concept crucial for load transfer in composite bridge systems

» Dynamic load allowance (impact factor) accounts for load amplification due to moving vehicles
* Typically ranges from 15% to 33% of static load

* Orthotropic behavior in steel decks requires specialized analysis

« Different stiffness properties in longitudinal and transverse directions

Advanced Analysis Methods

* Finite element analysis models complex deck behavior
* Accounts for material non-linearity and geometric complexities
* Grillage analysis simplifies deck into interconnected beam elements

« Empirical methods provide quick estimates for preliminary design
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Reinforced Concrete Bridge Deck Design

Design Principles and Limit States

« Ultimate strength design considers both strength and serviceability limit states
« Strength limit state ensures deck can withstand factored loads without failure

« Serviceability limit state addresses performance under normal operating conditions

Flexural Design

* Determine required reinforcement for positive and negative bending moments
* Consider load factors (typically 1.25 for dead load, 1.75 for live load)
* Apply strength reduction factors (¢ = 0.9 for flexure)

+ Design for both transverse and longitudinal reinforcement

Shear Design
« Evaluate one-way shear capacity for beam-like behavior
* Assess two-way shear capacity for punching shear near concentrated loads
* Provide additional reinforcement or increase deck thickness if required

+ Consider shear friction at interfaces (deck-to-girder connection)

Serviceability Requirements

* Control crack widths to limit corrosion potential

* Maximum crack width typically limited to 0.3 mm (0.012 in)

« Limit deflections to ensure user comfort and prevent damage to wearing surface
» Maximum deflection often limited to span/800 for vehicular bridges

» Ensure adequate fatigue performance under repeated loading

* Design for infinite fatigue life or use S-N curves for finite life design

Long-Term Behavior Considerations

* Account for temperature gradients through deck thickness
+ Consider effects of concrete shrinkage on restraint forces and cracking

« Evaluate creep deformation impact on long-term deflections and stress redistribution

Detailing and Durability Enhancements
* Specify proper bar spacing (typically 150-300 mm or 6-12 in)
 Ensure adequate development lengths and splices for reinforcement

* Provide provisions for future deck replacement or widening
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« Utilize high-performance concrete for improved durability
* Low permeability mixes with w/c ratio < 0.4
+ Specify corrosion-resistant reinforcement in aggressive environments

» Epoxy-coated, galvanized, or stainless steel bars

Bridge Deck Durability and Maintenance

Factors Affecting Deck Durability
» Material properties influence resistance to deterioration
* Environmental exposure impacts degradation rate
» Marine environments accelerate corrosion
* Freeze-thaw cycles cause concrete scaling
« Traffic volume affects wear and fatigue damage

« Effectiveness of protective systems extends service life

Common Deterioration Mechanisms

« Corrosion of reinforcement leads to concrete spalling and section loss
* Freeze-thaw damage causes surface scaling and internal cracking

« Alkali-silica reaction results in map cracking and expansion

* Fatigue cracking occurs under repeated loading

* Typically initiates at areas of high stress concentration

Protective Systems and Treatments

» Waterproofing systems prevent moisture and chloride ingress

* Membranes provide continuous barrier (sheet or liquid-applied)

« Sealers penetrate concrete surface (silanes, siloxanes)

+» Deck overlay systems extend service life and improve performance

+ Latex-modified concrete overlays (typically 38-50 mm or 1.5-2 in thick)

* Polymer concrete overlays for enhanced skid resistance and rapid application

Inspection and Maintenance Strategies

+ Regular inspection programs identify early-stage deterioration
+ Visual inspections detect surface defects

+ Chain dragging locates delaminations

» Ground-penetrating radar assesses internal conditions

* Preventive maintenance includes joint sealing and crack repair
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» Reactive maintenance addresses spalls, potholes, and severe deterioration

Life-Cycle Cost Analysis
+ Evaluate long-term economic viability of deck systems
+ Consider initial construction costs, maintenance requirements, and expected service life
» Compare alternatives based on net present value or equivalent annual cost

* Incorporate risk analysis to account for uncertainties in future costs and performance

Innovative Technologies for Enhanced Durability

« Structural health monitoring systems provide real-time condition assessment
* Embedded sensors measure strain, temperature, and corrosion potential

* Self-healing materials autonomously repair minor cracks

» Encapsulated healing agents activate upon crack formation

* Fiber-reinforced polymer (FRP) decks offer corrosion-free alternative

« Lightweight construction reduces dead load on existing structures

10.2 Girder and frame analysis and design

Bridge girders and frames are the backbone of superstructure design. They transfer loads from the deck to
the substructure through bending, shear, and axial forces. Understanding their behavior is crucial for
creating safe, efficient bridges.

Girder analysis involves load distribution, dynamic effects, and internal force calculations. Design
considerations include composite action, stability, and construction staging. Mastering these concepts is
key to developing optimal bridge superstructures that meet performance and durability requirements.

Bridge Girder Behavior and Load Transfer

Load Transfer Mechanisms in Bridge Structures

* Bridge girders and frames transfer loads from deck to substructure through bending, shear, and axial
forces

+ Girder bridges use longitudinal beams supporting a deck slab
» Frame bridges incorporate rigid connections between superstructure and substructure elements

* Load distribution in girder bridges depends on girder spacing, deck stiffness, and diaphragm
placement

* Frame action in integral bridges allows moment transfer between superstructure and substructure
* Reduces mid-span moments

* Increases end moments

* Torsional effects require special consideration in curved girders and skewed bridges

« Effective width determines the portion of deck acting compositely with girders
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* Dynamic load allowance (impact factor) accounts for amplification of static loads from moving vehicles

» Must be included in load transfer calculations

Factors Influencing Girder Behavior

« Girder spacing affects load distribution and deck span capabilities

* Closer spacing generally results in more uniform load distribution

» Wider spacing may require thicker deck or additional reinforcement

+ Deck stiffness influences load sharing between adjacent girders

« Stiffer decks distribute loads more evenly (concrete decks)

*» More flexible decks concentrate loads on nearest girders (orthotropic steel decks)
 Diaphragm placement provides lateral stability and improves load distribution

+ End diaphragms transfer loads to bearings and substructure

* Intermediate diaphragms enhance girder stability and reduce differential deflections
» Skew angle impacts load distribution and introduces additional torsional effects

* Increases in skew angle lead to more complex load paths

» May require special detailing for bearings and cross-frames

+ Curvature in horizontal alignment introduces torsion and warping effects

* Requires consideration of out-of-plane bending in girder flanges

* May necessitate closed-section girders (box girders) for high curvatures

Internal Forces in Bridge Girders

Analysis Methods for Continuous and Integral Girders

« Continuous girders distribute moments more efficiently than simple spans

* Reduces positive moments in spans

* Increases negative moments at interior supports

* Method of consistent deformations analyzes indeterminate structures (continuous girders)

« Utilizes compatibility equations to solve for redundant forces

* Allows for consideration of support settlements and thermal effects

* Moment distribution method (Hardy Cross) iteratively analyzes continuous beams and frames
« Starts with assumed moment distribution and iterates to equilibrium

* Particularly useful for hand calculations and understanding moment flow

* Influence lines determine critical loading positions and maximum internal forces

* Graphical representation of force effect at a point due to unit load
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* Essential for identifying worst-case loading scenarios (live loads)

» Matrix methods (direct stiffness method) enable computer-aided analysis of complex systems
» Assembles global stiffness matrix from element stiffness matrices

« Efficiently solves for displacements and internal forces in large structures

» Support settlements and thermal gradients affect internal force distribution

« Differential settlement can induce additional moments and shears

» Temperature differentials between top and bottom flanges cause bending effects

Advanced Analysis Considerations

* Shear lag effects in wide-flanged and box girders require effective flange width calculations
* Accounts for non-uniform stress distribution across flange width

* AASHTO LRFD provides guidelines for determining effective width

» Second-order effects (P-Delta) may be significant in tall or slender bridge piers
+ Considers additional moments due to axial loads acting on deflected shape

« Particularly important for integral abutment bridges

» Dynamic analysis may be necessary for long-span or lightweight bridges

« Considers bridge natural frequencies and mode shapes

« Evaluates potential for resonance under traffic or wind loads

* Finite element analysis allows for detailed modeling of complex geometries

+ Can account for local stress concentrations and connection details

* Useful for analyzing deck-girder interaction and load distribution

Bridge Girder Design for Flexure, Shear, and Stability

Steel Girder Design Considerations

*+ AASHTO LRFD Bridge Design Specifications govern design in the United States
» Composite action between deck and girders enhances flexural capacity

* Accounts for creep and shrinkage effects in concrete decks

* Requires proper design of shear connectors (shear studs)

« Lateral-torsional buckling addressed through proper sizing and bracing

* Unbraced length affects capacity of compression flange

+ Cross-frames and diaphragms provide lateral support

» Web buckling prevented by sizing and stiffening components

* Transverse stiffeners increase shear capacity
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* Longitudinal stiffeners enhance bending resistance of slender webs

« Shear design includes web yielding and web crippling considerations

» Web thickness and stiffener spacing affect shear capacity

* End panels may require closer stiffener spacing or thicker webs

« Fatigue evaluation requires analysis of stress ranges and connection details

« Category-based approach for various connection types

+ Considers cumulative damage over bridge lifespan

* Fracture-critical members require special attention and redundancy measures
* Typically includes tension flanges in two-girder systems

* May necessitate higher material toughness requirements

Prestressed Concrete Girder Design Principles

« Strand patterns and prestressing forces selected to satisfy limit states

* Service limit state controls cracking and deflections

« Strength limit state ensures ultimate capacity

« Shear design accounts for concrete, stirrup, and prestressing contributions
* Vertical component of prestressing force enhances shear capacity

« Stirrup spacing varies along girder length based on shear demand

* End zone reinforcement crucial for anchorage zone stress management

* Bursting and spalling stresses require special detailing

+ Confinement reinforcement improves concrete performance

» Camber and deflection calculations consider time-dependent effects

« Elastic shortening, creep, and shrinkage influence long-term behavior

* Proper estimation important for setting haunch heights and deck profile

« Transfer and development length of prestressing strands must be considered
» Affects stress distribution at girder ends

* Impacts shear and moment capacity in end regions

» Debonding and harping of strands used to optimize stress profiles

* Reduces excessive tensile stresses at girder ends

* Allows for increased eccentricity at midspan
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Construction Staging vs Composite Action in Girder Design

Impact of Construction Sequence on Load Distribution

* Construction staging affects dead load distribution and internal force development

» Non-composite dead loads distinguished from composite dead loads

 Separate analysis required for each construction stage

» Concrete deck placement sequence influences moment and shear distribution

* Positive moment regions typically cast first

* Negative moment regions cast last to minimize cracking

» Temporary support conditions may differ from final configuration

* False work and temporary shoring alter load paths

« Staged construction of continuous spans requires careful analysis

+ Time-dependent effects (creep and shrinkage) influence long-term composite behavior
« Differential shrinkage between precast girders and cast-in-place decks induces stresses
* Creep causes redistribution of moments in continuous structures

» Shear connector design ensures full composite action between deck and girders

« Partial composite action may be considered for rehabilitation projects

« Fatigue considerations often govern shear stud spacing and size

Optimization Strategies for Composite Girder Systems

* Post-tensioning after deck placement optimizes stress distribution

* Reduces cracking potential in negative moment regions

+ Can be used to address camber and deflection issues

« Staged post-tensioning allows for better control of time-dependent effects
« Initial stage counteracts girder self-weight

* Final stage applied after composite action develops

* Haunched girders in continuous spans improve moment capacity at supports
» Reduces required prestressing force in midspan regions

* Enhances overall structural efficiency

* Use of high-performance materials can reduce girder size and weight

+ High-strength concrete allows for longer spans or shallower sections

+ High-performance steel enables more slender girder designs

* Integral abutments eliminate expansion joints and reduce maintenance
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* Requires consideration of soil-structure interaction effects

» Thermal movements accommodated through abutment and pile flexibility

10.3 Bearings and expansion joints

Bridge bearings and expansion joints are crucial components in superstructure design. They transfer loads
and allow movement between bridge elements. Bearings come in various types, each suited for specific
load and movement requirements. Proper selection is key for bridge performance.

Expansion joints accommodate thermal changes and provide smooth traffic transitions. Types include strip
seal, modular, and finger joints. Selection depends on movement range and durability needs. Both
bearings and joints require careful design and maintenance for optimal bridge function.

Bridge Bearings and Expansion Joints

Types and Functions of Bridge Bearings

* Bridge bearings transfer loads between superstructure and substructure while accommodating
movement and rotation

+ Primary functions include load transfer, movement accommodation, and rotation allowance
» Common types

+ Elastomeric bearings (suitable for small to medium spans)

* Pot bearings (larger loads and rotations)

+ Disk bearings (high vertical and horizontal load capacities)

* Spherical bearings (complex geometries or significant rotational demands)

 Each bearing type offers specific load and movement capacities tailored to bridge requirements

Expansion Joint Systems

» Expansion joints allow thermal expansion and contraction of bridge elements while providing smooth
traffic transition

* Types of expansion joints

« Strip seal joints (movements up to 4 inches or 100 mm)

» Modular joints (movements up to 24 inches or 600 mm)

* Finger joints (very large movements exceeding 24 inches or 600 mm)

* Selection based on total movement range including thermal expansion, creep, shrinkage, and live load
deflections

+ Durability considerations involve resistance to fatigue, impact loads, and environmental factors
(de-icing chemicals, debris accumulation)

Importance of Proper Selection

* Appropriate bearing and expansion joint selection critical for overall bridge performance and longevity

* Factors influencing selection
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* Bridge geometry

* Anticipated loads

» Expected movements (thermal effects, creep, shrinkage)
» Maintenance requirements

+ Cost-effectiveness

* Proper selection ensures optimal load distribution, movement accommodation, and long-term
structural integrity

Bearing Selection for Bridges

Factors Influencing Bearing Selection

« Vertical and horizontal loads determine required load capacity

* Rotational demands influence bearing type and design

+ Anticipated movements from thermal effects, creep, and shrinkage dictate movement capacity
* Bridge articulation scheme defines locations of fixed and expansion bearings

 Future maintenance and replacement requirements affect long-term performance and
cost-effectiveness

» Environmental conditions (temperature extremes, marine environments) impact material selection

Bearing Types and Applications

* Elastomeric bearings

« Suitable for small to medium spans with moderate loads and movements
« Offer simplicity and low maintenance

» Examples: highway overpasses, short-span river crossings

* Pot bearings

+ Used for larger loads and rotations

* Provide high load capacity with limited horizontal movement capabilities
* Examples: multi-span highway bridges, railway bridges

* Disk bearings

« Offer high vertical and horizontal load capacities

* Accommodate large rotations

« Suitable for long-span bridges (cable-stayed bridges, arch bridges)

* Spherical bearings

* Designed for bridges with complex geometries or significant rotational demands

« Allow for multi-directional rotation
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* Examples: curved bridges, bridges with significant horizontal curvature

Bearing Design for Loads

Elastomeric Bearing Design

+ Determine required plan dimensions, rubber thickness, and number of layers based on load and
movement demands

» Shape factor (ratio of loaded area to perimeter free to bulge) critical for load capacity and stiffness
+ Design considerations as per AASHTO LRFD Bridge Design Specifications

» Compression requirements

* Rotation limits

» Shear deformation capacity

« Stability checks

+ Design process involves iterative calculations to optimize bearing dimensions and performance

Mechanical Bearing Design

* Pot and disk bearings resist vertical loads through confined elastomers or polymers
* Horizontal loads managed by sliding surfaces or shear keys

+ Design steps for mechanical bearings

+ Size confined elastomer or polymer disk

* Design pot or retainer

* Select appropriate PTFE sliding surfaces for expansion bearings

« Consider fatigue, friction, and wear characteristics, particularly for sliding surfaces

+ Seismic design may require additional checks and detailing (increased movement capacity, energy
dissipation features)

Load and Movement Considerations

* Vertical loads include dead load, live load, and impact forces

* Horizontal loads encompass wind, braking forces, and seismic loads

» Movement calculations account for

» Thermal expansion and contraction

+ Concrete creep and shrinkage

» Elastic shortening in prestressed structures

* Rotation demands arise from live load deflections and long-term deformations

* Load combinations as specified in design codes (AASHTO LRFD) must be considered
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Expansion Joint Systems

Types and Selection Criteria
« Strip seal joints
+ Suitable for movements up to 4 inches (100 mm)
» Commonly used due to simplicity and moderate cost
* Examples: short to medium-span highway bridges
* Modular joints
» Accommodate larger movements up to 24 inches (600 mm) or more
« Consist of multiple seals and support bars
* Examples: long-span bridges, bridges in extreme climates
* Finger joints
+ Used for very large movements exceeding 24 inches (600 mm)
» Common in long-span bridges (suspension bridges, cable-stayed bridges)

* Selection based on total movement range and traffic conditions

Design and Detailing Considerations

* Specify appropriate materials for durability and performance

* Ensure water tightness to protect underlying structure

* Provide for ease of inspection and maintenance

* Account for skew effects causing non-uniform movement and additional stresses
* Design for fatigue loading from repeated traffic impact

+ Consider noise reduction features for urban environments

* Incorporate debris management systems to prevent joint clogging

Installation and Maintenance

* Proper installation critical for joint performance
* Ensure correct positioning and alignment

* Use appropriate anchorage systems

* Regular maintenance required

+ Clean debris accumulation

* Replace worn seals or components

+ Monitor for water leakage or damage

+ Develop inspection and maintenance schedules based on joint type and traffic volume
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* Consider future replacement or rehabilitation in initial design and detailing

10.4 Bridge railing and parapet design

Bridge railings and parapets are crucial safety features that prevent vehicles from leaving the deck during
accidents. They redirect errant vehicles, contain debris, and guide drivers. AASHTO specs outline
performance requirements, including crash test levels and geometric criteria.

Railing selection depends on bridge type, traffic volume, speed limit, and potential hazards. Designers
must balance safety, aesthetics, and cost-effectiveness. Load transfer mechanisms, material strength, and
structural configuration all play key roles in creating effective crash-resistant systems.

Bridge Railing Safety and Performance

Critical Safety Features and Functions

* Bridge railings and parapets prevent vehicles from leaving the bridge deck during collisions or loss of
control

* Primary functions include redirecting errant vehicles, containing debris, and providing a visual guide
for drivers

* AASHTO LRFD Bridge Design Specifications outline minimum performance requirements (crash test
levels and geometric criteria)

« Safety performance evaluation through full-scale crash testing considers:
* Occupant risk

* Vehicle stability

« Structural adequacy

* Height requirements based on traffic type (vehicular, pedestrian, or bicycle) and roadway design
speed

+ Parapets withstand both traffic impact loads and environmental factors (wind and snow accumulation)

Railing System Selection Factors

* Bridge type influences railing choice based on structural compatibility and load transfer capabilities
* Traffic volume determines the required crash test level and overall system robustness
» Speed limit affects impact energy and redirectional requirements

+ Potential hazards in surrounding area (steep embankments, water bodies) may necessitate higher
performance railings

» Environmental conditions (coastal environments, extreme temperatures) impact material selection
» Maintenance considerations influence the choice of materials and design details

« Cost-effectiveness balances initial installation expenses with long-term durability and repair needs
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Crash Resistance in Railing Systems

Load Transfer Mechanisms

* Vehicle impact energy transfers through a series of components: 1. Vehicle to railing 2. Railing to
posts 3. Posts to deck 4. Deck to superstructure

* Yield line analysis determines ultimate strength of concrete parapets and barriers under impact loads

* Dynamic magnification factors applied to static design loads account for increased forces during
high-speed impacts

» Energy absorption in steel railing systems achieved through plastic deformation of rail elements and
support posts

« Stiffness and spacing of railing posts influence load distribution and overall crash performance

* Finite element analysis (FEA) simulates vehicle impacts and optimizes railing designs before full-scale
testing

Material and Structural Considerations

» Material strength contributes to crash resistance (high-strength concrete, steel grades)
« Structural configuration optimizes energy dissipation (W-beam, thrie-beam profiles for steel railings)

+ Concrete mix design enhances impact resistance (fiber-reinforced concrete, high-performance
additives)

« Steel rail element thickness and post section properties affect system flexibility and energy absorption
» Connections between components (bolted, welded) influence overall system behavior during impact
» Anchor systems (cast-in-place, post-installed) affect load transfer to bridge deck

« Sacrificial elements (fuse plates, breakaway posts) control failure modes and protect critical structural
components

Designing Bridge Railings for Impact

Design Process and Load Determination

* Design process involves: 1. Determining design loads 2. Selecting appropriate materials 3. Sizing
structural components to meet performance criteria

+ AASHTO LRFD Bridge Design Specifications provide equations for calculating design forces based
on:

* Selected test level (TL-1 to TL-6)

* Vehicle characteristics (mass, impact angle, speed)

 Concrete parapets designed using yield line theory:

+ Considers formation of plastic hinges under ultimate load conditions

* Analyzes failure mechanisms to determine required strength and reinforcement
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« Steel railing systems designed to dissipate energy through controlled deformation while maintaining
redirection capability

* Load factors and dynamic increase factors account for uncertainties and impact effects

Structural Detailing and Material Selection

* Reinforcement detailing in concrete parapets critical for proper load transfer and preventing localized
failures

* Longitudinal and transverse reinforcement distribution

» Development length and splicing of reinforcing bars

» Connection design between railing components and bridge deck accounts for:

* Shear transfer (shear studs, anchor bolts)

* Moment transfer (reinforcement continuity, base plates)

+ High-performance materials enhance impact resistance and reduce overall size of railing elements:
+ Ultra-high-performance concrete (UHPC) for slender, durable parapets

« High-strength steel (HSS) for more efficient rail sections

* Post spacing and section properties optimized for desired system stiffness and energy absorption

+ Consideration of material durability in aggressive environments (corrosion-resistant reinforcement,
weathering steel)

Aesthetics vs Functionality in Bridge Barriers

Balancing Design Requirements

* Aesthetic considerations in bridge railing design include:
» Form (sleek profiles, curved elements)

* Texture (exposed aggregate, form liners)

* Color (integral pigments, coatings)

* Transparency (open railings, glass panels)

* Functional requirements balanced with aesthetic goals:
« Sight distance preservation for drivers

» Adequate drainage through scuppers or openings

* Maintenance access for inspections and repairs

« Innovative railing designs incorporate architectural features without compromising safety:
* Reveals and recesses in concrete parapets

* Decorative post caps and rail elements

* Integrated planters or lighting fixtures
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* Transitions between different railing types or from bridge to roadway barriers require:
+ Continuous protection without gaps
+ Gradual stiffness changes to prevent pocketing

* Visual continuity and aesthetic integration

Material Selection and Community Involvement

* Material selection for aesthetic railings includes:

* Precast concrete elements for complex shapes and textures

* Architectural metals (stainless steel, bronze) for distinctive appearances
» Composite materials offering structural integrity and design flexibility

« Lighting integration within bridge railings enhances safety and aesthetics:
* LED strips for continuous illumination

+ Accent lighting to highlight architectural features

* Color-changing capabilities for special events or seasons

* Public involvement and stakeholder input valuable in developing aesthetically pleasing designs:
« Community workshops to gather design preferences

« Virtual reality visualizations for public feedback

* Collaboration with local artists for unique elements

* Cost considerations for aesthetic enhancements balanced against long-term community benefits and
tourism potential
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Unit 11 — Bridge Construction: Methods &
Equipment

11.1 Cast-in-place and precast construction techniques

Bridge construction techniques have evolved to meet diverse project needs. Cast-in-place and precast
methods offer unique advantages, shaping how we build spans across waterways and valleys.
Understanding these approaches is crucial for engineers tackling complex bridge projects.

Each method has its strengths. Cast-in-place allows for custom designs but takes longer on-site. Precast
offers speed and quality control but requires careful planning. Choosing the right technique depends on
project specifics, site conditions, and available resources.

Cast-in-Place vs Precast Construction

Key Differences in Construction Techniques

« Cast-in-place construction pours concrete on-site into formwork, while precast construction uses
pre-manufactured concrete elements produced off-site and transported to the construction site

« Cast-in-place construction allows for greater design flexibility and customization (curved shapes,
unique architectural features)

* Precast construction offers standardization and quality control in a controlled environment (consistent
concrete mix, precise dimensions)

* Precast construction requires specialized equipment for transportation and installation (heavy-duty
cranes, specialized trailers)

« Cast-in-place construction relies more on on-site formwork and concrete pouring equipment (concrete
pumps, vibrators)

« Cast-in-place construction demands more on-site labor for formwork assembly, reinforcement
placement, and concrete finishing

* Precast construction shifts much of the labor to off-site manufacturing facilities, reducing on-site
workforce requirements

* Precast construction often results in faster on-site assembly and reduced construction time (rapid
element installation)

« Cast-in-place construction may have longer on-site durations due to concrete curing times (typically
7-28 days for full strength)

Structural Considerations

« Cast-in-place construction creates monolithic structures with fewer joints, enhancing overall structural
integrity

* Precast construction requires careful design of connections between elements to ensure load transfer
and structural continuity
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« Cast-in-place methods allow for easier incorporation of complex reinforcement layouts and
post-tensioning systems

* Precast elements can be designed for optimal performance under specific loading conditions,
potentially leading to more efficient use of materials

« Cast-in-place construction provides greater flexibility for addressing unforeseen site conditions or
last-minute design changes

* Precast construction may require more precise planning and design to ensure proper fit and alignment
of elements during assembly

Advantages and Disadvantages of Construction Methods

Cast-in-Place Construction
» Advantages:
+ Design flexibility allows for unique and complex shapes (curved bridges, intricate architectural details)
* Creates monolithic structures with fewer joints, enhancing durability and reducing maintenance
» Adapts easily to site conditions and unforeseen challenges (soil variability, unexpected obstructions)
* Requires less initial investment in specialized equipment and facilities

Allows for easier incorporation of last-minute design changes or modifications
Disadvantages:
* Longer on-site construction time due to formwork assembly, concrete pouring, and curing periods

» Weather-dependent concrete pouring can lead to delays and quality issues (rain, extreme
temperatures)

« Higher labor costs on-site for formwork construction, reinforcement placement, and concrete finishing
* Increased potential for quality control issues due to variable on-site conditions

« Greater environmental impact on the construction site (noise, dust, material waste)

Precast Construction
» Advantages:
« Higher quality control in factory settings leads to more consistent and durable products
* Reduced on-site construction time through rapid assembly of pre-manufactured elements
» Minimized weather-related delays as most production occurs in controlled environments
* Improved worker safety due to controlled factory conditions and reduced on-site work at heights

* Less on-site waste and environmental impact (reduced material spillage, noise, and dust)
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Potential for incorporating advanced materials and techniques (high-performance concrete, internal
sensors)

Disadvantages:
« Transportation limitations may restrict element sizes and weights (road capacities, bridge clearances)
* Potential connection issues between precast elements require careful design and execution
* Less flexibility for on-site modifications or design changes once elements are fabricated
* Higher initial costs for specialized equipment and manufacturing facilities
+ Challenges in achieving seamless aesthetic continuity between precast elements

* Higher transportation-related emissions compared to cast-in-place methods

Bridge Construction Processes

Cast-in-Place Construction Process

« Site preparation involves clearing, grading, and establishing access roads for equipment and
materials

» Formwork assembly creates molds for concrete elements (bridge deck, piers, abutments)

* Reinforcement placement includes positioning steel bars, meshes, and post-tensioning ducts within
the formwork

* Concrete pouring utilizes pumps or buckets to fill formwork, often requiring multiple pours for large
elements

« Concrete curing involves maintaining proper moisture and temperature conditions for optimal strength
development

» Typical curing periods range from 7 to 28 days depending on concrete mix and environmental
conditions

» Formwork removal occurs in stages, starting with non-load-bearing sections and progressing to
structural supports

+ Quality control measures focus on:

* Proper concrete mixing and placement techniques (slump tests, air content measurements)
» Monitoring curing conditions (temperature, humidity)

« Verifying reinforcement positioning and concrete cover

» Temporary support structures and falsework support the bridge elements during construction

» Examples include scaffolding, shoring towers, and temporary piers

Precast Construction Process

« Off-site element fabrication occurs in controlled factory environments

* Includes creating molds, placing reinforcement, pouring concrete, and curing under optimal conditions
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* Transportation to the site requires specialized trailers and careful route planning

+ Oversized load permits and escort vehicles may be necessary for large elements

+ Element placement uses cranes or other specialized equipment (self-propelled modular transporters)
* Precise positioning and alignment are critical for proper fit and structural integrity

» Connection of precast elements involves various techniques:

* Grouted joints, welded connections, or post-tensioning systems

» Epoxy adhesives or high-strength grouts may be used to ensure watertight seals

* Post-tensioning techniques often connect individual elements to create a cohesive structure

* Involves threading high-strength steel cables through ducts and tensioning them after concrete
placement

+ Quality control in precast construction focuses on:
» Dimensional accuracy of elements (laser scanning, precision measurements)
+ Concrete strength and durability testing (compression tests, freeze-thaw resistance)

* Proper handling and transportation procedures to prevent damage

Factors Influencing Construction Method Choice

Project Constraints and Requirements

* Project schedule requirements significantly impact the choice between methods

* Fast-track projects may favor precast construction for rapid on-site assembly

+ Phased construction might benefit from a combination of cast-in-place and precast techniques
« Site accessibility and available space influence the feasibility of each method

« Limited site access may favor precast elements to reduce on-site material storage and equipment
needs

» Ample site space allows for extensive cast-in-place operations and material staging

» Complexity of bridge design affects the suitability of each technique

+ Highly customized or geometrically complex designs may necessitate cast-in-place methods

« Standardized or repetitive designs lend themselves well to precast construction

* Project budget constraints and life-cycle cost considerations play a role in method selection

« Initial construction costs may be higher for precast, but long-term maintenance costs could be lower

« Cast-in-place may have lower upfront costs but potentially higher lifetime maintenance expenses

Environmental and Logistical Factors

* Local labor availability, skills, and costs influence the choice of construction method

» Regions with skilled precast manufacturing workforce may favor precast construction
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* Areas with experienced cast-in-place crews may lean towards traditional on-site methods

» Environmental considerations may favor one method over the other

* Noise restrictions in urban areas might prefer precast construction for quieter on-site assembly
» Environmentally sensitive areas may benefit from precast methods to minimize site disturbance
* Transportation infrastructure and limitations affect the viability of precast element delivery

» Weight restrictions on roads or bridges may limit the size of precast elements

* Remote locations with poor road access might favor cast-in-place construction

« Climate and weather patterns in the project location impact method selection

* Regions with long periods of inclement weather may benefit from precast construction

* Areas with mild, stable climates may be more suitable for cast-in-place methods

« Seismic considerations and local geological conditions influence structural design and construction
choices

* High seismic zones may require specialized connections in precast construction

+ Unstable soil conditions might favor lighter precast elements over heavier cast-in-place structures

11.2 Incremental launching and segmental construction

Incremental launching and segmental construction are game-changing techniques in bridge building.
These methods allow engineers to construct bridges in challenging locations with minimal environmental
impact and disruption to traffic.

Both approaches involve building bridges in sections, either by pushing from one end or assembling in
place. They require specialized equipment and careful planning but offer speed, precision, and flexibility in
bridge design and construction.

Incremental Launching Principles

Assembly and Pushing Process

* Incremental launching assembles bridge superstructure on one side of obstacle and pushes it
longitudinally into final position

* Superstructure constructed in segments on casting yard behind abutment, with each new segment
cast against previous one

+ Launching nose (lightweight steel structure) attached to front of bridge reduces bending moments and
deflections during launching

* Hydraulic jacks push bridge forward in small increments (15-25 meters at a time)
» Temporary supports or piers along launching path reduce span lengths and control deflections

* Bridge deck prestressed longitudinally withstands varying stress conditions during launching and final
position
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Monitoring and Control

« Careful monitoring of alignment, deflections, and stresses crucial throughout launching process
* Ensures structural integrity and proper positioning of bridge

« Utilizes advanced surveying equipment (total stations, laser scanners)

* Real-time data analysis allows for immediate adjustments during launching

« Strain gauges and accelerometers monitor structural behavior

» Regular inspections of bearings and temporary supports conducted

Design Considerations

* Bridge geometry must accommodate launching process (relatively straight alignment preferred)
* Cross-section design optimized for both construction and final service conditions

* Prestressing system designed to handle varying stress states during launching

+ Launching nose design critical for reducing cantilever moments at leading edge

» Temporary and permanent bearings must accommodate horizontal movements during launching

* Consideration given to thermal effects and time-dependent deformations (creep, shrinkage)

Segmental Bridge Construction

Segment Fabrication and Assembly

» Segmental construction builds bridge in small sections (segments) assembled to form complete
structure

» Segments precast off-site or cast-in-place (precast offers quality control and reduced on-site time)
* Balanced cantilever method adds segments symmetrically on both sides of pier for equilibrium
* Post-tensioning connects segments and provides structural strength and continuity

* Specialized equipment (segment lifters, launching gantries) transports and places segments
accurately

» Match-casting ensures precise fit between adjacent segments

» Epoxy applied at segment joints for additional bonding and waterproofing

Advantages and Applications

* Allows rapid bridge assembly, minimizing traffic disruption and environmental impact
« Particularly advantageous for long-span bridges or viaducts in challenging terrain

+ Enables construction of complex geometries (curved alignments, variable depth)

* Reduces formwork requirements compared to traditional cast-in-place methods

* Facilitates standardization and repetition in segment production
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* Well-suited for water crossings and environmentally sensitive areas

* Allows for simultaneous work at multiple locations along bridge alignment

Construction Techniques

» Span-by-span method assembles entire spans sequentially using underslung gantries

* Progressive placement technique adds segments one by one from piers towards midspan
* Precast segmental balanced cantilever construction ideal for long-span bridges

« Cast-in-place segmental construction using form travelers for site-cast segments

* Hybrid systems combining precast and cast-in-place elements for optimized construction
* Use of temporary stays or props to support cantilevers during construction

* Closure pours connect cantilevers at midspan, ensuring continuity

Incremental Launching vs Segmental Construction

Construction Approach

* Incremental launching builds entire cross-section in segments and pushes forward
» Segmental construction assembles individual segments in their final position

* Launching requires casting yard and equipment at one end of bridge

» Segmental construction may utilize multiple construction fronts simultaneously

* Launching subjects bridge to varying stress conditions during construction

» Segmental methods offer more flexibility in span arrangement and bridge geometry

» Both reduce need for falsework and formwork in sensitive or difficult-to-access areas

Structural Considerations

* Incremental launching results in more uniform bridge appearance due to continuous casting
» Segmental construction may have visible joints between segments

« Launching requires careful design of temporary and permanent prestressing systems

» Segmental bridges typically have higher post-tensioning requirements

* Launching method limited to straighter alignments and more uniform span lengths

» Segmental construction allows for variable depth and curved alignments more easily

» Both methods suitable for concrete and composite steel-concrete bridges

Equipment and Resource Requirements

* Incremental launching needs specialized launching equipment (hydraulic jacks, rollers)
» Segmental construction requires segment transport and placement equipment (gantries, cranes)

+ Launching method demands larger casting yard area at one end of bridge
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» Segmental approach may require multiple precast yards or on-site casting facilities
» Both methods benefit from skilled workforce familiar with specialized construction techniques
* Launching often requires less formwork but more temporary supports

» Segmental construction may have higher initial equipment investment but offers more versatility

Factors Affecting Bridge Construction Selection

Site Conditions and Constraints

* Bridge length and span configuration influence choice (uniform spans favor launching)
« Site accessibility and available construction space impact decision

+ Soil conditions affect foundation design and temporary support placement

* Presence of obstacles (waterways, existing structures) may limit construction options
« Climate and weather patterns influence construction schedule and method suitability

« Seismic considerations may favor one method over another

Project Requirements and Objectives

* Desired construction speed and project timeline influence method selection

» Environmental considerations (minimizing impact on ecosystems) affect choice

* Bridge's horizontal and vertical alignment complexity may limit incremental launching

+ Aesthetic requirements and desired bridge appearance factor into decision

» Future maintenance and inspection needs considered in construction method selection

* Project budget and financing structure impact feasibility of different methods

Technical and Economic Factors

« Structural system and materials (concrete, steel, composite) influence method compatibility

» Economic factors (equipment availability, labor costs, material transportation) impact selection
+ Local expertise and contractor experience with specific techniques guide decision-making

+ Availability of specialized equipment and materials in project location

* Long-term durability and performance expectations affect choice

* Potential for standardization and prefabrication opportunities considered

* Risk assessment and mitigation strategies for different construction methods evaluated

11.3 Construction equipment and temporary works

Bridge construction requires specialized equipment and temporary structures. From earthmoving machines
to cranes, these tools shape the site and place massive components. Temporary works like falsework and
cofferdams support construction, ensuring safety and efficiency.
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Equipment and temporary structures are crucial for successful bridge building. They handle heavy lifting,
concrete pouring, and create safe work environments. Proper design, maintenance, and safety protocols
are essential to manage risks and protect workers and the environment during construction.

Construction Equipment for Bridges

Earthmoving and Foundation Equipment

» Heavy earthmoving equipment prepares sites and lays foundations
» Excavators dig and move large amounts of soil and rock

* Bulldozers clear land and push earth

* Graders level and smooth surfaces

* Pile drivers and drilling rigs install deep foundations

* Drive piles into the ground to support bridge structures

* Drill holes for cast-in-place concrete piles

» Adapt to various soil conditions (clay, sand, rock)

Lifting and Placement Equipment

+ Cranes lift and place heavy bridge components

» Tower cranes provide stationary lifting for tall structures
* Mobile cranes offer flexibility to move around the site

« Lift girders, deck segments, and other large elements

+ Specialized equipment for segmental bridge construction
» Launching gantries move and place precast segments

» Segment lifters precisely position individual pieces

* Barges and floating equipment assist over water

* Transport materials to bridge sites

* Provide stable work platforms for construction over water

Concrete and Material Handling Equipment

» Concrete pumps and mixers manage concrete operations

» Pumps distribute concrete to elevated or hard-to-reach areas

» Mixers ensure consistent concrete quality on-site

* Used for foundations, piers, decks, and other concrete elements
* Surveying and monitoring equipment ensure precision

* Total stations measure angles and distances

» GPS systems provide accurate positioning data
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* Crucial for aligning bridge components during construction

Temporary Works in Bridge Construction

Support and Formwork Systems

* Falsework provides temporary support during construction

* Supports weight of uncured concrete and construction loads
* Allows creation of complex bridge geometries

* Removed once concrete reaches required strength

» Formwork shapes concrete elements

+ Creates molds for casting concrete bridge components

* Determines final appearance of concrete surfaces

» Can be custom-designed for unique architectural features

Access and Safety Systems

+ Scaffolding and working platforms enable safe access

* Provide stable surfaces for workers at various heights

* Facilitate work on bridge superstructures and undersides
+ Adjustable to accommodate different bridge designs

» Temporary bracing and shoring stabilize partial structures
* Prevent collapse or deformation during construction

* Distribute loads evenly across incomplete structures

* Removed systematically as permanent elements are completed

Environmental Control Systems

+ Cofferdams create dry working environments

+ Allow foundation construction in water bodies

* Pump out water to expose riverbed or seabed

* Crucial for building bridge piers in rivers or coastal areas
* Dewatering systems manage groundwater

» Lower water table in excavation areas

* Prevent water infiltration during foundation work

» Maintain stable soil conditions for construction

Site Logistics and Protection

» Temporary access roads and bridges facilitate movement
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* Allow equipment and material transport across difficult terrain
* Provide access to remote or elevated construction areas
 Often removed or repurposed after project completion

* Protective systems safeguard workers and environment

* Debris nets catch falling objects

* Protective barriers separate work zones from public areas

» Erosion control measures prevent soil loss and water pollution

Design Considerations for Temporary Works

Structural and Load Considerations

« Structural integrity calculations ensure safety

* Account for dead loads (weight of structure itself)

+ Consider live loads (construction equipment, workers)
« Factor in environmental loads (wind, water currents)

* Use safety factors to account for uncertainties

* Flexibility in design allows for adaptations

* Accommodate changes in construction sequence

« Adjust to unforeseen site conditions

* Modify for varying weather conditions

Material and Cost Optimization

» Material selection balances multiple factors

« Strength to support required loads

+ Durability to withstand construction duration

* Reusability to reduce overall project costs

» Weight for ease of installation and removal

+ Cost-effectiveness influences design choices

» Compare rental vs. purchase options for temporary equipment
+ Evaluate labor costs for installation and removal

* Consider transportation costs for materials and equipment

Integration and Construction Sequencing

* Erection and dismantling sequences impact project timeline

* Coordinate with permanent structure installation
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» Minimize interference with other construction activities

* Optimize use of equipment and labor resources

* Integration with permanent bridge elements requires planning

* Ensure proper load transfer between temporary and permanent structures
* Avoid conflicts between temporary works and final bridge geometry

+ Design connections that allow for easy removal of temporary elements

Environmental and Site-Specific Factors

» Environmental factors significantly influence design

» Wind loads affect stability of tall temporary structures

» Water currents impact cofferdam and marine equipment design

+ Seismic considerations for temporary works in earthquake-prone areas
« Site conditions dictate design requirements

* Soil properties influence foundation design for temporary structures

» Topography affects access and equipment placement

* Nearby structures may limit space for temporary works

Safety and Environmental Concerns in Bridge Construction

Risk Management and Safety Protocols

» Comprehensive risk assessments identify potential hazards
* Analyze equipment operation risks

* Evaluate structural failure possibilities of temporary works

+ Consider environmental risks (flooding, storms)

» Safety management plans mitigate identified risks

« Establish clear safety procedures for all activities

* Define emergency response protocols

» Require personal protective equipment (PPE) usage

Equipment and Structure Maintenance

» Regular inspections ensure continued safe operation

* Daily checks on critical equipment components

» Weekly thorough examinations of temporary structures
» Immediate reporting and addressing of any issues

» Maintenance schedules prevent equipment failures
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* Lubricate moving parts on schedule
* Replace worn components before failure occurs

+ Keep detailed maintenance logs for all equipment and structures

Worker Training and Certification

* Proper training for equipment operators is essential

* Specific training for each type of construction equipment

* Regular refresher courses on safety procedures

« Simulations for complex or high-risk operations

» Certification requirements ensure competency

« Verify qualifications before allowing operation of equipment

» Require specialized certifications for critical tasks (crane operation)

+ Maintain up-to-date records of all worker certifications

Environmental Protection Measures

» Environmental impact assessments guide protection strategies
« Identify sensitive ecosystems near construction sites

« Evaluate potential impacts on air, water, and soil quality

+» Develop mitigation strategies for identified risks

* Noise and vibration control reduces ecological disturbance

* Use equipment with noise reduction features

« Install temporary sound barriers around noisy operations

» Schedule loudest activities during least disruptive times

* Proper material disposal and recycling promote sustainability
» Separate recyclable materials (metal, wood) for reuse

+ Dispose of hazardous materials according to regulations

+ Implement on-site recycling programs for common materials
« Erosion and sediment control protects water bodies

« Install silt fences to prevent soil runoff

* Use temporary vegetation to stabilize exposed soil

* Create settling ponds to filter water before release into natural waterways
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Unit 12 — Bridge Hydraulics and Scour
Analysis

12.1 Hydraulic design considerations for bridges

Bridges must withstand the forces of water, and hydraulic design is crucial. This topic dives into open
channel flow, bridge geometry, and debris accumulation. Understanding these factors helps engineers
create safer, more resilient structures that can handle various water conditions.

Hydraulic design considers how water moves through and around bridges. We'll look at equations for flow
velocity, energy loss, and scour potential. We'll also explore how bridge shape, size, and placement affect
water flow and potential damage during floods or high water events.

Open Channel Flow in Bridge Hydraulics

Fundamentals of Open Channel Flow

» Open channel flow characterizes fluid movement with a free surface exposed to atmospheric pressure
(rivers, streams, canals)

« Manning equation relates flow velocity to channel characteristics: V = R 235172 \Where:
* V = velocity

* n = Manning's roughness coefficient

* R = hydraulic radius

» S = channel slope

» Critical flow occurs when specific energy reaches minimum for given discharge

* Defines transition between subcritical and supercritical flow regimes

Fr=

v
* Froude number (Fr) classifies flow regimes: VgD Where:

* V = flow velocity

* g = gravitational acceleration

* D = hydraulic depth

* Fr < 1: subcritical flow (tranquil)

* Fr > 1: supercritical flow (rapid)

* Hydraulic jumps represent rapid transitions from supercritical to subcritical flow
« Often occur downstream of bridge structures

« Characterized by significant energy dissipation and turbulence

Bridge Hydraulics Applications

* Bridge hydraulics applies open channel flow principles to analyze water flow through bridge openings
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+ Key considerations in bridge hydraulics:

* Flow contraction and expansion at bridge site

* Local scour around bridge elements (piers, abutments)

» Backwater effects impacting upstream water surface profiles

» Backwater analysis crucial for bridge design:

+ Determines extent of upstream flooding

* Influences bridge opening size and elevation

* Hydraulic modeling tools (HEC-RAS, FESWMS) simulate bridge hydraulics
 Account for complex flow patterns and energy losses

2 2
« Energy equation applied to bridge hydraulics: H1 + ;—; =H + ;—é + h; Where:

» H = water surface elevation

 VV = average velocity

* hL = energy loss through bridge

* Bridge hydraulics impact assessment includes:
» Changes in water surface profiles

* Alterations to flow distribution

* Scour potential at bridge foundation

Bridge Hydraulic Design Factors

Structural and Geometric Factors

* Bridge opening size and geometry determine flow capacity and constriction potential
* Larger openings reduce flow velocities and scour risk

» Optimum opening balances hydraulic performance and cost

* Pier and abutment design influence local flow patterns and scour potential

« Streamlined shapes (circular, elliptical) reduce flow separation and turbulence
+ Alignment with flow direction minimizes obstruction

+ Bridge deck elevation relative to design flood level affects:

* Potential for pressure flow (water contact with superstructure)

* Hydraulic forces on bridge structure

* Span arrangement and pier spacing impact:

* Flow distribution through bridge opening

» Debris accumulation potential between piers
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» Skew angle between bridge and channel alignment creates:
» Asymmetric flow patterns

* Increased risk of local scour at abutments

Site-Specific Factors

» Approach channel characteristics affect flow conditions entering bridge opening:
* Channel slope influences flow velocity and regime

* Roughness (vegetation, bed material) impacts flow resistance

+ Alignment relative to bridge affects flow distribution

* Floodplain encroachment by bridge approaches alters:

* Flow distribution across floodplain

» Upstream water levels and potential flooding

+ Tailwater conditions downstream of bridge impact:

* Energy dissipation through bridge opening

* Potential for hydraulic jumps and associated scour

» Sediment transport characteristics influence:

* Long-term channel stability at bridge site

* Potential for aggradation (sediment buildup) or degradation (erosion)
* Design flood frequency and magnitude determine:

* Required hydraulic capacity of bridge opening

* Necessary freeboard (clearance between water surface and bridge low chord)

Bridge Geometry and Hydraulics
Bridge Configuration Effects

* Bridge width impacts length of flow constriction and associated energy losses
» Wider bridges increase flow resistance and upstream water levels

* Hydraulic losses proportional to bridge width and flow velocity

» Abutment type influences local flow patterns and scour potential:

* Spill-through abutments provide smoother transitions, reducing turbulence

« Vertical wall abutments create more abrupt flow changes, increasing scour risk
+ Guide banks (spur dikes) alter approach flow conditions:

* Direct flow through bridge opening more efficiently

» Reduce potential for abutment scour
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* Design considerations include length, orientation, and shape
+ Deck drainage systems affect local flow conditions:
+ QOutfall locations can contribute to abutment scour if not properly designed

* Scuppers (deck drains) should discharge away from bridge substructure

Hydraulic Performance Factors

« Effective waterway area determines bridge hydraulic capacity: Q = AV Where:
» Q = discharge

» A =flow area

» V = average velocity

V2 -

V2
229 L Where:

+ Contraction and expansion coefficients account for energy losses: h; = K

* hL = head loss

» K = loss coefficient (contraction or expansion)

* V1, V2 = velocities in approach and bridge sections

* Pressure flow conditions occur when water surface contacts bridge superstructure:
* Increases upstream water levels and velocities through bridge

* Requires special analysis methods (orifice flow equations)

+ Scour analysis considers three components:

« Contraction scour: general lowering of channel bed

* Local scour: erosion around piers and abutments

* Long-term degradation: channel bed changes over time

* Freeboard requirements ensure bridge clearance during design flood:
* Typically 1-2 feet above design flood level

 Accounts for wave action, debris passage, and uncertainties in hydraulic analysis

Debris Accumulation Impact on Bridge Hydraulics

Debris Accumulation Mechanics

+ Debris accumulation significantly reduces effective flow area of bridge openings
* Increases upstream water levels and flow velocities

* Can lead to pressure flow conditions even below design flood levels

* Debris type and size influence accumulation potential:

» Woody debris (logs, branches) common in forested watersheds

* |[ce accumulation in cold climates
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» Sediment buildup in rivers with high sediment loads

» Accumulation patterns vary with flow conditions:

* Normal flow: gradual buildup over time

* Flood events: rapid accumulation of large debris quantities
* Pier shape and spacing affect likelihood of debris capture:
« Circular piers generally perform better than rectangular

» Wider pier spacing reduces risk of debris bridging between piers

Hydraulic and Structural Impacts

+ Additional hydraulic forces from debris accumulation:

* Increased drag forces on bridge elements

+ Potential for uplift forces on bridge deck

» Must be considered in structural design of bridge components

* Debris accumulation alters local flow patterns:

* Creates turbulence and eddies around piers and abutments

* Increases potential for local scour

* Hydraulic modeling of debris effects:

* Reduced bridge opening area in hydraulic models

* Increased Manning's roughness coefficients to account for debris roughness
* Debris deflectors or fins can mitigate accumulation:

* Upstream structures to guide debris through bridge opening

« Effectiveness depends on site-specific conditions and debris characteristics
* Regular maintenance and debris removal strategies essential:

* Periodic inspections to assess debris buildup

» Removal operations during low flow periods

* Emergency removal plans for flood events

* Long-term impacts of debris accumulation:

» Channel migration or avulsion due to flow obstruction

» Changes in sediment transport patterns

* Potential damage to bridge structure from repeated debris impacts
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12.2 Scour mechanisms and analysis

Bridge scour can seriously threaten structural integrity. It's caused by flowing water eroding sediment
around foundations. Different types include general scour affecting the whole riverbed, and localized scour
around specific bridge elements.

Estimating scour depth is crucial for bridge safety. Engineers use standard equations and advanced
modeling techniques to predict how deep scour might go. This helps assess risks and plan appropriate
measures to protect bridges from potential failure due to scour.

Scour types for bridge foundations

Erosion mechanisms and general scour

* Scour erodes sediment around bridge foundations due to flowing water compromises structural
integrity

» General scour lowers entire riverbed over time affects whole channel cross-section

» Degradation progressively lowers channel bed due to natural or human-induced causes over longer
river reach

« Lateral stream migration causes bank erosion and scour potentially exposes bridge foundations
originally buried in floodplain

Localized scour phenomena

« Contraction scour occurs when flow area reduces typically by bridge abutments or piers causes
increased flow velocities and bed erosion

* Local scour removes sediment from around bridge piers or abutments due to complex flow patterns
and vortices

* Clear-water scour happens when upstream flow does not transport bed material

* Live-bed scour occurs when there continuous sediment transport (sand-bed rivers)

Estimating scour depth

Standard methodologies and equations

* Hydraulic Engineering Circular No. 18 (HEC-18) provides standard methodologies for scour depth
estimation in United States

* Colorado State University (CSU) equation commonly estimates local scour depth around bridge piers

« Considers factors flow depth, pier width, Froude number, correction factors for pier shape, angle of
attack, bed condition

* Froehlich's equation serves as alternative method for estimating pier scour depth particularly useful for
wide piers

» HIRE equation applies for estimating local scour at bridge abutments when ratio of projected abutment
length to flow depth exceeds 25
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+ Contraction scour depth typically calculated using either clear-water or live-bed scour equations
depending on sediment transport conditions

Advanced modeling techniques

» Time-dependent scour equations (Melville and Chiew method) estimate scour depth evolution over
time

2D and 3D numerical models (HEC-RAS, FLOW-3D) provide more detailed scour predictions by
simulating complex flow patterns around bridge structures

» Computational Fluid Dynamics (CFD) models simulate turbulent flow structures and vortex shedding
around piers for improved scour predictions

Analyzing scour risks

Scour depth assessment and classification

» Compare scour depth predictions to depth of bridge foundation elements determines risk of structural
instability

« Total scour depth concept sums effects of general scour, contraction scour, and local scour for
comprehensive assessment

* Scour critical bridges have predicted scour depth exceeding foundation depth require immediate
attention and potential countermeasures

* FHWA's HEC-18 provides guidelines for assessing scour vulnerability and recommending appropriate
actions

Risk evaluation and management

* Risk assessment considers uncertainty in scour predictions, importance of bridge, potential
consequences of failure

» Temporal variations in scour depth (during flood events) factor into interpreting results and assessing
long-term risks

« Interpretation of scour analysis results informs design of scour countermeasures and development of
bridge inspection and monitoring programs

* Probabilistic scour analysis incorporates uncertainties in hydraulic and geotechnical parameters for
more robust risk assessment

Limitations of scour models

Empirical and theoretical constraints

» Empirical scour equations based on laboratory experiments may not fully represent complexities of
natural river systems

» Scour equations often assume steady-state conditions may not accurately represent dynamic nature
of flood events and sediment transport processes

« Spatial and temporal variability of riverbed materials introduces significant uncertainties in scour depth
predictions
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» Complex flow patterns around irregular bridge geometries or in compound channels may not be
adequately captured by simplified scour prediction methods

Data and modeling uncertainties

* Accuracy of scour predictions highly depends on quality and reliability of input data (hydrologic,
hydraulic, geotechnical information)

« Climate change and anthropogenic alterations to watersheds affect long-term validity of scour
predictions based on historical data

« Limitations of 1D hydraulic models in representing 3D flow structures around bridge piers and
abutments lead to inaccuracies in scour depth estimates

+ Uncertainty in future flood magnitudes and frequencies impacts reliability of long-term scour
predictions and risk assessments

12.3 Scour protection measures and design

Scour protection is crucial for keeping bridges safe from water erosion. This part of the chapter covers
different ways to shield bridge parts from damage, like using big rocks or redirecting water flow. It's all
about outsmarting the river to keep our bridges standing strong.

We'll look at how to design these protective measures, like figuring out the right size rocks to use. We'll
also learn how to check if our protection is working and what to do to keep it in good shape over time. It's
like giving bridges their own suit of armor against the water.

Scour Countermeasures for Bridges

Hydraulic and Structural Countermeasures

» Scour countermeasures fall into two main categories based on their function

+ Hydraulic countermeasures modify flow patterns around bridge elements

« Structural countermeasures physically protect bridge components from erosion
* Riprap protects bridge piers and abutments using large rocks to resist erosive forces
« Effective for most bridge conditions

» May become ineffective in extreme flow velocities (>5 m/s)

+ Guide banks redirect flow away from bridge abutments

« Earthen or rock structures also known as spur dikes

* Particularly suitable for bridges spanning wide floodplains (>100 m)

+ Collars and caissons extend around bridge piers to reduce scour depth

* Increase effective pier width

* Appropriate for bridges with deep foundations in erodible soils (sand, silt)

Alternative Protection Methods

» Gabions serve as a riprap alternative where large stones are scarce
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» Wire mesh containers filled with smaller rocks

« Effective in moderate flows but may fail in high-velocity conditions (>3 m/s)
* Articulated concrete mattresses provide flexible armor for riverbeds

* Interlocking concrete blocks connected by cables

« Suitable for protecting large areas of channel bed and banks (>500 m?)

* Biotechnical measures combine structural protection with living plants

» Examples include vegetated riprap and live stake plantings

« Ideal for environmentally sensitive areas and long-term bank stabilization

Riprap Protection Design

Stone Size and Gradation

* Median stone size (D50) calculation forms the basis of riprap design

» Empirical equations consider flow velocity, water depth, and safety factors

« Example: HEC-23 equation for pier scour: Dsg = 0.692(K,V)%/(29(Ss — 1))
* Riprap gradation ensures proper interlocking and filtering

» Well-graded mixture typically includes stones from 0.5D50 to 1.5D50

» Example gradation: 30% between 0.5D50-D50, 40% between D50-1.25D50, 30% between
1.25D50-1.5D50

Layer Thickness and Extent

* Riprap layer thickness designed for adequate turbulence protection
* Minimum of 1.5 times D50 or 1 meter, whichever is greater

* Example: For D50 = 0.5 m, minimum thickness = 1 m

* Horizontal extent of riprap determined by structure dimensions

* For piers: at least 2 times pier width in all directions

* For abutments: extend 1.5 times abutment length upstream and downstream
* Filter layer prevents underlying soil washout through riprap voids

* Options include granular filters or geotextile fabrics

« Example granular filter: 3 layers with progressively larger grain sizes
* Riprap toe extends below anticipated scour depth

* Typically 1.5 times expected scour depth or to bedrock

» Example: For expected scour depth of 2 m, extend toe to 3 m below riverbed
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Scour Protection Effectiveness Evaluation

Modeling and Simulation Techniques

* Physical modeling tests protection measures under controlled conditions

+ Conducted in hydraulic laboratories with scaled bridge models

* Provides quantitative data on scour reduction and failure modes

* Numerical modeling simulates complex flow patterns and sediment transport

» Uses computational fluid dynamics (CFD) software

» Examples include FLOW-3D, OpenFOAM, and HEC-RAS 2D

+ Field monitoring assesses long-term performance of existing installations

« Utilizes techniques such as repeated bathymetric surveys and underwater inspections

* Helps identify potential failure modes (undermining, displacement) and maintenance needs

Performance and Impact Assessment

« Cost-benefit analysis compares different protection measures

+ Considers initial installation costs, maintenance requirements, and expected lifespan

» Example: Riprap vs. articulated concrete blocks over a 50-year period

* Environmental impact assessment evaluates protection measure suitability

* Factors include fish passage, habitat preservation, and water quality

» Example: Biotechnical measures may enhance habitat while providing scour protection

* Innovative technology evaluation through pilot studies and field monitoring

« Examples include smart rocks with embedded sensors or self-healing concrete armoring

* Requires careful documentation and analysis before widespread adoption

Scour Monitoring and Maintenance Plans

Inspection and Monitoring Strategies

* Regular visual and underwater inspections detect scour progression

* Frequency based on bridge's scour vulnerability rating

» Example: Scour critical bridges inspected annually, others every 2-3 years

* Real-time scour monitoring provides early warning of developing conditions

» Technologies include sonar devices, tilt sensors, and fiber optic cables

» Example: Continuous monitoring system with automated alerts for critical scour depths
* Post-flood inspection protocols assess protection measure performance

« Evaluate damage and excessive scour after high-flow events
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« Example checklist: riprap displacement, abutment erosion, pier settling

Data Management and Response Planning

+ Scour database tracks data over time for informed decision-making

» Records inspection results, measured scour depths, and implemented countermeasures
* Example software: Bridge Scour Data Management System (BSDMS)

* Trigger levels correspond to specific actions based on scour depth

* Actions may include increased monitoring, temporary countermeasures, or bridge closure
» Example: Level 1 (watchlist), Level 2 (place riprap), Level 3 (close bridge)

» Maintenance schedule ensures ongoing protection measure effectiveness

* Includes riprap replenishment, damage repair, and debris removal

* Example: Annual riprap inspection and replenishment as needed

* Training programs prepare personnel for scour management

* Topics cover inspection techniques, monitoring equipment use, and emergency countermeasures
* Example: Annual refresher courses and hands-on equipment training

« Partnerships with local agencies coordinate flood event responses

* Ensures rapid action in critical scour situations

» Example: Joint emergency response plan with local DOT, USGS, and emergency services
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Unit 13 — Seismic Design & Performance
of Bridges

13.1 Seismic hazard analysis and ground motion characteristics

Seismic hazard analysis is crucial for bridge design in earthquake-prone areas. It helps engineers
understand the likelihood and intensity of ground shaking a bridge might face. This knowledge shapes
design decisions, ensuring bridges can withstand potential earthquakes.

Ground motion characteristics play a key role in how bridges respond to earthquakes. By studying factors
like shaking intensity, frequency content, and duration, engineers can better predict how different bridge
designs will perform during seismic events.

Seismic Hazard Analysis for Bridges

Probabilistic and Deterministic Approaches

+ Seismic hazard analysis quantifies likelihood of earthquake ground motions exceeding specified levels
at a location over time

» Two primary methods used in seismic hazard assessment for bridge design
+ Deterministic Seismic Hazard Analysis (DSHA)
* Probabilistic Seismic Hazard Analysis (PSHA)

* PSHA incorporates uncertainties in earthquake size, location, and recurrence through seismic source
models and ground motion prediction equations (GMPEs)

* Return period relates to average time between occurrences of ground motions of specified intensity
(50-year return period)

Hazard Curves and Disaggregation

« Seismic hazard curves represent annual probability of exceedance for different ground motion
intensity measures (peak ground acceleration, spectral acceleration)

+ Disaggregation of seismic hazard results identifies dominant earthquake scenarios contributing to
hazard at a site

» Magnitude-distance pairs
* Helps in selecting appropriate ground motion records for analysis

» Time-dependent seismic hazard models adjust probabilities of future events based on elapsed time
since last major earthquake on a fault

» Accounts for stress accumulation on faults over time

Fiveable archived study guides Page 166



Ground Motion Characteristics for Bridges

Intensity Measures and Spectral Representation

* Primary intensity measures quantify ground motion severity
* Peak ground acceleration (PGA)

* Peak ground velocity (PGV)

* Peak ground displacement (PGD)

* Response spectra provide comprehensive representation of ground motion characteristics across
structural periods

* Acceleration response spectra most commonly used in bridge design
* Velocity and displacement spectra also informative for certain applications

* Frequency content of ground motions affects dynamic response of bridges with different natural
frequencies

» Characterized by Fourier spectra or power spectral density functions

* Influences resonance potential and energy distribution

Duration and Spatial Variability
* Duration of strong ground motion influences cumulative damage potential to bridge structures
» Quantified by parameters like significant duration or bracketed duration
* Longer durations can lead to increased cyclic degradation and fatigue effects

+ Spatial variability of ground motions along bridge length can induce differential movements and
additional seismic forces

« Particularly important for long-span bridges

+ Can result in out-of-phase motions at different supports

Near-Fault Effects and Vertical Motions

* Near-fault effects can produce pulse-like ground motions with high velocity content
* Directivity effects due to rupture propagation towards site

* Fling-step from permanent ground displacement

 Can lead to increased seismic demands on bridges (large displacement pulses)

* Vertical ground motions often significant in near-fault regions

« Affect bridge components such as bearings and expansion joints

+ Can induce axial forces in columns and modify shear demands
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Seismic Hazard Maps for Bridge Design

National Hazard Maps and Design Ground Motions

* Seismic hazard maps provide spatial representation of ground motion parameters for specified return
periods or probabilities of exceedance

» Parameters include PGA, spectral acceleration (SA) at different periods

* National seismic hazard maps (USGS) form basis for seismic design provisions in bridge design
codes and standards

+ Design ground motion in bridge engineering typically corresponds to specific probability of
exceedance

* 7% in 75 years for AASHTO LRFD Bridge Design Specifications

* Translates to approximately 1000-year return period

Seismic Design Categories and Site-Specific Analyses
« Seismic design categories or zones defined based on level of seismic hazard
* Influence required analysis methods and detailing provisions for bridges
* Higher categories require more stringent design and detailing requirements

« Site-specific seismic hazard analyses necessary for important bridges or those in complex geological
settings

* Develop site-specific response spectra

 Account for local fault systems and soil conditions

Spectral Representations for Design

+ Uniform hazard spectra (UHS) derived from PSHA represent spectral accelerations with equal
probability of exceedance across all periods

* Often used as starting point for developing design spectra
» Can be conservative for scenario-based assessments

+ Conditional mean spectra (CMS) or conditional spectra (CS) provide more realistic representation of
spectral shape for scenario-based assessments

+ Conditioned on spectral acceleration at a specific period

* Better captures correlations between spectral ordinates
Site Effects on Ground Motion

Local Site Conditions and Classification

* Local site conditions can significantly amplify or de-amplify ground motions through site response
effects

* Characterized by soil type and shear wave velocity profiles
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« Site classification systems categorize sites based on average shear wave velocity in upper 30 meters
(Vs30)

* NEHRP site classes (A through F)

* Influence spectral amplification factors in design codes

Site Response Analysis and Topographic Effects

» One-dimensional equivalent linear and nonlinear site response analyses assess influence of local soil
conditions on ground motion characteristics

* Propagate bedrock motions through soil layers

+ Account for soil nonlinearity and damping

* Topographic effects modify ground motion characteristics

* Basin effects can amplify and prolong shaking

+ Ridge amplification increases motion intensity at topographic highs

+ Soil liquefaction potential must be assessed for bridge sites with saturated, loose granular soils

 Can lead to large ground deformations and loss of soil strength

Site-Specific Factors and Soil-Structure Interaction

« Site-specific amplification factors modify rock ground motions to account for local soil conditions
* Used when detailed site response analyses not performed

+ Often provided in design codes based on site class and spectral period

* Soil-structure interaction (SSI) alters dynamic characteristics of bridge system

* Modifies effective ground motions experienced by structure

+ Can lead to period elongation and changes in damping

* Important for short-period structures on soft soils

13.2 Seismic design philosophy and performance objectives

Seismic design for bridges has evolved from simple strength-based methods to a complex
performance-based approach. Modern techniques consider multiple hazard levels, incorporate ductile
detailing, and use advanced technologies like base isolators to enhance bridge resilience during
earthquakes.

Performance objectives for bridges vary based on their importance, from immediate use after major
quakes for critical structures to basic life safety for standard bridges. Designers balance these goals with
economic considerations, using cost-benefit analysis to determine optimal performance levels for different
bridge types.
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Seismic Design Philosophy for Bridges

Evolution of Seismic Design Approaches

« Seismic design philosophy ensures bridge structures withstand earthquake forces while maintaining
structural integrity and functionality

* Primary goals include life safety, damage control, and operational continuity after seismic events
« Early approaches relied on strength-based methods focused on resisting earthquake forces elastically

» Modern philosophy incorporates performance-based design principles considering multiple levels of
seismic hazards and performance objectives

» Capacity design approach controls damage location and sequence in bridge structures
» Advancements led to energy dissipation systems and isolation devices (base isolators, dampers)

« Evolution driven by lessons from past earthquakes (1989 Loma Prieta, 1994 Northridge),
advancements in structural analysis techniques, and material technologies improvements

Key Components of Modern Seismic Design

 Performance-based design tailors bridge response to specific seismic hazard levels

» Multi-level design approach addresses various earthquake intensities (frequent, occasional, rare)
* Ductile detailing ensures controlled energy dissipation during seismic events

« Capacity protection of critical elements prevents undesirable failure modes

+ Soil-structure interaction consideration accounts for foundation and site effects

* Seismic isolation techniques reduce force transfer to superstructure (lead-rubber bearings)

 Energy dissipation devices supplement structural damping (fluid viscous dampers)

Seismic Performance Objectives for Bridges

Bridge Classification and Importance Levels

« Performance objectives categorized based on bridge importance level

+ Factors determining importance include traffic volume, strategic significance, and emergency
response requirements

« Critical lifeline structures require immediate use after design-level earthquake
+ Essential bridges prioritize functional recovery within short timeframe
« Standard bridges focus on life safety and preventing collapse

« Classification guidelines provided by authorities (Caltrans, AASHTO)

Performance Levels and Corresponding Objectives

» Immediate use allows minimal damage, full operability after design earthquake

* Functional recovery permits moderate damage, requires quick repair and functionality
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« Life safety focuses on preventing collapse, ensures user safety during strong earthquakes
* Near collapse maintains structural integrity, minimum requirement for all bridges

* Operational performance varies based on earthquake intensity (frequent, occasional, rare)
» Performance matrix links importance levels with seismic hazard probabilities

+ Quantitative performance criteria include drift limits, residual displacements, and damage indices

Seismic Design Criteria for Bridges

Site-Specific Seismic Hazard Analysis

» Conduct seismic hazard analysis to determine design ground motion parameters

« Evaluate peak ground acceleration and response spectra for bridge site

* Consider local soil conditions and their influence on ground motion amplification

* Develop site-specific response spectra for different return periods (475 years, 2475 years)
* Assess potential for soil liquefaction and lateral spreading

* Incorporate fault rupture hazards for bridges near active faults

* Use probabilistic and deterministic approaches to characterize seismic hazards

Structural Analysis and Design Methods

* Choose analysis methods based on bridge complexity and performance requirements

« Linear elastic analysis for preliminary design and simple structures

* Nonlinear static (pushover) analysis evaluates inelastic behavior and capacity

* Nonlinear time-history analysis provides detailed dynamic response simulation

* Apply capacity design principles to ensure ductile behavior

+ Design critical elements (columns, bearings, foundations) with specific seismic detailing

* Integrate seismic isolation systems for enhanced performance (lead-rubber bearings, friction
pendulum systems)

* Incorporate energy dissipation devices to reduce seismic demands (buckling-restrained braces)

Seismic Performance vs Economic Considerations

Cost Implications of Seismic Design Levels

+ Higher performance objectives increase initial construction costs

» Enhanced structural elements, specialized materials, and advanced technologies contribute to cost
increases

« Life-cycle cost analysis evaluates long-term economic implications

+ Consider initial costs, maintenance expenses, and potential repair/replacement costs
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* Risk-based design balances performance with economic considerations
* Assess probability of earthquake scenarios and associated consequences

* Incremental cost-benefit analysis determines optimal performance level

Economic Impact Assessment and Decision-Making

» Regional economic impact assessments justify higher upfront costs for critical infrastructure
 Consider broader economic consequences of bridge damage or failure

« Explore innovative solutions to achieve higher performance while minimizing costs (high-performance
concrete, fiber-reinforced polymers)

* Decision-making process involves stakeholder engagement
+ Consider non-monetary factors (public safety, environmental impact, social disruption)
« Evaluate resilience benefits and potential cost savings from reduced downtime

* Develop prioritization strategies for seismic retrofitting of existing bridge stock

13.3 Seismic analysis methods for bridges

Seismic analysis methods for bridges are crucial for ensuring safety during earthquakes. From simple
static approaches to complex dynamic simulations, these techniques help engineers predict how bridges
will respond to seismic forces. The choice of method depends on the bridge's complexity and importance.

Understanding these analysis methods is key to designing earthquake-resistant bridges. They allow
engineers to identify potential weaknesses, optimize structural components, and implement effective
seismic protection measures. This knowledge is essential for creating resilient infrastructure in
earthquake-prone regions.

Seismic Analysis Methods for Bridges

Static vs Dynamic Analysis

* Seismic analysis methods for bridges categorized into equivalent static analysis and dynamic analysis

* Equivalent static analysis simplifies seismic loads into static forces applied to the bridge structure
(suitable for regular bridges with predictable behavior)

» Dynamic analysis methods include response spectrum analysis and time history analysis
* Account for the structure's dynamic properties and earthquake characteristics
* Provide more accurate representation of complex bridge behavior

+ Choice of analysis method depends on bridge importance, structural complexity, and seismic hazard
level

 Simple, regular bridges often analyzed using equivalent static methods

» Complex or critical bridges require more sophisticated dynamic analysis techniques
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Response Spectrum and Time History Analysis

* Response spectrum analysis uses structure's mode shapes and natural frequencies to determine
maximum responses

» Combines modal responses using methods like SRSS (Square Root of Sum of Squares) or CQC
(Complete Quadratic Combination)

« Efficient for design purposes but does not provide time-dependent response information

« Time history analysis applies acceleration time histories to the bridge model

* Provides detailed representation of structural behavior over time

* Involves solving equations of motion numerically (Newmark-f3 or Wilson-8 methods)

« Offers most comprehensive assessment but computationally intensive

* Nonlinear analysis techniques used for more accurate predictions under extreme seismic events
» Pushover analysis identifies potential failure mechanisms

* Nonlinear time history analysis captures inelastic behavior throughout earthquake duration

Bridge Response to Earthquake Loading

Mathematical Modeling and Seismic Hazard Characterization

* Develop mathematical model representing bridge's mass, stiffness, and damping characteristics
* Include all significant structural components (deck, columns, bearings, foundations)

» Model soil-structure interaction effects for accurate response prediction

+ Characterize seismic hazard at bridge site

» Design response spectra based on probabilistic or deterministic seismic hazard analysis

* Select appropriate ground motion time histories for time history analysis

+ Consider factors like magnitude, distance, and site conditions

* Apply lateral forces to bridge model in equivalent static analysis

» Magnitude and distribution based on structure's mass and assumed mode shape

* Typically applied at deck level or center of mass of superstructure

Analysis Procedures and Demand Evaluation

 Perform modal analysis to determine natural frequencies and mode shapes

+ Identify dominant modes of vibration and their contribution to overall response

» Execute chosen analysis method (equivalent static, response spectrum, or time history)

* For response spectrum analysis, combine modal responses to estimate maximum demands
* In time history analysis, integrate equations of motion step-by-step

« Evaluate seismic demands on critical bridge components
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* Columns: bending moments, shear forces, and axial loads

* Bearings: displacements and forces

* Foundations: overturning moments and soil pressures

» Compare demands to component capacities to assess performance
« Consider strength, ductility, and displacement limits

« Identify potential vulnerabilities or areas requiring design refinement

Seismic Analysis Results for Bridge Design

Dynamic Behavior and Performance Metrics

* Interpret analysis results to understand bridge's dynamic behavior

* Natural frequencies indicate structure's stiffness and mass distribution

* Mode shapes reveal deformation patterns under seismic excitation

« Participation factors quantify contribution of each mode to overall response
+ Evaluate maximum displacements and drift ratios

+ Ensure compliance with code-specified limits (typically 2-4% for columns)

* Assess potential for pounding between adjacent spans or abutments

* Analyze internal forces and moments in bridge elements

* Use for designing and detailing structural components (columns, cap beams, foundations)
* Determine reinforcement requirements and member sizes

* Assess seismic demands on bearings and expansion joints

* Size and detail these components to accommodate expected movements

+ Consider use of seismic isolation bearings for improved performance

Design Decisions and Retrofitting Strategies

* Inform selection and design of seismic isolation and energy dissipation devices
* Lead-rubber bearings or friction pendulum systems for isolation

« Viscous dampers or buckling-restrained braces for energy dissipation

» Guide implementation of seismic retrofitting measures for existing bridges

» Column jacketing to increase strength and ductility

* Installation of restrainer cables to prevent unseating

» Foundation strengthening to improve overall stability

+ Evaluate capacity-to-demand ratios for critical elements

* Ensure sufficient strength and ductility under design-level earthquakes
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« Identify potential weak links in the structural system
+ Use analysis results to optimize bridge configuration and component design
* Adjust column heights or deck mass distribution to improve dynamic characteristics

» Modify foundation design to reduce seismic demands on superstructure

Seismic Analysis Methods: Advantages vs Limitations

Comparison of Analysis Techniques

 Equivalent static analysis offers computational simplicity

« Suitable for regular bridges with predictable behavior

» May not capture higher mode effects or complex dynamic behavior

* Typically used for preliminary design or low seismic regions

* Response spectrum analysis accounts for multiple modes of vibration
« Efficient for design purposes and captures dynamic amplification

* Does not provide time-dependent response information

» Well-suited for medium-span bridges in moderate seismic regions

* Time history analysis provides most detailed representation of seismic response
« Offers insights into time-varying demands and cumulative damage

» Requires careful selection of input ground motions

» Computationally intensive but necessary for critical or complex bridges

Applicability to Different Bridge Types
* Nonlinear static (pushover) analysis captures inelastic behavior
« Identifies potential failure mechanisms and collapse sequence
» May not accurately represent dynamic effects or higher mode contributions
* Useful for vulnerability assessment of existing bridges
* Nonlinear time history analysis provides most comprehensive assessment
+ Captures material and geometric nonlinearities throughout earthquake duration
» Complex, time-consuming, and sensitive to modeling assumptions
* Required for bridges with seismic isolation or energy dissipation devices
* Applicability varies with bridge type and structural regularity
« Simple span bridges often amenable to equivalent static or response spectrum methods
 Cable-stayed or long-span bridges require more sophisticated dynamic analysis

* Irregular bridges with significant mass or stiffness discontinuities need careful consideration
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+ Choice of analysis method balances accuracy, computational effort, and project requirements
+ Consider bridge importance, seismic hazard level, and design stage
» Regulatory requirements may dictate minimum analysis complexity for certain bridge categories

* Progressive increase in analysis sophistication from conceptual design to final verification

13.4 Seismic detailing and retrofit strategies

Seismic detailing and retrofit strategies are crucial for protecting bridges from earthquake damage. These
techniques focus on improving ductility, energy dissipation, and controlled damage in key areas. From
reinforcement details to isolation systems, engineers have many tools to enhance bridge resilience.

Critical bridge components like columns, joints, and bearings require special attention in seismic design.
Retrofit strategies can strengthen existing structures through techniques like column jacketing or adding
damping devices. Evaluating the effectiveness of these methods is essential for optimizing bridge
performance during earthquakes.

Seismic Detailing for Bridges

Principles and Goals

+ Seismic detailing improves bridge resilience against earthquake forces without significant damage or
collapse

 Ensures ductile behavior, energy dissipation, and controlled damage in predetermined locations
during seismic events

* Follows capacity design and strong column-weak beam concept for optimal performance
* Provides adequate longitudinal and transverse reinforcement in critical regions

* Incorporates seismic isolation systems (lead-rubber bearings, friction pendulum systems) to reduce
transmitted forces

» Accommodates seismic displacements while maintaining structural integrity through proper detailing
of expansion joints, bearing assemblies, and shear keys

« Utilizes advanced materials (high-performance concrete, fiber-reinforced polymers) to enhance
seismic performance when properly detailed

Techniques and Components

* Designs ductile connections between bridge components to distribute forces effectively
« Implements confinement reinforcement in critical regions to prevent buckling and increase ductility
* Details plastic hinge regions in bridge elements to control energy dissipation

* Focuses on bridge columns as primary critical components, requiring special detailing in plastic hinge
regions

» Addresses beam-column joints in frame bridges to prevent shear failure under cyclic loading

« Pays special attention to abutments and their connections to prevent unseating of bridge spans

Fiveable archived study guides Page 176



* Details bridge bearings and anchorages to allow controlled movement while preventing excessive
displacements

* Implements shear keys and restrainers at expansion joints to limit transverse and longitudinal
movements

» Ensures proper detailing of foundation elements (pile caps, footings) for force transfer and stability

» Addresses superstructure elements (girders, deck slabs) to resist in-plane and out-of-plane seismic
forces

Critical Bridge Components for Seismic Design

Structural Elements

* Bridge columns serve as primary critical components requiring special detailing in plastic hinge
regions

» Beam-column joints in frame bridges need careful detailing to maintain connection integrity under
cyclic loading

» Abutments and superstructure connections require attention to accommodate large displacements
(seat-type abutments, integral abutments)

+ Bridge bearings and anchorages allow controlled movement while preventing uplift (elastomeric
bearings, pot bearings)

» Shear keys and restrainers at expansion joints limit transverse and longitudinal movements (steel
restrainer cables, shock transmission units)

» Foundation elements (pile caps, footings) need special detailing to ensure proper force transfer and
prevent excessive settlement

* Superstructure elements (girders, deck slabs) require detailing to resist seismic forces and maintain
composite action

Critical Regions and Connections

+ Plastic hinge regions in columns require concentrated transverse reinforcement for confinement
(closely spaced spiral reinforcement, interlocking hoops)

» Beam-column joint cores need proper shear reinforcement to prevent brittle failure (closely spaced
ties, headed reinforcement)

» Column-foundation connections require careful detailing to ensure force transfer and prevent plastic
hinge formation at the base (extended longitudinal reinforcement, anchor bolts)

* Girder-to-cap beam connections need ductile detailing to accommodate rotations and prevent
unseating (integral connections, hybrid connections)

» Expansion joint regions require special attention to allow movement while preventing damage
(modular expansion joints, strip seal joints)

» End diaphragms and cross-frames need proper detailing to distribute lateral forces effectively
(moment-resisting connections, gusset plates)
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Retrofit Strategies for Seismic Resistance

Structural Strengthening Techniques

» Column jacketing enhances flexural and shear capacity using steel, concrete, or fiber-reinforced
polymer (FRP) materials

* Beam-column joint strengthening utilizes external post-tensioning or FRP wrapping to improve frame
bridge performance

* Superstructure retrofits add cross-frames or diaphragms to improve seismic force distribution and
reduce torsional effects

+ Foundation retrofitting techniques enhance seismic performance (soil improvement, micropile
addition)

* Restrainer cables or shock transmission units prevent unseating of bridge spans and control relative
displacements

 External prestressing systems increase flexural and shear capacity of girders and deck slabs

Seismic Isolation and Energy Dissipation

« Installation of seismic isolation devices (lead-rubber bearings, friction pendulum systems) reduces
transmitted forces

* Implementation of supplemental damping devices (fluid viscous dampers, metallic yield dampers)
increases energy dissipation

* Replacement of existing bearings with seismic isolation bearings improves overall bridge performance

+ Addition of lock-up devices or shock transmission units controls relative displacements between
adjacent spans

« Installation of sacrificial shear keys allows controlled movement while protecting critical components

Seismic Detailing vs Retrofit Effectiveness

Analysis and Evaluation Methods

* Nonlinear static (pushover) analysis assesses improvements in lateral load-carrying capacity and
ductility

+ Time-history analysis using site-specific ground motions provides insights into dynamic response of
bridges

» Experimental testing validates effectiveness under realistic loading conditions (shake table tests,
quasi-static cyclic loading)

* Cost-benefit analysis compares different retrofit strategies considering implementation costs and
performance benefits

* Post-earthquake damage assessment of retrofitted bridges provides data for validating and improving
techniques
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Performance Considerations

« Evaluation process considers bridge importance, remaining service life, and site-specific seismic
hazards

» Assesses impact on overall seismic performance including ductility, energy dissipation, and damage
control

» Compares effectiveness of preventive measures (seismic detailing) vs corrective measures (retrofit
strategies)

* Analyzes the trade-offs between minimal intervention and extensive retrofitting based on performance
goals

+ Considers the long-term durability and maintenance requirements of different detailing and retrofit
options

« Evaluates the impact on bridge functionality and serviceability during and after seismic events
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Unit 14 — Bridge Inspection and Condition
Assessment

14.1 Bridge inspection procedures and frequency

Bridge inspections are crucial for maintaining safe and reliable infrastructure. Regular checks help identify
issues early, preventing costly repairs and potential disasters. From routine visual assessments to
specialized underwater examinations, these inspections ensure bridges can handle their intended loads
and remain structurally sound.

Inspectors play a vital role in this process, using their expertise to spot problems and recommend fixes.
They examine everything from deck surfaces to hidden structural elements, employing various tools and
techniques. This comprehensive approach helps extend bridge lifespans and keeps the public safe while
crossing.

Bridge Inspections for Public Safety

Importance of Regular Inspections

» Regular bridge inspections identify structural deficiencies, deterioration, and potential safety hazards
before they become critical issues

* Inspections maintain the integrity and longevity of bridge structures ensuring they safely carry
intended loads over their design life

+ Provide data for bridge management systems allowing agencies to prioritize maintenance, repairs,
and replacements based on condition assessments

* Prevent catastrophic failures (collapses) which can result in loss of life, economic disruption, and
damage to public trust in infrastructure

« Contribute to efficient allocation of limited resources by identifying issues early when repairs are less
costly and more manageable

» Ensure compliance with federal and state regulations including the National Bridge Inspection
Standards (NBIS) in the United States

» Enable proactive maintenance strategies reducing the likelihood of emergency repairs or closures
* Facilitate long-term planning for bridge rehabilitation or replacement projects

* Provide valuable information for emergency response planning in case of natural disasters or
accidents

Benefits to Public Safety and Infrastructure Management
* Enhance public safety by identifying and addressing potential hazards before they pose risks to users
« Improve traffic flow and reduce congestion by minimizing unexpected closures or weight restrictions
+ Extend the service life of bridges through timely interventions and preventive maintenance

» Optimize budget allocation by prioritizing repairs based on severity and criticality of defects
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 Support informed decision-making for infrastructure investments and policy development

+ Maintain public confidence in transportation infrastructure through transparent reporting of bridge
conditions

* Reduce liability risks for bridge owners by demonstrating due diligence in maintenance and safety
practices

* Contribute to sustainable infrastructure management by balancing immediate needs with long-term
preservation goals

* Facilitate the implementation of new technologies and materials for bridge repair and rehabilitation

Types of Bridge Inspections

Routine and In-Depth Inspections

* Routine inspections conducted every 24 months for most bridges assess the general condition of all
bridge elements

* Involve visual examination of accessible components

* May include basic measurements and non-destructive testing

* In-depth inspections involve close-up, hands-on examination of bridge elements

» Conducted at intervals ranging from 2 to 6 years depending on bridge condition and importance
* May require special access equipment (bucket trucks, scaffolding)

« Often include more extensive non-destructive testing (ultrasonic, magnetic particle)

* Fracture critical member inspections focus on non-redundant structural components

* Usually performed at 24-month intervals or less

» Require specialized techniques to detect potential cracks or fatigue damage

« Critical for bridges with non-redundant design (steel truss bridges)

Specialized and Event-Driven Inspections

» Underwater inspections examine substructure elements below the water surface

+ Typically conducted every 60 months with more frequent inspections for bridges in harsh
environments

* Require specialized diving equipment and trained underwater inspectors

» Assess scour, marine growth, and submerged structural damage

« Special inspections conducted following extreme events (floods, earthquakes, vehicle impacts)
* Do not follow a set frequency triggered by specific incidents or concerns

* May involve detailed structural analysis or material testing

« Initial inspections performed on new or newly rehabilitated bridges

« Establish baseline condition data and verify as-built conditions
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* Crucial for future comparison and performance monitoring

* Load rating inspections assess a bridge's load-carrying capacity

» Performed when changes in condition or loading are observed or suspected
* May involve advanced structural analysis and load testing

* Results used to determine appropriate weight restrictions or posting

Roles of Bridge Inspectors

Inspection Responsibilities and Qualifications

* Bridge inspectors conduct thorough visual and physical examinations of bridge components to assess
condition and identify deficiencies

* Inspection team leaders must be qualified professionals typically engineers with specific training and
certification in bridge inspection procedures and safety protocols

* Inspectors accurately document and report findings including detailed descriptions of defects,
measurements, and photographs

* Assess the severity of identified deficiencies and recommend appropriate follow-up actions or repairs

» Maintain proficiency through ongoing training and education to stay current with inspection
techniques, technologies, and regulations

* Ensure their own safety and the safety of the public during inspection activities including implementing
proper traffic control measures when necessary

« Utilize various tools and equipment (drones, non-destructive testing devices) to enhance inspection
capabilities

Specialized Roles and Team Composition

* Inspection teams often include specialists for specific types of inspections

» Underwater inspectors for submerged structure assessment

* Non-destructive testing technicians for advanced material evaluation

» Team members may have expertise in different bridge types or materials (steel, concrete, timber)
* Roles may include data analysts to process and interpret inspection findings

« Traffic control specialists ensure safe work zones during inspections on active roadways

» Environmental specialists may be included to assess impacts on surrounding ecosystems (wetlands,
waterways)

« Structural engineers provide advanced analysis of complex defects or load-carrying capacity issues

» Geotechnical experts evaluate foundation conditions and soil stability around bridge structures
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Key Components of Bridge Inspections

Structural Elements and Systems

» Deck components thoroughly examined for deterioration and functionality

» Wearing surface (asphalt, concrete) checked for cracking, spalling, or delamination

« Joints inspected for proper expansion and contraction movement water tightness

* Drainage systems evaluated for proper function and potential clogging

* Superstructure elements inspected for signs of corrosion, cracking, or other structural issues
» Beams and girders checked for section loss, fatigue cracks, or deformation

* Trusses examined for member alignment, connection integrity, and gusset plate condition
* Bearings assessed for proper movement, deterioration, and alignment

 Substructure components assessed for settlement, scour, and material degradation

» Abutments inspected for rotation, settlement, or backfill erosion

* Piers evaluated for plumbness, scour around foundations, and concrete deterioration

» Foundations checked for exposure, undermining, or signs of movement

« Critical connection points closely inspected for looseness, corrosion, or fatigue cracking

» Welds examined for cracks or incomplete fusion

* Bolted connections checked for proper tensioning and potential section loss

Auxiliary Components and Safety Features

* Bridge approaches and roadway alignment evaluated to ensure proper transitions and identify
settlement or erosion issues

* Protective systems examined for effectiveness and signs of failure

* Coatings (paint, galvanization) assessed for breakdown or corrosion underneath

« Cathodic protection systems checked for proper function and electrical continuity

+ Load-carrying members carefully evaluated for signs of overloading, distortion, or loss of section
« Particular attention to areas of high stress concentration (midspans, support points)

* Visual indicators of overloading (excessive deflection, cracking patterns) noted

» Assessment of bridge's load posting signs and their accuracy based on observed condition

« Verification that posted weight limits match current load rating analysis

« Evaluation of sign visibility and placement for effectiveness

« Safety features inspected for proper function and condition

» Guardrails and barriers checked for damage, proper height, and end treatments
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« Lighting systems evaluated for coverage and functionality

* Pedestrian facilities assessed for trip hazards, proper width, and ADA compliance

14.2 Non-destructive testing methods for bridges

Non-destructive testing methods are crucial for assessing bridge health without causing damage. These
techniques, from visual inspections to advanced radar scans, help engineers spot issues early. By
detecting hidden flaws and monitoring structural changes, NDT keeps bridges safe and extends their
lifespan.

Choosing the right NDT method depends on the bridge's materials, components, and environment. Steel
bridges benefit from magnetic tests, while concrete structures often need ground-penetrating radar. By
combining methods and analyzing results carefully, engineers can make informed decisions about bridge
maintenance and repairs.

Principles of Non-Destructive Testing

Fundamentals of NDT for Bridges

* Non-destructive testing (NDT) methods evaluate bridge components without causing damage or
altering their properties

« Visual inspection examines bridge elements for visible defects, corrosion, or deterioration using the
naked eye or simple optical tools

« Ultrasonic testing uses high-frequency sound waves to detect internal flaws, measure thickness, and
assess material properties

» Radiographic testing employs X-rays or gamma rays to create images of internal structures, revealing
defects, voids, or inconsistencies

Advanced NDT Techniques

* Magnetic particle testing uses magnetic fields and fine magnetic particles to detect surface and
near-surface discontinuities in ferromagnetic materials (steel girders, reinforcing bars)

» Eddy current testing relies on electromagnetic induction to identify surface and subsurface flaws in
conductive materials, particularly useful for detecting corrosion in reinforcing steel

» Ground-penetrating radar (GPR) uses high-frequency electromagnetic waves to create images of
subsurface conditions, allowing for assessment of bridge deck deterioration and reinforcement
placement

* Acoustic emission testing detects and analyzes sound waves generated by growing defects or
structural changes under stress, providing real-time monitoring of bridge integrity (crack propagation,
prestressing strand failures)

NDT Methods: Advantages vs Limitations

Visual and Ultrasonic Inspection

« Visual inspection offers cost-effectiveness and minimal equipment requirements but limits detection to
surface defects and depends on inspector's experience
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» Advantages include quick assessment of large areas and identification of obvious deterioration
(spalling, exposed reinforcement)

« Limitations involve subjectivity and inability to detect internal flaws
« Ultrasonic testing provides high sensitivity to internal flaws and versatility across various materials

» Advantages include precise thickness measurements and detection of hidden defects (internal cracks,
voids)

« Limitations involve the need for skilled operators and challenges in complex geometries (curved
surfaces, intricate connections)

Radiographic and Magnetic Particle Testing

» Radiographic testing delivers detailed images of internal structures but involves radiation hazards and
high costs

» Advantages include comprehensive visualization of internal defects (weld flaws, reinforcement
placement)

« Limitations encompass time-consuming procedures and safety precautions (radiation shielding,
restricted access)

» Magnetic particle testing offers quick and effective detection of surface and near-surface defects in
ferromagnetic materials

» Advantages include rapid inspection of large areas and minimal surface preparation

« Limitations restrict use to ferromagnetic materials and may require demagnetization after testing

Advanced NDT Methods

» Eddy current testing enables fast and sensitive detection of surface and near-surface defects in
conductive materials

» Advantages include non-contact inspection and ability to detect small flaws (fatigue cracks, corrosion
pitting)

« Limitations involve decreased effectiveness with depth and sensitivity to material properties
» Ground-penetrating radar provides non-contact assessment of subsurface conditions

» Advantages include rapid scanning of large areas and detection of hidden features (reinforcement
layout, internal voids)

« Limitations affect resolution and penetration depth based on material properties and moisture content
* Acoustic emission testing offers real-time monitoring and detection of growing defects
» Advantages include continuous monitoring during loading and early detection of active defects

+ Limitations involve complex data interpretation and potential for false positives from ambient noise
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Choosing NDT for Bridges

Material-Specific NDT Selection

« Steel bridge components benefit from magnetic particle testing and eddy current testing for surface
and near-surface defects

« Ultrasonic testing suits internal flaw detection in steel members (fatigue cracks, internal corrosion)

 Concrete bridge elements utilize ground-penetrating radar for assessing reinforcement placement and
internal voids

« Ultrasonic testing evaluates concrete strength and detects internal defects (honeycombing,
delaminations)

* Prestressed concrete bridge components require specialized NDT methods
» Magnetic flux leakage testing detects broken or corroded prestressing strands

* Impact echo testing assesses the condition of grouted tendon ducts

Component-Specific NDT Approaches

+ Bridge decks commonly undergo assessment using a combination of methods

» Ground-penetrating radar maps reinforcement and detects subsurface deterioration

* Impact echo testing identifies delaminations and voids within the deck

« Infrared thermography detects areas of delamination and moisture ingress

« Critical load-bearing components often require multiple NDT methods for comprehensive assessment

« Visual inspection followed by ultrasonic or radiographic testing for high-stress areas (connection
points, support bearings)

* Acoustic emission monitoring during load testing to detect active defects

Contextual Factors in NDT Selection

* Bridge age influences NDT method selection

« Older bridges may require more frequent and detailed inspections using advanced NDT techniques
* Newer bridges benefit from establishing baseline NDT data for future comparisons

» Environmental conditions impact NDT effectiveness

« Coastal environments necessitate corrosion-focused NDT methods (eddy current, ultrasonic thickness
measurements)

* Freeze-thaw regions require emphasis on concrete deterioration detection (impact echo, infrared
thermography)

« Historical performance guides NDT approach
* Bridges with known defects or previous repairs warrant targeted NDT methods

« Structures with good performance history may allow for less intensive NDT schedules
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Interpreting NDT Results for Bridge Condition
Quantitative Analysis of NDT Data

« Compare measured values to established standards or baseline measurements to determine defect or
deterioration severity

+ Ultrasonic thickness measurements indicate section loss in steel members

» Concrete cover depth from GPR data assesses corrosion risk for reinforcement

« Statistical analysis of NDT data identifies trends and predicts future deterioration

* Regression analysis of repeated NDT measurements forecasts deterioration rates

* Probability distributions of defect occurrences guide inspection intervals and maintenance planning

Qualitative Interpretation of NDT Results

» Expert judgment interprets visual indications, patterns, or anomalies in NDT data

» Radiographic images reveal weld quality and internal defects based on density variations

» Magnetic particle indications distinguish between relevant flaws and non-relevant indications
* Integration of results from multiple NDT methods provides comprehensive evaluation

» Combine visual inspection findings with GPR data to assess overall deck condition

« Correlate ultrasonic testing results with eddy current data to characterize defect extents

Contextual Considerations in NDT Interpretation

+ Bridge design, material properties, and loading conditions inform result interpretation

« Stress concentrations in certain structural details may explain localized defect indications
» Material variability in concrete affects the interpretation of strength assessment results

» Environmental factors influence NDT data analysis

» Temperature effects on infrared thermography results require careful interpretation

* Moisture content impacts GPR signal penetration and data quality

* Limitations and uncertainties of each NDT method factor into result interpretation

» Measurement accuracy specifications guide the significance of detected anomalies

* Operator variability in manual NDT methods necessitates consideration in data analysis

Holistic Condition Assessment

* Correlate NDT results with visual inspection findings and historical data
» Compare current NDT results to previous inspections to identify changes over time
+ Validate NDT indications with targeted visual inspections or destructive testing

+ Develop a comprehensive understanding of bridge condition by synthesizing all available information
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» Combine structural analysis results with NDT findings to assess load-carrying capacity

* Integrate NDT data into bridge management systems for network-level condition assessment and
maintenance planning

14.3 Structural health monitoring systems

Structural health monitoring systems revolutionize bridge inspection by providing real-time data on
structural integrity. These systems use sensors to continuously assess bridge conditions, enabling
proactive maintenance and informed decision-making. They're a game-changer for extending bridge life
and optimizing resources.

SHM systems include various sensors for measuring strain, displacement, and environmental factors. Data
is collected, processed, and analyzed using advanced techniques like machine learning. While SHM offers
many benefits, challenges include high initial costs and the need for specialized expertise.

Structural Health Monitoring for Bridges

Definition and Purpose of SHM

« Structural health monitoring (SHM) implements damage detection strategies for civil infrastructure,
focusing on bridges

* SHM systems continuously assess structural integrity and performance through real-time data
collection, analysis, and interpretation

* Provides accurate and timely information about bridge conditions, enabling proactive maintenance
and informed decision-making

» Extends bridge service life by identifying potential issues before they become critical, reducing costly
repairs or replacements

* Facilitates transition from scheduled-based to condition-based maintenance strategies, optimizing
resource allocation and improving safety

« Contributes to development of more accurate bridge deterioration models, enhancing long-term
planning and asset management

Role in Bridge Maintenance and Management

» Optimizes resource allocation by prioritizing maintenance based on actual structural conditions

* Improves overall bridge safety through continuous monitoring and early detection of potential issues
* Enhances long-term planning by providing data for more accurate deterioration modeling

* Supports data-driven decision-making processes for bridge managers and engineers

» Reduces lifecycle costs by enabling timely interventions and preventing major structural failures

* Assists in compliance with regulatory requirements and safety standards for bridge infrastructure
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SHM System Components and Sensors

Strain and Displacement Measurement

« Strain gauges measure local deformations and stress distributions in bridge components (steel
girders, concrete decks)

+ Displacement sensors monitor changes in position and deflection of bridge elements

* Linear variable differential transformers (LVDTs) measure linear displacement

« Tiltmeters detect angular displacement or rotation (bridge piers, abutments)

* Fiber optic sensors offer advantages for measuring strain over long distances with high accuracy

* Fiber Bragg Grating (FBG) sensors can measure strain, temperature, and other parameters
simultaneously

Dynamic Response and Environmental Monitoring

* Accelerometers detect and measure vibrations and dynamic responses of bridge structures
* Provide data on modal properties (natural frequencies, mode shapes)

* Help identify potential damage through changes in dynamic characteristics

* Environmental sensors correlate structural responses with environmental conditions

» Temperature sensors monitor thermal effects on bridge components

* Humidity sensors track moisture levels, particularly important for concrete structures

« Corrosion sensors detect and monitor deterioration processes in reinforced concrete and steel
components

* Electrochemical sensors measure corrosion potential and rate

* Resistivity sensors assess concrete's resistance to corrosion

Load and Traffic Monitoring

* Load cells measure applied loads on specific bridge components (bearings, cables)
» Weight-in-motion (WIM) systems measure dynamic loads from passing vehicles

* Provide data on traffic patterns and load spectra for fatigue analysis

* Help in assessing the impact of overweight vehicles on bridge performance

* Acoustic emission sensors detect and locate crack formation and propagation in bridge elements

Data Acquisition and Processing in SHM

Data Collection and Transmission

+ Data acquisition systems (DAQ) collect and digitize analog signals from various sensors

« Utilize high-speed sampling rates to capture dynamic bridge responses (up to several kHz)
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» Synchronize data from multiple sensors for comprehensive structural analysis

» Wireless sensor networks (WSN) offer flexibility and reduced installation costs

» Enable data transmission from remote or hard-to-reach locations on the bridge
» Require careful power management and network design for long-term operation
» Data compression techniques manage large volumes of sensor data efficiently
» Wavelet transform reduces data size while preserving important features

+ Principal component analysis identifies key variables in multivariate data sets

Signal Processing and Feature Extraction

« Signal processing methods improve quality and reliability of acquired data

* Filtering algorithms remove noise and unwanted frequencies (low-pass, high-pass filters)
* Averaging techniques reduce random errors in sensor measurements

* Feature extraction techniques identify relevant characteristics from raw sensor data

» Time-domain features (peak values, root mean square)

* Frequency-domain features (power spectral density, transfer functions)

« Time-frequency analysis (short-time Fourier transform, wavelet analysis) for non-stationary signals

Advanced Data Analysis and Interpretation

» Machine learning algorithms integrate into SHM data processing for pattern recognition
* Supervised learning techniques (support vector machines, neural networks) for damage classification

* Unsupervised learning methods (clustering, anomaly detection) for identifying unusual structural
behavior

« Artificial intelligence approaches enable automated decision support

» Expert systems incorporate domain knowledge for interpreting SHM data

* Fuzzy logic handles uncertainties in sensor measurements and structural assessments

+ Cloud computing and edge computing technologies facilitate data storage and real-time analysis
» Enable remote monitoring and collaborative data interpretation

» Support integration of SHM data with broader bridge management systems
Benefits vs Challenges of Bridge SHM

Advantages of SHM Implementation

« Early detection of structural issues reduces maintenance costs and improves safety
+ Identifies developing problems before they become visually apparent

* Allows for timely interventions, preventing major structural failures
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» Enables development of accurate load rating and fatigue life assessments

* Provides real-world data on bridge performance under various loading conditions

* Supports optimization of bridge management strategies and maintenance planning
* Improves understanding of bridge behavior and performance over time

* Facilitates development of more accurate structural models and design codes

» Enhances knowledge of long-term deterioration processes and their impacts

Implementation Challenges and Limitations

* High initial costs for sensor installation and system setup

» Requires careful cost-benefit analysis and long-term planning

* May be challenging to justify for smaller or less critical bridge structures

* Need for specialized expertise in system design and data interpretation

* Requires training of bridge engineers and managers in SHM technologies

* May necessitate collaboration with experts in data science and signal processing
* Long-term reliability concerns for sensors and equipment

 Harsh environmental conditions can affect sensor performance and longevity

» Regular maintenance and calibration of SHM systems are essential

Data Management and Integration Issues

» Handling large volumes of data poses significant challenges

* Requires robust data storage and management systems

* Necessitates efficient data processing algorithms to extract meaningful information

« Distinguishing between normal variations and actual structural changes is complex

» Environmental factors (temperature, humidity) can mask or mimic structural changes
* Requires sophisticated data analysis techniques and expert interpretation

* Integration with existing bridge management practices can be complex

* May require organizational and procedural adaptations

* Necessitates development of standardized protocols for data sharing and decision-making
« Standardization and interoperability of SHM systems remain ongoing challenges

« Different bridge types and monitoring objectives require tailored approaches

* Lack of universal standards can hinder widespread adoption and comparison of results
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14.4 Condition rating and assessment techniques

Bridge condition assessment is crucial for maintaining safe and reliable transportation infrastructure. It
involves systematic inspection and evaluation of bridge components to identify defects, prioritize
maintenance, and optimize resource allocation.

Condition rating scales, like those in the National Bridge Inspection Standards, provide a framework for
assessing bridge components. These scales, ranging from 0 to 9, ensure uniformity in evaluations and
facilitate communication between stakeholders about bridge conditions.

Bridge Condition Assessment

Purpose and Importance

« Evaluates structural integrity, safety, and performance of bridges over their lifespan

* Involves systematic inspection and evaluation of bridge components to identify defects, deterioration,
and potential safety hazards

* Provides quantitative measures of a bridge's current state enabling comparisons across structures
and tracking changes over time

* Helps prioritize maintenance, repair, and rehabilitation efforts optimizing resource allocation and
extending bridge service life

 Ensures informed decisions about bridge management maintaining public safety and transportation
infrastructure reliability

+ Develops bridge management systems predicting future deterioration and planning for long-term
infrastructure needs

» Meets federal and state regulations for bridge inspection and maintenance programs

Data Collection and Analysis

« Utilizes visual inspections, non-destructive testing methods (ultrasonic testing, ground-penetrating
radar)

» Employs advanced technologies like drones and sensors for data collection in hard-to-reach areas
» Analyzes collected data using statistical methods and computer modeling

* Incorporates historical data and performance trends to assess bridge condition over time

* Considers environmental factors (temperature, humidity, traffic load) affecting bridge performance
* Integrates structural analysis to evaluate load-carrying capacity and identify potential weaknesses

» Employs risk assessment techniques to prioritize inspection findings and guide decision-making
Interdisciplinary Approach
* Requires collaboration between structural engineers, materials scientists, and geotechnical experts

* Incorporates knowledge from multiple engineering disciplines (civil, mechanical, electrical)

+ Considers input from transportation planners and urban developers for long-term infrastructure
planning
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* Involves environmental specialists to assess impact of surrounding conditions on bridge performance
« Utilizes expertise of data analysts and computer scientists for processing large datasets
» Engages with economists to evaluate cost-effectiveness of maintenance and rehabilitation strategies

* Collaborates with policy makers to align condition assessment practices with regulatory requirements
Applying Condition Rating Scales
National Bridge Inspection Standards (NBIS)

* Provides framework for condition rating scales ranging from 0 (failed condition) to 9 (excellent
condition)

* Applies to major bridge components (deck, superstructure, substructure, culverts)
* Requires inspectors to understand and consistently apply defined criteria for each rating level
+ Ensures uniformity and comparability of assessments across different bridges and inspectors

+ Considers factors such as material defects, structural adequacy, functionality, and extent of
deterioration

« Facilitates communication between bridge owners, engineers, and decision-makers providing
common language for describing bridge conditions

* Integrates with federal and state bridge management systems for comprehensive infrastructure
monitoring

AASHTO Manual for Bridge Element Inspection
* Defines element-level condition states typically on a scale of 1 to 4
* Provides specific criteria for each element type (girders, bearings, joints)
* Allows for more detailed assessment of individual bridge components
» Enables tracking of deterioration progression for specific elements over time
» Supports development of element-level deterioration models for predictive maintenance
« Facilitates targeted repair and rehabilitation strategies based on element-specific conditions

+ Aligns with asset management principles for optimized resource allocation

Application Techniques

» Combines visual inspection, non-destructive testing, and engineering judgment for accurate
assessment

« Utilizes standardized inspection forms and checklists to ensure comprehensive evaluation

* Employs photographic and video documentation to support condition ratings and track changes
* Requires calibration exercises and training programs to maintain consistency among inspectors
* Incorporates field verification and quality control measures to validate condition ratings

« Utilizes mobile technology and digital data collection tools for efficient on-site assessments
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* Implements periodic review and updates of rating criteria to reflect advances in bridge engineering
and materials

Bridge Defects and Deterioration

Concrete Bridge Defects

* Cracking manifests as hairline fractures to wide structural cracks assessed based on width, depth,
and pattern

« Spalling occurs when concrete fragments break away from the surface exposing reinforcement
» Delamination presents as internal separation of concrete layers detected through sounding techniques

* Reinforcement corrosion leads to expansion and concrete deterioration identified by rust staining and
section loss

* Alkali-silica reaction (ASR) causes map cracking and gel formation compromising concrete integrity
* Freeze-thaw damage results in scaling and surface deterioration in cold climates

« Carbonation reduces concrete alkalinity leading to reinforcement corrosion measured by
phenolphthalein testing

Steel Bridge Deterioration

+ Corrosion manifests as rust formation and section loss assessed by measuring remaining thickness

« Fatigue cracking develops at stress concentration points identified through visual inspection and
non-destructive testing

« Section loss occurs due to corrosion or mechanical damage evaluated by comparing to original design
dimensions

« Distortion results from overloading or misalignment affecting load distribution and structural
performance

* Loose or missing fasteners compromise connection integrity and load transfer capabilities

+ Coating failure leads to accelerated corrosion assessed by evaluating coating condition and extent of
deterioration

« Stress corrosion cracking combines environmental factors and tensile stress requiring specialized
inspection techniques

Environmental and Loading Factors

» Scour erodes foundation material around piers and abutments measured by depth and extent of
erosion

* Bearing deterioration includes seized or misaligned bearings impacting bridge performance and load
distribution

« Joint deterioration such as seal failure and armoring damage leads to water infiltration and
accelerated component deterioration

« Timber bridges suffer from decay, insect infestation, and splitting assessed based on extent of sound
wood remaining
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* Freeze-thaw cycles in cold climates cause expansion and contraction leading to concrete deterioration

+ De-icing chemicals accelerate reinforcement corrosion and concrete degradation in bridge decks and
components

« Traffic loading contributes to fatigue and wear particularly in deck surfaces and expansion joints

Condition Assessment Reports and Recommendations

Report Components

* Provides comprehensive overview of bridge's current state including detailed descriptions of observed
defects and locations

* Includes quantitative data (condition ratings, defect measurements, photographic documentation)
supporting findings

* Prioritizes defects and deterioration based on impact on structural integrity, safety, and functionality
« Considers bridge's age, importance, traffic volume, and available funding for cost-effective solutions

« Offers short-term and long-term recommendations addressing immediate safety concerns and service
life extension strategies

* Proposes timeline for recommended actions and estimated costs for maintenance and rehabilitation
measures

» Complies with state and federal reporting requirements using standardized forms and submission to
bridge management databases

Analysis and Interpretation

« Evaluates trends in condition ratings over time to identify accelerated deterioration patterns

» Compares current condition to previous inspection reports highlighting significant changes or new
defects

* Assesses impact of environmental factors and loading conditions on observed deterioration

* Analyzes structural capacity based on current condition and loading requirements

+ Considers risk factors such as seismic activity or flood potential in developing recommendations
* Evaluates effectiveness of previous maintenance or rehabilitation actions

* Incorporates life-cycle cost analysis to support long-term planning and budgeting decisions

Recommendation Development

* Proposes immediate actions for critical safety issues (emergency repairs, load posting)

» Suggests preventive maintenance strategies to slow deterioration and extend service life

* Recommends non-destructive testing or further investigation for areas of concern

+ Outlines rehabilitation options for severely deteriorated components considering cost-effectiveness

* Proposes monitoring plans for active deterioration processes (scour, crack propagation)
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» Suggests updates to inspection frequency or procedures based on observed conditions

» Recommends integration of structural health monitoring systems for critical or complex structures
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Unit 15 — Bridge Maintenance and Repair
Strategies

15.1 Preventive maintenance practices

Preventive maintenance is crucial for extending bridge lifespans and reducing long-term costs. Regular
cleaning, sealing, and repairs prevent minor issues from becoming major problems. This proactive
approach optimizes resources and ensures bridges meet safety and performance standards.

Environmental protection and structural preservation are key focuses. Activities like washing, sealing
concrete, painting steel, and lubricating components protect bridges from corrosion and wear. These
practices significantly extend service life and minimize the need for costly repairs or replacements.

Preventive Maintenance for Bridge Longevity

Proactive Approach to Bridge Management

* Preventive maintenance aims to prevent deterioration and extend bridge service life

* Regular maintenance reduces need for costly repairs or premature component replacement

* Maintains structural integrity and safety, ensuring bridges meet performance requirements

« Early detection and treatment of minor issues prevents major structural problems

« Contributes to improved bridge performance, reduced lifecycle costs, and enhanced public safety
* Helps bridge owners optimize limited resources and prioritize maintenance activities effectively

* Examples of preventive maintenance benefits:

« Extending a bridge's lifespan by 20-30 years through regular deck sealing

+ Reducing repair costs by up to 50% over the bridge's lifetime with proper maintenance

Environmental Protection and Structural Preservation

+ Cleaning and washing bridge components removes debris, salt, and corrosive materials
* Pressure washing deck surfaces (annually)

* Removing vegetation growth around bridge supports (seasonally)

+ Sealing concrete surfaces and deck joints prevents water infiltration

* Applying penetrating sealers to concrete decks (every 3-5 years)

« Installing or replacing elastomeric joint seals (as needed)

« Painting and coating steel elements prevents corrosion

* Applying zinc-rich primers and epoxy topcoats to steel girders (every 15-20 years)

* Touch-up painting of localized rust spots (annually)

* Lubricating and adjusting movable components ensures proper functionality
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* Greasing bridge bearings (annually)

+ Cleaning and lubricating expansion joint mechanisms (semi-annually)

Common Bridge Maintenance Activities

Surface and Structural Repairs

* Repairing or replacing damaged drainage systems prevents water accumulation
* Clearing clogged scuppers and downspouts (quarterly)

* Replacing corroded drainage pipes (as needed)

« Patching and repairing minor concrete defects before they worsen

* Filling surface cracks with epoxy injection (as detected)

« Patching spalled areas with rapid-setting concrete repair mortars (as needed)

« Tightening or replacing loose or missing fasteners maintains structural integrity
* Retorquing high-strength bolts in steel connections (annually)

* Replacing missing or damaged anchor bolts (as detected)

+ Additional maintenance activities:

* Repairing damaged guardrails and bridge railings (as needed)

» Removing and replacing deteriorated approach slabs (every 15-20 years)

Specialized Maintenance Techniques

« Cathodic protection systems for reinforced concrete elements

* Installing sacrificial anodes on bridge piers in marine environments (every 10-15 years)
* Monitoring and maintaining impressed current cathodic protection systems (annually)
» Non-destructive testing for early detection of internal defects

» Conducting ground-penetrating radar surveys of bridge decks (every 5 years)

* Performing acoustic emission monitoring of critical structural elements (continuously)
* Application of corrosion inhibitors to reinforced concrete

* Applying migrating corrosion inhibitors to bridge decks (every 7-10 years)

* Injecting corrosion inhibitors into existing concrete structures (as needed)

* Implementing smart sensor technologies for real-time monitoring

* Installing strain gauges on critical structural members (permanent installation)

+ Deploying accelerometers for vibration monitoring (continuous data collection)
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Developing a Bridge Maintenance Plan

Inspection and Prioritization

» Conduct comprehensive bridge inspection to identify existing conditions and maintenance needs
+ Performing visual inspections of all bridge components (biannually)

« Utilizing non-destructive testing methods for hidden defects (as needed)

* Prioritize maintenance activities based on criticality and potential impact

» Ranking deficiencies using a risk-based approach (safety, structural integrity, functionality)
« Considering factors such as traffic volume, environmental exposure, and bridge age

« Establish schedule for routine maintenance activities

* Creating a calendar of recurring maintenance tasks (daily, weekly, monthly, annually)

* Aligning maintenance schedules with seasonal weather patterns and traffic conditions

+ Define specific maintenance procedures for different bridge components

+ Developing detailed work instructions for each maintenance task

« Considering material properties and environmental factors in procedure development

Resource Allocation and Documentation

* Allocate resources required for implementing the maintenance plan effectively

« Estimating labor hours, equipment needs, and material quantities for each task

+ Developing annual budgets for preventive maintenance activities

* Incorporate monitoring and documentation procedures

* Implementing a bridge management software system for data tracking and analysis
« Establishing key performance indicators (KPls) to measure maintenance effectiveness
* Develop contingency plans for unexpected issues or emergencies

* Creating emergency response protocols for critical structural failures

« Establishing relationships with specialty contractors for rapid mobilization

+ Additional planning considerations:

* Training maintenance personnel on proper techniques and safety procedures

« Coordinating maintenance activities with traffic management plans to minimize disruptions

Cost-Effectiveness of Bridge Maintenance Strategies

Life-Cycle Cost Analysis

» Conduct life-cycle cost analysis to compare long-term costs and benefits

« Calculating net present value (NPV) of different maintenance strategies over 50-75 year period
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+ Considering factors such as initial costs, recurring maintenance, and future rehabilitation needs
* Assess initial costs against potential future savings

» Comparing upfront preventive maintenance costs to estimated repair costs without maintenance
 Analyzing historical data on repair costs for similar bridges with different maintenance histories

+ Consider impact on bridge performance and service life

« Estimating extension of service life through regular preventive maintenance (15-30 years)

* Quantifying improvements in bridge condition ratings with consistent maintenance

Risk Assessment and Performance Metrics
» Analyze effectiveness of maintenance techniques for specific deterioration mechanisms
+ Evaluating corrosion mitigation strategies in coastal environments
* Assessing effectiveness of different deck sealing products in freeze-thaw climates
« Evaluate potential risks and consequences of deferring maintenance
« Calculating accelerated deterioration rates due to delayed maintenance
« Estimating increased repair costs and potential safety hazards from deferred maintenance
» Compare preventive maintenance with reactive approaches or replacement options
* Analyzing cost differences between proactive maintenance and reactive repairs
« Evaluating life-cycle costs of maintenance versus complete bridge replacement
* Utilize performance metrics to quantify benefits
« Tracking improvements in bridge health index scores with preventive maintenance
» Measuring reduction in deterioration rates for key bridge components
+ Additional cost-effectiveness considerations:
* Analyzing impact of preventive maintenance on user costs (reduced traffic delays, improved safety)

+ Considering environmental benefits of extended bridge life (reduced material consumption, lower
carbon footprint)

15.2 Common bridge defects and deterioration mechanisms

Bridges face a variety of defects and deterioration mechanisms that can compromise their safety and
performance. From corrosion and fatigue in steel to freeze-thaw damage in concrete, these issues require
careful monitoring and maintenance to prevent failure.

Understanding the causes and effects of bridge deterioration is crucial for developing effective repair
strategies. By assessing defects through visual inspection, non-destructive testing, and advanced
techniques, engineers can prioritize interventions and extend the service life of these critical infrastructure
assets.
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Bridge Defects and Deterioration

Types of Bridge Defects

* Bridge defects categorized into structural, material, and functional deficiencies impact bridge
performance differently

« Structural deficiencies compromise load-bearing capacity (cracked girders)
* Material deficiencies degrade component quality (corroded steel)
* Functional deficiencies impair intended use (damaged deck surface)

« Corrosion of steel elements prevalent in reinforced concrete and steel bridges exposed to harsh
environments

+ Chloride-induced corrosion common in coastal areas and regions using deicing salts

» Atmospheric corrosion affects exposed steel members in humid climates

* Fatigue cracking occurs in steel bridge components due to repetitive loading

« Initiates at stress concentration points (welded connections, sudden changes in geometry)

+ Poor fabrication quality exacerbates fatigue crack formation (improper weld profiles, misalignments)
« Concrete deterioration manifests through various mechanisms

* Freeze-thaw damage causes surface scaling and internal cracking in cold climates

« Alkali-silica reaction (ASR) leads to expansive cracking in concrete with reactive aggregates

+ Carbonation reduces concrete alkalinity, potentially leading to reinforcement corrosion

Environmental and Structural Factors

* Scour critical for bridge foundations, particularly in waterway crossings

* Undermines piers and abutments by eroding supporting soil

* Can lead to sudden collapse if severe (1987 Schoharie Creek Bridge failure)

+ Bearing deterioration and joint failure common defects affecting load distribution

* Seized bearings restrict intended movement, inducing additional stresses

* Failed joints allow water and de-icing chemicals to penetrate, accelerating deterioration

» Environmental factors contribute to bridge material and component degradation

» Temperature fluctuations cause expansion and contraction, stressing materials

» Chemical exposure (acid rain, marine environments) accelerates corrosion and material breakdown

* Moisture ingress leads to freeze-thaw damage and reinforcement corrosion in concrete

Fiveable archived study guides Page 201



Causes and Effects of Bridge Deterioration

Corrosion and Fatigue Mechanisms

« Corrosion in steel reinforcement primarily caused by chloride ion penetration and concrete
carbonation

* Chlorides break down protective passive layer on steel surface

» Carbonation reduces concrete alkalinity, depassivating steel

* Results in section loss, reduced load-carrying capacity, and potential structural failure
» Fatigue cracking in steel bridges initiated by cyclic loading and stress concentrations
» Repeated stress cycles cause microscopic damage accumulation

* Cracks propagate over time, potentially leading to sudden fracture if unaddressed

« Critical in elements subject to tension or reversal of stresses (girder flanges, connection plates)

Concrete Deterioration Processes

* Freeze-thaw damage in concrete occurs due to water expansion during freezing cycles
» Water in pores expands ~9% when freezing, creating internal stresses

* Repeated cycles cause progressive damage, leading to cracking, scaling, and spalling
« Air-entrained concrete more resistant due to expansion space provided by air bubbles

+ Alkali-silica reaction (ASR) caused by interaction between cement alkalis and reactive silica in
aggregates

* Forms expansive gel that absorbs water and increases in volume
» Results in concrete cracking, reduced strength, and accelerated deterioration

 Can take years to manifest, making early detection challenging

Structural and Functional Deterioration

» Scour caused by erosive action of water flow around bridge foundations

* Faster water velocities increase scour potential

* Can lead to foundation settlement, misalignment, or collapse if severe

* Particularly problematic during flood events (1987 Schoharie Creek Bridge collapse)

* Bearing deterioration often caused by improper maintenance, corrosion, or overloading
*» Restricted movement increases stresses in superstructure elements

» Can damage other bridge components (girder ends, diaphragms)

« Elastomeric bearings prone to deterioration from ozone exposure and material aging

« Joint failure attributed to thermal expansion, traffic loading, and debris accumulation

« Allows water infiltration, accelerating deterioration of adjacent elements
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* Reduces ride quality and can damage vehicles

* Failed expansion joints can induce unintended stresses in bridge superstructure

Assessing Bridge Defects

Visual Inspection Techniques

* Visual inspection involves systematic examination of bridge components to identify surface defects
* Requires knowledge of common defect patterns and their significance

« Utilizes tools like crack gauges, pachometers, and high-resolution cameras

« Limitations include inability to detect internal defects or quantify material properties

* Concrete crack mapping and measurement techniques document extent and progression of
deterioration

+ Grid systems used to record crack locations and widths
 Crack comparator cards help classify crack widths (hairline, medium, severe)

 Time-lapse photography can track crack growth over inspection intervals

Non-Destructive Testing Methods

* Non-destructive testing (NDT) provides insights into internal defects and material properties
+ Ultrasonic testing detects internal flaws in steel members (cracks, delaminations)

» Ground-penetrating radar assesses concrete deck condition and rebar placement

* Infrared thermography identifies delaminations and moisture ingress in concrete

« Corrosion assessment tools quantify extent and severity of reinforcement corrosion

« Half-cell potential measurements indicate likelihood of active corrosion

« Corrosion rate monitoring estimates steel section loss over time

* Concrete resistivity measurements assess corrosion risk in reinforced concrete

Advanced Assessment Techniques

* Load testing and structural health monitoring evaluate overall bridge performance

« Static load tests assess load distribution and identify potential overloads

» Dynamic load tests measure vibration characteristics and detect changes in stiffness
* Long-term monitoring systems track structural behavior under various conditions
 Scour evaluation techniques crucial for assessing bridge foundation condition

+ Sonar surveys map riverbed topography around piers and abutments

» Underwater inspections identify scour holes and foundation damage

» Scour monitoring devices provide real-time alerts during flood events
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* Interpretation of inspection and testing results requires understanding of bridge design
» Knowledge of load-carrying mechanisms essential for accurate defect impact assessment
 Material properties and deterioration mechanisms influence interpretation of test data

« Historical inspection data helps track progression of defects over time

Impact of Defects on Bridge Performance

Structural Analysis and Modeling

« Structural analysis techniques assess impact of defects on load-carrying capacity

* Finite element modeling simulates effects of deterioration on stress distribution

* Load rating calculations determine safe load-carrying capacity of defective bridges

* Fracture mechanics analysis predicts fatigue crack growth and remaining fatigue life

* Deterioration modeling and service life prediction estimate long-term defect progression

« Corrosion rate models predict reinforcement section loss over time

« Concrete deterioration models account for mechanisms like carbonation and chloride ingress

* Fatigue damage accumulation models estimate remaining cycles to failure for steel components

Risk Assessment and Failure Modes

* Risk assessment frameworks prioritize maintenance and rehabilitation interventions

* Incorporate factors such as defect severity, structural redundancy, and traffic volume

* Probability of failure and consequences of failure considered in risk calculations

* Help allocate limited resources to bridges with highest risk profiles

* Potential for sudden failure modes carefully evaluated when assessing critical defects

« Brittle fracture in steel bridges can occur with little warning (2007 1-35W bridge collapse)
+ Shear failure in concrete elements can be catastrophic (1967 Silver Bridge collapse)

* Scour-induced foundation failure can lead to rapid bridge collapse (1987 Schoharie Creek Bridge)

Cumulative Effects and Environmental Factors

+ Load redistribution and stress concentration from localized defects accelerate deterioration

« Corroded reinforcement transfers load to adjacent bars, increasing their stress

+ Cracked concrete allows faster ingress of deleterious substances, accelerating deterioration
* Failed joints concentrate impact loads, damaging adjacent deck and superstructure elements
» Cumulative impact of multiple defects considered when predicting bridge performance

« Interaction between different deterioration mechanisms can accelerate overall degradation

» Redundancy loss from multiple defective components increases vulnerability to failure
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* Synergistic effects (corrosion-induced cracking leading to faster chloride ingress) assessed
 Environmental factors and loading conditions influence defect progression rate

» Coastal environments accelerate corrosion due to chloride exposure

* Freeze-thaw cycles in cold climates exacerbate concrete deterioration

* Heavy truck traffic increases fatigue damage accumulation in steel bridges

15.3 Repair and strengthening techniques

Bridge repair and strengthening techniques are crucial for maintaining safe and functional infrastructure.
From structural defects like cracking to non-structural issues like surface deterioration, various methods
exist to address problems in concrete, steel, and timber bridges.

Selecting the right repair technique involves considering damage type, bridge material, and environmental
factors. Emerging technologies like self-healing materials and advanced composites offer innovative
solutions for extending bridge lifespans and improving performance.

Bridge Repair and Strengthening Techniques

Structural and Non-Structural Bridge Defects

* Bridge defects categorized into structural (cracking, corrosion, fatigue) and non-structural (surface
deterioration, joint damage) issues require specific repair techniques

 Concrete bridge repair techniques involve crack injection, patching, and concrete overlay for surface
defects

* More severe damage may necessitate section replacement or external reinforcement

« Steel bridge strengthening methods encompass adding cover plates, post-tensioning, and using
fiber-reinforced polymer (FRP) composites

» These methods increase load-bearing capacity

« Timber bridge repair often requires member replacement, reinforcement with steel plates, or
application of epoxy fillers

» These techniques address cracks and splits in timber structures

» Foundation and substructure strengthening techniques include underpinning, grouting, and installation
of micropiles or soil anchors

Factors Influencing Repair Technique Selection
« Selection of appropriate repair and strengthening techniques depends on multiple factors
 Type and extent of damage
* Bridge material (concrete, steel, timber)
» Environmental conditions (exposure to salt water, freeze-thaw cycles)
* Cost-effectiveness of the repair solution

» Emerging technologies in bridge repair offer innovative solutions

Fiveable archived study guides Page 205



« Self-healing materials (encapsulated healing agents)
+ Cathodic protection systems (impressed current, sacrificial anodes)

» Advanced composite materials for structural reinforcement (carbon fiber, glass fiber)

Design Solutions for Bridge Repair

Concrete Bridge Repair Design

* Concrete bridge repair design involves multiple calculations and specifications
« Calculating required section properties (moment of inertia, section modulus)
+ Determining appropriate reinforcement ratios (tension, compression, shear)

* Specifying concrete mix designs for optimal strength and durability (water-cement ratio, aggregate
size)

* FRP composite strengthening design for concrete bridges requires consideration of several factors
+ Fiber orientation (unidirectional, bidirectional)
* Laminate thickness (based on required strength increase)

* Bonding techniques (wet lay-up, pre-cured systems)

Steel and Timber Bridge Repair Design
« Steel bridge strengthening design includes various analyses and considerations
« Stress analysis of existing members (tension, compression, bending)
« Sizing of additional elements (cover plates, stiffeners)
« Consideration of fatigue life extension (stress range reduction, detail improvement)
« Timber bridge repair design focuses on several key aspects
* Load distribution analysis (load sharing between members)
« Selection of appropriate preservative treatments (pressure treatment, surface applied)

» Connection detailing to ensure structural integrity (bolted, nailed connections)

Seismic Retrofitting and Load Rating Analysis
« Seismic retrofitting design involves multiple components
* Dynamic analysis (response spectrum, time history)
* Energy dissipation system selection (dampers, base isolation)
* Detailing of connection modifications to improve overall structural performance
* Load rating analysis must be performed before and after repair/strengthening
+ Quantifies improvement in bridge capacity

» Ensures compliance with current design standards (AASHTO LRFD)
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* Design of repair and strengthening solutions must account for various practical considerations
« Constructability (access, equipment requirements)
» Traffic management during implementation (lane closures, detours)

* Long-term maintenance requirements (inspection access, future repairs)

Materials and Procedures for Bridge Repair

Concrete Repair Materials and Procedures

» Material selection for concrete repairs includes various options

+ High-performance concrete (low permeability, high strength)

* Polymer-modified mortars (improved adhesion, reduced shrinkage)

» Epoxy resins (crack injection, bonding agent)

* Application procedures and curing requirements vary for each material
+ Surface preparation (cleaning, roughening)

» Mixing and placement techniques (hand application, spraying)

* Curing conditions (temperature, humidity control)

Steel and Timber Repair Materials and Procedures

« Steel repair materials encompass various components

« Structural steel grades (A36, A572)

* High-strength bolts (A325, A490)

» Welding consumables (electrodes, flux)

* Procedures for steel repair detail specific steps

+ Surface preparation (abrasive blasting, solvent cleaning)

» Welding sequences (to minimize distortion)

* Bolt tensioning methods (turn-of-nut, direct tension indicator)
« Timber repair materials include several options

* Preservative-treated lumber (creosote, copper naphthenate)
» Epoxy adhesives (gap-filling, moisture-tolerant)

* Metal fasteners (nails, lag screws)

* Timber repair procedures specify important considerations

* Moisture content control (equilibrium moisture content)

* Proper connection techniques (pre-drilling, washer use)
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Protective Coatings and Quality Control

* Protective coatings and sealants play a crucial role in repair durability
» Material specifications address chemical resistance, adhesion properties, and application techniques
* Examples include epoxy coatings, polyurethane sealants

* Grouts and injection materials for crack repair and foundation strengthening specified based on
multiple properties

* Flowability (viscosity, penetration)

« Strength development (early strength, ultimate strength)

» Compatibility with existing structures (thermal expansion, modulus of elasticity)

* Procedures for implementing repair and strengthening measures must include comprehensive plans
« Safety protocols (fall protection, confined space entry)

» Environmental protection measures (containment systems, waste disposal)

+ Quality assurance/quality control (QA/QC) plans (material testing, inspection points)

Evaluating Bridge Repair Effectiveness

Non-Destructive Testing and Load Testing

» Non-destructive testing (NDT) methods assess quality and effectiveness of repair interventions
« Ultrasonic testing (thickness measurement, flaw detection)

» Ground-penetrating radar (reinforcement location, void detection)

* Acoustic emission (crack growth monitoring, structural integrity assessment)

+ Load testing provides quantitative data on performance improvement

« Static tests (deflection measurement, strain distribution)

* Dynamic tests (natural frequency, damping characteristics)

Long-Term Monitoring and Performance Analysis

* Long-term monitoring systems allow continuous evaluation of structural behavior

+ Sensors (strain gauges, accelerometers)

+ Data acquisition units (real-time data collection, remote monitoring)

* Finite element analysis (FEA) models repaired or strengthened structure

» Compares performance to original condition under various loading scenarios

* Predicts long-term behavior and potential failure modes

+ Cost-benefit analysis of repair and strengthening interventions considers multiple factors

« Initial implementation costs (materials, labor)
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» Expected service life extension (years added to bridge lifespan)

» Reduced maintenance requirements (frequency of future interventions)

Performance Indicators and Post-Intervention Assessments
 Performance indicators quantify effectiveness of repair and strengthening measures
* Load rating factors (inventory rating, operating rating)
* Deflection measurements (static, dynamic)
+ Crack width reductions (before and after repair)
* Post-intervention inspections and condition assessments conducted at regular intervals
* Verify longevity and durability of implemented solutions
« Inform future maintenance strategies (preventive maintenance, rehabilitation)
« Evaluation results guide decision-making for future bridge management
* Prioritization of repair projects

« Allocation of resources for maintenance and rehabilitation

15.4 Bridge rehabilitation and replacement decision-making

Bridge rehabilitation and replacement decisions are crucial for maintaining safe, efficient infrastructure.
Engineers use systematic approaches like Bridge Management Systems and Multi-Criteria Decision
Analysis to evaluate options based on multiple factors, including cost, safety, and environmental impact.

Life-cycle cost analysis compares long-term expenses of rehab versus replacement. Factors like
community impact, environmental considerations, and structural condition influence decisions.
Comprehensive plans include thorough assessments, detailed designs, and robust quality control
measures throughout the project lifecycle.

Decision Frameworks for Rehabilitation vs Replacement

Systematic Approaches and Tools

+ Decision-making frameworks for bridge rehabilitation and replacement involve systematic approaches
considering multiple criteria and stakeholder inputs

+ Bridge Management System (BMS) aids decision-making by providing data on bridge condition,
performance, and maintenance history

* Multi-Criteria Decision Analysis (MCDA) evaluates and prioritizes options based on weighted criteria
(cost, safety, environmental impact)

* Risk-based frameworks incorporate probabilistic approaches to assess likelihood and consequences
of bridge failure or underperformance

* Analytical Hierarchy Process (AHP) organizes and analyzes complex decisions in bridge management
« Life-cycle cost analysis (LCCA) compares long-term costs of rehabilitation versus replacement options

« Scenario analysis and sensitivity testing evaluate decision robustness under different future conditions
and assumptions
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Advanced Analytical Techniques

* Monte Carlo simulation accounts for variability in cost estimates and performance predictions
* Fuzzy logic models handle uncertainty and imprecision in decision-making processes

* Genetic algorithms optimize complex multi-objective decision problems

« Artificial neural networks predict bridge performance and deterioration rates

* Decision trees map out potential outcomes and probabilities for different rehabilitation or replacement
strategies

» Bayesian networks model interdependencies between various factors affecting bridge management
decisions

» System dynamics modeling captures feedback loops and time delays in bridge infrastructure systems

Life-Cycle Costs of Rehabilitation vs Replacement

Cost Analysis Methods

« Life-cycle cost analysis (LCCA) considers initial construction or rehabilitation costs, maintenance and
repair costs, user costs, and end-of-life costs over a defined analysis period

* Net Present Value (NPV) method compares financial viability of options, accounting for time value of
money

+ Benefit-Cost Analysis (BCA) extends LCCA by quantifying and monetizing benefits (improved safety,
reduced travel time, increased load capacity)

* Risk and uncertainty addressed through probabilistic methods (Monte Carlo simulation)
* Residual value concept represents remaining worth of bridge at end of analysis period
* Indirect costs and benefits considered (environmental impacts, community disruption)

« Sensitivity analysis understands how changes in key parameters (discount rate, traffic growth) affect
relative attractiveness of options

Economic Considerations and Modeling

* Whole Life Costing (WLC) incorporates non-construction costs (operation, maintenance, disposal)

« Activity-Based Costing (ABC) allocates indirect costs more accurately to specific rehabilitation or
replacement activities

* Real Options Analysis (ROA) values flexibility in decision-making under uncertainty

» Economic Input-Output Life Cycle Assessment (EIO-LCA) estimates economy-wide environmental
and economic impacts

» Markov decision processes model bridge deterioration and optimal intervention timing

« Cost-effectiveness analysis compares relative costs to outcomes when benefits are difficult to
monetize

+ Multi-attribute utility theory incorporates decision-maker preferences into cost-benefit evaluations
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Factors in Rehabilitation vs Replacement Decisions

Social and Environmental Considerations

+ Social factors include community impacts, historical and cultural significance, potential for improving
local connectivity and accessibility

» Environmental considerations encompass carbon footprint of construction activities, impacts on local
ecosystems, potential for incorporating sustainable design elements

« Traffic management during construction affects local businesses, commuters, emergency services

+ Aesthetic considerations and bridge's role in local landscape or cityscape influence public opinion and
project acceptance

» Regulatory compliance and permitting requirements (environmental impact assessments) affect
feasibility and timeline of options

« Stakeholder engagement and public participation ensure diverse perspectives are considered
* Noise and air quality impacts during construction and operation phase

* Potential for habitat restoration or creation as part of project (wetland mitigation, fish passage
improvements)

Economic and Technical Factors

» Economic factors extend beyond direct costs to regional economic impacts, job creation, potential for
stimulating local development

« Structural condition and remaining service life of existing bridge

* Load capacity requirements and future traffic projections

« Seismic performance and vulnerability to natural hazards

+ Availability of materials and skilled labor for rehabilitation or replacement
* Technological advancements in bridge design and construction methods

* Potential for incorporating smart infrastructure technologies (structural health monitoring systems,
adaptive traffic management)

* Life-cycle energy consumption and embodied carbon of different options

Rehabilitation or Replacement Plans for Bridges

Assessment and Design Phase

» Comprehensive plan begins with thorough condition assessment of existing bridge (structural
analysis, materials testing, evaluation of remaining service life)

* Project objectives, scope, and performance criteria clearly defined for rehabilitated or replaced bridge

* Detailed design phase incorporates structural engineering principles, material science, construction
methodologies appropriate for chosen option
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+ Construction staging and traffic management plans minimize disruption to users and ensure safety
during process

* Risk management strategy identifies, assesses, and mitigates potential risks throughout project
lifecycle

* Long-term maintenance and monitoring plans integrated into overall strategy

» Funding sources, budget allocation, and contingency provisions outlined to manage financial aspects
effectively

* Environmental mitigation measures and compliance with relevant regulations detailed

Implementation and Quality Control

* Robust quality assurance and quality control (QA/QC) program ensures all work meets specified
standards and performance requirements

» Non-destructive testing methods (ground-penetrating radar, acoustic emission) used to assess
existing structure and monitor rehabilitation progress

« Construction monitoring plan includes instrumentation to measure structural response during
rehabilitation or replacement

* Value engineering workshops optimize design and construction processes

* Building Information Modeling (BIM) facilitates collaboration and clash detection during design and
construction phases

* Accelerated bridge construction techniques considered to minimize traffic disruption

* Post-construction evaluation plan assesses project success and captures lessons learned for future
projects

« Communication strategy keeps stakeholders and public informed throughout project's duration
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Unit 16 — Bridge Analysis: Computational
Tools

16.1 Finite element analysis for bridges

Finite element analysis is a powerful tool for bridge engineers, breaking complex structures into
manageable pieces. It helps analyze stress, deformation, and dynamic behavior of bridges, using software
like ANSYS and SAP2000 to model and simulate various scenarios.

Advanced FEA techniques dive into nonlinear analysis, modal analysis, and time-history analysis. These
methods allow engineers to predict how bridges will respond to earthquakes, moving vehicles, and
long-term fatigue, guiding design decisions and optimizing performance.

Fundamentals of Finite Element Analysis

Core Principles and Applications

* Finite element analysis (FEA) divides complex structures into smaller, manageable elements to solve
engineering problems numerically

» Basic FEA principles encompass discretization, element selection, shape functions, and assembly of
global matrices

« Bridge engineers use FEA to analyze stress distribution, deformation, and dynamic behavior of
various bridge components and systems

» Key FEA steps for bridges involve geometry modeling, meshing, material property assignment,
boundary condition definition, and load application

« Common FEA software packages in bridge engineering include ANSYS, ABAQUS, and SAP2000,
each offering specific structural analysis capabilities

* FEA result accuracy depends on mesh quality, element type selection, and proper representation of
boundary conditions and loads

Advanced Concepts and Techniques

* Nonlinear analysis techniques account for material nonlinearity, geometric nonlinearity, and contact
problems in bridge structures

» Modal analysis determines natural frequencies and mode shapes of bridge structures, essential for
dynamic design and vibration control

« Time-history analysis simulates bridge structure response to time-varying loads (earthquakes, moving
vehicles)

* Sensitivity analysis determines the influence of various parameters on bridge performance, guiding
design optimization efforts

* Post-processing techniques (data filtering, statistical analysis) extract meaningful information from
large-scale FEA simulations of complex bridge structures
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Finite Element Analysis for Bridges

Static and Dynamic Load Analysis

« Static load analysis applies dead loads, live loads, and environmental loads to determine stress
distribution and deformation in bridge structures

* Dynamic load analysis evaluates bridge response to seismic activity, wind loads, and vehicle-induced
vibrations

* Fatigue analysis predicts long-term performance and lifespan of bridge components subjected to
cyclic loading

» Thermal analysis assesses the effects of temperature variations on bridge behavior, including thermal
expansion and contraction

Specialized Analysis Techniques

* Nonlinear analysis accounts for material nonlinearity (concrete cracking, steel yielding), geometric
nonlinearity (large deformations), and contact problems (bridge deck-girder interaction)

» Modal analysis determines natural frequencies and mode shapes, crucial for understanding dynamic
characteristics and potential resonance issues

* Time-history analysis simulates bridge response to time-varying loads (earthquake ground motions,
vehicle passage)

* Fatigue analysis evaluates cumulative damage in bridge components due to repeated loading cycles
(traffic loads, wind-induced vibrations)

Interpreting Finite Element Results

Visualization and Analysis Tools

« Stress contour plots provide visual representations of stress distribution, helping identify critical areas
of high stress concentration (bridge deck-girder connections, support regions)

+ Displacement plots and deformation animations illustrate overall bridge structure behavior under
various loading conditions (vertical deflections, lateral displacements)

» Modal analysis results display natural frequencies and mode shapes, used to assess dynamic
characteristics and potential resonance issues (fundamental bending modes, torsional modes)

» Comparison of FEA results with analytical solutions, experimental data, or field measurements
validates finite element model accuracy

Result Interpretation and Validation

* Sensitivity analysis determines the influence of various parameters on bridge performance (material
properties, geometric dimensions, boundary conditions)

* Interpretation considers FEA limitations and assumptions (simplifications in geometry, material
behavior, boundary conditions)

* Post-processing techniques extract meaningful information from large-scale FEA simulations (data
filtering to remove numerical noise, statistical analysis of stress distributions)

Fiveable archived study guides Page 214



« Validation methods include comparison with closed-form solutions for simple cases, experimental
testing of scaled models, and field measurements of existing structures

Limitations of Finite Element Analysis

Modeling and Discretization Challenges

» Mesh sensitivity can lead to varying results depending on element size and type, requiring careful
convergence studies to ensure solution accuracy

« Simplifications in material models (assuming linear elastic behavior) may not accurately represent
complex nonlinear response of certain bridge components (reinforced concrete elements, soil-structure
interaction)

* Boundary condition assumptions may not fully capture true support conditions of bridge structures,
potentially affecting result accuracy (idealized pin or roller supports vs. actual foundation behavior)

» Time-dependent effects (creep and shrinkage in concrete bridges) are challenging to model
accurately and may require specialized analysis techniques

Practical Constraints and Considerations

* Representation of connections and joints often involves simplifications that may not fully capture
complex behavior under various loading conditions (bolted connections, bearing pads)

» Environmental factors (corrosion, material degradation over time) are difficult to incorporate
accurately, potentially limiting long-term performance predictions

« Computational cost and time for complex FEA simulations of large bridge structures can be significant,
necessitating trade-offs between model complexity and practical feasibility

« Interpretation of results requires engineering judgment to account for model limitations and real-world
factors not captured in the analysis

16.2 Computer-aided design and drafting (CADD) for bridges

Computer-aided design and drafting (CADD) is a game-changer for bridge engineering. It lets us create
detailed 3D models, run structural analyses, and generate accurate plans all in one place. CADD
streamlines the design process and helps catch potential issues early on.

From AutoCAD to specialized bridge software, CADD tools offer a range of features for modeling, analysis,
and collaboration. They enable precise detailing, clash detection, and even virtual walkthroughs of bridge
designs. CADD is essential for modern bridge projects, boosting efficiency and accuracy.

Bridge Drawing and Modeling with CADD
CADD Software and 3D Modeling Techniques

» CADD software packages commonly used in bridge engineering include AutoCAD Civil 3D,
MicroStation, and Bentley Bridge

+ 3D modeling techniques in CADD allow for the creation of complex bridge geometries (curved and
skewed structures)

» Parametric modeling in CADD enables engineers to quickly modify bridge designs by adjusting key
parameters (span length, deck width, girder spacing)
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» CADD software incorporates built-in libraries of standard bridge components (girders, bearings,
expansion joints) to streamline the design process

» Advanced rendering capabilities in CADD software facilitate the visualization of bridge designs in
realistic environments, aiding in stakeholder communication and public presentations

* Create photorealistic renderings of proposed bridge designs in their intended locations

» Generate fly-through animations to showcase bridge aesthetics and functionality

Specialized CADD Tools for Bridge Design

« CADD tools for bridge design often include specialized modules for structural analysis, allowing for
integrated design and analysis workflows

* Perform finite element analysis directly within the CADD environment
» Automatically update design models based on analysis results

* Proper use of layers, line weights, and annotation styles in CADD drawings ensures clarity and
readability of bridge plans for construction and review purposes

+ Assign different layers for structural elements, dimensions, and annotations
» Use varying line weights to distinguish between primary and secondary elements

» CADD-based clash detection tools help identify and resolve conflicts between different bridge
components or with existing site features

» Detect interferences between structural members, utilities, and site constraints

» Generate clash reports for systematic resolution of design conflicts

CADD Techniques for Bridge Design
Generating Detailed Bridge Plans

+ CADD software enables the creation of detailed cross-sections and elevation views of bridge
structures, including substructure and superstructure components

* Produce accurate deck cross-sections showing reinforcement details
» Generate pier and abutment elevation drawings with foundation details

» Automated quantity takeoff features in CADD software assist in generating accurate material
estimates for bridge construction

+ Calculate concrete volumes for different structural elements
+ Estimate reinforcement quantities based on 3D rebar modeling

« CADD tools allow for the incorporation of geotechnical data and topographic information into bridge
design plans, ensuring proper site integration

* Import borehole data to visualize subsurface conditions

* Integrate digital terrain models for accurate grading and earthwork calculations
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Modifying and Optimizing Bridge Designs

» Dynamic updating capabilities in CADD software enable efficient modification of bridge designs in
response to changes in project requirements or site conditions

» Automatically adjust dependent elements when modifying key design parameters
* Quickly generate design alternatives for comparison and optimization

« Specification writing modules in CADD software facilitate the generation of comprehensive and
consistent bridge design specifications

« Link specifications directly to design elements for automatic updates
» Generate customized specification documents based on project requirements

» CADD techniques for creating detailed reinforcement drawings and schedules are essential for
accurate steel and concrete detailing in bridge structures

* Produce bar bending schedules with automated quantity calculations

» Generate 3D rebar models for complex reinforcement layouts

Collaboration in Bridge CADD Projects

Cloud-Based Collaboration and Version Control

* Cloud-based CADD platforms enable real-time collaboration and simultaneous editing of bridge
design files by multiple team members

« Allow multiple engineers to work on different aspects of the bridge design concurrently
* Provide instant updates and notifications for design changes

+ Version control systems integrated with CADD software allow for tracking changes and maintaining a
comprehensive design history throughout the project lifecycle

* Record and compare different design iterations

* Revert to previous versions if needed and track design evolution

File Management and Communication

» CADD file referencing techniques facilitate the division of large bridge projects into manageable work
packages for distributed team collaboration

* Create separate files for superstructure and substructure components
 Use external references to combine individual elements into a complete bridge model

« Standardized CADD file naming conventions and folder structures are crucial for efficient file
management and team coordination in bridge design projects

» Implement consistent file naming schemes (project code, bridge element, date)
* Organize files in a logical folder hierarchy for easy navigation

» CADD software often includes built-in communication tools, such as markup and commenting
features, to streamline design review and feedback processes
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+ Add digital redlines and comments directly on CADD drawings

* Track and resolve design issues within the CADD environment

Interdisciplinary Coordination

* Integration of CADD software with project management tools enables effective coordination of design
tasks, schedules, and resource allocation

+ Link CADD milestones to project schedules for real-time progress tracking
+ Assign and monitor design tasks within the CADD environment

* Collaborative CADD environments support the seamless exchange of design data between different
disciplines involved in bridge projects (structural, geotechnical, and transportation engineers)

+ Share foundation design data between structural and geotechnical teams

« Coordinate roadway alignment with bridge geometry using integrated CADD models

Standardization in Bridge CADD Documentation

CADD Standards and Conventions

» Adherence to industry-standard CADD layering conventions ensures uniformity and ease of
interpretation across different bridge design projects

* Use standardized layer names and colors for different bridge elements
* Implement consistent layer groups for improved file organization

+ Consistent use of predefined CADD block libraries for standard bridge components promotes
efficiency and reduces errors in design documentation

+ Create and maintain libraries of commonly used bridge elements (bearings, expansion joints)
+ Develop parametric blocks for easily customizable components

» Implementation of CADD standards for text styles, dimensioning, and annotation ensures legibility and
consistency across all bridge design drawings

* Define standard text heights and styles for different types of annotations

« Establish consistent dimensioning styles for various bridge elements

Documentation Consistency and Maintenance

« Standardized title blocks, drawing scales, and sheet layouts in CADD bridge documentation facilitate
clear communication with clients, reviewers, and contractors

* Develop template sheets for different drawing types (general plan, details)
« Establish standard scales for various drawing views and details

« Utilization of standardized CADD templates for different types of bridge drawings (general plan,
elevation, details) streamlines the documentation process and maintains consistency

+ Create master templates for commonly produced bridge drawings
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* Include predefined viewport arrangements and annotation styles in templates

* Regular updates and maintenance of CADD standards documentation are essential to keep pace with
evolving industry practices and software capabilities

* Establish a review cycle for CADD standards and best practices
* Incorporate feedback from project teams to improve standards over time

» Adherence to agency-specific CADD standards (state DOT requirements) is crucial for regulatory
compliance and smooth project approvals in bridge design

» Develop CADD templates and workflows aligned with specific agency requirements

» Regularly update standards to reflect changes in agency guidelines and specifications

16.3 Bridge information modeling (BrIM) and its applications

Bridge Information Modeling (BrIM) is revolutionizing bridge engineering. It creates digital 3D models of
bridges, capturing their entire lifecycle from design to demolition. BrIM extends BIM tech, using data-rich
modeling and integrated project delivery to streamline the process.

BrIM tools offer advanced features for bridge projects. They enable detailed 3D modeling, clash detection,
and virtual construction simulation. These tools integrate various engineering disciplines, improving
collaboration and reducing errors in complex bridge designs.

Bridge Information Modeling Concepts

BrIM Fundamentals

« Bridge Information Modeling (BrIM) creates digital representations of bridge structures encompassing
physical and functional characteristics throughout lifecycle (conception to demolition)

* BrIM extends Building Information Modeling (BIM) technology tailored for bridge engineering and
construction projects

* Core principles include

* Data-rich 3D modeling

» Parametric object-based design
* Integrated project delivery

« Utilizes centralized database storing and managing all project information allowing real-time updates
and seamless data exchange among disciplines

* Level of Development (LOD) defines degree of detail and reliability of model elements at various
project stages

* Incorporates time (4D) and cost (5D) dimensions enabling advanced project scheduling and cost
estimation capabilities

BrIM Standards and Interoperability

* Interoperability standards facilitate data exchange between different software platforms and
stakeholders
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* Industry Foundation Classes (IFC) (open data format for BIM)
* BCF (BIM Collaboration Format) (issue tracking and communication)

« Common Data Environment (CDE) provides shared digital space for storing, managing, and
distributing project information among all stakeholders

+ Data exchange formats and protocols essential for sharing BrIM models across different software
platforms (IFC, BCF)

+ Challenges include interoperability issues between different BrIM software platforms and legacy
systems posing difficulties in data exchange and collaboration

BrIM Tools for Bridge Projects

BrIM Software Platforms

* Specialized tools for creating detailed 3D models of bridge structures
+ Autodesk Revit (parametric modeling and documentation)

* Bentley OpenBridge (comprehensive bridge design and analysis)

* Tekla Structures (steel and concrete detailing)

» Parametric modeling techniques allow creation of intelligent objects easily modified and updated
throughout design process

» Advanced visualization capabilities facilitate creation of photorealistic renderings and virtual reality
simulations for improved project communication

* Cloud-based BrIM platforms offer collaborative workspaces for real-time model sharing, version
control, and concurrent engineering among project teams

BrIM Functionalities

* Integration of various engineering disciplines within single model environment
« Structural engineering (load analysis, member sizing)

» Geotechnical engineering (foundation design, soil-structure interaction)

« Transportation engineering (alignment, traffic analysis)

+ Clash detection and conflict resolution ensure coordination between different bridge components and
systems

« Virtual Design and Construction (VDC) techniques allow simulation and optimization of construction
processes before on-site work begins

* BrIM-based coordination tools help manage interface between bridge structures and surrounding
infrastructure (roadways, utilities, geotechnical elements)
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Collaboration with BrIM

Multidisciplinary Collaboration

* BrIM serves as central platform for seamless collaboration among architects, engineers, contractors,
and owners

* Facilitates improved communication through visual representation of complex bridge designs enabling
better understanding and decision-making among non-technical stakeholders

* Collaborative BrIM workflows enable real-time design reviews, clash detection, and issue resolution
reducing errors and rework during construction

+ Supports implementation of Integrated Project Delivery (IPD) methods fostering early involvement and
collaboration among project team members

Project Management and Coordination

+ BrIM implementation leads to significant improvements in project efficiency

* Reduced design time (automated drawing generation)

* Improved cost estimation accuracy (quantity takeoffs linked to model)

 Optimized construction scheduling (4D simulations)

» Enables enhanced quality control and assurance through

» Automated clash detection (identifying conflicts between different systems)

* Design validation (checking against design standards)

» Compliance checking with relevant standards and codes (automated rule checking)

+ Facilitates better asset management and maintenance planning by providing comprehensive digital
twin of bridge structure throughout lifecycle

Benefits and Challenges of BriM

Advantages of BrIM Implementation

* Improved project efficiency

* Reduced design time (automated drawing generation, parametric modeling)

* Enhanced cost estimation accuracy (quantity takeoffs linked to model)

 Optimized construction scheduling (4D simulations, resource allocation)

» Enhanced quality control and assurance

» Automated clash detection (identifying conflicts between different systems)

* Design validation (checking against design standards)

» Compliance checking with relevant standards and codes (automated rule checking)

* Better asset management and maintenance planning
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» Comprehensive digital twin of bridge structure throughout lifecycle

* Integration with asset management systems for predictive maintenance

Implementation Challenges

+ High initial investment costs for software, hardware, and training

* Need for specialized training and skills development in BrIM technologies
* Resistance to change within traditional engineering practices

* Legal and contractual implications

* Model ownership (determining who owns the intellectual property)

« Liability issues (responsibility for model accuracy)

* Intellectual property rights (protecting proprietary design information)

+ Organizational change management strategies necessary to address

+ Cultural shifts in engineering and construction firms

* New workflow processes and collaboration methods

* Integration with existing systems and practices
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Unit 17 — Bridge Design Codes and
Standards

17.1 Overview of bridge design codes and standards

Bridge design codes and standards form the backbone of safe and efficient bridge construction worldwide.
These guidelines, developed by various organizations, provide engineers with essential rules and best
practices for designing bridges that can withstand diverse loads and environmental conditions.

From the AASHTO LRFD in the US to Eurocodes in Europe, these standards cover everything from
material selection to load calculations. They're regularly updated to incorporate new research,
technologies, and lessons learned from past failures, ensuring bridges meet the latest safety and
performance requirements.

Bridge Design Codes and Standards
Primary Bridge Design Codes

+ AASHTO LRFD Bridge Design Specifications guides highway bridge design in the United States

* Eurocode 2 and Eurocode 3 direct concrete and steel structure design in Europe

» Canadian Highway Bridge Design Code (CHBDC) steers bridge design in Canada

» Manual for Bridge Evaluation (MBE) outlines inspection and evaluation procedures for existing bridges
*« AREMA Manual for Railway Engineering leads railway bridge design in North America

* International standards (Japanese Design Specifications of Highway Bridges, Australian Bridge
Design Code) shape global bridge engineering practices

Regional and Global Code Applications

+ AASHTO LRFD employs Load and Resistance Factor Design methodology for comprehensive bridge
guidelines

* Eurocodes 2 and 3 establish harmonized rules across the European Union for concrete and steel
structures

* CHBDC covers fixed and movable highway bridge design, evaluation, and rehabilitation in Canada
* MBE determines physical and functional bridge conditions, including load rating methodologies
+ AREMA Manual addresses railway infrastructure design, construction, and maintenance

« International codes reflect country-specific requirements (local conditions, materials, construction
practices)

Purpose and Scope of Codes

Comprehensive Design Guidelines

* AASHTO LRFD provides detailed instructions for highway bridge design, evaluation, and rehabilitation
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« Covers various bridge types (girder, arch, cable-stayed)

* Includes material-specific provisions (concrete, steel, timber)

+ Eurocodes establish unified technical rules for structural design across EU member states
* Eurocode 2 focuses on concrete structures (reinforced, prestressed)

» Eurocode 3 addresses steel structures (rolled sections, plate girders)

» CHBDC outlines requirements for Canadian highway bridges

» Encompasses design considerations for extreme weather conditions (freeze-thaw cycles)

» Addresses unique Canadian geographical challenges (vast territories, remote locations)

Specialized Code Applications

* MBE offers procedures for bridge condition assessment and load rating
* Includes visual inspection guidelines

* Provides methodologies for determining safe load-carrying capacity

+ AREMA Manual covers railway-specific bridge design considerations

* Addresses dynamic loading from train traffic

* Includes provisions for track-bridge interaction

* International codes adapt global best practices to local contexts

+ Japanese codes consider seismic design requirements

« Australian codes account for extreme heat and bushfire resistance

Organizations for Bridge Codes

North American Organizations

» American Association of State Highway and Transportation Officials (AASHTO) develops LRFD
specifications

* Collaborates with state DOTs and federal agencies

» Conducts regular committee meetings to review and update standards

+ Canadian Standards Association (CSA) maintains CHBDC

* Involves Canadian bridge engineers and researchers in code development
» Coordinates with provincial transportation departments

» American Railway Engineering and Maintenance-of-Way Association (AREMA) oversees railway
engineering manual

* Incorporates input from railroad companies and suppliers

+ Organizes technical conferences to discuss advancements in railway engineering
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International and Collaborative Entities

» European Committee for Standardization (CEN) manages Eurocodes

+ Coordinates with national standards bodies of EU member states

* Facilitates adoption and implementation of Eurocodes across Europe

* Federal Highway Administration (FHWA) partners with AASHTO and others

* Funds research to support code development

* Provides technical assistance for code implementation

* International Organization for Standardization (ISO) influences global standards
* Develops ISO standards related to bridge design and construction

* Promotes harmonization of international bridge engineering practices

Updating Bridge Design Codes

Revision Process and Timeline

» Major code revisions occur every 5-7 years for most standards

* AASHTO LRFD undergoes comprehensive updates every 6 years

* Eurocodes follow a 5-year revision cycle

* Interim revisions published as needed to address urgent issues

» Example: Rapid updates following major bridge failures (I-35W collapse in Minneapolis)
» Technical committees propose and review changes

» Committees include experts from academia, industry, and government agencies

» Subcommittees focus on specific aspects (materials, loads, seismic design)

Implementation and Harmonization
+ Public comment periods allow stakeholder feedback on proposed changes
* Typically last 60-90 days
» Comments reviewed and addressed by technical committees
* Transition periods facilitate adaptation to new code provisions
* Usually 1-2 years for major changes
* Allows designers and agencies to update software and practices
* Harmonization efforts promote consistency across regions
« Example: Alignment of North American and European fatigue design provisions
+ Continuous monitoring of bridge performance informs future updates

» Post-construction evaluations provide valuable data
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» Emerging technologies (structural health monitoring systems) contribute to code improvements

17.2 Load and Resistance Factor Design (LRFD) philosophy

Bridge codes are evolving to use Load and Resistance Factor Design (LRFD). This approach separates
uncertainties in loads and resistances, leading to more consistent safety across different bridge
components. LRFD uses factors to increase loads and decrease resistances, aiming for a target reliability.

LRFD offers advantages over older methods. It provides better safety, efficiency, and flexibility in design.
The approach can easily adapt to new research and materials. It also helps standardize design practices
globally, making it easier for engineers to collaborate across borders.

Load and Resistance Factor Design

Fundamental Principles of LRFD

* Reliability-based design approach uses separate factors for loads and resistances accounting for
uncertainties in the design process

» Fundamental LRFD equation states factored resistance must be greater than or equal to sum of
factored load effects

« Expressed mathematically as: R, = ZV,-O,-

« Where ¢ is the resistance factor

* Rpy is the nominal resistance

« Yi are load factors

+ Q; are nominal load effects

* Load factors in LRFD account for variability and uncertainty in load estimation
* Typically increase nominal load values

» Example: Dead load factor of 1.25 increases the nominal dead load by 25%

* Resistance factors in LRFD account for uncertainties in material properties, fabrication, and analysis
methods

* Typically reduce nominal resistance values

» Example: Resistance factor of 0.9 for steel flexural members reduces the nominal moment capacity by
10%

Calibration and Reliability in LRFD

* LRFD aims to achieve consistent and acceptable level of reliability across different structural
components and systems

* Target reliability index (B) typically ranges from 3.0 to 3.5 for bridge components

« Calibration of load and resistance factors based on probabilistic methods and statistical data from
structural performance

+ Utilizes techniques (Monte Carlo simulation, First-Order Reliability Method)

* Incorporates variability in material properties, loading conditions, and analysis methods
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» Example: Concrete compressive strength variability considered in resistance factor calibration

Advantages of LRFD
Enhanced Safety and Efficiency

* Provides more consistent level of safety and reliability across different structural elements and bridge

types compared to allowable stress design (ASD) methods

» Example: LRFD accounts for different variabilities in dead and live loads, unlike ASD which uses a
single factor of safety

* Separation of load and resistance factors allows for more accurate consideration of individual
uncertainties associated with loads and resistances

* Leads to more efficient designs in many cases

* Example: In areas with high seismic activity, LRFD can more accurately account for the uncertainty in

earthquake loads

Flexibility and Adaptability

* Better accounts for variability in different load combinations

* Example: LRFD can more easily handle unique load combinations (wind + live load) by applying
specific factors to each load type

* Probabilistic basis allows for easier incorporation of new research findings and advancements in
material properties and structural behavior

» Example: New high-strength steel can be integrated into LRFD codes by adjusting resistance factors
based on its statistical properties

« Facilitates integration of risk analysis and performance-based design concepts in bridge engineering

* Allows engineers to design for specific performance objectives (limiting damage during moderate
earthquakes)

Standardization and Collaboration
» Promotes harmonization of design practices across different countries and design codes
* Enhances international collaboration in bridge engineering

* Example: AASHTO LRFD Bridge Design Specifications align closely with Canadian Highway Bridge
Design Code, facilitating North American collaboration

LRFD Principles in Bridge Design

Calculating Factored Loads and Resistances
« Calculate factored load effects by applying appropriate load factors to nominal loads
« Consider different load combinations specified in design codes
 Example: Strength | combination for typical vehicular loads: 1.25DC + 1.75LL + 1.0WA

* Where DC is dead load, LL is live load, and WA is water load
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+ Determine required nominal resistance of bridge components by dividing factored load effects by
appropriate resistance factor

* Example: For a steel girder in flexure with a factored moment of 1000 kN-m and a resistance factor of
0.9, the required nominal moment capacity would be: M, = 1000/0.9 = 1111kN —m

Limit States and Design Considerations

* Analyze and design bridge components to meet both strength and serviceability limit states as defined
in LRFD specifications

« Strength limit states ensure safety against structural failure
« Serviceability limit states ensure acceptable performance under normal operating conditions

* Apply load modifiers to account for ductility, redundancy, and operational importance in LRFD design
process

* Example: A non-redundant bridge component may have an increased load factor to ensure higher
reliability

« Utilize statistical data and reliability analysis techniques to evaluate probability of failure for critical
bridge components

» Example: Monte Carlo simulation to assess failure probability of a bridge pier under extreme flood
conditions

+ Implement iterative design procedures to optimize bridge components while satisfying LRFD
requirements for strength and serviceability

» Example: Adjusting girder sizes to meet both strength requirements and deflection limits

Load and Resistance Factors in Codes

Load Factors in Bridge Design

« Identify specific load factors for different types of loads in relevant bridge design codes and standards
* Dead load (DC): typically 1.25 for components and 1.50 for wearing surfaces

* Live load (LL): typically 1.75 for vehicular loads

* Environmental loads (wind, earthquake): vary based on return period and importance

» Understand variation in load factors for different load combinations and limit states as specified in
LRFD bridge design manuals

» Example: Strength | (basic load combination) vs. Extreme Event | (earthquake)

« Evaluate rationale behind selection of specific load factors based on statistical data and target
reliability indices

» Example: Live load factor of 1.75 accounts for uncertainties in traffic patterns and vehicle weights
Resistance Factors in Bridge Design

» Recognize differences in resistance factors for various materials and structural elements in LRFD
specifications
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* Steel: typically 0.95 for tension members, 0.90 for flexure in compact sections
* Concrete: typically 0.90 for flexure, 0.75 for shear
» Connections: often lower factors (0.65 - 0.80) due to higher variability

» Analyze impact of different resistance factors on design of tension members, compression members,
flexural members, and shear elements in bridge structures

» Example: Lower resistance factor for concrete in shear (0.75) compared to flexure (0.90) results in
more conservative shear design

» Understand process of updating load and resistance factors in design codes as new research and
performance data become available

» Example: Adjustment of resistance factors for high-performance concrete based on field performance
data

» Compare and contrast load and resistance factors across different international bridge design codes
and standards

* Example: AASHTO LRFD vs. Eurocode 1 for traffic loads on bridges

17.3 Serviceability and durability requirements

Serviceability and durability are crucial in bridge design, ensuring structures perform well and last long.
These requirements focus on everyday use, comfort, and resistance to wear and tear. They're key to
creating safe, efficient bridges that stand the test of time.

Bridge codes set specific standards for serviceability and durability. These rules cover things like how
much a bridge can bend, how it handles vibrations, and how to protect it from environmental damage.
Following these guidelines helps engineers build better, longer-lasting bridges.

Serviceability and Durability in Bridge Design

Importance of Serviceability and Durability

« Serviceability ensures bridge performance under normal operating conditions maintains user comfort
and structural integrity

« Durability preserves bridge serviceability over its intended design life resists deterioration from various
factors

« Balancing serviceability, durability, and cost-effectiveness optimizes bridge design and long-term
performance

» Meeting serviceability and durability requirements reduces maintenance costs, extends service life,
and enhances safety

 Material selection, structural system design, and component detailing influenced by serviceability and
durability considerations

* Proper attention to serviceability and durability in design phase reduces life-cycle costs and improves
overall bridge infrastructure sustainability
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Design Considerations for Serviceability and Durability

* Deflection limits prevent excessive deformation under service loads (maximum allowable deflection
typically L/800 for concrete bridges)

« Vibration limits mitigate dynamic effects from traffic, wind, or pedestrian movement (natural frequency
> 3 Hz for pedestrian bridges)

« Crack width limitations control concrete cracking preserves structural integrity (maximum crack width
0.3 mm for reinforced concrete in aggressive environments)

« Joint movements accommodate thermal expansion and contraction without compromising
performance

 Expansion joints typically designed for movements of 25-50 mm
+ Bearings allow for rotations up to 0.02 radians

* Drainage requirements prevent ponding and reduce deterioration
* Minimum longitudinal slope of 0.5% for bridge decks

* Cross slopes of 1-2% for efficient water runoff

* Fatigue considerations crucial for components subject to cyclic loading (millions of stress cycles over
bridge lifespan)

» Material properties impact durability
» Concrete permeability affects resistance to chloride ingress
« Steel corrosion resistance determined by protective coatings or alloy composition

 Timber decay resistance influenced by preservative treatments

Serviceability Requirements for Bridges

Deflection and Vibration Control

+ Deflection limits established to prevent excessive deformation under service loads

* Typical limits range from L/300 to L/1000 depending on bridge type and material

« Stricter limits applied to longer spans and more flexible structures

« Vibration limits set to mitigate dynamic effects and maintain user comfort

+ Natural frequency requirements vary by bridge type (e.g., > 5 Hz for short-span highway bridges)
+ Acceleration limits typically range from 0.5 to 1.5 m/s? for pedestrian comfort

* Live load deflection checks performed using unfactored loads and short-term material properties
* Dynamic load allowance (impact factor) applied to account for moving load effects

* Typically ranges from 15% to 33% depending on bridge component and span length

Cracking and Joint Movement

* Crack width limitations imposed to control concrete cracking and prevent reinforcement corrosion
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* Maximum allowable crack widths range from 0.1 mm to 0.4 mm depending on exposure conditions

* Crack control achieved through proper reinforcement detailing and distribution

« Joint movements and rotations must be accommodated in design

» Expansion joint types selected based on expected movement range (e.g., strip seals, modular joints)
* Bearing designs account for translation and rotation demands

+ Elastomeric bearings for small movements

* Pot bearings or spherical bearings for larger rotations

« Drainage requirements ensure proper water management

» Scuppers and drainage pipes sized based on design storm intensity

» Minimum slopes and cross-falls specified to prevent ponding (typically 1-2%)

Factors Affecting Bridge Durability

Environmental Factors

» Temperature fluctuations cause thermal stresses and material degradation

+ Daily and seasonal temperature variations (can exceed 50°C in extreme climates)

» Thermal gradients within bridge elements (up to 20°C difference between top and bottom of deck)
* Freeze-thaw cycles lead to concrete deterioration in cold climates

+ Air entrainment in concrete (typically 4-7% air content) mitigates freeze-thaw damage

» Exposure to de-icing salts accelerates corrosion of reinforcing and structural steel

+ Chloride threshold for corrosion initiation approximately 0.4% by weight of cement

* Moisture and humidity promote various deterioration mechanisms

* Relative humidity > 80% significantly increases corrosion risk

» Chemical attack from aggressive agents in the environment

« Sulfate attack in soils or groundwater (requires sulfate-resistant cement for concentrations > 1500
ppm)

* Acid rain in industrial areas (pH < 5.5 can cause concrete deterioration)
Material Degradation Mechanisms
« Corrosion of reinforcing steel and structural steel elements
« Carbonation reduces concrete pH, depassivating steel (typical carbonation depth 1-5 mm per year)
* Chloride-induced corrosion more rapid and localized
+ Concrete deterioration mechanisms

« Alkali-silica reaction (ASR) causes expansion and cracking
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* Delayed ettringite formation (DEF) in heat-cured precast elements

« Fatigue and fracture in steel structures

* Fatigue life determined by stress range and number of cycles

* Fracture toughness requirements specified based on service temperature and member importance
* Abrasion and wear of bridge deck surfaces and expansion joints

« Abrasion resistance improved by high-strength concrete and special aggregates

* Polymer overlays provide additional wear protection for high-traffic areas

Code Provisions for Bridge Design

Serviceability Limit States

» Familiarize with relevant bridge design codes (AASHTO LRFD, Eurocode, Canadian Highway Bridge
Design Code)

* Implement appropriate load combinations for serviceability checks

« Serviceability | limit state for user comfort and inspection (unfactored loads)

« Serviceability Il limit state for yielding and slip-critical connections (partial load factors)

* Apply deflection criteria for various bridge components

» Span-to-depth ratios specified as initial proportioning guide (L/20 to L/30 for typical girder bridges)
» Maximum live load deflection limits (e.g., L/800 for concrete, L/360 for steel)

« Utilize vibration analysis techniques and acceptable frequency ranges

» Modal analysis to determine natural frequencies and mode shapes

* Frequency limits based on bridge type and use (e.g., > 2.5 Hz for footbridges to avoid first harmonic of
walking)

Durability Enhancement Measures

* Incorporate durability enhancing measures as per code guidelines

« Concrete cover requirements based on exposure conditions (typically 50-75 mm for severe
environments)

+ Crack control reinforcement detailing (maximum bar spacing and size limitations)

+ Design expansion joints, bearings, and other movable components

* Movement range calculations considering temperature, creep, and shrinkage effects

» Minimum and maximum joint opening specifications (typically 20-80 mm for strip seal joints)
* Implement material-specific durability provisions

+ Air entrainment for freeze-thaw resistance in concrete (4-7% air content)

« Corrosion protection systems for steel structures (hot-dip galvanizing, metalizing, or paint systems)
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* Specify concrete mix design requirements for durability
» Maximum water-cement ratio limits (typically 0.40-0.45 for severe exposure)
» Minimum cementitious material content (typically 335-400 kg/m?)

* Use of supplementary cementitious materials (fly ash, slag, silica fume) to enhance durability
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Unit 18 — Bridge Engineering: Case
Studies & Trends

18.1 Analysis of notable bridge failures and lessons learned

Bridge Failure Causes and Consequences

Bridge failures have shaped modern engineering practices more than almost any other type of structural
disaster. From the Tacoma Narrows collapse to the I-35W disaster, each incident exposed specific
weaknesses in how bridges were designed, built, and maintained. Studying these failures is how the
profession has developed the standards and techniques used today.

Historical Factors and Notable Failures

Bridge failures throughout history have resulted from design flaws, material defects, construction errors,
and environmental conditions. A handful of disasters stand out for the scale of their impact and the
regulatory changes they triggered.

Tacoma Narrows Bridge (1940) highlighted the importance of aerodynamic considerations in suspension
bridge design. Nicknamed "Galloping Gertie" because of its tendency to sway in wind, the bridge collapsed
due to aeroelastic flutter, a self-excited oscillation where wind energy feeds into the structure's natural
vibration modes. Before this failure, wind loads on bridges were treated as static forces. The collapse
proved that dynamic wind-structure interaction could destroy a bridge even at moderate wind speeds.

Silver Bridge (1967) killed 46 people when it collapsed into the Ohio River. The cause was stress corrosion
cracking in a single eyebar chain link. Because the bridge used a non-redundant eyebar chain suspension
system, the failure of one link meant the entire structure had no alternate load path. This disaster directly
led to the establishment of the National Bridge Inspection Standards (NBIS) in the United States.

Mianus River Bridge (1983) killed three people when a 100-foot section fell into the Mianus River in
Connecticut. Corrosion in a pin and hanger assembly went undetected, and the connection eventually
failed. This case underscored how critical it is to inspect and maintain connection hardware, not just
primary structural members.

I-35W Mississippi River Bridge (2007) collapsed during rush hour in Minneapolis, killing 13 and injuring
145. Investigation revealed that gusset plates at critical nodes were undersized from the original 1967
design, and decades of increased loading (heavier traffic, added deck layers, construction equipment on
the bridge at the time of collapse) pushed those plates past their capacity. The failure showed how
cumulative load increases on aging infrastructure can turn a latent design deficiency into a catastrophe.

Consequences of Bridge Failures

The consequences of bridge failures extend well beyond the immediate collapse:
* Loss of life is the most severe outcome. The Silver Bridge killed 46; I-35W killed 13.

» Economic disruption includes both direct replacement costs (the 1-35W replacement cost
approximately $234 million) and indirect costs from rerouted traffic, lost commerce, and delayed
freight.

» Regulatory overhaul typically follows major failures. The NBIS emerged after the Silver Bridge
collapse. AASHTO LRFD Bridge Design Specifications were updated after I-35W.
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* Erosion of public trust in infrastructure safety leads to increased political scrutiny and demand for
inspection transparency.

* Legal and financial liability falls on designers, contractors, and maintenance agencies found
responsible for contributing factors.

Critical Factors in Bridge Failures

Design and Material Issues

Design errors are among the most consequential causes of bridge failures because they are built into the
structure from the start.

« Insufficient consideration of dynamic loads: The Tacoma Narrows Bridge was designed for static wind
pressure but not for resonance or aeroelastic effects.

+ Inadequate load distribution analysis: The Quebec Bridge collapsed in 1907 (and again in 1916 during
reconstruction) partly because the design underestimated the dead load of the structure itself, and
compression members were undersized.

* Improper consideration of thermal expansion: The Dee Bridge collapse in 1847 involved cast iron
girders that could not accommodate thermal movement, contributing to a brittle failure.

Material defects or degradation are equally dangerous:

« Stress corrosion cracking caused the Silver Bridge failure when a microscopic flaw in an eyebar grew
under sustained stress in a corrosive environment.

« Fatigue cracking develops when repeated loading cycles propagate small cracks over time. The |-35W
bridge's gusset plates experienced this alongside their undersized geometry.

« Brittle fracture occurs when steel fails suddenly without significant deformation, as in the Kings Bridge
collapse in Melbourne (1962), where low-temperature brittleness in the steel was not accounted for.

Inadequate redundancy turns any single failure into a total collapse. Fracture-critical members, like the
eyebar chains on the Silver Bridge or the pin-and-hanger connections on the Mianus River Bridge, provide
no alternate load path if they fail.

Construction and Environmental Factors

Construction errors introduce vulnerabilities that may not appear for years:

« Improper welding contributed to the Hyatt Regency walkway collapse in Kansas City (1981), where a
critical design change during construction doubled the load on a connection.

* Inadequate quality control during fabrication played a role in the Quebec Bridge collapse.

+ Deviation from design specifications was a factor in the Morandi Bridge collapse in Genoa (2018),
where the as-built condition of stay cables and their protective systems did not match design intent.

Environmental factors can overwhelm structures not designed for extreme conditions:

» Extreme weather: The Hintze Ribeiro Bridge in Portugal (2001) collapsed after heavy flooding
undermined its foundations.

* Seismic activity: The Cypress Street Viaduct in Oakland collapsed during the 1989 Loma Prieta
earthquake due to inadequate seismic detailing.
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* Scour: The Schoharie Creek Bridge in New York (1987) failed when floodwaters eroded the soil
around its shallow spread footings, a classic hydraulic scour failure.

Inadequate maintenance and inspection allow small problems to become fatal ones. Undetected corrosion
doomed the Mianus River Bridge. Warning signs of cable deterioration on the Genoa bridge were
reportedly noted but not acted upon with sufficient urgency. Deferred maintenance on the 1-35W bridge
allowed load increases to go unaddressed for decades.

Load-Related and Combined Factors

Overloading beyond design capacity is a recurring theme:
* The I-35W bridge carried traffic volumes and deck weight far exceeding its 1967 design assumptions.

» The West Gate Bridge in Melbourne (1970) collapsed during construction when temporary loads
during erection exceeded what the incomplete structure could support.

 The I-5 Skagit River Bridge in Washington (2013) collapsed after an oversized truck struck an
overhead truss member, a load the fracture-critical structure could not redistribute.

In practice, catastrophic failures rarely have a single cause. The Quebec Bridge involved both design
errors and construction management failures. The Silver Bridge combined a material defect with a
non-redundant structural system and decades of inadequate inspection. The Tacoma Narrows collapse
resulted from aerodynamic design flaws that were not understood at the time. Recognizing that failures are
usually multi-causal is one of the most important takeaways from studying these events.

Lessons from Bridge Failures

Design and Analysis Improvements

Each major failure has driven specific improvements in how bridges are designed and analyzed.
Wind and aerodynamic design is now far more rigorous for long-span bridges:
« Section model tests and full-bridge aeroelastic model tests in wind tunnels are standard practice.

» Computational Fluid Dynamics (CFD) simulations supplement physical testing to analyze
wind-structure interaction across a range of conditions.

Fatigue and fracture mechanics are now central to steel bridge design:

« Fracture control plans specify material toughness requirements, fabrication procedures, and
inspection protocols for steel bridges.

* Engineers use S-N curves (stress vs. number of cycles to failure) and crack propagation models to
predict fatigue life and set inspection intervals.

Structural redundancy is emphasized to prevent single-point failures:

+ Designs now incorporate multiple load paths so that failure of one member does not cause
progressive collapse.

* Redundant members in truss bridges and multi-cable systems in cable-stayed bridges provide backup
load-carrying capacity.
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Inspection and Maintenance Protocols

The Silver Bridge collapse was the turning point for systematic bridge inspection in the U.S. Since then,
protocols have continued to evolve.

* Risk-based inspection intervals replace one-size-fits-all schedules. Bridges with fracture-critical
members or known deterioration get inspected more frequently.

» Advanced non-destructive testing (NDT) methods such as ultrasonic testing, magnetic particle
inspection, and ground-penetrating radar can detect internal flaws that visual inspection would miss.

+ Bridge Management Systems (BMS) allow agencies to plan maintenance and rehabilitation
systematically, prioritizing repairs based on condition ratings and risk assessments rather than reacting
to emergencies.

» Environmental resilience is now part of maintenance planning. This includes improved scour analysis
and countermeasures for bridges over waterways, as well as consideration of climate change impacts
on loading and material durability.

Construction and Quality Control

« Third-party inspection programs provide independent oversight during fabrication and erection,
reducing the chance that construction errors go undetected.

» Enhanced welding certification requirements for bridge fabricators ensure that critical connections
meet specified quality standards.

* Building Information Modeling (BIM) improves coordination between design and construction teams,
catching conflicts before they become field problems.

« Constructability reviews during the design phase now consider construction sequencing, temporary
loads, and erection stability, so that the structure is safe at every stage of building, not just in its final
form.

* Prefabricated bridge elements reduce on-site construction time and move critical fabrication into
controlled factory environments where quality is easier to maintain.

Effectiveness of Bridge Failure Remediation

Regulatory and Standard Improvements

Maijor failures have driven regulatory changes that measurably improved bridge safety:

» NBIS established standardized inspection procedures, frequency requirements (typically every 24
months), and qualification standards for bridge inspectors across the U.S.

* Load and Resistance Factor Design (LRFD) specifications replaced older Allowable Stress Design
methods. LRFD uses statistically calibrated load and resistance factors to achieve a more uniform and
reliable level of safety across different bridge types and materials.

+ Seismic design codes were substantially revised after earthquakes exposed vulnerabilities. Modern
codes use performance-based seismic design approaches and require ductile detailing in seismic
regions so that structures can deform without sudden collapse.
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Technological Advancements

Technology now allows engineers to monitor bridges continuously rather than relying solely on periodic
inspections:

« Structural health monitoring (SHM) systems use sensors (strain gauges, accelerometers, tilt meters)
to track bridge behavior in real time. Data analytics can flag anomalies that suggest developing
problems.

+ Scour monitoring uses sonar and other underwater inspection technologies alongside prediction
models to detect foundation erosion before it becomes critical.

» Advanced materials such as high-performance concrete, corrosion-resistant steel, and fiber-reinforced
polymers improve durability and reduce maintenance demands.

* Accelerated bridge construction (ABC) methods reduce the time a bridge is under construction,
limiting exposure to construction-phase risks and improving quality through factory-controlled
fabrication.

Long-Term Performance Enhancements

The profession has shifted from a "build and forget" mentality to one focused on whole-life performance:

* Fatigue detail categories classify connection types by their fatigue resistance, with associated design
stress ranges that engineers must respect. Fracture-critical member designations trigger enhanced
inspection requirements for the life of the bridge.

« Life-cycle cost analysis is now part of bridge design and management. Rather than minimizing initial
construction cost alone, engineers consider maintenance, rehabilitation, and eventual replacement
costs. Durability features like cathodic protection and dehumidification systems for steel box girders are
justified by their long-term savings.

* Risk-based asset management allows agencies to prioritize maintenance and replacement across
entire bridge networks, directing limited funding where it reduces the most risk. Resilience-based
design approaches ensure that critical infrastructure can withstand and recover from extreme events.

18.2 Innovative bridge designs and construction methods

Innovative bridge designs are revolutionizing how we connect communities. From biomimetic structures
inspired by nature to smart bridges with embedded sensors, these cutting-edge concepts are pushing the
boundaries of engineering. They're not just about looks — they're improving efficiency, safety, and
sustainability.

New construction methods are changing the game too. Modular systems, 3D printing, and accelerated
techniques are speeding up bridge building while minimizing disruptions. These advances, along with
high-tech materials like self-healing concrete, are making bridges stronger, longer-lasting, and more
adaptable to our changing world.

Cutting-edge Bridge Design Concepts

Biomimetic and Smart Bridge Designs

+ Biomimetic bridge designs incorporate principles from nature (leaf structures, animal skeletons) to
create efficient and aesthetically pleasing structures
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» Smart bridges utilize embedded sensors and actuators to monitor structural health, adapt to changing
conditions, and optimize performance in real-time

» Example: Sensors detect changes in temperature or wind speed, triggering adjustments in bridge
tension or damping systems

* Tensegrity bridges use a combination of tension and compression elements to create lightweight, yet
strong structures that can span long distances with minimal material

» Example: The Kurilpa Bridge in Brisbane, Australia, employs tensegrity principles to achieve its
distinctive design

Innovative Bridge Types and Construction Methods

» Modular bridge systems employ prefabricated components that can be rapidly assembled on-site,
reducing construction time and minimizing traffic disruptions

« Example: The accelerated bridge construction technique used for the 1-84 bridge replacement in New
York, completed in just two weekends

* Floating bridges and submerged floating tunnels offer innovative solutions for crossing bodies of water
in challenging geological conditions

* Example: The Evergreen Point Floating Bridge in Washington State, spanning 2.3 miles across Lake
Washington

» Shape-shifting bridges incorporate adaptive geometries that can reconfigure themselves to
accommodate different traffic patterns or environmental conditions

» Example: Conceptual designs for bridges that can widen or narrow lanes based on traffic flow

+ 3D-printed bridges showcase the potential of additive manufacturing techniques in creating complex,
customized structural elements with reduced material waste

» Example: The world's first 3D-printed steel bridge in Amsterdam, featuring intricate lattice-like designs

Advantages vs Challenges of Innovative Construction

Accelerated Construction Techniques

* Accelerated Bridge Construction (ABC) methods significantly reduce on-site construction time and
traffic disruptions but may require specialized equipment and careful planning

» Example: The rapid replacement of the Massachusetts Avenue Bridge in Boston, completed in just
one weekend

* Self-propelled modular transporters (SPMTs) enable the rapid installation of large bridge sections but
necessitate precise coordination and specialized expertise

» Example: The use of SPMTs to move the Milton-Madison Bridge into place over the Ohio River

* Incremental launching techniques allow for bridge construction without extensive temporary supports
but require careful design considerations to manage stresses during the launching process

» Example: The construction of the Millau Viaduct in France, where the deck was incrementally
launched across the valley
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Advanced Materials and Construction Methods

* Prefabrication and modular construction offer improved quality control and reduced environmental
impact but may face challenges in transportation and on-site assembly

* Example: The use of prefabricated deck panels in the accelerated replacement of the Tappan Zee
Bridge in New York

+ 3D printing of bridge components enables complex geometries and reduced material waste but
currently faces limitations in scale and material properties

» Example: The MX3D Bridge in Amsterdam, showcasing the potential and challenges of large-scale 3D

printing in construction

* The use of ultra-high-performance concrete (UHPC) in bridge construction provides enhanced
durability and strength but requires specialized mix designs and curing processes

» Example: The Jakway Park Bridge in lowa, the first UHPC bridge in North America

* Innovative erection methods, such as balanced cantilever construction or cable-stayed bridge fan
installation, can minimize environmental impact but demand advanced engineering expertise and
precise execution

» Example: The construction of the Russky Bridge in Russia, utilizing balanced cantilever method for its

main span
Advanced Materials for Bridge Engineering

Composite and Smart Materials

* Fiber-reinforced polymer (FRP) composites offer corrosion resistance and high strength-to-weight
ratios, potentially extending bridge lifespans and reducing maintenance costs

» Example: The use of FRP reinforcement in the Halls River Bridge in Florida, enhancing durability in a

corrosive coastal environment

« Self-healing concrete incorporates bacteria or polymers that can automatically repair cracks,
potentially reducing the need for manual maintenance and extending structural longevity

« Example: Experimental self-healing concrete used in small-scale bridge applications in the
Netherlands

» Shape memory alloys enable the development of smart structures that can adapt to environmental

changes and self-repair after extreme events

* Example: The integration of shape memory alloy bars in bridge columns for improved seismic
resilience

Nanotechnology and Sensor Integration

» Nanotechnology in construction materials, such as carbon nanotubes or graphene-enhanced
composites, can significantly improve strength, durability, and multifunctional properties of bridge
components

* Example: Research on graphene-enhanced concrete for stronger, more durable bridge decks
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» Advanced sensor technologies and Internet of Things (IoT) integration enable real-time monitoring of
bridge performance, facilitating predictive maintenance and optimized asset management

« Example: The implementation of a comprehensive structural health monitoring system on the Hong
Kong-Zhuhai-Macau Bridge

« Artificial intelligence and machine learning algorithms can enhance bridge design optimization,
structural health monitoring, and decision-making processes throughout the bridge lifecycle

» Example: The use of Al-powered analytics to predict maintenance needs and optimize inspection
schedules for bridge networks

» Augmented and virtual reality technologies offer new possibilities for bridge design visualization,
construction planning, and maintenance training

« Example: The use of VR simulations for training bridge inspectors and maintenance crews in safe and
efficient practices

Interdisciplinary Collaboration in Bridge Innovation

Design and Environmental Collaboration

+ Collaboration between structural engineers and architects enables the creation of bridges that balance
aesthetic appeal with functional requirements and structural integrity

« Example: The Helix Bridge in Singapore, combining architectural vision with engineering innovation

* Integration of environmental scientists and ecologists in bridge projects promotes sustainable design
practices and minimizes ecological impacts on surrounding ecosystems

* Example: The wildlife overpasses on the Trans-Canada Highway, designed in collaboration with
ecologists to facilitate animal migration

* Partnerships between materials scientists and bridge engineers drive the development and
implementation of advanced materials tailored for specific bridge applications

» Example: Collaboration between university researchers and industry partners to develop and test new
high-performance concrete mixtures for bridge applications

Technology and Social Integration

* Involvement of computer scientists and data analysts enhances the use of big data and artificial
intelligence in bridge design, monitoring, and maintenance strategies

» Example: The development of machine learning algorithms for analyzing sensor data from smart
bridges to predict structural behavior

* Collaboration with social scientists and urban planners ensures that innovative bridge designs
consider community needs, cultural context, and long-term urban development goals

* Example: The community-engaged design process for the 11th Street Bridge Park in Washington,
D.C., incorporating social and economic considerations

» Engagement of construction management experts and logistics specialists optimizes the
implementation of innovative construction techniques and project delivery methods
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* Example: The use of Building Information Modeling (BIM) and 4D scheduling in complex bridge
construction projects to improve coordination and efficiency

* Cross-disciplinary research initiatives between academia and industry accelerate the transfer of
cutting-edge technologies and methodologies into practical bridge engineering applications

» Example: Joint research programs between universities and transportation departments to develop
and implement new bridge monitoring technologies

18.3 Sustainable and resilient bridge engineering practices

Sustainable and resilient bridge engineering is reshaping the industry. Engineers now focus on creating
structures that withstand extreme events and minimize environmental impact. This approach considers the
entire lifecycle, from materials to maintenance, ensuring bridges serve communities for generations.

Key practices include using eco-friendly materials, implementing smart technologies, and designing for
adaptability. These strategies not only enhance bridge performance but also contribute to broader
sustainability goals. As the field evolves, engineers play a crucial role in balancing technical, economic,
and environmental considerations.

Sustainability and Resilience in Bridge Engineering

Defining Sustainability and Resilience

« Sustainability in bridge engineering involves designing, constructing, and maintaining bridges to meet
current needs without compromising future generations' abilities

* Resilience in bridge engineering represents a bridge's capacity to withstand and recover from extreme
events (natural disasters, man-made hazards) while maintaining essential functions

* Three pillars of sustainability applied to bridge engineering ensure long-term viability and reduced
negative impacts

» Environmental sustainability
* Social sustainability
» Economic sustainability

« Life cycle assessment (LCA) evaluates environmental impact of bridges throughout their entire
lifespan (material extraction, construction, operation, end-of-life disposal or recycling)

* Resilient bridge design incorporates strategies for enhanced performance during extreme events
* Redundancy in structural systems

* Robustness against multiple hazards

* Rapid recovery mechanisms

* Interconnection between sustainability and resilience concepts in bridge engineering often results in
mutually beneficial practices

Key Assessment Tools

« Life Cycle Assessment (LCA) for environmental impact evaluation

* Analyzes resource consumption
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* Quantifies emissions and waste generation

+ Life Cycle Cost Analysis (LCCA) for economic viability assessment
+ Considers initial construction costs

» Accounts for maintenance and operation expenses

* Factors in potential rehabilitation or replacement costs
 Multi-Hazard Risk Assessment for resilience evaluation

+ Identifies potential natural and man-made threats

* Assesses vulnerability to various hazards

* Determines potential consequences of extreme events

Principles of Sustainable and Resilient Bridge Design

Material Selection and Optimization

» Focus on sustainable materials to reduce environmental impact

« High-performance concrete (reduced cement content, increased durability)
» Recycled materials (reclaimed steel, recycled aggregate concrete)

» Low-carbon alternatives (geopolymer concrete, fiber-reinforced polymers)
» Material optimization techniques to minimize resource consumption

» Advanced structural analysis for efficient material use

* Topology optimization for lightweight design

+ Consideration of material durability and longevity to extend service life

« Corrosion-resistant materials (stainless steel reinforcement, GFRP bars)

« Self-healing concrete technologies

Energy-Efficient Design and Construction

* Prefabrication and modular construction methods reduce on-site energy consumption
« Off-site fabrication in controlled environments

* Rapid assembly on-site with reduced equipment usage

» Advanced construction technologies minimize waste and improve efficiency

+ 3D printing for complex structural components

» Automated construction systems for precise assembly

* Energy-efficient equipment and processes during construction

* Use of electric or hybrid construction machinery

* Optimization of construction schedules to reduce idle time and fuel consumption
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Adaptive and Smart Design Strategies
* Incorporation of adaptive design principles for future modifications
* Modular components for easy replacement or upgrade
* Flexible structural systems to accommodate changing loads or conditions
* Integration of smart technologies for real-time assessment and management
« Structural health monitoring systems using sensors and loT devices
+ Data analytics for predictive maintenance and performance optimization
* Green infrastructure elements to manage environmental impacts
* Bioswales for stormwater management (filtration, pollutant removal)

* Permeable surfaces to reduce runoff and promote groundwater recharge

Benefits of Sustainable and Resilient Bridges

Environmental Benefits

» Reduced carbon footprint through sustainable materials and practices
* Use of low-carbon concrete reduces CO2 emissions by up to 30%

+» Recycled steel production consumes 60% less energy than virgin steel
* Improved air and water quality in surrounding ecosystems

* Green infrastructure elements filter pollutants from stormwater runoff

» Reduced construction waste minimizes landfill impact

» Enhanced biodiversity and habitat preservation

* Integration of wildlife crossings in bridge design

+ Use of native vegetation in landscaping around bridge sites

Socioeconomic Benefits

* Enhanced community resilience during extreme events

* Continued functionality of critical transportation infrastructure

* Reduced socioeconomic disruptions (maintained access to essential services)
« Creation of local job opportunities in sustainable bridge technologies
 Development of skilled workforce in green construction practices

« Stimulation of local economies through innovative project implementation

* Improved public health and safety outcomes

» Reduced vulnerability to hazards through resilient design

* Enhanced air and water quality leading to better community health
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* Positive impact on community aesthetics and quality of life
« Integration of pedestrian and cycling facilities in bridge design

* Incorporation of public spaces and viewing areas on bridges

Economic Benefits

* Decreased life cycle costs through reduced maintenance requirements
* Durable materials and smart monitoring systems extend service life

* Proactive maintenance strategies minimize costly repairs

* Improved return on investment for bridge owners and stakeholders

* Longer service life increases the value of infrastructure assets

* Reduced downtime and disruptions during extreme events

* Potential for innovative financing mechanisms

» Green bonds for sustainable bridge projects

* Public-private partnerships focused on long-term sustainability goals

Challenges and Opportunities for Sustainable Bridge Engineering

Technical and Economic Challenges

« Initial higher costs of sustainable materials and technologies

* High-performance materials may have 10-30% higher upfront costs

» Advanced monitoring systems require significant initial investment

* Lack of standardized metrics for quantifying sustainability and resilience

* Varied assessment methods across different regions and organizations

« Difficulty in comparing projects using different sustainability criteria

 Balancing multiple objectives in bridge design and construction

* Trade-offs between sustainability, resilience, cost-effectiveness, and constructability

» Complexity in optimizing design for multiple performance criteria

Regulatory and Policy Considerations

+ Existing regulations may hinder adoption of innovative practices

* Building codes not updated to include new sustainable materials

* Procurement policies favoring lowest initial cost over life cycle performance
» Opportunities for policy reforms to incentivize sustainable practices

* Implementation of carbon pricing mechanisms

* Green public procurement policies for infrastructure projects
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* Need for standardization and certification of sustainable bridge practices
+ Development of sustainability rating systems for bridges (ENVISION, CEEQUAL)

« Establishment of performance-based specifications for resilient design

Research and Development Opportunities

» Advancement of sustainable materials and technologies

» Development of ultra-high-performance concrete with reduced environmental impact
« Exploration of bio-based materials for bridge components

* Integration of artificial intelligence in bridge design and management

* Al-powered optimization algorithms for sustainable design

* Machine learning for predictive maintenance and asset management

« Interdisciplinary collaboration for holistic solutions

» Partnerships between engineers, environmental scientists, and urban planners

* Integration of social science perspectives in resilience planning

Bridge Engineers' Role in Sustainability and Resilience

Professional Development and Education

 Continuous learning to stay current with emerging technologies and practices
* Participation in specialized workshops and conferences

* Pursuit of sustainability certifications (LEED AP, ENV SP)

* Collaboration with academia to advance scientific understanding

« Participation in research projects and pilot studies

» Knowledge transfer between industry and academic institutions

» Development of sustainability-focused curricula for engineering education

* Integration of sustainability principles in core engineering courses

* Creation of specialized programs in sustainable infrastructure design

Leadership and Advocacy

» Promotion of sustainable and resilient design standards within professional organizations
+ Contribution to the development of green bridge design guidelines

» Advocacy for the inclusion of sustainability metrics in bridge design codes

» Engagement with stakeholders to communicate benefits of sustainable practices

* Public outreach programs to educate communities on sustainable bridge projects

+ Collaboration with policymakers to develop supportive regulations
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* Fostering a culture of sustainability within engineering firms and organizations
« Implementation of sustainability goals in corporate strategies

» Recognition and reward systems for innovative sustainable designs

Implementation in Practice

* Integration of sustainability and resilience considerations in all project phases
* Incorporation of life cycle assessment in conceptual design

» Development of resilience strategies during detailed design

+ Implementation of sustainable construction practices on-site

» Development of innovative design solutions balancing multiple objectives

* Use of multi-criteria decision analysis for design optimization

* Application of systems thinking to address complex sustainability challenges
* Leveraging technology for improved sustainability and resilience outcomes

« Utilization of Building Information Modeling (BIM) for sustainable design

* Implementation of digital twin technology for asset management and optimization
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