Bridge Design Principles:
Substructure Components




Course Description

This course explores the fundamental principles behind the design and engineering of
bridge substructure components, which serve as the essential supporting elements
beneath a bridge superstructure. It examines the roles, functions, materials, load
transfer mechanisms, and geotechnical considerations involved in the planning and
construction of substructures. Emphasis is placed on footings, piers, abutments, pile
foundations, soil-structure interaction, and scour protection strategies.

The course is structured to guide the practicing engineer through both theoretical
design principles and applied engineering practices, with references to modern
standards and specifications.

Course Objectives
Upon completing this course, participants will be able to:
e |dentify and explain the primary components of a bridge substructure and their
roles in supporting superstructure loads.
e Analyze soil conditions and apply geotechnical principles to substructure
foundation design.
e Evaluate the selection and performance of shallow and deep foundations
including footings, piles, and drilled shafts.
e Apply design strategies for abutments and piers based on site-specific
constraints, structural demands, and environmental exposures.
e Integrate protective measures for scour, seftlement, and seismic activity into
substructure design.

Intended Audience
This course is applicable to civil, structural, transportation, and geotechnical engineers
engaged in bridge design, construction, inspection, or rehabilitation projects.
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Chapter 1: Introduction to Bridge Substructures

A bridge's substructure forms the critical foundation that transfers loads from the
superstructure to the ground. It not only supports vertical and lateral forces but also
resists environmental impacts such as water flow, seismic activity, and seftlement.
Properly designed substructures are fundamental to the long-term stability, durability,
and functionality of a bridge.

Definition and Classification of Bridge Substructures

The substructure of a bridge comprises all components located below the bearing level
of the superstructure. These elements function primarily to tfransmit dead loads, live
loads, impact forces, thermal movements, and environmental forces into the underlying
soil or rock. The two main categories of substructure elements are abutments and piers,
each playing a distinct role in the structural system.

Abutments serve as the end supports of a bridge span, retaining the earth behind the
bridge and often integrating the road approach. Piers, or intermediate supports, are
used for multi-span bridges to carry loads from the superstructure between the
abutments. Both elements can rest on shallow or deep foundations, depending on soll
conditions, water table levels, and structural load demands.

Bridge substructures are further classified based on their foundation type:
o Shallow foundations include spread footings or mat foundations that distribute
loads over a broad area close to the ground surface.
o Deep foundations include driven piles, drilled shafts, or caissons that transfer
loads to deeper, more stable strata.

Importance of Substructure Integrity in Bridge Systems

The substructure must be designed to provide long-term performance under varying
conditions. Structural failure of substructure components can result in catastrophic
bridge collapse, posing severe safety risks and economic consequences. Beyond
structural support, substructures are responsible for handling hydraulic effects such as
scour and erosion, which are leading causes of bridge failure, especially during floods.

Unlike the superstructure, which is more visible and accessible for inspection and
maintenance, substructure elements are often hidden or submerged. This makes their
design and construction quality all the more critical, as post-construction remediation is
difficult and costly.

A well-designed substructure ensures the following:
e Load path continuity, from the deck to the ground
e Durability against environmental conditions
o Resilience to seismic and hydraulic forces
e Structural redundancy in multi-column piers and grouped foundation elements



Relationship Between Substructure and Superstructure Behavior

While the superstructure dictates the span, deck type, and material composition, its
performance is closely tied to the supporting substructure. Movements in the
substructure due to differential settlement, seismic displacement, or scour-induced
instability directly affect the alignment and functionality of the superstructure.

Bridge designers must consider the interplay between the stiffness of the superstructure
and the compliance of the substructure. For instance, integral abutments, where the
superstructure and substructure act as a monolithic unit, require a different approach
to accommodate thermal movements and cyclic stresses.

Furthermore, the choice of substructure type can influence:
e The length and height of approach embankments
e The hydraulic profile of the bridge crossing
e The accommodation of utility conduits and drainage paths
e The ability to resist collision or seismic forces

Design Codes and Regulatory Frameworks

Design of substructure components is governed by national and international design
standards. In the United States, the AASHTO LRFD Bridge Design Specifications serve as
the primary code for structural bridge elements, including substructure design. These
standards incorporate load and resistance factor design principles, soil-structure
interaction, and environmental load cases such as scour and seismic events.

Other influential documents and guides include:
e FHWA Hydraulic Engineering Circulars (HEC-18 and HEC-20)
e FHWA Geotechnical Engineering Circulars (GEC-5 and GEC-10)
e ACI codes for concrete substructure components
e Local DOT bridge manuals and standard drawings

These resources provide prescriptive methods, empirical correlations, and performance-
based approaches for the design, detailing, and inspection of substructures. They also
outline requirements for documentation, inspection intervals, foundation load testing,
and scour analysis procedures.

Conclusion

Substructure design is foundational to the success of any bridge project. It represents
the interface between engineered structures and natural terrain. Proper design involves
a holistic understanding of structural mechanics, soil behavior, hydrology, and
construction constraints. Every decision regarding the substructure directly affects the
durability and stability of the overall bridge system.



Chapter 2: Geotechnical Considerations in Substructure
Design

A reliable bridge substructure begins with a thorough understanding of geotechnical
conditions. Soil-structure interaction governs how loads are transferred into the ground
and whether the foundation elements perform as intended over time. Geotechnical
considerations directly influence the type, depth, size, and configuration of substructure
components and must be thoroughly evaluated early in the design process.

Soil Investigation and Site Characterization

Before any foundation design can proceed, an extensive geotechnical investigation is
required. This investigation typically includes a combination of field exploration,
laboratory testing, and analytical interpretation of subsurface conditions.

Common field exploration fechniques include:

o Standard Penetration Tests (SPT) fo determine soil resistance and estimate
bearing capacity

o Cone Penetration Testing (CPT) to assess soil stratigraphy and strength

o Borehole sampling to exiract soil cores for laboratory classification and strength
testing

e Geophysical methods such as seismic refraction to map soil profiles and identify
bedrock

Laboratory tests provide data on grain size distribution, Atterberg limits, shear strength,
compressibility, and consolidation behavior. These parameters are vital in determining
whether shallow or deep foundations are appropriate, and how substructures must be
designed to accommodate site-specific conditions.

Geotechnical engineers prepare a detailed Subsurface Investigation Report (SIR) that
outlines soil stratification, groundwater conditions, bearing capacities, and
recommendations for suitable foundation types.

Bearing Capacity and Settlement Analysis
The primary concern in substructure design is ensuring that the foundation can safely
support applied loads without causing excessive settlement or failure.

This requires evaluation of:
o Ultimate bearing capacity, which represents the maximum load per unit area the
soil can sustain
o Allowable bearing pressure, determined by applying a safety factor to the
ultimate value
o Immediate and long-term settlement, especially in cohesive soils where
consolidation can continue over years

Analytical methods used in bearing capacity evaluation include Terzaghi's equations
for shallow foundations and various pile capacity models for deep foundations. For



layered soils or unusual conditions, finite element methods (FEM) or specialized software
may be employed.

Settlement is evaluated both in terms of total settlement and differential settlement.
While uniform settlement can often be tolerated, differential settlement—unequal
movement between supports—can lead to significant superstructure distress, such as
cracking or tilting.

Lateral Earth Pressure and Retaining Requirements
Abutments and certain pier configurations are subject to lateral soil pressures,
particularly when acting as retaining walls.

The lateral earth pressure depends on:

Soil type (cohesionless vs. cohesive)

Wall geometry

Backfill slope

Drainage conditions

Wall movement (active, at-rest, or passive conditions)

Design methods such as Rankine’s and Coulomb’s theories are commonly used to
estimate these pressures. Abutments must be designed not only to resist lateral thrust
but also to minimize rotational or sliding movements. Where lateral loads are high, it
may be necessary to include counterforts, tiebacks, or anchored walls.

The use of mechanically stabilized earth (MSE) abutments has increased, especially in
highway applications. These systems require careful integration of soil reinforcement
layers and facing panels and must be supported by appropriate geotechnical design.

Groundwater Influence and Drainage Considerations

Groundwater levels have a profound effect on foundation selection and substructure
durability. Saturated soils reduce effective stress and bearing capacity, increase
buoyancy forces on substructures, and may intfroduce uplift pressures. In addition, water
flow can transport fine soils, leading to piping or internal erosion.

Substructure design must account for:
e Seasonal fluctuations in groundwater elevation
e Hydraulic gradient forces acting on submerged substructures
o Need for dewatering during construction
o Use of filters, drainage blankets, or relief wells

Where groundwater cannot be easily controlled, designers may favor deep
foundations that bypass problematic zones or consider sealed cofferdams for in-water
pier construction. Waterproofing measures and protective coatings may also be
needed for concrete components exposed to aggressive groundwater chemistry.

Proper drainage is essential to reduce hydrostatic pressure on abutments and minimize
erosion around foundations. This includes the design of weep holes, geotextile filters,
and underdrain systems that direct water away from vulnerable substructure zones.



Conclusion

Geotechnical design is not a discrete task but a continuous process that informs every
aspect of the substructure. Accurate assessment of soil and groundwater conditions
enables the engineer to develop a foundation system that ensures stability, minimizes
settlement, and maintains durability over the bridge’s service life. These considerations
lay the groundwork for selecting the most appropriate footing or deep foundation
system, which will be further explored in subsequent chapters.



Chapter 3: Footings and Shallow Foundations

Shallow foundations, also known as footings, are the most direct and cost-effective
means of tfransferring structural loads to the ground when competent soil layers are
present near the surface. These systems distribute loads over a wide area to prevent
bearing capacity failure and limit settlement. They are commonly used for abutments
and piers when soil conditions are favorable and groundwater levels are manageable.

Spread Footings: Design and Limitations

Spread footings, or pad footings, are the most widely used type of shallow foundation in
bridge substructure design. These are typically rectangular or square reinforced
concrete pads that spread the load from the superstructure over a larger soil-bearing
areaq.

Design parameters for spread footings include:
e Size and shape, which are determined by the magnitude of applied loads and
the allowable soil bearing pressure.
o Depth of embedment, which must ensure protection from frost, erosion, and
scour.
o Reinforcement layout, which resists bending moments, shear forces, and
potential uplift pressures.

Footings may be either isolated or combined. Isolated footings support single columns
or piers, while combined footings support multiple loads or extend beneath entire
substructure walls, such as those in continuous abutments.

While spread footings offer ease of construction and economy, their application is
limited by:

e Low bearing capacity soils requiring excessively large footings

e High groundwater conditions that demand costly dewatering

o Susceptibility to scour in waterway crossings without adequate protection

Mat Foundations and Load Distribution
Mat foundations, also called raft foundations, are large continuous slabs that support
multiple loads across an entire structure footprint.

These are generally used when:
e Loads are very high
e Soil bearing capacity is marginal
e Settlement control is critical
e The footprint of individual footings would overlap or cause interference

Mat foundations act as a unit to distribute loads evenly, reducing differential
settlement. In bridge design, mats are more common under heavily loaded abutments
or in seismic zones where uniform stiffness distribution is essential.



Design of mat foundations requires detailed analysis of:
e Slab thickness and reinforcement
e Contact pressure variation across the mat
e Interaction with underlying strata using subgrade modulus or finite element
models

While more costly than isolated footings, mats can offer performance advantages
where site conditions or structural geometry demand an integrated approach.

Design Parameters: Load Combinations, Safety Factors, and Detailing

The design of shallow foundations is governed by a balance between ultimate strength
and serviceability. Engineers must ensure that the foundation can withstand worst-case
scenarios without overstress or excessive deformation.

Typical load combinations in accordance with AASHTO LRFD include:
e Dead Load + Live Load
e Dead Load + Live Load + Wind or Seismic Load
e Dead Load + Live Load + Impact Load
e Dead Load + Hydrostatic Uplift + Ice or Buoyancy

Each load combination is evaluated using prescribed load and resistance factors to
ensure conservative design.

Safety factors are embedded in:
o Soil bearing capacity estimates, which often include a factor of safety of 2.5 to
3.0
e Structural design, through strength reduction factors applied to concrete and
steel capacities
o Scour depth allowances, particularly in water crossings

Detailing of footings includes:
e Proper development lengths for reinforcement
e Provision of keyways or shear keys where needed
e Drainage features such as weep holes to relieve hydrostatic pressure
e Protection from environmental deterioration using durable concrete mixes and
coatings

Construction Practices and Quality Control
Shallow foundation construction is generally straightforward but must be carefully
executed to avoid long-term problems.

Key construction steps include:

Excavation to design depth and verification of soil bearing strata
Placement of formwork and reinforcement

Use of clean, properly graded concrete with adequate cover
Curing procedures that ensure hydration and minimize cracking



Quality control measures include:
e Verification of elevation and horizontal positioning
e Inspection of soil conditions for consistency with geotechnical assumptions
o Concrete slump and strength testing
e As-built documentation of all foundation dimensions and material specifications

During construction, unexpected conditions such as soft spots, groundwater intrusion, or
buried obstructions may require field adjustments or design revisions. These
contingencies must be anticipated in construction specifications and contract
allowances.

Conclusion

Footings and shallow foundations offer an effective, economical foundation solution for
bridge substructures where soil conditions permit. Their successful design relies on
accurate geotechnical data, proper load distribution analysis, and thoughtful detailing
for constructability and durability. Understanding their limitations is equally important, as
inappropriate use in weak or saturated soils can lead to costly failures.

The next chapter will explore deep foundation systems that address these more
challenging subsurface conditions.



Chapter 4: Deep Foundation Systems: Piles and Drilled Shafts

When soil near the surface lacks sufficient bearing capacity, or when excessive
settlement or scour risks are present, deep foundations are required to transfer bridge
loads to deeper, more stable strata. Deep foundation systems include piles and drilled
shafts, both of which are widely used in bridge substructure engineering. These systems
are designed to resist axial and lateral loads, accommodate varying soil profiles, and
mitigate risks such as liquefaction and scour.

Driven Piles: Types, Materials, and Installation Techniques

Driven piles are long, slender elements that are installed by driving them into the ground
using impact or vibratory hammers. They derive load-bearing capacity through a
combination of end bearing and skin friction with surrounding soil.

Common types of driven piles include:

o Steel H-piles, which are well-suited for penetrating dense soils and obstructions

e Precast concrete piles, often square in cross-section and prestressed to resist
handling stresses

o Timber piles, historically common but now used primarily for low-load
applications

e Pipe piles, which may be open or closed-ended and filled with concrete after
installation

Pile lengths and capacities are determined based on geotechnical conditions,
structural demands, and drivability considerations. Installation methods must minimize
disturbance to surrounding soil and avoid pile damage from excessive hammer energy.
Driving records are maintained to document blow counts, penetration rates, and final
set to confirm proper embedment.

Advantages of driven piles include:
e Immediate load-carrying capacity upon installation
e Visual confirmation of depth and resistance
o Suitability for underwater or marine applications

However, driven piles are subject to noise, vibration, and potential damage during
driving. They may also displace nearby soil, which can affect adjacent structures or
utilities.

Bored Piles and Drilled Shafts: Design Criteria and Reinforcement

Drilled shafts, also known as bored piles, are large-diameter cylindrical elements formed
by drilling a hole and filling it with concrete and reinforcement. These are particularly
effective in urban environments, near existing infrastructure, or where noise and
vibration from pile driving are unacceptable.

The construction process typically involves:
e Drilling through soil and rock using augers or casing
e Placing reinforcement cages



e Pouring concrete using tremie methods if below water table

Drilled shafts are designed for both axial compression and lateral loads, often using
moment-curvature analysis to model flexural behavior. Reinforcement is concentrated
in the upper regions to resist bending and shear, while cage design ensures sufficient
confinement and anchorage.

Key design considerations include:
e Minimum diameter and depth to achieve required capacity
o Soil-pile interaction, particularly for side resistance in cohesive soils
o Slurry stabilization where needed to prevent collapse of boreholes
e Base cleaning to ensure bond between concrete and bearing stratum
Drilled shafts offer higher capacities than driven piles and can be tailored in diameter
and depth. They are commonly used for major bridge piers, especially where large
axial and moment loads are involved.

Axial and Lateral Load Capacity Analysis
Deep foundation design must account for vertical (axial) and horizontal (lateral) forces.

Axial load analysis involves evaluating:
e End bearing on competent stratum
o Skin friction between the shaft and surrounding soil layers
o Group effects, when piles are installed in clusters or pile caps

Methods for axial capacity include:
o Static equations using soil sfrength parameters
e Empirical methods such as the Engineering News Record (ENR) formula for driven
piles
e Load testing, including static or dynamic tests, to confirm capacity assumptions

Lateral load capacity depends on the stiffness of the soil and the flexibility of the pile.
Analysis is often performed using p-y curves, which model the soil's nonlinear resistance
to lateral deflection. Lateral loads are critical near water crossings, seismic zones, or
where vehicular impacts may occur.

Pile groups exhibit reduced skin friction due to overlapping stress zones. Designers apply
group efficiency factors and use pile caps to distribute loads and ensure load-sharing
among all piles.

Settlement, Load Testing, and Pile Group Behavior
Settlement of deep foundations is generally small but must be evaluated to ensure
superstructure alignment.

Total settflement includes:
o Elastic compression of the pile itself
o Deformation of surrounding soil, especially for friction piles
e Consolidation settlement, where fine-grained soils are present



To verify performance, various testing methods are used:
o Static load testing, where loads are applied gradually to measure settlement
e Dynamic testing, using instruments such as Pile Driving Analyzer (PDA)
o Integrity testing, including sonic echo or crosshole sonic logging to detect voids
or defects

Pile groups behave differently from isolated piles due to interaction effects. Close
spacing can lead to reduced efficiency, requiring careful layout planning and
structural modeling.

Conclusion

Deep foundations enable bridge construction in locations with weak surface soils,
fluctuating water tables, or high loading demands. Driven piles and drilled shafts each
offer unique advantages depending on site conditions, structural needs, and
environmental constraints. Their design must infegrate geotechnical data, structural
analysis, and construction feasibility to ensure reliability and service life.

The following chapter will shift focus to abutments, the bridge components responsible
for transitioning loads to ground and retaining roadway approaches.



Chapter 5: Abutments: Structural Function and Types

Abutments are essential components of bridge substructures, positioned at each end of
a bridge span to support the superstructure and retain the earth embankment of the
approach roadway. They must accommodate vertical and lateral loads while
interfacing with both the superstructure and the surrounding terrain.

The design of abutments involves structural, geotechnical, and hydraulic considerations
to ensure stability, durability, and continuity of the bridge system.

Integral, Semi-Integral, and Cantilever Abutments

The three principal types of abutments—integral, semi-integral, and cantilever—differ in
how they interact with the bridge superstructure and accommodate movements such
as thermal expansion, settlement, and vehicular loads.

Integral Abutments

Integral abutments are monolithically connected to the bridge superstructure, creating
a continuous frame between the deck and abutment wall. This eliminates the need for
expansion joints at the abutment and simplifies maintenance.

Advantages include:
e Reduced maintenance due to elimination of deck joints
e Improved load distribution
e Befter performance in seismic zones due to continuity
o Simplified detailing and improved long-term durability

However, integral abutments are best suited for short- to medium-span bridges, as they
must accommodate movements caused by temperature and shrinkage through
flexibility of the backfill and substructure.

Semi-Integral Abutments

Semi-integral abutments also eliminate deck joints but use a flexible connection
between the superstructure and substructure. Typically, the deck is supported by
bearings embedded in a notch in the backwall, allowing relative movement while
maintaining a sealed interface.

This design balances some of the benefits of integral abutments while providing more
movement capacity. It is often used where thermal movements are more significant or
where substructure flexibility is limited.

Cantilever Abutments

Cantilever abutments are independent walls that retain earth pressure and support the
superstructure through bearings. Expansion joints are located at the bridge ends to
accommodate thermal movement.

These are common in longer-span bridges or where integral action is impractical due to
site constraints. However, they require more maintenance due o the presence of joints



and bearings, and may be more susceptible to water infilfration, corrosion, and freeze-
thaw damage.

Wing Walls and Backwall Design
Wing walls are lateral extensions of the abutment used to retain the approach
embankment and guide drainage away from the structure.

They can be:
e Flared, projecting outward from the abutment to blend into the slopes
o Return-type, perpendicular to the abutment to retain vertical embankments

Wing wall design must account for:
e Earth pressure distribution
e Interaction with the main abutment wall
e Drainage considerations to prevent hydrostatic buildup
e Aesthetic and erosion control factors

The backwall is the vertical portion of the abutment facing the superstructure. In
integral and semi-integral designs, the backwall must be detailed to handle deck
movements and avoid cracking. Its height and reinforcement must accommodate
anticipated impact loads and soil pressures from the backfill.

Soil-Structure Interaction and Earth Pressure Distribution
Abutments interact directly with surrounding soil, and their design must accurately
model earth pressure conditions under both active and at-rest scenarios.

The magnitude and distribution of earth pressure depend on:

e Soil type and cohesion

e Slope of the backfill

e Wall movement characteristics

e Drainage provisions behind the walll
If the abutment moves away from the soil mass (as in integral designs), active pressure is
assumed. If movement is restrained, at-rest pressure is more appropriate. For walls
restrained against translation or rotation, passive pressure may develop on the
opposing face.

Design must also account for live load surcharge from vehicles and equipment
operating on the roadway above. These loads contribute additional lateral pressure on
the back of the abutment wall and may affect sliding and overturning stability.

Drainage, Expansion Joints, and Thermal Movement Considerations
Water management is a critfical aspect of abutment design. Poor drainage can cause
hydrostatic pressure, soil erosion, and freeze-thaw damage.

To mitigate this, typical drainage features include:
e Weep holes through the wall to relieve water pressure
e Granular backfill and filter fabric to allow water movement without soil migration



o Perforated drainage pipes af the base of the abutment

Expansion joints are required in non-integral abutments to accommodate thermal
expansion and contraction of the superstructure. These joints must be properly sealed
and maintained to prevent water infiliration into the substructure.

For integral and semi-integral abutments, movement must be absorbed through
deformation of the backfill and substructure flexibility. This necessitates careful detailing
of approach slabs, backwall thickness, and reinforcement to handle cyclic loading
without damage.

Conclusion

Abutments form a complex interface between bridge superstructures and the
surrounding environment. Their design must integrate structural support, earth retention,
hydraulic control, and movement accommodation. Selecting the appropriate type—
integral, semi-integral, or cantilever—depends on span length, thermal behavior, site
geometry, and maintenance strategy.

The next chapter will examine piers and bents, the intermediate supports used in multi-
span bridges.



Chapter é: Piers and Bents

Piers and bents are intermediate supports that sustain the superstructure between
abutments in multi-span bridges. Their design is critical to maintaining alignment,
distributing loads, and ensuring structural continuity over longer distances. These
elements transfer vertical and horizontal forces from the superstructure into the
substructure and ultimately to the ground, resisting impacts, seismic activity, and
environmental degradation.

Function and Load Transfer Role of Piers
Piers serve to:
e Support vertical loads from superstructure spans
e Resist horizontal forces from wind, braking, seismic motion, and vessel or
vehicular collision
e Provide stability against torsion and bending, especially on curved bridges or
those with skewed alignments

The vertical load path involves the fransmission of dead and live loads from the bridge
deck through bearings into the pier cap, columns, and foundation system. Horizontal
forces are resisted by the pier's moment capacity and lateral stiffness, in combination
with its embedment and connection to the ground or pile system.

Depending on bridge length and site conditions, piers may be spaced closely or span
large distances. In some designs, piers are also responsible for dampening vibrations
and dynamic loads, especially in seismic-prone areas or in bridges subjected to high-
speed vehicular traffic.

Types of Pier Configurations and Materials
Pier types are categorized based on geometry, structural form, and construction
materials.

Common configurations include:

1. Hammerhead Piers
Characterized by a central column supporting a fransverse pier cap that
resembles a hammer's head. Often used where a single column suffices for load
demands and architectural clearance is desirable.

2. Multi-Column Bents
Consist of two or more vertical columns supporting a pier cap. Columns are
typically cast-in-place concrete or steel and can be circular, rectangular, or
tapered in cross-section. These are common in highway bridges where
redundancy and lateral stability are required.

3. Wall Piers
Massive vertical elements extending across the bridge width. They provide high
resistance to lateral loads and are frequently used in short-span structures or
when earth retention is integrated into the design.

4. V-Piers or Inclined Leg Piers
Used in longer span bridges and those with aesthetic or structural efficiency



goals. The angled legs provide wider base support and distribute forces more
evenly.

Materials used include:

o Reinforced concrete, due to its strength, durability, and adaptability to site
casting

o Presitressed concrete, often used for pier caps or precast components

o Structural steel, chosen for its high strength-to-weight ratio and ease of
fabrication, though more prone to corrosion

o Composite systems, combining steel and concrete to optimize load-carrying
capacity and constructability

Pier design must factor in durability, especially in marine or freeze-thaw environments,
with protective coatings, corrosion inhibitors, or cathodic protection systems often
specified.

Seismic Design and Redundancy Considerations
In seismic zones, piers and bents play a critical role in the bridge’s lateral force-resisting
system.

Proper seismic design includes:

e Ductility in the pier columns to absorb energy through controlled plastic
deformation

e Capacity design, ensuring that plastic hinges form in predetermined locations,
usually at the column ends

e« Redundancy, so that the failure of one pier does not result in total collapse

o Base shear capacity, determined through site-specific response spectra or time-
history analysis

Special detailing is required to prevent unseating of the bridge deck during ground
motion, particularly at expansion joints and superstructure bearings. Shear keys,
restrainers, and energy-dissipating devices may be added to protect against large
displacements.

Integral piers can improve seismic response by tying the superstructure directly to the
substructure. However, they require robust foundations and soil-structure interaction
analysis to avoid excessive forces during seismic events.

Design Against Vessel Collision and Lateral Load Resistance

Where bridges cross navigable waterways, piers must be designed to resist vessel
impact. This includes both static and dynamic load assessments based on the size,
speed, and type of marine traffic.

Countermeasures may include:
e Fender systems to deflect or absorb vessel impact
o Protective dolphins constructed of steel or reinforced concrete
o Reinforced pier collars to distribute collision forces



Design codes such as AASHTO LRFD and U.S. Coast Guard regulations provide
guidelines for evaluating potential collision scenarios and required resistance levels.

For highway bridges, lateral loads from vehicle braking, wind, and differential
temperature movements must also be resisted. These loads are transferred from the
bearings to the pier cap and then to the columns and foundation system. Structural
analysis includes lateral stiffness modeling and often uses moment-curvature
relationships to evaluate pier column response under load combinations.

Conclusion

Piers and bents are indispensable in the design of multi-span bridges, acting as critical
load-bearing and stability components. Their configuration, material selection, and
detailing must be tailored to site-specific demands, including seismic, hydraulic, and
navigational constraints. When properly designed, piers conftribute significantly to the
safety, durability, and serviceability of the overall bridge structure.

The following chapter will address scour and erosion control, which are persistent
threats to the integrity of substructure foundations, particularly in hydraulic
environments.



Chapter 7: Scour and Erosion Control at Substructure
Elements

Scour is the removal of sediment such as sand and gravel from around bridge
abutments and piers by swiftly moving water. It is the leading cause of bridge failures in
the United States and presents a significant risk to substructure stability, particularly in
riverine and coastal crossings. Proper understanding, prediction, and mitigation of scour
are essential fo the long-term performance and safety of bridge substructures.

Mechanisms of Scour Around Foundations

Scour around bridge foundations is driven by hydrodynamic forces and sediment
transport phenomena. The process is highly dynamic and can result in sudden and
severe foundation exposure or failure.

Scour is categorized into three main types:

1. Local Scour
Occurs directly at the base of piers or abutments due to vortex formation and
flow acceleration. This type of scour is highly localized and is influenced by pier
shape, size, alignment, and flow velocity.

2. Contraction Scour
Results from flow acceleration due to a narrowing of the waterway, such as at
bridge openings. It affects a larger area and can lower the entire bed elevation
across the width of the bridge.

3. General or Long-Term Scour
Involves broader changes in the riverbed profile over time due to natural river
migration, sediment supply reduction, or anthropogenic alterations like dredging
and dam construction.

Scour can also occur during extreme events such as floods and hurricanes when high-
velocity flows and turbulence increase sediment mobility. Ice cover, debris, and
submerged obstacles can exacerbate scour conditions by altering flow patterns or
increasing furbulence.

Predictive Methods and Hydraulic Modeling

Accurate scour estimation is essential during the design phase to ensure that
substructures are placed below potential scour depths or protected accordingly. The
Federal Highway Administration (FHWA) provides extensive guidance in Hydraulic
Engineering Circular No. 18 (HEC-18), which outlines recommended procedures for
scour analysis.

Key factors considered in scour prediction include:
Flow velocity and depth

Bed material size and cohesion

Pier shape (circular, rectangular, pile group)
Alignment of flow relative to substructure
Duration and frequency of flood events



Design scour depths are typically calculated using empirical equations based on
laboratory testing and field data. Computational Fluid Dynamics (CFD) models and
physical hydraulic models may be used in complex scenarios to simulate flow behavior
and sediment transport around bridge structures.

Scour depth results are integrated into the foundation design by:
e Embedding foundations below estimated scour depth
e Providing scour-resistant materials around the foundation
e Designing for structural capacity even under partially exposed conditions

Scour Countermeasures: Riprap, Concrete Aprons, and Grouting
To mitigate the impact of scour, protective countermeasures are implemented at
critical substructure locations.

These include:

1. Riprap
Large, angular rock placed around piers and abutments to absorb flow energy
and prevent soil erosion. Riprap sizing, thickness, and extent are determined
based on flow velocity and depth. A filter layer is often placed beneath riprap to
prevent soil migration.

2. Concrete Aprons and Mats
Rigid scour protection measures such as reinforced concrete slabs, articulated
concrete blocks, or grouted riprap can provide long-term erosion control. These
are often used in high-flow or high-energy environments.

3. Scour Fills and Armoring
Geotextile-encased sand containers or engineered stone columns can reinforce
the soil around foundations. These materials are designed to resist movement
while maintaining flexibility during load shifts.

4. Soil Cement and Grouting
Chemical or cementitious grouting can be used to stabilize soils around
foundations, especially where scour has already occurred or where cohesive
soils are vulnerable to piping.

The choice of countermeasure depends on site-specific conditions such as waterway
geometry, flow patterns, sediment type, constructability, and long-term maintenance
strategy.

Inspection and Monitoring Protocols
Scour monitoring is a critical component of bridge maintenance. Periodic and post-
flood inspections are necessary to detect early signs of scour or undermining.

Techniques include:
e Visuadl inspection during low-flow conditions
e Underwater diving for submerged foundations
o Sonar and LIDAR mapping to detect changes in bed profile
e Scour probes and settlement markers for long-term observation



Instrumentation such as time-domain reflectometry (TDR), filt sensors, and vibration
monitors can be installed to detect changes in foundation alignment or support
conditions. Data from these systems are used to trigger emergency inspections or traffic
restrictions in response to dangerous scour conditions.

Bridges classified as scour-critical by the National Bridge Inventory (NBI) require special
attention and may necessitate retrofit actions, including foundation reinforcement or
replacement.

Conclusion

Scour and erosion are persistent and often invisible threats to bridge substructure
integrity. Designing with scour in mind—through predictive analysis, appropriate
embedment, and protective measures—can drastically reduce the likelihood of failure.
Proactive inspection and monitoring are essential o maintaining public safety and
minimizing emergency repair costs.

The next chapter will address the construction and inspection practices that ensure
proper execution of substructure design and long-term performance.



Chapter 8: Construction and Inspection of Substructure
Systems

The successful performance of bridge substructures depends not only on sound design
but also on proper construction and thorough inspection. Even the most robust
structural plans can be compromised by improper execution, material deficiencies, or
overlooked field conditions.

This chapter addresses the construction methods and quality assurance protocols
essential to achieving durable and stable substructure components, along with
inspection practices required during and after installation.

Sequencing of Substructure Construction

The construction of substructure components typically follows site preparation and
excavation. Proper sequencing is essential o maintain structural integrity, prevent
differential settlement, and avoid unnecessary construction delays.

The general sequence includes:

o Excavation and dewatering, ensuring stable working conditions and exposing the
foundation bearing stratum

e Formwork and reinforcement installation, ensuring dimensional accuracy and
structural alignment

e Concrete placement and curing, which must follow precise specifications to
ensure strength and durability

o Backfilling and compaction, using appropriate materials and moisture control to
avoid future settlement

o Waterproofing and drainage installations, including weep holes, geotextiles, or
underdrain systems as necessary

In the case of drilled shafts or deep foundations, the sequence also involves boring,
inspection of the shaft integrity, reinforcement cage lowering, and tremie concrete
placement. For driven piles, staging must account for hammer type, driving sequence,
blow count recording, and pile cut-offs.

Staged construction may be required where adjacent traffic, environmental
constraints, or structural phasing necessitate partial bridge construction while other
parts remain active or under loading.

Common Construction Challenges and Failure Modes
Substructure elements are vulnerable to a number of construction issues that can
compromise safety or longevity if not addressed promptly.

These include:
e Inadequate excavation or poor compaction leading to post-construction
settlement



o Improper concrete curing, which may cause cracking, reduced strength, or
freeze-thaw deterioration

e Reinforcement misalignment, affecting moment resistance and crack control

e Foundation heave or groundwater intrusion, undermining base stability

o Scour exposure during high water events, leading to undermined footings or pier
bases

In deep foundation work, common issues include:
o Pile refusal before reaching design depth
e Concrete segregation or voids in drilled shafts
e Loss of borehole stability, particularly in sandy or saturated soils

To prevent these problems, project specifications often require the presence of
geotechnical and structural inspectors during key stages of substructure work.

Inspection Requirements During and After Construction
Bridge substructure inspection is performed at several stages:
1. Pre-construction inspection to verify site conditions, benchmark elevations, and
material availability
2. During construction, with continuous oversight of critical operations such as
reinforcement placement, form setup, pile driving, concrete pour, and curing
3. Post-construction inspection to confirm dimensional compliance, surface
condition, finish tolerances, and joint integrity

Key elements reviewed during inspection include:

Horizontal and vertical alignment of substructure walls and columns
Quality of concrete finish, presence of honeycombing or cold joints
Reinforcement spacing, cover, and anchorage

Bearing seat elevations and alignment

Backfill compaction density and drainage system functionality

Non-destructive testing (NDT) methods are often employed:
o Ultrasonic pulse velocity and rebound hammer for concrete quality
e Crosshole sonic logging (CSL) for drilled shaft integrity
o Pile integrity testing (PIT) and dynamic load testing for driven piles

Inspection findings must be thoroughly documented in as-built records, with any
deviations from the design drawings reviewed by the engineer of record. Where
defects are found, corrective actions must be implemented prior to proceeding to the
next construction phase.

Maintenance Strategies and Rehabilitation Options
Substructure maintenance extends the service life of the bridge and ensures long-term
structural reliability.

Common maintenance activities include:
o Cleaning and vegetation control around foundations to prevent root intrusion or
erosion



Sealing cracks in concrete walls and piers to prevent moisture ingress

Coating steel components and bearing seats with corrosion-resistant materials
Monitoring foundation settlement or tilt, particularly for bridges in flood-prone or
unstable areas

Inspection and re-grading of backfill to maintain proper drainage flow

When deterioration is identified, rehabilitation may involve:

o Jacketed encasement of columns or piers using reinforced concrete or fiber-
reinforced polymer (FRP) wraps

e Underpinning or retrofitting of foundations using micropiles or drilled shafts

o Addition of scour protection, such as extending riprap aprons or installing
arficulated mats

o Replacement of bearings and joint seals, particularly in older bridges with
cantilever abutments or seismic deficiencies

Maintenance planning should be incorporated into asset management strategies, with
inspection intervals adjusted based on structure age, material type, and exposure risk.

Conclusion

Substructure construction is a high-risk, high-impact phase of bridge building, requiring
rigorous sequencing, material confrol, and expert oversight. From initial excavation to
final inspection, each activity must align with the structural and geotechnical intent of
the design. Ongoing inspection and fimely maintenance ensure that these buried or
submerged components continue to perform their critical role in supporting the bridge
system safely and reliably for decades.
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