ANATOMY OF A
PRE-STRESSED
CONCRETE BRIDGE
SYSTEM




Course Description

This course explores the structural anatomy and engineering principles of pre-stressed
concrete bridge systems, focusing on their design, materials, construction methods, and
performance characteristics. It provides civil and structural engineers with a
comprehensive understanding of the mechanical behavior of pre-stressed elements,
the rationale for their use in modern bridge construction, and the analysis techniques
necessary for effective design and maintenance.

This course delves into tensioning methods, load path analysis, and typical cross-
sectional configurations to give engineers a practical and theoretical foundation in
pre-stressed concrete systems.

Course Objectives
By the end of this course, participants will be able to:
e Explain the fundamental principles behind pre-stressing and its advantages over
conventional reinforced concrete.
e Identify and analyze the key structural components of a pre-stressed concrete
bridge system.
e Understand and differentiate between pre-tensioning and post-tensioning
techniques.
e Assess the design considerations that impact load distribution, durability, and
long-term performance.
e Evaluate common failure modes and durability issues in pre-stressed concrete
bridges.
Interpret relevant design codes and construction practices used in the field.

Intended Audience

This course is applicable to civil engineers, structural engineers, construction engineers,
bridge designers, and transportation infrastructure professionals involved in the design,
analysis, inspection, or construction of bridge systems. It is also suitable for professional
engineers seeking continuing education in bridge engineering and concrete structures.
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Chapter 1: Introduction to Pre-Stressed Concrete in Bridge
Engineering

The concept of pre-stressing represents a significant advancement in structural
engineering, allowing materials that are strong in compression but weak in fension—
such as concrete—to achieve higher performance in load-bearing applications. In
bridge design, where long spans, high loads, and durability are essential, pre-stressed
concrete offers a refined solution to many of the challenges faced by engineers.

The origin of pre-stressed concrete dates back to the late 19th and early 20th centuries,
with experimental applications preceding the widespread adoption of high-strength
steel. Eugene Freyssinet, a French engineer, is generally credited with the modern
development of pre-stressing techniques in the 1920s, particularly through his work on
segmental and arch bridges.

Since then, the technology has evolved to become a cornerstone of bridge
construction, especially for medium- to long-span structures where steel or conventional
reinforced concrete might be inefficient or cost-prohibitive.

Pre-stressed concrete bridges are engineered to infroduce intenfional compressive
stresses into the structural members before they are subjected to live loads. These inifial
stresses counteract tensile forces that develop under service conditions, preventing
cracking and increasing the effective moment capacity of the member. As a result, the
structural system performs with enhanced durability, greater span-to-depth ratios, and
improved resistance to dynamic and environmental loads.

There are two principal categories of pre-stressed bridge types: those utilizing pre-
tensioned elements and those employing post-tensioned elements. Pre-tensioned
systems are typically factory-fabricated, where the steel tendons are tensioned before
the concrete is cast. Post-tensioned systems, in contrast, involve tensioning of the
tendons after the concrete has hardened, often conducted on-site using specialized
equipment. Each method offers different advantages depending on the project’s
logistical and structural requirements.

Modern bridge applications using pre-stressed concrete span a wide range of
typologies. These include simple span beam bridges for overpasses and highway
inferchanges, multi-span continuous box girder bridges, and segmental bridges used for
large viaducts and urban flyovers. Pre-stressing is particularly suited to segmental
construction, where individual precast units are joined together either through epoxy
bonding and external tendons or through cast-in-place joints with continuous post-
tensioning. The segmentation allows for rapid construction, reduced scaffolding needs,
and high quality conftrol.

In addition fo new construction, pre-stressing principles are also applied in bridge
rehabilitation and strengthening. External post-tensioning, for example, can be



infroduced into an existing structure to improve load-carrying capacity or control
excessive deflection.

Overall, the application of pre-stressed concrete in bridge engineering represents a
mature yet evolving technology. Its wide adoption reflects the balance it offers
between structural efficiency, constructability, durability, and cost. As infrastructure
demands increase and new challenges emerge—including environmental sustainability
and accelerated construction timelines—pre-stressed systems will continue to play a
vital role in the future of bridge design.



Chapter 2: Fundamentals of Pre-Stressing Theory

The engineering principles behind pre-stressing are rooted in the goal of overcoming
concrete’s inherent weakness in tension. Concrete possesses excellent compressive
strength but performs poorly when subjected to tensile forces. In a typical reinforced
concrete beam, tension is accommodated by steel reinforcement, which engages
only after the concrete has cracked. Pre-stressing improves this performance by
inducing compressive stresses in regions of anticipated tensile stress, thereby delaying or
preventing cracking altogether.

Pre-stressing achieves its effect by applying a deliberate axial force to steel tendons
embedded within or attached to the concrete member. This axial force induces a
compressive stress field in the concrete, offsetting the tensile stresses that develop
under service loads. In a simply supported beam, for instance, downward loads create
tension in the bottom fibers of the beam. By applying pre-stressing force in the opposite
direction, the internal stresses counteract these service-induced tensions.

There are two principal modes of pre-stressing: pre-tensioning and post-tensioning. In
pre-tensioning, steel tendons are stretched between fixed abutments before concrete
is cast around them. After the concrete gains sufficient strength, the tension is released,
and the tendons attempt to return to their original length. This action compresses the
concrete. In post-tensioning, the tendons are placed in ducts within or adjacent to the
concrete member. After the concrete has cured, the tendons are tensioned using
hydraulic jacks and then anchored against the concrete to maintain the applied force.

The stress profile within a pre-stressed concrete member is unique. Prior to any external
load, the induced compressive stresses dominate. As external loads are applied, the
total stress at any point becomes the algebraic sum of the pre-stress and the externally
applied stress. The goal is to keep the resultant stress within limits that avoid cracking or
crushing. In many cases, the final stress distribution shows reduced or eliminated tensile
stress in critical regions.

Three primary loss mechanisms reduce the effective pre-stressing force over time:
1. Elastic shortening occurs when the concrete shortens under the initial pre-
stressing force, thereby reducing the strain in the tendons.
2. Creep and shrinkage represent time-dependent deformations of concrete that
gradually reduce tendon tension.
3. Relaxation of steel is the reduction in stress over time when tendons are held at a
constant strain, typical in high-strength steel.

Other potential losses include friction between tendons and ducts (especially in curved
post-tensioning profiles) and anchorage slip during initial loading. These losses are
typically estimated during design and accounted for by increasing the initial jacking
force.

A critical concept in pre-stressing theory is the load-balancing method, which considers
how the pre-stressing force counteracts a portion of the external load. This method



helps visualize how a pre-stressed member behaves more like a uniformly loaded beam
than a traditional reinforced beam, with the pre-stressing tendon inducing a moment
that balances part of the applied load.

Additionally, the eccentricity of the pre-stressing force relative to the member’s
centroid influences the internal stress state. Tendons placed below the centroid in a
simply supported beam, for example, provide an upward bending moment that
counteracts the external loads. Designers can manipulate the tendon profile—either
straight, parabolic, or draped—to optimize the stress distribution for various loading
conditions and support configurations.

Pre-stressed concrete design is not solely about applying high compressive forces; it is
about precise stress control. The goal is fo ensure that, under all combinations of dead
load, live load, and environmental effects, the concrete remains mostly in compression,
while tensile stresses are minimized or eliminated. This contributes to longer service life,
greater resistance to fatigue and corrosion, and improved structural behavior under
seismic or impact loads.

Understanding the foundational mechanics of pre-stressing sets the stage for exploring
the material systems and construction practices that bring these theoretical principles
to life in the built environment.



Chapter 3: Materials and Components in Pre-Stressed Bridge
Systems

The materials used in a pre-stressed concrete bridge system must be carefully selected
and engineered to meet the demands of high axial forces, long-term durability, and
structural resilience. Both concrete and steel—the two fundamental components—must
exhibit specific properties to function effectively under pre-stressed conditions. In
addition, auxiliary materials such as ducts, anchorage systems, grouts, and bearings
contribute to the integrity and performance of the overall bridge system.

High-Strength Concrete Properties

Concrete in pre-stressed bridge applications must possess high compressive strength,
low shrinkage, and excellent durability. Typically, the compressive strength of concrete
used for pre-stressed members ranges between 6,000 psi and 10,000 psi, although some
high-performance concretes exceed these values.

Early strength gain is also desirable, especially in pre-tensioned members, where the
tensioning steel is released shortly after casting. Low permeability is critical to minimize
ingress of chlorides and water, which can otherwise initiate corrosion in embedded
steel components.

Concrete used in pre-stressed applications must also have adequate tensile strain
capacity to resist cracking during both handling and service conditions. Additives such
as silica fume, fly ash, and superplasticizers are commonly used to improve strength and
workability without compromising long-term durability.

Pre-Stressing Steel Tendons

Steel tendons are the primary load-carrying elements that apply pre-stress to the
concrete. These are made from high-strength steel wires, strands, or bars with tensile
strengths typically ranging from 250 ksi to 270 ksi. The most common configuration in
bridge applications is the seven-wire strand, which consists of a central wire surrounded
by six helically wound wires.

Steel tendons must exhibit high yield strength, low relaxation, good ductility, and
corrosion resistance. Low-relaxation strands are preferred for minimizing long-term stress
loss. In aggressive environments, epoxy-coated, galvanized, or stainless-steel tendons
may be used. Additionally, for bonded post-tensioned systems, tendons are enclosed
within plastic or metal ducts and grouted after stressing to ensure protection and load
transfer.

Anchorage Systems

Anchorage systems transfer the tensile force from the steel tendons to the concrete. In
post-tensioned systems, anchorages consist of bearing plates, wedges, and hardware
that engage the tendon and bear directly against the concrete. These systems must
resist large concentrated loads without cracking the concrete or allowing slippage. In



bonded post-tensioning, the anchorage also serves as the end termination point before
grout is injected to fix the tendon along its length.

For pre-tensioned systems, anchorage is achieved by bonding the tendon to the
concrete during casting, followed by cutting the strand once the concrete has cured.
Here, the bond itself becomes the mechanism of force transfer, eliminating the need for
end hardware.

Ducts and Grouting Materials

In post-tensioned systems, ducts are used to house the tendons before tensioning. These
ducts are often made from galvanized steel or high-density polyethylene (HDPE). The
ducts must be smooth, watertight, and dimensionally stable to allow for unimpeded
tendon movement during stressing.

After tensioning, grout is pumped into the ducts to fill the void between the tendon and
the duct wall. This serves several purposes: it bonds the tendon to the concrete,
provides corrosion protection, and helps maintain structural integrity in case of tendon
failure.

Grouting materials are typically cementitious, modified with admixtures to reduce
bleeding, improve flow, and enhance durability. Proper grouting procedures are
essential to avoid voids and ensure complete encapsulation of the tendon.

Bearings and Expansion Devices

Bearings are structural elements that transfer loads from the superstructure to the
substructure while accommodating movements such as thermal expansion, creep, and
shrinkage. In pre-stressed bridges, bearings must also handle the effects of the pre-
stressing force and any rotational movements induced by tendon profiles.

Types of bearings include elastomeric pads, pot bearings, and spherical bearings.
Expansion joints, placed strategically at the ends of spans or in continuous decks,
provide space for controlled movement and prevent cracking due to restraint.

Diaphragms, Shear Keys, and Joint Reinforcements

Pre-stressed bridge systems often include diaphragms—transverse concrete members
connecting girders—to distribute loads and enhance lateral stability. In segmental
bridge construction, shear keys and epoxy joints may be used between precast
segments, with post-tensioning applied to create a monolithic structure. Proper
reinforcement in joints and diaphragms ensures load fransfer and prevents localized
cracking.

Each of these material components must function in harmony fo realize the benefits of
pre-stressing. Design codes prescribe detailed material requirements and testing
protocols fo ensure quality and performance, given the critical nature of these systems
in public infrastructure.



Chapter 4. Pre-Tensioning and Post-Tensioning Techniques

The two principal methods used to apply pre-stressing forces in concrete bridge
construction are pre-tensioning and post-tensioning. While both methods share the
fundamental goal of enhancing the tensile performance of concrete, they differ
significantly in procedure, equipment requirements, and application context. Each has
specific advantages and constraints, influencing where and how they are applied in
bridge projects.

Pre-Tensioning

Pre-tensioning is most commonly used in the manufacture of precast concrete
elements, such as I-girders, planks, piles, and slabs. In this method, high-strength steel
tendons (typically strands) are tensioned between fixed abutments in a casting bed
before the concrete is poured.

The key steps include:

1. Tendon placement and stressing: Tendons are stretched to a predetermined
tension and anchored at both ends of a long casting bed using large steel
abutments.

2. Concrete placement and curing: Concrete is poured around the stretched
tendons. As the concrete cures and gains strength, it forms a bond with the
tendons along their entire length.

3. Tendon release: Once the concrete reaches the required compressive strength
(often 4,000-5,000 psi), the tendons are cut or released. This causes the tendons
to aftempt to return to their original length, thereby compressing the concrete.

Because the force is transferred through bond between the concrete and tendons, the
quality of bond and timing of release are critical to structural performance. Pre-
tensioning is ideally suited for repetitive production of standardized elements and allows
for rapid construction with consistent quality. However, it is generally limited to precast
applications due to the need for long beds and fixed stressing points.

Post-Tensioning

Post-tensioning is used both in precast and cast-in-place construction. Unlike pre-
tensioning, this method involves placing the tendons inside ducts within the concrete
before stressing. Once the concrete has cured and reached the specified strength, the
tendons are stressed using hydraulic jacks and then anchored against the hardened
concrete.

The post-tensioning process involves the following stages:

1. Duct installation and concrete casting: Steel or plastic ducts are positioned in the
formwork or precast segments according to the tendon profile. Concrete is then
poured and cured with the ducts embedded within.

2. Tendon installation and stressing: High-strength steel tendons are threaded
through the ducts. Hydraulic jacks are used to apply the required force to the
tendons at one or both ends.



3. Anchorage and force transfer: The tendons are anchored at each end using
mechanical devices, usually comprising wedges and bearing plates.

4. Grouting (for bonded systems): After anchorage, grout is pumped into the ducts
to fill the voids and bond the tendon to the surrounding concrete. This also
provides corrosion protection and redundancy.

Post-tensioning allows tendons to follow curved profiles, known as draped or harped
tendons, to optimize the internal moment distribution and improve load efficiency.
Curved profiles are particularly useful in continuous spans or segmental bridges where
moment demand varies along the structure.

There are two types of post-tensioned systems:
o Bonded systems, where tendons are grouted after stressing, making them act
compositely with the concrete.
¢ Unbonded systems, typically used in slab construction, where tendons are
greased and sheathed, allowing them to move relative to the concrete. These
systems rely on end anchorages for force transfer and are less common in bridge
construction.

Comparison of Techniques

Feature Pre-Tensioning Post-Tensioning

Tension applied Before casting After casting and curing

Typical use Precast beams and Cast-in-place decks and

slabs segmental bridges

Force transfer Bond between Mechanical anchorage (with or
concrete and without bonding)

tendon

Equipment required Casting bed with Hydraulic jacks, ducts, and

fixed abutments anchorage hardware

Tendon profile Straight or slightly Can be complex and curved
draped

Application scale Repetitive, high- Customized, site-specific
volume structures

components




Safety and Quality Considerations

Post-tensioning operations require strict control and highly trained personnel,
particularly during jacking and anchoring. Tendon stressing involves high forces that
can pose safety risks if proper procedures are not followed. Additionally, quality
grouting is critical to prevent tendon corrosion, which can otherwise lead to
catastrophic failure.

Both methods are subject to detailed provisions in engineering codes such as AASHTO
LRFD, PTI manuals, and local DOT specifications. The selection of pre-tensioning versus
post-tensioning is a strategic decision based on project size, type, fabrication method,
erection sequence, and site constraints.

Understanding the distinctions and applications of these techniques provides the
foundation for selecting the appropriate pre-stressing method and tailoring it to the
demands of the bridge structure.



Chapter 5: Bridge Supersiructure Design Considerations

The superstructure of a pre-stressed concrete bridge comprises the main load-carrying
elements that span from support to support, transferring live and dead loads o the
substructure. The design of these components is influenced by span length, anticipated
loading, construction sequence, and environmental conditions.

Pre-stressing enables the superstructure to achieve longer spans, reduced structural
depth, and increased durability, making it an efficient solution in modern bridge design.

Girder Types and Configurations

Pre-stressed concrete girders form the backbone of many bridge superstructures. The
selection of girder type is a critical design decision, dependent on span requirements,
site logistics, and fabrication capabilities.

Common configurations include:

o |-girders: These are frequently used in highway overpasses and short to medium
spans. Precast I-girders offer ease of transport and rapid assembly. The standard
I-girder shapes—such as AASHTO Type Il through Vi—are widely used in state DOT
projects.

o T-beams: These consist of an infegral web and flange and are typically used
where the deck slab is cast monolithically with the girder. They are common in
cast-in-place applications.

e Box girders: Box girders are hollow rectangular sections that provide excellent
torsional stiffness. They are favored in curved alignments, skewed spans, and
segmental bridge construction. Their closed geometry also improves aesthetics
and aerodynamics.

o Segmental precast girders: Used in balanced cantilever or span-by-span
construction, these segments are joined using epoxy and post-tensioning. The
method is efficient for long spans and limited site access.

Deck Integration with Pre-Stressed Elements

The bridge deck serves as the riding surface and must integrate structurally with the pre-
stressed girders beneath. In many designs, the deck is cast-in-place over precast
girders, forming a composite section. Shear connectors, such as reinforcing bars or
studs, are used to ensure full composite action. Composite design allows for thinner
girders and improved structural efficiency.

For segmental bridges, the deck is often integral to the segment and constructed
simultaneously with the girder webs and flanges. In such cases, pre-stressing tendons run
continuously through the deck and girder body, ensuring monolithic action under load.

Shear and Torsional Design

Pre-stressed girders must be designed to resist not only bending but also shear forces
and, in some cases, torsion. Shear capacity is influenced by the concrete section,
amount and orientation of transverse reinforcement, and the contribution of inclined
tendons in post-tensioned systems. Torsional effects become significant in curved



bridges, skewed alignments, and box girders. Designers use interaction diagrams to
evaluate the combined effects of shear and torsion, ensuring adequate ductility and
redundancy.

In bridges with wide decks or flared geometries, transverse pre-stressing may be
infroduced to control cracking and improve distribution of wheel loads. Transverse post-
tensioning cables are often used in deck slabs spanning between girders.

Longitudinal Pre-Stressing Strategies

Longitudinal pre-stressing is applied to counteract the tensile stresses induced by dead
and live loads along the span of the bridge. Tendons are arranged to follow a
parabolic profile, with high eccentricity at midspan and reduced eccentricity near the
supports. This profile produces an upward camber that balances the downward load
effects, resulting in lower bending moments and deflection.

In continuous-span bridges, continuity tendons are added after the placement of alll
segments or spans. These tendons run through the joints and provide structural
continuity, allowing the bridge to behave as a single monolithic structure. This method
also improves fatigue performance and simplifies maintenance by reducing the
number of joints.

Camber and Deflection Control

Pre-stressed bridge girders naturally develop camber—an upward curvature—due to
the eccentric pre-stressing force. Designers must account for this camber and its
interaction with dead load deflections to ensure proper deck profile and ride quality.

Time-dependent effects such as creep, shrinkage, and relaxation can alter camber
and deflection over the life of the bridge. Predictive modeling is used during design to
forecast long-term behavior and adjust the pre-stressing profile or strand layout
accordingly.

Thermal and Shrinkage Restraint

Bridge superstructures are subjected to environmental effects such as temperature
gradients and shrinkage strains. These phenomena can induce secondary stresses,
particularly in restrained systems or where there is differential movement between
connected elements.

Expansion joints, flexible bearings, and staged pre-stressing are design tools used to
mitigate these effects. Designers must also consider restraint forces during construction,
especially in segmental systems where alignment precision is critical.

Construction Considerations
The superstructure design must facilitate constructability. This includes considerations
such as:

o Segment weight and crane capacity for precast systems.

e Formwork and shoring requirements for cast-in-place decks.

e Tensioning sequences that balance internal forces during erection.

e Access for tendon installation, grouting, and inspection.



By infegrating these considerations into the design process, engineers ensure the bridge
superstructure is both structurally sound and practically buildable.



Chapter 6: Substructure and Load Transfer Mechanisms

The substructure of a pre-stressed concrete bridge serves the critical function of
transferring all loads from the superstructure to the ground. These loads include dead
loads from the structure’s own weight, live loads from vehicles and pedestrians,
dynamic effects such as wind and seismic activity, and the significant internal forces
produced by pre-stressing. An understanding of how the superstructure interacts with its
supporting substructure is essential for ensuring the overall performance and stability of
the bridge system.

Abutments and Piers

The substructure typically includes abutments, which support the ends of the bridge and
retain the roadway embankment, and piers, which provide intermediate support in
multi-span bridges. Both elements must be designed to accommodate vertical loads,
longitudinal forces (e.g., from braking or thermal expansion), and lateral loads (e.g.,
from wind or seismic events).

Pre-stressed concrete bridges often incorporate integral abutments, where the
superstructure and abutment are cast monolithically. This eliminates the need for
expansion joints and bearings, improving durability and reducing maintenance.
However, this configuration imposes additional moment and shear forces on the
abutment, requiring careful detailing and soil-structure interaction analysis.

Load Transfer Principles
Load transfer from the superstructure to the substructure occurs through the bearings
and, in some designs, through monolithic connections.

The primary components of load transferred include:
e Vertical loads, comprising the dead load of the bridge itself and imposed live
loads from traffic.
e longitudinal forces, arising from pre-stressing, braking, thermal expansion, and
seismic activity.
o Lateral forces, caused by wind, seismic activity, centrifugal forces on curved
bridges, and vessel impact in waterway crossings.

The manner in which these loads are transmitted depends on the type of structural
system. For example:

e Insimply supported spans, vertical loads are transferred through bearings at
each end of the girder directly to the abutments or piers.

e In continuous spans, infernal moments and shears develop over supports, and
load transfer is more complex. Pre-stressing tendons must be anchored carefully
to ensure compatibility with the support conditions.

e In segmental construction, continuity fendons extend across multiple spans, and
the tendon anchorage zones often coincide with piers or diaphragms.



Bearings and Expansion Devices
Bearings play a vital role in transferring vertical and horizontal loads while allowing
controlled movement.

Common types include:
o Elastomeric bearings, which provide flexibility and accommodate thermal
expansion through material deformation.
e Pot bearings, which use a confined elastomer to permit rotation and limited
translation.
e Spherical bearings, suitable for large movements and high load capacities.

In bridges with long spans or curved geometries, the bearing arrangement must
accommodate complex translation and rotation while ensuring stable load transfer.
Expansion joints are placed strategically to allow longitudinal movement of the
superstructure and reduce stresses caused by thermal effects or shrinkage.

In some modern designs, expansion joints are eliminated by using integral or semi-
integral substructures, which transfer movement into the approach slabs and
foundations.

Stress Transfer from Superstructure to Substructure

In post-tensioned bridges, tfendon forces infroduce concentrated loads at anchorage
points, often located near the end diaphragms or within pier segments. These forces
must be resisted by well-confined concrete and carefully detailed reinforcement.
Diaphragms serve to distribute the force across the cross-section and into the
supporting substructure.

In pre-tensioned systems, the force is distributed more uniformly along the length of the
girder, and fransfer to the bearings occurs primarily through end blocks. In all cases,
anchorage zones must be designed to resist bursting forces, spalling, and local
crushing, which can occur due to the high stress concentrations near tendons and
bearings.

Foundation Considerations and Soil-Structure Interaction

The substructure ultimately transfers forces into the foundation system, which may
conisist of spread footings, driven piles, or drilled shafts, depending on soil conditions
and loading requirements. For integral substructures, the interaction between the soil
and the abutment is critical, as seasonal thermal movements and shrinkage strains are
resisted by passive earth pressure.

Designers must evaluate:
e The capacity and settlement characteristics of the foundation soils.
e The potential for scour in waterways.
e Lateral earth pressures and seismic effects.
o Differential movement between piers and abutments.



The load path from the pre-stressed superstructure to the ground is only as reliable as its
weakest link. Therefore, the substructure must be robustly designed and thoroughly
infegrated into the overall bridge design strategy.



Chapter 7. Construction Techniques and Sequencing

The construction of pre-stressed concrete bridges requires meticulous planning,
coordination, and execution to ensure structural integrity, safety, and economy. The
sequencing of construction operations must reflect the specific pre-stressing method
used—whether pre-tensioning or post-tensioning—and accommodate site constraints,
material delivery schedules, and quality control processes.

This chapter explores the dominant construction techniques employed in pre-stressed
bridge projects, with attention to methodical sequencing and field procedures.

Precast Segmental Construction

Precast segmental construction is a widely used method for pre-stressed concrete
bridges, particularly in urban areas, over active roadways, and in environmentally
sensitive zones where minimal disturbance is essential. Segments are cast in controlled
factory environments, enhancing quality and allowing parallel fabrication with site
preparation.

Segments are typically 8 to 12 feet long and may include box girders, spine beams, or
full-depth deck sections.

These segments are assembled in the field using techniques such as:
o Balanced cantilever erection, where segments are added symmetrically from a
central pier to maintain balance.
e Span-by-span erection, where an entire span’s segments are assembled before
being post-tensioned.
e Incremental launching, where the superstructure is constructed in a stationary
yard and then pushed longitudinally over the piers.

Once segments are in place, longitudinal post-tensioning tendons are installed through
internal or external ducts, and tensioned to join the segments into a continuous beam.
Epoxy is often applied between segments to provide shear transfer and watertightness
prior to post-tensioning.

Cast-In-Place Post-Tensioned Deck Construction
For many bridge applications—especially over waterways, railways, or complex
geometries—a cast-in-place approach is adopted. In this method:
1. Formwork and falsework are erected to shape the bridge deck and girders.
2. Ducts and tendon anchorages are placed according to the tendon profile.
3. Concrete is cast and allowed to cure to the required compressive strength.
4. Tendons are stressed using hydraulic jacks and anchored at end zones.
5. Grouting is performed to fill ducts, ensuring protection and force transfer.

The sequence of tensioning is critical. Designers specify the jacking force, elongation,
and tendon order to minimize differential stress buildup and control camber. Deck
construction may also include transverse post-tensioning, particularly in wide decks or
multi-cell box sections.



Launching Gantries and Overhead Equipment

Modern pre-stressed bridge construction increasingly relies on mechanized equipment
such as launching gantries, beam launchers, or strand jacks to handle and position
precast segments or girders. These devices reduce the need for ground-level
scaffolding and expedite the construction timeline.

e Launching gantries move along the alignment, picking up segments and placing
them in position for connection and tensioning.

e Beam launchers are used for placing heavy precast I-girders or T-beams, lifting
them from transport vehicles and setting them on bearings.

o Strand jacks and temporary towers are used for segmental cantilever erection in
high or inaccessible locations.

This equipment must be carefully designed to support segment weight, dynamic
movement, and construction loads. The interface between segments and temporary
supports is also analyzed to prevent overstressing.

Curing, Stressing Schedules, and Quality Control

Curing of concrete is essential in both pre-tensioned and post-tensioned applications. In
precast yards, steam curing or insulated enclosures are used to accelerate strength
gain and production cycles. In cast-in-place construction, wet burlap, curing
compounds, or insulated blankets may be used to ensure uniform hydration.

Before pre-stressing can begin, the concrete must reach the design-specified
compressive strength—often verified through standard cylinder or core samples. Pre-
stressing is performed in stages, and elongation is measured during stressing to confirm
the correct application of force. Each tendon must be inspected for proper alignment,
duct clearance, and absence of obstruction.

Grouting of post-tensioning ducts is a critical step. Grout must be mixed to prescribed
flowability, strength, and bleed resistance. Voids, poor bond, or air pockets can lead to
tendon corrosion and structural failure. Pressure grouting is used to ensure complete
encapsulation, and borescope inspection or thermal imaging may be employed to
verify results.

Safety and Field Challenges

The high forces involved in pre-stressing demand strict safety measures. Hydraulic
jacking equipment must be calibrated, operators trained, and jacking procedures
clearly documented. Safety zones around the jacking end must be maintained, as
energy release from tendon slippage or anchor failure can be catastrophic.

Construction challenges often include:
o Site access limitations for large precast elements.
e Environmental constraints near waterways or protected zones.
e Adverse weather during casting or stressing operations.
e Equipment failure or misalignment during segment erection.



To manage these risks, construction plans include detailed sequencing charts, load
staging diagrams, and contingency plans for equipment malfunction or structural
instability.

The success of a pre-stressed concrete bridge project hinges not only on design
precision but also on careful orchestration of construction methods, sequencing, and
quality assurance protocols.



Chapter 8: Performance Monitoring and Durability Concerns

Pre-stressed concrete bridges, while designed for extended service life, are susceptible
to various time-dependent and environmental factors that can compromise
performance. Effective long-term service requires both proactive design considerations
and a robust framework for ongoing inspection, monitoring, and maintenance.

This chapter addresses the key concerns surrounding the durability of pre-stressed
systems, along with common performance monitoring practices used in bridge
engineering.

Corrosion of Pre-Stressing Tendons

One of the most critical threats to pre-stressed concrete bridges is corrosion of the steel
tendons, particularly in post-tensioned systems. If the grout in the fendon ducts is
inadequately mixed, improperly injected, or allows voids to form, moisture and chlorides
can reach the tendons. Once corrosion begins, the cross-sectional area of the tendon
is reduced, and the loss of pre-stress can occur rapidly.

This risk is amplified in marine environments, areas with heavy use of deicing salts, or
locations with poor drainage. Over time, even small leaks or cracks can allow moisture
ingress, leading to strand failure and, in severe cases, structural collapse.

To mitigate these risks, engineers employ the following strategies:
o Use of epoxy-coated or galvanized tendons.
e Application of corrosion-inhibiting admixtures in concrete and grout.
o Installation of sealed HDPE ducts in post-tensioned applications.
e Ensuring grouting procedures follow stringent quality control standards, often with
pressure monitoring and temperature conftrols.

Fatigue and Crack Propagation

Repeated vehicle loads over time can initiate fatigue in both the concrete and steel
components, especially at tendon anchorages and in regions of high stress
concentration. Cracks may form due to fatigue cycling, improper tendon alignment, or
poor consfruction practices. If unchecked, these cracks can propagate and affect
load-bearing capacity.

Design provisions for fatigue include:
e Maintaining allowable stress ranges in tendons.
e Detailing for ductility in anchorage zones.
e Providing sufficient tfransverse reinforcement to control crack widths.
e Avoiding sharp tendon curvature or improper tendon layout.

Deflection and Camber Change

Over time, pre-stressed members exhibit changes in deflection due to creep, shrinkage,
and relaxation. These time-dependent phenomena can lead to uneven camber
between adjacent spans or segments, which affects ride quality, drainage, and load
distribution.



Engineers use time-dependent material models to predict these changes and
incorporate countermeasures, such as:
e Adjusting initial camber profiles to offset future creep.
e Sequencing deck pours and pre-stressing stages to control differential deflection.
e Monitoring long-term deflection using laser or GPS-based sensors.

Load Testing and Structural Health Monitoring (SHM)

To validate design assumptions and assess in-service performance, many agencies
conduct load testing of new or rehabilitated bridges. Load testing involves applying
calibrated loads to the bridge and measuring the resulting deflections and strains. The
results are compared with theoretical predictions to verify stiffness, continuity, and
structural adequacy.

For ongoing evaluation, modern bridges often incorporate structural health monitoring
(SHM) systems, which include:
o Strain gauges and vibrating wire sensors embedded in crifical locations.
o Accelerometers and tiltmeters to detect changes in dynamic behavior.
o Fiber optic sensors for distributed strain and temperature monitoring along
tendons.
o Data loggers with remote telemetry for real-time performance tracking.

These systems can detect anomalies, frack fatigue damage accumulation, and
provide early warning of deterioration, enabling targeted maintenance and repair.

Inspection of Post-Tensioning Systems
Specialized methods are required for inspecting embedded post-tensioning systems:
e Ground penetrating radar (GPR) and ultrasonic pulse velocity can detect voids
and defects within ducts.
e Borescope inspection allows visual access into clear ducts and around
anchorages.
o Thermal imaging can identify heat signatures associated with voids during grout
hydration.

Inspections are scheduled periodically and after extreme events such as earthquakes,
flooding, or overloading incidents. Anchorages, diaphragms, and exposed tendon
paths are given special attention due to their susceptibility to localized deterioration.

Concrete Surface Durability

The external concrete must also withstand environmental attacks. Surface deterioration
from freeze-thaw cycles, alkali-silica reaction (ASR), carbonation, and abrasion can
compromise protective cover and expose internal components fo damage.

Preventative measures include:
e Proper concrete mix design with low water-cement ratio and supplementary
cementitious materials.
e Use of air entrainment in freeze-prone regions.
o Surface sealers and periodic reapplication of protective coatings.



Maintenance and Rehabilitation
When deterioration is detected, corrective measures may include:
o External post-tensioning to supplement lost pre-stress.
e Carbon fiber-reinforced polymer (CFRP) wraps for confinement and shear
strengthening.
o Epoxy injection into cracks to restore stiffness and prevent moisture ingress.
o Segment replacement in modular precast bridges.

A preventive maintenance strategy is always preferred over reactive repair, as it
reduces lifecycle costs and enhances bridge safety and reliability.

Durability is not an inherent property but a performance outcome resulting from proper
design, material selection, quality construction, and diligent maintenance. In pre-
stressed concrete bridges, where failures are often sudden and brittle, this principle is
paramount.



Chapter 9: Codes, Standards, and Case Examples

The design, construction, and evaluation of pre-stressed concrete bridges are
governed by a well-established framework of national and international codes,
guidelines, and best practices. These documents provide uniformity and ensure safety,
serviceability, and durability across all phases of bridge development.

This chapter reviews the most influential codes and standards, outlines design principles
embedded within them, and presents selected case examples that illustrate
successful—and instructive—applications of pre-stressed systems.

AASHTO LRFD Bridge Design Specifications

In the United States, the primary reference for pre-stressed bridge design is the AASHTO
LRFD Bridge Design Specifications. These specifications are based on the Load and
Resistance Factor Design (LRFD) methodology, which combines structural reliability
concepts with statistical safety margins.

Key provisions related to pre-stressed concrete bridges include:

Design of flexural and shear strength using factored loads and resistances.

Limit states for serviceability, strength, and fatigue.

Detailed requirements for pre-tensioned and post-tensioned system:s.
Anchorage zone design, tendon layout rules, and minimum concrete strengths.
Grouting, duct installation, and corrosion protection specifications.

The LRFD approach allows for rational optimization of structures, balancing dead loads,
live loads, environmental effects, and time-dependent behavior.

PTI and PCI Guidelines
The Post-Tensioning Institute (PTI) provides detailed manuals on the design,
construction, and inspection of post-tensioned concrete bridges.

These documents include:
"Post-Tensioning Manual”
e "Recommendations for Grouting of Post-Tensioned Structures"
e "Guide Specification for Grouted Post-Tensioning"

The Precast/Prestressed Concrete Institute (PCI) publishes manuals and design aids for
pre-tensioned precast elements. These include design charts, standard girder shapes,
connection details, and production tolerances.

Both PTI and PCI promote uniform quality and provide certification programs for
fabricators and field personnel, ensuring high construction standards are maintained
across the industry.

State DOT Specifications
Many state Departments of Transportation adapt and supplement national codes with
region-specific requirements.



These may include:
e Modified girder geometries.
o Concrete mix requirements for freeze-thaw resistance or sulfate exposure.
e Additional load factors for seismic or coastal zones.
e Inspection protocols and maintenance schedules.

Designers must review and comply with both AASHTO and local agency standards for
every project.

International Standards
In other regions, equivalent design standards include:
e Eurocode 2 (EN 1992-1-1 and EN 1992-2) in Europe, which governs concrete
structures and bridges.
e CSA $6in Canada, the Canadian Highway Bridge Design Code.
e IRC Codes in India for bridge engineering.

While the terminology and load factors vary, the underlying principles of pre-stressing
and structural design remain consistent.

Case 1: Sunshine Skyway Bridge (Florida, USA)

The Sunshine Skyway Bridge is a cable-stayed bridge with substantial use of segmental
pre-stressed concrete box girders in the approach spans. Completed in the 1980s, it
demonstrates the advantages of pre-stressed segmental construction in marine
environments. The balanced cantilever method was used, with precast segments
joined by epoxy and post-tensioned tendons. Grouting and corrosion protection
protocols established on this project have since influenced national best practices.

Case 2: 1-35W Saint Anthony Falls Bridge (Minnesota, USA)

This bridge, constructed after the tragic collapse of the original span, uses precast pre-
tensioned concrete girders with post-tensioned continuity fendons. Designed for rapid
construction and high durability, it incorporates extensive monitoring equipment,
including fiber optic strain gauges and corrosion sensors. It exemplifies the integration of
design codes, monitoring technology, and rapid delivery in modern pre-stressed bridge
construction.

Case 3: Koror-Babeldaob Bridge (Republic of Palau)

An infamous failure, this pre-stressed box girder bridge collapsed in 1996 due to a
complex interaction of creep, temperature effects, and post-tensioning loss. The
collapse occurred suddenly and without prior distress signs, underscoring the
importance of long-term monitoring, accurate prediction of time-dependent behavior,
and redundancy in design.

Lessons from Case Histories
From successful implementations and high-profile failures, engineers have gained
valuable insights:
e Creep and shrinkage must be accurately modeled, especially in long-span or
continuous structures.



e Proper grouting and corrosion protection are essential for long-term
performance.

o Segment joints and tendon layouts must be robustly detailed to prevent
differential movement or fatigue cracking.

e Redundant load paths and conservative assumptions should be incorporated
when dealing with uncertain behavior over decades.

Through the application of modern codes, adherence to tested construction
procedures, and a deep understanding of structural behavior, pre-stressed concrete
bridges can perform reliably for generations. However, case histories remind us that pre-
stressing, while powerful, demands meticulous execution and vigilance across the
structure’s lifespan.



Chapter 10: Innovations and Future Directions

The evolution of pre-stressed concrete bridge systems is far from complete. While the
basic principles of pre-stressing have remained stable for decades, innovations in
materials science, construction methodologies, digital modeling, and sustainability
practices are significantly reshaping how these bridges are designed, built, and
maintained.

This chapter examines the frontier developments influencing the future of pre-stressed
bridge systems and highlights promising technologies that are poised to redefine
industry standards.

Ultra-High Performance Concrete (UHPC)

One of the most tfransformative materials in modern bridge construction is ultra-high
performance concrete (UHPC). With compressive strengths exceeding 20,000 psi and
superior durability, UHPC enables the construction of slimmer, longer, and more durable
bridge elements.

In pre-stressed applications, UHPC offers several advantages:
o Smaller cross-sections for girders and decks, reducing dead loads.
e Increased bond strength with pre-stressing tendons.
e Enhanced resistance to chloride penetration, freeze-thaw cycles, and abrasion.
e |deal properties for joint connections in segmental construction, particularly for
field-cast joints between precast elements.

As fabrication techniques improve and costs decline, UHPC is increasingly being
incorporated into both new construction and the rehabilitation of aging infrastructure.

Carbon Fiber and Composite Tendons

Conventional steel tendons, while strong, are vulnerable to corrosion and relaxation
over time. Recent developments in carbon fiber reinforced polymer (CFRP) fendons
and other composite materials promise to overcome many of these limitations.

CFRP tendons are non-corrosive, lightweight, and possess high tensile strength. Their use,
however, is limited by higher costs, specialized anchorage systems, and limited ductility.

Nonetheless, research continues into:
e Hybrid systems combining steel and composite strands.
e Innovative anchorage technologies for non-metallic materials.
e Long-span pedestrian or light vehicular bridges utilizing all-composite tensioning
systems.

As design codes evolve to accommodate these materials, CFRP and related
technologies may see broader adoption, particularly in corrosive or remote
environments.



Modular Construction and Prefabrication

Accelerated bridge construction (ABC) has driven increased reliance on modular,
prefabricated components, which benefit from pre-stressing technologies. Full-span
precast girders, precast pier caps, and even prefabricated abutment units are now
being designed with pre-stressed reinforcement, allowing for reduced on-site labor,
improved quality control, and faster project delivery.

Advancements in segmental assembly—such as match-cast segment fabrication,
robotic epoxy application, and precision alignment tools—are making modular bridge
construction more viable for even complex projects. Pre-stressing is a natural
complement fo modular approaches, enabling prefabricated elements to achieve
required load capacities with reduced size and weight.

Digital Modeling and Simulation Tools

Bridge engineers are now leveraging advanced finite element modeling (FEM),
parametric design, and building information modeling (BIM) fo refine pre-stressed
bridge design.

These tools allow for:

e Real-time simulation of pre-stressing effects, including tendon layout
optimization.
Automated loss calculations for creep, shrinkage, and relaxation.
Integration of time-dependent behaviors in multi-span contfinuous structures.
Clash detection in tendon paths and embedded duct system:s.
Visualization of tendon force development over time.

Such tools not only improve design accuracy but also facilitate interdisciplinary
coordination among designers, fabricators, and contractors.

Sustainability and Lifecycle Analysis
Sustainability is becoming a defining factor in infrastructure design. Pre-stressed systems
inherently reduce material usage by optimizing concrete and steel volumes, but further
gains are being realized through:
o Use of supplementary cementitious materials (SCMs) like fly ash and slag.
o Lifecycle cost analysis (LCCA) to justify initial investments in longer-lasting system:s.
o Designing for deconstructability, allowing bridge components to be reused or
repurposed.
o Adoption of green procurement practices for concrete and reinforcement
materials.

Several agencies now require environmental product declarations (EPDs) for bridge
components, pushing the industry tfoward more transparent and environmentally
responsible construction practices.

Autonomous Inspection and Monitoring Technologies
In-service monitoring is undergoing transformation through drones, embedded sensors,
and Al-driven diagnostics.



These technologies allow for:
o Automated visual inspection of tendon anchorages and surface conditions.
e Real-time strain and deflection tracking through wireless sensors.
e Early detection of anomalies using machine learning pattern recognition.

Embedded sensors can now detect changes in moisture, pH levels, and tendon stress,
transmitting data to central databases for predictive maintenance scheduling. This
reduces manual inspection intervals and improves long-term safety.

Closing Outlook

As urbanization, environmental stresses, and public demand for resilient infrastructure
increase, pre-stressed concrete bridges will remain integral to global tfransportation
networks. Yet the field is shifting—from traditional, labor-intensive construction to a
model of precision, prefabrication, and predictive management.

Engineers of the future will not only design structures to carry loads but also to respond
dynamically fo conditions, self-report signs of distress, and integrate seamlessly with
digital infrastructure systems. The continued evolution of materials, methods, and
monitoring tools ensures that pre-stressed concrete will remain at the forefront of civil
engineering innovation for decades to come.
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