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ABSTRACT

Reinforced concrete (RC) bridges worldwide are increasingly vulnerable to seismic events
and deterioration mechanisms, particularly reinforcement corrosion. This review paper
examines the application of Fiber-Reinforced Polymer (FRP) composites as an innovative
solution for seismic retrofitting of corrosion-damaged RC bridges. FRP materials offer
exceptional properties including high strength-to-weight ratio, excellent corrosion
resistance, ease of installation, and minimal geometric modification of structural elements.
The paper synthesizes findings from recent experimental and numerical studies on FRP-
strengthened RC members, with emphasis on beams, columns, slabs, and bridge pile
applications. Key aspects discussed include the corrosion mechanisms affecting steel
reinforcement, the electrochemical implications of FRP-steel interaction, and the
comparative performance of various FRP types including carbon, glass, and aramid fibers
under seismic loading conditions. The review demonstrates that properly designed FRP
retrofitting systems can significantly enhance flexural and shear capacity, ductility, and
energy dissipation of corrosion-damaged bridge components. However, careful
consideration must be given to galvanic coupling effects when carbon FRP is employed in
chloride-contaminated concrete environments. This paper contributes to the growing body
of knowledge on sustainable infrastructure rehabilitation and provides practical insights for
engineers engaged in bridge retrofit projects.
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1. Introduction

Aging infrastructure presents one of the most significant
challenges facing civil engineers in the twenty-first
century. Reinforced concrete bridges, which form the
backbone of transportation networks worldwide, are
particularly susceptible to deterioration mechanisms that
compromise their structural integrity and seismic
resilience. Among these deterioration processes,

" Corresponding author. Tel: +989118632016; Email: Elham.Rajabpour@iau.ir,

reinforcement corrosion stands as the most prevalent and
damaging phenomenon, affecting countless bridges
constructed during the mid-to-late twentieth century
(Mohammadizadeh et al., 2021).

The wvulnerability of existing RC bridges is further
exacerbated by evolving seismic design codes, increased
traffic demands, and changing environmental conditions.
Many bridges designed according to outdated standards
lack adequate ductility, shear capacity, and confinement
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details necessary to withstand moderate to strong seismic
events. Consequently, there exists an urgent need for
effective retrofitting strategies that can extend service life,
enhance seismic performance, and ensure public safety.

Traditional retrofitting approaches, including steel
jacketing, concrete enlargement, and external post-
tensioning, have demonstrated effectiveness but are
accompanied by significant  drawbacks.  These
conventional methods often add considerable weight to the
structure, require extensive labor and specialized
equipment, increase member dimensions (reducing
clearance), and remain susceptible to further corrosion
degradation (Farahi et al., 2018). Moreover, the
implementation of such techniques in operational bridges
poses logistical challenges and often necessitates
prolonged traffic disruptions.

Fiber-Reinforced Polymer composites have emerged as
a transformative technology in the field of structural
rehabilitation since their first application in Switzerland in
1984 (Habibpour & Farhang, 2014). These advanced
materials, consisting of high-strength fibers embedded in a
polymeric matrix, offer compelling advantages over
traditional retrofitting methods.

The lightweight nature of FRP composites—
approximately one-fifth that of steel—combined with their
exceptional tensile strength (2-5 times that of reinforcing
steel) and inherent corrosion resistance makes them
particularly attractive for bridge applications (Anup Chole
etal., 2023).

The adoption of FRP for seismic retrofitting gained
momentum during the 1980s when Katsumata and
colleagues pioneered their use for enhancing the seismic
resistance of RC columns in Japan (Habibpour & Farhang,
2014). Since then, extensive research has explored the
behavior of FRP-strengthened RC members under various
loading conditions, leading to the development of design
guidelines and widespread acceptance in the engineering
community. The flexibility of FRP systems allows their
application to beams, columns, slabs, joints, and even
submerged pile foundations, making them versatile tools
for comprehensive bridge retrofitting programs. Despite
the considerable advantages of FRP composites, their
application to corrosion-damaged structures introduces
complexities that warrant careful examination. The
interaction between carbon-based FRP materials and
corroding steel reinforcement can generate galvanic
couples, potentially accelerating localized corrosion in
chloride-contaminated concrete (Khedmatgozar Dolati et
al., 2023). Furthermore, the long-term durability of the
FRP-concrete bond under aggressive environmental
conditions remains an active area of investigation.

This review paper aims to synthesize current knowledge
on the seismic retrofitting of corrosion-damaged RC
bridges using FRP composites. Specific objectives include:

(1) examining the corrosion mechanisms affecting bridge
structures and their implications for seismic performance;
(2) evaluating the mechanical properties and behavioral
characteristics of various FRP types; (3) reviewing recent
experimental and numerical studies on FRP-strengthened
bridge components; (4) assessing the galvanic
compatibility of FRP with corroding steel reinforcement;
and (5) identifying knowledge gaps and future research
directions. By consolidating findings from international
research, this paper provides engineers and researchers
with a comprehensive understanding of FRP-based
retrofitting strategies for corrosion-damaged bridges.

2. Corrosion Deterioration in Reinforced Concrete
Bridges

2.1. Mechanisms of Reinforcement Corrosion

Reinforcement corrosion in concrete bridges occurs
through two primary mechanisms: carbonation-induced
corrosion and chloride-induced corrosion. Both processes
disrupt the passive oxide layer that normally protects steel
reinforcement within the alkaline concrete environment
(pH 12.5-13.5).

Carbonation results from the reaction of atmospheric
carbon dioxide with calcium hydroxide in concrete,
progressively reducing the pH of the pore solution to
approximately 8-9. At this reduced alkalinity, the passive
layer destabilizes, allowing uniform corrosion to initiate
across extensive areas of reinforcement. This phenomenon
typically affects older bridge structures with inadequate
concrete cover or poor-quality concrete (Soltani
Mohammadi & Safaian, 2012).

Chloride-induced corrosion, conversely, represents a
more aggressive and localized deterioration mechanism.
Chlorides from deicing salts, marine environments, or
industrial sources penetrate the concrete cover and, upon
reaching a critical concentration threshold at the
reinforcement depth, disrupt the passive layer locally. The
resulting pitting corrosion can cause severe cross-section
loss without extensive surface manifestations, making
detection challenging until significant damage has
occurred.

The corrosion process itself involves electrochemical
reactions at anodic and cathodic sites on the reinforcement
surface. At anodic sites, iron dissolves according to:

Fe — Fe** +2e”

Simultaneously, at cathodic sites, oxygen reduction
occurs:

O, +2H, O+4e” — 40H

The ferrous ions combine with hydroxyl ions to form
ferrous hydroxide, which further oxidizes to various iron
oxides and hydroxides collectively known as rust.
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Critically, these corrosion products occupy volumes 2-6
times greater than the original steel, generating substantial
expansive pressures within the surrounding concrete
(Huynh-Xuan et al., 2023).

2.2. Structural Consequences of Corrosion Damage

The volumetric expansion accompanying reinforcement
corrosion produces three interrelated damage mechanisms
that progressively degrade bridge structural performance.

First, the expansive pressures induce tensile stresses in
the surrounding concrete, leading to cracking along the
reinforcement axis. These longitudinal cracks typically
initiate at the steel-concrete interface and propagate
outward toward the concrete surface. As corrosion
progresses, crack widths increase, and additional cracks
form perpendicular to the reinforcement, eventually
causing spalling and delamination of the concrete cover.
Such cover loss not only reduces the effective cross-section
but also exposes reinforcement to accelerated corrosion,
creating a self-perpetuating deterioration cycle.

Second, corrosion progressively reduces the cross-
sectional area of reinforcing bars, directly diminishing their
load-carrying capacity. The relationship between corrosion
level and strength reduction is nonlinear, with localized
pitting causing more severe capacity degradation than
uniform section loss of equivalent mass. Pitting corrosion,
characteristic of chloride attack, can reduce bar ductility
and may precipitate brittle fracture under seismic loading
(Tin Huynh-Xuan et al., 2023).

Third, the accumulation of corrosion products at the
steel-concrete interface  fundamentally alters bond
behavior. Initially, rust formation may increase apparent
bond strength through mechanical interlock and increased
confinement. However, as corrosion progresses, the friable
rust layer lubricates the interface, and the development of
splitting cracks progressively destroys bond integrity. This
bond deterioration compromises the composite action
essential to reinforced concrete behavior, potentially
leading to anchorage failures and excessive deflections.

The combined effects of section loss, concrete
degradation, and bond deterioration render corrosion-
damaged bridges particularly vulnerable to seismic
loading. The reduced ductility and energy dissipation
capacity of corroded members may precipitate brittle
failure modes during earthquake ground motions,
underscoring the importance of timely intervention through
appropriate retrofitting strategies.

2.3. Implications for Seismic Performance
Corrosion damage affects all aspects of seismic

response in RC bridge components. In columns, the
primary vertical load-carrying elements, corrosion of

transverse reinforcement reduces confinement and shear
capacity, potentially triggering brittle shear failures before
flexural hinging can develop. Corrosion of longitudinal
reinforcement compromises flexural capacity and may
precipitate low-cycle fatigue failures under cyclic loading.

Bridge piers exposed to marine environments or deicing
salts often exhibit accelerated corrosion in the splash zone,
where cyclic wetting and drying promotes chloride ingress.
This localized deterioration can create "weak stories™ in the
structural system, concentrating seismic damage in already
compromised regions. Furthermore, corrosion at beam-
column joints—typically congested with reinforcement—
can precipitate joint shear failures with catastrophic
consequences for overall structural stability.

The interaction between corrosion damage and seismic
demands necessitates retrofitting approaches that address
both deteriorated material conditions and inadequate
detailing relative to modern code requirements. FRP
composites offer unique advantages in this context,
providing supplemental reinforcement without adding
significant mass or requiring extensive demolition of
existing concrete.

3. Fiber-Reinforced Polymer Composites: Material
Characteristics

3.1. Constituent Materials and Manufacturing

Fiber-Reinforced Polymer composites are
heterogeneous materials consisting of high-strength fibers
embedded within a polymeric matrix. The fibers, which
provide primary load-carrying capacity, may be continuous
or discontinuous and oriented to optimize performance in
specific directions. The matrix, typically epoxy, vinyl
ester, or polyester resin, transfers stresses between fibers,
protects fibers from environmental attack, and determines
the composite's durability characteristics.

Three fiber types dominate civil engineering
applications:

Carbon FRP (CFRP) offers the highest tensile strength
(2400-3700 MPa) and modulus of elasticity (150-580
GPa), making it suitable for applications requiring
significant stiffness enhancement. Carbon fibers exhibit
excellent fatigue resistance and creep behavior but are
electrically conductive, creating potential galvanic
compatibility issues with steel reinforcement (Ram et al.,
2019).

Glass FRP (GFRP) provides tensile strengths
comparable to steel (480-1600 MPa) but with lower
modulus (35-65 GPa) and higher elongation at failure. The
lower cost of GFRP makes it economically attractive for
many applications, though its susceptibility to alkali attack
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and stress corrosion requires careful consideration in
concrete environments (Maliki et al., 2021).

Aramid FRP (AFRP) offers intermediate properties
between carbon and glass, with good impact resistance and
non-conductive behavior. However, its high cost and
sensitivity to ultraviolet radiation limit widespread
adoption in bridge retrofitting.

FRP composites are available in various forms for
structural strengthening applications. Pre-cured laminates
and strips provide consistent quality and are bonded to
concrete surfaces using epoxy adhesives. Wet layup
systems, wherein dry fabrics are saturated with resin on-
site, offer flexibility for irregular geometries and are
particularly suitable for column wrapping applications.
Near-surface mounted (NSM) systems involve embedding
FRP bars or strips into grooves cut into the concrete cover,
providing enhanced bond and protection from
environmental exposure (Abdoli & Mostofinejad, 2023).

3.2. Mechanical Properties and Behavior

The mechanical behavior of FRP composites differs
fundamentally from that of conventional construction
materials. Unlike steel, which exhibits ductile yielding
followed by strain hardening, FRP materials demonstrate
linear elastic behavior up to brittle failure. This absence of
plasticity has significant implications for seismic design,
where energy dissipation typically relies on inelastic
deformation of reinforcement.

The tensile strength and modulus of FRP composites
depend primarily on fiber type, fiber volume fraction, and
fiber orientation. Unidirectional composites, with all fibers
aligned in the load direction, maximize strength and
stiffness in that orientation but offer minimal resistance to
transverse or shear stresses. Multidirectional laminates,
incorporating fibers at various orientations, provide more
balanced properties at the cost of reduced axial capacity.

The compressive behavior of FRP differs markedly
from tension response, with compressive strengths
typically 30-50% of tensile values. This anisotropy
necessitates careful consideration in applications subject to
stress reversals, such as seismic loading.

Critical to retrofitting applications is the bond behavior
between FRP and concrete. The effectiveness of externally
bonded FRP relies on adequate stress transfer across the
concrete-FRP interface through the adhesive layer.
Premature debonding, often initiating at intermediate
cracks or terminating at laminate ends, represents a
common failure mode that limits the strain utilization of
FRP reinforcement. Various anchorage techniques,
including U-wraps, mechanical fasteners, and end plates,
have been developed to delay or prevent debonding failures
(Nematzadeh et al., 2021).

3.3. Durability Considerations

While FRP composites offer inherent corrosion
resistance, their long-term durability under service
conditions requires careful evaluation. The polymeric
matrix may degrade under ultraviolet radiation, elevated
temperatures, and moisture exposure. Glass fibers are
susceptible to stress corrosion and alkali attack,
necessitating resin systems that provide adequate
protection. Carbon fibers, though chemically stable, may
facilitate galvanic corrosion when coupled with steel
reinforcement in conductive environments.

Fire performance represents a particular concern for
FRP-strengthened structures. The organic matrix softens
and decomposes at temperatures above the glass transition
temperature (typically 60-80°C for epoxy systems),
potentially leading to bond failure and loss of composite
action. Fire protection measures, including insulation
layers or sacrificial concrete cover, may be necessary for
critical applications.

4. FRP Retrofitting Strategies for Bridge Components
4.1. Column Strengthening and Confinement

Bridge columns, as critical load-bearing elements, have
been the focus of extensive FRP retrofitting research. The
primary objective of column strengthening is to enhance
confinement, thereby increasing compressive strength,
ductility, and shear capacity. FRP wraps, with fibers
oriented predominantly in the hoop direction, provide
continuous confinement that effectively restrains lateral
expansion of concrete under axial compression.

The confinement mechanism in FRP-wrapped columns
differs fundamentally from that provided by steel ties.
While steel yields and maintains constant confining
pressure, FRP exhibits linear elastic behavior, with
confining pressure increasing proportionally to lateral
expansion. This passive confinement becomes active only
after concrete dilation, providing maximum confinement at
peak load and beyond.

Experimental  investigations have demonstrated
remarkable improvements in the behavior of FRP-confined
columns. Axial compressive strength increases of 50-200%
have been reported, depending on FRP stiffness and
thickness. More significantly, the axial strain capacity
increases dramatically, transforming brittle concrete
behavior into a highly ductile response with extensive post-
peak strain capacity (Shen et al., 2019).For seismic
applications, FRP wrapping provides multiple benefits:

Shear strengthening through fibers oriented at 90° to the
column axis directly resists diagonal tension stresses,
increasing shear capacity by 30-100% depending on wrap
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configuration. This enhancement can suppress brittle shear
failures, allowing flexural hinging to develop and dissipate
seismic energy.

Flexural ductility enhancement through confinement of
the plastic hinge region increases the ultimate compressive
strain capacity of concrete, enabling larger curvature
demands without core crushing. FRP wraps also restrain
longitudinal bar buckling under cyclic loading, preserving
flexural capacity through multiple inelastic cycles. Lap
splice clamping in columns with inadequately detailed lap
splices represents a critical application. FRP wraps provide
passive confinement that suppresses splice failure,
allowing development of full bar yield strength under
seismic loading.

Recent research by Shi-Jie Mei et al. (2023) investigated
the seismic behavior of shear-critical square RC columns
strengthened with large rupture strain (LRS) FRP. Their
experimental program demonstrated that LRS FRP
wrapping increased displacement ductility by 491.7% and
energy dissipation by 6498.3% compared to control
specimens. Notably, columns strengthened with LRS FRP
exhibited progressive failure modes, while CFRP-wrapped
columns under high axial load showed sudden explosive
failure, highlighting the advantages of high-elongation
FRP systems for seismic retrofitting.

4.2. Beam Strengthening

Bridge beams and girders require strengthening for
flexure, shear, or both, depending on deficiency type. FRP
systems can be configured to address each failure mode
through appropriate fiber orientation and placement.

Flexural strengthening is accomplished by bonding FRP
laminates or sheets to the tension face of beams, providing
additional reinforcement that acts compositely with the
existing section. The FRP contribution to flexural capacity
depends on its area, tensile strength, and effective strain at
ultimate. However, the linear elastic behavior of FRP
means that its full strength cannot be realized unless the
section undergoes large rotations, potentially leading to
concrete crushing before FRP rupture (Osama A.
Mohamed et al., 2023).

Design considerations for flexural strengthening
include:

- Balanced reinforcement ratio to ensure ductile failure
modes (concrete crushing) rather than brittle FRP rupture

End anchorage to prevent premature debonding
initiating at laminate ends

- Crack control through intermediate crack debonding
provisions

- Serviceability limits to control deflections and crack
widths under service loads

Shear strengthening employs FRP with fibers oriented
perpendicular to the beam axis or at 45° to intersect shear

cracks. U-wraps, fully-wrapped sections, or side-bonded
strips can be configured based on access constraints and
deficiency severity. The shear contribution of FRP is
limited by the effective strain that can be developed, which
depends on the wrap configuration and anchorage
conditions.

Wang et al. (2022) demonstrated that CFRP-
strengthened beams exhibited 30-50% increases in shear
capacity with properly anchored U-wraps. The
combination of flexural and shear strengthening can restore
or exceed the original capacity of corrosion-damaged
beams while improving ductility through confinement of
the compression zone.

4.3. Slab and Deck Strengthening

Bridge decks and approach slabs, subject to direct traffic
loading and environmental exposure, often require
strengthening to accommodate increased load ratings or to
repair corrosion damage. FRP systems for slab
strengthening include:

Flexural strengthening of one-way slabs using
longitudinally oriented FRP strips bonded to the tension
surface. Two-way slabs require reinforcement in both
directions, with proper detailing at continuity regions. FRP
application to the top surface of slabs may be necessary for
negative moment regions, though protection from traffic
abrasion and environmental exposure must be considered.

Punching shear strengthening around column supports
in flat slab bridges employs FRP fans or grids to intercept
critical shear cracks. The thin profile of FRP reinforcement
(typically 1-3 mm) minimizes aesthetic impact and
maintains clearance, advantages particularly valuable in
parking structures and pedestrian bridges.

Corrosion protection through FRP application reduces
moisture ingress and chloride penetration, slowing ongoing
corrosion processes. While FRP does not arrest active
corrosion, its barrier function can extend the service life of
repaired elements when combined with appropriate
corrosion mitigation measures.

4.4. Pile and Substructures

Bridge piles and substructure elements present unique
challenges for retrofitting, particularly when partially
submerged or embedded in soil. FRP systems offer
solutions for these difficult access conditions through their
lightweight, corrosion-resistant, and easily transportable
characteristics.

Submerged pile retrofitting has been demonstrated
using wet layup FRP systems applied within cofferdams or
by divers in underwater applications. The rapid curing of
specially formulated resins allows construction within tidal
cycles, minimizing disruption to waterway traffic. FRP
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wrapping of corroded piles restores confinement, increases
flexural and shear capacity, and provides a barrier against
further chloride ingress.

Research by Wu et al. (2023) on submerged floating
tunnels reinforced with FRP rigid trusses demonstrated the
viability of FRP for challenging marine environments.
Their findings indicated that FRP reinforcement
significantly improved vibration performance and
structural integrity under hydrodynamic loading.

4.5. Joint Retrofitting

Beam-column joints in bridge structures represent
critical regions where seismic performance is often
governed by complex interaction of forces and
reinforcement details. Corrosion damage at joints is
particularly problematic due to reinforcement congestion
and difficulty of inspection.

FRP retrofitting of joints employs a combination of
orientations to address multiple failure modes. Diagonal
wrapping resists joint shear stresses, while horizontal and
vertical strips provide anchorage for beam and column
reinforcement passing through the joint.
Mohammadizadeh and Hosseinzadeh (2022) conducted
numerical analysis of FRP-strengthened exterior beam-
column joints under cyclic loading, demonstrating
significant improvements in strength, stiffness, and energy
dissipation capacity. Their finite element models,
calibrated against experimental results, showed that
properly designed FRP wrapping transformed brittle joint
failures into ductile beam-hinging mechanisms.

5. Interaction of FRP with Corroding Reinforcement
5.1. Galvanic Coupling Mechanisms

The application of carbon FRP to corrosion-damaged
RC structures introduces electrochemical considerations
not present with conventional retrofitting materials.
Carbon fibers, like graphite, are electrically conductive and
exhibit noble electrochemical potentials relative to steel in
concrete environments. When CFRP is electrically
connected to steel reinforcement through the concrete pore
solution or direct contact, a galvanic couple may form,
potentially accelerating corrosion of the less noble steel.

The galvanic corrosion mechanism involves electron
transfer from the anodic steel (which oxidizes) to the
cathodic CFRP (where oxygen reduction occurs). The
driving force for this reaction is the potential difference
between the two materials, which can exceed 0.5 V in
chloride-contaminated concrete (Gholizadeh, 2016). The
magnitude of galvanic current depends on the relative areas
of anode and cathode, the conductivity of the concrete

electrolyte, and the kinetics of the cathodic reaction on the
CFRP surface.

Research has demonstrated that CFRP can indeed act as
an effective cathode, supporting oxygen reduction at rates
sufficient to generate significant galvanic currents.
Khedmatgozar Dolati et al. (2023) reported that CFRP
laminates coupled with steel in chloride-contaminated
concrete produced macrocell currents several times larger
than those observed with passive steel cathodes. This effect
is particularly pronounced in splash zone conditions where
oxygen availability is high.

5.2. Implications for Retrofitting Design

The potential for galvanic corrosion does not preclude
CFRP use in corrosion-damaged structures but does
require careful design consideration. Several mitigation
strategies have been developed:

Electrical isolation of CFRP from reinforcement
through the use of insulating layers (glass fiber scrims or
non-conductive adhesives) breaks the galvanic circuit.
However, ensuring complete isolation in field conditions is
challenging, and minor defects may create localized
coupling.

Barrier protection through complete encapsulation
prevents electrolyte access to the CFRP-steel interface.
Properly detailed FRP wraps that seal the concrete surface
may actually reduce corrosion rates by limiting oxygen and
moisture availability, outweighing any galvanic effects.

Sacrificial anodes or impressed current cathodic
protection can be incorporated into the retrofitting system
to provide active corrosion control. These approaches add
complexity but may be justified for severely contaminated
structures.

Material selection favoring non-conductive FRP types
(glass or aramid) eliminates galvanic concerns entirely.
GFRP and AFRP offer electrically insulating behavior
while providing mechanical properties suitable for many
retrofitting applications.

5.3. Repair of Corrosion-Damaged Concrete Prior to
FRP Application

The condition of the underlying concrete fundamentally
influences FRP retrofitting effectiveness and durability.
Corrosion-damaged concrete typically contains cracks,
delaminations, and chloride contamination that must be
addressed before FRP application.

Proper surface preparation involves:

- Removal of delaminated and spalled concrete to sound
substrate

- Cleaning of corroded reinforcement to remove rust
products, though complete removal of tightly adherent rust
may be impractical
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- Application of corrosion inhibitors or sacrificial
anodes in contaminated areas

- Re-profiling with repair mortars to restore geometric
continuity

- Surface grinding to achieve required flatness for FRP
bonding

The extent of concrete removal required for durable
repair remains debated. Some researchers advocate for
complete removal of chloride-contaminated concrete,
while others accept limited contamination beneath FRP
wraps, relying on the barrier effect to control future
corrosion. Huynh-Xuan et al. (2023) investigated the effect
of pre-existing corrosion on FRP-confined columns under
eccentric loads, finding that moderate corrosion levels did
not preclude effective strengthening, though careful bond
assessment was essential.

6. Recent Research Advances
6.1. Experimental Investigations

Recent experimental programs have expanded
understanding of FRP retrofitting for corrosion-damaged
structures. Mohammadizadeh et al. (2021) employed
wavelet transformation techniques to detect damage
progression in FRP-strengthened RC sections under
flexural and torsional loading. Their approach identified
cracking, yielding, and ultimate capacity thresholds
through signal processing of load-response data,
demonstrating the potential for structural health monitoring
integrated with FRP retrofitting.

Nematzadeh et al. (2021) developed analytical models
for FRP-strengthened beam-column joints, incorporating
nonlinear behavior through diagonal strut-and-tie
modeling. Their approach successfully predicted load-
deformation response and failure modes observed in
experimental programs, providing design tools for
practical application.

Maliki et al. (2021) investigated deep concrete beams
reinforced with GFRP bars, examining parameters
including concrete cover thickness, compressive
reinforcement, and reinforcement ratio. Their results
demonstrated that increased GFRP ratio improved load
capacity by up to 46% compared to singly reinforced
sections, though crack widths and deflections exceeded
those of steel-reinforced control beams.

6.2. Numerical Modeling Advances
Finite element analysis has enabled parametric

investigation of FRP retrofitting beyond experimental
constraints. Sophisticated material models now capture:

Concrete confinement through plasticity-based
formulations incorporating FRP hoop strain limits
- Bond-slip behavior at the FRP-concrete interface using
cohesive zone models
- Corrosion effects through reduced bar areas, modified
bond properties, and explicit modeling of corrosion
product expansion
Cyclic degradation under seismic loading
incorporating stiffness and strength deterioration
Abdoli and Mostofinejad (2023) developed analytical
models for torsional behavior of FRP-strengthened RC
members considering various wrapping configurations.
Their theoretical predictions, validated against extensive
experimental databases, captured the contribution of
longitudinal and transverse FRP to torsional capacity and
identified optimal wrapping schemes for different member
geometries.

6.3. Field Applications and Case Studies

While laboratory research provides fundamental
understanding, field applications demonstrate practical
viability. Documented FRP retrofitting projects for bridges
include:

- 1-275 Bridge, Michigan - CFRP wrapping of corroded
pier columns

- Hayakawa Bridge, Japan - Seismic retrofitting of RC
piers with aramid FRP

Various UK highway structures - Flexural
strengthening of bridge decks with CFRP laminates

These applications have demonstrated construction time
savings of 50-70% compared to conventional methods,
with minimal traffic disruption and excellent long-term
performance under service conditions.

7. Design Considerations and Code Provisions
7.1. International Design Guidelines

Several countries have developed design guidelines for
FRP strengthening of concrete structures. Notable
documents include:

- ACI 440.2R-17 (USA) - Guide for the Design and
Construction of Externally Bonded FRP Systems

- fib Bulletin 14 (Europe) - Externally bonded FRP
reinforcement for RC structures

- CNR-DT 200 R1/2013 (ltaly) - Guide for the Design
and Construction of Externally Bonded FRP Systems

- Concrete Society Technical Report 55 (UK) - Design
guidance for strengthening concrete structures using fibre
composite materials

These documents address material characterization,
design philosophies, strength reduction factors, and
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serviceability requirements, providing a framework for
safe and effective FRP application.

7.2. Key Design Parameters

Critical design considerations for seismic retrofitting
include:

Confinement  effectiveness  quantified  through
confinement ratios relating FRP stiffness to concrete
strength. The enhanced concrete compressive strength and
ultimate strain are calculated using models calibrated to
experimental databases.

Shear contribution of FRP determined from effective
strain limits that account for debonding and fracture. The
angle of principal stress and interaction with existing
transverse reinforcement influence capacity calculations.

Development length requirements ensuring that FRP
can achieve its design strength before debonding.
Anchorage details at laminate ends and intermediate crack
locations are specified to prevent premature failures.

Environmental reduction factors accounting for long-
term exposure effects on FRP material properties. These
factors vary by fiber type, exposure condition, and
performance period.

Seismic detailing provisions for FRP in plastic hinge
regions include minimum wrap lengths, corner radius
requirements to prevent stress concentrations, and lap
splice details for prefabricated jackets.

8. Conclusions and Future Directions

8.1. Summary of Findings

This comprehensive review has examined the
application of FRP composites for seismic retrofitting of
corrosion-damaged RC bridges. The following conclusions
can be drawn:

1. FRP composites offer exceptional advantages for
bridge retrofitting, including high strength-to-weight ratio,
corrosion resistance, ease of installation, and minimal
geometric modification. These characteristics make FRP
particularly suitable for seismic upgrading of existing
structures where weight addition and construction
disruption must be minimized.

2. Corrosion damage in RC bridges progressively
degrades structural performance through concrete
cracking, reinforcement section loss, and bond
deterioration. The combined effects render corroded
bridges particularly vulnerable to seismic loading,
necessitating timely intervention.

3. FRP retrofitting effectively addresses corrosion-
induced deficiencies through confinement enhancement,

supplemental shear and flexural reinforcement, and barrier
protection against further chloride ingress. Column
wrapping can increase displacement ductility by 400-600%
and energy dissipation by over 6000% compared to
unstrengthened corroded members.

4. Carbon FRP may participate in galvanic corrosion
when applied to chloride-contaminated structures, though
proper design detailing can mitigate this effect. Glass and
aramid FRP eliminate galvanic concerns while providing
adequate mechanical properties for many applications.

5. Recent research advances include sophisticated
numerical models, damage detection techniques using
signal processing, and experimental validation of
retrofitting strategies for various bridge components.

8.2. Knowledge Gaps and Research Needs

Despite significant progress, several knowledge gaps
warrant further investigation:

Long-term durability of FRP-strengthened corrosion-
damaged structures under combined environmental
exposure and cyclic loading requires extended monitoring
periods. The interaction between ongoing corrosion and
FRP confinement over decades remains poorly quantified.

Performance under multi-hazard scenarios including
earthquake followed by fire, or corrosion combined with
fatigue loading, needs systematic investigation to ensure
robust design.

Non-destructive evaluation techniques for assessing
FRP bond condition and detecting hidden corrosion
beneath FRP wraps require development and validation.

Standardized design procedures for corrosion-damaged
substrates that account for reduced bond capacity and
uncertain  reinforcement condition would enhance
reliability.

Life-cycle cost analysis comparing FRP retrofitting
with conventional methods over extended time horizons
would inform infrastructure investment decisions.

8.3. Concluding Remarks

Fiber-Reinforced Polymer composites represent a
mature and effective technology for seismic retrofitting of
corrosion-damaged reinforced concrete bridges. The
extensive research base developed over four decades
provides confidence in design approaches, while ongoing
innovations continue to expand application possibilities.
As bridge infrastructure worldwide ages and seismic
design requirements evolve, FRP retrofitting will play an
increasingly vital role in extending service life, enhancing
public safety, and ensuring the resilience of transportation
networks against natural hazards. The integration of
corrosion science, structural engineering, and materials
technology exemplified by FRP retrofitting demonstrates
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the multidisciplinary approach necessary to address the
complex challenges of infrastructure rehabilitation in the
twenty-first century.
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