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Main sources of damage to bridge structures
 Chloride attack, corrosion, and deterioration
 Fatigue damage accumulation

 Accidental damage such as overheight vehicle impact
 Upgraded loading requirements and more stringent
assessment codes
 Initial design flaws, construction defects, lack of
maintenance
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Repair or Replacement?
A majority of the United States’ transportation
infrastructure is over 50 years old
And
Approximately 23% of more than 614,000 in the United States
are currently classified as either structurally deficient
functionally obsolete (ASCE Infrastructure Report 2017).

Leave alone and
keep monitoring

Demolish
Repair

Replacement
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Replacement
 Interruptions to service
 Inconvenient vehicle traffic
 Local opposition to construction
 Overburdening of nearby infrastructure
 Environmental impacts

 Expensive and time consuming
For example:
Average girder replacement costs $8000 per ft of girder and takes one to
two months to complete (Jones 2015)
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Repair
 The “repair” option has the benefit of saving on time and introducing less
traffic congestion, i.e. less interruption to service compared to the
“replacement” option, providing a more efficient and accelerated solution.
 Due to the budgetary restrictions that bridge owners are facing, in certain
projects retrofitting is the only option.
 However, assessment and strengthening of deficient bridges in the United
States has been estimated as being in excess of $140 billion (Foster, Brindley
et al. 2016).
 This is still a huge amount of money, which makes bridge repair an important
topic.
 In practice, most of the repair methods might cause concerns for the industry
and Departments of Transportation (DOTs) decision makers regarding their
performance due to a lack of readily available laboratory results.
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Project Objectives
 How is this related to ABC?
 The objective of this study is to gather the information about different
materials and methods of bridge girder repair implementation
 Methodology: more than 200 studies reviewed with the focus on repair of
reinforced concrete and prestressed concrete bridge girders as more than
60% of bridge inventory in the US are made of reinforced concrete.
 Resources: The utilized literature include:





Research papers: 202
Thesis/Dissertation: 13
DOT reports: 36
Media (YouTube videos, News webpages, online presentations, etc.): 2
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Project Objectives
 Recommendations for the repair procedure specific to a damage type are
proposed by the authors based on:


Surveying and ranking the frequency of use of the different methods
which is indicative of the robustness of the method



Performance of the different repair details on the overall quality of the
repair based on the repair examples seen in the studied literature.

 The outcome is meant to enable researchers, engineers, and decision
makers to compare the available repair methods more conveniently to
find the optimal repair approach for their specific projects.
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Acronyms
 FRP: Fiber Reinforced Polymer
 CFRP: Carbon Fiber Reinforced Polymer
 GFRP: Glass Fiber Reinforced Polymer
 FRCM: Fabric Reinforced Cementitious Matrix
 CRP: CFRP Rod Panels
 UHPC: Ultra-High Performance Concrete

 EB: Externally Bonded
 NSM: Near Surface Mounted
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Fiber Reinforced Composites (since 1980s)
Combination of two different materials (i.e. the reinforcing
fibers and the matrix)

(Sobieck, Atadero et al. 2015)

• Fiber Reinforced Polymeric (FRP) Composites
• Cement-based Composites
• Hybrid Composites
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Polymeric Composites (FRPs)
Fibers embedded in a polymeric resin such as epoxy resins
 Popular fibers used are Aramid, Steel, Basalt, Carbon, and Glass
(Tsai and Alaywan 2018)

(a)

(b) (Graeff 2012)

Closer view of CFRP
materials with different
densities

(Lee, Jung et al. 2018)

(c)

(c)

(a)

Different types of fiber-based materials (a)
Carbon fiber composite cable (b) CFRP
fabric (c) CFRP bar

(b)

(Tetta, Koutas et al. 2016, Gangi 2018)
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Polymeric Composites (FRPs)
 Major benefits:







high strength-to-weight ratio
Anti-corrosive properties
Light-weight
Ease of installation
Flexibility in application

Fiber
(Sobieck, Atadero et al. 2015)

 Major concerns:
 Ductility: codes restrict the amount of FRP used.
 Low resistance to heat.
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Cement-based Composites
Fibers embedded in a cementitious matrix
FRCM mesh rolls

(Gangi 2018)

(a)

(b)

(c)

FRCM Material Constituents: a) Mesh Fabric
Roll, b) Mesh Fabric Grid, c) Mortar

(Jones 2015)
(Andrawes, Shaw et al. 2018)

(Pino and Nanni 2015)

Specimen preparation: a) First layer of mortar, b) placing mesh, c) layer of mortar (sandwich)
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Cement-based Composites
 Major benefits:
 Inherent heat resistance
 Less affected by weather
conditions: Can be applied to
wet surfaces
 Major concerns:

 Unknown long-term fatigue performance: At this time, FRCM
should not be used as a repair alternative to bridges with a
considerable level of damage and/or high traffic volume.
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Hybrid Composites
Different fiber-based composites combined together as a hybrid

 Examples are CFRP rod panels (CRPs), as well as CFRP-honeycomb
(H-Lam-C) and GFRP-honeycomb (H-Lam-G) composites

(Jawdhari, Harik et al. 2018)

(Jawdhari, Harik et al. 2018)
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Hybrid Composites: Major benefits
 Enhanced ductility: Fiber reinforced materials remain elastic up to failure.
This is while hybrid materials can experience yielding as
in steel.
(Qeshta, Shafigh et al. 2016)
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Steel (since 1960s)
 Steel material in different forms (i.e. rods, bars, tendon, plates, and
steel jackets) has been traditionally used for the strengthening of
structural concrete members.
 Major benefits:

(Harries, Kasan et al. 2012)

 Well-known properties
 Major concerns:
 Poor corrosion resistance
 Difficulty in handling on site
Post-tensioned steel tendons
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Other Materials
 Ultra-high performance concrete (UHPC)
• Low permeability, high strength and high toughness.
• High ductility and excellent bond with
normal concrete.

 Aluminum alloy
 Ferrocement

(Valikhani and Azizinamini 2018)

• A special type of reinforced concrete consisting of galvanized steel wire mesh
reinforcement embedded in a cement matrix.
• Drawback to the use of this material and other materials that involve reinforcement
embedded in a relatively thick matrix applied in situ to the strengthened element is
that they are more labor intensive compared to materials that are in laminate or sheet
forms.

 Coatings and sealers
• Improves the service life of the bridge
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Surface Preparation
Step 1: Removal of all unsound concrete
The first step in the repair process is to locate the corroded and hollow areas by sounding
the concrete surface. The next step is to remove the delaminated, loose or week concrete
as well as any non-cementitious contaminants or geometric inconsistencies.

(a)

(b)

Jones (2015)

Jones (2015)

Cutting out the damaged area of the girder (a) process (b) final results
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Surface Preparation
Step 2: Select a patching method (if needed)
In case there are cracks on the girder,
they should be filled with proper
materials i.e. patching.
(Choo, Peiris et al. 2013)

Final result

A crack at the bottom of the girder is being repaired
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Surface Preparation
Step 3: Surface roughening
 As part of the surface preparation, the surface of the concrete is usually
polished until fine aggregates are exposed.
(Michels, Staśkiewicz et al. 2016)

 This improves the bond between the
main strengthening material and the
concrete surface.

 Implementation methods:
•
•
•

Abrasive blasting or sand blasting
Diamond grinding
High pressure waterjetting

Roughened surface using waterjetting
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Surface Preparation
Step 4: Cleaning
 The concrete surface should be cleaned
before the application of the repair
material.

(Bullock, Barnes et al. 2011)

 It is important to make sure that
the surface is dry and free from any
oil, or greasy substances.
 Implementation methods:
•
•
•
•

Compressed air
Water jetting and pressure washing [33].
Cleaning with a wire brush
Sandblasting

Surface cleaning using compressed air
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Surface Preparation
Step 5: Priming
 In order to increase the performance of the repair that will be applied
on the concrete substrate, a primer might be applied to the concrete
surface.
 One example procedure is shown below, where a two-part primer is applied
to the prepared concrete surface and left to be dried, then a two-part epoxy
resin is applied to the primed concrete surface prior to the application of
the FRP material.

(Yang, Merrill et al. 2011)
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Shear deficiency – main causes of damage
 Corrosion of existing shear reinforcement
Girder end corrosion exposes
the shear reinforcement,
where the shear demand is
the highest.
This is more critical for PSC girders
since the prestressing force is
transferred between the strands
and concrete at girder ends.
(Andrawes, Shaw et al. 2018)

 Insufficient amount of shear reinforcement

 Low concrete strength and/or increased design load
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Shear deficiency – common solutions
Method 1: Externally bonded (EB) repair application

(Andrawes, Shaw et al. 2018)

(a) wrap
Complete

Continuous U-wrap
(Rteil and Soudki 2011)

(b)
U-wrap

2-sided(c)face plies
Discontinuous U-wrap
(Rteil and Soudki 2011)
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Shear deficiency – common solutions
Method 1: Externally bonded (EB) repair application
(Abdalla, Abu-Obeidah et al. 2016)

Vertical discontinuous U-wraps
(dimensions are in mm)

Diagonal discontinuous U-wraps
(dimensions are in mm)
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Shear deficiency – common solutions
Method 1: Externally bonded (EB) repair application
(Proper anchorage system is needed)
(Andrawes, Shaw et al. 2018)

(Eamon, Wu et al. 2014)

CFRP application
(Andrawes, Shaw et al. 2018)

Longitudinal strips

in-slab bonding

clamping plates

GFRP application
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Shear deficiency – common solutions
Method 1: Externally bonded (EB) repair application
(Proper anchorage system is needed)
(Tetta, Koutas et al. 2016)

(a)

(b)

(c)

Fan-shaped anchors made from FRP material (dimensions are in mm)
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Shear deficiency – common solutions
Method 2: Near Surface Mounted (NSM) repair application
1

(Andrawes, Shaw et al. 2018)

Grooves are cut into the girder’s web

Requires more installation labor and cost

2

Repair material is placed inside the
grooves using proper adhesive
Additional anchorage system is not needed

(Andrawes, Shaw et al. 2018)
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Flexural deficiency – main causes of damage
 Overheight vehicle collision
 It is estimated that 1100 of such collisions happen yearly in the
United States
 Damage severities:
(Graeff 2012)

(Peiris and Harik 2018)

Concrete spalling

Lateral damage cutting through the steel reinforcement
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Flexural deficiency – common solutions (1,2)
Application of the repair material to the girder soffit (dimensions are in mm)
(Yu, Li et al. 2010)

EB:

NSM:
(Hawileh 2012)

Usually used in
conjunction with
discontinuous Uwraps along the
girder length or
only at both ends
as anchorage.

Page 34/45

Flexural deficiency – strand splicing
For reconnecting damaged or broken prestressing strands in
order to restore the prestressing force
installation of the strand splices
(a)

(c)

completed installation of the strand splices
(b)

(d)

Jones (2015)

placing the repair concrete

completed repair after concrete placement and
form removal
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Flexural deficiency – Prestressing the repair material
• To increase the efficiency of
the repair, the repair material
(for both NSM and EB) might
be prestressed

(Lee, Jung et al. 2018)
Fabrication process for the test: (a)
nondestructive inspection, (b) identify
the location of the rebar and the
thickness of the covering, (c) form the
groove, (d) place the anchorage
device, (e) apply pre-stress, (f) inject
the filler.
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Fire Damage
 Main cause of damage: crashing vehicles, burning of fuels in the vicinity
of the bridges, arson, and wildfire
 Brings up extreme economic impact: Collapse of the two-span
MacArthur Maze Bridge in Oakland, California, on April 29, 2007 due
to a fire is an example, which caused an estimated $6 million a day
total economic impact to the Bay Area.

 The resin changes from a glassy state to viscoelastic state. That is why,
ACI 440 recommends ignoring the capacity contribution of FRP, in such
situations.
 Common solutions:
 Insulation over the FRP wraps to avoid debonding of the FRP and
concrete spalling, and to slow down the temperature rise in the
prestressing strands.
 Use of cement-based adhesives instead of epoxy.
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Shear cracking – available repair approaches

45
1)
2)
3)
4)
5)
6)
7)
8)
9)

Frequency of use [%]

40

35
30
25
20
15

Discontinuous complete wrap with FRP strips
Discontinuous FRP U-wraps w or w/o anchorage, vertical or oblique
Continuous FRP U-wraps w or wo anchorage
FRP side bonding
NSM FRP laminates, bars, or strips on the web, vertical or oblique
EB hybrid composites (FRCM, TRM, etc.), Aluminum, or steel
EB or NSM Aluminum alloys or steel plates
Embedment methods with FRP based material or steel etc.
Shotcreting

10
5
0

1

2

3

4

5
6
Repair Approach

7

8

9
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Shear cracking – recommended repair process
Identify shear cracking
Apply appropriate treatment for reinforcement such as coating, etc.
Prepare surface including crack injection and restoring section shape if necessary

Based on design requirement, availability of the resources, and economy of the project, SELECT:
(i) Discontinuous CFRP U-wraps anchored using longitudinal CFRP strips (or fan-shaped anchors)
OR
(ii) NSM FRP based repair applied on the web of the girders.

Apply final top coating
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Flexural cracking – available repair approaches

40
1)
2)
3)
4)
5)
6)
7)

EB FRP sheets on the soffit + EB FRP U-wraps or complete wraps
EB continuous FRP U-wraps
EB FRP soffit plates or strips
EB FRP plates on the girder soffit and sides with or wo EB FRP U-wraps
NSM FRP strips or rods + w/wo EB transverse CFRP sheets
Embedded longitudinal and transverse GFRP bars
EB hybrid composites (FRCM, CRP, UHPFRC, etc.) on the soffit or wrapped
around the girder bulb
8) EB steel plates on the girder soffit

35

Frequency of use [%]

30
25
20
15
10

5
0

1

2

3

4
5
Repair Approach

6

7

8
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Impact damage – evolution of repair methods

Number of case studies

25
20
15

10
5
0
1991-1995

1996-2000

2001-2005

2006-2010

2011-2015

2016-2019

Years

Page 42/45

Impact damage – recommended repair process
Identify impact damage
Apply strand splicing for damaged prestressing strands if necessary
Prepare surface including crack injection and restoring section shape if necessary
Is shear strengthening needed?
NO

YES
Use longitudinal laminates on the girder soffit or
around the girder soffit or around the bottom
bulb + continuous or properly spaced U-wraps at
the shear span or elsewhere as needed

(i) Use longitudinal laminates on the girder soffit
or around the girder soffit or around the bottom
bulb + evenly spaced U-wraps for anchorage
OR
(ii) Use NSM rods on the girder soffit

Apply final top coating
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Concluding Remarks and Future Research
 Choice of a repair approach highly depends on the specific conditions of the damage,
available monetary and technology resources, and the intended repair durability for
the girder. However, based on the frequency of the studies done for different repair
methods and their reported performance in the literature, the following methods are
recommended:


Shear repair: CFRP U-wrap (continuous or discontinuous, vertical or oblique) or NSM
CFRP laminates on the web (no need for anchorage, no above head installation).



Flexural repair: EB CFRP sheets on the soffit + EB discontinuous CFRP U-wraps.



Fire repair: use of cement-based adhesives instead of epoxy and/or fire proofing of
the FRP layers.

 Future research: Repair methods investigated in this study were exclusive to shear
and flexural deficiencies as well as fire damage in the girders. Repair and
rehabilitation of the girders for seismic damage is also another important topic that
needs thorough investigation of the available literature.
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