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EXECUTIVE SUMMARY
Bridges in Minnesota, like elsewhere, are designed for a service life of (at least) 75 years. Although the
design loads are specified for a 75-year service life, the current provisions fail to ensure that the bridge
will be serviceable for the target 75 years. This is due to the early degradation of bridges subjected to
environmental and mechanical stressors. Therefore, existing bridge decks are found in need of a major
repair or complete replacement after only 50 to 60 years. Among various causes of degradation of
bridge decks, corrosion of the steel reinforcing bars embedded in concrete is observed to be one of the
major contributors. To reduce deterioration of bridge decks and extend the life of bridges, many
designers and construction agencies have become concerned and are searching for alternate solutions
to steel reinforcement. Considering the maintenance cost, labor, and time required to address this
critical issue, this research project investigates the use of glass fiber-reinforced polymer (GFRP) rebars as
a viable choice for deck reinforcement.
For the past few decades, GFRP rebars have become popular among engineers especially because of
their resistance to corrosion. However, the use of GFRP rebar has its own challenges. The modulus of
elasticity of GFRP rebar is 1/4th that of conventional steel reinforcement. Thus, it raises a question
about structural performance of GFRP reinforced bridge decks. Further, lack of data on the performance
of GFRP reinforced decks and technical guidance add to the challenges faced while designing GFRP
reinforced bridge decks to achieve expected service life. To properly utilize the capabilities of such
rebars, a range of laboratory tests have been performed and the results are available in the literature.
However, very few field investigations have been conducted to examine the durability and strength of
bridge decks constructed with GFRP rebars. The current project addresses this knowledge gap and
provides invaluable information that can be used later to improve current design guidelines. To achieve
this goal, the Iowa State University team developed a comprehensive plan to investigate both short- and
long-term behavior of the bridge deck constructed with GFRP reinforcement on TH 42 over Dry Creek in
Elgin Township of Wabasha County in Minnesota. This is the first bridge built by the Minnesota
Department of Transportation using GFRP reinforcement in the deck slab. This study investigates the
behavior of a single-span, full-scale bridge deck with barriers on each side, supported by seven
prestressed concrete girders.
The main objectives of this project include evaluation of the performance of the bridge deck
components under controlled traffic loads; identification of the load distribution characteristics,
especially for the bridge girders supporting the deck; and examination of the short- and long-term
durability of the bridge deck in terms of formation and propagation of cracks. In addition, the data
collected through this project are used to conduct a viability study to answer the longstanding question
of whether the initial materials cost can be justified considering the great potential for maintenance cost
savings in the future. This is completed through a detailed Monte Carlo simulation-based, life-cycle cost
analysis of the bridge during the expected service life.
To investigate the load distribution characteristics of the GFRP bridge deck, three live load tests were
performed with a heavy three-axle dump truck throughout the duration of the project. For that purpose,
a set of strain gauges and deflectometers were attached to the bridge girders. The load paths and

stations (truck stops) were marked along the bridge deck at appropriate distances to produce maximum
strains in the instrumented rebars, concrete sections, and girders. A mobile data acquisition system was
installed underneath the bridge to record strains and deflections. The main objective of this task was to
identify the deck deflections, strains and live load girder distribution factors (GDFs). Due to lower
stiffness of the GFRP rebars compared to steel rebars, the deck deflections were of concern under
service loads. On the other hand, one of the important subjects not extensively explored for the bridge
deck systems made with GRFP rebars was the live load distribution factors. The three field tests revealed
that the bridge deck behavior was consistent, which was observed by comparing the strain response,
neutral axis position and GDFs. From the test results, the GDFs evaluated were found to be less than the
values obtained from the AASHTO GDF equations.
Another important task was to investigate the long-term performance of a bridge deck subjected to
environmental loads such as temperature and humidity. For this purpose, the bridge deck was
instrumented with vibrating wire (VW) gauges to constantly measure the temperature within the deck
and the changes in the strain of the concrete and GFRP rebars. From the data analysis, a slight variation
was observed in the strain data in the early life of the bridge with respect to variations in temperature.
On exploring the temperature strain and shrinkage strain, the researchers found that shrinkage strain
primarily governed the bridge behavior in the early days. Overall, the researchers found the bridge
behavior was consistent over the first three years.
Regular visits to the bridge site were made every six months throughout the entire duration of the
project to inspect the condition of the bridge deck and to retrieve the recorded long-term monitoring
data for off-site processing. Various crack types were observed during the visual inspections of the
bridge over the three years. Overall, cracking behaviors were similar for the first three years, yet showed
subtle differences. Cracking near the abutments was most pronounced in the bridge deck. In addition to
surface cracks, full-depth cracks were also observed near the abutments. Although the cracks grew
rapidly in the first year of investigation, no significant new cracks were found to form in the next two
years. It should be noted that a similar crack pattern was also observed in with a conventional
reinforced concrete bridge deck.
This research also evaluated the mechanical properties and strength of the GFRP rebars being used in
the bridge deck. This was done by performing a limited set of tensile strength tests on GFRP rebars. The
GFRP rebar tensile strength properties were consistent with those determined in previous tests found in
existing literature. The validity of the tensile properties calculated for the MnDOT GFRP rebars was
further supported by the behavior of the specimens during testing. Specifically, specimens exhibited
brittle behavior until failure, and failure did not occur at the anchors.
To investigate whether the use of GFRP rebars in bridge decks is a viable economic choice, life-cycle cost
analysis (LCCA) was performed. From the LCCA, it is observed that use of GFRP rebar for bridge deck
reinforcement can result in lower life-cycle costs if the GFRP rebar has higher resistance against
degradation than epoxy-coated steel rebar, despite the higher initial cost of the GFRP rebar.

The results from the investigation suggest that GFRP rebars can be a viable option for replacing steel
rebars in bridge decks. With this project complete, further investigations are needed to study the
degradation of GFRP rebars under environmental loads. In addition, the bond strength between GFRP
rebars and concrete under temperature loads should be studied to further improve the design of such
bridge decks.

CHAPTER 1: INTRODUCTION
1.1 RESEARCH PROJECT BACKGROUND
Bridges in Minnesota, like elsewhere, are designed for a service life of at least 75 years. However, in
reality, although the design loads are specified for a 75-year recurrence interval, the current provisions
do not greatly help the designer ensure that the bridge will be serviceable for the target 75 years.
Therefore, it is not surprising that existing bridge decks are found to be in need of a major repair or
complete replacement after 50 to 60 years.
The degradation of bridge decks is mainly due to corrosion of the steel reinforcing bars embedded in the
concrete (Alipour et al., 2013; Kirkpatrick, 2002; Shafei, 2011; Shafei et al, 2012; Shafei and Alipour,
2015). Considering the time and labor required to address this critical issue, this research project
investigates an alternative solution to use, corrosion-resistant glass fiber reinforced polymer (GFRP).
With successful implementation, the use of GFRP rebars is expected to significantly reduce the direct
costs originating from maintenance efforts required for bridge decks constructed with steel rebars.
Furthermore, by increasing the service life of bridge decks, the need to replace the bridge deck during
the design life of the bridge will be minimized. This will eliminate indirect costs due to bridge closure,
disruption in traffic, and impact on the surrounding environment. The outcome of this project is in direct
alignment with the implementation of the Second Strategic Highway Research Program Project (SHRP2)
Project R19A to design bridges for longer service lives.
Although there is wide use of GFRP reinforcement in bridge decks in some parts of Canada, there has
been relatively few GFRP-reinforced bridge decks built in the United States. The Canadian decks were
primarily designed using the empirical design method in the Canadian Highway Bridge Design Code. This
method differs significantly from the design guidelines produced by the AASHTO and ACI Committee 440
on FRP reinforcement. Successful implementation of GFRP bridge decks would eliminate the steel
corrosion problems that often shorten the life of a deck.
1.2 BRIDGE DESCRIPTION
The Minnesota Department of Transportation (MnDOT) was in the planning phases for its first bridge
deck reinforced with GFRP rebar instead of conventional epoxy-coated steel rebar. This replacement
bridge on MN 42 over Dry Creek just north of Elgin, Minnesota, was let in February 2016 with
construction starting in July 2016. The bridge was cast integrally with two end abutments over a span of
83’9” (26.44 m) with a 15° skew. The bridge was designed according to AASHTO specifications (AASHTO
2014), with 9-in (230-mm) thick concrete deck having a compressive strength of 4 ksi (27.6 MPa) cast
over seven prestressed beams spaced 7’ 5” (2.26 m) apart. The top and bottom layers of deck
reinforcement running in longitudinal as well as transverse direction were GFRP rebar. The transverse
rebar at top and bottom, #5 (16 mm) in diameter, were spaced at 5 in. (125 mm) and were aligned
parallel to the skew. A clear cover of 2 ½” in (63.5 mm) was provided for top rebar, while 1 ½” (38 mm)
clear cover was provided for bottom rebar. Longitudinal rebar at top and bottom faces, #5 (16 mm)
in diameter, were spliced at several locations due to the skew effects and were spaced at 9 in. (230
mm). The transverse rebars were not
1

spliced; however, 6’ 0” (1830 mm) of lap length was provided for top and bottom longitudinal rebar. The
1
out-to-out width of the deck was 50’ 3” (15.31 m), with 2’ 102” (876 mm) overhangs on each side. The P1 concrete parapet of height equal to 2’ 4” (813 mm) and width of 1’ 6” (450 mm) was supported on the
cantilever edge of the deck. The reinforcement at the inner and outer faces of the barrier was spaced at
6” (150 mm) and 9” (230 mm) near the abutment and within the bridge superstructure, respectively.
The longitudinal reinforcement within the barrier was spaced at 18 in. (450 mm). The construction
of the bridge was completed in late October 2016.
To maximize the knowledge and experience gained in constructing this bridge with GFRP, this research
project was undertaken to investigate the performance of this bridge deck. Some of the key issues to be
studied included cracking and crack control design provisions, deck stiffness, and GFRP bar strains.
Design of these decks using the AASHTO guidelines is almost always controlled by the crack control
provisions, so monitoring cracking and rebar stresses could allow less conservative, but more confident,
designs in the future. The modulus of elasticity of GFRP bars is about 1/4th that of steel bars, so deck
deflection is also expected to be of interest.
1.3 RESEARCH OBJECTIVES AND SCOPE
GFRP rebars have shown great potential for structural applications, particularly in bridges, due to the
fact that they are highly resistant to corrosion, have a low weight, and provide a high tensile strength. To
properly utilize the capabilities of GFRP rebars, a range of laboratory tests have been performed and the
results are available in the literature. However, there have been very few field investigations to examine
the durability and strength of bridge decks constructed with GFRP rebars.
This project is expected to address this knowledge gap and provide invaluable information that can be
used later to improve current design guidelines. To achieve this goal, Iowa State University’s Bridge
Engineering Center team developed a comprehensive plan to investigate both short- and long-term
behavior of the bridge deck constructed in Minnesota with GFRP reinforcement. In this study, the terms
short-term and long-term are used in the context of time duration of the data monitored. Short-term
monitoring refers to the monitoring of data during the live load field tests. On the other hand, the data
being continuously monitored to capture the effect of environment load is considered long-term
monitoring. This plan is modeled after a similar plan successfully implemented to investigate GFRP
rebars in a bridge in Bettendorf, Iowa.
The main objectives of this project included the following:




Evaluate the performance of the bridge deck components under controlled traffic loads
Identify the load distribution characteristics, especially for the bridge girders supporting the deck
Examine the short- and long-term durability of the bridge deck in terms of formation and
propagation of cracks.

As an added-value effort, the data collected through this project were used to conduct a viability study
to answer the longstanding question on whether the initial materials cost can be justified considering
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the great potential for maintenance cost savings in the future. This was completed through a detailed
Monte Carlo simulation-based, life-cycle cost analysis of the bridge during its expected service life.
1.4 RESEARCH TASKS
The following tasks were established for this work.
Task 1 – Bridge Instrumentation during Construction
Considering the importance of the long-term monitoring of the concrete and the GFRP rebars
embedded in concrete, it was critical to install strain gauges and thermocouples during the construction
of the bridge deck. After receiving the bridge drawings, the research team first determined the best
distribution of embedded sensors to maximize the efficiency of data collection efforts. During
construction, the bridge was instrumented with a set of 16 vibrating wire (VW) strain gauges to
continuously measure the strains and temperature within the concrete deck. VW strain gauges have
proven to deliver a higher accuracy for long-term monitoring while providing a longer service life. Each
VW strain gauge was also equipped with a thermistor that measures the temperature at the location of
the gauge.
Task 2 – Live Load Field Testing
Live load field tests were performed on the bridge three times throughout the duration of the project.
The initial live load test was conducted immediately after bridge construction was complete. The second
and third live load tests were performed at the end of the first and second year of the service life of the
bridge deck.
For live load field testing, a standard dump truck provided by MnDOT was used. During live load field
testing, a variety of transducers, such as Bridge Diagnostics, Inc. (BDI) Intelliducer gauges and
deflectometers, were installed on the bridge superstructure. These gauges were placed on both the
bridge deck and girders. Subsequently, a loaded truck of known weight and dimensions was driven
across the bridge and the resulting response data were collected. The data from the three tests were
compared to identify any changes in behavior of the bridge deck.
Task 3 – Long-Term Monitoring
During construction, the bridge deck was instrumented with sensing devices to constantly measure the
temperature within the deck and the changes in the strain of the concrete and GFRP rebars. The
instrumentation in the bridge deck was connected to a long-term data acquisition system. To eliminate
the extra cost and potential issues associated with data communication, the data were stored locally
and downloaded during inspection visits that were scheduled every six months.
Task 4 – Inspections of the Bridge Deck
Regular visits to the bridge site were made every six months throughout the duration of the project to
inspect the condition of the bridge deck and also retrieve the recorded long-term monitoring data for
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off-site processing. One of the main objectives of the inspection efforts was to document the number of
cracks and measure crack spacing, crack penetration depth, and crack width.
Task 5 – Laboratory Tests on GFRP Rebar
To better understand the mechanical properties and strength of the GFRP rebars used in the bridge
deck, the research team conducted a limited set of laboratory material characterization tests. MnDOT
provided about 60 ft of GFRP rebar for this testing.
Task 6– Life-Cycle Cost Analysis
To explore the economic aspect of GFRP rebars, the research team conducted a comprehensive lifecycle cost analysis (LCCA). The primary objective was to evaluate whether the use of GFRP reinforced
bridge decks was a viable economic choice. For this purpose, the costs associated with labor and
materials, operation, and maintenance were estimated based on a set of expected interest rates.
1.5 REPORT LAYOUT
This final report consists of eight chapters and a References section.
Chapter 2: Literature Review and State-of-the-Practice
This chapter includes the results of a literature search and review that summarizes the use of GFRP
rebar for reinforcement in bridge decks, as well as a review of the state-of-the-practice in researching
and evaluating bridge deck performance.
Chapter 3: Live Load Testing the Bridge
This chapter includes details about the three live load tests conducted, including instrumentation,
procedures and results.
Chapter 4: Performance Monitoring of the Bridge
This chapter presents data analysis of strains and temperatures collected using the VW gauges over a
period of three years.
Chapter 5: Bridge Deck Inspections of the Bridge Deck
This chapter includes information about the condition of the bridge deck during the inspections for the
first three years of the bridge’s service life.
Chapter 6: Laboratory Tests on GFRP Rebar
This chapter provides details about the laboratory tests conducted on the GFRP rebar that was used as
reinforcement for the bridge deck studied.
Chapter 7: Life-Cycle Cost Analysis

4

Chapter 7 presents the LCCA for the GFRP reinforced bridge deck with a direct comparison to
conventional epoxy-coated steel rebar-reinforced bridge decks.
Chapter 8: Summary, Conclusions, and Recommendations
In this chapter, the various findings, conclusions, and recommendations from this project are
summarized based on all aspects of the work.

5

CHAPTER 2: LITERATURE AND STATE-OF-THE-PRACTICE REVIEW
Steel reinforced concrete (SRC) bridge decks have become standard for bridges. Although SRC decks
have several advantages, the steel rebars in concrete are susceptible to corrosion during the service life
of a bridge. This phenomenon becomes more prominent in colder regions where deicing salts are used.
The corrosion of steel is mainly responsible for the degradation of bridge decks. Therefore, it is not
surprising that existing bridge decks often need major repair or complete replacement after 50 to 60
years.
This research project focused on the use of corrosion-resistant GFRP rebars. The research team
completed the following comprehensive literature review on the use of GFRP rebar for the
reinforcement of bridge decks and on how bridge deck performance research is conducted against
current bridge design specifications and standards.
2.1 STUDIES ON BRIDGE DECKS REINFORCED WITH GFRP AND FRP
Among the past studies, Kumar and GangaRao (1998) made the first effort to evaluate the fatigue
response of concrete bridge decks reinforced with GFRP rebars. The primary aim was to evaluate the
stiffness degradation of the bridge decks. From the experimental results, the deck degradation rate with
GFRP bars was found comparable to that with a steel-reinforced bridge deck. The outcome of the
experimental tests revealed that GFRP is a favorable material and that the deck with GFRP rebars
behaves similar to the one reinforced with steel rebars. Because of the promising results obtained from
a number of similar studies (e.g., Benmokrane et al. 2006, Deitz 1998, Eitel 2005, El-Ragaby et al. 2005,
El-Ragaby et al. 2007, El-Salakawy et al. 2005), FRP rebars have become an increasingly attractive
alternative to steel for reinforcing concrete bridge decks.
Focusing on the use of GFRP rebars, a number of studies have been performed in the last three decades.
Harik et al. (1999) investigated deck specimens cast from a GFRP rebar RC slab and GFRP panel with an
externally bonded tubular section (transverse to traffic directions). From the three-point bending tests
of different lengths and depths, the deck specimens were found to satisfy the deflection and strength
criteria of the Ohio Department of Transportation (ODOT) with a factor of safety of at least 3. The deck
specimens were found to fail in combined bending and shear and debonding of GFRP tubular sections
from the concrete.
In another study, Hassan et al. (2000) investigated the behavior of a highway bridge slab reinforced with
FRP rebars. Two full-scale models were tested, one specimen reinforced with carbon FRP (CFRP), and
the second slab with hybrid glass FRP and steel reinforcement. From the detailed finite element study,
the ultimate load capacity of the continuous full-scale deck slabs were found more than seven times the
service load specified by the American Association of State Highway and Transportation Officials
(AASTHO) specifications (1996).
The researchers proposed using a reinforcement ratio of 0.3 % CFRP per sq. ft (fiber volume ratio 60% or
more) as bottom and top reinforcement in each direction to satisfy the serviceability and ultimate
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capacity requirement for the span-to-depth ratio. And, for GFRP reinforced decks, 1.2 % and 0.6 % on
top and bottom, respectively, in the transverse direction. In the longitudinal direction, it should be 0.6 %
each on top and bottom.
Deitz et al. (2000) reported experimental results of 12 full-scale RC deck panels. Three different
reinforcing schemes were adopted: RC deck with top and bottom of epoxy-coated steel (ECS) rebars, RC
deck with top and bottom of GFRP rebars, and RC deck with a top mat of GFRP rebars and a bottom mat
of ECS rebars (referred to by the researchers as HYBRID). It was found that the performance criteria
(ultimate load, load vs. displacement, moment vs. curvature, and type of failure) were governed by the
tensile reinforcement type.
Prior to cracking, the load-deformation curves were the same for all 12 specimens. After cracking, the
deck panels with GFRP reinforcement exhibited low stiffness and larger crack widths as compared to RC
decks with steel reinforcement. The researchers also noted that all of the GFRP specimens failed in
combined flexure and shear mode.
From the experimental results, the researchers also found that the GFRP reinforced deck did not satisfy
the AASTHO requirements for maximum crack width criteria. The displacement for the GFRP and HYBRID
reinforced decks were significantly larger than that for the ECS reinforced deck.
In a separate effort, Hall and Ghali (2000) investigated the long-term performance of GFRP-reinforced
concrete beams. The objective was to identify whether the long-term deflection method for steel beams
can be applied to GFRP beams. From the experimental results, the deflections of GFRP beams were
found to be 1.7 times that of the steel-reinforced beams due to creep and shrinkage effects.
El-Salakawy and Benmokrane (2004) tested 10 full-scale concrete slabs to study the performance of FRP
bars against that of steel bars. Out of 10 specimens, five were reinforced with GFRP bars, three with
CFRP bars, and two with steel bars. From the test results and observations, the number of cracks, crack
spacing, crack penetration depth, and crack width of the GFRP slabs were similar to that of the steelreinforced slabs. The GFRP slabs were failed in the shear tests, whereas, the steel-reinforced slabs failed
by yielding of the steel.
In another study, El-Salakawy et al. (2005) carried out field investigations on the first bridge deck slab
reinforced with GFRP bars. The bridge deck was instrumented at critical locations for strain and
temperature gradient measurement. In this bridge, one span was reinforced with galvanized steel rebars
and the other with GFRP bars. The maximum strain in the GFRP slab was 30 μstrain during the test (0.2
% of the ultimate strain). The deflection of the bridge deck and slab never exceeded the Canadian
Highway Bridge Design Code (CHBDC) allowable limits (CSA 2000).
Focusing on the stiffness of GFRP-reinforced decks, Holden et al. (2014) investigated two precast deck
panels constructed with GFRP bars and six girders of a single-span bridge. The researchers found the
deck deflections and stresses were within the limits of the AASHTO specifications. From their parametric
study, the researchers found that the deck depth could be reduced with the use of GFRP rebars.
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In addition to the use of GFRP in the form of rebars, several studies have been conducted on composite
bridge decks utilizing GFRP mechanical properties. Yost and Schmeckpeper (2001) studied the flexural
performance of bridge deck panels reinforced with two-dimensional (2D) FRP grids. Two different FRP
grids were investigated, one reinforced with a hybrid of glass and carbon fibers and a second reinforced
with carbon fibers only. The researchers identified several problems with the use of these FRP grids as
structural reinforcement for concrete bridge decks. Most importantly, the modulus of elasticity of the
FRP grids was considerably lower than that of steel. As a result, larger deflections and greater crack
widths were observed as compared with steel-reinforced concrete members of equal strength.
To study the fatigue performance FRP bridge decks under extreme temperature loadings, Kwon et al.
(2003) carried out a fatigue test of four composite bridge decks. The deck specimens were tested for
one million wheel load cycles at low temperatures, followed by one million wheel load cycles at high
temperatures. The bridge deck was subjected to a total of 10 million wheel load cycles. FRP bridge decks
exhibited satisfactory performance under extreme temperature conditions. However, the stiffness of
FRP bridge decks was found to be substantially affected by the extreme temperature conditions.
Kitane et al. (2004) investigated the performance of a hybrid deck system. The system was composed of
a layer of concrete on the compression side of the all GFRP deck section. The primary aim was to reduce
the initial cost and increase the stiffness of the all GFRP deck. The model was found to meet the stiffness
requirement with significant reserve strength. And the stiffness degradation from the fatigue test results
was also found to be insignificant.
A new hybrid system was proposed by Cheng (2005) in which a hybrid polypropylene (PP) fiber-mixed
concrete and thin continuous FRP mesh and laminated plates were used. Static and fatigue tests were
carried out to determine the feasibility of this system in the construction of slab-on-girder type bridges.
Test results showed satisfactory performance of the all-concrete slabs (slab-plate interface, component
and system-level flexure, and shear and fatigue response tests).
Alagusundaramoorthy et al. (2006) studied the force deformation characteristics of FRP composite
bridge deck panels. The test results of the panels were compared with those for RC deck panels and also
with the performance criteria as per ODOT. The factors of safety against failure of bridge deck panels
varied from 3 to 8 and satisfied the performance criteria.
Cheng (2011) studied the fatigue performance of a steel-free concrete bridge deck reinforced with a
CFRP stay-in-place form under repeated traffic loads. This paper presented a fatigue analysis tool
specifically developed for this study, and found that flexural stiffness deteriorated gradually with the
number of cycles, but no failure in the FRP or concrete during the 2 million cycles. The deflection
damage was found to decrease as the amount of CFRP reinforcement and concrete strength increase.
The Bridge Engineering Center (BEC) at Iowa State University has been active in this area of research and
conducted numerous evaluations of FRP for use in bridges. Examples of the BEC’s related research
include the following: use of post-tensioned CFRP rods for bridge strengthening, use of CFRP plates for
bridge strengthening, use of GFRP bars in a precast/prestressed concrete girder bridge deck, use of
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GFRP for the fabrication of a temporary bypass bridge, and use of GFRP fabric for emergency repair of
damaged precast/prestressed concrete girders.
2.2 BRIDGE DECK PERFORMANCE STUDIES
From the existing literature, it can be concluded that resistance to corrosion and a high strength-toweight ratio make GFRP rebars suitable for use as bridge deck reinforcement, especially where harsh
environmental conditions exist (Cheng and Karbhari 2006, Hall and Ghali 2000, Trejo et al. 2005).
However, GFRP is still a relatively new material for bridge deck reinforcement, leaving a range of
questions about its long-term strength and durability.
While accelerated tests have been performed on GFRP rebar (e.g., Park et al. 2014), attempting to
rapidly replicate the degradation that typically takes years to develop with accelerated tests cannot
guarantee reliable long-term results. With the limited number of field investigations on GFRP-reinforced
bridge decks in service (e.g., El-Salakawy et al. 2005), actual data still needs to be collected to
understand the bridge behavior over time and verify the sufficiency of design guidelines provided by ACI
440.1 (2015) and AASHTO (2017).
In past studies, bridge deck performance has been evaluated by conducting live load tests and through
long-term monitoring. Live load tests are performed on the bridge deck to evaluate the response of the
bridge deck to vehicle loads. These tests can reveal important information on the behavior and integrity
of the bridge deck. In long-term monitoring, the primary objective is to determine the effect of
temperature changes on the bridge deck. For this purpose, strain gauges embedded in the concrete
deck are utilized.
In the past, live load tests were performed on girder bridge decks, focusing on the girder system to
investigate the load distribution among the locations of the girders. For that purpose, girder distribution
factors (GDFs) are usually calculated to evaluate bridge deck performance (Nassif et al. 2003, Tabsh and
Tabatabai 2001, Yang and Myers 2003).
Stallings and Porter (2002) performed live load testing on the Uphapee Creek Bridge in Alabama. The
strain response of the bridge deck was the researchers’ specific focus. The bridge deck was constructed
with high-performance concrete (HPC). Live load distribution factors, deflections, strains and stresses
from the live load tests were compared with design equations in AASHTO LRFD (1998) and AASHTO
Standard Specifications (1996). The predictions from both AASHTO specifications were found to be
conservative as compared to values obtained from field tests.
Live load tests were performed on the South Platte River Bridge near Commerce City, Colorado as
reported by Cao (1996). The measured strain data from live load tests were utilized to evaluate the
bending moments incurred in the bridge deck. From the data analysis, it was found that negative
moments in the bridge deck are reduced by differential girder deflections.
In a separate effort, Semendary et al. (2017) evaluated the live load moment distribution factors for an
adjacent precast/prestressed concrete box beam bridge with a new reinforced/grouted ultra-high
performance concrete (UHPC) shear key connection configuration. The bridge was tested using two load
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trucks with weights of 56.1 kips (249.5 kN) and 53.4 kips (237.5 kN). On comparing GDFs to those from
AASHTO load and resistance factor design (LRFD) equations, the GDFs from the field tests were
underestimated by 4.3% for the exterior beams and 12.7% conservative for the interior beams.
More recently, Torres et al. (2019) evaluated the live load distribution factors of a deteriorated double-T
bridge in Coalville, Utah. Displacements, rotations, and strains were measured to quantify the load
carrying behavior of the bridge. A loaded truck with a gross weight of 61.6 kips (274 kN) was utilized.
Based on validated finite element (FE) models, a parametric study was performed to compare GDFs
from AASHTO LRFD with the GDFs from the FE simulation results.
During their service lives, concrete bridges are subjected to environmental stresses such as
temperature, humidity, and moisture. Among them, the temperature effects can significantly affect the
performance of concrete bridges. The thermal or temperature effects can be viewed as two
superimposed effects. The first effect is due to the uniform change in temperature that happens over
the entire superstructure. This effect causes free elongation for an unrestrained structure. When the
structure is restrained, it will be subjected to uniform internal stresses. The second thermal effect is due
to temperature gradients when the bridge superstructure is heated differentially. The temperature
gradient causes flexural strains in the superstructure. The current AASHTO LRFD Bridge Design
Specifications (2017) provide guidelines based on recommendations of National Cooperative Highway
Research Program (NCHRP) Report 276 (Imbsen et al. 1995) for the design of bridge components against
thermal loads.
In a comprehensive study, Cuelho et al. (2006) investigated the performance of three bridge decks by
performing live load tests and long-term monitoring on the decks. VW gauges were used to monitor the
long-term performance of the bridge decks. In addition, the performance of the bridge decks was
investigated by conducting visual distress surveys and corrosion tests. From the strain data, the
researchers found that long-term shrinkage strain in the decks ranged from 300 to 350 μstrain. The
strain variation with respect to temperature was found comparable to strain calculated from the
coefficients of thermal expansion of the deck concrete.
More recently, Pantelides et al. (2012) investigated the long-term performance of precast concrete
panels for bridge decks. The panels were instrumented with strain gauges, displacement sensors, and
accelerometers. VW strain gauges were used in the longitudinal and transverse directions.
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CHAPTER 3: LIVE LOAD TESTING OF THE BRIDGE
3.1 OVERVIEW
The objective of the live load tests of the GFRP-reinforced bridge deck was to understand how the deck
structurally transfers wheel loads from their points of application to the bridge’s beams. The magnitude
of stresses and strains that are developed in the deck while transferring the load is also important. Such
information can be used to determine whether the current GFRP-reinforced deck reasonably delivers
the expected structural behavior with respect to both load-carrying mechanisms and the stress levels
generated in the system. The data obtained from the live load test can also be used for assessing the
likelihood of immediate/long-term crack development in the bridge deck from vehicle loads.
The primary focus of the live load tests was to evaluate how the deck and girders contribute to
transferring vehicle loads to the abutments. For this purpose, gauge locations were selected to capture
extreme responses, characterize the response in general, and evaluate specific parameters, such as
Girder distribution factors (GDFs).
The first live load test was conducted on the bridge November 2, 2016 (about 30 days after placing the
bridge deck’s concrete). The test was conducted prior to the bridge opening to traffic. The second and
third tests were conducted one and two years later on November 20, 2017 and October 30, 2018,
respectively.
The test runs were conducted with a Sterling Class 35 Model 14-6LLL three-axle dump truck passing over
the bridge at low speed. A (see Figure 3.1).

Figure 3.1 Three-axle dump truck used for live load tests

The weight and dimensions of the loaded truck used in the live load tests are summarized in Figure 3.2.
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Figure 3.2. Dimensions and weight of the three-axle Sterling Class 35 Model 14-6LLL dump truck used for live
load tests

3.2 LOAD PATHS
Several wheel path configurations were investigated to generate different shear and moment demands
in the bridge. The bridge was subjected to 18 test runs, with two for each of the nine wheel path
configurations shown in Figure 3.3.

2' 0''

3' 3''

Figure 3.3. Truck wheel path positions over girders for live load tests

The nine longitudinal truck paths were marked on the bridge deck before conducting the load tests.
These nine paths were used to guide the truck as it was passing over the bridge with the positions
labeled 1 through 9, as shown in Figure 3.3.
To record the longitudinal position of the truck as it crossed the bridge, transverse lines were painted on
the deck at 10 ft intervals. The nine truck positions were selected to characterize the deck response
under the most critical loading combinations. Tire loads were positioned either directly over a girder or
at the mid-span between two girders. Load case 1 was an exception, in which the outer wheel path was
2 ft in from the barrier.
The live load tests were performed with the truck moving at approximately 5 mph. The information
collected in these tests was in the form of continuous data as a function of truck position on the bridge
deck.
3.3 INSTRUMENTATION FOR LIVE LOAD TESTS
For the live load tests, a dense array of strain transducers were attached to the deck and girders (Figure
3.4).

Figure 3.4. BDI Intelliducer gauge (left) and transmitter (right)

The gauges used in the longitudinal direction primarily provided information about the global behavior
of the bridge. The gauges were attached to the top surface of the bridge deck, and outside top and
bottom of the girders. The transverse gauges were attached to the top of the bridge deck, providing
information about the local deck behavior.
The gauges were made of aluminum and had a 3 in. effective gauge length. Extensions were used to
obtain an average strain in the event of cracking in or near the gauged zone. During the test, the data
logger provided a 5V input voltage and read of the output on its differential terminals. The gauges had
an accuracy of ±2%, a range of ±4000 με, and a minimum limit of 30 με. The strain gauges experienced
no mortality during the live load tests.
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Although the gauges were tough, additional cover plates were used to protect them from direct wheel
loads. The gauges did not need direct wiring to a data acquisition system, as they were equipped with a
transmitter to connect to the laptop via Wi-Fi.
The labeling of the gauges was done to distinguish the gauges on the bridge deck from those on the
girders. The gauges with a D prefix were used on the bridge deck and the gauges with a G prefix were
used on the girders. The positioning and details of the transverse and longitudinal gauges are shown in
Figures 3.5 through 3.8.

Figure 3.5. Instrumentation of top of the bridge deck for load tests
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Figure 3.6. Instrumentation of bottom of the bridge deck for load tests

Figure 3.7. Positioning of displacement transducers
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Figure 3.8. Positioning of gauges at mid-span

In addition to the BDI gauges, displacement transducers were used to measure the relative deflection of
the bridge deck with respect to adjacent girders. This was done by using a wooden plank placed
between two adjacent girders. The displacement transducer was then placed on the plank with the
other end attached to the bridge deck. The displacements were measured at seven places, five at the
mid-span of the bridge between adjacent girders 1 through 6 and two at three-quarters of the span
length between adjacent girders 3 through 5.
3.4 BRIDGE DECK PERFORMANCE INVESTIGATION
The primary goal of this project was to compare the relative performance of the bridge deck over time.
For this purpose, the information from the live load tests was utilized to develop a fundamental
understanding of the bridge deck behavior under vehicle loads.
One of the existing concerns about the performance of the bridge decks reinforced with GFRP rebars is
excessive deck deflection under service loads, which can originate from the lower stiffness of GFRP
compared to steel rebar. The peak deflections measured through live load testing are expected to
address these performance concerns.
Another important subject not extensively explored for bridge deck systems reinforced with GRFP rebars
is live load distribution factors. The measured strain at the girders were utilized for this purpose.
3.4.1 General Behavior
Prior to detailed analysis of the recorded data, it was critical to verify that the behavior of the bridge
deck recorded during the tests was consistent with the direction and relative magnitude of the expected
response. With the availability of the strain time history from the live load tests, the bridge deck
response was examined. The response patterns and magnitudes were compared with the available
results in the literature. The longitudinal and transverse strain time histories are shown in Figure 3.9 at
the location of D5 and D15 for load case 6.
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Year 1

Year 2

Year 3
Figure 3.9. Bridge response for load case 6: years 1, 2, and 3
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Not that the gauges on the top of the bridge were in the transverse direction and the gauges attached
under the deck were in the longitudinal direction. In the generated plots, the positions denoted along
the horizontal axis refer to the position of the truck’s front tire as it passed across the bridge. The
recorded strain was at a stationary gauge location when the truck was at various longitudinal positions
along the deck.
For example, the peaks corresponding to the tandem axles are later in the strain history than those for
the front axle. The distance between the peaks of the tandem axles and the peak of the front axle is
equal to the center-to-center of the rear and front axles. The start and finish lines indicate when the
front axle of the truck entered and left the bridge deck.
Comparing the response of the bridge deck in the first, second, and third year, no significant differences
in the plot characteristics were observed (see Figures 3.9 and 3.10). It should be noted that peaks in the
strain time histories were found to decrease with time. However, it cannot be directly related with the
deterioration of the bridge deck as the peak values of the strain gauges depends on a number of factors
such as the proximity of truck wheel to strain gauge, and installation of strain gauge. Figure 3.10
illustrates that the strain in the longitudinal direction, i.e., gauge D11, increased from year 1 to year 2.
Later, the strain values were found consistent from year 2 to year 3.
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Year 1

Year 2

Year 3
Figure 3.10. Bridge response for load case 2: years 1, 2, and 3
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3.4.2 Composite Action and Neutral Axis Position
The live load test data were used to verify whether the deck and girders were providing composite
action, i.e., whether they were acting as a single unit or not. For this purpose, the strain values in the
strain gauges on the deck and girder close to each other are plotted. Figure 3.11 shows the strain values
of corresponding strain gauges on girders 2 and 3 for load case 1.
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Figure 3.11. Strain values on the deck and girder for load case 1: years 1, 2, and 3
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Comparing the strain values for the three years, the researchers could infer that the deck behavior was
consistent. The strain values for load case 2 of strain gauges on girder 2 and 3 are shown in Figure 3.12.
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Figure 3.12. Strain values on the deck and girder for load case 2: years 1, 2, and 3

Again, the strain values from strain gauges on deck and girders are found close to each other. Similar
results were obtained for the other load cases The difference between the strain values was mainly due
to the haunch.
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Prior to finding the neutral axis position, the data from the gauges was reviewed with respect to the
general behavior of the deck. As expected, the truck position induced a positive moment on the deck at
mid-span (top compression - bottom tension). Thus, the neutral axis was calculated by using the strain
values at the top and bottom of the girder, as well as underneath the deck. The neutral axis was
determined when the vehicle was at the mid-span of the bridge deck. Figure 3.13 shows the neutral axis
location for load case 1 at the strain gauge locations of D2 and D4.
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Figure 3.13. Neutral axis locations for load case 1 girders 1 and 2

The linear variation from strain gauges D12, G2, and G9 at gauge location D2 confirmed the composite
action of the bridge deck with the girders. The neutral axis for this case was found to be in the girder
flange, which was reasonable for the truck load. Similar results were obtained for other load cases (see
Figure 3.14).
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Figure 3.14. Neutral axis locations for load case 2 girders 1 and 2

Based on a comparison of the results obtained in the first, second, and third year, the deck response
was found to maintain its expected performance.
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3.4.3 Girder Distribution Factors
Bridge girders are designed according to AASHTO LRFD Bridge Design Specifications, which require
calculation of the GDFs. Given the relatively low stiffness of GFRP rebars, GDFs are determined for the
bridge to understand which portion of the live load is distributed on individual girders due to single- or
multi-lane traffic. For this purpose, both the lever rule and special analyses are performed.
3.4.3.1 Interior Girders
Per AASHTO (2017) Table 4.6.2.2.2b-1 (for interior girders), the GDF for moment when one lane is
loaded can be estimated as follows:
0.4 𝑠 0.3
𝐾𝑔 0.1
(𝐿) (12𝐿𝑡
3)
𝑠

𝑠

𝐺𝐷𝐹 = 0.06 + (14)

(1)

Per AASHTO (2017) Table 4.6.2.2.2b-1 (for interior girders), the GDF for moment when two or more
design lanes are loaded can be found from the following:
𝑠

𝐺𝐷𝐹 = 0.075 + (9.5)

0.6 𝑠 0.2
𝐾𝑔 0.1
(𝐿) (12𝐿𝑡 3 )
𝑠

(2)

where s is the spacing between girders, L is the span length, and ts is the thickness of the slab. In the
above equations, Kg is calculated using the section properties as follows:
𝐾𝑔 = 𝑛(𝐼 + 𝐴𝑒𝑔2 )

(3)

where I is the moment of inertia of the girder, n is the number of girders, and A is the area of the a
girder.
3.4.3.2 Exterior Girders
The GDF for exterior girders is calculated using the lever rule, special analysis, and simplified equations
for single-lane and multi-lane effects, as follows:


Lever rule
𝑔𝑒𝑥𝑡 = 0.5 [

(6+𝑋1)+(𝑋1)
] (𝑀𝑃𝐹)
𝑆

(4)

where MPF is the multiple presence factor, and 𝑋1 is the distance between the interior girder and
the first wheel line of truck.


Special analysis
𝑁

𝑔𝑒𝑥𝑡 = [𝑁𝐿 +
𝑏

𝑋𝑒𝑥𝑡 ∑ 𝑒
] (𝑀𝑃𝐹)
∑ 𝑋2

(5)
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where MPF is the multiple presence factor, NL is the number of loaded lanes, Nb is the number of beams,
Xext is the distance between the exterior beam and the center of the bridge, e is the distance between
the centroid of the vehicle and the center of the bridge, and X is the distance between the beam and the
center of the bridge.


Simplified equation
𝑔𝑒𝑥𝑡 = 𝑒𝑔𝑖𝑛𝑡

(6)
𝑑

where 𝑔𝑖𝑛𝑡 is the distribution factor for interior girder, 𝑒 = 0.77 + 9.1𝑒 , and 𝑑𝑒 is the horizontal distance
from the centerline of the exterior web of an exterior beam to the interior face of the rail or barrier.
3.4.3.3 Calculation of GDFs from Field Tests
An accurate determination of load transfer from the deck to the supporting girders is a critical issue in
the design process. Thus, the live load test data are used to calculate the actual GDFs using the strain
data. The strain data from gauges placed on the bottom flange of the girder is used to calculate the
GDFs using the following equation:
GDF𝑖 =

𝑀𝑖
∑𝑘
𝑗=1 𝑀𝑗

=

𝜀 𝑖 𝑤𝑖

(7)

∑𝑘
𝑗=1 𝜀𝑗 𝑤𝑗

where Mi is the bending moment at the ith girder, ε is the maximum bottom flange strain at the ith
girder, and wi is the ratio of the section modulus of the ith girder to that of a typical interior girder. As all
of the girders are similar, the factor wi is taken as 1. The calculated GDFs are then compared with the
GDFs given in AASTHO (2017) Table 4.6.2.2.2b-1 and Table 4.6.2.2.2d-1.
The GDFs were calculated for every load case. Since two trials were performed for each load case, the
average values were used to calculate the GDFs for the worst case. Figure 3.15 shows the strain values
measured at the bottom flange of the girders for load case 1 and 2.
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Figure 3.15. Strain measured at bottom flange of girders for load case 1 and 2
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The girders are numbered from 1 through 7, according to the previous Figure 3.6. The maximum strain
was found to occur in the girders that were directly under the load path of the truck. The strain data
from every load case was then used to calculate the GDFs using Equation 7 (Figure 3.16).
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Figure 3.16. Girder distribution factors calculated for load case 1 and 2

The maximum values from the nine load cases were used to create Figure 3.17.
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Field tests 1, 2, and 3 = load tests in the first, second, and third year after bridge construction
Figure 3.17. Comparison of calculated girder distribution factors with AASHTO specifications

Figure 3.17 includes a comparison of calculated GDFs from the field with those obtained from the
AASHTO specifications. A lower GDF value was observed at girder 7 due to the presence of a sidewalk.
Field tests 1, 2, and 3 refer to the load tests conducted in the first, second, and third year after bridge
construction. The results confirmed that the bridge maintained its load transfer mechanism during this
time period.
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3.5 GENERAL CONCLUSIONS
In this study, the performance of the bridge deck was analyzed by conducting live load tests using a
Sterling Class 35 Model 14-6LLL dump truck. This analysis investigated various aspects including integrity
of the bridge deck, neutral axis, girder distribution factors, and general non-linear behavior.
The analysis of the live load data indicated that the shape and magnitude of the strain response under
truck load matched expected behavior. No evidence of cracking in the deck can be obtained from
analysis of the live load test data. The depth of the neutral axis was determined from the strain test
data. The neutral axis data for year 1, 2, and 3 illustrated that the bridge deck behavior was consistent
for these three years. The correlation between the strain data on the deck and the girders revealed the
composite action being maintained by the bridge deck.
GDFs were computed using the strain data from the strain gauges on the girders. The GDFs evaluated
were found to be less than the values obtained from the AASHTO GDF equations. Possible reasons are
the higher transverse stiffness of the bridge deck. These would cause more uniform distribution of the
load to the girders adjacent to the loaded girders. The range of applicability of AASHTO GDF equations
can possibly be another reason for the overestimations of GDF values. It has been found that AASHTO
GDF predictions tends to deviate within the extreme ranges of these limitations (Yousif and Hindi
(2007)).
Overall, the bridge deck behavior was consistent from year 1 to year 3. The test data did not show any
evidence of non-linearity in the bridge deck.
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CHAPTER 4: PERFORMANCE MONITORING OF THE BRIDGE
4.1 OVERVIEW
During construction, the bridge deck was instrumented with a set of transducers to constantly measure
the temperature within the deck and the changes in the strain of the concrete and GFRP rebars. The
instrumentation in the bridge deck was connected to a long-term data acquisition system. One of the
important contributions of long-term monitoring is to evaluate the effect of temperature on GFRP
rebars in concrete.
Longitudinally, the GFRP should behave better than steel since it has a more similar thermal coefficient
to concrete. However, the large difference across the cross-section in thermal coefficients could cause
problems. Limited studies were available in the literature to highlight that temperature variations could
be the main cause of strain in the reinforcing GRFP rebars in concrete.
Using the temperature and strain data, the changes in stress were evaluated and compared to the
AASTHO LRFD Bridge Design Specifications (AASHTO 2017). Furthermore, the long-term changes in
stress were examined to identify any significant changes in the deck condition or rebar properties.
4.2 SENSOR LAYOUT
A total of 16 VW strain gauges were installed in the bridge deck, at quarter, half, and three-fourth
lengths, as shown in Figure 4.1.

T=gauges embedded in top of deck and B=gauges embedded in bottom of deck
Figure 4.1. Instrumentation layout for long-term monitoring
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The sensors in the top and bottom of the deck were labeled with T and B, respectively. At two locations
of the bridge deck (i.e., top of the girder and midway between two girders), sensors were placed on
both the top and bottom of the bridge deck. With this configuration, variation of the neutral axis with
time can be studied.
During the installation of the sensors on the site, their locations were slightly varied due to practical
constraints, such as lack of space between rebars. Therefore, the actual placement of the sensors was
recorded for analysis purposes (Figure 4.2).

T=gauges embedded in top of deck and B=gauges embedded in bottom of deck
Figure 4.2. Actual instrumentation layout after installation

4.3 VIBRATING WIRE (VW) STRAIN GAUGES
The GEOKON 4200 VW strain gauges used for this project have been primarily designed for long-term
strain measurement in various concrete structural components, such as decks, foundations, and piles.
These strain gauges are equipped with an integral thermistor for simultaneous temperature
measurements. Each thermistor gives varying resistance as the temperature changes. Figures 4.3 and
4.4 show the VW strain gauges used.
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GEOKON
Figure 4.3. VW strain gauge

Figure 4.4. VW strain gauges installed inside the bottom (left) and top (right) of the bridge deck

The additional parameters for the VW strain gauges are listed in Table 4.1.
Table 4-1. GEOKON 4200 strain gauge parameters for data logger

Parameter
Value
Gauge type
4200
Gauge factor
3.304
Start frequency
450 Hz
End frequency
1,200 Hz
Nominal batch factor
0.98
VW gauges consist of a steel wire in tension between two circular end plates. This steel wire measures
the length changes in the concrete. The wire changes its resonant frequency of vibration as the concrete
contracts or expands. The resonant frequencies, which are converted using a Campbell Scientific, Inc.
AVW1 interface unit, are detected by the coil. The AVW1 interface can accommodate up to 16 VW
gauges. The time required for the frequency sweep and the slow speed of the multiplexer make it
impractical to record data during live load tests.
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4.4 DATA ACQUISITION SYSTEM
A Campbell Scientific CR1000 data logger and its power supply were mounted in a box under the bridge
deck, away from pedestrians and traffic flow (Figure 4.5).

Figure 4.5. Data logger and power supply

This data acquisition system can be used in extreme temperature conditions and is reliable enough for
remote locations. The data logger is powered with an uninterrupted power supply, and a solar panel
was installed at the site to maintain the supply of power to the system (Figure 4.6).

Figure 4.6. Solar panel installed at the bridge site

The data acquisition system can support up to 16 channels, and the data logger is continuously
recording gauge data for this project. The strain data from the bridge deck is recorded every hour. With
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the current memory space, the data logger can store data for 10 months, but monitoring data have been
collected every six months for this project.
4.5 DATA ANALYSIS
The strain data collected during a 748-day window were studied for all of the sensor locations. Figure
4.7 shows the air temperatures recorded at the bridge site during the period of investigation.
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Figure 4.7. Recorded air temperature variations at the bridge site

The average and gradient temperatures measured across the deck thickness at the B3 strain gauge
location are shown in Figure 4.8. The average temperature is calculated by taking the average of
temperature measured B3 and T3 strain gauges. Similarly, the gradient temperature is calculated by
taking the difference of temperature measured at B3 and T3 strain gauges.
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Figure 4.8. Average and gradient temperatures measured at the B3 and T3 gauge location
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The minimum and maximum average temperatures at the B strain gauge were -32.9°C (-27.2°F) and
42.7°C (108.9°F), respectively. The temperature gradients were obtained by calculating the temperature
differences. The minimum and maximum temperature gradients were -5.8°C (21.6°F) and 3.9°C (39.0°F),
respectively.
The strain and temperature time history for the gauges are shown in Figures 4.9 through 4.15. In these
plots, a positive value of strain means compression, while a negative value of strain implies tension in
the deck.
50

Strain B1
Temperature

125

25

0

0

-125

-250
Sep-16

-25

Feb-17

Jul-17

Dec-17

Apr-18

Sep-18

Feb-19

Temperature ( C)

Strain (μstrain)

250

-50
Jul-19

Time

Figure 4.9. Strain and temperature time history for B1 gauge

The fluctuation in the strain data is mainly due to temperature and (initially) shrinkage effects. The
concrete normally cracks at a tensile strain of 100–120 µstrain. Figures 4.10 and 4.11 show the strain
time history from strain gauges B2, T12, B3, and T13 (Figure 4.2).

32

50

Strain B2
Temperature

125

25

0

0

-125

-250
Sep-16

-25

Feb-17

Jul-17

Dec-17

Apr-18

Sep-18

Feb-19

Temperature ( C)

Strain (μstrain)

250

-50
Jul-19

Time
50

Strain T12
Temperature

125

25

0

0

-125

-250
Sep-16

-25

Feb-17

Jul-17

Dec-17

Apr-18

Sep-18

Feb-19

Temperature ( C)

Strain (μstrain)

250

-50
Jul-19

Time

Figure 4.10. Strain and temperature time history for B2 (top graph) and T12 (bottom graph) gauges

33

50

Strain B3
Temperature

125

25

0

0

-125

-250
Sep-16

-25

Feb-17

Jul-17

Dec-17

Apr-18

Sep-18

Feb-19

Temperature ( C)

Strain (μstrain)

250

-50
Jul-19

Time
50

Strain T13
Temperature

125

25

0

0

-125

-250
Sep-16

-25

Feb-17

Jul-17

Dec-17

Apr-18

Sep-18

Feb-19

Temperature ( C)

Strain (μstrain)

250

-50
Jul-19

Time

Figure 4.11. Strain and temperature time history for B3 (top graph) and T13 (bottom graph) gauges

Figures 4.10 and 4.11 show that the strain values were well below the cracking strain of concrete.
Therefore, the deck section at this location can be assumed to be uncracked. The previous Figure 4.9
and Figure 4.10 (bottom) show the strain values higher than 100 µstrain at the B1 and T12 gauge
locations.
However, as time progressed, the strain values decreased below 100 µstrain. A similar pattern was
observed for the other strain gauge locations. In general, the strain values from gauges in the top part of
the deck were much lower compared to those in the bottom part of the deck, i.e., T gauge values versus
B gauge values. Figures 4.12 through 4.14 present the strain and temperature time history at quarterspan (B7, T14, and B8), middle-span (B4, T15, and B5), and three-quarter-span (B9, T16, and B10).
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Figure 4.12. Strain and temperature time history for B4, T15, and B5 gauges (top, center, and bottom graphs,
respectively)
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Figure 4.13. Strain and temperature time history for B7, T14, and B8 gauges (top, center, and bottom graphs,
respectively)
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Figure 4.14. Strain and temperature time history for B9, T16, and B10 gauges (top, center, and bottom graphs,
respectively)

On comparing the strain values, the researchers inferred that the deck behavior was consistent at the
three locations. The variation in the strain data was consistent with the temperature data except in the
first 150 days. This can be associated with early-age shrinkage effects (Figure 4.16 bottom).
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Figure 4.15. Strain and temperature time history for B6 gauge
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Figure 4.16. Approximation of total strain as the sum of strain induced due to temperature and shrinkage over
time

The shrinkage-induced strains were calculated following the procedure recommended in the AASTHO
LRFD Bridge Design Specifications (AASHTO 2017 section A5.4.2.3.3). To investigate the anomalous
behavior, the strain in the deck was calculated by breaking it up into its components, i.e., temperature
strain and shrinkage strain. From Figure 4.16, it can be observed that shrinkage strain governs the
overall strain behavior in the early days after deck placement.
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4.6 THREE-YEAR PERFORMANCE SUMMARY AND CONCLUSIONS
The long-term performance of the bridge deck reinforced with GFRP rebars was investigated over a
period of three years. For that purpose, 16 VW gauges were installed in the bridge deck. The data
acquisition system was programmed to record the strain and temperature data every hour. All other
effects, such as crack development, were monitored through visits to the bridge site every six months.
The collected strain data were analyzed to determine the bridge deck condition over three years. From
the data, a slight variation was observed in the strain data in the first 150 days with respect to variations
in temperature. This was further explored by calculating the temperature strain and shrinkage strain. By
comparing the shrinkage strain and temperature strain, the researchers inferred that shrinkage strain
primarily governs the bridge behavior in the early days after deck placement. Overall, the bridge
behavior was consistent over the three years of monitoring.
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CHAPTER 5: INSPECTIONS OF THE BRIDGE DECK
5.1 OVERVIEW
One of the main objectives of this project’s inspection efforts was to document the number of cracks
and types of cracks in the bridge deck constructed with GFRP rebars. Regular visits to the bridge site
were planned for every six months throughout the duration of the project to inspect the condition state
of the bridge deck and also retrieve the recorded long-term monitoring data for off-site processing. The
periodic visual surveys of the top and underside of the bridge deck identified and documented the
development of cracks and irregularities.
5.2 INSPECTIONS AND CONDITION ASSESSMENTS
The deck was placed in September 2016. Extensive surveys of the deck during site visits in November
2016, February 2017, November 2017, February 2018, and June 2019 revealed top surface cracks and
full-depth cracks near the bridge abutments. Cracks were evident from the top surface of the deck,
while full-depth cracks were detected to extend from both the top and bottom surfaces (Figures 5.1
through 5.3).

Figure 5.1. Cracks observed in the deck (top and underneath) in November 2016
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Figure 5.2. Cracks observed during February 2017 site visit
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Figure 5.3. Cracks observed during November 2017 site visit

It should be noted that these types of cracks are also typical in conventional RC bridge decks in the first
year after placement and opening to traffic.
In some cases, a white precipitate had formed around cracks underneath the bridge deck. Fewer cracks
were found on the north abutment side than on the south abutment side. Many more top surface
cracks, most of which were small or hairline cracks, were seen during the visual distress survey in
February 2017.
Many of the cracks near the abutments had diagonal growth, initiating from the centerline of the bridge.
Several of these diagonal cracks were found to extend through the full depth of the concrete deck and
occasionally into the abutment itself. This was an integral abutment bridge, and a study conducted by
Schmitt and Darwin (1995) concluded that bridges with integral abutments are approximately two to
three times more likely to have these types of cracks near the abutment when compared to simplysupported bridges.
In another inspection conducted in February 2018, full-depth cracks were observed in the deck as shown
in Figure 5.4.
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Figure 5.4. Cracks observed during February 2018 site visit

Figures 5.5 and 5.6 show cracks observed in October 2018 and June 2019, respectively.

Figure 5.5. Cracks observed during October 2018 site visit
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Figure 5.6. Cracks observed during the June 2019 site visit

5.3 SUMMARY OF INSPECTION FINDINGS
Cracking in bridge decks can result due to number of factors related to design, materials, construction,
or some combination of the three. Visual inspections of the bridge over the last three years revealed
various crack types. Overall, cracking behaviors were similar for the first three years, yet showed subtle
differences. The visual inspections indicated that cracking near the abutments was the most pronounced
in the bridge deck. In addition to surface cracks, full-depth cracks were also observed near the
abutments. Although the cracks grew rapidly in the first year of investigation, no significant new cracks
were found to form in the next two years.
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CHAPTER 6: LABORATORY TESTS ON THE GFRP REBAR
6.1 OVERVIEW
To better understand the mechanical properties and strength of the GFRP rebar used in the bridge deck,
a limited set of laboratory material characterization tests were conducted. Six samples of GFRP rebar
used in the MnDOT bridge deck were tested in the Structural Engineering Research Laboratory at Iowa
State University.
Testing procedures generally followed ASTM D7205 (2011), the standard test method for determining
tensile properties of FRP composite bars. Deviations from the standard are explained in the next section
of this chapter.
The specimens were loaded in tension until failure, while the researchers measured force, displacement,
and strain. From the recorded data, the researchers developed stress-strain curves and compared the
tensile properties of the specimens with reference values obtained through a review of previous GFRP
tensile tests.
6.2 SPECIMEN PREPARATION AND TESTING
The GFRP rebar specimens had a nominal diameter of 0.625 in. and an effective diameter of 0.67 in. For
tensile testing and specimen preparation, the procedure outlined in ASTM D7205 was followed with
deviations note below. Three 70 in. specimens were chosen by simple random sampling. One 70 in.
specimen was cut into two 35 in. pieces with the goal of verifying 35 in. as a sufficient testing length.
For tensile testing of GFRP rebar, anchorage and anchor alignment are important because they can
significantly affect the failure modes of GFRP. A steel pipe and AC100+Gold adhesive anchoring system
was used to apply confinement pressure on each rebar specimen.
The steel pipes were 8.5 in. long with an outside diameter of 1.0625 in. and a wall thickness of 0.125 in.
For each specimen, two steel pipes were used—one at each end of the GFRP rebar. The steel pipes were
threaded on the inside for a length of 3 in. at each end of the anchor. Steel pipe-shaped anchors were
bonded to each end of the 35 in. specimens using AC100+Gold adhesive anchoring epoxy. Specimens
were placed in a jig to ensure vertical alignment during the application of anchors. Epoxy was given
approximately 45 minutes to cure (the manufacturer-suggested curing time).
Each 35 in. specimen was instrumented with one longitudinal 350 Ohm strain gauge (bending was
assumed to be negligible). For all specimens, an 18 in. free (gauge) length was used with an effective bar
diameter of de = 0.67 in. For this de, ASTM D7205 calls for a 27 in. gauge length. Table 6.1 summarizes
the deviations from ASTM D7205 in the dimensions of the anchors used in these tests.
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Table 6-1. Anchor dimension deviations from ASTM D7205

Outside
Inside
Wall
Length
Diameter Diameter Thickness
(in.)
(in.)
(in.)
(in.)
Experimental Method
8.5
1.063
0.813
0.125
ASTM D7205*
15
1.63
1.25
0.19
Method

*Values are based on a specimen dimeter of 5/8 in.

Specimens were placed in the SATEC Systems, Inc. universal testing machine with the displacement rate
set to 0.15 in/min (see Figure 6.1 and 6.2).

Figure 6.1. GFRP rebar specimen before testing (left) and testing equipment (right)

Figure 6.2. Tensile testing procedure for GFRP rebar showing specimen instrumented with strain gauge (left) and
mounted in testing machine (right)
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The consistency among tests, along with the similarity of experimental and reference tensile properties
(Table 6.2), suggests that the testing procedure and subsequent data are valid.
Table 6-2. Tensile property test results

Specimen
1
2
3
4
5
6
Mean

Ultimate Ultimate Ultimate Tensile
Load
Stress
Strain
Modulus
(k)
(ksi)
(µ)
(ksi)
37.7
105
16,930
6,382
39.6
110
18,616
5,935
38.1
106
17,331
5,953
40.6
113
19,766
5,692
41.8
116
19,550
6,059
40.3
112
19,577
5,703
39.7
110
18,628
5,954

One inconsistency in the data that should be noted is the downward jump in the stress-strain curve of
specimen 1. The previous Figure 6.3 shows that stress in specimen 1 increases consistently to
approximately 98 ksi, then undergoes a sudden decrease of about 3 ksi. From this point, stress again
increases consistently to a maximum of 105 ksi. The source of this drop was attributed to the several
glass fibers snapping at once, causing the testing machine to suddenly decrease load to maintain a
constant displacement rate.
Figure 6.4 shows the average stress strain curve obtained from the experiments. Note that the average
stress-strain curve in Figure 6.4 was calculated using mean ultimate stress and mean ultimate strain of
the six test specimens.
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Figure 6.4. Average stress strain curve for tested GFRP rebars

Table 6.3 presents the mechanical properties of GFRP rebars obtained from the literature.
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Table 6-3. Material properties of GFRP rebars from existing literature

Imperial Ultimate
Tensile
Ultimate
Tensile
Bar Size Load (k) Strength (ksi) Strain (µ) Modulus (ksi)
3
17.1
174
28,100
6,200
4
21.6
110
16,400
6,700
4
19.6
100
16,900
5,920
4
20.6
105
17,700
5,920
4
18.6
95
16,000
5,920
5
32.2
105
15,700
6,700
5
24.5
80
13,500
5,920
5
29.1
95
16,000
5,920
5
29.1
95
16,000
5,920
6
44.2
100
16,400
6,700
6
39.7
90
15,200
5,920
6
39.7
90
15,200
5,920
6
39.7
90
15,200
5,920
6
76.4
173
22,000
7,990
7
51.1
85
14,400
5,920
7
51.1
85
14,400
5,920

Source
Won and Park 2006
Hughes Brothers 2001
https://www.fiberglassrebar.us/
Won et al. 2008
Abbasi and Hogg 2005
Hughes Brothers 2001
https://www.fortius.be/
https://www.fiberglassrebar.us/
Okelo and Yuan 2005
Hughes Brothers 2001
Chen et al. 2008
https://www.fiberglassrebar.us/
Okelo and Yuan 2005
You et al. 2015
Chen et al. 2008
https://www.fiberglassrebar.us/

Tensile modulus values obtained experimentally were found higher than the reference values reported
in the available literature.
6.4 LABORATORY TEST RESULTS
The GFRP rebar tensile strength properties were consistent with those determined in previous tests
performed by other researchers. The validity of the tensile properties calculated for the MnDOT GFRP
rebars is further supported by the behavior of the specimens during testing. Specifically, specimens
exhibited brittle behavior until failure, and failure did not occur at the anchors.
Failure occurred suddenly in the sense that the GFRP specimens did not show any yielding prior to
failure. However, failure did not occur completely without warning, as it may in a glass rod, for example.
Instead, there was a 30–40 second period during which the glass fibers in the GFRP rebars snapped and
separated from the polymer matrix. During this period, the strain gauge came unattached from the
specimens as the fibers split from the polymer in a sort of fraying manner (Figure 6.5).
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Figure 6.5. Failure pattern in GFRP rebar

While GFRP rebar offers a very high ultimate tensile stress relative to the yield stress of steel, it is less
ductile as compared to steel in the context of a tension-controlled reinforced concrete beam. However,
assuming the capacity of a beam is not greatly exceeded, the drawn-out snapping of fibers that occurs
as GFRP fails may provide some degree of warning if a concrete beam were to fail in tension.
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CHAPTER 7: LIFE-CYCLE COST ANALYSIS
7.1 OVERVIEW
In conventional concrete bridge decks, corrosion in steel reinforcement, which is primarily due to
chloride penetration from deicing salts, causes an increased rate of deterioration (Alipour and Shafei
2012 and 2016 a,b; Alipour et al. 2011 and 2013; Cui et al. 2019; Khatami et al. 2016; Shafei and Alipour
2015 a,b; and Shafei et al. 2012 and 2013). This deterioration results in loss of billions of dollars every
year in maintenance and replacement of bridge decks in United States.
The use of GFRP rebars will increase the service life of reinforced concrete structures, because GFRP
rebars are not susceptible to corrosion. However, the cost of GFRP rebars can be three to four times the
conventionally used epoxy-coated steel rebars. Therefore, an LCCA is needed to evaluate if the use of
GFRP-reinforced bridge decks is a viable economic choice.
In this study, the LCCA performed uses estimated initial costs, repair costs, and re-decking costs to
compute the various costs over the service life of the structure.
7.2 DEGRADATION OF GFRP REBARS AND ANALYSIS DETAILS
GFRP rebars offer numerous advantages over steel rebars. However, the economic and technical
barriers have restricted their use in large-scale construction applications. One major issue with the use
of GFRP rebars is the relative uncertainty about the long-term performance when subjected to
environmental stresses. GFRP rebars also undergo material degradation with time, leading to debonding
from the concrete, or composite matrix failure of the rebar, over time.
A number of studies have been performed focusing on loss of strength or other relevant material
properties of rebars under accelerated aging conditions (Chen et al. 2006; Dejke and Tepfers 2001;
Murphy et al. 1999; Porter and Barnes 1998). In a separate effort, Chin et al. (1997, 1999) reported that
the strength loss of GFRP rebars is greater in alkali solutions as compared to water. However, this
observation was contradicted by the findings from a field study conducted later by Benmokrane and
Cousin (2005). From the field tests, it was found that the glass fibers, polymer matrix, and bond between
GFRP and concrete remains intact after 6–8 years of service in concrete.
However, there is still a lack of a reliable model to predict the degradation of GFRP rebar. In the absence
of a numerical model specific to GFRP rebar, the model used for steel rebar is modified for GFRP rebar in
the current study with different parameters. Therefore, a simplified analysis was conducted by
comparing the life cycle costs of steel reinforced bridge deck with three cases of GFRP reinforced bridge
decks.
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7.3 SIMPLIFIED LCCA ANALYSIS
A simplified analysis was performed to capture several scenarios of anticipated service life of the GFRP
rebar deck. The life-cycle costs were compared with the deck rebar options of bridges with integral
abutment design. Bridge A is assumed to be reinforced with the epoxy coated rebars, while Bridge B is
assumed to be reinforced with GFRP rebars. The construction costs, repair costs, and other costs used in
analysis are shown in Table 7.1. The analysis includes actual MnDOT construction costs and uses
engineering judgement to predict the time of work activities and service life considered for both Bridge
A and Bridge B. It was found that GFRP rebars used for construction were $15 per sq. ft in comparison to
epoxy coated rebar of $9 per sq. ft.

Table 7-1 Life-cycle costs for the two bridge decks

Cost Item
Rebar costs (per ft2)
Total construction costs (per ft2)
Mill and overlay (per ft2)
Mill and patching (per ft2)
Re-decking (ft2)

Bridge A
(epoxy-coated rebars)
$9.00
$36.00
$24.16
$15.66
$65.00

Bridge B
(GFRP rebars)
$15.00
$42.00
--$71.00

For comparison purposes, three scenarios for the life cycle of Bridge B were assumed, including a service
life of 50 years, 65 years, and 85 years. On the other hand, the service life of Bridge A was taken as 65
years. At the end of service life, the bridge will be re-decked. From the existing bridges in Minnesota, it
was observed that the bridges reinforced with epoxy coated rebars normally achieve a service life of (at
least) 30 years. Therefore, it is assumed that first repair on Bridge A related to Mill and Overlay and deck
patching will be performed after 35 years of service life. Another repair on Bridge A was related to deck
patching and assumed to be performed after 15 years. At the end of the service life of 65 years, the
Bridge A will be re-decked. Since GFRP rebars will not corrode and spall concrete, bridge repair costs
were not included in the analysis. The analysis was conducted for hundred years. The present value is
calculated using the following equation:
𝐼𝑎 𝑛
)
1+𝑟

Present value = Cost (

(8)

Where Ia is the inflation adjustment taken as 1.0023, r is the discount rate taken as 1.22%, and n is the
number of years. The life cycle cost calculated for the two bridges are tabulated in Tables 7.2 and 7.3. In
these tables, the remaining capital value was calculated assuming straight life depreciation. The lifecycle cost for the Bridge A with 65 years of service was found to be $85.79 per sq. ft. It was observed
that the life cycle cost of the Bridge B was almost equal to Bridge A when Bridge B was assumed to have
a service life of 50 years. When the service life of Bridge B was assumed to be 65 years and 85 years, the
life-cycle costs were found to be $67.22 per sq. ft and $50.91 per sq. ft, respectively.
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Table 7-2 Life-cycle costs for the Bridge A

Service life 65 years

0
35
50
65
100

$36.00
$24.16
$15.66
$65.00

Present
value
(per ft2)
$36.00
$17.13
$9.58
$34.31

$30.00

-$11.23

Costs (per ft2)

Years

Initial cost
Mill and overlay
Mill and patching
Re-deck
Remaining
capital value of
deck
Life-cycle costs

$85.79

Table 7-3 Life-cycle costs for the Bridge B

Years

0
35
50
65
85
100

Service life 50 years
Present
Costs (per ft2)
value
(per ft2)
Initial cost

$42.00

$42.00

Re-deck

$71.00

$43.43

Remaining
capital
$0.00
value of
deck
Life-cycle costs

Service life 65 years
Present
Costs (per ft2)
value
(per ft2)

Service life 85 years
Present
Costs (per ft2)
value
(per ft2)

Initial cost

$42.00

$42.00 Initial cost $42.00

Re-deck

$71.00

37.48

Re-deck $71.00
Remaining
Remaining
capital
capital
$0.00
-$32.77 -$12.28
-$58.47
value of
value of
deck
deck
$85.43
Life-cycle costs
$67.22

$42.00

$30.79
-$21.88
$50.91

In the previous calculation, the remaining capital value is calculated assuming straight line depreciation.
The remaining capital value (RCV) of deck can be calculated using the following formula.
RCV = A(B − C)/B

(9)

where 𝐴 = (1 + 𝑟)𝑛 , 𝐵 = ((1 + 𝑟)𝐿 − 1)⁄𝑟(1 + 𝑟)𝐿 , 𝐶 = ((1 + 𝑟)𝑛 − 1)⁄𝑟(1 + 𝑟)𝑛 , and L is the
expected life span of the investment. Based on the two methods of calculating the remaining value, the
life cycle cost was found to vary. Table 7.4 shows the effect of calculation of remaining value of deck on
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the life cycle costs. It was observed that calculation of remaining value of deck using RCV method results
in slightly lower values of life-cycle costs.

Table 7-4 Comparison of life-cycle costs with different method to calculate the remaining value of deck.

Straight line
depreciation
RCV value

Bridge A
(65 years)

Bridge B
(50 years)

Bridge B
(65 years)

Bridge B
(85years)

$85.79 per ft2

$85.43 per ft2

$67.22 per ft2

$50.91 per ft2

$83.42 per ft2

$85.43 per ft2

$64.62 per ft2

$49.16 per ft2

7.4 LCCA SUMMARY
In this study, the life-cycle costs of bridge decks reinforced with GFRP rebars were studied compared to
bridge decks reinforced with epoxy-coated steel rebar. For that purpose, a simplified analysis was
conducted, primarily to determine the service life of reinforced concrete structural components.
In the absence of an established model to estimate the degradation of GFRP rebar, three different cases
for bridge reinforced with GFRP rebar were assumed. A simplified analysis was conducted considering
the actual costs, service life, and future work activity assumptions. From the LCCA, it was found that use
of GFRP rebar for bridge deck reinforcement can result in lower life-cycle costs, despite the higher initial
cost of GFRP rebar, noting that the GFRP rebar provides higher resistance against degradation.
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CHAPTER 8: SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS
8.1 SUMMARY
In 2016, MnDOT constructed a replacement bridge on MN 42 over Dry Creek just north of Elgin with the
bridge deck reinforced with GFRP rebar. The goal of this project was to evaluate the fundamental
behavior of GFRP-reinforced bridge decks to evaluate bridge performance under environmental
stressors and vehicle loads. Therefore, comprehensive field testing was carried out to investigate the
performance of the GFRP-reinforced bridge deck near Elgin and laboratory testing was conducted on the
GFRP rebar used in the bridge’s deck.
Prior to placing the concrete deck, 16 VW gauges were installed to measure the strain inside the deck.
To address the required performance issues, gauge locations were selected to capture the extreme
response, characterize the response, in general, and determine the relevant response measures (e.g.,
live load GDFs).
The temperature at each strain gauge was also captured from the thermistors built into the VW gauges.
The VW gauges were connected to a data acquisition system placed under the bridge deck. The data
were recorded continuously over a period of three years using the data acquisition system. The data
acquisition system consisted of a data logger, multiplexers, and power components.
In addition to these long-term performance monitoring efforts, three live load field tests were
performed on the bridge. The first was conducted prior to opening the bridge to regular traffic. The
second and third load tests were conducted on November 20, 2017, and October 30, 2017, respectively.
Strains recorded during the live load testing were analyzed to evaluate deck behavior. The primary focus
of the live load tests was to understand the manner in which the deck participates globally along with
the girders to transfer vehicle loads longitudinally to the abutments.
The research project also included condition assessment of the bridge deck at regular intervals
throughout the duration of the project. The condition assessment included documentation of the
surface and full-depth cracks on top of and underneath the bridge deck and the types and locations of
the cracks, etc.
The research also focused on evaluating the mechanical properties of the GFRP rebar used in the bridge
deck. For that purpose, the researchers conducted a set of laboratory tests on the GFRP rebar used by
the contractor. The specimens were loaded in tension until failure, while force, displacement, and strain
were measured.
To maximize the research benefits, the project was completed with an LCCA of the bridge deck. The
results shed light on the practical advantages of using GFRP rebar for deck reinforcement and contribute
to facilitating the future implementation of GFRP rebar in various bridge projects in Minnesota.
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8.2 CONCLUSIONS
The primary conclusion from the live load data analysis was that the bridge deck behavior was
consistent and as expected over the first three years. The analysis of the live load data indicated the
shape and magnitude of the strain response under truck loads matched expected behavior and was
similar for the three on-site field tests. No evidence for the cracking observed and documented in the
deck was obtained from the analysis of the live load test data, indicating the structural integrity of the
bridge to its design specifications.
From the test data, the depth of the neutral axis was determined from the strain data. The neutral axis
data for year 1, year 2, and year 3 showed that the bridge deck behavior was consistent. The correlation
between the strain data on the deck and the girders showed the composite action being maintained by
the reinforced concrete slab of the bridge deck.
From the live load tests, GDFs were computed using the strain data from the strain gauges on the
girders. The GDFs evaluated were found to be less than the values obtained from the AASHTO GDF
equations. The reason could be the higher transverse stiffness or lower longitudinal stiffness of the
bridge deck, which will cause more uniform distribution of the load among the girders.
The data collected from the VW gauges were used to understand the performance of the bridge deck
under environmental loads such as temperature and humidity. The collected strain data were analyzed
to determine the condition of the bridge deck over three years. From the data, a slight variation was
observed in the strain data in the early life of the bridge with respect to variations in temperature. On
exploring the temperature strain and shrinkage strain, the researchers found that shrinkage strain
primarily governs the bridge behavior in the early days. Overall, the researchers found the bridge
behavior was consistent over the first three years.
The researchers assessed the condition of the bridge deck by making visits to the bridge site every six
months. Several lateral and inclined cracks were observed mostly near the abutments. In addition to
surface cracks, full-depth cracks were also observed near the abutments. Although the cracks grew
rapidly in the first year of investigation, which is also typical for epoxy-coated rebar-reinforced bridge
decks in Minnesota, no significant new cracks were found to form in the next two years.
The information related to the types of cracks was explored further. The researchers found that bridges
with integral abutments were approximately two to three times more likely to have these types of
cracks near the abutments.
From the LCCA, the researchers confirmed that use of GFRP rebar for bridge deck reinforcement can
result in lower life-cycle costs if the GFRP rebar has higher resistance against degradation than epoxycoated steel rebar, despite the higher initial cost of the GFRP rebar.
8.3 RECOMMENDATIONS FOR FUTURE RESEARCH
The following recommendations are provided for future studies based on the findings of this project:
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In this study, the bridge deck was monitored using VW gauges embedded in concrete. Although the
data collected from the VW gauges provided valuable information, no quantification of the
degradation of the bridge deck could be obtained. Therefore, it is recommended that dynamic
testing of the bridge be performed focusing on the dynamic characteristics such as frequencies and
mode shapes. The data collected from dynamic tests on bridge decks will provide valuable
information on the degradation of the bridge deck with time.



The LCCA performed used a simplified model for the degradation of GFRP rebar. From the existing
literature, the GFRP rebar also undergoes material degradation, which can lead to loss of strength or
failure of the composite matrix. A few studies have been performed to examine the degradation of
GFRP rebar under accelerated aging conditions. However, the findings from these tests have not
been confirmed with actual field tests over time. Therefore, it is recommended that a field test be
conducted that focuses on the degradation of GFRP rebars and their bond with concrete.
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