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ABSTRACT

EVALUATING THE LONG-TERM DURABILITY OF FIBER REINFORCED
POLYMERS VIA FIELD ASSESSMENTS OF REINFORCED CONCRETE

STRUCTURES

Fiber Reinforced Polymer Composites (FRP) are an attractive repair option for
reinforced concrete structures, however their long term performance in field
environments is not well understood. Laboratory durability tests have indicated that FRP
generally performs quite well, but these laboratory tests cannot model the synergistic
effects that occur when the FRP is in-service on a bridge (or other structure). Field
assessments of FRP properties are very rare in the literature. This thesis describes an
effort to collect in-situ data about a FRP repaired concrete arch bridge.

The Castlewood Canyon Bridge on Colorado state highway 83 was reconstructed
in 2003. The reconstruction included replacement of the deck and spandrel columns and
repair of the existing concrete arches with externally bonded FRP. The FRP had been in
service for 8 years when its condition was assessed for this project.

Assessment efforts started with collection of as much information as possible
about the materials and techniques used for repair. Unfortunately only limited amounts of
initial or baseline data were recovered. Based on available information a tentative plan
for site assessment activities was prepared, including testing locations at the base and

crest of the arch.



The field assessment of the bridge was completed on location during July, 2011.
The complete extrados of the east arch was inspected for voids between the concrete and
FRP using acoustic sounding and thermalgraphic imaging. Voids that were previously
identified during a routine bridge inspection in 2007 had grown significantly larger by the
2011 assessment. Pull-off tests were used to test the bond strength at the base and top of
the arch. Pull-off strengths were on average lower and represented different failure modes
from pull-off tests conducted at the time of repair. Large debonded regions of FRP were
cut from the structure to use in laboratory testing. Damaged regions were repaired with
new FRP.

Materials brought back from the bridge were used for tensile and Differential
Scanning Calorimetry (DSC) testing. The tensile tests showed that the FRP strength was
well below the specified design strength, but the lack of initial data makes it difficult to
tell if the material has deteriorated over time, or if the material started off with lower
strengths due to field manufacture techniques. The DSC tests showed that the glass
transition temperature of the composites was near the value suggested by the
manufacturer.

The field assessment was used as a case study in collecting durability data about
FRP. From this case study numerous recommendations are made to improve the available
information about the durability of FRP repairs in field environments. A specific process

to be followed in collecting this data is also proposed.
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CHAPTER 1: INTRODUCTION

1.1 Overview

1.1.1 Failing Infrastructure, Bridges and Fiber Reinforced Polymers
(FRP) as a Repair Material

In 2009, the American Society of Civil Engineers (ASCE) published an assessment
of the United States’ infrastructure in the form of a report card. The infrastructure was
differentiated into the following categories: Water and Environment, Transportation,
Public and Facilities, and Energy. The bridge section, within the Transportation category,
earned a grade of “C” requiring approximately “S17 Billion of annual investment to
substantially improve current bridge conditions” (ASCE 2009). It is estimated that “more
than 26%, or one in four, of the nation’s bridges are either structurally deficient or
functionally obsolete” (ASCE, 2009). A political awareness of the precarious state of US
bridges has sprouted due to the recent tragic structural failure of the I-35W bridge in
Minneapolis in 2007, in which 13 people died (Sofge, 2009). This reckoning has spurred
on funding of infrastructure with approximately $50 billion announced by President
Obama on Labor Day of 2010 (Huffpost, 2010). In order to maximize the return on this
investment, it is critical that an efficient approach is implemented in the maintenance,

repair, and replacement of our bridges.



A proactive and preventative management approach proves to be more cost
effective considering life cycle costs of structures such as bridges. In “Too Big to Fall”,
Barry LePatner (2010) recognizes the need for well managed resources by emphasizing
W.R. De Sitters “law of fives”, which estimates that “when maintenance is neglected,
repairs when they become essential will generally equal five times maintenance costs; if
repairs are not made even then, rehabilitation costs will be five times repair costs.”

Coomarasamy and Goodman (1999) compare FRP with steel as repair materials
stating “the main advantages of FRP over steel for this application are that the FRP
materials do not corrode, have better electromagnetic properties, and have a higher
ratio of strength to mass density.” Tan et al. (2011) adds “Due to the lightweight and
high-strength, low costs, and convenience of construction, the strengthening method of
using bonded FRP has gradually taken the place of the traditional steel-encased method
and bonding steel method.”

Though FRP has potential as being an excellent solution to many of the
structurally deficient reinforced concrete bridges, this relatively recent innovation has
limited history (especially in field applications) and therefore its durability needs to be
verified. Chin et al. (1997) describes the need for and importance of conducting
durability studies on FRP materials:

“With the continuous deterioration of the world’s infrastructure, it has become

increasingly urgent to determine the feasibility of using high-performance

polymer composite materials in fabricating new structures as well as
rehabilitating existing ones.”



Moreover, “The durability of polymer composites is one of the primary issues
limiting the acceptance of these materials in infrastructural applications” (Chin et al.,
1997).

In an effort to satisfy the durability concerns, multiple durability studies have
been conducted in laboratories. The durability of FRP has been evaluated with
accelerated ageing through varying exposures to environments, solutions, and
temperatures. In some cases specimens have been aged on-site and/or with control
specimens. Inspiring a principle objective of this thesis, Karbhari et al. (2003)
determined “It is well established that durability data generated through laboratory
experiments can differ substantially from field data.” Similarly, Byars et al. (2003)
contributed “accelerated exposure data and real-time performance are unlikely to
follow a simple linear relationship and the relationships have yet to be confidently
determined”. Through field assessments additional information can be gathered, “data
that is invaluable to the establishment of appropriate durability based design factors”
(Karbhari et al. 2003).

A field assessment was conducted on the Castlewood Canyon Bridge as the case
study for this thesis to contribute to the long-term durability evaluation of fiber
reinforced polymer (FRP) materials used as externally bonded reinforcement for existing
reinforced concrete structures. Castlewood Canyon Bridge, built in 1946 and repaired in
2003, is a reinforced concrete arch bridge that spans Cherry Creek in Castlewood
Canyon State Park on Highway 83, south of Franktown, CO. Externally applied FRP

provided additional tensile reinforcement after the steel reinforcement had endured



corrosion. A comprehensive field assessment was conducted to evaluate the 2003 FRP
installation and identify the presence, location and severity of damage. By collecting
field data, the development of degradation can be further understood. As a result, the
process of collecting and documenting field data from conducting a field assessment

was established and refined.

1.1.2 A Closer Look at FRP

Fiber reinforced polymers are manufactured into bars or a fabric that is
saturated with resin in a “wet layup” process and are applied externally or “near surface
mount” (NSM) to provide tensile reinforcement to structures or structural members.
Repair and strengthening, terms used interchangeably throughout this paper, in shear
and/or flexure with wet layup of carbon fiber reinforced polymers (CFRP) on reinforced
concrete substrates are the main focus in this durability study.

Bakis et al. (2002) described FRP as a “combination of high-strength, high-
stiffness structural fibers with lightweight, environmentally resistant polymers” creating
“composite materials with mechanical properties and durability better than either of
the constituents alone.” The performance of FRP is dependent on the ability to transfer
stresses which relies on maintaining its material properties, bond strength, and the
strength of its substrate. Similar to the development length of rebar, Hu et al. (2004)
describes the importance of bond to the performance of the composite, “The usual
strengthening method is to bond the FRP laminates on the surface of concrete
structures, so the effect of strengthening is dependent on the bond behavior between

FRP laminates and concrete substrate.”



FRP has significant advantages to consider when compared with the
strengthening alternatives of using external steel plates or rebuilding large sections.
Strengthening reinforced concrete structures with FRP adds very little dead weight to
the structure and can be conducted relatively quickly, inexpensively, and with minimal
impact on traffic of lane closures or delays (Holloway, 2011). Hollaway (2011) adds
“Manufacturing technologies allow optimization and control of the structure of the
composite, e.g. fiber-matrix interactions, the fiber/volume ratio, degree of cure and
fiber arrangement.” These technologies provide the ability to “optimize the formation
process in terms of economics, productivity, product performance, quality, and
reproducibility” (Hollaway, 2011). Fiber reinforced polymers offer a much needed
solution to an overwhelming concern of safety that is our degrading infrastructure.

Environmental exposure and the quality of the on-site manufacturing process
(wet layup) can adversely affect the durability of FRP. Karbhari et al. (2003) identifies
the following environmental conditions of primary importance pertaining to the
durability of FRP composites: “moisture/solution, alkali, thermal (including temperature
cycling and freeze-thaw), creep and relaxation, fatigue, ultraviolet, and fire.” Saenz et al.
(2004) similarly identifies from Harries et al. (2003) findings “In 2002, ACI Subcommittee
440-D recognized that the most critical need for additional research is environmental
durability of FRP composite materials in concrete applications. ACl Subcommittee 440-L
established that the most critical and unique civil engineering environments to evaluate
are moisture, salt, and freezing and thawing, because these environments are typically

found in highway infrastructure.”



1.2 Objective and Method

The initial intention of this work was to conduct a field assessment to provide
some of the much needed data on the durability of FRP in field environments. In
initiating the process of conducting a field assessment many difficulties were
encountered which in turn further shaped and defined the goal and objectives of this
thesis. The more robust goal also includes establishing a procedure starting at the time
of FRP repair that will facilitate field assessments over the service life of the composite
to evaluate its durability. In order to reach this goal, the following objectives are
pursued:

e Conduct a field assessment of an FRP repair and establish limitations or
weaknesses of current procedures followed at the time of repair and information
available for assessment.

e Evaluate the durability of the FRP application to the extent possible with the field
assessment data

e Propose enhanced procedures that would facilitate and improve the quality of
future assessments and lead to more usable durability data.

e Provide an example demonstrating the feasibility of the proposed procedures.
To achieve the objectives previously explained, a case study was developed. An

FRP repaired reinforced concrete bridge, Castlewood Canyon Bridge on Highway 83 in
Colorado, was identified as a candidate for a field assessment. Inspection, evaluation,
and testing techniques that could identify the presence, location, and severity of

damage were chosen. The inspection, evaluation, and testing techniques were

6



conducted on the case study bridge. Values from the inspection, evaluation, and testing
techniques were compared to baseline values, previous values, and/or design
minimums to apply judgment as to how the structures response is affected.

The process described here as the method was then evaluated and areas of
potential improvement or optimization were identified. Improving the field assessment
process consists of causing less damage to the inspected structure while recovering
valuable data that can be more meaningful due to consistent and thorough

documentation.

1.3 Organization of Thesis

This thesis is comprised of five chapters. This chapter is Chapter 1: Introduction,
which begins with an overview of the condition of infrastructure and proceeds to
narrower in focus on bridges and FRP repairs. Following the overview, the objective of
the thesis is explained as well as the method in which the objective is attained.
Concluding the Introduction is this section on the organization of the thesis.

Chapter 2: Literature Review provides the background and additional
information on topics of significance to the remainder of the thesis. The topics that are
addressed include: durability of FRP, needs for data from field assessment and
previously conducted field assessments, and available evaluation and testing methods.

The actual process taken to satisfy the previously mentioned need of acquiring
data from field assessments is found in Chapter 3: Methods, Case Study. This chapter
describes the inspections and a test conducted on the Castlewood Canyon Bridge and

presents the results from the procedures. Chapter 3 also describes the procedure and



results of the tests conducted in the laboratories with specimens that were taken from
the bridge.

Chapter 4, Developing a Durability Model for FRP, was established from the
undertakings within Chapter 3. The difficulties posed by Chapter 3 became elements of
ways to improve the existing practices to accommodate a more streamline and robust
process of field assessments.

The final chapter, Chapter 5, is a summary and conclusion of the thesis and

describes additional areas of research.



Chapter 2: Literature Review

2.1 Durability of FRP for Repair

Tan et al. (2011) explains that “though the main factors affecting durability and
failure mechanism of concrete have been fully investigated, few studies on the
durability of FRP reinforced structures have been taken” and “factors affecting the
durability of FRP reinforced structures should be analyzed.” Tan et al. (2011) defines the
term “durability” as:

“the given structure under conditions of normal designing, constructing, serving

and maintaining can continue to perform its intended functions during the

specified or traditionally expected service life, in spite of structural performance
deteriorating with time.”

Similarly, the Civil Engineering Research Foundation (CERF) and the Market
Development Alliance (MDA) of the FRP Composites Industry in collaboration with
Karbhari et al. (2000) defined the term “durability” with respect to fiber reinforced
polymer composites as “the ability to resist cracking, oxidation, chemical degradation,
delamination, wear, and/or, the effects of foreign object damage for a specified period
of time, under the appropriate load conditions, under specified environmental
conditions” in their study of “Critical Gaps in Durability Data for FRP Composites in Civil

Infrastructure.” The term “durability” used throughout this thesis will be inclusive of

both definitions provided above by Tan et al. (2011) and Karbhari et al. (2000).



FRP materials have potentially high overall durability, however, Karbhari et al.
(2000) notes that “there is evidence of rapid degradation of specific types of FRP
composites when exposed to certain environments” and “actual data on durability is
sparse, not well documented, and in cases where available — not easily accessible to the
civil engineer.” Karbhari et al. (2000) continues that there is a “wealth of contradictory
data published in a variety of venues” resulting from the “reporting of data without
sufficient detail of the actual materials used, use of different forms of materials and
processing techniques, and even changes in the materials systems with time” (Karbhari
et al. 2000). Seven vyears later, Chen et al. (2007) agrees “although a number of
durability studies on FRP have been reported by various researchers, no general
conclusions are possible as researchers used different testing procedures and
conditions. In some cases, even conflicting results have been reported.”

The durability of an FRP composite is compromised if the material properties of
the FRP appreciably change or if the bond between layers of FRP or between the FRP
and its substrate becomes weak or is lost all together. Karbhari and Ghosh (2009)
identify the critical components of the performance of externally applied FRP, stating
“since the composite element is bonded onto the concrete substrate the efficacy of the
rehabilitation scheme depends on the combined action of the entire system with
emphasis on the integrity and durability of the bond between the FRP and concrete.”
Karbhari and Ghosh (2009) add “the performance characteristics of the substrate, FRP,
adhesive/resin forming the bond and the interfaces can all be deteriorated by

environmental exposure and hence there is a need to assess its effect on these

10



materials and on the bond itself.” Byars et al. (2003) agrees contributing “changes in
mechanical properties such as Young’s modulus, tensile and interlaminar shear
strengths and bond strength are the best indicators of changes in the performance of
FRP.”

Manufacturing, material components (fiber and resin types), environmental
conditions, and the quality of the application process all contribute to the durability of
an FRP composite. Prefabrication and wet layup are the two primary manufacturing
processes for strengthening applications of FRP. The wet layup process utilizes an
“ambient temperature cure resin system” (Karbhari and Ghosh, 2009) which has the
advantage of conforming to irregular shapes or areas of uneven geometry reducing
unbonded areas, but it may deteriorate faster than prefabricated bars or strips. As
described by Karbhari and Ghosh (2009) these prefabricated materials are based on
“well characterized high-temperature and controlled condition cure resin/adhesive
systems used for long—term durable bonds in the aerospace industry.” Durability of FRP
depends intrinsically on the choice of constituent materials, methods and conditions of
processing, and surrounding environmental conditions through their service lives
(Karbhari, 2003).

Karbhari et al. (2000) and Karbhari et al. (2003) identify identical environmental
conditions of primary importance pertaining to the durability of internal and external
applications of FRP: “moisture/solution, alkali, thermal (including temperature cycling
and freeze-thaw), creep and relaxation, fatigue, ultraviolet, and fire.” Coinciding with

Karbhari et al., Byars et al. (2003) considered similar environmental conditions that may
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affect the durability of FRP: “moisture, chlorides, alkali, stress, temperature, UV actions,
carbonation and acid attack.” Numerous laboratory tests of the durability of FRP have
been conducted.

Previous laboratory studies have investigated the durability of both glass fiber
reinforced polymers (GFRP) and carbon fiber reinforced polymers (CFRP). From these
studies, it has been identified that different fiber types are susceptible or vulnerable to
different conditions. Karbhari and Ghosh (2009) found that “glass fiber reinforced
system undergoes slightly greater moisture initiated deterioration than the carbon fiber
reinforced system.” Fiber types can be optimized depending on the requirements of the
FRP application such as in Stallings (2000) study where GFRP was used for shear
strengthening and CFRP was used for flexural strengthening of bridge girders in
Alabama. The stronger, more expensive CFRP was used where durability was more
critical because the flexural strength was controlling, while the weaker, less expensive
GFRP plates were used to confine the flexural cracks and to add stiffness, reducing
deflections. Carbon fibers are less vulnerable than glass and will be the primary focus in
this thesis when discussing FRP.

The durability of fiber types alone is unfortunately not a comprehensive study of
the durability of FRP. Karbhari (2003) addresses this complexity stating “Although
carbon fibers are generally considered to be inert to most environmental influences
likely to be faced in civil infrastructure applications the inertness does not apply to the
fibre-matrix bond and the matrix itself, both of which can in fact be significantly

deteriorated by environmental exposure.”
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2.1.1 Accelerated Ageing

Through rigorous durability studies Karbhari (2000) anticipates “appropriately
designed and fabricated, these systems can provide longer lifetimes and lower
maintenance than equivalent structures fabricated from conventional materials.” To
further understand the development of degradation, multiple lab tests have been
conducted to determine the effects of various conditions on the durability of GFRP and
CFRP composites. Externally bonded FRP applications are typically subject to certain
environmental exposures in which CFRP has proven to be much more durable than
GFRP. A multitude of lab tests have been conducted in which the normal ageing process
is sped up called accelerated ageing. The following are a few examples.

Typical accelerated aging techniques include exposing specimens, sometimes
alternating exposures, to varying solutions and temperatures. As an example, Chen et al.
(2007) conducted accelerated aging tests by elevating the temperatures of specimens
while cycling wet and dry (WD) and freezing and thawing (FT) in solutions representative
of expected environments. Chen et al. (2007) used 5 different solutions in their study
consisting of: tap water “to simulate high humidity and used as a reference
environment,” solutions with varying amounts of sodium hydroxide, potassium
hydroxide, and calcium hydroxide with pH values of 13.6 and 12.7, a simulation of ocean
water consisting of sodium chloride and sodium sulfate, and finally a solution emulating
concrete pore water contaminated with deicing agents containing sodium chloride and
potassium hydroxide with a pH of 13. “Elevated temperatures of 40 °C and 60 "C were

used to accelerate the attack of simulated environments on FRP bars, since the
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degradation rate mainly depends on diffusion rate and chemical reaction rate, both of
which can be accelerated by elevated temperatures” (Chen et al., 2007). The first four
solutions were subject to nine WD cycles which “consisted of four days of immersion at
60 °C followed by four days of drying at 20 °C” (Chen et al., 2007). All five solutions were
subject to FT cycles which “consisted of 30 min of soaking at 20 °C, 90 min of ramping
from 20 to -20 °C, 30 min of soaking at -20 °C, and finally 90 min of ramping from -20 to
20 °C” (Chen et al.,, 2007). Durability performance was measured by the change in
tensile and interlaminar shear strengths after exposures. Bond strengths were also
evaluated through use of pullout tests. Chen (2007) concluded “strength loss resulted
from the accelerated exposure of both bare and embedded GFRP bars, including bond
strength, especially for solutions at 60°C. In contrast CFRP bars displayed excellent
durability performance.”

Hu et al. (2007) conducted a study exposing specimens to the aggressive
environmental conditions of: fast freeze-thaw cycling, alkaline immersion, water
immersion, and wet-thermal exposure. This study also concluded: “CFRP specimens
subjected to aggressive environments showed good durability with no significant
degradation in tensile strength and modulus, however, GFRP specimens exhibited a little
decrease in mechanical property after aggressive environments exposure.”

Ghosh et al. (2005) also used 5 different exposures in the evaluation of bond
strength durability by the use of pull-off tests. “Eleven different composite systems, six
carbon fabric systems, one glass fabric system and four pultruded carbon strip systems,

were bonded to the surface of concrete blocks using epoxy resin systems” (Ghosh,
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2005). Five different exposure conditions in addition to a set of specimens kept at room
temperature were evaluated at 6, 12, and 18 months. Ghosh (2005) concluded “only
two systems showed susceptibility to these exposure conditions. In terms of overall
performance, two carbon fabric/epoxy resin composite systems showed good bond
strength retentions under all the exposure conditions studied.” Confirming what
Karbhari (2000) ascertained Ghosh (2005) advised “a judicious selection of the
composite system based on its performance specific to its application condition will be
necessary for optimization and long-term integrity of such
strengthening/rehabilitation.”

Durability tests conducted in laboratories using accelerated aging techniques and
extreme exposures to determine the long-term durability of FRP composites have often
shown promising results. Though useful, these efforts have not satisfied the concern
about the long-term performance, or durability, of FRP strengthened reinforced
concrete structures in the field. This difference was explained by Karbhari (2003) as an
“apparent dichotomy between ‘real-world’ applications and laboratory data” that is
currently accounted for through the use of safety factors in design. Moreover, perhaps
providing some of the reasoning why this dichotomy exists Karbhari et al. (2003) states
“synergistic effects (i.e., effects resulting from the combination of multiple
environmental conditions, both in the absence and presence of load) are known to
exacerbate individual effects.”

Reay et al. (2006) pointed out “Studies on field applications of FRP materials

have been limited, and many of those that have been performed have not provided the
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type of real-time, long-term durability data needed to better understand the effects of

environmental conditions on FRP materials.”

2.2 Field Assessments

From a collaborative study sponsored by the Civil Engineering Research
Foundation and the Federal Highway Administration, Karbhari et al. (2003) addresses
the need for field assessment in their summary “Implementation of Plans for Field
Assessment” below:

“It is well established that durability data generated through laboratory
experiments can differ substantially from field data. The determination of actual
durability under field conditions over extended periods of time is essential for
the optimal design of FRP composites for use in civil infrastructure. It is thus
critical that steps be taken to collect, on an ongoing basis, data from field
implementations. This data is invaluable to the establishment of appropriate
durability based design factors, and the opportunity of having new projects from
which such data could be derived in a scientific manner should not be wasted.”

Even though the reference above was published in 2003, very little evidence of
field data was found in the published literature. Below are the only examples found

related to field assessments of the durability of FRP applications.

2.2.1 Macedonia, 2008

Nineteen highway bridges were repaired with 11,000 meters of bonded FRP
plates in the Republic of Macedonia in 2001 and 2002. American Concrete Institute (ACl)
440.2R (2000) was used for the design of the FRP repair. Crawford (2008) summarizes
the objective of this study:

“identify a relationship between bridge deterioration factors and the rate of

change in FRP durability and to establish a correlation with bridge performance.

The overall goal is to provide bridge owners procedures to maintain FRP-
strengthened bridges, to optimize service life, and to sustain original FRP-
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designed bridge performance. The evaluation of the FRP strengthened bridges in
the Republic of Macedonia will establish a baseline for defining long-term FRP-
structural system durability applied to concrete bridges” (Crawford, 2008).

Load tests were conducted on 3 of the bridges prior to and following the repair.
These load tests were considered “trial testing” and were done to confirm and verify
mathematical models, the FRP repair, and to provide data for comparison with future
tests. The trial test consisted of static and dynamic load of a 102 ton, 9 axle heavy
commercial vehicle. Strain gauges on reinforcing steel prior to the repair were replaced
with strain gauges on the FRP in similar locations following the repair. The trial test was
a success and “strongly supported the provisions of ACI 440 (2000),” and “fully justified
the suitability of FRP system for strengthening of bridges” (Crawford, 2008). The study
developed a valuable model for FRP system inspection which is outlined below:

e Define bridge performance standards and criteria
o Establish base-line condition for the bridges, i.e. at completion of FRP
application
o Define bridge performance (loading) standard
e Inspection
o Establish inspection criteria, procedures, protocols
o Set inspection frequency, measuring points, data collection requirements
e Data Collection and Analysis
o Collect inspection data, record in national data base
o Perform data analysis to identify types of deterioration and rate of
deterioration
e FRP-System Bridge Maintenance
o Set maintenance criteria and standards for bridges and FRP systems
o Prescribe FRP-maintenance protocols and procedures
e Load Testing and Certification
o Perform bridge load testing, up to 100 tons, every 8-10 years
o Certify bridge load capacity for national authorities

Crawford (2008) identified “the next step is to develop specific inspection and

testing procedures for measuring and collecting data” which motivated Chapter 4 of this
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thesis with a mock example following the model provided above. The focus of this thesis
diverges from Crawford’s in that load testing is not included. Load tests could however
be a significant way to evaluate how the development of degradation affects the
performance of the structure as a whole.

Crawford (2008) did an excellent job describing durability, environments that
threaten durability, debonding mechanisms, and design, but this study provided no data
other than the initial values from the load tests prior to and following the repair. This
study does not provide any inspection criteria, procedure, or protocol nor does it
recommend inspection frequency, measuring points, or data collection methods. In
addition, this paper has failed to describe how to set maintenance criteria or
maintenance protocols and procedures. This study has presented a large group of
bridges with known baseline values of load tests, and have set the stage for a durability
study, but neglected to give any specific guidance as to how or what future durability

studies should consist of other than load tests “up to 100 tons, every 8-10 years.”
2.2.2 Pacific Northwest Region of U.S., 2005

Barlow (2005) outlines the history of the use of FRP with five case studies in the
northwest region of the United States. In 1993, “the northwestern United States
spearheaded the bold use of these materials” despite the fact that “initial research was
done in other states and parts of the world” (Barlow, 2005). The case studies included 2
bridges, a library, a courthouse, and a treatment plant. Quality control of the FRP
applications on the bridges as well as the courthouse and library were monitored by

tension test panels that were made simultaneous to the installation. In the cases of the
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bridges, the test panels were retained by their respective agencies, WSDOT and ODOT.
Independent testing prior to the repair provided the quality assurance of the projects.
The owner of the courthouse retained the test panels and an independent testing
laboratory performed “periodic special inspection.” The application on the courthouse
also included pull-off tests in accordance with ASTM D4541 to verify the bond strength
of the FRP to the substrate.

The anticipation of test panels with these projects was innovative and much
needed. From this study, no information in regard to degradation over time or durability
was provided. It is unknown as to whether or not subsequent pull-off tests were
conducted or if the test panels were used. It was also unclear as to what conditions or
environments the test panels were stored. Perhaps the test panels are intended to be
tested in the future, but without utilizing these samples with premeditated frequency it
is uncertain as to how helpful, if at all, the resulting data will be to understanding the
durability of FRP. To fully understand the development of degradation it is necessary to
collect more data points over time with additional samples and their respective

environments.
2.2.3 New York, 2004

Hag-Elsafi et al. (2004) conducted an “in-service evaluation” of an FRP repaired
bridge in New York. In November, 1999, a T-beam bridge, Wynantskill Creek Bridge was
strengthened to increase the shear and flexural capacities using the FRP wet layup
process. The FRP repair was also intended to contain freeze-thaw cracking. Prior to and

directly following the FRP repair, instrumentation was installed and load tests were
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conducted to find the change in stiffness or performance of the repaired bridge. The
bridge was in service for approximately 2 years before an additional load test was
conducted in November, 2001. There was no detection of deterioration of the
strengthened bridge in the 2 years of service through measures of strain caused from
the load test or from infrared thermography. Figures were included of the repaired T-
beam bridge as well as a figure of an infrared Thermographic image of the repaired
bridge (Hag-Elsafi et al., 2004).

The ability to detect damage using infrared thermography is questionable at
distances such as in the figure provided which is a “typical thermalgraphic image”
according to Hag-Elsafi et al. (2004). Assuming closer inspection was used than that
shown in this study, Hag-Elsafi et al. (2004) reported “Upon close observation, only
small bubbles were detected in some of the camera images.”

“The changes in beam stiffness during the three tests are very small,” however
smaller strains were consistently recorded for the 2001 test, “although some of the
strains were within the variations normally associated with instrumentation” (Hag-Elsafi
et al.,, 2004). Hag-Elsafi et al. (2004) concluded that from the data collected and
subsequent analysis considering transverse load distribution, effective flange width and
neutral axis locations established from strain gauge measures and thermographic
imaging that there was “absence of any signs of deterioration in the retrofit system after
two years in service.”

It is reasonable to believe that the repaired T-beam bridge could be in service

until 2030 or longer. This study confirms that the FRP repaired bridge proved to be
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durable and resilient to the conditions between November, 1999 and November, 2001.
It did not however, anticipate any follow up evaluations in which further valuable data
and information of performance could be gathered. It is unreasonable to forecast 30
years of durability based on two years of exposure, especially considering the variance

of conditions the bridge can be exposed from year to year.

2.2.4 Utah, 2004

Saenz et al. (2004) conducted a durability study of FRP composites exposed to
“single, dual and multi-variable environmental exposures.” The study combined GFRP
and CFRP with epoxy-resin and urethane-resin matrices for a total of 4 combinations of
FRP composites. The single exposure specimens were isolated in a dry dark environment
to undergo “natural aging” or non-accelerated exposure evaluated at 450 and 900 days.
The dual exposures were subject to the combination of “accelerated freeze-thaw cycling
in salt water” for 112 and 162 cycles of exposure. The multi-variable environmental
exposure, also considered “naturally exposed” consisted of aging the specimens at the
State Street Bridge location on I-80 in Salt Lake City, Utah and evaluated at 365 and 730
days of exposure. The purpose of the single and dual environmental exposures was to
decouple the degradation due to natural aging with the degradation due to the
accelerated freeze-thaw cycles in the saline solution. The purpose of the specimens
“naturally exposed” was to identify degradation due to typical environmental exposures
at bridge locations. Zhang (2002) also contributed a durability study of FRP aged in a

natural setting.
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Tensile, ring, and lap slice tests were conducted and it was determined that the
“naturally exposed” units showed no degradation after the 365 days of exposure. The
specimens with urethane-resin matrix showed “significant loss in interlaminar shear
strength after freezing and thawing exposure” while specimens with epoxy-resin matrix
“showed a significant increase after freezing and thawing exposure.”

Reay and Pantelides (2006) conducted a similar durability study in regard to the
State Street Bridge and considered the CFRP retrofit “effective after 3 years of service.”
Following 3 years of exposure, “nondestructive evaluation was conducted through strain
gauges, tiltmeters, thermocouples, and humidity sensors installed on the bridge bents
for real-time health monitoring.” “Destructive tests were performed to determine the
ultimate tensile strength, hoop strength, concrete confinement enhancement, and
bond-to-concrete capacity of the CFRP.” In addition, thermography was used to detect
voids, or unbonded areas, between the FRP and the concrete substrate.

During the repairs (east bents in August of 2000 and west bents in June of 2001),
three types of tests were conducted as quality assurance measures: tensile tests, fiber
volume tests, and glass transition temperature tests. Specimens were also created at
the time of the FRP repair for future tests consisting of tensile tests, composite rings,
confined concrete cylinders, and pull-off tests. The specimens were stored in 3 different
locations: “on top of the cap beam at the State Street Bridge, inside a cage located at
ground level between two columns of the State Street Bridge, and in an isolated area of
the Structures Laboratory at the University of Utah” (Reay and Pantelides, 2003). The

specimens were tested at approximately six month intervals of 18, 24, and 30 months.
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In addition to the specimens created at the time of repair a section of the side of the cap
beam was prepared with a patch for future tensile tests. Half of the patch was covered
with an “ultraviolet protective coating” (Reay and Pantelides, 2003) and the other half
unprotected. Some degradation of the FRP due to the environment was found through
the destructive tests. Reay and Pantelides (2003) concluded “Destructive tests of CFRP
composite tensile coupons, rings, and CFRP composite-to-concrete bond specimens
have shown that specimens stored in the laboratory, generally give higher ultimate
strength capacity than those stored at the bridge.”

Both of these studies were innovative in sample selection and storage, but it is
unclear as to why the Saenz et al. (2004) study evaluated specimens at differing times. It
makes the comparison more difficult when the “single exposure” specimens were
evaluated at 450 and 900 days, while the other specimens were evaluated at 365 and
730 days. It is also difficult to compare the exposures when the environment at the
bridge was not quantified in ways such as number of freeze/thaw cycles, precipitation,
applications of deicing agents etc.

In reading these two studies it is also unclear as to whether or not the carbon
fiber/epoxy resin specimens were used for both studies or if the studies were entirely
independent. There were specimens mentioned in Saenz et al. (2004) study, specimens
exposed for 730 and 900 days, that were not included in the results. Perhaps the Reay et
al. (2006) study was a follow up study making different comparisons focusing on
degradation over time of CFRP with epoxy resin for each storage location as opposed to

Saenz et al. (2004) focusing more on the combination of fiber and resin types.
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In addition to the destructive and non-destructive tests, in June of 2003, multiple
voids of varying shapes and sizes were located on the southeast bent of the State Street
Bridge using thermographic imaging. Because no thermographic images were taken
directly after the retrofit, it was not possible to determine whether the voids or bond
flaws existed at the time of the repair or if they developed during service. Six months
later in December, 2003 thermographic images were taken and compared with the
images collected in June, 2003 and no significant changes in size or shape were found.
Reay and Pantelides (2003) concluded “More sophisticated methods are required to
determine quantitatively the size and any enlargements of the voids.”

Thermographic imaging at the time of the repair or retrofit would have been an
excellent means to provide quality control of the installation of FRP and it would have
helped to quantify the degradation of the bond during service. Additionally it would be
beneficial to have an object of known size that appears distinctly such as a hot or cold

coin to reference for size.
2.2.5 Summary of Field Evaluations of Durability

A fair amount of effort has been put forth in the quality assurance of materials
and confirmation of design guidelines as is quality control directly following FRP repairs.
These values, when found to be satisfactory, are often discarded or not acknowledged
in the future. Both the Macedonia and the Pacific Northwest studies were guilty of this
practice. By pass/fail interpretation there is a loss in any understanding of the speed or

mechanism in which the degradation develops in FRP composites. These initial or
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baseline values can not only be indicative of the quality of repair, but allow for
comparisons over time.

In addition, both the Macedonia and Pacific Northwest studies are neither
durability studies nor field assessments outside the quality control measures previously
mentioned. These studies are presenting bridges and structures that have excellent
potential as durability studies, but they fa