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ABSTRACT 
 

The Letohatchee bridge is a continuous, reinforced concrete, deck-girder bridge 

maintained by the Alabama Department of Transportation (ALDOT) along AL 97 over I-65 near 

Letohatchee, Alabama. The bridge is deficient in negative-moment capacity and was 

strengthened using near-surface mounted fiber-reinforced polymer (NSM FRP) strips. 

The bridge was load tested before and after implementation of the NSM FRP 

strengthening program. A long-term test was also conducted one year after installation to 

evaluate behavior of the NSM FRP system after a year of exposure to the environment and 

service loads. Installation of the strengthening system is documented in this thesis. 

The NSM FRP system exhibited an apparent 10% reduction in girder reinforcing steel 

stress, while stress in slab reinforcement may have increased due to a more even distribution of 

moment across the bridge cross section. The NSM FRP system did not show any signs bond 

degradation or strength loss one year after installation.
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CHAPTER 1:  INTRODUCTION  

1.1 General Background 

The Alabama Department of Transportation (ALDOT) maintains many bridges with 

strength rating deficiencies for certain truck types. In 2004, ALDOT applied to the Federal 

Highway Administration (FHWA) to develop a strengthening program for a standard bridge type 

(Standard Drawing No. IC 2806) through the Transportation Equity Act for the 21st Century 

(TEA-21) Innovative Bridge Research and Construction Program (IBRC). The strengthening 

program addressed retrofit of the bridge along AL 97 over I-65 near Letohatchee, Alabama 

(Bridge Inventory Number 8847), shown in Figure 1.1 below, utilizing fiber-reinforced polymer 

(FRP) strips. 

 

Figure 1.1 Letohatchee Bridge (Lowndes County, Alabama) 
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Fiber-reinforced polymer strips refer to polymer fibers that are bonded together within an 

epoxy matrix to form precured strips (Hughes Brothers, Inc. 2011). FRP laminates and fabrics 

are often externally bonded (EB) to girders, whereas FRP strips are typically installed using a 

near-surface mounted (NSM) technique. Figure 1.2 shows an example of externally bonded and 

near-surface mounted FRP applications.  

 

Figure 1.2 Typical NSM and EB FRP Applications (Bertolotti 2012) 

NSM FRP provides greater protection from environmental conditions and improved bond 

quality when compared to EB FRP (Bertolotti 2012). External applications often apply to 

positive moment flexural strengthening of bridge girders due to unobstructed accessibility and 

ease of installation from beneath a bridge. EB FRP installations cover the member with FPR, 

resulting in a majority of the concrete no longer being exposed after a retrofit. However, for 

negative-moment flexural strengthening, a NSM FRP technique is often more appropriate. NSM 

FRP allows for embedment of FRP within the member while the concrete remains exposed. This 

is especially beneficial in a bridge deck retrofit for negative moment because it allows the deck 

surface to retain the traction of the concrete. Also, NSM FRP only involves work along the top 
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of the deck of a bridge, therefore road closures are limited to only the lane of the bridge being 

retrofitted. 

While fiber-reinforced polymers have been a promising, innovative material in concrete 

retrofits for many years, there has been very little documented use of NSM FRP in applications 

similar to the standard ALDOT bridge design of interest. The bridge, near Letohatchee, 

Alabama, is a continuous, reinforced concrete, deck-girder bridge that was built with relatively 

low strength concrete and low reinforcement ratios in regions between supports and midspan. 

The bridge, constructed in 1965, is cracked due to years of exposure to service loads and is 

deficient in negative-moment flexural strength in the region where most of the negative-moment 

reinforcement terminates, as indicated in Figure 1.3 below. Therefore, in 2009 this project began 

with an exploratory review of models and codes to determine the optimum NSM FRP retrofit 

design for the Letohatchee bridge (Alexy 2009). Laboratory testing of cracked, NSM FRP 

repaired girders that closely resembled the conditions of the Letohatchee bridge followed 

(Bertolotti 2012). 

 

Figure 1.3 Approximate Locations of Flexural Deficiencies in the Letohatchee Bridge 

(Alexy 2009) 

1.2 Research Objectives and Tasks 

The primary goals of the research describe in this thesis are to determine the feasibility of 

NSM FRP reinforcement for negative-moment strengthening of continuous, reinforced concrete 
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girder bridges and to develop recommendations for the implementation of NSM FRP 

reinforcement for flexural strengthening of this bridge type. The construction method, as 

established by Bertolotti (2012), was implemented and documented during the retrofit. Details of 

the installation and performance improvements resulting from the retrofit are also provided. 

Recommendations are based on the NSM FRP construction method for further flexural 

strengthening of other ALDOT bridges of this standard bridge type. 

Several tasks were required to achieve these objectives: 

1. Pre-retrofit load test of the Letohatchee bridge in its existing condition, 

2. Implementation of the NSM FRP retrofit, 

3. Post-retrofit load test of the NSM FRP strengthened Letohatchee bridge, and 

4. Long-term load test of the NSM FRP strengthened Letohatchee bridge eleven months 

after completion of the retrofit. 

1.3 Organization of Thesis 

An overview of NSM FRP research and reinforced concrete analysis is presented in 

Chapter 2. Previous research from Auburn University is presented, as it determined how the 

Letohatchee bridge retrofit was implemented. Typical concerns associated with NSM FRP as 

well as benefits of NSM FRP are also discussed and classical concrete analysis methods are 

described. 

Chapter 3 documents the background of the Letohatchee bridge. The existing conditions 

and deficiencies of the Letohatchee bridge and other ALDOT standard bridges of this type are 

also covered in this chapter. 

The bridge testing program is presented in Chapter 4. All three load tests are discussed, 

along with instrumentation details and an outline of each load test. 
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Installation of the bridge retrofit is presented in Chapter 5. Each step of the NSM FRP 

application method is documented and detailed. The effects of weather and external factors 

impacting construction are also discussed. 

Results and analysis of data from the bridge testing program are presented in Chapter 6. 

Analytical investigations of the bridge before and after the retrofit are also presented. Bridge test 

results and analytical expectations are compared and the results discussed. 

A summary of the retrofit is discussed in Chapter 7. This chapter also presents 

conclusions based on the research documented in this thesis and recommendations for the 

implementation of this retrofit process for similar ALDOT-maintained bridges. 
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CHAPTER 2:  LITERATURE REVIEW  

2.1 Introduction  

Fiber-reinforced polymers have been used in many industries since the 1940s, and over 

the past two decades it has become a widely used material in structural retrofits (Bakis et al. 

2003). FRP composites have been traditionally applied as externally bonded FRP on tension 

members and wraps on columns. Over the past decade near-surface mounted FRP has also been 

explored to increase efficiency of FRP retrofits. The Auburn University Highway Research 

Center (AU HRC) began investigating NSM FRP in 2009. This research and other published 

documentation of FRP is considered as it relates to the Letohatchee bridge retrofit.  

2.2 Benefits of Fiber-Reinforced Polymers 

Fiber-reinforced polymer composites are a valuable material for structural retrofits, 

especially when compared to traditional construction materials. FRP composites provide many 

advantages and are available in many different fiber types. Different fiber types and application 

methods provide different results, so it is important to implement the proper technique to achieve 

an adequate, durable structural retrofit. 

2.2.1 Advantages Compared to Traditional Retrofit Materials 

Reinforced concrete (RC) bridges, like all structures, reach a point in their lifespan where 

replacement or retrofit is required to withstand current operating conditions. In 2013, the 

American Society of Civil Engineers (ASCE) reported that one in nine bridges in the United 

States are structurally deficient, or require retrofit. Due to the high cost of removing and 



  

 7 

rebuilding deficient structures, performing a less expensive structural retrofit is often the 

preferred choice. 

Structural retrofits have been performed for several decades using traditional building 

materials; however, since the 1980s fiber-reinforced polymer composites have become widely 

used in the construction industry (Bakis et al. 2003). Prior to the introduction of FRP materials, 

structural repair primarily relied on the use of metals, shotcrete, or additional reinforced 

concrete. Steel plates have been one of the most popular retrofit materials for RC structures, and 

they are often attached with epoxy or bolts to areas of flexural deficiency. Reinforced concrete or 

shotcrete is often used in conjunction with steel jacketing of structural members. 

While traditional reinforced concrete retrofit methods can benefit an aged structure, 

utilizing FRP composites can often result in a superior retrofit. Traditional retrofit methods using 

steel plates and concrete provide strength and stiffness to the member, but also can significantly 

increase cross-sectional dimensions and dead loads of the structure (Bakis et al. 2003). However, 

FRP materials are extremely lightweight in comparison to traditional construction materials. FRP 

composites are four to six times less dense than steel, with densities typically ranging from 75ï

130 pcf (1.2ï2.1 g/cm3). This can reduce material transportation costs as well as dead loads on 

the structure (ACI Committee 440 2008). Table 2.1 shows typical densities of steel and FRP 

materials. 

Table 2.1 Typical Steel and FRP Densities, lb/ft3 (g/cm3) (ACI Committee 440 2008) 

 

Another advantageous property of FRP materials is their innate resistance to corrosion. 

Many applications leave retrofit materials exposed to environmental conditions, where corrosion 
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can greatly reduce the longevity and effectiveness of a retrofit. Therefore, FRP retrofits can also 

provide a long-lasting retrofit due to corrosion resistance. 

2.2.2 Types of Fiber-Reinforced Polymers 

There are three types of fibers used in concrete strengthening FRP applications: aramid 

(KevlarÊ), glass, or carbon (graphite). Ultimate tensile strengths of fibers range from about 200 

ksi (1380 MPa) to 900 ksi (6200 MPa), but fibers have very low strain at rupture. Table 2.2 

shows typical tensile properties of fibers used in FRP systems. 

Table 2.2 Typical Tensile Properties of FRP System Fibers (ACI Committee 440 2008) 

 

According to Table 2.2, glass FRP (GFRP) fibers have the least strength, but they exhibit 

the greatest strain at rupture. Carbon FRP (CFRP) fibers provide the highest strengths, but 

exhibit less strain at failure than glass or aramid fibers. Aramid fibers fall between glass and 

carbon fibers in both strength and rupture strain. Table 2.3 shows that typical tensile properties 

of FRP bars align with these observations regarding fiber properties from Table 2.2. 
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Table 2.3 Typical Tensile Properties of FRP Bars (ACI Committee 440 2008) 

 

Fiber-reinforced polymer materials for structural applications are typically precured FRP 

pieces or FRP fabrics. Precured FRP materials are made of unidirectional fibers that are 

impregnated with epoxy, or a similar resin matrix, and are extruded into the desired shape. FRP 

fabrics consist of unidirectional or bidirectional FRP fibers that are woven together into thin, 

flexible sheets (Bakis et al. 2003). 

Types of precured FRP materials include bars, laminates, and strips. Bars are created to 

mimic steel reinforcing bars and conform to the same bar size numbering system as mild steel 

reinforcement. Laminates are thin, wide pieces of FRP, about 0.055 inches (1.4 mm) thick and 

2ï4 inches (50ï100 mm) wide. FRP strips are not as wide as laminates, typically about 0.079ï

0.177 inches (2ï4.5 mm) thick and 0.63 inches (16 mm) wide (Aslan FRP 2015). Figure 2.1 

shows samples of a FRP bar, laminate, and strip. 
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Figure 2.1 FRP Bar, Laminate, and Strip Samples 

Fabrics are a unique type of FRP reinforcement because they allow the contractor to mold 

the reinforcement around members during installation rather than relying on standard 

dimensioned pieces. FRP fabrics are some of the most widely used composite materials for 

retrofits of existing structures. A sample of FRP fabric is shown in Figure 2.2, and FRP fabrics 

used to strengthen reinforced concrete beams and columns are shown in Figure 2.3 
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Figure 2.2 FRP Fabric Sample (Prior to Epoxy Saturation) 

 

Figure 2.3 FRP Fabric Wraps of Beam (Left) and Column (Right) (Sheikh and Homam 

2004) 
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2.2.3 FRP Application Methods 

Externally bonded (EB) and near-surface mounted (NSM) are the two most common 

application methods for fiber-reinforced polymer retrofits. Externally bonded FRP is attached to 

the outside of members; near-surface mounted FRP is embedded in the concrete cover of a 

member. Both techniques utilize epoxy to bond FRP to the existing concrete. 

Externally bonded FRP requires epoxy application prior to placement. First, epoxy is 

applied to the FRP and to the member being strengthened. After thoroughly coating both 

surfaces, FRP is placed in the desired position on the structural member. This method results in 

one FRP surface that is bonded to the structural member, while the other FRP surfaces are 

exposed to the environment. EB FRP is used for flexural strengthening of girders of varying 

materials, and it is the most commonly used technique of FRP retrofits (Bakis et al. 2003). A 

typical application of EB FRP in the War Memorial Bridge retrofit is shown in Figure 2.4. 

 

Figure 2.4 EB FRP Laminate Retrofit of the War Memorial  Bridge (Carmichael and 

Barnes 2005) 
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A newer method of FRP retrofit of structures is known as near-surface mounted FRP. 

NSM FRP refers to FRP strips or bars that are embedded below the surface of a structural 

member. Grooves are typically cut into a reinforced concrete member, and epoxy is placed into 

the groove, along with an FRP strip or bar. This method has not been documented as thoroughly 

as EB FRP, but it has steadily grown in use since the first NSM FRP retrofits in the 1990s 

(Parretti and Nanni 2004). Figure 2.5 shows a typical NSM FRP installation in a reinforced 

concrete bridge retrofit. 

 

Figure 2.5 Typical NSM FRP Installation (Hughes Brothers, Inc. 2011) 

2.2.4 Advantages of NSM FRP 

There are many advantages to using an NSM FRP method to retrofit an existing bridge. 

NSM FRP exhibits improved bond strength, ductility, and environmental protection compared to 
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EB FRP. NSM FRP also allows for a more efficient use of FRP materials than EB FRP 

applications (Blaschko and Zilch 1999). 

In NSM applications, FRP strips are embedded into the concrete. This allows for an 

epoxy bond between the FRP strip and three surfaces of concrete, while also covering the fourth 

surface of the strip with a layer of epoxy. Therefore, the bond strength in NSM applications is 

much stronger than EB installations, where epoxy is only between one side of the FRP and the 

adjacent concrete. Figure 2.6 shows test results of two identical specimens that were reinforced 

with the same amount of FRP. Specimen A1 was reinforced using EB FRP and specimen A2 was 

reinforced using NSM FRP (Blaschko and Zilch 1999). During flexural loading, both specimens 

exhibited very similar stiffness. However, the NSM FRP reinforced specimen (A2) exhibited 

over twice the ultimate strength of the EB FRP reinforced specimen (A1). The NSM FRP 

specimen failed due to tensile failure of the FRP strips, while the EB FRP specimen failed due to 

bond failure between the FRP strips and concrete surface. 
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Figure 2.6 Moment-Deflection Behavior of EB (A1) and NSM (A2) FRP Beams (Blaschko 

and Zilch 1999) 

NSM FRP also has additional protection from environmental effects due to the covering 

of epoxy on the fourth surface of the FRP strip. The epoxy covering provides FRP protection 

from exposure to degradation due to environmental conditions. There is also an increased 

resistance to fire damage because the FRP strip is embedded in the member (El-Hacha and 

Rizkalla 2004). 

Bond strength is very important because in EB FRP applications, bond strength typically 

limits the performance of the FRP retrofit. EB FRP is susceptible to bond failure before the FRP 

is able to reach tensile failure, which reduces the design strength of EB FRP applications. 

However, in NSM FRP applications, tensile strength of the FRP material often controls failure of 

the repair. Therefore, NSM FRP retrofits more efficiently utilize the FRP reinforcement than EB 

FRP retrofits (Jung et al. 2005). 
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2.2.5 Disadvantages of NSM FRP 

NSM FRP is a very useful strengthening method; however, there are disadvantages. 

Bridges that do not have adequate cover are not good candidates for a NSM FRP retrofit. There 

must be sufficient cover to allow for grooves to be cut in the bridge deck without damaging the 

reinforcement. Also, the existing concrete must be in good condition. NSM FRP would not 

perform well if installed in damaged concrete, where conditions such as spalling, corrosion, or 

other poor concrete conditions are present.  

2.3 Tests of NSM FRP Strengthening Applications 

There have been many laboratory tests on NSM FRP strengthened specimens. Some of 

these programs are discussed here, as they provide relevant information for the Letohatchee 

bridge retrofit. However, there are only a few published documents regarding testing of actual 

structures strengthened with NSM FRP. Therefore, all  available information of actual structures 

strengthened with NSM FRP is reviewed for relevance to the Letohatchee bridge project. 

2.3.1 Laboratory Testing of NSM FRP Strengthened Beams 

Two laboratory studies involving NSM FRP strengthening are discussed as they pertain 

to the Letohatchee bridge retrofit. A more thorough exploratory review of laboratory testing of 

FRP was documented by Alexy (2009) and Bertolotti (2012) during prior phases of this research 

study. However, this chapter is focused on NSM FRP and applications that closely resemble the 

FRP strengthening application in the Letohatchee bridge. 

2.3.1.1 Lab tests of NSM FRP strengthened T-Beams (El-Hacha and Rizkalla 2004) 

In 2004, Raafat El-Hacha and Sami H. Rizkalla performed laboratory tests of NSM FRP 

strengthened T-beams. Eight specimens were constructed and tested as simply supported beams 

under a monotonically increasing load at midspan. The beams were constructed with Grade 60 
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reinforcing steel and exhibited a concrete compressive strength of 6500 psi (45 MPa). One beam 

was a control specimen and three beams were strengthened with NSM FRP using CFRP bars and 

strips. The other four specimens were strengthened using GFRP and EB FRP, but this review 

focuses only on the NSM FRP specimens. Embedment length and axial stiffness of the FRP 

strengthened beams were kept consistent in all specimens. Table 2.4 shows the specimens that 

were tested in this study. 

Table 2.4 Laboratory Test Specimens (El-Hacha and Rizkalla 2004) 

 

Table 2.5 shows a summary of test results. The NSM FRP strengthened beams exhibited 

increases in strength of 70ï90% relative to the unstrengthened specimen.  
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Table 2.5 Summary of Test Results from Laboratory Testing (El-Hacha and Rizkalla 2004) 

 

Failure modes of the specimens were caused by epoxy split failure in beam B1 and FRP 

rupture in beams B2 and B3. Epoxy splitting failure is an uncommon failure mechanism in NSM 

FRP because it is caused by insufficient epoxy between the FRP and concrete, preventing 

adequate bond strength development. Epoxy splitting failure can be avoided by appropriately 

dimensioning grooves. Groove size dimensions and all FRP design standards are located in 

American Concrete Institute 440: Building Code Requirements for Structural Concrete 

Reinforced Internally with Fiber Reinforced Polymer (FRP) Bars (ACI 440). ACI 440 

documents FRP reinforcement used in design, construction, and retrofit of reinforced concrete. 

However, this experiment was performed prior to NSM FRP inclusion in ACI 440 in 2008, 

therefore this failure mechanism is no longer a concern if properly designed (El-Hacha and 

Rizkalla 2004). Failure due to rupture of FRP is an undesirable failure mechanism, because it is 

followed by an immediate failure of the reinforcing steel in tension. This failure mechanism is 

also considered in ACI 440, therefore if a retrofit is properly designed according to ACI 440 then 

this mechanism is avoided (El-Hacha and Rizkalla 2004).  
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Load versus deflection results of the NSM FRP strengthened beams and the 

unstrengthened control beam are shown in Figure 2.7. 

 

 

Figure 2.7 Load Deflection Results of Unstrengthened and NSM FRP Strengthened Beams 

(El-Hacha and Rizkalla 2004) 

Retrofitted beams (B1, B2, and B3) exhibited a significantly larger ultimate load 

capacity, while also reducing deflection. However, it is evident that FRP failures due to epoxy 

splitting (B1) or FRP rupture (B2 and B3) result in brittle failure, rather than ductile failure 

exhibited by tensile steel yielding (B0), as in traditional reinforced concrete design. 

Therefore, NSM FRP specimens exhibited increased ultimate strength and reduced 

deflection in these tests. However, in order to achieve better results, proper design methods 

should be utilized during design of the strengthening system (El-Hacha and Rizkalla 2004). 

2.3.1.2 Lab tests of NSM FRP strengthened beams (Jung et al. 2005) 

In 2005, additional laboratory testing was performed to examine behavior of NSM FRP 

strengthening of reinforced concrete beams. Eight beams were constructed and tested as simply 
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supported beams under an increasing four-point loading. The beams were constructed with 

Grade 60 reinforcing steel and exhibited a concrete compressive strength of 4500 psi (31.3 MPa). 

One beam was a control specimen and three beams were strengthened with NSM FRP using 

CFRP rods and strips. The other four specimens were strengthened using EB FRP and 

mechanically interlocking NSM, but this review will focuses on the NSM FRP specimens. Table 

2.6 shows the test specimens that were tested in this study, and Figure 2.8 shows the layout of 

the loading apparatus and NSM FRP layout for the specimens of interest. 
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Table 2.6 Laboratory Test Specimens (Jung et al. 2005) 

 

 

 

Figure 2.8 Load Test and NSM FRP Layouts (Jung et al. 2005) 

Beams that were strengthened with NSM FRP exhibited an increased ultimate load of 

35ï65%, when compared to the unstrengthened specimen. Figure 2.9 shows load-deflection 

results from the NSM FRP strengthened specimens. 
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Figure 2.9 Load-Displacement Plot of NSM FRP Specimens (Jung et al. 2005) 

The NSM FRP strengthened specimens behaved stiffer than the control beam, and 

exhibited an increased ultimate load capacity. FRP bars and strips used in these three specimens 

failed at 85ï100% of the FRP ultimate strain, while externally bonded specimens in this 

expirement failed at 30ï50% of the FRP ultimate strain. This verifies that using a NSM 

technique allows for more effective material strength utilization (Jung et al. 2005).  

2.3.2 Testing of NSM FRP Strengthened Structures 

There is very little published documentation of tests of NSM FRP retrofitted structures. 

Therefore, the following discussion will focus on relevant testing of four structures strengthened 

with NSM FRP.  

2.3.2.1 Reinforced Concrete Interstate Bridge Girders Tested to Failure (Aidoo, Harries, 

and Petrou 2006) 

The reinforced concrete bridge along I-85 northbound over Cherokee Creek near 

Gaffney, South Carolina was replaced in 2001 because it was not wide enough for current traffic 
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volume and did not satisfy safety requirements. The bridge, constructed in 1957, was 

disassembled and the girders were tested at the University of South Carolina to study NSM FRP 

strengthening of existing structures. Figure 2.10 shows a section view of the girders and the 

layout of the NSM FRP strengthening scheme.  

 

Figure 2.10 Cherokee Creek Bridge Girder Cross Section and NSM FRP Layout (Aidoo, 

Harries, and Petrou 2006) 

Eight of the girders recovered from the bridge were tested in this study, but only the 

comparisons between the unstrengthened and NSM FRP tested specimens are of interest to this 

research. 

The girders were constructed with Grade 40 reinforcing steel and cores were taken that 

indicated an average compressive strength of 6500 psi (45 MPa). Girders were split into two 

categories during testingðone group was loaded monotonically to failure, and the other was 

fatigue loaded for 2 million cycles before loading to failure.  Table 2.7 shows results from girder 

testing. Girders are designated with two letters, where the girders of interest contain ñUò for 
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unstrengthened or ñNò for NSM retrofitted, followed by ñSò for monotonically loaded or ñFò for 

fatigue loaded.  

Table 2.7 Summary of Test Results from Cherokee Creek Bridge Girders (Aidoo, Harries, 

and Petrou 2006) 

 

In monotonic testing to failure, the NSM FRP retrofitted girder (NS) displayed the 

greatest displacement ductilityðthe ratio of midspan deflection at ultimate load to midspan 

deflection at yield. Yield of the NSM FRP strengthened girder occurred at a 6% larger load than 

the unstrengthened specimen (US). In fatigue loading, the strengthened girder (NF) also 

displayed increased strength of about 13% larger than the control specimen (UF). Failure in both 

NSM FRP strengthened specimens (NS and NF) was caused by a splitting failure in the 

horizontal plane between the NSM FRP and bottom layer of reinforcing steel. The weak plane 

was most likely due to the relatively thin width of the girder and the number of grooves cut in 

this section. Therefore, failure of the NSM FRP strengthened girders did not occur due to failure 

of the FRP. Therefore, the retrofitted girders exhibited increased strength, with no bond 

degradation at failure (Aidoo, Harries, and Petrou 2006). 
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2.3.2.2 Negative-Moment Strengthening of Two-Way Slabs (Tumialan, Vatovec, and 

Kelley 2007) 

A two-way slab in a parking garage in Massachusetts was retrofitted with NSM FRP to 

provide negative-moment strengthening at columns. The garage was built in 1983, and was 

designed with 8 in. (0.2 m) thick two-way, reinforced concrete slabs with 10 ft x 10 ft x 4.25 in. 

(3.05 m x 3.05 m x 0.1 m) thick drop panels at interior columns. The parking garage layout is 

shown in Figure 2.11. 

 

Figure 2.11 Parking Garage Layout and Test Locations (Tumialan, Vatovec, and Kelley 

2007) 
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Deficiencies in the structure were caused by poor construction and resulted in large 

deflections at midspan of the two-way slab system. Ground-penetrating radar (GPR) indicated 

that concrete cover for negative-moment reinforcing steel varied from 1.5 in. (38 mm) to 4 in. 

(102 mm) throughout the garage. However, the original drawings called for 1.5 in. (38 mm) 

cover throughout. Structural analysis of the structure determined that excessive deflections at 

midspan locations were due to premature removal of formwork during construction. However, 

analysis verified that the midspan strength of the two-way slab system was adequate for current 

codes (at the time of the retrofit). Therefore, NSM FRP was used on top of the slab near column 

locations to increase the negative-moment capacity of the structure.  The retrofit called for ten #3 

CFRP bars that were embedded along the drop panel portion of the reinforced concrete slab. FRP 

bars were 14 ft (4.27 m) long, and spaced at 12 in. (30.48 cm) on each side of columns. The 

NSM FRP layout is shown in Figure 2.12. 
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Figure 2.12 Two-Way NSM FRP Layout for Parking Garage Strengthening (Tumialan, 

Vatovec, and Kelley 2007) 

The parking garage slab was tested before and after the retrofit to determine the initial 

and retrofitted strengths of the structure, respectively. Pre-retrofit tests limited loading to the 

maximum required load to allow for an FRP retrofit according to ACI 440 (1.2DL+0.85LL). For 

post-retrofit testing, loads were increased according to the American Concrete Institute 318: 

Building Code Requirements for Reinforced Concrete (ACI 318) and American Concrete 

Institute 437: Code Requirements for Load Testing of Existing Concrete Structures (ACI 437). 

These documents state that if the structure behaves linearly when loaded at 85% of the factored 
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design load (1.4DL+1.7LL) then it is considered adequate to support the full design load of the 

structure.  

Cyclic load testing was performed by placing four point loads, two on each side of the 

column, to maximize negative-moment demand on the slab. On the bottom floor of the parking 

deck, hydraulic jacks reacted against mini-piles in the soil below the slab on grade. The loads 

were transferred through steel rods into a steel reaction beam on top of the tested slab. The 

loading apparatus below and above the tested slab is shown in Figure 2.13 and Figure 2.14, 

respectively.  

 

Figure 2.13 Reaction Beams on Mini -Piles to Load Decks Above (Tumialan, Vatovec, and 

Kelley 2007). 
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Figure 2.14 Hydraulic Jacks and Steel Beams Reacting against Beams Below the Loaded 

Deck (Tumialan, Vatovec, and Kelley 2007). 

Results from the load tests for both the East-West and North-South directions in the most 

rigorously tested panel zone are shown in Figure 2.15 and Figure 2.16, respectively.  

 

Figure 2.15 Load-Deflection Results in East-West Direction (Tumialan, Vatovec, and 

Kelley 2007) 
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Figure 2.16 Load-Deflection Results in North-South Direction (Tumialan, Vatovec, and 

Kelley 2007) 

Figure 2.15 and Figure 2.16 show that the retrofitted design provided increased strength 

and stiffness when compared to the pre-retrofit load test. These results also show that the retrofit 

behaved linearly during loading. Therefore, this study concluded that implementing the NSM 

FRP retrofit in this structure provided adequate reinforcement to strengthen the structure to carry 

loads according to current codes (Tumialan, Vatovec, and Kelley 2007). 

2.3.2.3 Railway Bridge Strengthening (Bergström, Täljsten, and Carolin 2009) 

The Örnsköldsvik Bridge, built in 1955, was a two-span railway bridge in Örnsköldsvik, 

Sweden that was strengthened with NSM FRP and then loaded to failure in 2006. The project 

included testing before and after strengthening in order to study the behavior of the NSM FRP 

retrofit. Samples of concrete and steel from the bridge were tested, and it was determined that the 

structure was composed of reinforced concrete with a compressive strength of 68.5 MPa (9940 

psi) and reinforcing steel with a tensile yield strength of 404 MPa (58.6 ksi). The Örnsköldsvik 
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bridge and a section view of the NSM FRP strengthening scheme is shown in Figure 2.17 and 

Figure 2.18, respectively. 

 

Figure 2.17 Örnsköldsvik Bridge (Bergström, Täljsten, and Carolin 2009) 

 

Figure 2.18 Section View of NSM FRP Layout (Bergström, Täljsten, and Carolin 2009)  

The bridge was tested by applying a load at midspan, and strains in the concrete, steel, 

and FRP were recorded during load testing of the bridge. Figure 2.19 shows that tensile steel 

strains measured at midspan resulted in a strain reduction of about 20% in the post-retrofit test 

(T2) compared to pre-retrofit test (T1). 
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Figure 2.19 Load versus Strain in the Concrete for Pre-Retrofit (T1) and Post-Retrofit (T2) 

Load Tests of the Örnsköldsvik Bridge (Bergström, Täljsten, and Carolin 2009) 

It was also observed that there was no failure in the FRP or in the epoxy bond between 

the concrete and FRP.  The discrepancy in Figure 2.19 at low loads was attributed to 

development of shear deformation in the adhesive when the FRP strips begin to take some of the 

load. Figure 2.20 shows strains during the post-retrofit loading to failure. 

 

Figure 2.20 Strains During Post-Retrofit Failure Load Test of the Örnsköldsvik Bridge 

(Bergström, Täljsten, and Carolin 2009) 
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Concrete strains in Figure 2.20 begin to decline around 10 MN (2250 kips), indicating 

that the concrete is crushing and unable to carry additional load beyond that point. However, 

strains in the FRP and steel show no evidence of load-carrying capacity being reached.  

The bridge was originally designed for a bending capacity of 4.6 MN (1035 kips), so the 

pre-repair load test stopped at a loading of 3.0 MN (675 kips). The capacity of the strengthened 

structure was found to be 11.7 MN (2630 kips), which exceeded analytical expectations of the 

retrofitted bridge capacity of 11.2 MN (2500 kips). Therefore, the NSM FRP retrofit application 

in the Örnsköldsvik Bridge doubled the load capacity of the structure, and did not exhibit any 

signs of FRP failure (Bergström, Täljsten, and Carolin 2009). 

2.3.2.4 Strengthening of the Martin Spring Outer Road Bridge (Casadei et al. 2003) 

The Martin Spring Outer Road Bridge is a three-span, reinforced concrete, slab bridge 

that was constructed along Route 66 in Phelps County, MO, in 1926. The bridge consists of 

concrete with an average compressive strength of 4100 psi (28 MPa) and reinforcing steel with a 

yield strength of 32 ksi (220 MPa). The bridge lacked transverse reinforcement, so there was an 

approximately 1.0-inch (2.5 cm) wide transverse crack along each slab at midspan. After 

repairing the crack, the bridge was strengthened using both EB and NSM FRP techniques. EB 

FRP was applied in Spans 1 and 3, while a combination of both EB and NSM FRP was used to 

strengthen Span 2. Figure 2.21 shows the Martin Spring Outer Road Bridge. 
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Figure 2.21 Martin Spring Outer Road Bridge in Phelps County, MO (Casadei et al. 2003) 

This retrofit was performed by installing NSM FRP strips in the soffit of the bridge deck. 

Two strips of EB FRP laminates were also applied on the outer edges of the bridge soffit. Figure 

2.22 shows the layout of FRP in Span 2. 

 

Figure 2.22 NSM FRP Strengthening Scheme on Span 2 of the Martin Spr ing Outer Road 

Bridge (Casadei et al. 2003) 
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Static load tests were performed on the bridge, before and after strengthening. Figure 

2.23 shows the change in midspan deflection before and after strengthening. 

 

Figure 2.23 Center Line Deflection of the Martin Spring Outer Road Bri dge (Casadei et al. 

2003) 

According to Figure 2.23, the strengthening system reduced midspan deflections by about 

13%. This study also included finite-element modeling of the bridge, which very closely 

resembled the results of the load test. Therefore, this application concluded that NSM FRP is a 

feasible solution for strengthening reinforced concrete bridges and also that load testing of a 

retrofitted bridge, before and after strengthening, is a useful method for verifying increased 

strength (Casadei et al. 2003). 

2.3.3 Summary of NSM FRP Research 

After reviewing these published studies, it is evident that NSM FRP is a feasible, 

innovative solution to strengthen reinforced concrete structures. Documented specimens 

exhibited increased ultimate load carrying capacity in all cases. It is important to follow ACI 440 

or other design methods to prevent premature bond failures (El-Hacha and Rizkalla 2004). When 
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following proper design methods, field testing of strengthened structures did not display any 

signs of epoxy bond or NSM FRP failure (Tumialan, Vatovec, and Kelley 2007; Bergström, 

Täljsten, and Carolin 2009; Casadei et al. 2003). 

2.4 Previous NSM FRP Research of the Letohatchee Bridge 

The Letohatchee bridge NSM FRP retrofit project began with an study of design methods 

and previously published FRP testing by Alexy (2009). After the design was determined by 

Alexy (2009), a laboratory testing program was conducted by Bertolotti (2012). Results from 

both of these phases of the Letohatchee bridge project led to the field application of NSM FRP. 

2.4.1 Letohatchee Bridge NSM FRP Retrofit Design (Alexy 2009) 

Alexy (2009) studied NSM FRP retrofit design methods for the Letohatchee bridge. 

Several design methods were used to compare design and experimental capacities of 

strengthened members that were previously tested. The design methods varied between two 

debonding failure mecahnisms: plate-end (PE) debonding and intermediate crack (IC) 

debonding. Plate-end debonding refers to failure caused by development of shear stresses at the 

edges of FRP that causes either the FRP strip or epoxy layer to peel off of the concrete member. 

Intermediate crack debonding refers to failure due to separation of the FRP from the concrete 

due to stresses formed at a flexural crack in the concrete. IC-debonding spreads from the crack to 

the edges of the FRP reinforcement (Vasquez Rayo 2008). Figure 2.24 and Figure 2.25 show 

illustrations of plate-end and intermediate crack debonding failures. 
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Figure 2.24 Illustration of Plate-End Debonding Failure (Vasquez Rayo 2008) 

 

Figure 2.25 Illustration of Intermediate Crack Debonding Failure (Vasquez Rayo 2008) 

Alexy (2009) determined that the three methods that provided the most accurate results 

were ACI 440 (2008), Standards Australia (2008), and Seracino et al. (2007). In all three of these 

methods, the design predicted intermediate crack debonding failure that closely corresponded 

with the previously tested specimens. Therefore, because these were the most accurate methods, 

Alexy (2009) used all three to determine the proposed strengthening design for the Letohatchee 

bridge.  

Analysis of the existing structure and its deficiencies was required to propose an 

approriate NSM FRP retrofit of the Letohatchee bridge. Flexural demands on the bridge were 

evaluated using the Bridge Rating and Analysis of Structural Systems (BRASSÊ) program. 

Then the capacity of the bridge was calculated and deficient regions were located. Figure 2.26 
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shows an elevation view of the Lethotachee bridge with areas of deficiency indicated. Further 

detail on the Letohatchee bridge deficiencies are documented in Chapter 3. 

 

Figure 2.26 Approximate Locations of Deficiencies in the Letohatchee Bridge (Alexy 2009) 

Layouts of the NSM FRP retrofit for the Letohatchee bridge were determined based on 

ACI 440, Standards Australia, and Seracino et al. (2007). However, Alexy (2009) found that 

there were two significant concerns with his comparisons between previously published 

experimental results and NSM FRP design methods. Reinforcement ratios and concrete 

compressive strengths for the Letohatchee bridge were less than most of the previous 

experimental specimens, and none of the previously tested specimens were cracked prior to NSM 

FRP strengthening. Therefore, Alexy (2009) proposed a laboratory testing program with four 

objectives: 

¶ Develop a relationship between the proposed test specimens and the Letohatchee 

bridge to more effectively and more efficiently propose an NSM FRP-

strengthening scheme for the bridge. 

¶ Study intermediate cracking debonding to quantify if and when IC-debonding 

failure will occur. 

¶ Study the effects of the concrete compressive strength, amount of steel 

reinforcement, amount of FRP reinforcement, and cross-sectional shape on the 

strengthened moment capacity. 
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¶ Evaluate the effectiveness of the FRP in a realistic strengthening application by 

cracking the unstrengthened specimens before applying the FRP (Alexy 2009). 

2.4.2 NSM FRP Laboratory Testing Program (Bertolotti 2012) 

Bertolotti (2012) conducted a portion the laboratory testing program outlined by Alexy 

(2009). The testing program involved eight specimens fabricated with Grade 40 reinforcement 

and 3000 psi (20 MPa) concrete. The specimens were split into two groups based on steel 

reinforcment ratio (ɟs). In each group there was a control beam and the three remaining beams 

were strengthened with varying FRP reinforcement ratios (ɟf). Figure 2.27 shows the 

reinforcment ratios that were used in the laboratory testing program. 

 

Figure 2.27 Laboratory Testing Program Specimens (Adapted From Bertolotti 2012) 

The laboratory testing program specimens were cracked under service level loads prior to 

strengthening with NSM FRP strips. The beam that most closely resembled the proposed 

Letohatchee bridge strengthening scheme was the specimen with a steel reinforcement ratio of 

0.21% and a FRP reinforcement ratio of 0.03%. The variety of steel and FRP reinforcement 
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ratios allowed Bertolotti (2012) to study the effects of NSM FRP retrofits on beams with 

different properties and the effect of different FRP reinfocement ratios on a retrofit. 

Bertolotti (2012) found that the increase in flexural strength and bond strength both 

outperformed the design predictions according to ACI 440 and Standards Australia (SA). The 

strengthened beams performed according to standard reinforced concrete flexural analysis 

expectations if a perfect bond condition was achieved. In consideration of the perfect bond 

condition, it is assumed that there is no bond failure. The increase in flexural strength and strain 

at failure for the beams with a steel reinforcement ratio of 0.21% is shown in Figure 2.28 and 

Figure 2.29, respectively.  

 

Figure 2.28 Increase in Flexural Strength at FRP Reinforcement Ratios for ɟs=0.21% 

(Bertolotti 2012) 
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Figure 2.29 FRP Strain at Failure at FRP Reinfocement Ratios for ɟs=0.21% (Bertolotti 

2012) 

The results indicated that there was no bond degradation during the laboratory testing 

program, as all FRP reinforcement performed close to expectations of the perfect bond condition. 

Therefore, there was no evidence of IC-debonding failure mechanisms. Failure occurred due to 

crushing of the concrete in the test specimens with 0.03% and 0.08% FRP reinforcement ratios. 

However, there was a discrepancy in the data at the FRP reinfocement ratio of 0.16%. This was 

due to a shear failure in the beam before a flexural failure could be achieved. Figure 2.30 shows 

this beam and the shear failure that occurred during laboratory testing. 
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Figure 2.30 Shear Failure of Beam with 0.21% Steel and 0.16% FRP Reinforcement Ratios 

(Bertolotti 2012) 

Bertolottiôs results indicate that NSM FRP retrofit is a very effective technique to 

increase flexural capacity of cracked beams. There was no evidence of bond degradation and 

NSM FRP strengthening outperformed design expectations. Therefore, Bertolottiôs laboratory 

testing provided promising results for NSM FRP strengthening of cracked reinforced concrete 

beams and verified Alexyôs proposed NSM FRP retrofit for the Letohatchee bridge (Bertolotti 

2012). 

2.5 NSM FRP Retrofit Analysis Technique 

The Letohatchee bridge is an active bridge over I-65 in Lowndes County, Alabama. 

Therefore, it was desired to record data using nondestructive techniques without interfering with 

traffic below and over the bridge. This was achieved by implementing analysis techniques based 

on fundamental principles of reinforced concrete design. 



  

 43 

2.5.1 Linear-Elastic Flexural Response of Cracked Reinforced Concrete 

Reinforced concrete structures are expected to crack when exposed to service loads 

during normal use, and are designed based on this expectation. Flexural cracking occurs when 

tensile stresses in the member exceed the tensile capacity of the concrete. Therefore, a crack will 

develop at any point where the concrete tensile capacity is exceeded. Tensile stresses develop in 

the steel reinforcement to resist the tension no longer resisted by the concrete. Cracking will 

continue until a stable crack pattern has developed. This occurs when reinforcing steel reaches 

critical stress, typically around 20ï30 ksi (140ï205 MPa) (Broms 1965; Clark 1956; Frosch 

1999). When critical stress is reached, reinforcing steel stress is below its yield stress. Until 

reaching the yield stress, steel reinforcement behaves elastically, or deforms with imposed 

stresses and returns to its original condition when the stress is removed. Therefore, steel 

reinforcement is within its elastic range of behavior when cracking occurs. 

While there are no concrete stresses under service loads at cracks on the tension face, 

concrete develops compressive stresses on the opposite side of the neutral axis. Concrete 

compressive stresses under service loads exhibit linear behavior, from zero at the neutral axis to 

the maximum concrete compressive stress at the extreme compressive fiber. This phenomenon of 

reinforced concrete is known as linear-elastic behavior and is shown in Figure 2.31. 
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Figure 2.31 Post-Cracking Linear -Elastic Stress Profile (Wight and MacGregor 2012) 

Linear-elastic behavior is valid for analysis of reinforced concrete members under service 

level loadings. Therefore, the Letohatchee bridge is analyzed according to principles of linear-

elastic analysis. Linear-elastic analysis is based on the two assumptions of elastic bendingð

strains are linearly distributed through the member depth and stresses can be determined from 

strains according to Hookeôs law (Wight and MacGregor 2012), or  

 Ɑ ╔Ⱡ Equation 2.1 

where ů  is stress; E is the modulus of elasticity; and Ů is strain (Hibbeler 2011). 

Therefore, elastic bending stress can be calculated according to Equation 2.2,  

 Ɑ
╜◐

╘╬►
 Equation 2.2 

where M is the bending moment; y is the perpendicular distance from the neutral axis to 

the point where calculating stress; and Icr is the cracked-section moment of inertia of the cross 

section about the neutral axis. 
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Therefore, tensile stresses in reinforced concrete cause cracking in the concrete. Typical 

flexural cracking of a reinforced concrete member is shown in Figure 2.32. 

 

Figure 2.32 Cracking Due to Bending Stresses (Wight and MacGregor 2012) 

At cracks, stress and strain in the concrete is zero, and reinforcing steel reaches its 

highest stress and strain. However, at midpoints between cracks, concrete reaches its maximum 

tensile stress and strain, because the bond results in shared tension between concrete and steel. 

Therefore, crack widths are described as the difference in steel and concrete elongation over a 

discrete length, expressed by Wight and MacGregor (2012) as,  

 ◌ ᷿ Ⱡ▼ Ⱡ╬▀●
║

═
 Equation 2.3 

where w is crack width; A and B  are the start and end point of the beam length under 

consideration, respectively; and Ůs and Ůc are the strain in the concrete and steel, respectively. A 

crack opening displacement measured at a crack could be considered as representative of a 

change in strain in the steel. Further investigation into crack width theory verifies this 

assumption. 

2.5.2 Crack Width and Crack Spacing Theory 

Historically, there has been conflicting information regarding variables affecting crack 

widths. This is because many studies involve specimens of different characteristics and 

conditions (Gergely and Lutz 1968). However, in 1965, Bengt Broms began a study to obtain a 

fundamental method of calculating crack width and crack spacing. Gergely and Lutz (1968) 
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conducted further investigation of reinforced concrete cracking with statistical analysis, which 

built upon Bromsôs research and led to ACI 318 Building Code crack control requirements. 

Broms (1965) tested reinforced concrete members in tension and flexure to study 

cracking patterns. He first states that cracking occurs when tensile stresses in concrete exceed the 

tensile capacity of the concrete. Broms also asserts that stress distribution of a cracked flexural 

member can be approximated according to linear-elastic theory. Cracking can be modeled by 

circular, high tensile stress areas, surrounded by areas of low compressive or tensile stresses, as 

show in Figure 2.33. 

 

Figure 2.33 Tensile Circles Demonstrating Mechanics of Tension Cracking in Flexural 

Members (Broms 1965) 

Further cracking will occur where the largest tensile stresses are located, or at midpoints 

between existing cracks. This phenomenon is further illustrated in Figure 2.34. 
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Figure 2.34 Tensile Circles Demonstrating Mechanics of Tension Cracking in Flexural 

Members (Broms 1965) 

Broms also observed that crack width was larger at the level of the extreme tension fiber 

than at the level of the tension reinforcement. Crack widths of specimens observed in this test are 

shown in Figure 2.35. 
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Figure 2.35 Primary Crack Width as Cracks Approach the Exterior Face (Broms 1965) 

Therefore, Broms concluded that crack widths are based on distance from the tensile 

reinforcement. Based on these findings, Broms proposed a correction factor, R, for strain 

measurements taken at the tension face of the member. This resulted in Bromsôs equation for 

maximum crack width at the tensile face of a member as,  

 ◌╫ ◄╫╡Ⱡ▼ Equation 2.4 
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where wb is maximum tensile crack width at the tension face; tb is the distance from the 

tensile face to the nearest reinforcing bar; and R is the correction factor for measurements taken 

at the tensile face of the member, calculated according to,  

 ╡
▐

▐
 Equation 2.5 

where h1 and h2 are the distances from the neutral axis to the centroid of the tensile 

reinforcement and the extreme tension fiber, respectively. Therefore, if the strain measurement 

was recorded at the level of the reinforcing steel, the correction factor, R, would be 1.0 and 

Equation 2.4 would simplify to,  

 ◌ ◄╫Ⱡ▼ Equation 2.6 

where w is the maximum tensile crack width at the centroid of the tensile reinforcement. 

The variables used in Bromsôs calculation of maximum crack widths are shown in Figure 2.36. 

 

Figure 2.36 Bromsôs Strain Equation Dimensional Notation (Gergely and Lutz 1968) 
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After Bromsôs results were published, Gergely and Lutz (1968) conducted a statistical 

evaluation of six different crack width investigations to better understand reinforced concrete 

cracking. Through evaluation of 106 specimens and 632 cracks, they determined the most 

probable variables effecting crack widths and developed equations to describe the results. Steel 

stress was determined to be the most important variable, as established by Broms (1965). They 

also stated that other factors affecting cracking were the number of bars, cover, and effective 

area of concreteðor the area of concrete adjacent to reinforcement with the same centroid.  

Gergely and Lutz also observed that crack widths increase along the strain gradient, and 

is largest at the level of the extreme tension fiber. Therefore, they adopted Bromsôs strain 

correction factor, R, into their proposed crack width equations to convert strain measurements at 

the tension face to the level of the tension reinforcement.  

The research presented by Broms and Gergely and Lutz established the basis for 

determining and studying crack widths of reinforced concrete. Based on their observations, 

changes in crack opening displacements on the tension face of a member can be used to monitor 

changes in the tension reinforcement. 
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CHAPTER 3:  LETOHATCHEE BRIDGE BACKGROUND  

3.1 Bridge Description 

The Letohatchee bridge on AL 97 over I-65 near Letohatchee, Alabama, was built in 

1965 in Lowndes County. This bridge is a continuous, reinforced concrete, deck-girder bridge 

that was built according to Standard Drawing No. IC 2806 and is ALDOT BIN 8847. The 

location and Letohatchee bridge are shown in Figure 3.1 and Figure 3.2, respectively. 

 

Figure 3.1 Location of Letohatchee Bridge (Google Maps 2015) 

Montgomery 

Letohatchee bridge 

Letohatchee 
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Figure 3.2 Letohatchee Bridge (Lowndes County, Alabama) 

The Letohatchee bridge is 270 ft (82.3 m) long and consists of four spans constructed at a 

12-degree skew angle. The exterior spans are 60 ft (18.3 m) and interior spans are 75 ft (22.9 m) 

in length. The bridge consists of four continuous, reinforced concrete girders with parabolic 

haunches at interior supports. The bridge deck is 6 ¼ in. (159 mm) thick with a roadway width of 

28.0 ft (8.5 m). Girders are spaced at 8.0 ft (2.4 m) laterally, and the curb is located 2.0 ft (0.6 m) 

from the centerline of the exterior girder on each side of the bridge. A simplified plan and cross-

sectional view of the bridge is shown in Figure 3.3 and Figure 3.4, respectively.  
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Figure 3.3 Simplified Plan View Showing Half of the Letohatchee Bridge (Alexy 2009) 

 

Figure 3.4 Cross Section at an Interior Support (Alexy 2009) 

3.2 Bridge Deficiencies 

In 2009, Alexy documented analysis of the Letohatchee bridge by ALDOT Bridge Rating 

and Load Testing engineers using the Bridge Rating and Analysis of Structural Systems 

(BRASSÊ) program (Wyoming Department of Transportation 2009). This analysis was 

completed in accordance with the AASHTO Standard Specifications for Highway Bridges (1996). 

Strength capacity of the Letohatchee bridge was determined by analysis of the bridge as 
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documented in the original plans, with an estimate of 3000 psi (20 MPa) concrete and 40,000 psi 

(280 MPa) reinforcing steel due to the age of the structure (Alexy 2009).  

Alexy discovered that this bridge type has greater demand than the available factored 

resistance at some areas along the bridge. Moment envelopes for demand due to posting trucks 

are shown in Figure 3.5, along with resistance envelopes. Posting trucks are trucks that appear on 

ALDOT load-posting signs throughout Alabama, as shown in Figure 3.6. 

 

Figure 3.5 Factored Demand versus Factored Resistance for Posting Trucks (Alexy 2009) 
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Figure 3.6 Typical ALDOT Load -Posting Sign (Alexy 2009) 

Positive- and negative-moment deficiencies were identified through this analysis at 

around 20 ft (6.1 m) from each bent, as evident in Figure 3.5. Alexy indicated that the positive 

moment deficiency was neglected for this project because it is less than 6% and occurs over such 

a small region (2009). However, negative-moment deficiencies were significant, especially in the 

exterior spans where the greatest deficiencies occur. Alexy determined a required increase of 

about 55% in these areas, or a need for an increase in flexural capacity from 226.0 kip-ft (306.4 

kN-m) to 350.0 kip-ft (474.5 kN-m). Each zone of negative-moment deficiency occurred over a 

7 ft (2.1 m) length, beginning 21 ft (6.4 m) from all interior supports, as shown in Figure 3.7. 

 

Figure 3.7 Approximate Locations of Flexural Deficiencies in the Letohatchee Bridge 

(Alexy 2009) 

Examination of areas of negative-moment deficiency reveals an inadequate amount of 

negative-moment reinforcement in the areas between interior supports and midspan. Figure 3.8 



  

 56 

shows a typical girder with distances from the centerline of the interior support indicating 

termination points of negative-moment reinforcement and the deficient region of the girders. 

 

Figure 3.8 Bar Termination Points and Deficient Region Location from Interior Supports 

(Alexy 2009) 

Figure 3.8 indicates that the deficiency in the Letohatchee bridge is due to premature 

termination of negative-moment reinforcement in areas about 21 ft (6.4 m) from interior 

supports. Therefore, this project was designed to address the lack of negative-moment 

reinforcement in this area of transition between positive- and negative-moment regions. 

A NSM FRP strengthening technique, as proposed by Alexy (2009) and Bertolotti (2012) 

was implemented to alleviate the deficiencies in the Letohatchee bridge. The strengthening 

method is detailed in Chapter 4, followed by a discussion of the bridge testing program in 

Chapter 5. 
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CHAPTER 4:  BRIDGE RETROFIT CONSTRUCTION  

4.1 Bridge Retrofit Overview 

Retrofit of the Letohatchee bridge began on Monday, December 8, 2014, and was 

completed on Wednesday, January 21, 2015. Construction required 19 working days, although 

the project stretched 44 days including weekends, holidays, and weather delays. Construction 

began by first marking the layout of all FRP strip locations on the bridge deck. After the 

complete layout was established and checked by the ALDOT inspector on site, construction 

began in the northbound lane. The construction documents required that one lane be open at all 

times and that the first lane must be completed before beginning the second lane. Therefore, the 

northbound lane was completely finished before beginning the southbound lane. 

4.2 Construction Documents 

The Letohatchee bridge retrofit required creation of the special provision specification 

and project notes specific to the NSM FRP bridge retrofit. The specification was developed 

through review of the California Department of Transportation (CALTRANS) NSM FRP 

specification and previous Auburn University FRP  bridge-strengthening research findings 

(CALTRANS 2012; Bullock, Barnes, and Schindler 2011; Carmichael and Barnes 2005). 

Bertolottiôs (2012) research was used to develop the project notes. The resulting special 

provision and project notes that were developed for the Letohatchee bridge NSM FRP retrofit are  

located in Appendices B and C, respectively. 
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4.3 Retrofit Materials  

The Letohatchee bridge retrofit required the contractor to use a specific type of FRP and 

epoxy for the project. FRP strips and epoxy were selected according to recommendations from 

Alexy (2009), and they were detailed in the construction documents for the retrofit. 

4.3.1 FRP Reinforcement 

FRP strips were Aslan 500 series #2 (6mm) CFRP Tape, produced by Hughes Brothers, 

Inc. (Hughes Brothers, Inc. 2011). Material cost (from the supplier) for the Aslan CFRP tape was 

about $3 per linear foot, or about $14,000 for the complete Letohatchee bridge retrofit. The 

project specifications from ALDOT required tensile strength no less than 300 ksi (2068 MPa) 

and modulus of elasticity no less than 18,000,000 psi (124 GPa) (Alabama Department of 

Transportation 2014). Tensile testing of the CFRP batch used for the retrofit exhibited an 

average tensile strength of 466 psi (3220 MPa) and an average modulus of elasticity of 

24,300,000 psi (168 GPa) (Aslan FRP 2014). The full test report from Hughes Brothers is 

included in Appendix A. Rolls of FRP on site during the retrofit are shown in Figure 4.1.  
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Figure 4.1 Rolls of FRP Strips Before Installation 
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4.3.2 Epoxy 

Epoxy for the Letohatchee bridge retrofit was Hilti HIT -RE 500 produced by Hilti, Inc. 

(Hilti Inc. 2014). Material cost for the Hilti epoxy was about $6 per linear foot, based on groove 

void dimensions, or about $31,000 for the complete Letohatchee bridge retrofit. The project 

specifications required this type of epoxy due to its known compatibility with the Aslan FRP 

(Hughes Brothers, Inc. 2011) and its successful use in the laboratory test phase (Bertolotti 2012) 

of the research study. Hilti HIT -RE 500 epoxy and the Hilti electric epoxy dispenser are shown 

in Figure 4.2 and Figure 4.3, respectively. 

 

Figure 4.2 Hilti HIT -RE 500 Epoxy 
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Figure 4.3 Hilti Electric Epoxy Dispenser 

4.4 FRP Strip Layout 

Marking of FRP strip locations occurred on Monday, December 8, 2014. The length of 

the bridge deck was first measured to locate the midpoint of the deck. The midpoint of the bridge 

deck was determined to be located directly over the center bent due to symmetry of the bridge. 

After locating the center bent, locations of the two other bents were marked along the bridge 

deck. The curb along the bridge deck and the marked locations of all the three bents were used as 

references to mark FRP strip locations. Figure 4.4 shows marking of strip locations along the 

bridge deck during the retrofit. 
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Figure 4.4 Layout of FPR Strip Locations 

Special attention to the construction documents was required to properly determine FRP 

strip locations on the bridge deck. Plans indicated FRP strip lengths along the 12 degree skew of 

the bridge and transverse FRP strip locations at a 0 degree skew, or square to the curb of the 

bridge, as shown in Figure 4.5 and Figure 4.6, respectively. Transverse location of the FRP strips 

were marked according to the geometry presented in the plans, as shown in Figure 4.7. 



  

 63 

 

Figure 4.5 Plan View of FRP Layout (Alabama Department of Transportation 2014) 
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Figure 4.6 Cross Section View of FRP Strip Layout (Alabama Department of 

Transportation 2014) 

 

Figure 4.7 FRP Strip Locations and Endpoints 

SYM 
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After marking all the strip locations, the contractor elected to mark the ends of each strip 

with a mag nail, as shown in Figure 4.8. This ensured that traffic and weather conditions would 

not cause loss of the FRP strip location endpoints once they were laid out. 

 

Figure 4.8 Mag Nails Marking FRP Strip Locations 

Potential conflicts with strip locations were also addressed during the layout stage of the 

retrofit. Construction documents indicated that specific strips could be shifted up to 6 in. 

(15.3 cm) laterally from their designated position to avoid potential conflicts. Movable strips are 

located at the largest lateral distances from the face of the girders. Movable strips were limited to 

these specific strips to ensure that strips were not moved to the face of the girder, where 

inadvertent saw damage to the deck flexural reinforcement would have a significant detrimental 

effect on load carrying capacity of the deck slab. Movable strips are indicated as strip type ñBò in 

the cross section shown in Figure 4.6. 

For the Letohatchee bridge, there was a layout conflict with voids from cores that were 

previously cut in the southbound lane. Cores were cut during an exploratory investigation of the 
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bridge conducted by ALDOT and the AU HRC on Thursday, May 9, 2013, as shown in Figure 

4.9.  

 

Figure 4.9 Coring of the Letohatchee Bridge 

Cores were used to check crack widths in the deck and calibrate ground penetrating radar 

(GPR) equipment. Crack widths were less than 0.01 in. prior to installation of the retrofit, and 

GPR was used to measure deck reinforcing steel cover and locate potential bar conflicts with 

FRP strips prior to installation of the retrofit. Figure 4.10 shows GPR data from the Letohatchee 

bridge with an overly of FRP strip locations. Areas of low concrete cover were identified from 

GPR data. This information was used to adjust the transverse position of several of the FRP 

strips during the final design phase. No conflicts with deck reinforcing steel were encountered 

during the groove cutting portion of the FRP installation. 
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Figure 4.10 Ground Penetrating Radar of the Letohatchee Bridge 

Core locations in the southbound lane were crossed by the outermost strip of the interior 

girder in both exterior spans of the bridge. Locations of core conflicts are shown in plan and 

cross sectional views in Figure 4.11 and Figure 4.12, respectively. A picture of the conflict 

during layout on the bridge is shown in Figure 4.13.  

 

Figure 4.11 Plan View of Core Conflict Locations 
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Figure 4.12 Cross Section Showing Core Conflict Location (Adapted From Alabama 

Department of Transportation 2014) 

 

Figure 4.13 Core and FRP Strip Location Conflict 

The FRP strip involved in this conflict was denoted as a movable strip in the construction 

documents. Therefore, the strip was shifted 2 inches (5.08 cm) laterally, toward the interior 
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girder. The corrected strip location is shown in a cross-section view of half of the bridge in 

Figure 4.14 and during layout of the retrofit in Figure 4.15. 

 

Figure 4.14 Shifted Strip Locations (Adapted From Alabama Department of 

Transportation 2014) 
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Figure 4.15 Location of FRP Strip Shifted 2 inches (5.08 cm) Laterally 

4.5 Construction 

Construction began first in the northbound lane and required 7 working days, stretching 

from Tuesday, December 9, 2014, through Wednesday, December 17, 2014. After the 

northbound lane was completed, further construction was delayed due to ALDOT holiday lane-

closure policies. After the holiday travel period, construction began in the southbound lane. The 

second lane of construction required 11 working days, stretching from Tuesday, January 6, 2015, 

through Wednesday, January 21, 2015. 

Weather during construction varied, with temperatures during working hours often 

between 40°F (4°C) and 68°F (20°C). Cooler temperatures did effect scheduling of epoxy use on 

the bridge and caused a few delays during the project. However, epoxy cure times are based on 

concrete temperatures, and direct sunlight did help warm the bridge deck and reduce initial cure 

times significantly. This is discussed in detail in Section 4.6. The only delay due to rain was on 

Thursday, January 15, 2015. Therefore, rain was not a large factor during the retrofit. 






































































































































































































