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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 was deficient in negative-moment flexural 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 report. 

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 of 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) 

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-



 

2 
 

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 FRP, 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 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 
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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 report are to determine the feasibility of 

NSM FRP reinforcement for negative-moment strengthening of continuous, reinforced concrete 

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 REPORT 

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. 
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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. 

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 report 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 Tranditional 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 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 
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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 75–130 pcf (1.2–2.1 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) 

Steel GFRP CFRP AFRP 
490 (7.9) 75 to 130 (1.2 to 2.1) 90 to 100 (1.5 to 1.6) 75 to 90 (1.2 to 1.5) 

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

Many applications leave retrofit materials exposed to environmental conditions, where corrosion 

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 

(Kevlar™), 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. 
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Table 2.2 Typical Tensile Properties of FRP System Fibers (ACI Committee 440 2008) 

Fiber type 

Elastic modulus Ultimate strength Rupture strain. 
minimum. % 103 ksi GPa ksi MPa 

Carbon  
General purpose 32 to 34 220 to 240 300 to 550 2050 to 3790 1.2 

High-strength 32 to 34 220 to 240 550 to 700 3790 to 4820 1.4 
Ultra-high-strength 32 to 34 220 to 240 700 to 900 4820 to 6200 1.5 

High-modulus 50 to 75 340 to 520 250 to 450 1720 to 3100 0.5 
Ultra-high-modulus 75 to 100 520 to 690 200 to 350 1380 to 2400 0.2 

Glass  
E-glass 10 to 10.5 69 to 72 270 to 390 1860 to 2680 4.5 
S-glass 12.5 to 13 86 to 90 500 to 700 3440 to 4140 5.4 

Aramid  
General purpose 10 to 12 69 to 83 500 to 600 3440 to 4140 2.5 

High-performance 16 to 18 110 to 124 500 to 600 3440 to 4140 1.6 

 
 

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. 

Table 2.3 Typical Tensile Properties of FRP Bars (ACI Committee 440 2008) 

FRP system description 
Young’s modulus. 103 ksi 

(GPa) 
Ultimate tensile strength. Ksi 

(MPa) Rupture strain. % 
High-strength carbon/epoxy 17 to 24 (115 to 165) 180 to 400 (1240 to 2760) 1.2 to 1.8 

E-glass/epoxy 4 to 7 (27 to 48) 70 to 230 (480 to 1580) 1.6 to 3.0 

High-performance aramid 8 to 11 (55 to 76) 130 to 280 (900 to 11,930) 2.0 to 3.0 

 
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 2–

4 inches (50–100 mm) wide. FRP strips are not as wide as laminates, typically about 0.079–0.177 

inches (2–4.5 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) 

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 
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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) 

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. 
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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 

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). 

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 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.  
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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 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) 

Beam no. FRP strengthening system 
B0 No strengthening 
B1 One NSM CFRP reinforcing bar 
B2 Two Type 1 NSM CFRP strips 
B3 Two Type 2 NSM CFRP strips 
B4 Five NSM GFRP thermoplastic strips 
B2a Two Type 1 externally bonded CFRP strips 
B2b Two Type 1 externally bonded CFRP strips 
B4a Five externally bonded GFRP thermoplastic strips 
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Table 2.5 shows a summary of test results. The NSM FRP strengthened beams exhibited 

increases in strength of 70–90% relative to the unstrengthened specimen.  

Table 2.5 Summary of Test Results from Laboratory Testing (El-Hacha and Rizkalla 2004) 

Strengthening 
systems 

Beam 
no. 

Pcr, kN 
(kips) 

Δcr, mm 
(in) 

Py, kN 
(kips) 

Δy, mm 
(in) 

Pu, kN 
(kips) 

Δu, mm 
(in) 

εu, 
% 

Failure 
mode 

Percent 
increase 

in Pu 

– B0 21.98 
(4.94) 

1.35 
(0.053) 

38.11 
(8.57) 

8.88 
(0.35) 

55.4 
(12.5) 

64.4 
(2.54) – 

Crushing of 
concrete 
and steel 
yielding 

– 

Near-surface-
mounted FRP 
reinforcement 

B1 24.7 
(5.55) 

1.27 
(0.05) 

47.94 
(10.78) 

4.85 
(0.191) 

93.8 
(21.0) 

29.2 
(1.15) 0.88 

CFRP 
reinforcing 
bar (epoxy 
split failure) 

69.3 

B2 22.24 
(5.9) 

1.08 
(0.043) 

48.62 
(10.93) 

5.61 
(0.221) 

99.3 
(22.3) 

30.5 
(1.20) 1.34 

Rupture of 
NSM CFRP 

strips 
79.2 

B3 30.11 
(6.77) 

1.702 
(0.067) 

49.16 
(11.05) 

5.25 
(0.207) 

110.2 
(24.7) 

50.8 
(2.00) 1.38 

Rupture of 
NSM CFRP 

strips 
98.9 

B4 24.46 
(5.50) 

16 
(0.063) 

48.17 
(10.83) 

5.67 
(0.223) 

102.7 
(23.1) 

44.3 
(1.75) 1.35 

Debonding 
of NSM 

GFRP strips 
(concrete 

split failure) 

85.4 

Externally 
bonded FRP 
reinforcement 

B2a 22.46 
(5.05) 

1.22 
(0.048) 

44.88 
(10.09) 

4.42 
(0.174) 

64.6 
(14.5) 

43.7 
(1.71) 0.48 

Debonding 
of externally 

bonded 
CFRP strips 

16.6 

B2b – – – – 64.3 
(14.5) 

21.7 
(0.85) 0.44 

Debonding 
of externally 

bonded 
CFRP strips 

16.1 

B4a 29.13 
(6.55) 

0.95 
(0.037) 

48.16 
(10.82) 

4.39 
(0.173) 

71.1 
(15.9) 

22.2 
(0.87) 0.62 

Debonding 
of externally 

bonded 
GFRP strips 

28.3 

Where Pcr = cracking load; Δcr = midspan deflection at cracking; Py = yield load; Δy= midspan deflection at yielding; Pu = ultimate load 
failure; Δu = midspan deflection at failure; and εu = maximum tensile strain in FRP reinforcing bar or strip at failure. 

 

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, 
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therefore if a retrofit is properly designed according to ACI 440 then this mechanism is avoided 

(El-Hacha and Rizkalla 2004).  

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 

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 focus on the NSM FRP specimens. Table 2.6 
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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. 

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 

35–65%, when compared to the unstrengthened specimen. Figure 2.9 shows load-deflection 

results from the NSM FRP strengthened specimens. 
 

Specimen CFRP area (mm2
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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 85–100% of the FRP ultimate strain, while externally bonded specimens in this 

expirement failed at 30–50% 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 

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.  
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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 testing—one 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 “U” for 

unstrengthened or “N” for NSM retrofitted, followed by “S” for monotonically loaded or “F” for 

fatigue loaded.  
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Table 2.7 Summary of Test Results from Cherokee Creek Bridge Girders (Aidoo, Harries, 
and Petrou 2006) 

Tests  US CS NS PS UF CF NF PF 
Failure conditioning Minimum load (kN) Not applicable 37.8 32.5 33.8 33.4 
 Maximum load (kN) Not applicable 352 359 359 359 
 Calculated stress range 

on rebar (MPa) Not applicable 115 99 139 115 

 Offset following N = 
2,000,000 (mm) Not applicable 3.9 1.5 4.1 2.5 

Secant stiffness (kN/mm) N=1 54.0 46.3 41.0 50.5 39.6 44.3 37.0 45.4 
(determined from 0 and 359 kN) N=2,000,000 Not applicable 28.6 33.0 23.6 31.4 
General yield Load (kN) 663 667 665 694 678 717 716 680 
 Deflection (mm)a 18.0 18.5 22.0 20.0 20.8 23.6 24.6 18.0 
Ultimate load Load (kN) 787 823 831 921 766 809 864 909 
 Deflection (mm)a 186 96 249 134 104 58 112 117 
Displacement ductility  10.3 5.2 11.3 6.7 5.0 2.5 4.5 6.5 
Ratio of maximum load relative 
to Speciment US  – 1.05 1.06 1.17 0.97 1.03 1.10 1.16 
aReported deflections do not include offset deflection 

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

displacement ductility—the 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). 

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

2007) 

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 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 

l 

------1 

0 
I 

-q-

_-H 
0 

I 
0 
.-

I 

I 

I 
I 

I 

I 
I 
I 
I 
I 
I 
I 

I 

I 
I 

I 

I 

- - -- -

14' -0" 

10'-0"± 

------- - - - -
I 

I 

I 
I 

I 

I 

,,, ', I 
\ I I I I 

I 
\ I 

I 
\ I I ,, ,,, I 

I 

I 
I 

I 

I 

NOTE: +---W-

-

10 #3 CFRP BARS, 5 ON EACH SIDE OF COLUMN, LENGTH = 14 FT. 
(PLACE BOTTOM MOST LAYER ALONG E- W DIRECTION), TYP. 



 

22 
 

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). 

 
Figure 2.14 Hydraulic Jacks and Steel Beams Reacting against Beams Below the Loaded 

Deck (Tumialan, Vatovec, and Kelley 2007). 
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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) 

 
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 
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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 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) 

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 
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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. 

 
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. 
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Figure 2.22 NSM FRP Strengthening Scheme on Span 2 of the Martin Spring Outer Road 

Bridge (Casadei et al. 2003) 

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 Bridge (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 
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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 

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 (BRASS™) program. Then 

the capacity of the bridge was calculated and deficient regions were located. Figure 2.26 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. 
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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. 

• 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 (ρs). In each group there was a control beam and the three remaining beams 

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

ratios that were used in the laboratory testing program. 
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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 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.  
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Figure 2.28 Increase in Flexural Strength at FRP Reinforcement Ratios for ρs=0.21% 

(Bertolotti 2012) 

 
Figure 2.29 FRP Strain at Failure at FRP Reinfocement Ratios for ρs=0.21% (Bertolotti 

2012) 
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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. 

 
Figure 2.30 Shear Failure of Beam with 0.21% Steel and 0.16% FRP Reinforcement Ratios 

(Bertolotti 2012) 

Bertolotti’s 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, Bertolotti’s laboratory testing 

provided promising results for NSM FRP strengthening of cracked reinforced concrete beams and 

verified Alexy’s 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. 
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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 20–30 ksi (140–205 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. 

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

strains according to Hooke’s law (Wight and MacGregor 2012), or  

𝝈𝝈 = 𝑬𝑬𝑬𝑬                                             Equation 2.1 

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

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

𝝈𝝈 = 𝑴𝑴𝑴𝑴
𝑰𝑰𝒄𝒄𝒄𝒄

                                              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. 

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,  

𝒘𝒘 = ∫ (𝜺𝜺𝒔𝒔 − 𝜺𝜺𝒄𝒄)𝒅𝒅𝒅𝒅𝑩𝑩
𝑨𝑨                                    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 εs and εc 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. 
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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) 

conducted further investigation of reinforced concrete cracking with statistical analysis, which built 

upon Broms’s 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 Broms’s equation for 

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

𝒘𝒘𝒃𝒃 = 𝟒𝟒𝒕𝒕𝒃𝒃𝑹𝑹𝜺𝜺𝒔𝒔                                      Equation 2.4 

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,  

𝑹𝑹 = 𝒉𝒉𝟐𝟐
𝒉𝒉𝟏𝟏

                                             Equation 2.5 
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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,  

𝒘𝒘 = 𝟒𝟒𝒕𝒕𝒃𝒃𝜺𝜺𝒔𝒔                                        Equation 2.6 

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

The variables used in Broms’s calculation of maximum crack widths are shown in Figure 2.36. 

 
Figure 2.36 Broms’s Strain Equation Dimensional Notation (Gergely and Lutz 1968) 

After Broms’s 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 concrete—or 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 Broms’s 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.  
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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 

SPECIMEN DESIGN AND FABRICATION 

 

3.1 BRIDGE DESIGN 

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) 
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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.  

 

 
Figure 3.3 Simplified Plan View Showing Half of the Letohatchee Bridge (Alexy 2009) 
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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 

(BRASS™) 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 

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. 
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Figure 3.5 Factored Demand versus Factored Resistance for Posting Trucks (Alexy 2009) 

 
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 
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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 

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) 
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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). 

Bertolotti’s (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. 

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. 
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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.  

 
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 

 
Figure 4.3 Hilti Electric Epoxy Dispenser 
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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. 

 
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. 
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Figure 4.5 Plan View
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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 

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. 
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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 “B” 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 

bridge conducted by ALDOT and the AU HRC on Thursday, May 9, 2013, as shown in Figure 4.9.  
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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 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. 
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Figure 4.14 Shifted Strip Locations (Adapted From Alabama Department of Transportation 

2014) 

 
Figure 4.15 Location of FRP Strip Shifted 2 inches (5.08 cm) Laterally 
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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 helped warm the bridge deck and significantly reduced 

initial cure times. 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. 

Implementation of the bridge retrofit consisted of two phases—saw cutting of grooves 

and FRP strip installation. Both lanes were completed using the same sequence, and each step 

is explained in detail in the following sections.  

4.5.1 Groove Cutting 

Groove cutting in the northbound lane began after the ALDOT inspector approved the 

FRP strip layout, and it began in the southbound lane after FRP strip installation in the 

northbound lane was completed. There were three groups of grooves in each lane—one group 

located over each bent—as previously shown in Figure 4.5. Each group consisted of twelve 

grooves—six over the exterior girder and six over the interior girder, as shown in Figure 4.6.  

Grooves were specified to be cut to a depth of 1.0 inch (2.54 cm), with a tolerance of 3/32 

inch (2.4 mm) less than specified, but no deeper. Groove width was specified as ¼ inch (6.4 mm), 

with a tolerance of 1/8 inch wider than specified, but no smaller. Figure 4.16 shows groove 

dimensions as specified in the construction documents. Actual groove depths and widths were 

measured during construction, and are shown in Figure 4.17 and Figure 4.18, respectively. 
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Figure 4.16 Groove Dimensions from Project Plans (Alabama Department of 

Transportation 2014) 

 
Figure 4.17 Checking Groove Depth 
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Figure 4.18 Checking Groove Width 

A track-mounted saw was used to cut grooves into the bridge deck, as shown in Figure 

4.19. Track installation required concrete anchors to be driven into the bridge deck every 5 ft to 

support the track. The process to set up the track saw and cut a single groove required about 45 

minutes. Therefore, the contractor could only saw cut about 11 grooves in a single day. Anchors 

driven into the bridge deck and track installation are shown in Figure 4.20. Holes from mounting 

anchors were filled with epoxy after groove cutting was completed.  
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Figure 4.19 Track-Mounted Saw during Northbound Lane Installation 

 
Figure 4.20 Anchors in the Bridge Deck for Saw Track 

Saw cutting created a large amount of slurry on the bridge deck. In an effort to minimize 

the amount of slurry built up in the newly cut grooves, the contractor used a vacuum to follow 

behind the saw as each groove was cut, as shown in Figure 4.21. At the end of each day, the 
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contractor used pressurized water to clean the grooves and bridge deck of remaining slurry, as 

shown in Figure 4.22. 

 
Figure 4.21 Vacuuming Slurry behind Saw Cutting 

 
Figure 4.22 Groove Cleaning with Pressurized Water 

Grooves were allowed to dry overnight, and compressed air was used to clear any 

remaining debris from the grooves the following morning, as shown in Figure 4.23. Once the 



 

63 
 

grooves were cut and completely cleaned, the ALDOT inspector checked the depth of the 

grooves, as shown in Figure 4.24.  

 
Figure 4.23 Cleaning Dry Grooves with Compressed Air 

 
Figure 4.24 ALDOT Inspector Checking Groove Depth 

Groove depth varied slightly along the length of each cut because of deck undulations 

relative to track-saw mounts along the bridge. The inspector marked shallow areas of grooves, 

and a handheld concrete saw was used to increase groove depth as necessary, as shown in 

Figure 4.25. 
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Figure 4.25 Shallow Locations Fixed by Handheld Concrete Saw 

The contractor also cut one strip of FRP to the appropriate length and dry fit it into each 

groove to check groove depth, as shown in Figure 4.26. This allowed the contractor to verify there 

were no shallow areas along each groove that would prevent the strip from being fully seated 

below the bridge deck. Any areas of concern were brought to the attention of the ALDOT 

inspector and cut with a handheld concrete saw as necessary. 
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Figure 4.26 Contractor Checking Groove Depth along Length with FRP Strip 

4.5.2 FRP Strip Installation 

There were six steps followed to properly install FRP strips within the prepared grooves. 

Installation required about 20 minutes per strip—half the time required to cut a single groove. The 

process in the following outline and figures was used to install the FPR strips. 

• FRP strips were cut to the proper length for each groove, as shown in Figure 4.27. 

• Epoxy was injected into the bottom of the clean, dry groove, as shown in Figure 4.28. 

• The FRP strip was placed into the groove and seated at the proper depth, as shown in 

Figure 4.29. The contractor used a custom-fabricated tool, as shown in Figure 4.30, to 

seat the FRP strip to ensure proper strip embedment depth. 

• Epoxy was injected on top of the seated FRP strip, as shown in Figure 4.31. 

• Epoxy was worked into the groove to fully surround the FRP strip and excess epoxy was 

scraped from the bridge deck, as shown in Figure 4.32. 

• Sand was spread on top of the exposed epoxy to improve traction to the finished epoxy, 

as shown in Figure 4.33. 
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Figure 4.27 FRP Strips Cut and Ready for Placement 

 
Figure 4.28 Epoxy Injected into Bottom of Prepared Groove 
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Figure 4.29 FRP Strip Placement within Epoxy Injected Groove 

 
Figure 4.30 FRP Strip Seating Depth Tool 
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Figure 4.31 Epoxy Injection after Properly Seating FRP Strip 

 
Figure 4.32 Working Epoxy into Groove and Excess Epoxy Removal 
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Figure 4.33 Sand Spread on Finished Epoxy to Provide Traction 

4.6 TRAFFIC CONTROL 

During installation of the FRP, the lane under construction was closed until the epoxy 

reached its initial cure. Table 4.1 shows initial cure times for Hilti HIT-RE 500 epoxy. 

Table 4.1 Initial Cure Time for Hilti HIT-RE 500 Epoxy (Hilti Inc. 2014) 

 
The ALDOT inspector on site monitored deck temperatures with an infrared temperature 

gun. Initial cure times of 6 hours at temperatures around 68°F (20°C) caused the contractor to 

stop installation of FRP strips around 12:00 PM. This decision was made so that lane closures 

would not continue after dark for safety of traffic control personnel and road users. 

Base material temperature Approximate 
Of oc init ial cure time 

23 - 5 36 h 

32 0 25 h 

50 10 12 h 
68 20 6h 
86 30 4h 

104 40 2h 
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4.7 CONSTRUCTION COMPLICATIONS AND ISSUES 

There were some issues that arose during implementation of the NSM FRP retrofit. There 

were some ideas for expediting construction that caused problems, some methods that were 

learned during construction to increase productivity, and some issues due to weather conditions. 

Most notably, the track-mounted saw required a significant amount of time to cut a single 

groove. If the contractor had been able to cut a group of 12 or more grooves in a single day, then 

FRP installation could have begun one day after groove cutting and worked behind the groove 

cutting for the next three days to complete the installation. However, because the contractor could 

not cut all of the grooves in one lane over a single bent in one day, there were two full days 

required to saw cut a group of grooves and allow for drying overnight. This caused the FRP 

installation to be delayed until the 5th day of construction, and then the FRP installation was 

completed on the 7th day. If grooves could be cut quicker, then the project could reduce 

construction days to 1 day of only groove cutting, 2 days of simultaneously cutting grooves and 

installing FRP into previously cut grooves, and 1 day of only FRP installation into the last group of 

grooves. This would reduce time of installation for a single lane from 7 to 4 working days, or a 

43% reduction in construction time and lane closure. 

The contractor originally planned to mount the track saw to an H-pile, as shown in Figure 

4.34. During the first day of saw cutting this method was attempted, and problems were 

immediately discovered. Due to the length and weight of a 70-foot H-pile, two small excavators 

were required to move it along the bridge deck. Flexibility of the pile, in combination with the 

weight of the H-pile, made it impossible to efficiently align the full length of the pile a consistent 

distance from the required cut location. After attempting approximately 10 ft of a cut using this 

method, it was determined that the track saw needed to be attached directly to the bridge deck to 

ensure a straight cut. 
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Figure 4.34 Attempted H-Pile Mounted Track Saw Setup 

The contractor also did not adequately anticipate the amount of slurry produced by the 

track-mounted saw and its effect on subsequent steps of construction. The large amount of slurry 

on the deck after cutting the first few grooves can be seen in Figure 4.35. After the first few days 

of cutting, the contractor decided to expedite the cleaning process by vacuuming behind the saw 

to quickly remove as much of the slurry from the bridge deck as possible. This reduced the 

amount of slurry that was present on the bridge deck and helped prevent buildup of slurry in 

grooves that had already been cut. This also reduced the amount of slurry that was pressure 

washed from the bridge deck and exposed to the environment through the deck drains. 
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Figure 4.35 Slurry on Deck after One Day of Cutting 

Weather also created some issues during construction. The Hilti epoxy used for this 

project is only allowed for use in concrete with temperatures ranging from 23°F (-5°C) to 104°F 

(40°C) with no bond strength degradation (Hilti Inc. 2014). It is also noteworthy that initial cure 

and gel times reduce greatly with higher temperatures, as shown in Figure 4.36 and Figure 4.37, 

respectively. 
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Figure 4.36 Hilti HIT-RE 500 Initial Cure Time (Adapted from Hilti Inc. 2014) 

 
Figure 4.37 Hilti HIT-RE 500 Gel Time (Adapted from Hilti Inc. 2014) 
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Exposure to sunlight warmed the deck by about 10°F (5.6°C) during the Letohatchee 

bridge retrofit. This helped shorten initial cure times from 7 hours at 65°F (18.3°C), to less than 5 

hours at 75°F (23.9°C). However, it should be noted that during warmer months this could have a 

negative effect, possibly elevating deck temperatures above 104°F (40°C) when exposed to 

direct sunlight. Warmer weather could also create issues related to gel time of the epoxy. During 

the Letohatchee bridge retrofit, temperatures of 65°F (18.3°C) allowed for over 30 minutes of 

workable time. But if the temperature is around 90°F (32.2°C), then workable time would be 

reduced to less than 20 minutes, making installation of FRP strips more difficult.  

Rain also caused a minor delay during construction because the project required dry 

grooves during epoxy placement (Alabama Department of Transportation. 2014). This ensured 

proper bond between the bridge deck and injected epoxy. During the retrofit of the Letohatchee 

bridge, rain only delayed installation of FRP strips on Thursday, January 15, 2015. There were no 

other rain delays during this retrofit, but rain could cause significant delays during future 

installations.
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Chapter 5 

BRIDGE TESTING PROGRAM 

 

5.1 BRIDGE TEST OVERVIEW 

The testing program for the Letohatchee bridge consisted of three load tests: 1) pre-

retrofit, 2) post-retrofit, and 3) long-term load tests. First, the preliminary site investigation 

conducted to determine proper setup for load testing the bridge is discussed.  Load truck 

configurations, load truck placements on the bridge, traffic control, and weather conditions for 

each test are detailed in this chapter. 

5.1.1 Preliminary Site Investigation 

A preliminary site investigation was conducted on Tuesday, October 14, 2014, to 

determine the load test setup. Areas of negative-moment deficiency, as outlined by Alexy (2009) 

and shown in Figure 5.1, were first located on the bridge deck. Once deficient regions were 

marked on the deck, a significant transverse crack within these regions was selected to be 

instrumented during testing. A crack in the southbound lane in the first span of the bridge was 

selected because it was one of the most distinct, continuous cracks in a deficient region and likely 

to respond to negative flexure. Figure 5.2 shows an overview of the bridge and the selected crack 

location.  

 
Figure 5.1 Approximate Locations of Flexural Deficiencies in the Letohatchee Bridge 

(Alexy 2009) 
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Figure 5.2 Location of Instrumented Crack 

Crack opening displacement (COD) transducer positions were determined by considering 

the location of negative-moment reinforcement. Placing COD transducers directly over reinforcing 

steel provided the closest representation of the behavior of the existing negative-moment 

reinforcement. Transducer locations were marked with paint during the preliminary site 

investigation, as shown in Figure 5.3. The location of each transducer with respect to the bent 

between Spans 1 and 2 and the curb of the bridge is shown in Figure 5.4. 

 
Figure 5.3 Two Transducer Locations Marked by Paint During Preliminary Site 

Investigation 
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Figure 5.4 Crack Opening Transducer Layout 

Figure 5.4 also displays labeling convention for crack opening displacement transducers. 

Transducers were labeled with a code, according to placement over a girder or slab region of the 

bridge and numbered from exterior to interior of the bridge. The first character, C, indicates the 

sensor is a crack opening displacement transducer. The second character indicates lateral 

location of the instrumented girder as interior (I) or exterior (E), or is blank if the transducer is not 

located over a girder. The third character indicates that the transducer is located within a girder 

(G) or slab (S) region, and the fourth character is sequential numbering from 1–8 from the exterior 

of the bridge deck to the interior of the bridge deck. 

After all instrumentation was laid out, decisions were made regarding placement of load 

trucks and the Auburn University Highway Research Center (AU HRC) van, which contained all 

recording equipment for the tests. Load trucks were determined to be placed in the second span, 

adjacent to the instrumented span. Placing load trucks in the adjacent span allowed for the 

maximum negative bending influence in the instrumented region from the applied load. It was 

also decided that the AU HRC van be parked off of the North end of the bridge, about 60 ft (18.3 

m) from transducer locations. This allowed for reasonable cable lengths during testing while 

removing the van weight from the bridge. Figure 5.5 shows an overview of the layout of the bridge 

testing equipment as determined during the preliminary site visit.  
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Figure 5.5 Location of AU HRC Van, Instrumented Crack, and Loaded Span 

5.1.2 Load Test Preparation 

Bridge preparation, including painting of load truck stopping positions on the bridge deck 

and installation of transducer mounts, was completed on Thursday, October 16, 2014, and 

Tuesday, March 31, 2015, for the pre-retrofit and post-retrofit load tests, respectively. For the 

long-term load test, preparation for testing was completed on Tuesday, September 22, 2015. 

Layout for tests with one load truck and two load trucks are shown in Figure 5.6 and Figure 5.7, 

respectively. Load truck placement is discussed in further detail in Section 5.1.4. 

 
Figure 5.6 Load Test Layout with One Load Truck 

 
Figure 5.7 Load Test Layout with Two Load Trucks 

In order to allow transducer installation flush with the bridge deck, mounting hardware 

was placed into the bridge deck. At each transducer location two holes approximately ⅜” deep 

were prepared with hammer drill using a ½” concrete drill bit as shown in Figure 5.8. 
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Figure 5.8 Drilled Holes for Transducer Mount Installation 

Hex nuts were attached to installation brackets provided by the transducer manufacturer 

(Tokyo Sokki Kenkyujo Co.) to ensure proper distance between the mounting nuts, as shown in 

Figure 5.9.  

 
Figure 5.9 Installation Bracket with Hex Nuts Attached 

After clearing all dust and debris from the drilled indentions, the two holes for each 

transducer were filled with epoxy. While still in the epoxy’s workable time, hex nuts attached to 

the installation brackets were pushed into the epoxy until flush with the bridge deck, as shown in 

Figure 5.10.  
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Figure 5.10 Hex Nut Placement in Epoxy 

Hex nuts remained attached to the installation bracket for 15 minutes, and were 

monitored to ensure all mounts remained oriented upright until the epoxy cured, as shown in 

Figure 5.11. 

 
Figure 5.11 Installation Brackets during Epoxy Curing 

Once the epoxy cured, installation brackets were unscrewed from the hex nuts, leaving 

the hex nuts installed below the deck surface. Installed hex nuts were capped with washers and 

short screws to prevent dust and debris from filling the mounts before transducers were installed 
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on the day of testing. Figure 5.12 shows one exposed mounting nut after removing the installation 

bracket and one capped mounting nut after a completed mount installation. 

 
Figure 5.12 One Hex Nut Mount After Installation Bracket Removal (Left) and One 

Completed Mount Installation Capped with Washer and Screw (Right) 

5.1.3 Load Truck Configuration 

Load trucks used for testing the Letohatchee bridge were standard ALDOT load trucks, 

as shown in Figure 5.13. The pre-retrofit load test involved only one truck and began with ALDOT 

load configuration LC-4, as shown in Figure 5.14. After running some initial tests, it was 

determined that the heavier LC-5 load configuration would provide more meaningful results. 

Therefore, the load was switched to the LC-5 load configuration, also shown in Figure 5.14. The 

LC-5 load configuration was used to complete the pre-retrofit load test, and it is the only load 

truck configuration used for the post-retrofit and long-term load tests. 
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Figure 5.13 ALDOT Load Truck with LC-5 Configuration 

 
Figure 5.14 ALDOT LC-4 & LC-5 Load Truck Configurations 

For the post-retrofit and long-term load tests the single load truck test regimen from the 

pre-retrofit load test was repeated according to the same process as the pre-retrofit load test. 

However, the post-retrofit load test also included a test series with two LC-5 load trucks. Each 

load test is discussed in detail in Sections 5.3–5.5. 
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5.1.4 Load Truck Placement 

Load truck placement was determined according to basic structural mechanics and 

based on locations causing maximum negative-moment influence for the instrumented location. 

Therefore, load trucks were positioned in the span adjacent to the instrumented span of interest. 

Also, load trucks were backed into position during load testing in order to maximize influence on 

the span of interest. 

For testing with one load truck, the truck was stopped at 10-foot increments from the bent 

in the span adjacent to instrumentation. Load truck stopping points were numbered 1 through 6, 

as shown in Figure 5.15.  

 
Figure 5.15 Load Test Stopping Positions for Single Load Truck Test 

Lateral placement of the load truck was configured to center the back driver-side tire 

group over the interior girder of the desired lane. In order to achieve proper load truck stopping 

positions, a longitudinal guide line was painted onto the bridge deck to indicate the left side of the 

left wheel group while moving along the length of the bridge. Stopping points were also marked 

on the bridge deck with painted crossing marks on the bridge deck. The truck placement marks 

are shown in Figure 5.16. 

 
Figure 5.16 Load Truck Guideline Striping on Bridge Deck 
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For the Letohatchee bridge load tests, the stopping points indicated the center of the 

back driver-side tire of the load truck, as shown in Figure 5.17. This method of load truck 

placement was used throughout all three load tests that were conducted. 

 
Figure 5.17 Load Truck Placement with Back Left Tire along Guideline Positions 

Also, there were a series of tests with two load trucks for the post-retrofit load tests. 

Guide marks for the second load truck were laid out similar to the first load truck. However, the 

second load truck was positioned laterally to center the back passenger-side wheel group over 

the interior girder in the northbound lane, as previously shown in Figure 5.7. The truck was also 

positioned so that it was aligned with the original load truck along the bridge skew. The layout of 

the second load truck is shown in Figure 5.18.  

 
Figure 5.18 Stopping Positions for Tests with Two Load Trucks 
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for this project were of type PI-2-50 manufactured by Tokyo Sokki Kenkyujo Co. A typical crack 

opening displacement transducer is shown in Figure 5.19. These are full-bridge sensors that 

measure displacement over a 50 mm span between attachment points. 

 
Figure 5.19 Crack Opening Displacement Transducer 

Eight transducers were used for testing. Two were placed over each girder, and the 

remaining four transducers were placed in areas between girders. A cross section of one lane of 

the bridge showing the layout of all eight transducers is shown in Figure 5.20. Transducers were 

all located in one lane of the bridge in order to allow traffic flow in the other lane between truck 

load placements. 

 
 

Figure 5.20 Cross Section of Instrumented Lane with Transducers and Reinforcing Steel 
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Crack opening displacements were recorded using an Optim Megadac® data acquisition 

system and data were stored and analyzed during testing using TCS for Windows. The data 

acquisition setup during testing is shown in Figure 5.21. 

 
Figure 5.21 Optim Megadac® setup with TCS for Windows 
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Any mounts needing replacement, such as the one shown in Figure 5.22, were repaired 
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cleared from the depression in the bridge deck. Epoxy was prepared and placed into the holes 

and hex nuts attached to the installation brackets were inserted into the epoxy. After the epoxy 

had hardened, the installation brackets were unscrewed from the hex nuts. These steps were 

followed prior to every load test to ensure proper mounts were available on the bridge deck for 

load testing. 
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Figure 5.22 Transducer Mount Damaged by Traffic 

After checking all mounts, two screws were used to attach crack opening displacement 

transducers to the prepared mounting hardware. A typical installed crack opening displacement 

transducer and installed transducers prior to a load test are shown in Figure 5.23 and Figure 

5.24, respectively. 

 
Figure 5.23 Installed Crack Opening Displacement Transducer 
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Figure 5.24 Installed Crack Opening Displacement Transducers Prior to Load Testing 

After installing all crack opening displacement transducers, they were covered with 5-

gallon buckets to provide protection from rapid thermal changes due to exposure to direct 

sunlight, as shown in Figure 5.25. 

 
Figure 5.25 Instrumented Zone Ready for Load Test 
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5.3 PRE-RETROFIT LOAD TEST 

The pre-retrofit load test took place on Tuesday, October 21, 2014. The AU HRC team 

arrived at the Letohatchee bridge around 7:30 AM to begin preparation for the load test. After 

examining and replacing damaged transducer mounts, instrumentation was set up and tested. 

The ALDOT load truck arrived at the bridge around 9:00 AM. Weather during testing was clear 

and sunny, with ambient temperatures ranging from 70°F (21°C) at 9:55 AM, when testing began, 

to 78°F (26°C) at 12:55 PM, when testing ended. Winds varied between 5 and 10 miles per hour 

throughout testing. 

Testing began at 9:55 AM with the LC-4 load truck configuration. For the first testing 

sequence, the load truck was moved in reverse onto the bridge into Position 1 and stopped for 

about 20 seconds before moving from Position 1. The load truck was then moved into Position 2 

and stopped for about 20 seconds before moving from Position 2. This pattern of stopping at 

each position for about 20 seconds continued in sequence until Position 6. The same sequence 

was continued while removing the load truck from the bridge, in reverse numerical order from 

Positions 5–1. For reference, load truck positions are again shown in Figure 5.26. The LC-4 load 

truck is shown being directed on the bridge in Figure 5.27. 

 
Figure 5.26 Stopping Positions for Tests with Two Load Trucks 
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Figure 5.27 LC-4 Load Truck Backed into Position during Testing 

This testing sequence with the LC-4 load truck configuration was repeated once and then 

the data was examined. After a brief analysis of the results, it was decided that the LC-5 load 

truck configuration would yield more appropriate results from the instrumented crack. Therefore, 

the load truck returned to the ALDOT facility in Montgomery, Alabama to be reconfigured. 

The LC-5 load truck arrived on site at 12:00 PM. Load truck positioning was repeated 

according to the same sequence with the load truck stopping at each position in ascending order 

while moving onto the bridge, then descending order while moving off of the bridge. Figure 5.28 

shows the LC-5 load truck during the pre-retrofit load test. 

 
Figure 5.28 LC-5 Load Truck during Pre-Retrofit Load Test 
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After running through a test sequence stopping at every position, the data from the LC-5 

load test was examined. Figure 5.29 shows the data from this test. 

 
Figure 5.29 Data from the First Test Sequence with LC-5 Load Truck Configuration 

Position 4 was determined to be the critical loading position because it created the 

largest crack opening displacement, as shown in Figure 5.29. Therefore, a second test sequence 

was conducted where the load truck stopped only at Position 4, then returned to a position off the 

bridge. This sequence was repeated for a total of four data sets. 

The two loading sequences with the LC-5 load truck were vital to the pre-retrofit load test 

of the bridge, and those sequences were repeated in every load test for comparison to the pre-

retrofit bridge behavior. 

5.4 POST-RETROFIT LOAD TEST 

The post-retrofit load test took place 10 weeks after completion of the retrofit, on 

Thursday, April 2, 2015. The AU HRC team arrived at the Letohatchee bridge around 7:30 AM to 

begin preparation for the load test. After examining and replacing damaged transducer mounts, 
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instrumentation was set up and tested. The ALDOT load truck arrived at the bridge around 9:00 

AM. Weather during testing was overcast, with a temperature of 72°F (22°C) all day and winds 

between 5 and 10 miles per hour. 

Testing began at 9:42 AM with the LC-5 load truck configuration. Two tests were run 

according to the first sequence from the pre-retrofit load test, where the load truck momentarily 

stopped at each position on the bridge in ascending then descending order. Next, three load tests 

were conducted to replicate the second sequence from the pre-retrofit load test. In these load 

tests the load truck backed onto the bridge, stopping only at Position 4, and then the truck was 

removed from the bridge. 

Two new testing sequences involving two LC-5 load trucks were introduced during the 

post-retrofit load test, as shown in Figure 5.30. In the third testing sequence, the first load truck 

was parked at Position 4 and remained there at all times when the second load truck was on the 

bridge. The second load truck was moved onto the bridge stopping at Position 1 for about 20 

seconds before moving from Position 1. The second load truck then moved into Position 2 for 

about 20 seconds before moving from Position 2. This pattern of stopping the second load truck 

at each position for about 20 seconds continued through Position 4 while moving the truck onto 

the bridge and was also followed when removing the load truck from the bridge in a descending 

numerical sequence from Positions 3–1. When the second load truck was completely removed 

from the bridge, the first load truck moved from Position 4 off of the bridge. A test with both load 

trucks on the bridge is shown in Figure 5.31. 

 
Figure 5.30 Stopping Position for Tests with Two Load Trucks 

I • 5 Spaces @ 10' (3.05 m) • I ·s-_-_ ---~ ~~:~-~:~ 1_-~--~, 
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h· -· -h · -· -h-· -· h-· -·h 
Load Truck #2 Stopping Positions I 
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°'- I Load Truck #1 Stopping Positions I 
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Span I Span2 
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Figure 5.31 Load Test with Two Load Trucks 

A fourth test sequence was then conducted where the first load truck was parked in 

Position 4, then the second load truck was moved directly into Position 4. After stopping for about 

20 seconds, the second load truck was removed from the bridge. Once the second load truck was 

completely removed from the bridge the first load truck was also removed from the bridge. This 

sequence was repeated for a total of three data sets. 

The first two testing sequences were used to compare the pre-retrofit and post-retrofit 

bridge behavior. The third and fourth testing sequences were used to provide a second measure 

of post-retrofit behavior. 

5.5 LONG-TERM LOAD TEST 

The long-term load test took place on Thursday, December 17, 2015. The AU HRC team 

arrived at the Letohatchee bridge around 7:30 AM to begin preparation for the load test. After 

examining and replacing damaged transducer mounts, instrumentation was set up and tested. 

The ALDOT load truck arrived at the bridge around 9:00 AM. Weather during testing was 

overcast, with temperatures around 60°F (16°C) all day and winds between 5 and 10 miles per 

hour. 

The long-term load test was conducted with only one load truck, according to the same 

regimen as the pre-retrofit load test sequence. The test was scheduled for two load trucks, as in 

the post-retrofit load test, but one of the ALDOT load trucks was unavailable during the test due 

to long-term mechanical problems with no definite return-to-service date. 

Testing began at 11:37 AM with the LC-5 load truck configuration. Three tests were run 

according to the first test sequence, where the load truck momentarily stopped at each position 
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on the bridge in ascending then descending order. Next, three load tests were conducted to 

replicate the second test sequence, where the load truck backed onto the bridge, stopping only at 

Position 4, and then the truck was removed from the bridge. 

Data captured from the long-term load test were used to examine performance of the 

retrofit one year after installation. 
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Chapter 6 

BRIDGE TEST RESULTS, ANALYSIS, AND DISCUSSION 

 

6.1 BRIDGE TESTING RESULTS OVERVIEW 

In this chapter, an explanation of the NSM FRP retrofit analysis technique is presented 

first, followed by reporting and discussion of the test results. A theoretical estimate of the pre- and 

post-retrofit behavior of the Letohatchee bridge was conducted using linear-elastic, cracked-

section analysis. Bridge test results from each load test were then analyzed to determine the 

behavior of the bridge during testing. Experimental results from each test were then compared 

and the change in strain in the negative-moment reinforcing steel was compared to the theoretical 

strain reduction due to FRP strengthening. 

6.2 LETOHATCHEE BRIDGE ANALYSIS 

The following method based on linear-elastic analysis was used to analyze the 

Letohatchee bridge. 

6.2.1 Letohatchee Bridge Analysis Method 

Crack opening displacements were measured at the surface of the tension face of the 

member before and after strengthening the bridge. These values are proportional to the crack 

opening displacements at the level of reinforcement by a correction factor, R, as recommended 

by Broms and Gergely and Lutz. Therefore, the following equation can be developed based on 

these principles,  

𝑪𝑪𝑪𝑪𝑪𝑪𝒃𝒃 = 𝑹𝑹(𝑪𝑪𝑪𝑪𝑪𝑪𝒔𝒔)                                Equation 6.1 

where CODb is the crack opening displacement at the tension face; CODs is the crack 

opening displacement at the level of the tension reinforcement; and R is the proportion of 

distances from the neutral axis to the tension face of the member and tension steel, according to 

Equation 2.5. 

Crack opening displacements measured for a specific loading before and after 

strengthening a structural member will result in a percent change in crack opening displacement 

due to strengthening, as shown by Equation 6.2,  
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𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝑪𝑪𝑪𝑪𝑪𝑪𝒊𝒊−𝑪𝑪𝑪𝑪𝑪𝑪𝒇𝒇
𝑪𝑪𝑪𝑪𝑪𝑪𝒊𝒊

× 𝟏𝟏𝟏𝟏𝟏𝟏                   Equation 6.2 

where CODi is the crack opening displacement prior to strengthening; and CODf is the 

crack opening displacement after strengthening. 

Based on Equation 6.1 and Equation 2.2, the following relationship can be developed:  

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = (𝑪𝑪𝑪𝑪𝑪𝑪𝒃𝒃)𝒊𝒊−(𝑪𝑪𝑪𝑪𝑪𝑪𝒃𝒃)𝒇𝒇
(𝑪𝑪𝑪𝑪𝑪𝑪𝒃𝒃)𝒊𝒊

= 𝑹𝑹(𝑪𝑪𝑪𝑪𝑪𝑪𝒃𝒃)𝒊𝒊−𝑹𝑹(𝑪𝑪𝑪𝑪𝑪𝑪𝒃𝒃)𝒇𝒇
𝑹𝑹(𝑪𝑪𝑪𝑪𝑪𝑪𝒃𝒃)𝒊𝒊

    Equation 6.3 

Therefore, the percent change in crack opening displacement at the tension face of the 

bridge gives the percent change in crack opening displacement at the level of the tension 

reinforcement. This method was used to identify the percent change in strain due to 

strengthening of the Letohatchee bridge. 

6.2.2 Letohatchee Bridge Theoretical Analysis 

Cracked-section analysis was performed in order to validate strain changes due to 

strengthening of the Letohatchee bridge. Cracked-section analysis relies on linear-elastic theory, 

and is based on the following methodology (Wight and MacGregor 2012). 

Reinforced concrete consists of two materials, therefore the cross section must be 

transformed into a uniform concrete section for analysis. The modular ratio, ns, is used to convert 

steel into an equivalent area of concrete of the same axial stiffness, as shown in Equation 6.4,  

𝒏𝒏𝒔𝒔 = 𝑬𝑬𝒔𝒔
𝑬𝑬𝒄𝒄

                                           Equation 6.4 

where Es is the modulus of elasticity of reinforcing steel; and Ec is the modulus of 

elasticity of concrete. Therefore, the area of reinforcing steel in tension and compression is,  

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒐𝒐𝒐𝒐 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 = 𝒏𝒏𝒔𝒔𝑨𝑨𝒔𝒔                    Equation 6.5 

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒐𝒐𝒐𝒐 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝒔𝒔𝒕𝒕𝒆𝒆𝒆𝒆𝒆𝒆 = (𝒏𝒏𝒔𝒔 − 𝟏𝟏)𝑨𝑨𝒔𝒔′           Equation 6.6 

where As is the area of tensile steel; and 𝐴𝐴𝑠𝑠′  is the area of compression steel. When 

considering the FRP strengthened section, the same principles are applied. Therefore, 

Equation 6.5 is used to transform FRP reinforcement into an equivalent area of concrete with the 

same axial stiffness,  

𝒏𝒏𝒇𝒇𝒇𝒇𝒇𝒇 = 𝑬𝑬𝒇𝒇𝒇𝒇𝒇𝒇
𝑬𝑬𝒄𝒄

                                        Equation 6.7 

where nfrp is the modular ratio of the FRP; and Efrp is the modulus of elasticity of the FRP. 

Therefore, the area of the FRP reinforcement is,  
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𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒐𝒐𝒐𝒐 𝑭𝑭𝑭𝑭𝑭𝑭 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒕𝒕 = 𝒏𝒏𝒇𝒇𝒇𝒇𝒇𝒇𝑨𝑨𝒇𝒇𝒇𝒇𝒇𝒇             Equation 6.8 

The neutral axis of the cracked, transformed section, ccr, is located at the centroid of the 

area, which is defined according to Equation 6.9,  

∑𝑨𝑨𝒊𝒊𝒚𝒚�𝒊𝒊 = 𝟎𝟎                                         Equation 6.9 

where Ai is the area of the ith section; and 𝑦𝑦�𝑖𝑖 is the distance from the neutral axis to the 

centroid of the ith area. All of these variables are illustrated in Figure 6.1, which models the top of 

the T-beam in tension and the bottom in compression. 

 
Figure 6.1 Illustration of Cracked-Section Analysis 

Moment of inertia of the cracked section can be determined after locating the neutral 

axis, and is defined as,  

𝑰𝑰𝒄𝒄𝒄𝒄 = 𝑰𝑰𝒄𝒄 + 𝑰𝑰𝒔𝒔 + 𝑰𝑰𝒇𝒇𝒇𝒇𝒇𝒇                              Equation 6.10 

where Ic is the moment of inertia of the concrete; Is is the moment of inertia of the 

reinforcing steel; and Ifrp is the moment of inertia of the FRP. Therefore, based on the 

assumptions of linear-elastic theory explained in Equation 2.1 and Equation 2.2, strain can be 

expressed as 

𝑬𝑬𝜺𝜺𝒔𝒔 = 𝑴𝑴𝒚𝒚𝒄𝒄𝒄𝒄
𝑰𝑰𝒄𝒄𝒄𝒄

                                       Equation 6.11 

or 

𝜺𝜺𝒔𝒔 = 𝑴𝑴𝒚𝒚𝒄𝒄𝒄𝒄
𝑬𝑬𝑰𝑰𝒄𝒄𝒄𝒄

                                        Equation 6.12 

The change in strain can then be described by,  
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(𝜺𝜺𝒔𝒔)𝒊𝒊 − (𝜺𝜺𝒔𝒔)𝒇𝒇 = �𝑴𝑴𝒚𝒚𝒄𝒄𝒄𝒄𝑬𝑬𝑰𝑰𝒄𝒄𝒄𝒄
�
𝒊𝒊
− �𝑴𝑴𝒚𝒚𝒄𝒄𝒄𝒄𝑬𝑬𝑰𝑰𝒄𝒄𝒄𝒄

�
𝒇𝒇
                   Equation 6.13 

where E and M are constants, because they are the same in the unstrengthened and 

strengthened structure. Therefore, the percent change in strain in the reinforcing steel is 

expressed as,  

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = (𝜺𝜺𝒔𝒔)𝒊𝒊−(𝜺𝜺𝒔𝒔)𝒇𝒇
(𝜺𝜺𝒔𝒔)𝒊𝒊

=
�𝑴𝑴𝒚𝒚𝒄𝒄𝒄𝒄𝑬𝑬𝑰𝑰𝒄𝒄𝒄𝒄

�
𝒊𝒊
−�𝑴𝑴𝒚𝒚𝒄𝒄𝒓𝒓𝑬𝑬𝑰𝑰𝒄𝒄𝒄𝒄

�
𝒇𝒇

�𝑴𝑴𝒚𝒚𝒄𝒄𝒄𝒄𝑬𝑬𝑰𝑰𝒄𝒄𝒄𝒄
�
𝒊𝒊

       Equation 6.14 

and Equation 6.14 simplifies to, 

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = (𝜺𝜺𝒔𝒔)𝒊𝒊−(𝜺𝜺𝒔𝒔)𝒇𝒇
(𝜺𝜺𝒔𝒔)𝒊𝒊

=
�𝒚𝒚𝒄𝒄𝒄𝒄𝑰𝑰𝒄𝒄𝒄𝒄

�
𝒊𝒊
−�𝒚𝒚𝒄𝒄𝒄𝒄𝑰𝑰𝒄𝒄𝒄𝒄

�
𝒇𝒇

�𝒚𝒚𝒄𝒄𝒄𝒄𝑰𝑰𝒄𝒄𝒄𝒄
�
𝒊𝒊

        Equation 6.15 

Therefore, by considering the change in 
𝑦𝑦𝑐𝑐𝑐𝑐

𝐼𝐼𝑐𝑐𝑐𝑐�  before and after strengthening, the 

expected percent change in strain in the Letohatchee bridge tension reinforcement can be 

determined. This method of theoretical analysis was used to verify experimental results from 

bridge testing. 

6.3 CRACKED-SECTION ANALYSIS 

Cracked section analysis of the Letohatchee bridge was performed to examine load test 

results. Analyzed cross sections were based on the instrumented cross section of the bridge. 

Three cross sections were considered during analysis—one modeling a single exterior girder, one 

modeling a single interior girder, and one modeling the complete bridge cross section. Figure 6.2 

shows each cross section that was analyzed through linear-elastic, cracked-section analysis for 

negative bending. 
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Figure 6.2 Cross Sections Analyzed with Cracked Section Analysis of a) Exterior Girder, b) 

Interior Girder, and c) Full Bridge 

Concrete and steel material properties were based on historical data in the original 

construction documents and the preliminary investigation of the bridge conducted earlier in this 

project (Alabama Department of Transportation 2014; Alexy 2009). FRP properties were 

determined from the manufacturer’s test report, located in Appendix A. Material properties used 

during analysis are presented in Table 6.1. 

Table 6.1 Cracked-Section Analysis Material Properties 

Concrete Properties Steel Properties FRP Properties 

 
f'c 3000 psi   fy 40 ksi   ffrp 467 ksi 

 
γconc 145 pcf  Es 29000 ksi  Astrip 0.050 in2 

 
Ec 3100 ksi  ns 9.29    Efrp 24300 ksi 

         nfrp 7.78  
 

Cross-sectional properties were also determined according to the original bridge plans. 

Cross-sectional properties used for each modeled cross section are tabulated in Table 6.2.  

a) b) 

c) 

.-----6'·--- - .--- ----R;,'-------, 
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Table 6.2 Modeled Cross Section Properties 

Interior Girder Exterior Girder Complete Bridge 

 
h 43.375 in.   h 43.375 in.   h 43.375 in. 

 
bf 96.0 in.  bf 72.0 in.  bf 336 in. 

 
hf 6.25 in.  hf 6.25 in.  hf 6.25 in. 

 
bw 16.75 in. 

 
bw 16.75 in. 

 
bw 67.0 in. 

 

Reinforcing steel and FRP areas were determined according to reinforcement present in 

each analyzed cross section. Steel flexural reinforcement was also separated into compression 

and tension steel for analysis. Reinforcement for each cross section is presented in Table 6.3. 

Table 6.3 Cross Section Reinforcement Properties 

Interior Girder Exterior Girder Complete Bridge 

 
As 1.92 in2   As 1.92 in2   As 7.68 in2 

 
d 40.20 in.  d 40.20 in.  d 40.20 in. 

 
A's 15.6 in2  A's 15.6 in2  A's 62.4 in2 

 
d' 5.80 in. 

 
d' 5.80 in. 

 
d' 5.80 in. 

 
FRP 6 strips 

 
FRP 6 strips 

 
FRP 24 strips 

 
Afrp 0.29 in2 

 
Afrp 0.29 in2 

 
Afrp 1.18 in2 

 
dfrp 42.88 in. 

 
dfrp 42.88 in. 

 
dfrp 42.88 in. 

 

Each modeled cross section was analyzed for negative bending response according to 

the method of linear-elastic, cracked-section analysis. Analysis results for all three cross sections 

are tabulated in Table 6.4. 
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Table 6.4 Cracked Section Analysis Results 

Pre-Retrofit 
Interior Girder Exterior Girder Complete Bridge 

 
ccr 7.1 in.  ccr 7.1 in.  ccr 7.1 in. 

 
ycr 33.1 in.  ycr 33.1 in.  ycr 33.1 in. 

 
Icr 21750 in4  Icr 21750 in4  Icr 87003 in4 

 
Icr/ycr 658 in3 

 
Icr/ycr 658 in3 

 
Icr/ycr 2630 in3 

Post-Retrofit 
Interior Girder Exterior Girder Complete Bridge 

 
ccr 7.4 in.  ccr 7.4 in.  ccr 7.4 in. 

 
ycr 32.8 in.  ycr 32.8 in.  ycr 32.8 in. 

 
Icr 24660 in4  Icr 24660 in4  Icr 98620 in4 

 
Icr/ycr 752 1/in3 

 
sIcr/ycr 752 1/in3 

 
Icr/ycr 3006 1/in3 

% Change 
in strain -14%   

% Change 
in strain -14%   

% Change 
in strain -14%   

 

As shown in Table 6.4, cracked-section analysis of all three cross sections predict a 14% 

reduction in strain at the tension face of the cross section. This correlates directly to a reduction 

of strain in the reinforcing steel. Therefore, theoretical analysis indicates that the crack opening 

displacement and stress in the reinforcing steel at the instrumented cross section should reduce 

by 14% after strengthening when the cross section is subjected to the same bending moment. 

6.4 BRIDGE LOAD TEST RESULTS 

The Letohatchee bridge was load tested before and after strengthening to determine 

effectiveness of the retrofit. Data from each load test was examined to determine the maximum 

crack opening displacement. The method for reducing raw crack opening displacement data and 

results from load tests are discussed in this section. 

6.4.1 Load Test Data Analysis 

The following process was used to examine the data to determine the maximum crack 

opening displacement for each load test. Figure 6.3 displays crack opening displacement 

measurements from a single load test run. 
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Figure 6.3 Raw Data for all Transducers for One Test Run 

Figure 6.3 allows for two observations—all transducers did not experience the same 

crack opening displacement and there is an indication of measurement drift during the duration of 

the run. Therefore, to effectively examine the results, drift must be addressed and the results 

should be split into separate plots for each transducer. Drift was examined by capturing a period 

of data with no traffic or load trucks on the bridge, as shown in Figure 6.4. 
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Figure 6.4 Transducer Linear Drift without Loading on Bridge 

Figure 6.4 depicts a continuous drift in the transducers over time. This drift could be 

estimated as a linear drift. Drift in transducer measurements could be caused by many external 

factors during the load test. However, in these tests it was concluded that drift was primarily 

caused by temperature gradients in the bridge deck created by exposure to sunlight. Although 

transducers were shaded from direct sunlight, the bridge deck temperature and ambient 

temperature around the transducers increased during testing. The assumption of drift due to 

temperature is also validated by comparing results from the pre-retrofit load test, which occurred 

on a sunny morning, and the post-retrofit load test, which occurred on an overcast morning. 

Figure 6.5 and Figure 6.6 show raw data from the pre-retrofit and post-retrofit load tests, 

respectively. 
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Figure 6.5 Transducer CIG6 Raw Data from Pre-Retrofit Load Test on Sunny Morning 

 

 
Figure 6.6 Transducer CIG6 Raw Data from Post-Retrofit Load Test on Overcast Morning 
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In Figure 6.5 and Figure 6.6, the drift correction shown provides an assumed linear 

representation of the drift from the beginning to end of the test. At both of these points there was 

no load truck on the bridge. These two figures clearly indicate that the transducer experienced 

much less drift during the post-retrofit (overcast) load test than during the pre-retrofit (sunny) load 

test.  

A linear drift correction was applied to the raw data, based on the assumption of 

temperature-induced drift. The first and last data point determined endpoints for the linear drift 

correction. The drift correction value at each recorded data point during the test was subtracted 

from the raw measurement to produce a corrected value for each measurement. Figure 6.7 

shows corrected data for a transducer from a single truck run. 

 
Figure 6.7 Transducer CIG6 Corrected Data from Pre-Retrofit Load Test 

After applying a linear drift correction to the data, each transducer was individually 

examined for each run. The maximum crack opening displacement was determined by averaging 

the displacement recorded while the load truck was placed at the critical position. Figure 6.8 

shows an example of corrected data from a single transducer for one run and the determination 

of the maximum crack opening displacement. 
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Figure 6.8 Determination of Maximum Crack Opening Displacement for Transducer CIG6 

for the Pre-Retrofit Load Test 

The first value from each run, or the displacement when the truck was not on the bridge, 

was subtracted from the maximum crack opening displacement value to determine the change in 

crack opening displacement during each run. Each transducer was examined according to this 

process for each run of all three load tests. 

6.4.2 Pre-Retrofit Load Test 

The pre-retrofit load test provided baseline data representing the performance of the 

unstrengthened bridge. Crack opening displacements for the first load test were recorded for one 

sequential loading with a single load truck stopping at all loading positions and four test runs with 

a single load truck stopping only at the critical load position. Two maximum crack opening 

displacements were recorded for the sequential loading, indicating the maximum COD when the 

load truck passed the critical position on the bridge for the first and second time. Maximum crack 

opening displacements for each transducer were averaged for similar loading patterns. Maximum 

displacements for all runs and average maximum crack opening displacements of the pre-retrofit 

load test are listed in Table 6.5. 
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Table 6.5 Pre-Retrofit Maximum Crack Opening Displacements 

Run 
No. 

Test Run 
Description 

No. of 
Load 

Trucks 

Crack Opening Displacement (mm) 

C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

1A 
Sequential - 
First Pass 1 0.0027 0.0034 0.0040 0.0027 0.0028 0.0009 0.0008 0.0032 

1B Sequential - 
Second Pass 

1 0.0028 0.0034 0.0038 0.0024 0.0027 0.0007 0.0008 0.0030 

Sequential Run 
Average 

1 0.0028 0.0034 0.0039 0.0026 0.0028 0.0008 0.0008 0.0031 

2 
Critical 
Position 

1 0.0026 0.0039 0.0039 0.0027 0.0027 0.0013 0.0009 0.0035 

3 Critical 
Position 

1 0.0026 0.0034 0.0037 0.0021 0.0026 0.0009 0.0007 0.0031 

4 
Critical 
Position 1 0.0026 0.0038 0.0038 0.0023 0.0028 0.0009 0.0008 0.0032 

5 Critical 
Position 

1 0.0029 0.0037 0.0039 0.0026 0.0026 0.0011 0.0007 0.0036 

Critical Position 
Average 

1 0.0027 0.0037 0.0038 0.0024 0.0027 0.0011 0.0008 0.0034 

 

Results from both the sequential and critical position loadings yielded very similar results, 

as shown in Figure 6.9. 
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Figure 6.9 Pre-Retrofit Maximum Average CODs for Sequential and Critical Position 

Loadings 

As shown in Figure 6.9, cracks in girders exhibited larger CODs than cracks in the slab. 

As stiffer elements, girders attract a larger percentage of the moment in the bridge. This behavior 

is consistent across both girders, except for transducer CEG2. This is primarily due to prior bridge 

cracking. At the area of the bridge where both C S3 and CEG2 were located, the single, large 

instrumented crack spreads into multiple, small, closely spaced cracks. Therefore, the COD at 

this location was split among several small, closely spaced cracks in this area, and only one of 

the small cracks was instrumented. 

Ranges between maximum and minimum COD recordings for all test runs were also examined to 

better understand dispersion in the results. Average COD range for each transducer is tabulated in Table 

6.6. 
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Table 6.6 Pre-Retrofit Average COD Range 

COD Transducer C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

Minimum COD (mm) 0.0026 0.0034 0.0037 0.0021 0.0026 0.0007 0.0007 0.0030 
Maximum COD (mm) 0.0029 0.0039 0.0040 0.0027 0.0028 0.0013 0.0009 0.0036 
Average COD (mm) 0.0027 0.0036 0.0039 0.0025 0.0027 0.0010 0.0008 0.0033 

COD Range 0.0003 0.0005 0.0003 0.0006 0.0002 0.0006 0.0002 0.0006 
Average COD Range 

(mm) 0.0004 

 

As shown in Table 6.6, bridge test results exhibited an average range between maximum 

and minimum CODs of 0.0004 mm for the same truck position. This range indicates the relatively 

large within-test variability associated with these load tests. Considering the consistency of the 

means of the critical and sequential data relative to the dispersion of the data in each set, results 

from all pre-retrofit runs could be averaged together to estimate the behavior of the Letohatchee 

bridge before strengthening.  
CODs fluctuated within this range due to the inherent inconsistency of field-testing an 

active bridge with a moving load truck. Load truck positioning was repeated as carefully as 

possible, but slight discrepancies in load truck positioning, as well as deviations from the 

assumed linear drift, for each run could affect measured COD.  

6.4.3 Post-Retrofit Load Test 

Post-retrofit load test data represents the performance of the strengthened bridge. Crack 

opening displacements for the second load test were recorded for two sequential loadings with a 

single load truck stopping at all loading positions and three test runs with a single load truck 

stopping only at the critical load position. The single load truck test runs were directly compared 

to the pre-retrofit load test results.  

The post-retrofit load test also included test runs with two load trucks. CODs were 

recorded for two sequential loadings with the second load truck stopping at all loading positions 

and three test runs with the second truck only stopping at the critical load position. When using 

two load trucks, the second load truck never traveled beyond the critical loading position. 

Therefore, there is only one maximum COD recorded for the two load truck sequential loadings. 

Maximum CODs for the post-retrofit load test are tabulated in Table 6.7. 
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Table 6.7 Post-Retrofit Maximum Crack Opening Displacements 

Run 
No. 

Test Run 
Description 

No. of 
Load 

Trucks 

Crack Opening Displacement (mm) 

C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

1A 
Sequential - 
First Pass 1 0.0035 0.0039 0.0018 0.0027 0.0042 0.0025 0.0014 0.0035 

1B 
Sequential - 
Second Pass 1 0.0034 0.0039 0.0033 0.0027 0.0041 0.0024 0.0014 0.0034 

2A 
Sequential - 
First Pass 1 0.0032 0.0036 0.0029 0.0025 0.0041 0.0022 0.0008 0.0031 

2B 
Sequential - 
Second Pass 1 0.0032 0.0035 0.0032 0.0024 0.0040 0.0022 0.0008 0.0031 

Sequential Run 
Average 

1 0.0033 0.0037 0.0028 0.0026 0.0041 0.0023 0.0011 0.0033 

3 Critical 
Position 

1 0.0032 0.0034 0.0032 0.0021 0.0036 0.0016 0.0007 0.0030 

4 
Critical 
Position 1 0.0031 0.0032 0.0040 0.0024 0.0038 0.0018 0.0006 0.0030 

5 
Critical 
Position 

1 0.0031 0.0034 0.0035 0.0022 0.0039 0.0017 0.0006 0.0030 

Critical Position 
Average 

1 0.0031 0.0033 0.0036 0.0022 0.0038 0.0017 0.0006 0.0030 

6 Sequential  2 0.0067 0.0067 0.0060 0.0042 0.0067 0.0036 0.0016 0.0046 
7 Sequential  2 0.0065 0.0074 0.0074 0.0041 0.0067 0.0033 0.0013 0.0048 

Sequential Run 
Average 2 0.0066 0.0071 0.0067 0.0042 0.0067 0.0035 0.0015 0.0047 

8 
Critical 
Position 

2 0.0068 0.0077 0.0077 0.0043 0.0068 0.0033 0.0012 0.0048 

9 Critical 
Position 

2 0.0067 0.0074 0.0077 0.0043 0.0068 0.0035 0.0016 0.0052 

10 
Critical 
Position 2 0.0071 0.0072 0.0072 0.0048 0.0073 0.0041 0.0019 0.0048 

Critical Position 
Average 

2 0.0069 0.0074 0.0075 0.0045 0.0070 0.0036 0.0016 0.0049 

6.4.3.1 Single Load Truck Results 

There was an apparent discrepancy between the sequential run and critical position run 

results in single load truck tests. This is most likely due to the behavior of the bridge during the 

post-retrofit load test. Maximum average CODs for the sequential load test during the post-retrofit 

load test were almost all significantly higher than the CODs for the critical position runs. This may 



 

111 
 

be due to the crack not fully returning to its pre-loaded state when the load truck was removed 

from the bridge. Evidence of this phenomenon can be seen through decreasing CODs during the 

sequential load tests, as shown in Figure 6.10. 

 
Figure 6.10 Post-Retrofit Maximum Average COD for Sequential Runs with One Load Truck 

Figure 6.10 shows that except for CIG6, CODs steadily decreased during the post-retrofit 

sequential runs, as Run 1 occurred prior to Run 2. This may indicate that the crack was not 

closing back to its original state during this test. However, at the end of the critical runs, the crack 

appeared to be closing back to the position it began at for each run. This is evident by examining 

the consistency in maximum CODs during the critical position runs, which followed the sequential 

runs, as shown in Figure 6.11.  
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Figure 6.11 Post-Retrofit Maximum Average COD for Critical Runs with One Load Truck 

Therefore, the post-retrofit sequential run results are not a good basis for examining the 

effectiveness of the Letohatchee bridge strengthening. Critical position runs from the post-retrofit 

load test provide more consistent results. 

Ranges between maximum and minimum COD recordings for critical position runs were 

also examined to better understand post-retrofit load test results. Average COD range for critical 

position runs for each transducer is tabulated in Table 6.8. 

Table 6.8 Post-Retrofit Critical Position Runs Average COD Range 

COD Transducer C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

Minimum COD (mm) 0.0031 0.0032 0.0032 0.0021 0.0036 0.0016 0.0006 0.0030 
Maximum COD (mm) 0.0032 0.0034 0.0040 0.0024 0.0039 0.0018 0.0007 0.0030 
Average COD (mm) 0.0031 0.0033 0.0036 0.0022 0.0038 0.0017 0.0006 0.0030 
COD Range (mm) 0.0001 0.0002 0.0008 0.0003 0.0003 0.0002 0.0001 0.0000 

Average COD Range (mm) 0.0002 
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According to Table 6.8, post-retrofit bridge test results exhibited an average range 

between maximum and minimum CODs of 0.0002 mm. This range is smaller than the pre-retrofit 

load test range of 0.0004 mm. Therefore, the critical position results were examined to compare 

the post-retrofit and pre-retrofit behavior of the bridge. 

6.4.3.2 Two Load Truck Results 

Results from tests with two load trucks provided fairly consistent results between both 

sequential and critical position runs. Figure 6.12 shows maximum average CODs for sequential 

and critical position loadings with two load trucks. 

 
Figure 6.12 Post-Retrofit Maximum Average COD for Critical Runs with Two Load Trucks 

Ranges between maximum and minimum COD recordings for all runs with two load 

trucks were also examined to better understand the results. Average COD range for each 

transducer is tabulated in Table 6.9. 
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Table 6.9 Post-Retrofit Critical Position Runs Average COD Range 

COD Transducer C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

Minimum COD (mm) 0.0065 0.0067 0.0060 0.0041 0.0067 0.0033 0.0012 0.0046 
Maximum COD (mm) 0.0071 0.0077 0.0077 0.0048 0.0073 0.0041 0.0019 0.0052 
Average COD (mm) 0.0068 0.0073 0.0072 0.0043 0.0069 0.0036 0.0015 0.0048 
COD Range (mm) 0.0006 0.0010 0.0017 0.0007 0.0006 0.0008 0.0007 0.0006 

Average COD Range (mm) 0.0008 
 

According to Table 6.9, post-retrofit bridge test results exhibited an average range 

between maximum and minimum CODs of 0.0008 mm. All of the two truck results will be 

examined to compare the post-retrofit behavior of the bridge because these results were fairly 

consistent and there was very little data collected with two trucks. 

6.4.3.3 Single Load Truck Comparisons 

Comparison of single load truck CODs from the pre-retrofit and post-retrofit load test 

could indicate a reduction in stress in the reinforcing steel in the Letohatchee bridge. Percent 

reduction in CODs for each transducer for critical position runs are tabulated in Table 6.10. 

Table 6.10 Pre-Retrofit and Post-Retrofit COD Comparison 

Test Run 
Description 

No. of 
Load 

Trucks 

Crack Opening Displacement Transducers 

C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

Critical Position Runs Only Average Maximum COD (mm) 
Pre-Retrofit 1 0.0027 0.0037 0.0038 0.0024 0.0027 0.0011 0.0008 0.0034 
Post-Retrofit 1 0.0031 0.0033 0.0036 0.0022 0.0038 0.0017 0.0006 0.0030 

Percent 
Reduction 

1 -15% 10% 5% 8% -41% -55% 25% 12% 

 

A positive value of percent reduction in CODs indicates an overall reduction in reinforcing 

steel stress. However, there are some unexpected results, indicated by shading in Table 6.10. If 

the shaded results are omitted, the critical position runs indicate an average stress reduction of 

12%. However, the unexpected results must be analyzed to justify exclusion. 
The unexpected results could have been caused by transducers slipping in the pre-

retrofit load test. If transducers slipped where attached to the bridge deck, then the transducers 

would not have moved as much as the crack opening displaced during testing. This would result 

in transducer measurements that are less than the actual CODs in the pre-retrofit load test. If 

transducers did not slip in the post-retrofit load test, then the post-retrofit results might indicate 

I 
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larger CODs than those recorded during the pre-retrofit test. However, any transducer slipping 

would result in poor repeatability and could be the cause of unexpected test results. 

Another cause of the unexpected results could be transducer lateral distance from girders 

and reinforcing steel. Cross-sectional geometry of the instrumented section is shown in Figure 

6.13. Horizontal location of reinforcing steel in the original plans was verified through field rebar 

location using a cover meter (Proceq Profometer PM-6). 

 
Figure 6.13 Instrumented Cross Section of the Letohatchee Bridge 

COD transducers CS 8, CS 4, and CS 3 were located farther from girders than other 

transducers. Also, C S8 and C S3 are located noticeably farther away from reinforcing steel than 

the other transducers. Therefore, this could indicate that the addition of FRP strips into the slab 

created an increase in localized stiffness at these locations. This increase in stiffness could have 

drawn more of the moment response into the slab that was previously resisted by the girder in the 

pre-retrofit test. This would result in an increased COD in slab transducers near FRP stiffened 

areas and lower COD in girders. 

It is also very important to consider the dispersion of test results. Results from the pre-

retrofit and post-retrofit load tests exhibited a range of 0.0004 mm and 0.0002 mm, respectively. 

Changes in CODs from the pre-retrofit to post-retrofit load tests range from 0.0002 mm to 0.0011 

mm. Therefore, it is impossible to reliably determine if there was an actual reduction in reinforcing 

steel stress because results could have fluctuated by about half of the maximum recorded 

change within a single load test. Ideally, heavier load trucks would have created larger CODs 

during testing, which could have increased the measured COD. However, only a single load was 

used in the pre-retrofit load test to ensure safety during testing due to the age of the Letohatchee 

bridge and the active interstate highway traffic below the bridge. 

Therefore, based on the post-retrofit load test results, it cannot be concluded that the 

NSM FRP system decreased demand on all the flexural reinforcing steel; however, it does appear 
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to have reduced the demand on the flexural steel over the girders. In addition, the COD values 

are more evenly distributed across the entire bridge than before the retrofit. The long-term test 

provides additional data to further verify the behavior of the Letohatchee bridge after 

strengthening. 

6.4.3.4 Two Load Truck Comparisons 

Linear-elastic behavior of the bridge was investigated by examining the change in 

maximum CODs from one to two load trucks. Increases in CODs from tests with one load truck to 

tests with two load trucks are tabulated in Table 6.11. 

Table 6.11 Increase in CODs with 2 Load Trucks versus 1 Load Truck 

Description 

Crack Opening Displacement Transducers 
Average 
Increase 

Interior Girder Exterior Girder 

C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 
Increase in 

COD 
116% 118% 102% 94% 82% 109% 140% 61% 103% 

Average 
Increase 108% 98%   

 

There was an average increase in COD of 103% during the two load truck tests, in 

comparison to the single load truck tests. Therefore, when the load on the bridge was doubled, 

CODs approximately doubled. This behavior is consistent with linear-elastic behavior. It is also 

notable that the interior girder exhibited a greater increase in COD, possibly because it was 

closer to the second load truck than the exterior girder. 

6.4.4 Long-Term Load Test 

The long-term load test data represent the condition of the retrofit one year after 

strengthening. Crack opening displacements for the long-term load test were recorded for three 

sequential loadings with a single load truck stopping at all loading positions and three test runs 

with a single load truck stopping only at the critical load position. Maximum CODs for the long-

term load test are tabulated in Table 6.12. 
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Table 6.12 Long-Term Load Test Maximum Crack Opening Displacements (mm) 

Run 
No. 

Test Run 
Description 

No. of 
Load 

Trucks 

Crack Opening Displacement Transducers 

C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

1A 
Sequential - 
First Pass 1 0.0051 0.0041 0.0033 0.0021 0.0033 0.0021 0.0007 0.0026 

1B Sequential - 
Second Pass 

1 0.0050 0.0035 0.0031 0.0018 0.0028 0.0015 0.0003 0.0027 

2A 
Sequential - 
First Pass 1 0.0026 0.0038 0.0030 0.0019 0.0022 -0.0001 0.0006 0.0025 

2B 
Sequential - 
Second Pass 

1 0.0027 0.0041 0.0031 0.0022 0.0027 0.0019 0.0008 0.0024 

3A Sequential - 
First Pass 

1 0.0030 0.0035 0.0031 0.0011 0.0020 0.0012 0.0002 0.0026 

3B 
Sequential - 
Second Pass 1 0.0029 0.0039 0.0032 0.0018 0.0025 0.0015 0.0004 0.0027 

Sequential Run 
Average 

1 0.0036 0.0038 0.0031 0.0018 0.0026 0.0014 0.0005 0.0026 

4 Critical 
Position 

1 0.0033 0.0040 0.0031 0.0020 0.0029 0.0018 0.0004 0.0027 

5 
Critical 
Position 1 0.0025 0.0043 0.0031 0.0023 0.0026 0.0016 0.0009 0.0029 

6 Critical 
Position 

1 0.0028 0.0043 0.0031 0.0024 0.0027 0.0014 0.0008 0.0035 

Critical Position 
Average 

1 0.0029 0.0042 0.0031 0.0022 0.0027 0.0016 0.0007 0.0030 

 

Only critical position results from the long-term load test were examined for comparison 

to the post-retrofit load test due to the previously discussed discrepancy in the sequential test 

results in the post-retrofit load test. Ranges between maximum and minimum COD recordings for 

critical position runs were examined to better understand dispersion of the results. Average COD 

range for each transducer is tabulated in Table 6.13. 
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Table 6.13 Long-Term Test Critical Position Runs Average COD Range 

COD Transducer C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

Minimum COD (mm) 0.0025 0.0040 0.0031 0.0020 0.0026 0.0014 0.0004 0.0027 
Maximum COD (mm) 0.0033 0.0043 0.0031 0.0024 0.0029 0.0018 0.0009 0.0035 
Average COD (mm) 0.0029 0.0042 0.0031 0.0022 0.0027 0.0016 0.0007 0.0030 
COD Range (mm) 0.0008 0.0003 0.0000 0.0004 0.0003 0.0004 0.0005 0.0008 

Average COD Range (mm) 0.0004 
 

According to Table 6.13, the post-retrofit bridge test results exhibited an average range 

between maximum and minimum CODs of 0.0004 mm. This range is consistent with the pre-

retrofit load test range of 0.0004 mm, and larger than the post-retrofit load test range of 

0.0002 mm.  

6.4.4.1 Post-Retrofit and Long-Term Load Test Comparisons 

CODs for critical position runs were similar for the post-retrofit and long-term load tests. 

Percent reduction in maximum average CODs from the post-retrofit and long-term load tests are 

tabulated in Table 6.14. 

Table 6.14 Post-Retrofit and Long-Term COD Percent Reductions 

Test Run 
Description 

No. of 
Load 

Trucks 

Crack Opening Displacement Transducers Average 
Percent 

Reduction C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

Critical Position Runs Only Averaged (mm) 
Post-

Retrofit 1 0.0031 0.0033 0.0036 0.0022 0.0038 0.0017 0.0006 0.0030   

Long-Term 1 0.0029 0.0042 0.0031 0.0022 0.0027 0.0016 0.0007 0.0030   
Percent 

Reduction 1 8% -26% 14% 0% 27% 7% -8% -1% 3% 

 

An examination of the maximum average CODs for critical position loadings in the post-

retrofit and long-term load tests show that the results from both post-strengthening tests provide 

very similar results. Most average CODs were within the range of dispersion measured during 

any single test, or 0.0004 mm, and there was an average percent reduction of only 3% across all 

transducers. Figure 6.14 graphically shows maximum average CODs for critical position loadings 

for the post-retrofit and long-term load tests. 
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Figure 6.14 Post-Retrofit and Long-Term Load Test Average Maximum CODs for Critical 

Position Runs 

Therefore, it can be observed that the Letohatchee bridge behaved similarly during both 

the post-retrofit and long-term load tests. This most likely indicates that there was no noticeable 

change in effectiveness of the FRP strengthening system one year after construction. 

Due to the similarity of results from both load tests of the strengthened bridge, the results 

from the post-retrofit and long-term critical position load tests were averaged together to better 

estimate the behavior of the bridge after strengthening. Average maximum CODs from all critical 

position runs with one load truck from the post-retrofit and long-term load test were averaged as 

the strengthened critical position results, and are tabulated in Table 6.15. 
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Table 6.15 Average Maximum CODs for Strengthened Critical Position Results 

  
No. of 
Load 

Trucks 

Crack Opening Displacement Transducers 

C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

Critical 
Position 
Average 

(mm) 

1 0.0030 0.0038 0.0033 0.0022 0.0033 0.0016 0.0007 0.0030 

6.4.4.2 Pre-Retrofit and Strengthened Bridge Load Test Comparisons 

Pre-retrofit load test results were compared to the strengthened critical position results to 

determine effectiveness of the retrofit. Results from the strengthened bridge presented in Table 

6.15, were plotted against the pre-retrofit load test results in Figure 6.15. 

 
Figure 6.15 CODs of the Pre-Retrofit and Strengthened Letohatchee Bridge 

Percent reduction in CODs due to strengthening are tabulated in Table 6.16. 
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Table 6.16 Pre-Retrofit and Strengthened Bridge COD Comparison 

Test Run 
Description 

No. of 
Load 

Trucks 

Crack Opening Displacement Transducers 

C S8 CIG7 CIG6 C S5 C S4 C S3 CEG2 CEG1 

Critical Position Runs Only Average Maximum COD (mm) 
Pre-Retrofit 1 0.0027 0.0037 0.0038 0.0024 0.0027 0.0011 0.0008 0.0034 
Post-Retrofit 1 0.0030 0.0038 0.0033 0.0022 0.0033 0.0016 0.0007 0.0030 

Percent 
Reduction 

1 -12% -2% 13% 8% -22% -56% 15% 10% 

According to the results presented in Table 6.16, there was a reduction in COD recorded 

at four of the eight crack opening displacement transducers. Transducer CIG7 indicates a very 

slight increase in COD after strengthening. Transducers C S8, C S4, and C S3 indicate larger 

CODs after strengthening. Discrepancies at these three transducers can be attributed to cross-

sectional stiffness differences due to distance from girders and reinforcing steel, as previously 

discussed. However, it is reasonable to consider that due to the dispersion of results over a range 

of 0.0004 mm, this indicates little change after strengthening. 
Based on these results, girder flexural reinforcement may have experienced an average 

decrease in strain of approximately 10%. Likewise, slab transducers indicate that the slab 

reinforcement may have experienced an increase in strain of 20%. According to these results, the 

reduction in strain due to this retrofit was constrained to the bridge girders. Installing FRP in the 

slab could have increased localized stiffness in areas of the slab, drawing more moment into the 

slab that was previously resisted by the girder. Also, the retrofit design placed NSM FRP strips 

with significantly less spacing over girders than in slab regions. Therefore, in the areas where 

NSM FRP strips were located closer together there could have been a greater reduction in strain 

after strengthening due to the increase in reinforcement. Overall, the COD was slightly more 

uniform across the width of the bridge after the retrofit than it was prior to strengthening. 

6.4.5 Visual Inspection 

A visual inspection of the strengthened bridge was conducted one year after construction. 

There was no sign of bond degradation between the epoxy and the concrete nor between the 

FRP and the epoxy one year after construction. No portion of an FRP strip was visibly exposed at 

any location. While the majority of the NSM FRP did not show any signs of wear, there were 

areas of concern that were observed. Widely scattered throughout the retrofit there were small 

areas where epoxy appeared to be brittle and only a thin layer of epoxy protected the FRP strip. 

A picture of the NSM FRP one year after installation without apparent degradation is shown in 

Figure 6.16, and a picture of a typical area of concern of epoxy degradation is shown in Figure 

6.17. 

I 
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Figure 6.16 Epoxy Showing No Degradation One Year After Installation 
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Figure 6.17 Typical Area of Epoxy Degradation 

There were some signs of epoxy degradation near the ends of strips, such as that shown 

in Figure 6.18. This may be due to thin epoxy at the edge of grooves where the curve of the saw 

blade created a tapering groove depth. Deepening the shallow end portions of grooves to be 

consistent with the specified depth could remedy some degradation. This could be achieved by 

drilling down the tapered groove end prior to FRP installation. 
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Figure 6.18 Degradation of Epoxy Near Ends of Strips  

Degradation of epoxy is a potential issue for the longevity of this retrofit technique and 

can have many causes. The areas of concern were primarily isolated to apparent low points in 

the epoxy and could have been associated with ponding of water in these depressions. Another 

possible source of epoxy degradation could be exposure to ultraviolet (UV) light. However, it 

seems unlikely that potential degradation due to UV exposure would be limited to small, discrete 

areas. Figure 6.19 shows another typical area of degradation. The orange paint was used to mark 

the area. 
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Figure 6.19 Typical Epoxy Degradation 

 There was no sign of bond degradation between the epoxy and the concrete nor 

between the FRP and the epoxy one year after construction. No portion of an FRP strip was 

visibly exposed at any location. The individual areas of apparent epoxy degradation occurred in 

average lengths of 4 in. (14 cm) at an average spacing of 30 ft in a strip. The visible areas of 

concern comprised only 0.64% of the total length of NSM FRP retrofit one year after construction. 

The long-term durability of this strengthening technique is yet unknown. There were no 

noticeable changes in structural performance due to one year of exposure to the environment and 

traffic, but degradation could occur over an extended period of time through exposure to UV light, 

water, chemicals, and abrasion. Therefore, further research should be conducted to better 

understand the long-term durability and effectiveness of this retrofit technique. 
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Chapter 7 

SUMMARY AND CONCLUSIONS 

 

7.1 SUMMARY 

The Letohatchee bridge is an ALDOT maintained bridge along AL 97 over I-65 near 

Letohatchee, Alabama. The bridge is a standard ALDOT bridge (Standard Drawing No. IC 2806) 

that is deficient for certain truck types. The Letohatchee bridge is a continuous, reinforced 

concrete deck-girder bridge, with deficiencies in negative-moment capacity. It was proposed to 

strengthen the bridge using near-surface mounted fiber-reinforced polymer strips. The project 

began (Alexy 2009) with a review of models and codes to determine the optimum NSM FRP 

retrofit design for the Letohatchee bridge. Alexy (2009) detailed a proposed laboratory testing 

program, a portion of which was conducted by Bertolotti (2012). Bertolotti (2012) examined the 

strength and performance of NSM FRP strengthened cracked girders that approximated the 

condition of the Letohatchee bridge. He verified that the NSM FRP strengthening scheme 

proposed by Alexy (2009) performed well under conditions similar to the Letohatchee bridge. 

On Tuesday, October 21, 2014, a load test of the Letohatchee bridge was conducted to 

determine the behavior of the bridge before strengthening. NSM FRP installation took place from 

Monday, December 8, 2014, to Wednesday, January 21, 2015. A post-retrofit load test was 

performed on April 2, 2015, in order to examine the behavior of the bridge after strengthening. 

Finally, a long-term load test and visual inspection was performed on December 17, 2015, which 

indicated the performance of the retrofit after a year of exposure to service loads and the 

environment. Test results and the visual inspection verified that there was no evidence of bond 

degradation one year after installation. 

7.2 CONCLUSIONS 

Several conclusions are reported based on construction methods and NSM FRP 

performance. Conclusions from this research are in addendum to those determined through 

laboratory testing (Bertolotti 2012). 
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7.2.1 Laboratory Testing (Bertolotti 2012) 

Bertolotti (2012) documented many conclusions from laboratory testing of cracked, 

reinforced-concrete girders strengthened with NSM FRP. The following conclusions are reiterated 

due to their relevance to the field performance of the Letohatchee bridge strengthening. 

1. For specimens with concrete compressive strengths of 3000 psi, failure resulted 

from crushing of concrete and there were no signs of bond degradation due to 

cyclic loading of 50,000 service-load cycles. 

2. Specimen reinforcement ratio within a range of 0.2-0.6% does not affect 

strengthening from NSM FRP. 

3. Six FRP strips per girder per deficient region is more than sufficient to strengthen 

the Letohatchee bridge negative-moment capacity deficiency (Bertolotti 2012). 

7.2.2 Construction 

The following conclusions were determined based on the documented processes and 

methods used during the construction process. 

1. Groove cutting using a track-mounted saw required six days per lane, or two 

days per group of cuts over a single bent. 

2. FRP installation took about one day per group of strips over a single bent. 

3. FRP installation was completed twice as fast as groove cutting, but was 

dependent on groove cutting speed to begin FRP installation. 

4. Cold temperatures increase the length of time the lane must be closed to traffic 

because of increases in epoxy curing time. 

5. The material cost of FRP and epoxy for this Letohatchee bridge NSM FRP retrofit 

in 2015 was approximately $3 and $6 per linear foot of strip, respectively. 

7.2.3 NSM FRP Structural Performance 

The following conclusions were determined based on load test results and performance 

of the NSM FRP strengthening system. 

1. There was an apparent 10 percent reduction in stress in girder negative-moment 

reinforcement. 

2. Stress in slab reinforcement may have increased due to a more even distribution 

of moment across the bridge cross section. 

3. The NSM FRP strengthening system did not show any signs of loss of load 

resistance or bond degradation one year after installation. 
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7.3 RECOMMENDATIONS 

Preconstruction, construction, and research recommendations are reported based on the 

results and conclusions from this research.  

7.3.1 Preconstruction 

During the preconstruction process, it is suggested to observe the following 

recommendations. 

1. Non-destructive evaluation methods, such as ground-penetrating radar (GPR), 

should be utilized if there are concerns regarding conflict between bridge 

reinforcement and groove depth or locations. 

2. A preconstruction meeting should be conducted involving ALDOT design, 

maintenance, and construction personnel; project technical advisors, and 

contractors prior to construction. ALDOT should also consider a pre-bid meeting 

with qualified contractors to minimize uncertainties about project requirements. 

3. The NSM FRP specification and project notes created for the Letohatchee bridge 

project should be used for future implementations and updated with project 

specific information as necessary. The specification and project notes are 

included in Appendices B and C, respectively. 

7.3.2 Construction 

The following recommendations are based on processes and methods used during the 

Letohatchee bridge NSM FRP retrofit. 

1. Saw types in addition to a track-mounted saw should be considered for groove 

cutting, because by increasing the rate of groove cutting could reduce the time 

required for installation by up to 43%. 

2. Squaring up the end of grooves with a drill bit should be considered to avoid 

areas of very thin epoxy in an attempt to create stronger bonds at strip ends. 

3. Movability of grooves should be determined and utilized to avoid conflicts when 

necessary. 

4. Installation should be scheduled during seasons when deck temperatures are 

typically between about 70-100°F (21-38°C) in order to ensure reasonable curing 

time and limit duration of lane closures. 

5. The following process is recommended for installation of NSM FRP strips 

oriented along the surface of a concrete bridge deck. 

• Determine and mark all strip locations on the bridge deck. 

• Saw cut grooves in the first lane. 
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o Start at the area of highest elevation. This forces the resulting slurry to 

drain away from this section of cuts; therefore, installation of FRP can 

begin in this section while groove cutting continues in other areas of the 

bridge. 

o Vacuum the slurry behind the cutting operation. This significantly 

reduces the amount of slurry on the bridge deck. 

o Clean grooves by power washing immediately after cutting and by 

pressurized air after grooves have dried. 

o Cut FRP strips to length, and place into the dry, cleaned groove. Examine 

and address any areas where the FRP does not seat below the surface of 

the bridge deck. 

o After verifying proper groove depth, remove the FRP strip and place a bead 

of epoxy in the bottom of the groove. 

o Insert the FRP strip into the epoxied groove and seat it at the proper depth. 

o Fill the remaining void space in the groove with epoxy. 

o Manually consolidate epoxy into groove around the FRP strip using a putty knife. 

o Remove excess epoxy from the deck surface. 

o Spread sand on the curing epoxy to promote traction. 

o Keep strengthened lane closed to traffic until epoxy initial cure time is reached. 

7.3.3 Research 

The following items are recommendations for future research to increase the efficiency or 

effectiveness of NSM FRP strengthening systems. 

1. The Letohatchee bridge should be monitored periodically, to determine if further 

degradation of epoxy occurs and the rate at which it occurs. 

2. Required material properties should be determined for alternative adhesives and 

FRP than those used throughout this research. Workability, constructability, and 

durability of epoxy and FRP strips should be studied to determine the required 

material properties for NSM FRP retrofits. 

3. A method for acceptance testing of adhesives and FRP should be developed, 

along with criteria to determine acceptability of the system. 

4. The effect of groove straightness on performance should be studied to determine 

construction tolerances that could allow for other groove cutting methods than a 

track-mounted saw system. 

5. Degradation of epoxy due to environmental exposure should be studied, along 

with possible overlays, or other methods of delaying epoxy degradation. 
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APPENDIX A: ASLAN FRP MATERIAL TEST REPORT 

 

Tens ile Testing of CFRP Rebar 

AslanFRP Tested By R Kruse 
Test Date 11/6/2014 

-;;,,::.__,,,,,_____,-~ ~ Rebar Size I RBC l2 I 
Hu~hes Bro th ers Order I 730 I Carbon Type I 

TEST ACHINE 
Work Order I Tow I 

Baldw in Model 120CS SIN: 1005 
Date Produced I i of Ends I 

Electromechanical lot Color Code I 
120,000 lbs capacity Tension/Compression Matrix I Sample Length I 4800" C ertificat ion Number 148082613 133713 
By lnstron 26-August-2013 Formulation I Anchor Length I 10.00" 
Operating System - ~JtTEST Windows 

Test Temp I 71.3°F Free length I 28.00" Grip V Style Per ASTM E4·13 
Test R/H I 25% Potting Material I liil-183 

Load Rate 

Load @ Failure Tensibe Strength Ultimat e Strain Modulus of Modulus of Sample 
: {lbs) (psi) (MPa> (in/in) Elasticity (ps i) E lasticity (GPa) 

1 122,293.2 

2 123,248.4 
3 123,213.0 

4 122,247.9 
5 123,952.0 

6 123441 0 

7 1231206 

8 1243922 

PSI 

Average Tensile I 466,637.3 

Sigma I 13,785.8 

3 Sigma I 41,357.5 

-3 Sigma I 425,279.8 

Lot Comments 

&tmple Mode of Failure 

1 en terOelam 

2 en ter Oelam 

3 en terOelam 

4 en ter Oelam 

5 en terOelam 

6 r,..,en ter 0 1 e arn 

~ en ter Oelam I 7 

8 ~ en ter Oelam I 

447,654.6 3,086.6 

466,835.3 
466,124.5 

446,7450 
480,963.9 

470,702.8 

464,269.1 

489,803.2 

MPa 

3,218.8 
3,213.9 

3,080.3 
3,316.2 

3,245.5 

3,201.1 

3,377.2 

Averages 

11 3,217.5 I Slrain 

11 95.1 I 
11 285.2 I 
11 2,932.3 I ~I ~o.~01~9=2~ 

0.0183 124,503,730 168.9 

0.0195 123,960,708 165.2 
0.0194 124,085,092 166.1 

0.0183 124,393,054 168.2 
0.0202 123,812,474 164.2 

0.0190 124,819,644 171.1 

0.0189 124,626,320 169.8 

0.0202 124,230,654 167.1 

0.0192 I 24,303,960 167.6 

Extensonmeter Epsilon Model 3543 

Distance from Anchors I 
::===! 

LBS ol l oad at Removal I 
::=::::;;==! 

Percent of Load Required at Removal I 50% 

Span I 6.00" 

• Samples cut using Diamond Blade Cutoff Saw 
.,. Anchorages are cut to length and wheel abrated 

Schedule 40 Pipe 

ACIUOl 0 Actual CSA 
6n) A, (in) 

Rebar Required Tensile l oad Cell Min Stnndard 0 Standard CSA Per ASTM D 7205-06 Rebar 
Size Strength(PGi / MPa (lbs /N) (in / mm) A

0 
(in / mm) 

0.0498" 
Per ASTM D 3039-00 Flat or Tape 

Metric Reference 
Ni, oi 1 JM 2 J12: Tensile Strength Md Modulus of E asticrtv on this sheet rue NOT calculated using 

Aaual Cross Seccional Area. but are calcUiat ed using a standard Cross Sectional Area. Hughes Brothers, Inc. Seward, NE 
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APPENDIX B: ALDOT SPECIFICATION 

ALABAMA DEPARTMENT OF TRANSPORTATION 

DATE: March 11, 2014 Special Provision No. xx-xxxx 

SUBJECT: Near-Surface-Mounted Fiber-Reinforced Polymer Strips for Structural 
Strengthening, Project No. IBRCP-0097(502), Lowndes County. 

Alabama Standard Specifications, 20xx Edition, shall be amended by the addition 
of a new Section xxx as follows: 

SECTION xxx 
NEAR-SURFACE-MOUNTED FIBER-REINFORCED POLYMER 

REINFORCEMENT 
xxx.01 Description. 

This Section shall cover the work of strengthening or repairing concrete structures with near­
surface•mounted (NSM) fiber-reinforced polymer (FRP) reinforcement. The NSM FRP reinforcement 
shall be installed in grooves cut into the concrete surface to increase the strength of a structure . 

xxx.02 Materials. 
(a) CARBON FIBER REINFORCED POLYMER (CFRP) REINFORCING STRIPS. 

The NSM FRP reinforcement shall consist of carbon fiber reinforced polymer (CFRP) strips 
designated Asian 500 CFRP Tape supplied by Hughes Brothers, Inc. , 210 N. 13th St. , Seward, NE 68434, 
(800) 869-0359. All manufacturer instructions for the CFRP strips shall be followed. 

The guaranteed tensile strength of the CFRP strips shall be not less than 300,000 psi as tested 
per ASTM 03039, Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials. 
The guaranteed modulus of elasticity shall be not less than 18,000,000 psi as tested per ASTM D3039. 
Material test certificates for each production lot of the CFRP strips used shall be furnished to the 
Engineer no later than 15 calendar days prior to installation in the structure. 

(b) INJECTABLE ADHESIVE. 
The injectable adhesive to bond the CFRP reinforcing strips to the concrete shall be HIT-RE 

500 supplied by the Hilti , Inc. , 5400 S. 112nd E. Ave., Tulsa, OK 74146 (800)879-8000. The system to 
dispense the injectable adhesive shall be selected by the contractor. All manufacturer instructions for 
the injectable adhesive shall be followed . 

Material safety data sheets (MSDS) for the adhesive shall be obtained from the manufacturer, 
and shall be 3ccessible at the job site at all times. All adhesive handling instructions defined by the 
manufacturer shall be followed. 

xxx.03 Construction Requirements. 

(a) COOPERATION OF THE CONTRACTOR. 
The Engineer will obtain the assistance of a representative of the Auburn University Highway 

Research Center in inspecting and documenting the work. The Contractor shall provide assistance to 
this representative a.s directed by the Engineer. 

Auburn University Highway Research Center Contact: 
Robert W. Barnes 
(334)663-9092 
barnerw@auburn.edu 
238 Harbert Engineering Center 
Auburn University, AL 36849-5337 
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2 Special Provision No. xx-xxxx 

(b) PREPARATION AND PROTECTION OF CONSTRUCTION SITE. 
The Cont ractor shall provide necessary pathways, scaffolding, and other means of access to 

the project si te and to the installation area for personnel, equipment, and materials. The Contractor 
shall remove and reinstall all obstructions as directed by the Engineer without additional 
compensation. 

The Contractor shall provide the Engi neer with documentation (photographs or drawings) of 
all materials that the Engineer designates to be reinstalled after the installation of the NSM FRP. The 
materials shall not be removed until the Engineer informs t he Contractor that the documentation is 
acceptable. 

Bridge t est ing instrumentation (sensors, wires, etc.) shall not be removed from the bridge 
without the prior written approval of the Engineer. 

(c) CONTRACTOR'S INSTALLATION PLAN. 
The Contractor shall submit four copies of a proposed NSM FRP Installat ion Plan. The plan 

shall include the following: 
• manufact urer literature detailing physical and chemical properties; 
· equipment and procedures for locating, cutting . and preparing grooves for installation; 
• FRP reinforcement and adhesive installation procedure including sequence and t iming of 

operations; 
• materials and procedures for the protection of the NSM FRP during installation and curing; 
· weather restrictions (temperature, humidity, etc.); 
• installation tolerances; 
• quality control plan; 
• procedures for documentation of the installation. 
The submittal will not be approved by the Engineer but will be reviewed for completeness. 

The installation of the FRP shall not begin unt il the Engineer informs the Contractor in wri t ing that the 
submittal is complete. 

Incomplete submittals will be returned to the Contractor for completion and the resubmittal 
of four copies. 

(d) STORAGE AND HANDLING OF NSM FRP COMPONENTS. 
1. STORAGE REQUIREMENTS. 

All components of the NSM FRP system shall be delivered and stored in the original 
factory sealed, unopened packaging or in containers with proper labels identi fying the manufacturer, 
brand name, system identification number , date of manufacture, shelf life, and expiration date. 
Components shall be stored according to manufacturer instructions. All components shall be protected 
from dust, moisture, chemicals, direct sunlight, physical damage, fire, and temperatures outside the 
range specified in the system data sheets. Any component that has been stored in a condition di fferent 
from the required storage conditions shall be disposed. 

2. SHELF LIFE. 
Any component of the NSM FRP system that has been stored longer than the shelf life 

shown on the system data sheet shall be disposed. 

3. HANDLING. 
All components of the NSM FRP system shall be handled with care according to the 

manufacturer's recommendations. The careful handling shall be done to protect the components from 
damage. 

4. CLEANING CONSTRUCTION SITE. 
The Contractor is responsible for the clean-up of the equipment and the project site 

using appropriate solvents, as shown in the NSM FRP Installation Plan. 
5. DISPOSAL OF MATERIALS. 

Any component of the NSM FRP system that has exceeded i ts shelf li fe or pot life, or has 
not been properly stored or has been contaminated, and any unused or excess material that is deemed 
waste shall be disposed of in a manner specified by the manufacturer and in accordance with state and 
federal environmental control regulat ions. 
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(e) CONCRETE PREPARATION. 
1. GROOVE CUTTING. 

3 Special Provision No. xx-xxxx 

Groove locations shall be reviewed by the Engineer prior to cutting . If a groove location 
is designat ed as moveable on the plans, the ent ire groove may be shifted laterally as much as 6 inches 
to avoid an obstruction without prior approval of the Engineer. However, adjacent grooves shall be 
spaced no less than 2 inches (center to center). Grooves shall be cut using a diamond·blade concrete 
wet saw. The groove depth shall not exceed the specified depth, nor shall it be less than the specified 
depth minus 3/32 inch. The groove width shall not be less than the specified width, nor shall i t exceed 
the specified width plus 1/8 inch. The groove shall not deviate more than 1/4 inch from the specified 
straight line. Misaligned ends of discontinuous cuts that form a single groove shall be ground smooth to 
create a smooth transition. The Contractor shall notify the Engineer w hen steel reinforcement is cut 
while cutting the grooves. 

2. GROOVE CLEANING. 
The inside faces of the groove shall be cleaned with compressed air to allow t he 

adhesive to securely bond to the concrete. At the time of NSM FRP installation, each groove shall be 
free of dust, oil, moisture, laitance, and other compounds that may interfere with bond. The surfaces 
of the groove shall be dry when the adhesive is placed. 

3. MASKING. 
Temporary masking of the concrete surface adjacent to each groove is allowed to 

facili tate removal of excess adhesive after installation. Masking material must be fully removed before 
exposure to vehicular traffic . 

(f) INSTALLATION OF NSM FRIP. 
1. TEMPORARY PROTECTION. 

Temporary protection may be required during installation and until the adhesive has 
cured. FRP reinforcement and uncured adhesive shall be protected from direct contact by rain, dust, 
dirt, and vandalism. Adhesive temperature must remain above 41 • F during mixing and curing. Concrete 
temperature shall not exceed 12o· F during adhesive curing. Strengthened structural components shall 
not be subjected to direct traffic loading during the initial curing ti me specified by the adhesive 
manufacturer. 

2. INITIAL ADHESIVE INJECTION ANO CONSOLIDATION. 
Adhesive shall be mixed and Injected Into the grooves in accordance with the 

manufacturer's recommended procedures. All adhesive and reinforcement placement operations for a 
single element of FRP reinforcement shall be completed within the adhesive manufacturer's 
recommended working time for the ambient conditions encountered during installation. Prior to and at 
hourly intervals during adhesive injection, 3 fl oz of mixed epoxy shall be sampled from the injection 
gun. Should a sample show any visual evidence of improper proportioning or mixing, work shall be 
suspended until the equipment or procedures are corrected. Prior to insertion of FRP reinforcement, at 
least half of the groove depth shall be filled with adhesive, and the adhesive shall be consolidated to 
remove entrapped air voids. Manual consolidation may be performed using a putty knife. 

3. FRP PLACEMENT. 
Each element of FRP reinforcement shall consist of a continuous strip or bar. Splicing of 

reinforcement is only permitted when indicated on the project drawings. FRP reinforcement shall be 
inserted into the groove unt il approximately flush with the concrete surface. The reinforcement shall 
then be approximately centered in the groove, and then seated to the specified depth. A concrete 
grooving trowel may be used to seat the reinforcement. The seated FRP reinforcement shall be at least 
¼ inch below t he concrete surface, and adhesive shall be present between the FRP reinforcement and 
both vertical groove surfaces. 

4. FINAL ADHESIVE INJECTION. 
After the FRP reinforcement is properly seated and while the initially injected adhesive 

remains workable, any remaining space in the groove shall be filled witlh a finishing bead of adhesive. 
Excess adhesive shall be struck-off flush with the surface of the concrete. 

5. FINAL SURFACE CLEANING. 
The hardened adhesive shall extend no more than 1 / 8 inch laterally beyond the edge of 

each groove. The hardened adhesive shall extend no more than 1/16 inch above the concrete surface. 
Sandblasting shall be permitted for surface cleaning of adhesive. 
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4 Special Provision No. xx-xxxx 

(g) REPAIR OF DEFECTS. 
The Contractor shall propose a repair procedure for all defects in the installed NSM FRP 

system or damage to the surrounding structure t hat is designated by the Engi neer to be repaired. 

xxx.04 Method of Measurement. 
The Near-Surface-Mounted Fiber-Reinforced Polymer Reinforcement will be measured in units of 

linear feet of length of NSM FRP placed, regardless of the required width or depth of the required 
placement. 

xxx.05 Basis of Payment. 

(a) UNIT PRICE COVERAGE. 
The near-surface-mounted (NSM) f iber -reinforced p:>lymer (FRP) reinforcement will be paid 

for at the contract unit price which shall be full compensation for furnishing all materials, equipment, 
t ools, labor , submittals, and incidentals necessary to complete this item of work. 

(b) PAYMENT Will BE MADE UNDER ITEM NO. : 
xxx-A Near-Surface-Mounted Fiber-Reinforced Polyrrer Reinforcement · per linear foot 
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APPENDIX C: ALDOT PROJECT NOTES 

REFERENCE 
PROJECT NO. 

FISCAL SHEET 
YEAR NO. 

PROJECT NOTES IBRCP-0097 (502) 

200 GROOV ING OF THE BRIOGE OECK SHALL BE ACCOMPLISHEO WITH TRACK MOUNTEO, 
1/4' THICK OIAMONO BLAOE CONCRETE WET CUT SAWS TO A DEPTH OF I INCH. 

201 THE SAW CUT GROOVES SHALL ONLY BE BE EXPOSED TO TRAFF IC (3) DAYS PRIOR TO 
BEGINN ING PLACEMENT OF THE FIBER STRIPS 

2014 

202 THE SAW CUT GROOVE SHALL NOT DEVIATE MORE THAN 1/4' INCH FROM THE PRESCR IBED 
STRAIGHT LINE. 

2 

203 CLEARANCE TD EXISTING DECK REINFORCEMENT SHALL BE VER IFIED US ING NON-DESTRUC TIVE MEANS 
SUCH AS GROUND-PENETRATING RADAR. 

204 THE USE OF COMPRESSED AI R SHALL BE USED TO CLEAN GROOVES OF SLURRY 
AT THE TIME OF GROOVE CUTTING AND J US T PR IOR TO TO APPLYI NG EPOXY. 

205 DURING THE INITIAL INJECTION OF EPOXY, THE EPOXY SHALL BE CONSOL IDA TED WITH 
A TOOL (SUCH AS A PUTTY KNI FE) TO ELIMI NATE AIR VOIDS. 

206 ALL WORK SHALL BE COMPLE TED IN ONE ROADWAY LANE BEFORE WORK CAN BEG IN 
ON THE ADJACENT LANE 

207 A CONCRETE GROOVING TROWEL SHALL BE USED TO SEAT THE STRIP TO THE CORRECT DEPTH. 
< SEE SHEET 4> 

208 TO CREATE A FINSIHED SURFACE WI THOUT EXCESS EPOXY, IT IS RECOM-1ENDED TO APPLY TAPE 
TO THE EDGES OF THE GROOVE. IF TAPE IS APPL IED. TAPE SHALL BE REMOVED TOWARD THE 
ENO OF THE WORKABLE PERIOD AS DEFINED BY AMBIENT TEMPERA TURE OR WHEN THE EPOXY SEEMS 
TO HAVE SUFF ICIENTLY SET TO PREVENT HARDEN ING OF THE EXCESS EPOXY TO THE POINT OF 
MAKING TAPE REMOVAL IMPRACTICAL. 

2oq DURING THE CURING PERIOD THE CONTRACTOR SHALL HAND BROADCAST MORTAR SAND 
ON THE BRIDGE DECK AS A TEMPORARY SAFETY MEASURE UN TIL THE DECK 
IS SAND BLASTED 

2 10 THE FOLLOWING INFORMATION IS PROVIDED FROM THE HILT! PRODUCT TECHN ICAL GU IDE 
FOR INITIAL CURING TIMES, •F t _1nn1ol =· 

41 18 hr 
50 12 hr 
5q 8 hr 

68 6 hr 

86 4 hr 

104 2 hr 

2 11 NO TRAFFIC SHALL BE ALLOWED ON THE NEWLY PLACED EXPOXY UN TIL THE INITIAL 
CURING PERIOD HAS EXPIRED OR AS DIRECTED BY THE ENG INEER 

2 12 ANCHOR HOLES REQUIRED BY TRACK $ AW SHALL BE FILLED WITH EPOXY AS 
DIRECTED BY THE ENGINEER 

2 13 THE CONTRACTOR SHALL MONITOR INCLEMENT WEATHER ANO DUR ING THE THREAT OF A 
HURR ICANE LANE CLOSURES SHALL BE REMOVED AND ALL WORK SHALL CEASE AS 
DIRECTED BY THE ENGINEER 

800 IT SHALL BE THE CONTRACTOR' S RESPONSIB ILITY TO DETERMINE THE EXACT LOCAT ION OF ALL 
UNDERGROUND UT ILIT IES BEFORE COl'MENCI NG WORK. THE CONTRACTOR AGREES TO BE FULLY RESPONSIBLE 
FOR ANY AND ALL DAMAGES WHICH MIGHT BE OCCAS IONED BY HIS FAILURE TO EXAC TLY LOCATE AND 
PRESERVE ANY ANO ALL UNDERGROUND UTILITIES. 

900 NPOES PERM IT COVERAGE IS NOT REQUI RED FOR THIS PROJECT. 
901 THERE SHALL BE NO FUEL TANKS STORED ON THE RIGHT OF WAY. IN ADDIT ION, NO FUEL TRUCKS 

OR VEHICLES TRANSPORT ING CHEMICAL, FERTILI ZER, ETC. SHALL BE LEFT UNAT TENDED ON THE 
RIGHT OF WAY. 
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