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ABSTRACT

The Letohatchee bridge is a continuous, reinforced conaret&girder bridge
maintained by the Alabama Department of Transportation (ALDOT) along AL 97 -®%enéar
Letohatchee, Alabama. The bridge is defitiamegativemoment capacitgandwas
strengthened using nesurface mounted fibaeinforced polymer (NSM FRP) strips.

The bridge was load tested before and after implementation of the NSM FRP
strengthening program. A lortgrm test was also conducteceoyear after installation to
evaluate behaviarf the NSM FRP system after a year of exposure to the environment and
service loadsinstallation of the strengthening systendocumentedh this thesis

The NSM FRP systemxhibitedanapparent0% reductionin girder reinforcing steel
stresswhile stress in slab reinforcement may have increased due to a more even distribution of
moment across the bridge cross secfidre NSM FRP system did not show aigns 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 bnaligjes
strength rating deficiencies for certain truck tyda2004 ALDOT appliedto the Federal
Highway Administration (FHWAJo develop a strengthening program da@tandard bridge type
(Standard Drawing No. IC 280&)rough thelransportation Equity Act for the 21st Century
(TEA-21) Innovative BridgeResearch an@onstructionProgram(IBRC). The strengthening
programaddressedetrofit of the bridge along AL 97 ové¥65 near Letohatchee, Alabama
(Bridge Inventory Number 88473hown inFigurel1.1 below,utilizing fiber-reinforced polymer

(FRP) strips.

Figure 1.1 Letohatchee Bridge (Lowndes County, Alabama)



Fiberreinforced polymestrips refer to polymer fibers that dvended togethewithin an
epoxy matrix to form precured strifidughes Brothers, Inc. 201 FRP laminates and fabrics
are often externally bonded (EB) to girders, whereas FRP stripgo@ally installed using a
nearsurface mounted (NSM) techniguegure 1.2 shows an example of externally bonded and

nearsurface mounted FRP applications.

g \

Near-Surface Mounted Externally-Bonded
Configuration Configuration

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

NSM FRP provides greater protection from environmental conditions and improved bond
guality when compared to EB FRBertolotti 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 ieemeith FPR,
resulting ina majority of theconcrete no longer being exposed after a retrofit. However, for
negativemoment flexural strengthening, a NSM FRP technique is often more appropriate. NSM
FRP allows for embedment of FRP within the member wthieconcrete remains exposed. This
is especially beneficial in a bridge deck retré&dit negative momerttecause it allows the deck

surface to retain the traction of the concrete. Also, NSM FRP only involves work alaiog the



of thedeck of a bridge, therefore road closures are limited to only the lane of the bridge being
retrofitted.

While fiber-reinforced polymertave been a promisingnnovative material itoncrete
retrofitsfor manyyears therehas been very littldocumentedise ofNSM FRPin applications
similar to the standard ALDOT bridge design of interest. Oifdge near Letohatchee,
Alabamais a continuous, reinforcembncrete, declgirderbridge that was built with relatively
low strength concrete and lawinforcemat ratiosin regions between supports and midspan
The bridge, constructed in 1965, is cracked due to years of exposure to service loads and is
deficient in negativanoment flexural strength in the region where most of the negatoraent
reinforcement teninates, asmdicatedin Figurel.3 below.Therefore, in 200%his projectbegan
with an exploratory review ahodels and codes to determine the optinNG&M FRPretrofit
designfor the Letohatchee bridg@lexy 2009) Laboratory testing of cracked, NSM FRP
repaired girders that closely resembled the conditions of the Letohatcheefbitmged

(Bertolotti 2012).
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Figure 1.3 Approximate Locations of Flexural Deficiencies in the Letohatchee Bridge
(Alexy 2009)
1.2 Research Objectives and Tasks
The primary goals aheresearclhdescribe in this thesare to determine the feasibiliby

NSM FRP reinforcement for negativ@oment strengthening of continuous, reinforced concrete



girder bridges antb develop recommendations for the implementation of NSM FRP
reinforcement for flexural strengthening of this bridge type. The construction method, as
established byertolotti (2012), was implemented and documeiatigéthg the retrofitDetails of
theinstallation and performance improvements resulting frometrefit arealsoprovided
Recommendationsrebased on the NSM FRP construction method faher flexural
strengthening of other ALDOT bridges of this standard bridge type.

Several taskwere required to achieve these objectives

1. Preretrofitload test of the Letohatchee lyalin its existing condition,

2. Implementation of the NSM FRietrofit,

w

Postretrofit load test of the NSM FR&trengthened Letohatchee bridge, and

H

Long-term load test of the NSM FRP strengthened Letohatchee lalieigenmonths
after completion of theetrofit.
1.3 Organization of Thesis

An overview ofNSM FRP researchndreinforcedconcrete analysis presented in
Chapter 2Previous esearch from Auburn University presented, as it determined how the
Letohatchee bridgeetrofit wasimplementedTypical concerns associated with NSM FRP as
well as benefits of NSM FR&ealso discussed and classical concrete analysis medheds
described.

Chapter 3Ilocumentshe background of the Letohatchee bridgae existing conditions
and deficiencies of the Letohatchee bridge aih@rALDOT standard bridges of this tgpare
also overed in this chapter

The bridge testing program presented itChapter 4All three load tests are discussed,

along with instrumentation details aadoutline ofeach load test.



Installationof the bridgeretrofitis presented i€hapter 5SEach stemf 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 presdbkegbiar 6.
Analyticalinvestgatiors of the bridge before and after thedrofit arealso presented. Bridge test
results and analytical expectations are comparedhencksultsliscussed.

A summary of theetrofit is discussed i€hapter 7This chapternlsopresents
conclusions based on the research documented in this thesis and recommefodatiens

implementatiorof thisretrofit process for similar ALDOdmaintained bridges.



CHAPTER 2:LITERATURE REVIEW

2.1 Introduction

Fiberreinforced polymers have been usediany industries since the 1940s, awer
the past two decades it has become a widely used material in structural (@eddisset al.
2003) FRP composites have been traditionally applied asreattg bonded FRP on tension
members and wraps on columf@wer the past decade neaurface mounted FRP has also been
explored to increase efficiency of FRP retrofits. The Auburn University Highway Research
Center (AU HRC) began investigating NSM FRP @92. This research and other published
documentation of FRI considered as it relates to the Letohatchee bridge retrofit.
2.2 Benefits of FiberReinforced Polymers

Fiberreinforced polymer composites are a valuable material for structural retrofits,
especiddly 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 tpeptechnique to achieve
an adequate, durabdéructuralretrofit.
2.2.1 Advantages Compared to Traditional Retrofit Materials

Reinforcedconcrete (RC) bridges, like all structures, reach a point in their lifespan where
replacement or retrofit is requiréal 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 defigent structures, performing a less expensive structural rasafiten the
preferred choice.

Structural retrofits have been performed for several decades using traditional building
mateials; however since the 1980s fibaeinforced polymer compositésve become widely
used in the construction indus{akis et al. 2003)Prior to the introduction of FRP materials,
structural repair primarily relied dheuse of metals, shotcrete, or additional reinforced
concrete. Steel plates have been one of & popular retrofit materials for RC structures, and
they are often attached with epoxy or bolts to areas of flexural deficiency. Reinforced concrete or
shotcrete is often used in conjunction with steel jacketing of structurabers.

While traditional einforcedconcrete 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 alsuftczantig
increase crossectional dimensions and dead loads of the stru@@ailes et al. 2003)However,

FRP materials are extremely lightweight in comparison to traditional construction materials. FRP
composites are four to six times less dense ttes, svith densities typically ranging fromi75

130 pcf (1.22.1 g/cmd). This can reducmaterialtransportation costs as well as dead loads on

the structurd AClI Committee 440 2008 able2.1 shows typical densities of steel and FRP
materials.

Table 2.1 Typical Steel and FRP Densitieslb/ft3 (g/cm®) (ACI Committee 4402008)

Steel GFRP CFRP AFRP
490 (7.9)|75t0 130 (1.2 t0 2.1)|90 to 100 (1.5 to 1.6)|75 t0 90 (1.2 to 1.5)

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

Many applications leave retrofit mates@&xposed to environmental conditions, where corrosion



can greatly reduce the longevity and effectiveness ofafiteTherefore FRP retrofits camlso
providea longlasting retrofit due to corrosion resistance.
2.2.2 Types of FiberReinforced Polymers

There are three types of fibers used in concrete strengthening FRP applieationd
(Kevl ar E), gl aphité Ultinmte tersike stiergths of figers range from about 200
ksi (1380 MPa) to 900 ksi (6200 MRaptfibershave very low strain at ruptur€able2.2
shows ypical tensile properties of fibers used in FRP systems.

Table 2.2 Typical Tensile Properties of FRP System Fiber6ACI Committee 440 2008)

Elastic modulus Ultimate strength )
- - Rupture strain,
Fiber type 107 ksi GPa ksi MPa minimum, %

Carbon

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

High-strength 32to 34 220 to 240 550 to 700 3790 to 4820 1.4

Ultra-high-strength 32to 34 220 to 240 700 to 900 4820 to 6200 1.5

High-modulus 50075 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 125t0 13 86 to 90 500 to 700 3440 to 4140 54
Aramid

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

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

According toTable2.2, glass FRP (GFRP) fibehsave the least strengthut theyexhibit
the greatest strain at ruptuf@arbon FRP (CFRP) fibers provide the l@ghstrengths, but
exhibit less strai@t failurethan glass or aramid fibers. Aramid fibers fall between glass and
carbon fibers in both strength angture strainTable2.3 shows that typical tensile @perties

of FRP bars align with these observations regarding fiber propertieSabla2.2.



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

Young’s modulus, Ultimate tensile strength,
FRP system description 10° ksi (GPa) ksi (MPa) Rupture strain, %
High-strength carbon/epoxy [7t024 (115to 165) | 180 to 400 (1240 to 2760) 1.2t0 1.8
E-glass/epoxy 4107 (2710 48) 70 to 230 (480 to 1580) 1.6 10 3.0
High-performance aramid S8toll (551076) 130 to 280 (900 to 11.930) 20103.0

Fiberreinforced 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 intiesived shape. FRP
fabrics consist of unidirectional or bidirectional FRP fibers that are woven together into thin,
flexible sheet¢Bakis et al. 2003)

Types of precured FRP materials include bars, laminates, and strips. Bars are created to
mimic steel ranforcing bars and conform to the same bar size numbering system as mild steel
reinforcement. Laminasgeare thin, wide pieces of FRP, ab0ui55 inches (1.4 mm) thick and
2i 4 inches (50100 mm) wide. FRP strips anet as wideaslaminatestypically abou 0.079
0.177 inches (2.5 mm) thick and 0.63 inches (16 mm) w{deslan FRP 2015)igure2.1

shows samples of a FRP bar, laminate, arol. s



Figure 2.1 FRP Bar, Laminate, and Strip Samples

Fabrics are a unique type of FRP reinforcement be¢hageallowthe contractor to mold
thereinforcementairaund members during installatioather 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 showigare 2.2, and FRP fabrics

used tostrengtheneinforcedconcrete beamsnd columns are shown Figure2.3

1C



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

2004)
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2.2.3 FRP Application Methods

Externally bondedEB) and neaisurface mounte@NSM) are the two most common
application methods for fibeeinforced polymer retrofits. Externally bonded FRP is attached to
the outside of members; nesurface mounte8RP is embedded in the concrete cover of a
member. Both techniques utilize epoxy to bond FRP to the existing concrete.

Externally bonded FRRequiresepoxy application prior to placement. First, epoxy is
applied to the FRP and to the member being strength After thoroughly coating both
surfaces, FRP is placed in the desired position on the structematben. This method results in
one FRP surface that is bonded togtractural member, while the othHeRP surface are
exposed to the environmelB FRP isused for flexural strengthening girders of varying
materials and t is the most commonly used techniqud=-8¥P retrofitgBakis et al. 2003)A

typical application of EB FRP ithe War Memorial Bridgeetrofit is shown irFigure2.4.

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

Barnes 2005)
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A newer méhod of FRP retrofiof structures is known as nesurface 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 mearimeepoxy 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@04). Figure2.5 shows a typical NSM FRP installation in a reinforced

concrete bridge retrofit.

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

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

NSM FRP exhibits improved bond strength, ductility, and environah@nbtection compared to

13



EB FRP. NSM FRP also allows for a more efficient use of FRP materials than EB FRP
applicationgBlaschko and Zilch 1999)

In NSM applications, FRP strips are embedded into the concrete. This allcavs for
epoxy bond between the FRP strip and three surfaces of concrete, while also covéougtthe
surfaceof the strip with a layer of epoxy. Therefore, the bond strength in NSM applications is
muchstronger than EB installationshere epoxy is only beten one side of the FRP and the
adjacent concret&igure2.6 shows test results of two identical specimens that were reinforced
with the same amount of FRP. Speam#€l was reinforced using EB FRP and specimen A2 was
reinforced using NSM FREBlaschko and Zilch 1999puring flexural loading, both specimens
exhibited very similar stiffness. However, the NSM FRP reinforced specimerexaAited
over twice the ultimate strength of the EB FRP reinforced specimen (Al). 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 Beam@laschko
and Zilch 1999)

NSM FRP also has additional protection from environmental effects due to thengoveri
of epoxy onthe fourth surfacef the FRP strip. The epoxy covering providé&dP protection
from exposure talegradatiordue to environmeat conditions There isalsoan increased
resistance to fire damagecause the FRP strip is embedded in the me(&bé¢lacha and
Rizkalla 2004)

Bond strength is very important because in EB FRP applications, bond strength typically
limits theperformance ofhe FRPretrofit. EB FRP is susceptible to bond failure before the FRP
is able toreach 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
therepair Therefore, NSM FRP retrofits more efficiently utilize the FRIRfaeicement than EB

FRP retrofitJung et al. 2005)
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2.2.5 Disadvantages of NSM FRP

NSM FRP is a gry useful strengthening methdthwever there are disadvantages
Bridges that do not have adequate carernotyood candidatefor a NSM FRP retrofit. There
must be sufficient cover to allow for grooves to be cut in the bridge deck without darttaging
reinforcement. Also, the existing concretestbe in good condition. NSM FRRould not
perform well if installed in damaged carte, where conditions such ggalling corrosion or
other poor concrete conditions gmesent
2.3 Tests ofNSM FRP Strengthening Applications

There have been mamgboratorytests on NSM FRP strengthened specimens. Some of
theseprograms are discussed@as they provide relevant information for the Letohatchee
bridge retrofit. However, there are only a few published documents regarding testing of actual
structues strengthened with NSM FRP. Therefotkeawailableinformation of actual structures
strengthened with NSM FRIR reviewedfor relevance to the Letohatchee bridge project.
2.3.1 Laboratory Testing of NSM FRP Strengthened Beams

Two laboratory studies involving NSM FRP strengtherangdiscussedsthey pertain
to the Letohatchee bridge retrofit.rdore thorough exploratory review of laboratory testing of
FRP was documented by Alexy (2009) and Bertolotti (2012) during prior phasesrestasch
study However, thishapter is focusedn NSM FRP ana@pplications that closely resemble the
FRP strendtening application in the Letohatchee bridge.
2.3.1.1 Lab tests of NSM FRPstrengthened T-Beams(El-Hacha and Rizkalla 2004)

In 2004, RaafaEl-Hacha and Sami H. Rizkalla performed laboratory tests of NSM FRP
strengthened -beamsEight specimensvere constructed and tested as simply supported beams

under a monotonically increasing load at midspan. The beams were constructed with Grade 60
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reinforcing steel and exhibited a concrete compressive strength of 6500 psi (45 MPa). One beam
was a control specimen and three beams were strengthened with NSM FRP using CFRP bars and
strips. The other four specimens were strengthened using GFRP and EB FRP, but this review
focuses onlyn the NSM FRP specimens. Embedment length and axial stitihdss FRP

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

were tested in this study.

Table 2.4 Laboratory Test SpecimengEl-Hacha and Rizkalla 2004)

Beam no. FRP strengthening system
BO No strengthening
Bl 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

Table2.5 shows a summary of test results. The NSM FRmgthened beams exhibd

increases in strength of iM% relative tothe unstrengthened specimen.

17



Table 2.5 Summary of Test Result§rom Laboratory Testing (El-Hacha and Rizkalla 2004)

Strengthening | Beam . . . ) o . . Percent
systems no. |Per» KN (kips)| Ay, mm (in.) | Py, kN (kips) | A, mm (in.) | P, kN (kips) | 4,, mm (in.) |g,, % Failure mode increase in P,
Crushing of concrete
— BO | 21.98 (4.94) | 1.35(0.053) | 38.11 (8.57) | 8.88(0.35) | 55.4(12.5) | 64.4(2.54) | — and steel yielding —
Debonding of NSM
Bl 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 69.3
(epoxy split failure)
Near-surface- | B2 | 22.24(5.9) | 1.08 (0.043) |48.62 (10.93) | 5.61(0.221) | 99.3(22.3) | 305 (1.20) | 1.34 R“gg;‘;fn‘.ﬁ“ 792
mounted FRP
reinforcement | 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 R“gF‘“}{;‘;ftrfSM 98.9
ps
Debonding of NSM
B4 | 2446 (5.50) | 1.6(0.063) |48.17 (10.83)| 5.67 (0.223) | 102.7 (23.1) | 44.3 (1.75) | 1.35 GFRP strips 854
(concrete split failure)
Debonding of
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 | externally bonded 16.6
CFERP strips
Externally Debonding of
bonded FRP | B2b - - — — 64.3 (14.5) | 21.7 (0.85) | 0.44 | externally bonded 16.1
reinforcement CFRP strips
Debonding of
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 | externally bonded 283
| GFRP strips

“Where P, = cracking load; A, = midspan deflection at cracking; Py = yield load; a,= midspan deflection at yielding; P, = ultimate load failure; A, = midspan deflection at failure;
and g, = 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 aneteppreventing
adequate bond strengilevelopment. Epoxy splitting failure can be avoided by appropriately
dimensioning groov@ Groove size dimensions and all FRP design standards are located in
American Concrete Institu#40 Building Code Requiremesifor Structural Concrete
Reinforced Internally with Fiber Reinforced Polymer (FRP) Bars (ACI 440). ACI 440
documents RP reinforcement used in desigonstructionand retrofitof reinforced concrete.
However, this experiment was performed prior to NSRPHRnclusion in ACI 440n 2008
therefore this failure mechanism is no longer a concern if properly degighedcha and
Rizkalla 2004) Failure due to rupture of FRP is an undesirable failure mechanism, because it is
followed by an immediate failure of the reinforcing steel in tension. This failure mechanism is
also considered in ACI 440, therefore if a retrofit is properly designed according to ACI 440 then

this mechanism is avoid€&l-Hacha and Rizalla 2004)
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Load versus deflection results of the NSM FRP strengthened beams and the

unstrengthened control beam are showfigure2.7.
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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 alértoad
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 yieldi{80), as in tradibnal reinforced concrete design.

Therefore, NSM FRP specimens exhibited increased ultistaegthand reduced
deflectionin these testsHowever, in order to achieve better results, proper design methods
should be utilized during design of the strengthg systen{El-Hacha and Rizkalla 2004)
2.3.1.2 Lab tests of NSM FRPstrengthenedbeams(Jung et al. 2005)

In 2005,additionallaboratory testing was performeddawaminebehaviorof NSM FRP

strengthening of reinforced concrete beaRight beams were constructed and tested as simply
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supported beams undar iacreasingour-pointloadng. The beams were constructed with

Grade 60 reinforcing steel and exhibited a concretegeessive strength of 4500 psi (3MPa).
One beam was a control specimen and three beams were strengthened with NSM FRP using
CFRProdsand strips. The other four specimens were strengthened using E&NERP
mechanically interlocking NSMbut this review wilfocuseson theNSM FRP specimes. Table

2.6 shows the test specimetimat were tested in this study, afidure2.8 shows the layout of

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

Specimen CFRP area (mm’) | CFRP type | pcrre(%0) Stﬂ::g::z;mg
CONTROL — - — unstrengthened
SH-BOND 26.4 Sheet 0.0489 EBR"
CPL-50-BOND 70 Strip 0.1296 EBR"
CRD-NSM 63.6 Rod 0.1178 NSM”
NSM-PL-25 35 Strip 0.0648 NSM?
NSM-PL-15 21 Strip 0.0389 NSM”
ROD-MI-20 63.6 Rod 0.1178 NSM7+MIY
PL-MI-20 35 Strip 0.0648 NSM?+MT”
1) EBR: Externally Bonded Reinforcement
2) NSM : Near Surfaced Mounted Reinforcement
3) MI : Mechanical Interlocking grooves; 12¢a, width : 20mm, space : 200mm
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Figure 2.8 Load Test andNSM FRP Layouts(Jung et al. 2005)

Beams that were strengthened with NSM FRP exhibitedaieased ultimate load of

35 65%, when compared to the unstrengthened specigure2.9 shows loaebeflection

results from the NSM FRP strengthened specimens.
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Figure 2.9 Load-Displacement Plot of NSM FRP Specimeng@ung et al. 2205)

The NSM FRP strengthened specimens behaved stiffer than the control beam, and
exhibited an increased ultimate load capacity. FRP bars and strips used thriesmecimens
failed at 85100% of the FRP ultimate strain, while externally bonded spann this
expirement failed at 3G0% of the FRP ultimate strain. This verifies that using a NSM
technique allows fomore effectivanaterial strength utilizatio@ung et al. 2005)

2.3.2 Testing of NSM FRP Strengthenedtructures

There is very little publised 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 FailurgAidoo, Harries,

and Petrou 2006)
The reinforcedcconcrete bridge along85 northbound over Cherokee Creek near

Gaffney, South Carolina was replaced in 2001 because it was not wigighefior current traffic
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volumeand did not satisfy safety requiremenritbe bridge, constructed in 1957, was
disassembled and the girders were tested at the University of South Carolina to study NSM FRP
strengthening of existing structurésgure2.10 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 BridgeGirder Cross Section andNSM 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 abititerest
research

The girders were constructed with Grade 40 reinforcing atekktores were taken that
indicated an average compressive strength of 6500 psi (45 MPa). Girders were split into two
categories during testidgone group was loaded monotonically to failaed the other was
fatigue loaded for 2 million cycles before loagl to failure. Table2.7 shows results from girder

testing. Girders are designated with two | ett
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unstrengtheneddgr N0 f or NSM retrofitted,

fatigue loaded.
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Table 2.7 Summary of Test Resultdrom Cherokee Creek Bridge Girders(Aidoo, Harries,

and Petrou 2006)

Tests us Cs NS Ps UF CF NF PF
Fatigue conditioning Minimum load (kN) Not applicable 37.8 325 338 334
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=1 540 463 41.0 505 396 443 370 454
(determined from 0 and 359 kN) N=2,000,000 Not applicable 286 330 2306 314
General yield Load (kN) 663 667 665 694 678 717 716 680
Deflection (mm)* 18.0 185 220 200 208 236 246 180

Ultimate load Load (kN) 787 823 831 921 766 B09 864 909
Deflection (mm)* 186 96 249 134 104 58 112 117

Displacement ductility 103 5.2 1.3 6.7 5.0 2.5 4.5 6.5
Ratio of maximum load relative to Specimen US — 1.05 106 117 097 103 1.10 1.16

“Reported deflections do not include offset deflection.

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

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

deflection at yield. Yield of the NSM FRP strengthened girder occurr@®%t lager load than

the unstrengthened specimen (U8)tatigue loading, the strengthened gir(ldF) also

displayed increased strength of about 13% lattggm the control specimébF). Failurein both

NSM FRP strengthened specimens (NS andWis) caused by 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, failugd the NSM FRP strengthened girders did not occur due to failure

of the FRPTherefore, the retrofitted girders exhibited increased strength, with no bond

degradation at failur@Aidoo, Harries, and Petrou 2006)
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2.3.2.2 NegativeMoment Strengthening of TweWay Slabs(Tumialan, Vatovec, and
Kelley 2007)

A two-way slab in garking garage in Massachusetts was retrofitted with NSM FRP to
provide negativenoment strengthening at columns. The garage was built in 1983, and was
designed with 8 in. (0.2 m) thick twway, reinfor@dconcrete slabs with 10 x 10ft 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 inFigure2.11.
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Figure 2.11 Parking Garage Layout and Test LocationgTumialan, Vatovec, and Kelley

2007)
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Deficiencies in the structure were caubgdooor construction and resulted in large
deflections at midspan of the tweay slab systenGGroundpenetrating radar (GPR)dicated
that concrete cover for negatimeoment 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 througout. 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 theway slab system was adegai&br current
codegat the time of the retrojit Therefore, NSM FRP was used on top of the slab near column
locations to increase the negativement capacity of the structure. The retrofit called for ten #3
CFRP bars that were embedded along the daogelportionof the reinforceadoncrete slab. FRP
bars were 14t (4.27 m) long, and spaced at 12 in. (30.48 cm) on each side of columns. The

NSM FRP layout is shown iRigure2.12.
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Figure 2.12 Two-Way NSM FRP Layout for Parking Garage Strengthening (Tumialan,
Vatovec, and Kelley 2007)

Theparking garage slab wasstedbefore and after the retrofit to determine the initial
and retrofitted streng#tof the structure, respectively. Pretrofit tests limited loading to the
maximum required load to allow for an FRP retrofit according to ACI 440 (1.2DL+0.8%bk).
postretrofit testing, loads were increased according toAmerican Concrete Institut&l8:
Building CodeRequirements for Reinforced ConcréfeC| 318) andAmerican Concrete
Institute 437: Code Requirements for Load Testing of Existing Concrete Strué&@ie437).

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

Cyclic load testing was performed by placiogif point loads, two on each side of the
column, to maximize negativ@oment demand on the slab. On the bottom floor of the parking
deck, hydraulic jacks reacted agaimshi-piles in the soil below the slab on grade. The loads
were transferred through steods into a steel reaction beam on top of the testedTsiab.
loading apparatus below and above the tested slab is shéwgune2.13 andFigure2.14,

respectively.

Steel Beams reacting
against mini-piles

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

Kelley 2007).
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Figure 2.14 Hydraulic Jacks and Steel Beams Reacting against Beams Below the Loaded
Deck (Tumialan, Vatovec, and Kelley 2007).
Results from the load tests for both the BA®st and NortfSouth directions in the mbs

rigorously tested panel zone are showhigure2.15andFigure2.16, respectively.
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Figure 2.15 Load-Deflection Results in EasiWest Direction (Tumialan, Vatovec, and

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

Figure2.15 andFigure2.16 showthat the retrofitted design provided incredstrength
and stiffnessvhen compared to the pretrofit load test. These results also show that the retrofit
behaved linearly during loading. Therefore, this steolycluded that implementing the NSM
FRP retrofit in this structure provided adequate reinforcemesiténgtherthe structure to carry
loads according to current coddsimialan, Vatovec, and Kelley 2007)
2.3.2.3 Railway Bridge Strengthening (Bergstrom, Taljsten, and Carolin 2009)

The OrnskoldsvikBridge, built in 1955was a twespan railway bridge i@rnskoldsvik
Sweden that was strengthened with NSM FEIRE then loaded to failure 2006. The project
included testing before and aftgrengtheningn order to study the behaviof 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 stre6gth bfPa(9940

psi) and reinforing steel with a tensile yield strength4i4 MPa(58.6ksi). The Ornskoldsvik
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bridge and a section view of ttiN6M FRPstrengthenig scheme is shown figure2.17 and

Figure2.18, respectively.

Figure 2.17 Ornskoldsvik Bridge (Bergstrom, Téljsten, and Carolin 2009)

]

Sto FRP Bar M10C

9x100 ) :

Symmetric strengthening /Sowed slots 15x15 mm
of both beams

Figure 2.18 Section View of NSM FRP Layout (Bergstrom, Taljsten, and Carolin 2009)
The bridge was tested by applying a load at midspan, and strains in the concrete, steel,
andFRPwere recorded during load testiofjthe bridgeFigure2.19 shows that tensile steel
strains measured at midspan resulted in a strain reduction of about 20% in ttetrpfistest

(T2) compared tpre-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 Testsof the Ornskoldsvik Bridge (Bergstrom, Téaljsten, and Carolin 2009)
It was also observed that there was no failure in the FRPtloe epoxy bond between
the concrete and FRPThediscrepancy ifFigure2.19 at low loads waattributed to
development of shear deformation in the adhesive when the FRP strips begin to take some of the

load.Figure2.20 shows strains during the peastrofit loading to failure.
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Figure 2.20 Strains During PostRetrofit Failure Load Test of the Ornskoldsvik Bridge

(Bergstrom, Taljsten, and Carolin 2009)
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Concrete strains iRigure2.20 begin to decline around 10 M{2250 kips) indicating
that the concrete is crushing and unable to carry additional load beyond that point. However,
strains in the FRP and steebghno evidencefdoad-carrying capacity being reached.

The bridge was originally designed for a bending capacity of 4.§ MRS kips) so the
prerepair load test stopped at a loading &N (675 kips) The capacity of the strengthened
structure was found to be 1IMIN (2630 kips) which exceeded analytical expectations of the
retrofitted bridge capacity of 11.2 M{2500 kips) Therefore, the NSM FRP retrofit application
in theOrnskoldsvikBridge doubled the load capacity of the strugtarel did not exhibit any
signs of FRP failuréBergstrom, Taljsten, and Carolin 2009)
2.3.2.4 Strengthening of the Martin Spring Outer Road Bridge(Casadei et al. 2003)

The Martin Spring Outer Road Bridgeathreespan reinforced concreteslab bridge
that wasconstructed along Route @6Phelps Couty, MO, in 1926. The bridge consists of
concrete with an average compressive strength of 4100 pMR23 and reinforcing steel with a
yield strength of 32 ksi (2201Pa). The bridge lacked transverse reinforcemerthe@ was an
approximaely 1.0-inch (2.5 cm) widetransverserack along each slab at midspan. After
repairing the crack, the bridge was strengthened using both EB and NSM FRP teclBques.
FRP was applied in Spans 1 and 3, while a combination of both EB and NSM FRP was used t

strengthen Span Eigure2.21 shows the Martin Spring Outer Road Bridge.
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Figure 2.21 Martin Spring Outer Road Bridge in Phelps County, MO (Casadei et al. 2003)
This retrofit was performed by installing NSM FRP strips in the soffit of the bridge deck.
Two strips of EB FRP laminates were aégapliedon the outer edges of the bridge soffigure

2.22 shows the layout of FRiA Span 2
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Figure 2.22 NSM FRP Strengthening Scheme on Spand the Martin Spring Outer Road

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

2.23 shows the change in midspan deflecti@fiore and after strengthening
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Figure 2.23 Center Line Deflectionof the Martin Spring Outer Road Bri dge (Casadei et al.
2003)

According toFigure2.23, the strengthening system reduced midspan deflections by about
13%. This study also included finildement nodeling 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 reinforaauhcrete bridges and also that load testing of a
retrofitted bridge, beforena 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 importafiote ACI 440

or otherdesign methods to prevent premature bond fail{(Eesiacha and Rizkalla 2004Vhen
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following proper design methods, field testing of strengthened structures did not display any
signs of epoxy bond ddSM FRP failure(Tumialan, Vatovec, and Kelley 200Bgrgstom,
Taljsten, and Carolin 200€asadei 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 peviously published FRP testing by Aleg@009. After the design was determined by
Alexy (2009), a laboratory testing program was conducted by Bert(26iD). Results from
both of these phases of the Letohatchee bridge project led to the field applafatiSM FRP.
2.4.1 Letohatchee Bridge NSM FRP Retrofit Desigr{Alexy 2009)

Alexy (2009)studied NSM FRP retrofit design methods for the Letohatchee bridge.
Several design methods were used to compare design and experimentabsagfacit
strengthened members that were previously tested. The design methods varied between two
debonding failure mecahnisms: plaed (PE) debonding and intermediate crack (IC)
debonding. Platend debonding refers to failure caused by development of sthesses 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 thizdiREhe concrete
due to stresses formed at a flexural crackedoncretelC-debondingspreads from the crack to
the edges of the FRP reinforcem@iasquez Rayo 2008figure2.24 andFigure2.25 show

illustrations of plateend and intermediate crack debonding failures.
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Figure 2.24 lllustration of Plate-End Debonding Failure (Vasquez Rayo 2008)
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Figure 2.25Illustration of Intermediate Crack Debonding Failure (Vasquez Rayo 2008)

Alexy (2009)determined that the three methods that provided the most accurate results
wereACI 440 (2008), Standards Australia (B)0and Seracino et al. (2007). In all three of these
methods, the design predicted intermediate crack debonding failusabelycorresponded
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 tje\Wwerdk
evaluated using thBridge Ratingand Analysi of Structural Systems ( BF

Then the cageity of the bridge was calculated and deficient regions were lodatpte2.26
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shows an elevation view of the Lethotachee bridge with areas of deficiency indicated. Further

detail on the Letohatchee bridge deficiencies are documented in Chapter 3.
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Figure 2.26 Approximate Locations of Deficiancies in the Letohatchee Bridg€Alexy 2009)

Layouts of the NSM FRP retrofit for the Letohatchee bridgeesdetermined based on

ACI 440, Standards Australia, and Seracino et al. (2007). However, f689)found that
there were two significant concerns witis comparisons between previdtypublished

experimental resultand NSM FRRIlesign method<Reinforcenent ratios and concrete
compressive strengths for the Letohatchee bridge Mssthan most of the previous
experimental specimens, and none of the previously tested specimens were cracked prior to NSM
FRP strengthening. Therefore, Ale§d009)proposeda laboratory testig program with four
objectives:

1 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

1 Study intermediate cc&king debonding to quantify if and when-t&bonding
failure will occur.

1 Stdy the effects of the concrete compressive strength, amount of steel

reinforcement, amount of FRP reinforcement, and esestional shape on the

strengthened moment capacity.
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1 Evaluatethe effectiveness of the FRP imealisticstrengthenin@pplicationby
cracking the unstrengthened specimens before applying th¢Aedy 2009)
2.4.2 NSM FRP Laboratory Testing Program (Bertolotti 2012)

Bertolotti (2012)conductech portionthe laboratory testing program outlined by Alexy
(2009) The testing program involved eight specimens fabricated with Grade 40 reinforcement
and 3000 psid0 MPa) concrete. The specimgwere split into two groups based on steel
reinforcment ratid ¢. In each group there was a control beam and the three remaining beams
were strengthened with varyifgRP r ei nf or ¢).diguee2.27showstthe o s ( }

reinforcment ratios that were used in the laboratory testing program.

p~0% p~0.03%  p=0.08%  p=0.16%
p.=0.21%
l\umsmu l\iuln‘snru \i(:»hslm:lr l
STRIP STRIPS @2%" OC. STRIPS @2%" OC.
p.=0.64%
\(Imsnru < (:nsmn
sTrir STRIPS 22%" OC. STRIPS 82" OC.

Figure 2.27 Laboratory Testing Program Specimers (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 reinforagonant

0.21% and a FRP reinforcement ratio of 0.03%. The variety of steel and FRP reinforcement
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ratios allowed Bertolottf2012)to study the effects of NSM FRP retrofits on beams with
different properties and the effect of different FRP reinfocemagias on a retrofit.

Bertolotti (2012)found that the increase in flexural strength and bond strength both
outperformed the designgdictions according to ACI 440 aisiandards AustraligSA). The
strengthened beams performed accordirgjdadard reinficed concrete flexural analysis
expectations if a perfect bordnditionwasachieved In consderation of the perfect bond
condition, it is assumeithat there is no bond failuréhe increase in flexural strength and strain
at failure for the beams withsteel reinforement ratio of 0.21% is shown Figure2.28 and

Figure2.29, respectively.
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Figure 2.28Increase in FlexuralSt r engt h at FRP Rei ¢0G.20% ce ment

(Bertolotti 2012)
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Figure 2.29 FRP Strain at Failure at FRP Reinfocement Ratios fog s=0.21% (Bertolotti

2012)

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

program, as all FRP m#lorcemenperformed close to exptations of the perfect bond condition.

Therefore, there was no evidence ofd€bonding 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 reinfocat@if 0.16%. This was

due to a shear failure in the beam before a flexural failure could be actteye@.2.30 shows

this beam and the shear failure that ocetiiduring laboratory testing.
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Figure 2.30 Shear Failure of Beam with 021% Steel and 0.16% FRP Reinforcement Ratios
(Bertolotti 2012)

Bertolotti s r es ulrdrditidarvaty effeativectechniqueto NSM FRP
increase flexural capacity of cracked beams. There was no evidence of bond degradation and
NSM FRP strengthening tperformed design expectatioish er ef or e, Bert ol ot t i
testing providegbromisingresuts for NSM FRP strengthening of cracked reinforcedcrete
beams and verified | e xpyo@osed NSM FRP retrofibr the Letohatchee bridd8ertolotti
2012)
2.5 NSM FRP Retrofit Analysis Technique

The Letohatchee bridge is antive bridge over-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 fundametal 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 expeck¢ural 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 tesist 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 P80 ksi (140205 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 stresaased. Therefore, steel
reinforcement is within its elastic range of behavior when cracking occurs.

While there are no concrete stresses under service loads atamabkstension face,
concrete develops compressive stresses on the opposite sideaittiakaxis. 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 linedastic behavior and is shown gure2.31.
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Figure 2.31 PostCracking Linear -Elastic Stress Profile(Wight and MacGregor 2012)
Linearelastic behavior is valitbr analysis of reinforced concrete membensler service
level loadings. Therefore, the Letohatchee bridgmalyzed according to principles of linear
elastic analysis. Lineaglastc analysigs based on the two assumptiaislastic bending
strains are linearly distributed through the member depth and stresses can be determined from
strains accor dWighgand MacGrega 20826rs | a w
a rt Equation 21
wherel is stressE is the modulus of elasticity; andls strain(Hibbeler 2011)

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

a — Equation 22

whereM is the bending momenty; is the perpendicular distance from the neutral axis to
the point where calculating stress; dads the crackegection moment of inertia of the cross

section about the neutral axis.
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Therefore, tensile stresses in reinforced conaa&bse cracking in the concrete. Typical

flexural cracking of a reinforced concrete member is shovigare2.32.

S

Figure 2.32 Cracking Due to Bending StressefWVight 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 crackssteamaches 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 WightdavlacGregor (2012) as,

=” by £ Mo Equation 23
wherew is crack width;A andB are the start and end point of the beam length under
consideration, respectively; atgland{ are the strain in the concrete and steel, respectively. A
crack opening displacement measured at a crack could be considered as representative of a
change in strain in the steel. Further investigation into crack width theory verifies this
assumption.
2.5.2 Crack Width and Crack Spacing Theory

Historically, there has been conflicting information regarding variables affecting crack
widths. This is because many studies involve specimens of different characteristics and
conditions(Gergely ad Lutz 1968) However, in 1965, Bengt Broms began a study to obtain a

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

built upon Bromsés research and |l ed to ACI 31
Broms (1965) tested reinforced concrete members in tension and flexure to study

cracking patterns. He first states that cracking occurs when tensile stressas@tecexceed the

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

member can be approximated according to |hetastic theory. Cracking can be modeled by

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

show inFigure2.33.

SR N Y, ) GRS
N \SECONDAHY \_ PRIMARY

TENSILE CRACK TENSILE CRACK
(FIRST ORDER)

Figure 2.33 Tensile Circles DemonstratingMechanics 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 illustratédjume2.34.
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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 inFigure2.35.
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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 Radtorstrain
measurements taken at the tension dtiendoe of t he

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

e ﬁ Ey Equation 2.4
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wherewy is maximum tensile crack width at the tension fages the distance from the
tensile face to the nearest reinforcing bar; Riglthe correctiorfiactor for measurements taken

at the tensile face of the member, calculated according to,
s % Equation 2.5

whereh; andh; are the distances from the neutral axis to the centroid of the tensile
reinforcement and the extreme tension fiber, raspay. Therefore, if the strain measurement
was recorded at the level of the reinforcing steel, the correction fRcteguld be 1.0 and
Equation 2.4 would simplify to,
4ty Equation 2.6

wherew is the maximum tensile crack width at the ceiatiof the tensile reinforcement.

The variables used in Bromsds cal &igured36i on
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After Bromsodés results were published, Gerg
evaluation of six different crack width investigats 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 te 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 |l argest at the | evel of the extreme tensio
correction factorR, into their proposed crack width equatidoonvertstrain measurements at
thetension face to the level of the tension reinforcement.

The research presented by Broms and Gergely and Lutz established the basis for
determining and studying crack widths of reinforced concrete. Based on their observations,
changes in crack opening displacements on the tension face of a member can be used to monitor

changes in the tension reinforcement.
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CHAPTER 3:LETOHATCHEE BRIDGE BACKGROUND
3.1 Bridge Description
The Lebhatchedridge onAL 97 over 65 near LetohatchegJabamawas built in
1965in Lowndes CountyThis bridge is aontinuous, reinforcedoncretedeckgirder bridge
that wasbuilt according to Standard Drawing No. IC 2806 and is ALDOT BIN 884@.

location and Letohatchee bridge are showRigure3.1 andFigure3.2, respectively.

Montgomery

Montgomery

Letohatchee

— Letohatchee bridge

Figure 3.1 Location of Letohatchee Bridge(Google Maps 2015)
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Figure 3.2 Letohatchee Bridge (Lowndes County, Alabamp

The Letohatchee bridge is 2##Q82.3 m) long and consists of four spaosistructed at a
12-degree skew angl&he exterior spans are 8018.3 m)and interior spans are T5(22.9 m)
in length. The bridge consists of four continuaeiforced concrete girders with parabolic
haunches at interior supporfe bridge deck is 6 ¥. (159 mm) thickwith a roadway width of
28.0ft (8.5 m). Girders are spaced a & (2.4 m)laterally, and the curis located 2 ft (0.6 m)
from thecenterline of theexterior girder on each side thie bridge A simplified plan and cross

sectional view of the bridge is shownkigure3.3 andFigure3.4, respectively.
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Figure 3.4 Cross Section at an Interior Support(Alexy 2009)
3.2 Bridge Deficiencies
In 2009, Alexydocumented analysis of the Letohatchee bridgaldyOT Bridge Rating
and Load Tstingengineers using the Bridge Rating and Analysis of Structural Systems
(BRASSE ) program(Wyoming Department of Transportation 200Bhis analysis was
completed in accordance with tAASHTO Standard Specifications féighway Bridge41996)

Strength capacity of the Letohatchee bridge was determined by amdlfsebridgeas
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documented in theriginal plans, with an estimate of 3000 psi (20 MPa) concrete and 40,000 psi
(280 MPa) reinforcing steel due to the age efshructurgAlexy 2009)

Alexy discovered thatiis bridge typénasgreater demand than theaglable factored
resistancet some areas along the bridiygoment envelopes for demand dug@tsting trucks

are shownn Figure3.5, along with resistance envelop®ssting trucks are trucks that appear on

ALDOT load-posting signs throughout Alabama, as showRigure3.6.
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Figure 3.5 Factored Demand \ersus Factored Resistance for Posting TruckgAlexy 2009)
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Figure 3.6 Typical ALDOT Load -Posting Sign(Alexy 2009)

Positive and negativanoment deficiencies were identified through this analysis
around 20t (6.1 m) from each benas evidenin Figure3.5. Alexy indicated thathe positive
moment deficiencyvasneglected for this project because it is less than 6% and occurs over such
a small region (20Q9However,negativemoment deficience were significantespecially in the
exterior spans terethe greatest deficiencies occéMexy determined a required increase of
about 55% in these areas, or a need for an increase in fleapeity from 226.0 kift (306.4
kN-m) to 3500 kip-ft (474.5 kN-m). Each zonef negativemoment deficiencypccurredovera

7 ft (2.1 m)length beginning21 ft (6.4 m) from all interior supports, as shownkigure3.7.

HATCHED SECTIONS SHOW APPROXIMATE
| eEARNE oL TYP LOCATIONS OF DEFICIENCIES/ ™\ |
\ ! p %
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2 : . \\‘ H
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3339 60 81 !’:5 '53'| 114 135" 156’ ||E-?' 184189° 210° Pl TJ?I 270
30 a5’ 1o 160° 185" 240’

Figure 3.7 Approximate Locations of Flexural Deficiencies in the Letohaticee Bridge
(Alexy 2009)
Examination of areas of negatimeoment deficiency revesan inadequate amount of

negativemoment reinforcement in the areas betweggrior supports and midspaRigure3.8
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shows a typical girder with distances from the centerline of the insrpport indicating

termination points of negativ@oment reinforcemerand thedeficient region of the girders.

Figure 3.8 Bar Termination Points and Deficient Region Location from Interior Supports
(Alexy 2009)
Figure3.8 indicates that the deficiency in the Letohatchee bridge is due to premature
terminationof negativemoment reinforcement in areas abouft26.4 m) from interior
supports Therefore, this ject was designed to address the lack of negatimment
reinforcement in this area of transition between positwel negativenoment regions
A NSM FRP strengthening technique, as proposed by Alexy (2009) and Bertolotti (2012)
wasimplemerted to alleviate the deficiencies in the Letohatchee bridge. The strengthening

methodis detailed inChapter, followed bya 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 bridggegan on Monday, December 8120and was
completed on Wednesday, January 21, 2@Hmstruction required 1®orking days, although
the project stretched 44 days including weekends, hdlidayl weather delays. Constiioa
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¢hiane 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 retrofiegquiredcreation of the special provisi@pecification
and project notes specific to the NSM FRP bridge retrofit. The specification was developed
throughreviewof the California Department of Transportation (CALTRANS) NSM FRP
specificationandprevious Alburn University FRPbridge strengtheningesearcHindings
(CALTRANS 2012; Bullock, Barnes, and Schindler 2011; Carmichael and Barnes 2005)
Bertolottids (2012) resear cTheresdalttigspesidd t o deve
provision and project ries that were developed for the Letohatchee bridge NSM FRP rateofit

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

The Letohatchee bridge retrofit required the contractor to use a specific type of FRP and
epoxy for the project. FRPrgis and epoxy were selected according to recommendations from
Alexy (2009), and they were detailed in the construction documents for the retrofit.
4.3.1 FRP Reinforcement

FRP strips were Aslan 500 series #2 (6mm) CFRP Tape, produced by Hughes Brothers,
Inc. (Hughes Brothers, Inc. 201 M aterial cosi(from the supplierjor the Aslan CFRP tape was
about $3 per linear foot, or about $14,000 for the complete Letohatchee bridge fteofit.
project specifications from ALDOT requirgensile strength no less than 300 ksi (2068 MPa)
and modulus of elasticity no less than 18,000,000 psi (124 (BRédjama Department of
Transportation 2014)ensile testing of the CFRP batch used for the retrofit exhibited an
average tensile strength 466 psi (3220 MPa) and an average modulus of elasticity of
24,300,000 psi (168 GP&slan FRP 2014)The full test report from Hughes Brothers is

included in Appendix A. Rolls of FRP on site during the retrofit are showigure4.1.
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Figure 4.1 Rolls of FRP Strips Before Installation
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4.3.2 Epoxy

Epoxy for the Letohatchee bridge retrofit wéiti 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 rétreffirgect
specificationgequiredthis type of epoxy due to its known compatibility with the Aslan FRP
(Hughes Brothers, Inc. 201ajhd its successful use in the laboratory test p{iesolotti 2012)
of the research studiilti HIT -RE 500 epoxy and the Hilti electric epoxy dispenser are shown

in Figure4.2 andFigure4.3, respectively.

Hilti HIT-RE S00

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

4.4 FRP Strip Layout

Marking of FRP strip locations occurred on Monday, December 8, 2014. The length of
the bridge deck was first measured to locate the midpoint of the deck. The midpoint of the bridge
deck was determined to be located directly over the center bent due tetsyrahthe bridge.
After locating the center bent, locations of the two other bents were marked along the bridge
deck. The curb alonthe bridge deck and the marked locations of all the three bents were used as
references to mark FRP strip locatioRgure4.4 shows marking of strip locations along the

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

Special attention to the construction documents was required to properly determine FRP
strip locations on the bridge deck. Plans indicated FRP strip lengths along the 12 degree skew of
the bridge and transverse FRP strip locations at a 0 degreemksquare to the curb of the
bridge, as shown iRigure4.5 andFigure4.6, respectively. Transverse location of the FRP strips

were marked according to the geometry presented in the plans, as slogured.7.
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A - Fixed location shall not be relocated without prior approval of the engineer

B - May be relocated laterally to avoid obstruction. The entire strip shall be shifted a uniform distance from the specified

location, not to exceed 6 inches without prior approval of the engineer. Adjacent strips shall be spaced no less than 2 inches,
center to center.

Figure 4.6 Cross Section View of FRP Strip Layoui{Alabama Department of

Transportation 2014)
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Figure 4.7 FRP Strip Locations and Endpoints
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After marking all the strip locations, the contractor elected to mark the ends of each strip

with a magnail, as shown ifrigure4.8. This ensured that traffic and weather conditions would

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

FRP STRIP
LOCATIONS

Figure 4.8 Mag Nails Marking FRP Strip Locations

Potentialconflicts with strip locations were also addressed during the layout stage of the
retrofit. Construction documents indicated thécificstrips could be shiftedp to 6 in.
(15.3cm) laterally from their designated positibtm avoidpotentialconflicts Movable strips are
located at the largest lateral distanftes the face of the girders. Movable strips were limited to
these specific gps to ensure that strips were not moved to the face of the girder, where
inadvertent saw damage to the deck flexeeaiforcement would have a significant detrimental
effect on load carrying capacity of tdeckslab. Movable strips aiadicatedasstrp t ype @A BO
the cross section shown kiigure4.6.

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

previously cut in the sdahbound lane. Cores were cut during an exploratory investigation of the
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bridge conducted by ALDOT and the AU HRC on Thursday, May 9, 2013, as sh&igune

4.9.

-

e

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 instaltz#tibe retrofitand
GPR was used to measure deck reinforcing steel emeelocate potential bar conflicts with
FRP strips prior to installation of the retroffigure4.10 shows PR data from the Letohatchee
bridge with an overly of FRP strip locatiodseas of low concrete cover were identified from
GPR dataThis information wasised taadjust the transverse position of several of the FRP
strips during thdinal design phaseéNo conflicts with deck reinforcing steel were encountered

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

Core bcations 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 Higure4.11 andFigure4.12, respectively. A picture of the conflict

during layout on the bridge is shownRigure4.13.

Bridge Bents
Span 3 Span 4

«— Northbound

Southbound —

:7 i Core Locations ;

Instrumented
Crack

Span 2

Figure 4.11 Plan View of Core Conflict Locations
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center to center.

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 tvle\&rip in the construction

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

Figure4.14 and during layout of the retrofit Figure4.15.
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NOTE: REPEAT DESIGN FOR THE OTHER HALF OF THE CROSS-SECTION

A - Fixed location shall not be relocated without prior approval of the engineer

center to center.

B - May be relocated laterally to avoid obstruction. The entire strip shall be shifted a uniform distance from the specified
location, not to exceed 6 inches without prior approval of the engineer. Adjacent strips shall be spaced no less than 2 inches,

Figure 4.14 Shifted Strip Locations (Adapted From Alabama Department of

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

4.5 Construction

Construction began first in therthbound lane and required 7 working days, stretching
from Tuesday, December 9, 2014, through Wednesday, December 17, 2014. After the
northbound lane was completed, further construction was delayed due to ALDOT holiday lane
closure policies. After thedliday travel period, construction began in the southbound lane. The
second lane of construction requiredviorking days, stretching from Tuesday, January 6, 2015,
through Wednesday, January 21, 2015.

Weather during construction varied, with temperatdreing 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 sunldjt help warm the bridge deck and reduce initial cure
times significantly. This isliscussed in detail in Sectior64 The only delay due to rain was on

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