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EXECUTIVE SUMMARY

This report presents the results of a pilot study to apply externdly bonded Carbon Fiber
Reinforced Polymer (CFRP) sheets to strengthen a smple span reinforced concrete solid dab
bridge built in 1922.  Strengthening with CFRP sheets was accomplished in three days without
traffic interruption, and preparation condsted of only light sandblasting. Bridge G-270 is the
only load-posted structure on a heavy truck route that serves a lead mining operation and the
objective was to drengthen the bridge to dlow remova of the load posting. The Universty of
Missouri-Rolla  conducted the pilot sudy for the Missouri Depatment of Trangportation
(MoDQT) under MoDOT Contract No. RI98-012.

The laboratory tegting included the detic flexura test of two full-scae beams, designed
as a unit strip from the existing bridge deck, and the fatigue bond test of coupon-type specimens.
Two reinforced concrete beams, a control beam and a beam strengthened with externdly bonded
CFRP were tested under four point bending.

Coupon-type specimens condsting of unreinforced concrete beams with a reversed T-

shaped cross-section and with a CFRP sheet gpplied to the bottom were tested. The purpose was
to investigate the behavior of bond between CFRP sheets and concrete under fatigue loading.
The fidd load testing of the bridge, before and after Strengthening, was performed by the
Univergty of Missouri-Columbia to verify the performance of the bridge after the application of
externaly bonded CFRP. Long-term fidd measurements dso were conducted to monitor the
durgbility and the drain condition of the drengthened system. Pennsylvania State University
conducted the monitoring of durability by sudying the eectrochemica effects of the CFRP
materid on the degradation of the reinforcing sted. Fiber-optic strain sensors were gpplied to the
FRP reinforcement and the concrete to dlow for long-term monitoring of the integrity of the
FRP reinforcement.

This pilot study was a success. Laboratory and field tests confirmed that CFRP shests,
externdly applied to a bridge superdructure, effectively strengthened the dab. Monitoring of the
bridge will continue.
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1. INTRODUCTION

1.1. BACKGROUND

The Nationa Research Board (Small, 1998) reports that there are approximately 590,000
dructures in the Nationa Bridge Inventory database in the United States. Approximately 80
percent (475,850) are classfied as bridges with spans 20 feet (6.10 m) or longer. Many of these
dructures have exceeded their design life and carry loads in excess of their origind desgn.
Thee factors in conjunction with fatigue, deterioration from chlorides used in anti-idng
operations, have left many bridgesin need of repair, srengthening or replacement.

Of this number, gpproximatey 50,000 are classfied as dructurdly deficient, 89,000 are
functiondly obsolete and 54,000 are both sructurdly deficient and functiondly obsolete. This
means over 40 percent of the nation's bridges need repair or replacement. Due to budget
condraints, the cost to repar or replace dl of these dructures is beyond the financia means of
many dsates. Many dsates are forced to post load redtrictions on their bridges as a stopgap
measure until more funds become available for repair or replacement.

The Missouri Department of Trangportation (MoDOT) currently has 6,188 bridges on the
date highway system, 2,129 of which have restricted |oad postings.

1.2. SELECTION OF BRIDGE G-270

The bridge sdected for demondration of the CFRP strengthening technology is Bridge
G-270 on Route 32 in Iron County (Figure 1.1). A map showing the location of the bridge is
presented in Appendix A. The bridge is a 20 foot (6.10 m) solid reinforced concrete (RC) dab
built in 1922 with an origind roadway width of 18 feet (549 m). The bridge currently carries a
traffic volume of 1,600 vehicles per day. Around 1990, the origind bauster handrails were
removed under a condruction project, F-32-2(11), and replaced with a thrie-beam guardrail that
expanded the roadway width to gpproximately 20 feet (6.10 m). The bridge has a load restriction
posting that limits trucks over 14 tons (124,600 N) to 15 mph (24.14 km/h) on the bridge. The
posting aso limits truck weights for single axle trucks to 19 tons (169,100 N) and &l other trucks
to 34 tons (302,600 N) (Figure 1.2). The Missouri Department of Transportation (MoDOT)
sdected this bridge for evauation because of its restricted load posting and location near the Doe
Run lead mines which generates heavy truck traffic.

1.3. OBJECTIVE

The objective of the project is to incresse the flexural capacity of the bridge with the gpplication
of externdly bonded CFRP.

Veificaion of the effectiveness of the drengthening system is to be accomplished by laboratory
teting of two full-scde beams and in-Stu field tests of the actud bridge before and after
drengthening.  Information on the long-term sructurd behavior of the strengthened bridge is to
be gained by laboratory fatigue testing of coupon-type specimens and by monitoring durability
and drain condition of the red structure.

! Based on the 1995 National Bridge Inventory Database

1
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Note: 1ton=38900N; 1 mile=1.61km
Figure1.2. Load Posting
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2. REVIEW OF LITERATURE

2.1. FRP COMPOSITES

Fiber Reinforced Polymer (FRP) materid systems, composed of fibers embedded in a
polymeric matrix, exhibit severd properties which create the opportunity for their use as
gructurd reinforcing elements (Nanni 1993, Nanni and Dolan 1993). They are characterized by
excdlent tendle drength in the direction of the fibers and by negligible srength in the direction
transverse to the fibers.  This illusrates the anisotropic nature of these materids. FRP
composites do not exhibit yielding, but indead ae dadic up to falure  They ae dso
characterized by rdatively low modulus of eadticity in tenson and low compressve properties.
FRP composites are corroson resisant and shoud perform better than other congtruction
materias in terms of weathering behavior.

The FRP matrix condsts of a polymer, or resn, used as a binder for the reinforcing
fibers. The matrix has two main functions. It enables the load to be trandferred among fibers and
protects the fibers from environmenta effects Three types of commonly available thermo-
Setting resins are epoxy, vinyl ester and phenalic.

Epoxy resns are the most common and have excdlent Structurd properties as wdl as
excdlent adheson characteridics.  Their maximum use temperature is on the order of
200° F (93.3° C). They are used in advanced gpplications including aircraft, aerospace,
and defense as wdl as many of the firg-generation FRP products for concrete currently
avalable in the market. These materids have certain atributes that can be useful in
goecific crcumstances.  Epoxy resins are avaladle in a range of viscodties, and will
work with a number of curing agents or hardeners.  The nature of epoxy dlows it to te
manipulated into a partialy cured or advanced cure date commonly known as a
"prepreg”’. I the “prepreg” dso contains the reinforcing fibers, the resulting tacky lamina
can be postioned on a mold (or wound if it is in the form of a tape) a room temperature.
Epoxy resins are more expensive than commercid polyesters and vinyl esers.

Vinyl ester resns are a lower cogt matrix materid with good durability characteridtics,
but have lower structura performance and low resistance to hest.

Phenolic resins are amilar to vinyl ester but have a higher ressance to heat and low
smoke generation.

Thermo-setting resins are generdly heet activated, or cured, from an initid liquid Sate.
Resns ae often combined with additives and fillers for environmentd resstance, flame
retardence, appearance, and cost reduction.

In a composte materid, the fibers have the role of the load-bearing condtituent. Fibers
give the compogdte high tendle drength and rigidity adong their longitudind direction.  Severd
types of fibers have been developed for use in FRP composites. For structura applications,
research and development has been conducted using carbon, aramid and glass fibers. In the
order liged, these fibers exhibit an ultimate srain range of 1 to 4%, with no yidding occurring
prior to falure. The ultimate strength range is approximately 826,728 to 478,632 ps (5,700 to
3,300 MPa), and elastic moduli range from 39,000 to 10,000 ks (269 to 69 GPa).

Carbon fibers are the drongedt, diffest, and most durable. There are three sources for

commercid cabon fibers pitch, a by-product of petroleum didillaiion, PAN
(polyacrylonitrile), and rayon. Molecular structure and degree of freedom from defects

3
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control the properties of carbon fiber. The formation of carbon fibers requires processing
temperatures above 1830°F (1000°C). At this temperature, most synthetic fibers will
melt and vaporize.  Acrylic, however, does not, and its molecular Sructure is retained
during high-temperature carbonization. Carbon fibers are not essly wet by resns,
paticulaly in the case of higher-modulus fibers. Surface treatments that increase the
number of active chemicd groups (and sometimes roughen the fiber surface) have been
developed for some resn matrix materias.  Carbon fibers are frequently shipped with an
epoxy Sze treatment gpplied to prevent fiber aorason, to improve handling, and to
provide an epoxy-resin matrix-compatible interface.

Aramid an organic fiber offers excdlent impact resstance. It is avalable in tows, yarns,
rovings, and various woven cloth products. These can be further processed to
intermediate stages, such as “prepregs’.

Glass produces a common, low-cogt reinforcing fiber. Glass has been the predominant
fiber for many civil engineering applications because of an economicd baance of cost
and specific strength properties. There are many glass fibers commercidly available:

E-Glass, dectrica grade, the most widdly used composite reinforcement.
S2°-Glass, high strength grade.

ECR-Glass, amodified E-Glass, which provides improved acid resstance,
AR-Glass, an dkdi resgtant glass for high dkaine environments.

Glass fibers are very surface-active and are hydrophilic. They can be easly damaged in
handling. A protective film former is gpplied immediatdy as the fird dep &fter the
fiber-forming process.  Szing solutions containing the film former dso contain an
adheson promoter. Adheson promoters are usudly organo-functiond dlanes, which
function as coupling agents.

Glass fibers are dadic until falure and exhibit negligible cresp under controlled
dry conditions. Generdly, it is agreed that the modulus of dadticity of monofilament E-
Glass is gpproximately 10,600 ks (73 GPa). The ultimate fracture drain is in the range
of 25 to 35%. The dressdran characteristics of drands have been thoroughly
investigated. When glass fibers are held under a congant load a stresses below the
indantaneous  datic drength, they will fal a& some point as long as the dress is
maintained aove a minimum vdue. This is cdled "cregp rupture”  Atmospheric
conditions play a role and water vapor is the most damaging. It has been theorized that
the surface of glass contains sub-microscopic voids that act as siress concentrations.
Moig ar can contan weskly acidic carbon dioxide. The corrosve effect of such
exposure can afect the dress in the void regions for glass fiber filaments until falure
occurs. In addition, exposure to high pH environments may cause aging or a rupture
associated with time.

Composites can be fabricated in a variety of ways. Individud filaments and tows can be
wound, pultruded, or laid-up in the find shape. Flament winding entails the wrgpping of resn-
impregnated (wet or dry) fibers around a mandred. Pultruson entails the continuous production
of a compodste shape by squeezing resn-impregnated fibers through a hot die  Lay-up
fabrication condgs of the placement of multiple layers of resn-impregnated fibers or fabrics
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onto a desred shape. This can be done with pre-impregnated tapes or dry fabrics that are
impregnated with resin a the time of lay-up.
FRP composites are used in the congtruction industry in various forms and systems:

Sheats of fiber are thin, flexible fabric-like materials. The sheets can dther be dry and have
the resin gpplied to them in place, or pre-impregnated “prepreg” with uncured Bstage resin,
which requires specia storage and handling.

Laminates are formed from sheets by stacking one or more layers of the sheet and resin to
consolidate them into the desred thickness. By adjuding the orientation and stacking
sequence of the layers, avariety of physica properties can be achieved.

Unidirectiond sheets having fibersthat are dl digned in acommon direction.

Multidirectiond sheats are dmilar to unidirectiona sheets except that fibers running in
multiple directions are woven together. The fibers used can be of a vaiety of materids
(carbon and aramid, for example) to create hybrid FRP laminates.

FRP composites for externaly bonded drengthening can be applied in variety of ways. Resn
impregnation may occur before (eg., pultruson, “prepreg’) or during manufacturing. Pre-
impregnated sheets have the advantage of assuring a better "wetting” of the individual fibers, but
have disadvantages in terms of shdf life and curing. Individud filaments and tows can be
wound, pultruded, braided, or lad up into the find shape. Manud lay-up fabrication that
condgs of the placement of multiple layers (plies) of resn-impregnated sheets or fabrics onto
the concrete surface gppears to be particularly promisng. Manud lay-up can be done with
“prepreg”’ tapes or dry-fiber sheets to be impregnated at the time of inddlation. The terms tape
and sheet are used interchangeably and indicate a unidirectiond product. The term fabric is used
to indicate a product where fibers have been arranged in more than one direction. Lay-up of
sheats with fibers oriented a diffeent angles dlows for the possbility of engineering
mechanical properties such as strength and tiffness.

As a point of reference, the thickness of an ingadled ply (which includes fibers and
adhesive) is in range of 0.039 to 0.118 in. (1 to 3 mm). The process followed for the fidd
inddlation of externdly bonded FRP reinforcement congds of the basic following seps
concrete surface preparation (eg., cleaning, crack seding, rud-proofing exiging sed
reinforcement, smoothing, etc.), primer coat application, resn (undercoat) agpplication, adhesion
of the sheet(s), resin gpplication, curing, and finish coat gpplication.

Other cured systems include FRP grids (2D and 3D) and FRP reinforcing bars for
concrete.  High-strength FRP rods can be used for prestressng concrete (either in new
condruction or in extena pod-tensoning). Severa tendon/anchor systems for concrete
prestressing are available worldwide (Nanni 1993).

2.2. EXTERNALLY BONDED REPAIR

Structurd retrofit work has come to the forefront of industry practice in response to the
problem of aging infrastructure and buildings worldwide. This problem, coupled with revisons
in structurad codes to better withstand naturd phenomena, creates the need for Structurd retrofit
technologies. Some important characteristics of repar work arer labor codt, shut-down costs,
materid cods, scheduling condraints, long-term  durability, difficulty in sdection of repair
method, and evaluation of effectiveness
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An effective method for upgrading RC members (prestressed and non-prestressed) is
plate bonding. This method originates from the strengthening of stedl beams by means of adding
ded plates. It began in South Africa and France, where sted plates bonded with epoxy resins
were used for drengthening of concrete members (L'Hermite and Bresson 1967), and was
followed by more than 10 years of research until it became an accepted fied practice.
Experiments have investigated the influence of factors such as plate thickness, type of adhesive
and anchoring conditions (Swamy et a. 1987). Roberts and Hgji-Kazemi (1989) published a
theoreticd study of the behavior of RC beams bonded with sted plates that has become a
landmark paper. This sudy was amed a developing a smple analyticd modd capable of
predicting the effect of a sted plate on the distribution of strain and stressin the RC beam.

In Germany and Switzerland during the mid 1980's, replacement of sted with FRP plates
began to be viewed as a promisng improvement in externaly bonded repair (Meier 1987, Meier
and Kaiser 1991, Rostasy and Budeman 1992). Kaiser (1989) load tested carbon FRP
composites and showed the validity of the drain competibility method (i.e, classcd agpproach
for RC sections) in the andyss of repaired members. In the United States Ritchie et d (1991)
and Saadatmanesh and Ehsani (1991) studied the datic behavior of RC beams with externdly
bonded glass FRP plates and developed andyticd methods aso based on srain compatibility.
Later, Triantafillou and Plevris (1992) added concepts of fracture mechanics to this classcd
method. Berset (1992) investigated the use of externaly bonded composites to strengthen RC
beams in shear. More recently, Plevris and Triantafillou (1994) developed an andyticd mode
for predicting the cregp and shrinkage behavior of RC members strengthened with various types
of FRP plaes. In Saudi Arabia, Sharif e d (1994), usng both Roberts theory and dran
compatibility, developed a theoreticd dgorithm for predicting the flexura srength and the plate
separation load of repaired beams.

For bridge structures subjected to cyclic loading, fatigue becomes an important issue that
needs to be addressed by the designer. The fatigue behavior of FRP as a stand-done materia has
been under invedtigations for amost 40 years in the context of aerospace, marine and mechanica
goplications (Broutman, 1974). Over this period of time, fatigue data have been generated for a
vaiety of composte materiads under axid and flexurd fatigue loading. More recently, research
has been carried out on the fatigue behavior of FRP for infrastructure applications (Demers,
1998). In the past decade a remarkable amount of research has focused on the dtatic behavior of
RC beams drengthened with externally bonded FRP sheets. However, little has been done on
the fatigue performance of RC beams drengthened with externaly bonded FRP sheets. The
avalable literature includes papers by Shahawy and Betdman (1998), Nishizaki et d. (1997)
and Demers (1998).

Of dl countries, Japan has seen the largest number of field gpplicatiions usng bonded
FRP compodtes. Two large manufacturing industries (Tonen and Mitsubishi Chemicd) have
agoressively pursued this technology. A joint venture of Mitsubishi Chemicad and Obayashi
Corporation (a genera contractor) was the first partnership to propose and execute column and
chimney repar by FRP wrapping. Japanese manufacturer's literature (Tonen 1994, Mitsubishi
Chemical 1994) dso proposes the adoption of the working stress design method based on the
dasscd flexurd theory. The primary assumption remains that of perfect bond between FRP and
concrete (and between concrete and stedl).  Allowable stress for the FRP sheets is set at one-third
of the ultimate tensile capacity. This means that the dlowable srain n the FRP, even in the case
of low-dongdtion fibers is larger than five times the dran a yied of conventiond Grade 60
Sted.
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The advantages of FRP versus sted for the reinforcement of concrete structures include
lower ingdlation costs, improved corroson resistance, on-gte flexibility of use, and amdl
changes in member sze after repair. An additiond advantage in terms of industry acceptance is
due to the fact that building code enforcement for repair-type applicetion is not as stringent as for
new congtruction.

Implementation of FRP compostes as concrete reinforcement in the repair of low-
vighility applications such as periphera beams, bacony parapets, retaining wadls, tanks, tunnd
linings, and nondructurd wals in buildings could be immediate. Widespread implementation in
dructurd repar is ultimately contingent upon avalability of codes and familiarity of owners,
engineers, and contractors with the performance of the new materias and technology.

2.3. MONITORING OF DURABILITY

One of the most relevant issues related to the gpplication of FRP composites to strengthen
exiging dructures is ther long-term behavior. In the particular case of CFRP, for example,
inadvertent electrochemicd effects on the degradation of reinforcing sted and vice-versa can
occur in a red service environment. The carbon materid, very noble by nature, may pose a
gavanic corroson problem in the presence of a less noble materid such as renforcing sted if
there is a conductive environment. The effects of the CFRP composite materia on sted are ill
not very clear and, so far, the system (CFRP repair materid on RC) seems to work well due to
the protective nature of the epoxy matrix materia, which acts as a barrier. Until now, there has
not been an opportunity for testing the whole system in ared-life goplication.

In the following, the most commonly used techniques to monitor corroson of reinforcing
ded in concrete are outlined.

2.3.1. Corrosion Potential Measurements. The measurement of te hdf-cdl potentid is the
most commonly used technique in determining corroson susceptibility for reinforcing ded in
concrete.  The potentia between the sted and a reference dectrode is measured using a high
impedance voltmeter (>100 MOhm). Electricd contact is usudly made a one point on the sted.
The concrete is broken and the reference dectrode is pressed up againgt a wetted sponge. The
goonge is placed on a wedl-wetted concrete surface and the potentia difference is measured.
Figure 2.1 shows a schemétic representation of the potential measurement technique.
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High Impedance (>10M)
Digital Voltmeter (DVM)

Reference Electrode + .
Concrete broken out

eg Cu/CuSO\
to allow connection

Saturated (typically self tapping screw)
Cu/SO,

Copper

Sponge

Reinforcement Under Test

Figure 2.1. Schematic of Half-Cell Potential M easurement Technique

A few important points should be taken into account before any useful data can be
obtained. Applying a potential difference across reinforcing sted a different sections of the
dructure should check the dectrica continuity. A measured resstance of less than 1 Ohm is
normaly conddered an indication of a continuous connection of reinforcement. Also, it is
important that there is sufficient humidity on the concrete surface so that there is conductivity
between the reference dectrode and the reinforcing stedl.

The ASTM standard describes the following potential values in order to define the active
and passive sted conditions:

Potential V(vs. Cu/CuSQO,) Steel Condition
>-0.200 Passve

-0.200 to -0.350 Uncertain
<-0.350 Active

It must be noted that these values are given againg a copper/copper sulfate eectrode. The
conversons from one dectrode scae to the other can be done by usng the following
relationships (Jones, 1996), where SHE is the standard hydrogen electrode.

V (vs. SCE) = V (vs. SHE) - 241 mV (1)
V (vs.CSE) =V (vs. SHE) - 318 mV 2
V (Ag/AQCl) =V (vs. SHE) - 22 mV 3

In another study the potential values are given for different types of corroson of sted in concrete
(Wheat and Eliezer, 1985):

State Potential mV (SCE)
Passive (No chloride) +200 to -600
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Passve (in aerated concrete) +100 to -200
Pitting -200 to -500
Genera Corrosion -450 to -600
Active (limited access O5) -1000

2.3.2. Polarization Resistance. The polarization resstance method utilizes a potentiostat
to sweep a smdl range DC potentia (at a low scan rate like 0.1 mV/s) around the open circuit
potentia condition while the current response is recorded. Usualy the potentid sweep darts a a
vaue 20 mV below open circuit potentid and stops 20 mV above the open circuit potentid, for
total range of 40 mV (Berke and Hicks, 1990).

Over this potentid range, the current vs. voltage curve is roughly linear. From this linear
relationship it is possble to estimate polarization resstance, R,, which is used to cdculate the
corrosion currert, icorr, and corrosion rate via following equations:

4

R - d_E _ DE (4)
I Difee,,

. -1 _ bpb ©)
" R 23(b, +b,)

' 6

r =0.00327 Meorr ©)

nD
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Where b,, b are anodic and cathodic Tafd dopes, m is the molecular weight of the materid (g),
Ne is the number of electrons transferred, D is the density of the materid (g/onT), i is the current
density (MA/cn?) and r is the corrosion rate (mmvyeer) (Shaw et al., 1997).

The Tafe congants depend upon the resdivity of concrete, and are determined from
Tafd plot experiments. The congants are usudly in the range of 400 to 500 mV/decade for
anodic branch and 250 to 350 mV/decade for the cathodic branch (Al-Tayyib and Khan, 1988).
Based on the results from laboratory, outdoor exposure site, and field tedts, certain guiddines are
avalablein the literature. A summary of this datais presented below (Clear, 1990).

icorr (MA/ft?) value Damage

<0.2 no corrosion damage expected

0.2t01.0 corrosion damage possible in the range of 10 to 15 years
1.0to 10 corroson damage expected in 2 to 10 years

>10 corrosion damage is expected in 2 years or fewer

Rdiable and reproducible vaues of polarization resstance can be obtained only after
achieving good eectricd contact (via appropriate wetting with water or the use of conductive
paste) between the concrete surface and reinforcing sted.  That is where a mgor problem arises:
the resstance of concrete. The redstance of the concrete can be on the order of severd
kOhm/cn?, which would highly affect the messurements  Therefore, the resistance of the

9
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concrete should be known in order to caculate true polarization resistance. This problem can ke
overcome by usng the "IR compensation” feature present on most commerciad potentiostats, or
the concrete res stance can be measured using another technique such as EIS.

2.3.3 Electrochemical Impedance Spectroscopy (EIS). EIS is thought to be an
excdlent tool for monitoring the corroson of reinforcing stedl in concrete since the technique is
independent of resdivity of the medium. As was mentioned previoudy, the EIS data usudly
requires some interpretation. Potentid data and impedance curves representing different stages
of corroson process of reinforcing stedl in concrete are summarized and presented in Figure 2.2.
In short, the corrosion process can be explained in three stages.

In the initid dage the ded surface in a passve date gives a noble potentid being a part of
the large semi-circle of the impedance curve.

In the second stage the passve film is broken by CI ions and corroson is initiated, leading to
less noble potential.  This phenomenon gives two types of impedance curve depending on the
wetness of the concrete.  Namely in dry condition, where O, diffuson into concrete is
accelerated, the impedance curve shows a semi-circle. In wet condition the curve shows two
Separate semi-circles with the corroson rate determined by the O, diffusion process.

In the third stage corroson develops around sted surfaces, giving a comparably noble
potential and a small imperfect semi-circle in the impedance curve (Andrade et d, 1986).

[
»
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IS
N Wet Zre
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Controlled by Q Diffusion -
Corrosion Rate (Large ->)

Figure 2.2. Schematic Illustration of Corrosion Data Obtained Using Potential and
Impedance Curves.

Different Nyquist and Bode plots obtained when sted is embedded in concrete are
presented in Figure 2.3. For example in Figure 2.3a, the reinforcing bars were embedded in
mortar without admixtures. In Figure 2.3b cacium chloride was added to the mortar and the stedl
was attacked by pitting. In Figure 2.3c the mortar was carbonated, thus the whole surface of the
gded was uniformly corroding. The andyss of data usudly requires knowledge of an equivadent

10
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circuit. In the past, researchers proposed various equivalent circuits for corroson of reinforcing
ded in concrete. Every mode tries to take into account the resistive and didectric properties of
the concrete cover, and the resstive and didectric properties of the lime layer. Unfortunately,
the corroson of sted in concrete is not SO smple because the system has a very high resstance,
frequently has a passve film, and often corroson is controlled by diffuson. The mog difficult
issue in determining the corroson rate of sted in concrete is that one cannot determine the true
vaues of the dectrochemicad parameters such as the polarization resstance and the impedance at
each podtion to be measured. The degree of polarization of the reinforcing sted surface,
induced by the over-potentid applied a corroson potentia, gradually decreases with the
distance from the counter electrode (Matsuoka et a., 1990).
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Figure 2.3. Nyquist and Bode Plots of Steel Bars Embedded in M ortar.
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2.4, APPLICATIONS

Recently completed strengthening projects (Nanni 1997) are presented herein to
demondrate tha CFRP is becoming an acceptable rehabilitation method for buildings and
infrastructures. The presented projects show the adaptability of CFRP technology to different
Stuations.  correction of desgn/condruction erors and loss of integrity due to vehicular
collison. As the technology maiures, a fid of gpplication that is equdly viable and important is
that of damage prevention.

2.4.1. Highway Application. Figure 24 shows the effect of a vehicular impact on the
four girders of the bridge overpass on highway Appia near Terracing, Rome (Nanni 1997). This
is a short bridge, 34.48 ft (10.5 m) in span, made of four prestressed concrete girders having
cross sectiona dimensions of 3.28 by 492 ft (1.0 by 1.5 m). The conventiona renforcement
(prestressing tendons and reinforcing bars) is clearly visble in the photogrgph after the loose
concrete was removed.

Figure 2.4. Girder Damage Dueto Vehicular Impact

The concrete cross section was restored with no-shrink mortar and, after surface
preparation, CFRP sheets were adhered as shown in Figure 2.5. The objective of the CFRP
srengthening was to make up for the loss of prestress. For each beam, three sheets, 1.08 ft (0.33
m) wide and 9.84 ft (3.0 m) long, were bonded to the soffit (O° fiber direction), and four strips,
0.52 ft (0.16 m) wide and 9.84 ft (3.0 m) long, were wrapped around the three sides (90° fiber
direction). Thetotal amount of CFRP material used was approximately 215.27 ft> (20 n).

12
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Figure2.5. Pattern of CFRP Strips

The repair of the short columns that transfer load from the RC deck to the RC arch in the
viaduct dong higoricd “Via Haminia, near Spoleto, underwent rehabilitation during the
summer of 1996. The bridge was built immediatdy after World War 1. Figure 2.6 shows a
sngpshot of the bridge, where the row of the shortest columns visble in the center of the
photograph represents the area of interest. These columns have a cross-section of 15.7 by 15.7
in. (0.4 by 04 m), and are 5.4 ft (1.65 m) tal. Figure 2.7 offers a detailed image of the short
columns and ther level of deterioration. Concrete had spdled off due to sted reinforcement
corroson.  After remova of dl deteriorated materids, the origina cross section was restored
with nortshrinkage mortar and the sted reinforcement was protected with a passvating codt.
Finaly, the columns were wrapped with asingle ply of CFRP sheets as shown in Figure 2.8.

The reinforcement configuration of this column is such that column ends act as hinges
therefore the CFRP wrgpping with transverse fibers only is an ided medium to provide
confinement without adding any bending diffness or moment capacity a the location of the
hinges

13
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Figure2.7. Deteriorated Columns

14
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Figure2.8. Application of the CFRP to Column

2.4.2. Building Application. The post-tensoned PC dab of a parking garage in Atlanta,
Georgia was strengthened with gunite RC beams shortly after congtruction in order to correct a
deficiency in the number of sted tendons dong the East-West dignment of the building. These
beams were 0.246 ft (75 mm) deep, 3.28 ft (1 m) wide and reinforced with 6-#9 (28.7 mm
diameter) bars. The beams were 17.06 ft (5.2 m) long and ran dong the column line, connecting
the column capitas 9.84 by 9.84 ft (3 by 3 m). The integrity of the composite action between
gunite beam and dab was to be based soldy on the grength of the interfacia bond between the
two. Since deamination had occurred over time, such action was compromised and epoxy
injection was required. In order to find a permanent solution to the problem, it was suggested
that the gunite beams be demolished and replaced with two double-ply strips of CFRP.

Figure 2.9 shows the gpplication of the second ply for one of the strips. The two CFRP
drips were located a the sSde of the demolished gunite beam so that adhesion would take place
on ardatively smoother concrete surface.

In order to evduate the condition of the PC dab with and without the gunite beams and
aso after srengthening with CFRP, a number of rapid load tests were carried out. In the test st-
up, a concentrated force was agpplied to the dab column-strip by means of hydraulic jacks (Figure
2.10). As sen in the photograph, the jacks are reacting againg the floor above, which in turn is
shored for additiond safety. This configuration may be defined as a “push-type’ test where the
dead weight of the two floors above provides the counterweight. Deflection a severa points
(e.g., under the load, at the quarter-span sections, at the drop pand) was measured (Figure 2.11).
Following repeated loading-unloading cycles, it is possble to develop a hydseress diagram for
the dab. Fird, the level of the maximum load was cdlibrated based on preiminary cdculations
and the response of the structure during test. Second, the load test was repeated with the same
moddity after the execution of the CFRP drengthening work.  Then findly the maximum load
was then gpplied to Smulate service conditions. By comparing the outcome of the various tests,
it was shown that the CFRP repair was comparable in strength to the gunite beams. CFRP
should provide a permanent solution.

15
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Figure2.10. SiteLoad Test of the Repaired Structure
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S
Figure 2.11. Measurement of Deflection During L oading
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3. BRIDGE RATING

3.1. GENERAL REQUIREMENTS

An accurate raing of the exiging bridge live load capacity is the firs step in determining
the need for drengthening. The evaluation included review of the bridge condruction drawings,
visud ingpection, and use of established sate and federal guiddines (AASHTO, 1996).
Until recently, MoDOT used two rating methods, the Load Factor Method or the Allowable
Stress Method, to rate dl ther bridges. According to MoDOT’s current load rating guidelines,
any dructure built, rehabilitated, or reevaluated shal be rated usng the Load Factor rating
Equetion (7).

cap
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The current load posting on Bridge G-270 was developed using the Allowable Stress
rating Equeation (8)
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All bridges should be rated a two load levels, the maximum load level caled the
Operating Rating and a lower load level cdled the Inventory Rating. The Operating Reting is
the maximum permissble load that should be dlowed on the bridge. Exceeding this level could
damage the bridge. The Inventory Reting is the load level the bridge can cary on a daly bass
without damaging the bridge.

In Missouri, the Inventory Rating and Operating Rating, for the Allowable Stress
Method, are established at the 55% and 75% dress leves in the reinforcement, respectively. For
the Load Factor Method the Operating Rating is based upon the appropriate ultimate capacity
usng current AASHTO specifications. The Inventory Rating is taken as 60% of the Operating
Rating.

The vehicdle used for the live load calculations in both the Allowable Stress Method and
the Load Factor Method is the HS20 truck or MS18 truck if a metricload rating is dedred. If
these stress levels are exceeded, |oad posting may be required.

In Missouri, load posting is established using the H20 and 3S2 vehicles at the 68% diress
level for the Allowable Stress Method or a 86% of the Operating Rating for the Load Factor
Method. Additiondly, the Operating Reting is cdculated for the MO-5, HS20 and the 4S3P
vehides The legd load in Missouri is 23 tons (204,700 N) for H20 vehicles and 40 tons
(356,000 N) for 332 vehicles. See Appendix D for typicd axle loads and spacing for the various
rating vehicles.

3.11. Live Load Didribution Factors. The two-lane live load didribution width is determined
from the AASHTO Standard Specifications for Highway Bridges (AASHTO, 1996) and is
shown in Equation (9) with S being the span length in feet.

LLDF,, =4+ 0.06(S)£ 7.0¢ (9)
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Subdtituting the center to center of support distance of 21.25 feet (6.48 m) for S
LLDF,, =4+0.06(21.25)=5.275 (10)

then taking the reciprocd of the live load distribution factor converts the factor for a unit Strip.

_ _ 11
}/l_l_DF2L = 1 275=0.189%6 )

MoDOT's live load digribution factor for one-lane loading on dab-type structures, Equation
(12), is cdculated by assuming the digtribution of two whed loads over the roadway width not to
exceed 24 feet (7.32 m).

2Whed Lines (12)
Roadway Width

LLDF, =

Substituting 18 feet (5.49 m) for the roadway width will result in the one-lane ditribution factor.

13
LLDF, = % =0.1111 (13

3.1.2. Allowable Stress Rating. Using the Allowable Stress Method, moments and stresses in the
concrete and reinforcing steel may be determined by Equations (14) through (16).

¥%f kdb=A f_ (14)
M, = %1 kdbld- kd4) (15)
M, =A.f,[d- kdg) (16)

For the section shown in Figure 3.1 to be in equilibrium, the summation of horizonta
forces must equa zero and the summeation of moments must equa zero.

P b
C= Y {kd
kd ’
g e
h
As
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Figure 3.1. Strain and Stress Diagrams for Working Stress
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T=C 1
f/

f, =20 kd (19)
d- kd

By subgtituting Equation (19) into Equation (18) and rearranging the terms into a quadratic
equation.

2
bKD" | b A (kd)- n.Ad=0 (20)
Based on the values in Table 3.1 and subgtituting into Equation (20)
Table 3.1. Slab Unit Strip Properties
b h d As Ec fc Ng Es fy
(in) (in) (in) (in%) (ks)) (psi) (ks) (psi)
12 185 16.75 153 2,770 2363 10 29,000 30,000
Note: 1 ks =1,000 ps =6.89 MPg; 1in. =254 mm
12(kd)? _
+(10)(1.53)kd - (10)(1.53)(16.75) =0 (21)

Solving the Equation (21) for kd
kd = 5.38" (13.66 cm)
and subdtituting into Equations (15) and (16) usng AASHTO guideines where f. equas 0.4f ¢

or 945 ps (6.52 MPa) and £ equals 0.55fy or 16,500 ps (113.7 MPa) determines the controlling
moment capacity based on the concrete or reinforcing sted dlowable stress respectively.

M, = ¥(945)(538)(12)(16.75- 5384)/ 12000 = 3801t *ips (515 kN-m) (22)
M., = (1.53)(16500){16.75- 5-3%)/12000 =315 ft xips (42.7 kN-m) (23)

Continuing this process yields the vaues shown in Table 3.2 for the various dress levels dlowed
for Operating, Inventory, and Pogting loadings. The moment capacity of the dab is limited by the
moment capacity of the reinforcement, therefore the dab is under-reinforced.
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Table 3.2. Total Moment Capacity/Foot Width

STEEL |CONCRET]|CONCRET| STEEL
TRUCK | STRESSLEVEL%- E E
TYPE fs fc M Ms
(Based upon steel ps ps ft-kips ft-kips
stress)
HS20  [(55%)- Inventory 16500 945 38.0 315
MO5  |(75%)-Operating 22500 1289 51.9 42.9
HS20 [(75%)-Operating 22500 1289 51.9 42.9
4S3P  |(75%)-Operating 22500 1289 51.9 42.9
3S2  |(68%)-Posting 20400 1169 47.0 38.9
H20  [(68%)-Posiing 20400 1169 47.0 38.9

Note: 1 ft-kip = 1,000 ft-l1bs = 1.356 kN-m; 1000 ps = 6.89 MPa

Dead load moments due to member sdf-weight and superimposed loads are tabulated in Table
3.3. This includes the weight of the thrie-beam rail, concrete curb, 7 inch (17.78 cm) asphdt
wearing surface and 9.5 inches (24.13 cm) of soil between the wearing surface and the bridge
dab. See Appendix B for bridge dab details.

Table 3.3. Service Dead L oad MomentsFoot Width

Ma

DEAD LOAD fokips
MEMBER WEIGHT 13.1
SUPERIMPOSED 9.6
TOTAL 22.6

Note: 1 ft-kip = 1.356 KN-m

The moment capacity avalable for live load plus 30% impact is the subtraction of the dead load
moments from the tota moment capacity and islisted in Table 3.4.

Table 3.4. Available Capacity for LL+l/Foot Width

STRESS LEVEL%- Mac

TYPE ft-kips
TRUCK (Based upon sted P

stress)

HS20 (55%)- Inventory 8.8
MO5 (75%)-Operating 20.3
HS20 (75%0)-Operating 20.3
4S3P (75%)-Operating 20.3
32 (68%)- Posting 16.3
H20 (68%0)-Posting 16.3

Note: 1 ft-kip = 1.356 kN-m
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The maximum live load moment for the standard vehicles is caculated usng the influence line
for moment at center span. The maximum live load moments for the standard trucks are shown
in Table 3.5.

Table 3.5. Two Lane Live Load Moments/Foot Width

TRUCK LOADING
ST RESTS\:—PEIQ/EL% My LOCATION
1st WHEEL
TRUCK (Based upon ses ft-kips ft.
stress)
HS20 |(55%)- Inventory 20.9 -3.375
MO5 |(75%)-Operating 239 -28.583
HS20 |(75%0)-Operating 20.9 -3.375
4S3P  |(75%)-Operaing 29.0 -8.545
352 |(68%)-Pogting 17.2 -1.375
H20 |[(68%)-Posting 17.2 -1.479

Note: 1 ft-kip = 1.356 KN-m; 1 ft.= 0.3048 m

The find raing is determined by usng Equation (8). The Allowable Stress ratings are tabulated
in Table 3.6.

Table 3.6. Allowable Stress Bridge Rating

TWO LANE
SAFE LOAD
CAPACITY
TRUCK FACTOR TONS TYPE
HS20 0.422 15.2 Inventory
MO5 0.847 31.0 Operating
HS20 0.968 34.8 Operating
4S3P 0.699 41.9 Operating
382 0.945 34.6 Pogting
H20 0.945 189 Pogting

Note: 1 ton =89 kN

In order to remove the posting the 2-lane safe load capacity a the 68 percent operating stress
level mugt be 23 tons (204,700 N) for the H20 vehicle and 40 tons (356,000 N) for the 3S2
vehicle. The required moment capacity to carry the desired loads is shown in Equation (24).

Capacity (tons) (24)

. . (M 11+ ) + M di
Vehide Weight (tons)

Required Moment Capacity =
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For the H20 vehicle the moment capacity required is

23

—(17.2)+22.6 =42.38 » 42 ft xkips (56.95 kN xm (29)
20

which evaluates to a 8.9 percent increase required in moment capacity. Checking the capacity
required for the 3S2 vehicle evauates to a 6.4 percent increase required in moment capacity.
Therefore, the H20 vehicle determines the increase in strength required using the Allowable
Stress Rating.

3.1.3. Load Factor Rating. Usng the Ultimate Strength Method, the moment capacity
may be determined by Equations (26) and (27). Equation (26) is based on the assumption that e
> ey, Which can beveifiedif r <ry, by usng Equation (28).

. & bco (26)
M, = Asfy% - 75
M,EfM, (27)
fe@ 87000 O (28)
r,=08%, — a

11, Ee7000+ 7, 5

Based on the dab unit gtrip property vaues in Table 3.7 and subdtituting into Equations
(28) and (30).

Table 3.7. Sab Unit Strip Properties

b h d As Ec fc by g Es fy
(in) (in) (in) | (@n%)]| (ks (ps) (ks) (ps))

12 185 16.75 153 2,770 2363 | 085 | 085 29,000 30,000

Notee 1ks =6.89MPa, 1in.= 254 mm

r. = 085085 o=@ 800 __9_ @)
b = BOXEEY) 30000 €87000 + 300008~
o A, (30)
" bd
153 (31)
= 00076

' = 12675

Therefore, Equation (26) is vaid and can be utilized to determine the moment capacity of
aunit grip of bridge dab.

For the section shown in Figure 3.2 to be in equilibrium, the summation of horizontd
forces must be equd as shown in Equation (32).
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fc gf’c
A A
o
d _ e _ [ _._. _
h
o —>as, e A

Figure 3.2. Strain and Stress Diagramsfor Load Factor

g febbc=Af, (32
Based on the values in Table 3.7 and subgtituting into Equation (32),
(0.85)(2363)(12)(0.85)c = (1.53)(30,000) (33)
Solving the equation for c,
c=224" (5.69 cm)

and subgtituting into Equations (26) and (27) determines the moment capacity.

M., = (153)(30000)216.75- %2(2'24)9/12000 = 60,431t skips (BLOAKNm) )
e 2
M, £f M, =(0.9)(60.43) =54.41t Xkips (73.77 kN xm) (35)

Continuing this process yields the values shown in Table 3.8 for the various dress leves required
for Operating and Inventory loadings.
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Table 3.8. Ultimate Capacities/Foot Width

STEEL [CONCRET| CAPACIT
E Y

TRUCK 3 P Ve
ps psi ft-kips

HS20 30000 2363 54.4
MO-5 30000 2363 54.4
HS20 30000 2363 54.4
4S3P 30000 2363 54.4
32 30000 2363 54.4
H20 30000 2363 54.4

Note: 1ks = 6.89 MPa; 1 ft-kip =1.356 kN-m

Dead load moments due to member sdlf-weight and superimposed loads are tabulated in
Table 39. This includes the weight of the thrie-beam rail, curb, 7 inch (17.78 cm) asphdt
wearing surface and the soil between the wearing surface and the bridge dab. See Appendix B
for bridge dab detalls.

Table 3.9. Service Dead L oad Moments/Foot Width

Ma

DEAD LOAD fokips
MEMBER WEIGHT 13.1
SUPERIMPOSED 9.6
TOTAL 22.6

Note: 1 ft-kip = 1.356 kN-m

The moment capacity avalable for the factored live load plus 30% impact, as lised in
Table 3.10, is the subtraction of factored dead load moments from the tota moment capacity and
divided by the appropriate Rating Load Factor (A1).

Table 3.10. Available Capacity for LL+I/Foot Width

TRUCK RATING TYPE |— M
ft-kips

HS20 Inventory 115
MO5 Operating 19.2
HS20 Operating 19.2
4S3P Operating 19.2
3S2 Pogting 16.5
H20 Pogting 16.5

Note: 1ft-kip = 1.356 kN-m
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The maximum live load moment for the dandard vehicdles is cdculated using the
influence line for moment a center span. The maximum live load moments for the standard
trucks are shown in Table 3.11.

Table3.11. Two LaneLive Load Calculations/Foot Width

TRUCK LOADING
LOCATIO
Mii+i N

TRUCK | RATING TYPE 1st
WHEEL

ft-kips ft.
HS20 Inventory 20.9 -3.375
MO5 Operating 23.9 -28.583
HS20 Operating 20.9 -3.375
4S3P Operating 29.0 -8.545
352 Pogting 17.2 -1.375
H20 Pogting 17.2 -1.479

Note: 1ft-kip=1.356kN-m; 1ft.=0.3048 m

The find rating is determined by usng Equation (7). The Load Factor retings are
tabulated in Table 3.12.

Table 3.12. L oad Factor Bridge Rating

TWO LANE
SAFE LOAD
CAPACITY
TRUCK FACTOR TONS TYPE
HS20 0.550 19.8 Inventory
MO5 0.803 29.4 Operating
HS20 0.919 33.1 Operating
4S3P 0.662 39.7 Operating
352 0.959 35.1 Posting
H20 0.959 19.2 Pogting

Note: 1ton=8.9kN

In order to remove the posting the 2-lane safe load capacity at 86 percent of the operating
level must be 23 tons (204,700 N) for the H20 vehicle and 40 tons (356,000 N) for the 32
vehicle. The required moment capacity to carry the desired loads is shown in Equation (36).
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Required Moment Capacity = Capacity (tons) (L3m,,)+@am, &
(0.86) Venide Weagnt (tons)
For the H20 vehicle the moment capacity required is
23 (37)

(1.3)(17.2) + (1.3)22.6 = 59.28 » 60 ft *kips (81.36 kN xm)

(0.86)20

which evaluates to a 9.0 percent increase required in moment capacity. Checking the capacity
required for the 32 vehicle evauates to a 6.2 percent increase required in moment capecity.
Therefore, the H20 vehicle determines the increase in strength required using the Load Factor

Rating.
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4. CFRP DESIGN CALCULATIONS

4.1. EXISTING CONDITIONS

The rding cdculations show that Bridge G-270 requires strengthening in order to cary
current traffic loads. Based on the bridge rating andyss, the new service loads will produce a
maximum paositive bending moment of My, = 42 kip*t/ft (186.9 kNxn/m), and the total factored
loads result in a desgn moment of My = 60 kipft/ft (267.0 KNxn/m). Materia properties
edtablished by MoDOT reault in a nomina concrete srength ¢ = 2,363 ps (16,292 kPa) and a
yidd drength for the mild sed of fy, = 30,000 ps (206,843 kPa). However, these bending
moments are based on “as built” plans assuming no section losses. From fidd observations it was
evident that some concrete deterioration and reinforcement corroson has taken place. From past
experience bridge decks of this age with an asphalt overlay experience 1 to 2 inches (2.54 to 5.08
cm) of concrete deterioration. This deteriorated concrete is located a the interface of the
concrete deck and the asphdt wearing surface. This reduction in effective depth will result in an
additional 6 to 9 percent loss in moment capacity. Figure 4.1. shows the dimensions of the one
foot wide cross-section adopted in the andlysis that follows.

Note 1in=254cm

b=12"

>|l

||<

d=16.75"
h=185

A& 1.53in?

A=?
Figure0.1. Dimensions of the Cross-section

4.1.1. Initial Strains. Based on exiding conditions, the totd moment in place a the time
that the FRP is indtdled is the dead load moment My, = 22.6 ft-kip (30.6 kN-m). The strain may
be computed for this moment assuming the section is cracked by using Equation (41).

M cr :erm (38)
M :75Jf—¢|—9:75«/2363M:208ﬂ *ip (28.2 kN >m) (39)
T 2 9.25(12000) '
20.8 ft xkip (28.2 kN xm) < 22.6 ft %ip (30.6 kNxm) O.K. (40)
M, (h- kd
€y :% (41)

ca—c
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The multiplier on the beam depth, d, to find the cracked neutral axis position is k = 0.321.
This produces a cracked moment of inertia & = 2600 in* (108,220.17 cm®). The srain level on
the bottom of the dab at the time of FRP ingtalation, thus becomes,

_ (226 ft :kip” 12inft J18.5- 0.321(16.75))
(2600)(2771)

bi

=494ne (42)

4.2. PRELIMINARY DESIGN

4.2.1. Ultimate Strength Analysis. The ultimate limit date anadyss caculates the
cgpacity of the section by combining force equilibrium, strain competibility, and the conditutive
laws of the materids a fallure The dress and drain digributions a ultimate are shown in
Figure 4.2. The nonlinear stress strain behavior of concrete may be replaced for computationa
ease by arectangular stress block with dimensions gfi: x b c.

fc gf'c
> ]
h
_> Asfs _‘A‘st
—_— —» >
Af ef e(!)ebl‘ Afff Afff

Figure4.2. Strain and Stress Digtribution in a RC Section at Ultimate

It should be noted that the Whitney stress block employed by ACI 318 is not vaid when
the concrete drain fdls bdow 0.003 in/in (mm/mm). In this ingance, the two most common
representations of the stress-dtrain curve of concrete are the Modified Hognestad and Todeschini
gpproximations. The Todeschini gpproximation (Todeschini et a. 1964) is the easest to use and
is readily adaptable to computer applications (MacGregor 1997).

The generd equation for the nomina moment capecity of a RC section strengthened with
FRP flexurd reinforcement is given in Equation (43).

M, =ALER- 200 o g, 1, & . BCD (43)
e 2 9 e 2 g

The term £ indicates the reinforcing sted is not necessarily at its yield dress. Addition of FRP to
the beam may result in over-reinforcement for moment capacity thus the concrete may crush
before the dsed yidds. The 0.85 factor gpplied to the moment contribution of the FRP
reinforcement is additiond to the three standard deviation reduction of the strength of the FRP.
The additional 0.85-reduction term accounts for the novety of the drengthening system and
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perfformance under long-term conditions. There is discusson within the technicd community
and in paticular within Committee 440 of the American Concrete Inditute to arive to a
scientifically based expresson of the reduction factor. The current thinking is that the materia
properties reported by manufacturers should be considered as initid properties that do not
condder long-term exposure to environmental conditions  Because long-term exposure to
various types of environments can reduce the tensle properties and creep rupture and fatigue
endurance of FRP bars, the materiad properties used in design equations should be reduced based
on the environmenta exposure condition.  The modulus of dadicity is unaffected by
environmental conditions.

The dresses in each of the materids will depend on the drain didribution and the
governing falure mode. Because of the number of variables involved, there is no direct
procedure for determining the srain digribution and fallure mode. Ingtead, a trid and error
procedure is necessary. This procedure involves firsg estimating the depth to the neutrd axis, c,
and determining the failure mode based on this edtimate. The estimated depth to the neutra axis
may be confirmed or modified based on dran compatibility, the conditutive laws of the
materias, and internad force equilibrium.  In most Studtions, a firsd edimate of ¢ = 0.15d is
reasonable.

4.3. CFRP SELECTION

The “as built” moment capacity is 9% bedow the required moment capacity.
Compensating for section losses, referenced in 4.1, an additiond 10% will be added to the
required moment capecity. It is reasonable to assume that externdly bonded FRP sheets will be
cgpable of correcting this deficency. A commercidly available FRP drengthening system
(Mbrace™ Design Guide, 1998) was sdlected for its high srength and excdlent performance
under sustained and cyclic loading.

4.3.1. Estimate Amount of FRP Sheets Required The firs step was to estimate the
aea of FRP based on the additiond tendle force, T, required to equilibrate the moment
deficiency.

T=Mu- T M, _((66- 548 12) _ g g pinc 4107 kN) (44)
0.90>d 0.90(16.75)
T 9.23 :
A = = =0.0219in” (0.14 cn?’ 4
" £x0.85%, 0.90(0.85)(550) ( : )

Based on this area, the trid width of FRP becomes,

_ A, _ 00219
n, %, 10.0063

Note: 1in=254mm

W, =3.37in\ Trylply,4in.widg A, =0.026in’ (46)

The actud flexurd capacity must now be computed.
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4.32. Trial and Error Edimation. The first etimation of ¢ = 0.15d which equates to
¢ = 0.15(16.75) = 2.5125 inches (6.38 cm).
With the estimate of ¢, the failure mode may be checked by the following criterion:

. ah-Cco .. . .
if eq, +epi>eq QTQ, failureis controlled by concrete crushing;
e a

if eq, +ep<eq gfgg failureis controlled by FRP rupture.
e C

2
For the estimated vaue of c,
ecugi%g: 0.0191 in/in. (47)
e t e, =0.01549 in/in. (48)
therefore the failure mode is FRP rupture.

The grain leve in the FRP, concrete and reinforcing sted is,

e; =eq =0.015

(49)
C o ® 25125 .
e, = \en *+€, i——==(0.015494)c———————+=0.00243 in/in 50
e e, Eeh Py ( )818.5- 251254 (0)
ol - co 246.75- 251250 L
e, = |ew +€ep Jo——+=10.015494)c—————————+=0.01380 in/in 51
3 b)gh- co ( )318.5- 25125 o )
which produces stress levels in the FRP and reinforcing sted,
f, =f, =550ks (3,792.06 MPa) (52)
e e, \ f =f, =30,000 ps (206.84 MPaq) (53)
The parameters that define the equivaent stress block are (Todeschini, 1964),
+f
e¢= LUt L712363) =0.001458 in/in (54)
E. 57000,/2363
€, _0.002435 _ (55)
e¢ 0001458
_ -1 - -1
5 <o Aejet) (e et der)-eniuen] oo -
(e./et)nlL+e? /ef) (1.67)In(1+ (1L67) )
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0.90In [1+ (eﬁ/egtz)] _0.90In |1+ (L67)° |

7= R,(e./et) (0.851)1.67)

= 0.843 (57)

Check the estimate on c,

_AJf +Af, _153(30,000)+(0.026 )(550 1000
AR 0.843(2363)0.851(12)

Note 1in.=25.4mm

=2.96in. (58)

296 in. 1 25125 in. \ A revison is required by iteraing vaues of (c). Results are tabulated in
Table 4.1.

Table4.1. Summary of Trial and Error Calculationsto Obtain c

c

. Fa | ure ef u ff es fs ec
a'r(}f)‘ed Mode | (nin) | ks) | Gmin) | (k) | @i | 2 g C""C(‘i*r';‘ed

2.5125 FRP 0.015 | 550 | 0.01380 | 30 | 0.00244 | 0.851 | 0.843 2.957

2.8000 FRP 0.015 | 550 | 0.01377 | 30 | 0.00276 | 0.878 | 0.824 2.932

2.9300 FRP 0.015 | 550 | 0.01375| 30 | 0.00292 | 0.890 | 0.813 2.931

2.9310 FRP 0.015 | 550 | 0.01375| 30 | 0.00292 | 0.850* | 0.813 2.931

* Limit to 0.85 as per ACI (Note: 1 ks =6.89 MPg; 1 in = 25.4 mm)

With the vaue of ¢ as 2.93 inches ( 7.44 cm), compute the nomind moment capacity,

® bpc bCo
M, =Af,gd- 7—+085A f,gh- > (59)

M, =1. 53Maie 75. 0892981)g, 85(0.026)(550) 58 5. 0:85(2931)¢
1000 2 o 2 o (60)

M, =921in Xip = 76.75ft *kip (104.1kN »m) (61)

Because the drain in the ged a ultimate is much greater than twice its yidd drain, the section
retains sufficient ductility. Thef factor istherefore taken as 0.90.
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fM, =0.90(76.75 )= 69.1ft xkip > M, =66 ft %kip (89.5kN-m) O.K. (62)

4.3.3. Check Shear Capacity. The shear capacity has been checked to ensure that it is
greater than the factored ultimate shear force caused by an HS20. This requirement is defined by
Equation (63):

fV 3V (63)

n,existing u

4.3.4. Check Serviceability. Serviceghility criteria include stress vaues, deflection and
fatigue. This section only addresses the computation of stress in concrete, stedd and FRP under
service conditions.  With respect to deflection, the use of FRP in this project was to correct a
moment deficiency.  Given the geometry of the deck, a serviceability limitation on deflections
was not an issue. This is demondrated by the extensve deflection measurements as reported in
Chapter 6 of this report. Fatigue is not considered to be an issue based on the findings reported
in Section 5.2 of this report.

By teking the fird momerts of the areas of concrete, stedl (transformed to concrete), and
FRP (transformed to concrete), the following expression is obtained:

(kd)’b_ A (d- kd)- n,A, (h- kd)=0 (64)

2 we
(kd)*12 29000 1.53)16.75- kd)- 33000

7 Eopy 25316 g—(—_)(o.026)(18.5 kd)=0 (65)

Solving this quadrdtic, the depth to the neutrd axis is kd = 5.53 inches (14.1cm ) (k = 0.330).
Compute the stress in the stedl at a service moment of Mgery = 42 ft-kip (56.9 kN-m),

lMseN+eblA E - k/)Jd kd)E

f, = 66
d- k/)(ol kd)+A,E, | /)(h kd) (%9
242(12) + 0.000494(0.026)(33000)§38.5 - 5—53%16 75 - 5.53)(29000)(1000)
fo=—r= 5.53¢ 553 67)
1.53(29000)216.75 - 9(16 75 - 553) + (0. 026)(33000)58 5- _9(18 5- 553)
e
f, = 21,862ps < 0.80f, = 24,000 psi (165.47 MPa) OK. (68)

The current philosophy a& UMR is to increase the dlowable service load dress in the
tendle reinforcement to 80 percent of yidd as shown in Equation (68). This only applies when
the flexurd member is desgned with conventiond dsed reinforcement and FRP is used to
increase the flexura capacity.

Compute the maximum compressive diress in the concrete at service,
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0 5 5. .

foof Pl K o1 gee@2/ML0 598 _jhanpg (7.1MPa) (69)
EE. 2d- kd £29000416.75- 5.53
f_=1030 psi (7.1 MPa) < 0.45f( = 1063 psi (7.3MPa) OK. (70)
Compute the stressin the FRP at service,
fop b Oh-kd o (71)
f - sgsgd _ kd b —f

_ 218628830000 185- 553 0.000494(33000) =12.46 ksi (85.8 MPa) (72)

" ~71000 £29,000416.75- 553

f, =12.46ksi <0.33C,C.f,, =0.33(0.95)(0.65)550ksi =112ksi (772.2MPa) -
.
O.K. (Based on MbraceQ guiddines)

4.3.5. Automated Calculations. A computer program for the desgn of the CFRP
grengthening with the Ultimate Strength Method with Service Load checking for servicesbility
was developed a the Univerdty of Missouri — Rolla The program is reported in Appendix E.
The program implementing the Ultimate Strength Method confirms the hand caculations
previoudy reported. The minor differences are due to the method used to determine the concrete
dress.  The computer progran uses the more exact method of integration to cdculate the
concrete stress. The hand calculations uses an approximate method whereby the area under the
stress-drain curve is determined using the factorsg & b.

4.3.6. Conclusions. Based on the andyss, a single ply of FRP with a width of 4" per
12" (10.16 cm per 3048 cm) width of dab would be sufficient to strengthen the bridge. This
would correspond to a 10" (25.4 cm) wide single ply strip spaced a 30" (76.2 cm) on center for
congtructability and materiad economy. Because the FRP sheets to be used come in 20" (50.8
cm) wide rolls, these strips are easily fidd cut into halves without loss of materid.

It is recommended that the distance between two adjacent strips (i.e., unreinforced areq)
be not larger than three times the depth of the concrete dab. This recommendation is consstent
with conventiond reinforced concrete practice.

After inspection of the bridge deck, it was noted that spdling of concrete due to sted
reinforcement corroson was visble a one edge of the dab. In order to apply CFRP on sound
concrete without additional preparation work, it was decided to cluster the grips in the centrd
portion d the deck, leaving a gap of 32.5 inch (82.5 cm) from each edge of the deck. Also it was
decided to double the amount of FRP required by providing a tota of eight 20 inch (50.8 cm)
grips with a 3 inch (7.62 cm) gap between the strips, rather than using 10 inch (25.4 cm) strips.
Thefind strengthening pattern is reported in Figure 4.3.

The excess FRP reinforcement was added for these reasons:
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Dedructive pull-off tesing was planed without compromisng the integrity of the
design.

The faigue teting had not been completed a the time of ingtdlation. It was dected to
inddl additiond FRP in the event that subsequent testing modified the origind  design.
Once testing was completed and computations verified any excess FRP could be
deectivated with transverse cuts in the fabric.

Even though a the end of the bond testing only the required FRP reinforcement will remain
effective, doubling the amount of FRP does not change the fallure mode due to FRP rupture.
This is based upon the results from computations smilar to those given in Appendix E (usng a
concrete srength of 2,750 ps = 189 MPa or higher), and laboratory verification on a test
gpecimen equa to that described in Section 5.1 usng twice the amount of FRP reinforcement.
Also, at service load conditions, the change in stressesis minima asindicated in below.

Stressin ps
When FRP Required  When FRP Provided Change (%)
Stedl 21,851 21,636 -1.0
Concrete 1,030 1,033 0.3
FRP 13,091 12,825 -2.0
Note: 1,000 psi = 6.89 MPa
CFRP
20" "
<> >l /
vy
¥
20"
A A
|4 20’ 6” >|

Note: 12 in =1 ft = 304.8 mm
Figure 4.3. CFRP Strengthening Pattern
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5. LABORATORY TESTING

5.1. FLEXURAL TESTING

5.1.1. Introduction. In order to verify the effectiveness of the drengthening system, it
was decided to condruct two full-scale RC beams that could be tested in the laboratory to failure.
One was a control beam, the other one had to be strengthened with CFRP to achieve a 20%
increese in flexura capacity. This would be the equivdent increese in drength needed in the
exiding structure, usng MoDOT’ srating criteria, to remove the load posting.
The dimendons of the test beams were chosen to mimic the exiding bridge length of 20 feet
(6.10 m) and the dab depth of 18.5 inches (0.47 m). A width of 15 inches (0.38 m) was chosen to
provide an adequate surface areafor the application of CFRP (Figure 5.1).
Copies of the origind bridge plans were reviewed to determine the geometry, reinforcement
layout and materia properties of the bridge.
The bridge plans indicated that a 1:2:4 concrete mixture was used in the dab. The strength of a
1:2.4 concrete mixture depends on the materia characteristics used, which were unknown.
Coring the exigting bridge deck was not feashble due to twelve inches of wearing surface. Next,
an atempt was made to determine the concrete drength usng a Schmidt hammer. Thirty tests
were peformed on the existing bridge dab and the results indicated the concrete had a
compressive strength of 9,000 ps (62 MPa). This appeared excessve for concrete poured in
1922 even if one alows for some increase in drength due to aging. Findly, it was decided to use
commercidly avalable MoDOT sandard Class B concrete.  The estimated concrete strength of
the two beams determined by standard cylinder breaks was 5,770 ps (39.8 MPa).
The rinforcement yied strength specified in the bridge plans was 30,000 ps (206.84 MPa). This
presented a problem since reinforcing sted with yield strength of 30,000 ps (206.84 MPa) is no
longer produced. Therefore, it was decided to use an area of sted such that the tensle capacity
of the sted reinforcement in the beams was equa to that of the sted reinforcement in the bridge
deck. As a reault, it was decided to reinforce the two beams with two #5 rebars and two #6
rebars (total area of sted equal to 1.5 in® or 9.68 cnt) of Grade 40 Stedl. However, the rebars
provided by the manufacturer were Grade 50 (#5) and Grade 80 (#6).

15"

16.75"
18.5"

Note: lin. = 254 mm
Figure5.1. Cross-section of the Tested Beams
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The amount of G-RP sheet to be used to strengthen one of the two beams was chosen in
order to gain an increase in flexural capacity of about 20% with respect to the control beam. A
12 in. (0.305 m) wide strip of CFRP sheet was used. The materid used was the same to be used
in the drengthening of the bridge. According to the manufacturer, this CFRP sheet has a tendle

grength of 550 ks (3.79 Gpa) and an eastic modulus of 33000 ks (227.5 Gpa) (MBrace ™
Design Guide, 1998).

5.1.2. Ingrumentation. The beams were indrumented with strain gages attached to the
internd reinforcing ded & mid-span and on the top compression face of the beam. Deflection
measurements were recorded with LVDT gages placed at the supports, quarter points and at mid-
gpan (Figure 5.2). The predicted maximum deflection was beyond the range of the LVDTs a
mid-span. Additiond deflection measurements were recorded manudly usng an Topcon™
automatic level. A load cell was placed on top of the hydraulic jack to measure the vertical force
applied.

/Reaction Beam
L oad CeII

Jack
Specimen Srain /
\ Gage ~ -— Spreader Beam

[

|
i I‘\ LVDT I | i

|4 < ;|4
<« Ll D]

|6in 19 ft |6in

Note: 1 ft =0.305m
Figureb.2. Test Setup

5.1.3. Loading Configuration. Loading of the beam was accomplished by the use of a
60 kip (267,000 N) hydraulic jack attached to an eectric pump. The load cdl on top of the jack,
dl LVDTs and dran gauges were attached to a data acquistion unit. The data acquisition unit
continuoudy recorded dl data while an increasing load pattern was used to load the beam. The
load was increased in 5 kip (22,250 N) cycles until failure occurred.

5.1.4. CERP Application Procedures. The bottom surface of the test beams was water
blasted to remove laitance and surface contaminants then alowed to dry. A two-part epoxy
primer was applied to the concrete surface where the FRP was to be applied and alowed to cure.
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The next step was to apply epoxy putty that served to smooth out any remaining imperfections.

After the putty was gpplied and cured, the first coat of saturant was applied over the
entire area that was to receive the FRP. Next the FRP sheet was measured, cut and applied. The
FRP shest was placed in contact with the concrete and pressed into the saturant in one
continuous movement. To ensure proper embedment into the saturant and to remove any
entrapped air, the entire surface of the FRP was pressed into the saturant with a smal hand roller.
The lagt step was to gpply the find coat of saturant over the FRP. Primer, putty, saturant and
CFRP sheet were the same materids used in the strengthening of Bridge G-270.

5.1.5. Test Results. A 27% increase in flexurd capacity was achieved in the
grengthened beam with respect to the control beam. The falure modes were crushing of the
concrete and rupture of the FRP sheet for the undrengthened and srengthened beam,
respectively.

A theoreticd andyds of the behavior of the two beams was carried out. The classicd
gpproach for RC sections was used, based on the assumption that plane cross-sections remain
plane and on the principles of compatibility of strains and equilibrium of forces In Figure 5.3
both the experimentd and theoretica |oad-deflection curves are presented. The theoretica
andyss dlowed to predict accurately the load-deflection behavior, the ultimate load and the
failure modes of the two beams.

60000
FRP Rupture
50000 —x
- FRP|Rupture Concreth
Crushing
N 40000 i —  |Concretg
5 "/_,_—’"’ Crushing
T 300007
5
20000 " Theoretical (Before Strength.)
— Experimental (Before Strength.)
Theoretical (After Strength.)
10000 —Experimental (After Strength.) [
O u
0 1 2 3 4 5 6 7 8

Deflection (in)
Note 1in.=254mm; 11b=4.45N
Figure5.3. Load-Deflection Curves

The srengthened beam had a tighter cracking pattern and the FRP prevented the cracks from
widening by preserving the aggregete interlock (Figure 5.4).
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/ "\\ i
Strengthened Beam

" Control Beam

Figure5.4. Crack Pattern

5.1.6. Conclusions. The laboratory test of two full-scae beams, one unstrengthened and
one drengthened with CFRP sheets, was conducted to verify the effectiveness of the
drengthening technique. The dimensons of the cross-section, the concrete strength and the
interna teel reinforcement were chosen to mimic the existing structure.  Results showed that the
expected increase in flexurd capacity was achieved. The drengthened beam had a tighter
cracking pettern and the FRP prevented the cracks from widening by preserving the aggregate
interlock. The load-deflection behavior of the strengthened beam could be anayticaly predicted
with good accuracy using the classic gpproach for RC sections.

5.2. FATIGUE TESTING

5.2.1. Introduction. The behavior of bond between FRP sheets and concrete is an issue
in need of particular atention, since the bond is the means for the transfer of dresses from the
concrete to the FRP reinforcement. The performance of bond under fatigue loading needs to be
evauated in order to achieve a safe desgn of the drengthening syssem. Therefore, experimenta
tests were performed to evauate the behavior of bond of FRP sheets to concrete under fatigue
loading. Details of the program and test results are presented in the following section.

5.2.2. Destription of Specimen. Coupontype specimens were used for this
investigation. The specimen is a plain concrete beam with an inverted T-shape (Figure 5.5). The
purpose of the T-shgpe is to provide a larger tendon aea for concrete while maintaning a
managesble specimen sze. A large tenson area for concrete was required in order to avoid the
occurrence of flexural cracking before failure of the bond. The beam is smply supported and
has a span of 42 in. (1.07 m) and a totadl length of 48 in. (1.22 m). A notch was placed at the
center of the beam in order to force the beam to develop only one crack a midspan. Also, a
hinge was placed at the center of the beam. The purpose of the hinge was to cause the distance
between the internd compresson and tenson forces to reman congant for any given load leve.
This alowed to compute accurately the tensile stress in the CFRP sheet at any load levd.

One ply of CFRP dgrip was bonded to the tenson face of the beam. Primer, putty, saturant and
CFRP sheet were the same materids used in the strengthening of Bridge G270. The sheet was 2
in. (5.08 cm) wide and had a fiber thickness of 0.0065 in. ( 0.165 mm). The modulus of eadticity
of the fiber is 33,000 ks (227.5 GPa). A transverse sheet was placed on one Sde to force falure
to occur a the other end. Also, the sheet was left unbonded approximately 2 in. (5.08 cm) on
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each side of nidspan. The design choices were made to ensure that no flexurd cracking would
occur in the bonded area.

The above described specimen had been dready used for a previous experimenta
program a the Universty of Missouri — Rolla  (Miller, 1999). The topic of this program was the
behavior of bond between CFRP sheets and concrete under static loading. The specimens were
tested under four-point bending, with a shear span of 19 in. (48.26 cm). Among the specimens
that had been tested, a series of specimens had one ply of CFRP sheet bonded to the bottom side
and three different vaues of the sheet bonded length, namdy, 4 in., 8 in. and 12 in. (10.16 cm,
20.32 cm and 30.48 cm , respectively). For the current program, a bonded length of 8 in. (20.32
cm) was adopted.

2" (Both Sides) Hinge

S

) A

Saw Cut
21"

48"

8’ 10" |’4" . Bonded Length
1 11

[ 7 I X
2 4\

4 MONITORED
UNBONDED SIDE

48
Note: 1in. =254 mm
Figure5.5. Fatigue Test Specimen

In the tests performed by Miller (1999), the failure mode of the specimens was by pedling of the
sheet. When comparing the results, it was found that the bonded length did not affect the bond
grength. It was concluded that an effective length exists beyond which no dress is trandferred
until peding occurs. The peding mechanian was described as follows.  The effective length of
the CFRP sheet takes the entire load to a certain point & which locdized pedling occurs causing
the effective bond length to shift. This shifting of the effective bond length continues until the
CFRP sheet has completely pedled from the concrete.

The value of load & which complete falure occurred was dightly higher than the load a which
firs peding occurred. The laiter load was evaluated from the srain vs. location diagrams as the
load a which a linear shgpe of the drain digtribution aong the bonded length was observed. The
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average values of firg peding load and ultimate load of al the specimens were 3,200 Ibs (14,240
N) and 3,600 Ibs (16,020 N), respectively. These two vaues of load correspond to a tensle
sress in the FRP sheet of 267 ks (1.84 GPa) and 301 ks (2.08 GPa), i.e. to 49% and 55% of the
tensle strength of the sheets as declared from the manufacturer (550 ks or 3.79 GPa) (MBrace™
Design Guide, 1998).

5.2.3._Ingrumentation and Test Procedure. When fatigue tests are performed, a

remarkable number of parameters are involved and need to be appropriately chosen.
The mogt common gpproach to quantify fatigue behavior is the dress-life method. This method
consgts of load cycling the specimen a a condant amplitude stress range until falure or until a
predetermined number of cycles is reached. The dress range is the range between a minimum
dress, usudly a smal vaue, and a maximum gress. S is the ratio between the maximum stress
goplied during the fatigue loading and the ultimate stress under dtetic loading. If each specimen
is tested with a different vaue of the maximum dress, a dress-life diagram that plots S versus
number of cycles to falure (N) results  Frequency of loading, dress ratio (minimum to
maximum dress), and maximum gress ae dl parangeas tha may influence the fatigue life of
the tested specimen.

In the present study, each specimen was subjected to cyclic loading under four point

bending, with a shear span of 19 in. (0.48 m). It was decided tha the maximum number of
cydes to be gplied be 2 million, assuming that no fatigue falure would occur afterwards.
Although the sarvice life of a bridge member exceeds 2 million cycles, this choice is believed to
be reasonable to obtain reliable data while maintaining an acceptable duration of the laboratory
tests.
The applied load was a snusoidd function of time. The loading frequency was s&t a 5 Hz and
the minimum dress was sat equa to 5% of the falure dress under datic loading. The tested
gpecimens differed in the vaue d the maximum stress, which was equa to 60%, 75%, 80% and
90% of the firs peding dress under datic loading. Table 51 summarizes the vaues of the
testing parameters for the specimens. The test setup is shown in Figure 5.6.

Table5.1. Parameters of Fatigue Testing

Maximum
Specimen Minimum Load Maximum Load Stressin the Frequency
No. (Ibs) (Ibs) FRP Sheset H2
(ksi)
1 175 1920 160 5
2 175 2400 200 5
3 175 2560 214 5
4 175 2880 241 5

Note: 11b=4.45N; 1ks =6.89 MPa
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e e o
Figure5.6. Test Setup
A quas-ddic tex was peformed on each of the specimens after different levels of fatigue
conditioning, namely: 100,000, 200,000, 500,000 and 1 million cycles. The quas-datic loading
was conducted up to the maximum load used in the cyclic conditioning. Thisalowed

monitoring of bond behavior at different stages of conditioning and to have evidence of possible
imminent peding of the FRP sheets.

Strain gages were placed a different locations aong the bonded and unbonded regions of
the CFRP shet, as shown in Figure 5.7. The purpose was to monitor the strain didribution
adong the bonded length of the sheet, from which the mechanics of the load transfer between the
CFRP sheet and the concrete can be characterized. Data from the strain gages was recorded
during each of the datic tests, s0 that the strain distribution was monitored at different stages of
fatigue conditioning.

For the specimens that survived 2 million cycles, datic test to falure was conducted to
determine the resdud drength. Ultimate load and corresponding strain digtribution were
recorded.

5.24. Test Results. Three of the four specimens reached 2 million cycdes without
experiencing faigue falure. Only the specimen conditioned a 90% of the firgd peding dress
faled after a fatigue conditioning of 120,000 cycles. The falure mode was peding of the FRP
sheet. These results are plotted in Figure 5.8. In the graph, S represents the ratio between the
maximum gress gpplied during the fatigue conditioning and the peding dress of the virgin
specimen with no conditioning. N is the maximum number of cyces reached in the faigue
conditioning, in logarithmic scde. The arows on the plotted points mean that no falure was
experienced at that number of cycles.
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12"
8.0" Bonded
05" 2a 20 2a 15" ,0.5]
7 6 5 4 3 2 1EL
2.0 L iR el aii i aEh e i
1.0"
Strain Gauges (7) / L0 1.0

CFRP Sheet 4.0" Unbonded

Note: 1in. =254 mm
Figure5.7. Position of the Strain Gages
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Figure5.8. Stress— Life Diagram

The implication of these findings is that the endurance limit of externdly bonded FRP, as far as
bond fallure is concerned, approaches the vaue of the datic peding srength. This statement is
vaid if the endurance limit is defined as the maximum dress gpplied in the cydic loading
corresponding to afatigue life of 2 million cydes.

43



Sequence 18: Strengthening of Bridge G270, Route 32, Iron County, Missouri

A quas-datic tes up to the maximum load used in the cyclic conditioning was performed on
eech of the specimens after different levels of fatigue conditioning, namely, after O, 100000,
200000, 500000 and 1 million cycles. Specimen No. 4 was daticaly tested after 0 and 100,000
cycles. For the specimens that survived 2 million cycles, a datic test up to falure was performed
after 2 million cycles were reached, to determine the resdua strength.

Figure 59. shows the drain didribution in Specimen No. 3 a the maximum load used in the
cydic conditioning (80% of the datic peding load). The three curves refer to the specimen
before any conditioning, after 1 million cycdes and after 2 million cydes. No changes occurred
in the strain digtribution due to the fatigue conditioning.

7000 |
6000 \\
5000 \\
c e \Jirri .
g 4000 : virgin specimen
S 3000 “ - after 1 million cycles
= \
2000 \ after 2 million cycles
0 T : b T
? ﬁ 4 6 8 10
€ >i¢ Bonded Length ;I
Unbonded
Length

Location (in)
Note 1in.=254mm
Figure5.9. Strain Distribution at Different L evels of Fatigue Conditioning (Specimen No. 3)

Figure 5.10 shows the drain digribution in Specimen No. 4 a the maximum load used in the
cydic conditioning (90% of the datic peding load). The two curves refer to the specimen before
any conditioning and after 100,000 cycles. The notable change in the drain didribution gives
evidence that damage of the bond isin progress.
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8000
7000 %
6000 \
_% 5000 \ —*-virgin specimen
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Figure 5.10. Strain Distribution at Different Levels of Fatigue Conditioning
(Specimen No. 4)

The specimens tested to failure after 2 million cycles faled by peding of the FRP sheets, as did
the virgin ones. The resdud datic drength of the specimens after 2 million cydes was higher
than the drength of the virgin specimens.  Furthermore, specimen No. 3 that had been load
cycled up to the highest load showed the highest resdua dtrength. The ultimate load of the
specimensisreported in Table 5.2.

Table 5.2. Residual Strength of the Specimens After 2 Million Cycles

Specimen Ultimate Load Sstt::f; LtJTtelrIT:;Z NOF\r)fﬁt :l(;t(':’l'g’]\g le | ngéﬁusgetf?gfe:ffge
(Ibs) (ks) Strength Virgin Specimens
(%0) (%0)
Virgin 3600 301 55 N/A
1 4050 338 61 12
2 3920 327 59 9
3 4430 370 67 23

Note: 1 1b. =4.45N; 1 ks = 6.69 MPa

Figure 5.11 shows the drain didribution dong the FRP sheet a ultimate. The two curves refer
to the specimens tested under static loading and to specimen No. 3 of the ones tested after fatigue
conditioning. Strain data regarding specimens No. 1 and 2 is not reported. The srain gages
attached to the sheet in these specimens stopped working before the ultimate load was reached.

The proper functioning of the strain gages was probably compromised by the fatigue loading.
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Figure5.11. Strain Distribution at Ultimate

The dran didribution in the virgin specimen dealy shows the occurrence of pedling,
gnce drain is condant in the firg region of the bonded length. This implies that detachment of
the sheet from the concrete surface has started and will rapidly propagate dong the entire bonded
length. As far as specimen No. 3 is concerned, the gtrain digtribution does not give evidence of
peding in progress. The peding phenomenon was more sudden in the conditioned specimens
than in the virgin ones, but the same sampling rate was used for data collection in both types of
goecimens.  As a reault, in the conditioned specimens the drain didribution during peding was
not captured.

From the drain digtribution in specimen No. 3, it can clearly be seen that fatigue loading
led to an improvement of the bond behavior with respect to the dtatic specimens. Higher levels
of load were reached before peding of the FRP sheets darted. Repeated loading led to
modifications of the surface characterigtics, which findly resulted in an enhancement of the bond
behavior.

5.2.5. Conclusions. The behavior of bond between CFRP sheets and concrete under
faigue loading was investigated by testing coupon-type specimens. The cydlic conditioning was
interrupted a 2 million cycles. Three of the four specimens did not fal under fatigue loading.
The specimen load cycled a 90% of the load that produces bond failure under datic loading
faled after 100,000 cycles. A dructurd eement in service under repesated loads is subjected to a
load range which is very smal compared to the load that would produce peding of the FRP
gheets. This vaue is typicdly less than 10% of the stress corresponding to peding under datic
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loading. Therefore, results of the experimental tests seem to indicate that bond failure due to
fatigue loading should not be an issue.

A datic test up to falure was performed on the specimens that survived 2 million cycles.
Reaults show that the resdud datic drength of the specimens after 2 million cycdes is higher
than the strength of the specimens subjected only to datic loading.  Furthermore, the specimen
that had been load cycled up to the highest load showed the highest residud srength.  Additiond
gpecimens could be tested to verify these results.
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6. APPLICATION OF CFRP AND FIELD TESTING

Instu load test was performed before and after the application of the FRP. The initid
load test was peformed on May 20, 1998. Immediately after the test was performed the
contractor began applying the FRP. The Universty of Missouri-Rolla performed a second load
test on August 19, 1999.

6.1. APPLICATION OF CERP

The bottom surface of the bridge dab had form lines left from the origind congtruction. These
were ground smooth with hand grinders and the entire dab was lightly sand blasted to remove
any loose materid and laitance.

The next step was to mark the location where the FRP was to be applied. The centerline
of the dab was identified and the locations of the FRP sheets were lad out. The layout pattern
conssted of eight sheets of FRP, 20 in. (50.8 cm) wide, dternating with a 3in. (7.62 cm) gap.
Six sheeats were used for drengthening, the two additional sheets of FRP were added for
destructive test purposes. Bond tests are to be performed over the next few years on these two
additiona shests.

A two-part epoxy primer was applied to the concrete surface to be covered with FRP and
alowed to cure gpproximately twelve hours. The next step was to gpply epoxy putty that served
to smooth out any remaning impefections Immediady after the putty was applied, the first
coat of saturant was applied over the entire area that was to receive the FRP (Figure 6.1). Next, a
grip of FRP was measured, cut to length and applied in a fashion smilar to walpaper (Figure
6.2). One end of the FRP sheet was placed on the dab and pressed into the saturant. A second
person gpplied the remainder of the sheet forcing it into the saturant in one continuous
movement. To ensure proper embedment into the saturant and to remove any entrapped air, the
entire surface of the FRP was pressed with a smdl hand roller. The last step was to gpply the
final coat of saturant over the shest.

6.2. UMC INSTRUMENTATION

The load tesing equipment used to determine the dadtic deflection response was
provided by the Universty of Missouri-Columbia. The equipment consisted of a sdf-supporting
data acquidgtion vehide with the cegpabiliies of monitoring 100 channes of dran and 25
channds of deflection. The vehicle used to load the bridge conssted of a flatbed truck loaded
with ged weghts. The load test vehicle, totaling 21.14 tons (188,146 N), had known axle
weights of 10,200 Ibs. (45,390 N) front, 16,280 Ibs. (72,446 N) and 15,800 Ibs. (70,310 N) for
the rear axles as shown in Figure 6.3. The data was collected with five LVDTs placed at quarter
points both longitudindly and transversely. The locations of the LVDTs are shown in Figure 6.4.
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Figure 6.2. Ingtallation of the CFRP Sheets
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8200 lbs 7960 Ibs 5200 Ibs
( J ) North Wheel Line
6.0 ft
7600 lbs 8320 Ibs 5000 Ibs
( I ) South Wheel Line
N
4.3 ft 18.3 ft

1lb=4.45N; 1ft. =0.3048 m
Figure6.3. UMC Test Truck Whed L oads

6.3. UMC LOAD TESTING

A load tet was peformed on the bridge before and after the agpplication of FRP.
Deflection tests were performed by driving the loaded truck over the bridge. The test truck made
gx passes over the bridge. The truck drove forward and backward on the South side, North side
and centerline of the bridge. Each time the truck passed over the bridge the deflection readings
were measured and recorded. A typicad load-deflection pattern is shown in Fgure 6.5. The
LVDT numbers correspond to those shown in Figure 6.4.

AL NORTH
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_|_
#1 #3 #5
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200"
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Note: 1 ft =0.3048 m
Figure6.4. LVDT Layout
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Test #1 - Crawl Speed Down Centerline
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Note: 1in=254mm
Figure 6.5. Deflectionswith Truck Driving Down Center of Bridge

6.4. LOAD DEFLECTION CHARACTERISTICS

Table 6.1 contains the tabulated results of the bridge deck deflections before and after

drengthening. The average deflection measurements after drengthening were 94% of the
origind.

As seen from the data, deflections were not uniform. The North side of the bridge deck

had some deterioration and spalling which produced the area of grestest deflections. This area, as
aresult of strengthening, showed the greetest reduction in the amount of live load deflection.

Table 6.1 Maximum Deflections Before and After Strengthening

Bridge Truck LVDT Deflections (inches)

Condition Path #1 #2 #3 #H4 #5
Origind N(_)rth 0.0068 0.0143 0.0087 0.0054 0.0067
(Before) Middle 0.0070 0.0098 0.0091 0.0080 0.0069

South 0.0059 0.0064 0.0074 0.0092 0.0058
Strengthened N(_)rth 0.0063 0.0130 0.0086 0.0051 0.0063
(After) Middle 0.0067 0.0086 0.0090 0.0080 0.0066
South 0.0054 0.0049 0.0073 0.0095 0.0054
After/Before | North 93 91 99 94 94
Ratio Middle 96 88 99 100 96
(%) South 92 77 99 103 93

Note 1in=254mm
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6.5. UMR INSTRUMENTATION

The Univergty of Missouri-Rolla provided the load testing equipment used on the second
tet to determine the dadtic deflection response. The equipment conssted of a sdf-contained
data acquidtion unit with the capabilities of monitoring 5 channds of sran and 14 channes of
deflection. The vehicle used to load the bridge conssted of a MoDOT dump truck loaded with
gravel. The load test vehicle, totaling 23.02 tons (204,878 N), had known axle weights of 14,100
Ibs. (62,745 N) front, 15,970 Ibs. (71,067 N) for each of the rear axles as shown in Figure 6.6.
The data was collected with five LVDTs placed a quater points both longitudindly and
transversdly. Thelocations of the LVDTsare shown in Figure 6.7.

7895Ibs 7895 Ibs 7050 Ibs
[ ] [ ] North Wheel Line
6.0 ft
7895Ibs 7895 Ibs 7050 Ibs
( ] ] South Wheel Line
45ft 15.1 ft
Note: 11b=4.45N, 1ft=0.3048 m
Figure6.6. UMR Test Truck Wheel Loads
ﬁ—T"lljsn NORTH
| A
#2
+
#1 #3  #5 .
£ + + + 206
5-1 #4
' +
v
P 200"

Note: 1 ft =0.3048 m
Figure6.7. LVDT Layout

6.6. UMRLOAD TESTING

A second load test was performed on August 19, 1999 dfter the application of FRP. This
test was conducted to investigate the effects of time on the performance of the system. Deflection
tests were performed by driving the loaded dump truck over the bridge. The test truck made three
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passes over the bridge. The truck drove forward on the South side, centerling, and North side of
the bridge. Each time the truck was postioned at the 1/4, 1/2, and 3/4 span points over the
bridge. The truck was stopped for two minutes while the deflection readings were measured and
recorded.

6.7. LOAD DEFLECTION CHARACTERISTICS

Table 6.2 contains the tabulated results of the deflection tests. As seen from the data,
deflections were not uniform. The North sde of the bridge deck had some deterioration and
spdling and produced the area of greatest deflections.

Table 6.2 Maximum Deflections After Strengthening

Bridge Truck LVDT Deflections (inches)
Condition Path #1 #2 #3 #HA #5
North 00063 | 00124 | 00080 | 00052 | 0.0062
S”?Agfige)”ed Midde | 00068 | 00093 | 0009 | 00079 | 00067
South 00052 | 00052 | 00074 | 00091 | 0.0052
o North 100 % 93 102 %
2R £0 (To/? Middie 101 108 100 99 102
South % 106 101 % %

Note 1in=254mm

The results of the second load-deflection tests clearly show the FRP sheets continue to
cary tendle sresses. The deflections are virtudly the same as those taken by UMC on May 21,
1998 just dfter the FRP was gpplied. The average deflection measurements of the second test
were 99.5% of the after srengthening tests performed by UMC. The results corrdate well since
the total weight of the test vehicles rear axles weighed within 500 Ibs. (2.2 kN) of each other.

6.8 CONCLUSIONS

Ingdlation of the CFRP sheets was smple and fast. Any construction worker can
perform this type of work with proper training and supervison.

The performed load tests indicated a dight increase in giffness of the Structure as a result
of the drengthening. The increase may appear indgnificant, but this result clearly shows that the
FRP shedts are carrying tendle dresses. The best indicator of the performance of the FRP
reinforcement would be the measurement of the actud drain in the materid under loading.
Section 7.2 in this report addresses thisissue.
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1. LONG TERM MONITORING

7.1. MONITORING OF DURABILITY

7.1.1. Introduction. The objective of this invedigaion was to sudy the inadvertent
electrochemicd effects of CFRP materids on the degradation of reinforcing sted and vice-versa
in a red sarvice environment. The carbon materid, very noble by nature, may pose a gdvanic
corroson problem in the presence of a less noble material such as reinforcing sted, if there is a
conductive environment. The effects of the CFRP composite materia on ded are ill not very
cler and, s0 far, the sysem (CFRP repar maerid on RC) seems to work wel due to the
protective nature of the epoxy meatrix material, which acts as a barrier.  Until now, there has not
been an opportunity for testing the whole system in a red-life goplication. From the corroson
gudy, it is expected to get some data that would be useful for recognizing the long-term effects
of the CFRP materids on reinforcing sted, the environmentd effects on CFRP materids, and the
effect of system loading combined with environmental attack on CFRP.

As pat of the drengthening efforts of Bridge G-270, in-Stu corroson measurements
were planned. Since there is a posshility that the reinforcing sted may react with the carbon
fibers the interaction between these materids was monitored. The first approach included
"corrogon potentid measurements’.  Then, with use of a portable potentiostat, eectrochemicd
impedance spectroscopy tests (EIS) were conducted. In this procedure, a smal AC voltage is
applied and impedance response is andyzed. With this technique, it is possble to monitor the
electrochemica degradation occurring on the sted and on the CFRP. Findly, the polarization
resistance method was also employed.

7.1.2. Measurements on Bridge G-270. The first st of data was collected on May 20-
21, 1998. Corroson potentid measurements, polarization resstance and EIS measurements
were conducted. In order to establish dectricd connection between the reinforcing sted and
potentiostat leads, four holes were drilled on various points under the bridge. Two holes were
near the North edge of the dab and the others were in the middle of the dab. The North edge of
the dab has spdling and some vishble corroson of the internd sted reinforcement (Figure 7.2),
while the South edge had good surface integrity (Figure 7.1).

Four points were chosen a two-foot intervals adong each reinforcing bar to collect the
data. A letter A or B designates these points. Thus, a number, the number representing the
reinforcing bar location where the working electrode was connected, and the letter representing
the location where the reference dectrode was coupled, will identify eech measurement. The
location of the exposed reinforcing bars and the data collection points are shown in Figure 7.3.

The collection of data had to be stopped during polarization resstance experiments and
duplicate EIS due to flooding. The andyss of the results of this tesing has produced a
reasonable and reliable set of corrosion potentid measurements. The polarization resstance and
EIS measurements produced unintdligible results during this test for severd reasons, including:
the difficulty of holding the eectrodes in postion without disurbance during the tedting, the
premature ending of the testing program due to flooding a the bridge sSte, problems obtaining
dectricd contact with the dectrodes, and the generd difficulty of obtaning rdiable
messurementsin the fied.
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Figure7.1. Condition of South Side Figure7.2. Corrosion on North Side
_ 9.5
‘3@ h 8-7" "o
A
- A B B A
— 8.5”
<-L< + £ 4 j’
#4 #3
A B B A

Note: 1 ft =12 in=304.8 mm
Figure 7.3. Location of Test Pointson Underside of Bridge G-270

The bridge was re-visted on May 30, 1999. At this time only points 1 and 3 were
accessble to testing due to sream flow. Rdiable measurements of corroson potentid and of
polarization resistance were obtained. The corroson potentid measurements are summarized in
Table 7.1, and the polarization res stance measurements are summarized in Table 7.2,
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Table 7.1. Corrosion Potential M easurements

Point May 1998 May 1999
Ecorr (MV) (re Cu/CuSOy) Ecorr (MV) (re CW/CuSOy)
1A -202 -560
1B -215 -222
2A -227
2B -260
3A -40 -9
3B -80 -63
4A -55
4B -60
Table 7.2. Polarization Resistance M easurements
Point May 1999 May 1999
icorr (@Mp/CNT) Ro(Wen)
1A 5.8 10" 45 10*
1B 2.0 10" 1.3 10°
2A
2B
3A 1.0° 10° 2.6 10*
3B 2.1 10° 1.2 10*
4A
4B

Note 1cm=0.39%4in

7.1.3. Findings. The duplication of the corroson potentidl measurements provides a
beds for initid evauation of the long-term electrochemica effects on the bridge. Table 7.1
presents comparisons of the measurements from 1998 and 1999. The potentid readings are
gmilar, with a possble dight increase in the potential from 1998 to 1999. One exception is the
readings a point 1A, where the potentid dropped dramaticaly over the year between
observations.

The 1999 polarization resistance measurements, presented in Table 7.2, provide an
indication of the actua rate of corrogon, in addition to the potentia for corroson. The corrosion
current torr and the polarization resstance R, given in the table for points 1A, 1B, 3A, and 3B,
can be converted to a rate of corrosion, if the conductive area on the surface of the bar is known.
Since the conductivity of the bar is established by wetting through the concrete, it is impossible
to have a precise measurement of this area. For a 0.167 in.? (1 cnr) area, the corrosion a point
1A represents a rate of 7mm per year, whereas for a 0.167 in.? (1 cn¥) area, the corrosion a point
3B is 21nm per year. A larger conductive area would reduce this result, and a smaler area
would increase it.

The bar at the interior of the bridge, with points 3 and 4 was in a passive dtate in the 1998
testing, and remained so through the summer of 1999. The bar towards the edge of the bridge,
with points numbered 1 and 2 has been corroding continualy for the duration of the testing
program. The corrosion potertid of the bar has increased dramaticaly near point 1 during the
yearlong duration of the testing program.
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The polarization resistance results are very difficult to interpret as absolute results for two
reasons.  Firdt, the wetted area of the bar surface is unknown, and second, it is not possible to
separate the resstance of the medium (concrete) from the resstance at the surface of the bar.
The results are generdly indicative of moderate corrosion rates, with further damage expected
within the next 10 to 20 years.

It will be possble in the future to compare future polarization resstance measurements
with the current measurements. It will dso be posshle in the future to take dectrochemica
impedance spectroscopy measurements. These are capable of isolaing the effect of concrete
from the effect of the sed. Use of EIS will improve the daa that can be obtained from field
measurements, since once the ohmic resstance vaue of the concrete is known, it is possble to
interpret the polarization res stance data and obtain reditic corrosion rate caculations.

7.2. MONITORING OF STRAIN

7.2.1. Smart_Sensng Experimental Plan. A fiber-optic strain sendng capability was
added to the FRP reinforcement of the bridge. The objectives of this work were b demonstrate
the fiber optic sensor compatibility with FRP reinforcement of a concrete bridge, and to facilitate
long-term monitoring of the integrity of the FRP reinforcement. The sensors were designed for
detic srain messurements and were extringc Fabry-Perot interferometric (EFPI) type devices
manufactured by F&S, Inc. (modd AFSS). These sensors provide a point measurement of strain
with little perturbation to the host dructure, resstance to corroson and faigue, and high
sengtivity. They had a gauge length of 0.197 in. (5 mm), a resolution of about 5 microstrain, and
amaximum grain of about 5000 micrograin.

Fiber optic strain sensors were inddled in both the concrete soffit and the FRP plies at
severd locations. The purpose was to characterize the load-induced strain by comparing the
readings in the concrete and the FRP a smilar locations. Changes over time, if any, would non
dedtructively evduate the aging of the FRP-concrete bond. It is envisoned that information will
be collected from the sensorsin the future years to obtain along term monitoring of the structure.

7.2.2. 1998 Installation. Twelve fiber optic sensors were inddled in the soring of 1998
during the FRP placement. Four pairs (one in the concrete soffit and one on the FRP) were
placed in the mid-span of the bridge. Another pair was placed 14.96 in. (38 cm) from the
abutment. Also, two sensors were placed in the South side of the deck at mid-span, one near the
upper surface and one near the lower surface. All paired sensors in concrete were placed in a
0.118 in. (3 mm) deep groove to isolate the measurement from the FRP above. The fiber lines
were bonded to the surface of the FRP or concrete. A junction box was attached to the abutment
to provide access to the fiber lines. Figure 7.4 shows the attached box during the sensor
ingallation. The loose lines were later bonded to the abutment.

The sensors were tested after indtalation and a basdline drain recorded. All sensors were
functioning. Between the inddlation and the load firs load test, vandas destroyed dl of the
fiber optic sensors. The fiber lines were pried away from the abutment and severed. None of the
fiber lines had enough length to reattach a termination.
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Figure 7.4. Junction Box of the Fiber Optic Sensors

7.2.3. 1999 Ingallation. Four replacement fiber optic sensors were ingaled during the
summer of 1999. Two pairs (one in the concrete soffit and one on the FRP) were placed in the
mid-gpan of the bridge (Figure 7.5). All paired sensors in concrete were placed between the FRP
reinforcement strips. (The sensors could not be placed under the existing FRP.) Sensors were
placed on the FRP surface 0.79 in. (2 cm) from the edge of the strip and 1.57 in. (4 cm) from the
corresponding concrete sensor. All fiber lines were placed in 0.118 in. (3 mm) deep grooves. The
grooves ran from the sensor head to the junction box. The FRP sensor lines were routed to the
concrete groove within 1.97 in. (5 cm) of the sensor head. To discourage vandalism, the grooves
were covered with a concrete patch materid. Also, the fiber line entered the back of the junction
box and the box was located on the abutment next to the creek channd. It is envisoned that
periodic load tests will be conducted on the sructure in the future. Information will be collected
from the sensors at each load test to monitor srain changes in time. A potentid duration of five
years for the monitoring is envisoned.

7.3. DIRECT TENSION PULL-OFF TEST

7.3.1. Scope and Objective. This test method is based on ACI 503R-93 and ASTM D
4541, This is the “Standard Test Method for Pull-Off Strength of Coaings Using Portable
Adheson Teste”. This test is supplemented with the requirement to use a portable adhesion
tester with a 2 square inch (1290 mm?) adhesion-loading fixture, Figure 7.6, with an adjustable
and smooth force pull-off rate. This portable pull-off test is a means to uniformly prepare and
test the tensle bond drength of an FRP laminate bonded to the surface of a concrete member
and/or test the tendle strength of the substrate concrete.
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Figure 7.5. Location of Sensorson Underside of Bridge G-270

Note 1in® = 645.2 mm?
Figure 7.6. Two Square Inch Adhesion Fixture
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7.3.2. Fidd Test. Sx pull-off tests were performed on October 15, 1998. The first six
adhesion fixtures (Figure 7.6) were attached to the surface of the FRP with epoxy adhesve. The
locations of the test are shown in Figure 7.7. After the epoxy adhesive cured a core drill (Figure
7.8) was sed to isolate the adhesion fixture from the surrounding FRP.  Next the test apparatus
was attached to the adhesion fixture and aligned to apply tenson perpendicular to the concrete

(Figure 7.9).

84”
<
61"
Py South
| | |
+ +
4 5 \
Test Plugs
99”
<
54"
18”
+ +
1 2 3

Figure7.8. CoreDrill

Note: 1in=254mm
Figure 7.7 Pull-off Test L ocations
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A congant force rate was gpplied to the adheson fixture and recorded until the adhesion
fixture detaches from the surface. There are three basic types of failure modes.

Concrete - Concrete falsin tenson

Epoxy - Epoxy glue attaching the adhesion fixture to the FRP fails
FRP - FRP delaminates from the concrete.

The pull-off grength shown in Table 7.3 was computed based on the maximum indicated
load. The results show good adhesion between the FRP and the concrete subgtrate.  In fact, the
two falure mechanisms recorded (i.e, epoxy and concrete) indicated that the FRP concrete
interface was dronger than either the concrete substrate itsdf or the glue used for the fixture
Figure 7.10 shows an adheson fixture with concrete attached, i.e. concrete fallure mode.
Typicaly, externdly bonded FRP should be attached to a concrete subdtrate that has a pull-off

srength higher than 200 ps (1.38 MPd). These tests indicate that substrate and FRP bond to
concrete are more than acceptable.

It is envisoned that periodic pull-off tests will be conducted on the FRP in the future.

Information will be collected from each pull-off test to monitor any bond changes over time. A
potentia duration of five years for the monitoring is envisioned.

Table 7.3 Pull-Off Test

L ocation Pull-Off Strength Failure Mode
(ps)
1 600 Epoxy
2 700 Epoxy
3 600 Epoxy
4 400 Concrete
5 300 Epoxy
6 900 Concrete

Note: 1000 ps = 6.89 MPa

Figure 7.10. Adhesion Fixture Showing Concr ete Failure M ode.
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8. CONCLUSIONS

The results of a pilot study to gpply externdly bonded CFRP sheets to strengthen a
sample span reinforced concrete solid dab bridge were presented. The ultimate goa was to
increase the load carrying capacity of the Structure and to alow the removal of the rediricted load
poding. Verification on the effectiveness of the drengthening system was accomplished by
laboratory testing of two full-scde beams and in-Stu fied tests of the actud bridge before and
after drengthening.  Information on the long-term behavior of the dsrengthened bridge was
ganed by laboratory fatigue testing of coupon-type specimens and by monitoring of durability
and gtrain condition of the red structure. The following conclusions could be drawn:

Externdly bonded CFRP sheets are an effective technique to enhance the flexurd
capacity of RC beams. The laboratory test of two full-scae beams, one unstrengthened
and one drengthened with CFRP sheets, showed that the expected increase in flexura
capacity was achieved. The load-deflection behavior of the strengthened beam could be
andyticaly predicted with good accuracy using the classc approach for RC sections as
shown in Figure 5.3.

The bond between CFRP sheets and concrete exhibits a very good behavior under fatigue
loading. Results of laboratory tests conducted on coupon-type specimens showed that the
endurance limit of externally bonded FRP (defined a 2 million cycles), as far as bond
falure is concerned, approaches the vadue of the datic peding drength. The resdud
bond strength after 2 million cycdes was higher than that of the virgin specimens.

Externally bonded CFRP sheets can produce an increase in the giffness of the Structure,
The average deflection measurements after strengthening were 94% of the origind. The
greatest reduction in the amount of live load deflection was obtained in the sde of the
bridge deck that had showed the greastest deflections before strengthening due to some
deterioration and spaling.

The resllts of the durability monitoring obtained so fa ae genedly indicaive of
moderate corroson rates. Further monitoring of durability and drains is envisoned for
the future years.

As a reault of the project, the desred enhancement in the capacity of Bridge G-270 was

achieved. This overdl concluson is based on results and extrapolations from laboratory tests,
andyds and in-Stu tests.
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APPENDIX A

LOCATION OF BRIDGE G-270
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APPENDIX B

BRIDGE DRAWINGS
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FigureB.1. Typical Section Through Bridge Deck (Reconstructed)
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Figure B.2. General Plan and Elevation (Reconstructed)
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APPENDIX C

MATERIAL SPECIFICATIONS
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Sequence 18: Strengthening of Bridge G270, Route 32, Iron County, Missouri

G-270 #5 Rebar Test

Strain (in/in)
Figure C.2. Stress-strain Curve of Steel Rebar #6
Note: 1000 ps = 6.9 MPa
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Figure C.1. Stress-strain Curve of Steel Rebar #5
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1]

MTU.U,U, =

Figure C.3. Deflection-Time History for Beam Test #1 (Unstrengthened)
Note 1in=254mm; 1lb=4.45N
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Sequence 18: Strengthening of Bridge G270, Route 32, Iron County, Missouri

3 " Near Support Deflection 60000
1/4 Span Deflection
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257 —3/4 Span Deflection 50000
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Figure C.4. Deflection-Time History for Beam Test #2 (Strengthened)
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APPENDIX D

BRIDGE RATING VEHICLES
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14°-0" ;: K Variable Spacing 14 to 307

HS20

FigureD.1. Truck HS20

928K 170" 16k 4 16K

4
S—3-91/2” 39 [/27—

352

FigureD.2. Truck 3S2

Note: 1 ft =12in=304.8 mm; 1 kip = 4.45kN
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— 41 _2!! 41 _2!!
FigureD.3. Truck 4S3P

gosk 20 ek 23-5" 16K \ 16K| 16K

& »l
<

FigureD.4. Truck MO-5 3-912

8K 14'-0
FigureD.5. Truck H20 3-9v2

Note: 1 ft =12in=304.8 mm; 1 kip =4.45kN
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APPENDIX E

AUTOMATED CALCULATIONS
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CFRP Flexural Strengthening

Ultimate Strength Design with Service Load Check
Project: Iron County Bridge G-270

University of Missouri - Rolla

Geometry:
h:=185

b:=12
L:=21.2512
L1:=21.25-12

Concrete Properties:
f'c :=2363

ecu :=0.003

Mild Steel Properties:
As:=153

ds:=16.75

fsy :=30000

Es :=29000000
CFRP Properties:

tf :=0.0065

ffu := 550000

efu:=0.015

Ef :=33000000

Allowable Stresses:
fcA :=045fc

fsA :=0.80-fsy
ffA :=0.33:0.95:0.65-ffu

Height of overall section under consideration
Width of web
Length of span

Length of loaded span(s). For multiple spans, use the length of one bay
for positive moment regions, two bays for negative moment regions. [2]

Nominal concrete compressive strength

Ultimate strain level for concrete:

Areaof mild tension steel (zero is acceptable) 2#7 square
Depth to the mild tension steel centroid

Yield strength of mild steel

Modulus of elasticity for mild steel

Thickness of one layer of CFRP
Ultimate strength of CFRP
Ultimate strain in the CFRP
Modulus of elasticity for CFRP

Allowable stressin concrete
Allowable stressin mild steel
Allowable stressin FRP
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Preliminary Calculations

Preliminary computations for concrete material properties:

Ec 1= 570004 c Ec = 2771:10°

_171fc
eco .=

Prelimiary computations for Gross Section Properties:

Cross sectional area:
Ac:=b'h

Ac =22
Distance from the top fiber to the centroid:
Es 2 Es Es
—(AS)| +2b-—-Asds—-—'As
ot = Ec Ec Ec

b

Distance from the bottom fiber to the centroid:
cb:=ds-ct
cb = 11.266

Cracked moment of inertia:

2 Es

ot +E-[As-(ds— 2

3
Ic::(b-i) + b-ct-
12

Ic = 2692:10°

Effective width of concrete in compression:
be:=b
be=12

eco = 1458 10_

Modulus of elasticity for concrete

Peak value of strain corresponding to f'c [1]

ct = 5484

Preliminary computations for approximate existing strain conditions:

150

wd = A2 wd = 19271
123
L? 5
Md = (14173 wel)— Md = 271810
_[Md(h-ct) _
eob "[—EC,,C ] eob = 474310 *

Uniform self-weight:

Approximate moment due to self-weight plus
superimposed dead load.

Unloaded State of Strain at bot fiber
(Compression is positive)
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FRP Strengthening Analysis Strain Compatibility Analysis

Function defining the strain in the CFRP at ultimate:
ef(c) = min([ecu-ﬂ— eob efu ])
c

Function defining the stress in the CFRP at ultimate:
ff(c) =ef(c)-Ef

Function defining the strain in the concrete at ultimate:

ec(wf, c) ::if[wf> 0, min[[(ef(c) +eob)-hL ecuﬂ,ecu]
-cC

Function defining the stress distribution in the concrete [1]:

2.(09fc)-
eco-C

ec(wf, c) -y)
fc(wf,c,y) =

2
1+ (ec(wf,c) -y)
eco-c

Function defining the strain in the mild tension steel at ultimate:

ds—c¢

es(wf, c) :=ec(wf,c)-

Function defining the stressin the mild tension steel at ultimate:

fs(wf, c) :=if(es(wf,c)<fESy,es(Wf,c)-Es,fsy

Function defining the distance from the top of the section to the centroid of the concrete stress block:

c
fc(wf,c,y) -beydy
yc(wf,c) i=c— ‘0
fc(wf, c,y) bedy
0

Function defining the total compressive force contributed by the concrete:

o
Cc(wf, c) ::[ fc(wf, c,y) -bedy
0

FailureMechanism(wf, c) :=if(wf> 0, if(ef(c)<efu, 1,2),1)
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FRP Strengthening Design
wf =4 Thetotal width of FRP

c:=0.15ds Trial value of the neutral axislocation
Horizontal Equilibrium to find the value of c:
Given Cc(wf, c) — As-fs(wf, c) — tf-wf-ff(c) =0

c:=Find(c)

Rotational Equilibrium to find the resistive moment:

Mn1:=(Asfs(wf,c)-(ds— yc(wf,c)))

Mn
Mn :=Mnl+ tf-wf-ff(c)-(h— yc(wf,c)) 12000: 77.715
Design Moment Capacity:
f Mn:=29Mn fMn=60944 kit
12000
Other quantities of interest:
c=2862 Actual depth to the neutral axis
ec(wf,c) = 2.832- 10_3 Maximum compressive strain level in the concrete at ultimate
es(wf,c) = 0.014 Strain level inthe mild tension steel at ultimate (tension is positive)
ef(c) % = 0.015 Strain level inthe FRP at ultimate

FailureMechanism(wf,c) =2  The governing mode of failure.
A FailureMechanism value of "1"corresponds to concrete crushing
A FailureMechanism value of "2" corresponds to FRP rupture
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Check Serviceability Service load moment

Af =tf-wf Ms :=42-12000

2
B as)+ B at| + 20 B asds+ Earh] - [Basy B oar
LB Ec Ec Ec B Ec

kd = 5532

b

[Ms+ eob-Af-Ef-(h— k_;)]-(ds— kd)-(Es)

Sfs =

[As-Es-(ds— k_:) (ds— kd) +Af-Ef-(h— k_;) (h= kd)]

Sfs = 21851 Stressin mild steel at service
Sfc ::st-kd—'EC
Es:(ds- kd)
Sfc = 1030 Maximum compressive stressin concrete at service
Sff :=| Sfs- E M — eob-E
Es/ (ds- kd)
Sif = 13091 Stressin FRP at service

Allowable Stress Check
Thefollowing values must all be greater than 1 for the section to meet allowable stress requirements:

;—A = 1033 Allowable stress check of concrete (0.45 f'c).
c
fsA .
= = 1098 Allowable stress check of mild steel (0.80 fy).
s
f;_Af\ = 8562 Allowable stress check of FRP (0.33)( 0.65)( 0.95)ffu).
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