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ABSTRACT

Prestressed concrete has been a significant contributor to the succedgmof mo
civil engineering projects because it allows longer spans and lighter meetole
constructed. Despite the usefulness of prestressed concrete, a majomtigglisathe
susceptibility of steel prestressing tendons to corrosion. Corrosion caceberaied by
vehicular impact damage which removes concrete cover, exposing the tendons to the
elements. If damaged members can be repaired with fiber reinforcedgpdiyRP)
composites, total replacement of the structure can be avoided. FRP conmgresites
excellent candidates for use in prestressing because of their ligittysiperior
resistance to corrosion, and comparable strength to steel.

Post-tensioned external FRP tendons can be implemented to restore capacity |
through corrosion or damage or meet increased load requirements; howevergthere ar
three obstacles that have hindered wide implementation of external FRP piosthigns
in rehabilitation and retrofit applications. The following obstacles inhilptéementation:
the lack of a suitable anchorage device to maintain the post-tensioning force irPthe FR
tendons, the lack of an innovative stressing device that reduces the requirement for a
significant amount of free space behind the post-tensioned member, and the lack of
design equations detailing the use of FRP tendons for field applications.

This research involves overcoming the three aforementioned obstaclegst he fi

part of this research is concerned with the development of a unibody clamp anthor tha



controls slip and stress concentrations in post-tensioned carbon fiber reinfoggedmol
(CFRP) rods. Additionally, finite element modeling was employed to conductaveel
comparison of the anchor performance across four different design tymmerA second
objective of the research was to design and implement a simple mechaegsihg

device and the unibody clamp anchors to damaged reinforced concrete beamiedontrol
by shear and damaged prestressed concrete beams controlled ey iéveutinal

objective considered in the research was an evaluation of design equations from the
literature. In short, this research as a whole demonstrates the ahilityze external
post-tensioned CFRP rods for structural repair applications, and forémas{sotential

for more widespread use.
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CHAPTER 1

INTRODUCTION

The concept and theory behind prestressed concrete have been around for over
100 years. In this short time, prestressed concrete applications have become
commonplace in structural engineering projects. Prestressed corardte found in
bridges, underground structures, parking garages, power generation $acifsaore oil
rigs, and buildings. Advancements in materials such as development of high strength
steel, increased compressive strength in concrete, as well as the denelopdesign
methods implementing high strength steel have promoted prestressed coritrete t
popular status it enjoys today.

The act of prestressing concrete introduces a longitudinal compressive
prestressing force into the structural member not found in conventional reinforced
concrete. This prestressing force creates camber, reduces teasgesin the concrete,
reduces and prevents cracks from forming, and reduces deflections. Such advantages
come with increased cost due to the need for higher quality materials, moreceteabpli
formwork, and the additional cost of prestressing equipment; however, prabtresse
concrete produces a more economical long-term solution due to a longer design life
(when the tendons and anchorage do not corrode), reduced maintenance frequency,

decreased structure weight, and increased quality control.



The benefit of modern prestressed concrete is dependent on the use of high
strength steel tendons to apply the prestressing force. There are two neéthods
introducing a prestressing force. The first method involves stressingqittentein the
framework, placing the concrete, curing the concrete, and releasirtgetb®ein the
tendons by cutting them flush with the concrete surface when the formwerkosed.
As the tendons contract within the hardened concrete, the prestressing forciigetis
into the restraining concrete member. The second method involves post-tensioning the
high strength tendons in preplaced ducts after the concrete has been castreachleas
a specified strength. The high strength tendons are stressed and anchoreadst dhe e
the member in order to maintain and distribute the prestressing force to theecohioee
research in this dissertation is limited to concrete beams with edpestetensioned
CFRP composite tendons.

Current practice for post-tensioning depends on high strength steel tendehs. Ste
is readily available, but is susceptible to corrosion. If the steel tendoasdlaors)
corrode, tendon failure may occur, rendering the structure unsafe for deadseThis
potential loss of strength due to corrosion results in a decreased lifespacraaded
cost as structures need to be replaced more frequently. Another contributor to the
increased cost of post-tensioning is the need for large hydraulic jackss® thie
tendons. These jacks require several feet of space behind a concrete el@rdsrtto
be able to apply the post-tensioning force—a major impediment in repair and
rehabilitation applications. Additionally, the weight of a hydraulic jack regithe use of

lifting equipment, such as a crane, to place, support, and move the jack from tendon to



tendon. Improvements in tendon materials and the method of stressing tendons can result
in decreased life cycle cost and savings in construction time and cost.

One such material with potential to improve post-tensioning for repair and
rehabilitation applications is fiber reinforced polymer (FRP) commsitarbon fiber
reinforced polymer (CFRP) materials are lighter than steel, have a abigstrength,
and are not susceptible to metal corrosion. These characteristics regelluced labor
cost for tendon placement and a reduced life cycle cost because the tendons do not
corrode. Furthermore, improvements in the method of stressing CFRP tendons would
also result in decreased cost and increased efficiency.

Implementation of cost advantageous FRP materials is not limited to new
construction. FRP tendons can be used in rehabilitation and repair applications for
structures that were under-designed, have become damaged through corrosion or
overload, or structures for which increased capacity is desired. The applicatepair
and rehabilitation scenarios is a promising use of FRP post-tensioningg(T aljst
Nordin 2007). Additionally, although there is potential for a wide range of appheat
widespread industry implementation and use of post-tensioned FRP tendons in repair and
rehabilitation applications is contingent on overcoming three barriers. Tirese t
barriers are as follows:

1) lack of a simple, economical anchor that controls slip and adequately grips FRP
tendons without unduly compromising the composite tendons;

2) need for an innovative stressing device that makes use of a single anchor setup
and reduces the length of free space required behind a concrete member during

post-tensioning; and



3) absence of standardized design guidelines detailing the use of FRP tendons,
prediction of developed effective tendon stress, and placement of FRP tendons for
the repair of concrete beams.

This dissertation presents research that overcomes the three aforementioned
barriers, resulting in a contribution to the specialty of post-tensioned @itlon
applications in reinforced and prestressed concrete. The contributions canaestuce
increase efficiency, promote industry acceptance of post-tensioned dindeand
provide a means of repairing and retrofitting damaged structures. Theésbutmns are
detailed in subsequent chapters. Chapter 2 provides a literature review esgingipa
current anchors for use with FRP tendons, existing tendon stressing methods, and
previous research on design methods for using FRP tendons with concrete members.

Chapter 3 describes the present research carried out to develop a unibody clamp
anchor for prestressing CFRP rods. Details for four anchor generations adegyovi
including anchor design, application, laboratory testing, and experimental.results
Additionally, a finite element analysis is presented and discussed to providevere
comparison of the performance of the four anchor generations.

Chapter 4 details the application of the aforementioned unibody clamp anchors,
CFRP rods, and a novel mechanical stressing device as a repair systsbeaf
controlled normally reinforced concrete members. Features and aspénastoéssing
process and stressing device are outlined, and an assessment of the suteespaif t
system is provided. Additionally, equations from the literature are evaluated for

applicability to the specimens studied in the present research.



Chapter 5 focuses on the application of the CFRP repair system; however, the
specimens considered are flexure controlled prestressed concrete beactsafdter
includes testing methods, specimen design and an analysis of the resthtar-w
emphasis on the successful repair of the damaged specimens. In addition, eqoations f
the literature typically applied to conventional steel prestressing tendoasauated to
determine their applicability to the specimens considered in this researc

Finally, Chapters 6 and 7 contain an explanation and discussion of the
conclusions generated by the entire research study and suggestions for futuck,resear

respectively.

1.1 References

Taljsten, B., and Nordin, H., 2007, “Concrete Beams Strengthened with External
Prestressing Using External Tendons and Near-Surface-Mounted ReirdatceACI
SP-245, pp. 143-164.



CHAPTER 2

LITERATURE REVIEW

The concept of using CFRP materials in post-tensioning applications is a
relatively recent development. This literature survey will summaheeurrent state of
knowledge regarding the use of fiber reinforced polymer (FRP) tendons irepsgired
concrete. Additionally, the survey of available literature will identify samsolved
aspects relating to FRP tendons. Initially, the types of anchors used forriclRRgavill
be reviewed. Next, the current methods of introducing a prestressing force ito FR
tendons will be examined. Finally, contemporary design equations relating tetbe us

FRP tendons in post-tensioning applications will be presented.

2.1 FRP Anchorage

The anchor on a stressed tendon is paramount to the success of a post-tensioned
system. The anchor must grip the FRP tendon such that slip is controlled and the tendon
is not damaged during gripping. Damage can occur to the outer fibers of the tendon on
the lead end (entrance end) of the anchor from stress concentrations. Damaged outer
fibers decrease the overall capacity of the FRP tendon and can result irupeeasradon
failure. Thus, the focus during anchor design has been placed on mitigatitrgske s

concentrations that may develop. Several types of anchors have been considered in



previous research studies; however, no single anchor has been shown to be simple, cost
effective, easily manufactured, and still able to control slip and stress a@ioerst

Clamping anchors have been developed using multiple metal blocks clamped
together by bolts or spring elements. The blocks are clamped around the rod, and in some
cases, a soft sleeve layer has been used between the FRP tendon and the cldmp (Sippe
1992; Malvar and Bish 1995; Scheibe and Rostasy 1995). Plug and cone anchors used
with traditional steel prestressing strands have also been applied to FRP .tdihitns
type of anchor involves seating a wedge into the end of the tendon such that the friction
developed between the wedge, tendon fibers, and anchor sleeve holds the tendon securely
(Malvar and Bish 1995). The plug and cone anchor has been most successful with FRP
tendons containing no resin such as Parafil ropes (Burgoyne 1993). Another type of
anchor, the resin sleeve anchor, has been successfully implemented to anchor FRP
tendons (Reda Taha et al. 1994; Malvar and Bish 1995). This simple anchor consists of
filling a sleeve of larger diameter than the FRP tendon with epoxy resiallawing it to
dry. A resin sleeve anchor is attractive because of the ability toagermnding through
its development length without inducing stress concentrations at the lead end of the
anchor. However, to achieve this development length, a relatively long anchor is
required.

The potted resin anchor is a modification of the resin sleeve anchor in that instead
of implementing a constant diameter sleeve, a conical sleeve of varyingteliasnused.
It was has been shown that a cone with a parabolic shape works best (Holte et al. 1993).

Additionally, metal overlay anchors have been used with FRP tendons. In this anchor, a



soft metal is placed over the tendon where the tendon will be gripped during jacking
(Erki and Rizkalla 1993).

Finally, split wedge anchors have received the most attention. This is possibly due
to the fact that split wedge anchors are commonly found in conventional high strength
steel tendon anchors. This anchor works through split wedges being placed around the
tendon, with the assembly then being placed in a conical shaped barrel. A soft slgeve m
or may not be placed around the tendon before the wedges are installed. In sonie cases
has been observed that a split wedge anchor can be used successfully witleweat a sle
(Al-Mayah et al. 2007). Several applications of this type of anchor have pmhesd
partial success (Hodhod and Uomoto 1992; Reda Taha 1994; Nanni et al. 1996; Sayed-
Ahmed and Shrive 1998; Al-Mayah et al. 2001; Al-Mayah et al. 2005), and Unities Sta
Patents with different variations have resulted (Meier et al. 1998; Shiae2€00).

Furthermore, varying the number of wedges (2, 3, 4, and 6 wedges) has also been
considered (Al-Mayah et al. 2001; Al-Mayah et al. 2007). Various wedgeiatatguch
as polymers (Kerstens et al. 1998; Taljsten and Nordin 2007; Terrasi et gl.r2efal
(Al-Mayah et al. 2001; Al-Mayah et al. 2005; Al-Mayah et al. 2007), and blgh
performance concrete (Reda Taha and Shrive 2003a, b) have been studieddReporte
performance varies throughout the literature, but reducing the number of weeddes us
the anchor reduces manufacturing costs (Al-Mayah et al. 2007). Split wedgesanchor
have been implemented to develop the ultimate strength of FRP tendons; however, slip
was not necessarily controlled by the anchor (Nanni et al. 1996). Other exghdje w
anchors have failed to develop the ultimate strength of the FRP tendon due to increased

stress concentrations in the radial direction of the tendon (Hodhod and Uomoto 1992).



This local damage to the tendon caused by the gripping anchor is the most common
failure mode associated with split wedge anchors (Reda Taha and Shrieg. 2003
Variations in the angle between the wedges and barrel (Sayed-Ahoh&thave 1998)
and sleeve material (Al-Mayah et al. 2001) have shown that these faetargartant to

controlling slip and the contact pressure between the sleeve and the FRP tendon.

2.2 Methods of Stressing Tendons

The author has been unable to find any literature detailing a unique system for
prestressing FRP tendons. Previous research involving concrete spegithens
prestressed or post-tensioned FRP tendons have relied on traditional hydcking |
methods (Grace and Abdel-Sayed 1998; Ng 2005; El-Hacha and Elbadry 2006; Soudki
and Ng 2007; Taljsten and Nordin 2007; Badawi and Soudki 2009). Often, the traditional
method involves the use of two FRP tendon anchors per tendon at the stressing end. One
anchor functions as the stop while the hydraulic jack pulls back on the anchor, and the
second anchor is used to maintain the prestressing force in the tendomegtiek tis
released. Unfortunately, no data regarding the length of the jacking equipnieat or
required space behind the concrete specimens were reported. However, phofomraphs
the literature suggest that a minimum of three feet is required behind the Bad of t
specimen to complete the jacking process with a hydraulic jack. In fieldaipgs, the
requirement for free space increases, and it is the author’s estimateldaet five feet is
required for prestressing conventional high strength steel tendons in fudbsizete

members.
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2.3 Current Design Methods

Some studies have been performed to compare actual test data from concrete
beams with external FRP tendons to analytical models. These studies haved\thtiat
applicability of various methods and design guidelines in determining thermarfoe of
concrete beams post-tensioned with FRP tendons. It has been found that therAmerica
Concrete Institute’s Building Code Requirements for Structural Concre@d-318—

(ACI Committee 318 2008) produces an overly conservative prediction of the
performance of beams with FRP tendons. Moreover, it has been shown that ACI-318
(ACI Committee 318 2008) results in acceptable predictions of shear crackingdoads f
beams with internal FRP tendons, but its use underestimates stirrup séaghahr
cracks form. In contrast, the modified compression field theory was foundvwa@an
acceptable prediction of specimen capacity (Fam et al. 1997). One studyHattiet
strut-and-tie model provisions of ACI-318 (ACI Committee 318 2008) underestimated
capacities observed in laboratory test specimens by more than 200% in sesn@Ncas
2005; Soudki and Ng 2007).

Studies have also been done regarding the applicability of foreign design codes.
One study found that for beams with unbonded FRP tendons, the cracking, yield, and
ultimate flexural loads could be “roughly estimated” by the Architectasditute of
Japan’s Prestressed Concrete Standards (Kato and Hayashida 1993). Additionall
research has been carried out to investigate the applicability of@tgidaveloped by
ACI Committee 440, the Intelligent Sensing for Innovative StructureS)ISanada
Research Network, and the Comité Euro-International de Béton — Fédération

International de la Précontrainte (CEB-FIP). Results showed that@tgiptoposed by
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ACI Committee 440 provided the most accurate predictions of the force in pastieghs
tendons. Additionally, all three equations were found to underestimate theiVeffect
rigidity of the beam.” (Abdel Aziz et al. 2005).

Other methods of analyzing specimens with FRP tendons include the
consideration of strain reduction coefficients and a layer-by-layeysasalf beam cross
sections. This method was found to result in “good agreement” between predicted and
experimental results (Elrefai et al. 2007). Experimental resultsdlawdoeen compared
to modified strut-and-tie models in which the strut is replaced by an arch bdnthatic
only one model exists for one beam (Ng 2005). A second model, based on a general arch
model, was also considered in the same research. A comparison of experimaraatidat
the predictions of the two aforementioned models suggested the models work vinel for t
prediction of the ultimate capacity of shear controlled specimens incormppatst-
tensioned CFRP tendons (Ng 2005; Soudki and Ng 2007). In addition, it has been
suggested that methods for the prediction of flexural capacity usingestid®seloped in
unbonded high strength steel tendons are also applicable to unbonded FRP tendons

(Naaman et al. 2002).
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3.1 Abstract

This paper presents research regarding four generations of unibody steel clamp
anchors for prestressing CFRP rods. Geometric properties and bolts used to peovide t
clamping force were varied across the four anchor generations. Thesapehormed
well, and generation IV performed the best with an anchor efficiency oft@4%d on
the manufacturer specified ultimate strength. Additionally, results AN®Y'S finite
element models are discussed. The results provide a relative comparisonooitdice c
pressure between the anchor and CFRP rod across the four generations. Géveration
was found to provide the highest contact pressure while controlling stress catnwestr
at the lead (load) edge of the anchor.

Keywords: CFRP, composites, prestressing, clamp anchor, post-tensioning

3.2 Introduction

Post-tensioned concrete is conventionally constructed with high strength steel
tendons. An attractive alternative to steel tendons is fiber reinforced pdliyRiE)
tendons due to their high strength-to-weight ratio, corrosion resistancesastdnce to
fatigue. As with high strength steel tendons, FRP tendons must also have proper
anchorage for post-tensioning to occur. Because the success of implementing FRP
materials in post-tensioning applications depends on the anchors, much consideration
should be given to developing a suitable anchor.

Some research has been performed on several different styles of anchors for
prestressing applications of FRP tendons (Nanni et al. 1996). Common considerations for
the development of FRP anchors include efficiency, stress concentrations, spnom

and corrosion resistance. Concerns regarding stress concentrations dierdiatet to
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the anchor efficiency; transversely isotropic FRP tendons can prematitrdéiyhe
transverse stress is not controlled, especially at the leading edgeaottiee. An
acceptable anchor for FRP tendons must ensure that rupture of the FRP tendon occurs
outside of the anchorage (Meier et al. 1998). On the other hand, the anchor must
sufficiently retain the tendon through an applied stress such that slip does not occur
during the tendon stressing application or subsequent time in service. Additionally,
economics must be considered in anchor design because although an anchor is proven
with laboratory research, an exorbitant unit cost would be prohibitive to industry
acceptance. Finally, corrosion resistance must be considered because theyatehor
should be able to meet the performance life of the highly corrosion resistamekdrRi.
Anchors for FRP tendons fall into one of two broad categories based on the
method employed for imparting stress to the FRP tendon: bond anchors and mechanical
anchors (Reda Taha and Shrive 2003a). Generally composed of a sleeve fillediwjith re
bond anchors rely on the bond between the resin and the FRP tendon to provide adequate
contact pressure during prestressing or post-tensioning applicatiffieseilistyles of
bond anchors may include a tapered or conical sleeve, splayed ends of the FRP tendon, or
tendon overlay materials. Bond anchors have been developed for use with FRP tendons
(Malvar and Bish 1995; Reda Taha, et al. 1994; Holte, et al. 1993); however, largely
dependent on development length, bond anchors tend to be longer than mechanical
anchors—making them less practical where end anchorage must be compact.
Additionally, the dependency on resin or epoxy of bond anchors results in increased

application time, labor costs, and possibility of installation error.
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Mechanical anchors are typically classified as wedge anchoranop enchors.
Split wedge anchors are similar to anchors used for prestressing convemtinal
strength steel tendons, and consist of wedges that surround the FRP tendon and a conical
barrel outside the wedges. As stress is applied to the tendon, the wedges @iatseate
the barrel, applying a gripping stress to the tendon. Additionally, a soft sletegah
around the tendon may or may not be included with split wedge anchors to attempt to
reduce transverse stress concentrations. The number of wedges has begatetjest
with variations of 2, 3, 4, and 6 wedges (Al-Mayah et al. 2007; Al-Mayah et al. 2001).
Different wedge materials have also been studied. Tests have been conducted on high
performance concrete anchors (Reda Taha and Shrive 2003a; Reda Taha and Shrive
2003b), polymer anchors (Téljsten and Nordin 2007; Kerstens et al. 1998; Terrasi et al.
2011), and metal anchors (Al-Mayah et al. 2007; Al-Mayah et al. 2001; Al-Maydh et
2005). Although split wedge anchors have been implemented in laboratory testing to
develop the ultimate strength of the tendon, slip has not always been controlled (Nanni et
al. 1996). Other split wedge anchors have failed to develop the ultimate strergth of t
tendon due to increased transverse stresses (Hodhod and Uomoto 1992). It is of note that
although split wedge anchors are compact, they can have a higher manufacitring c
than bond anchors due to the number of wedges and the machining required to produce
the precise tapers and angles for the wedges and barrel.

Clamp anchors impart a mechanical stress to the FRP tendon from boltsar simil
mechanical devices rather than wedges being driven into a barrel. Trdljitt@maposed
of two metal plates with a groove for the FRP tendon, clamp anchors can be more

compact than bond anchors, and in some cases, a sleeve material has been used between
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the tendon and the clamp (Malvar and Bish 1995; Sippel 1992; Scheibe and Rostasy
1995). Clamp anchors generally have lower manufacturing costs than split wmetigesa
because less machining is required. Despite the research investigatiansus types
of FRP tendon anchors, no single type has found widespread acceptance or
implementation in industry.

As such, clamp anchors are especially suited for overcoming the limitafions
other anchor systems. Manufacturing costs for clamp anchors are lower thaiothose
split wedge anchors because less machining is required, and fewer peeiceslaed in
the anchor assembly. Additionally, clamp anchors are more compact than bond anchors
because the clamping force applied can be adjusted with the bolts, reducing the
development length required. Furthermore, the applied stress can be varieth@long t
anchor to control transverse stresses and avoid premature FRP tendon failuessStainl
steel could be used for the anchor, and it is also of note that a clamp anchor can be furthe
simplified if a unibody design is implemented, thus reducing the number of parts and
field application time.

The research in this paper presents groundwork design of a unibody clamp anchor
for prestressing CFRP rods. Details of the anchors, anchor application, labtestiogy,
and results are provided. Additionally, a finite element analysis of theveelati
performance between four anchor generations is presented and discussed. Finally

recommendations for further development of clamp anchor systems are presented.

3.3 Research Significance

Although research has focused on several types of anchors for use with

prestressing FRP rods, no single type or design has been widely acceptpttoreinted
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in the industry. Efficiency, economics, control of anchor slip, and transverseesttes/e
been the primary challenges in successful anchor development. This reselsctos
overcome the aforementioned challenges with a unibody clamp anchor. Design
considerations addressing the challenges are presented and discussexhaflgda

finite element model is used to provide a relative comparison between four mperseoat

the anchor to investigate the improvement in clamping action. Furthermore, bé®ause t
unibody anchor in this research overcomes many of the challenges assotthated w
previous anchors for FRP tendons, it could lead to the widespread application of CFRP

post-tensioning systems in industry for both new and repair applications.

3.4 Experimental Investigation

3.4.1 Specimen Geometry

Four unique generations of unibody anchors were studied in this research, and the
generalized geometry of the unibody clamp anchor developed in this reseabEhssen
in Fig. 3.1. All four generations were composed of a steel block of 1018 cold-raelled fl
bar with a rod hole, bolt holes, an inner slot, and an outer slot. The rod hole is positioned
longitudinally along the anchor block with the inner and outer slots running parallel to the
rod hole. Additionally, the bolt holes and bolts run perpendicular to the rod to provide the
clamping force. Therefore, as the bolts are tightened, the outer and inner dictavelt
reduced and the cantilevered anchor sides are pushed inward—resulting in contact
pressure on the CFRP rod. The width of inner and outer slots controls the effects of the
bolt tension; once either slot is completely closed, an increase in bolt fongly si
deforms the steel of the anchor while negligibly increasing the clarppasgure applied

to the CFRP rod. Variables such as anchor length, width, and thickness were varied



21

across generations; a summary of the anchor geometry for ealatgmncan be seen in
Table 3.1. A visual size comparison of the anchors across the four generatidoes c
seen in Fig. 3.2.

Another variation between generations was implemented by varying the number
and size of the A325 steel bolts used to apply the clamping force. A summary of the
variation in the bolts used for each anchor generation can be seen in Table 3.2. The bolt
diameters for generations I-lll and generation IV were 5/8” (16 nmuh)3&4” (19 mm),
respectively. Additionally, generation | utilized two bolts, generatidirée bolts, and
generations Il and IV four bolts with the bolt spacing held constant at 1.5 in. (3§.1 mm
The applied torque for each bolt varied across generations; however, each bolem a gi

anchor was subjected to the same applied torque.

3.4.2 Material Properties

The material used in the manufacture of the unibody anchors was1018 cold rolled
flat bar with a minimum yield strength of 53.8 ksi (371 MPa), and the clamping fosce wa
provided by A325 steel bolts. Additionally, the CFRP rods used in this researctehad th
following design properties as provided by the manufacturer: rod diameter = @SHh
mm), tensile strength = 27.5 kip (122.3 kN), tensile modulus = 22,500 ksi (155 GPa), and

elongation at break = 1.1%.

3.4.3 Testing Methods

The unibody clamp anchors were tested in the University of Utah Structural
Testing Laboratory. A length of CFRP rod was prepared to include the length of the
anchor sections, the middle section, and a short 1 in. (25 mm) nub protruding from the

dead end of each anchor such that the total length was longer than 40 times the diameter
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of the CFRP rod, which is 15 in. (381 mm), as per ACI 440.3R-04 (ACI Committee 440
2004). A blended liquid solvent was used to clean the anchors and CFRP rod test sections
before clamping occurred.

Anchor clamping was accomplished with steel bolts. Each bolt was secured
sequentially, beginning with the dead end of the anchor and progressing towdedsl the
end. The clamping process occurred over several increments until the finad aqjiee
(as described later) was reached for each bolt. Additionally, generdkibnsncluded
the use of tapered drop forged steel washers to ensure the clamping bolts remained
perpendicular to the anchor. An example photograph showing the implementation of the
tapered washers can be seen in Fig. 3.3. A matching anchor was clamped to each end of a
given CFRP rod test section, creating a test section assembly.

After application of the unibody clamp anchors, the test section assemeéfies
tested vertically. The bottom clamp anchor was held in fixed position by a slotéd ste
reaction plate while a tensile force was applied to the test sectionldgss the top
clamp anchor by a hydraulic actuator, as seen in Fig. 3.4. Monotonic loading wad applie
at a rate of 0.4 in./min (10.2 mm/min), which corresponds to an idealized stress
application rate of 60 ksi/min (414 MPa/min). Termination of each test was dependent on
rupture of the CFRP rod or more than 0.5 in. (13 mm) of total anchor slip, whichever

occurred first.

3.5 Experimental Results

3.5.1 Generation | Anchor

The first generation anchor can be seen in Fig. 3.5. This was the shortest of the

four generations at 3.0 in. (76 mm) long, and the clamping force was provided by two 5/8
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in. (16 mm) diameter A325 bolts. Figure 3.6 shows typical results from a gendra
anchor. An anchor without slip would result in a perfectly linear relationship betwee
applied force and actuator displacement. It can be seen from Fig. 3.6 thalt typic
generation | anchors reached a maximum load of 17 kip (75.6 kN), corresponding to an
anchor efficiency of 62% based on the manufacturer specified ultimate stoefgté

slip occurred. For loads greater than 17 kip (75.6 kN), large amounts of slip werd,prese
as indicated by the curvature of the plot seen in Fig. 3.6. The CFRP rod remaicied inta
during testing; however, the slip of the anchor on the rod produced a scaling effect on the
CFRP rod, which is visible in Fig. 3.7. Additionally, as seen in Fig. 3.5, it wasvalose

that the 3/16 in. (4.8 mm) constant width outer slot limited the maximum clamping force
due to contact occurring between the steel surfaces at the outer edges of thletouter
Furthermore, bolt failure occurred because the bolts bent during the clampiagspaod

did not remain perpendicular to the anchor.

3.5.2 Generation Il Anchor

The second generation anchor improved upon the previous generation by
increasing the anchor length to 4.5 in. (114 mm) and using three bolts to provide the
clamping force. The closed outer slot of a typical clamped generationHbacan be
seen in Fig. 3.8. Typical results from testing of a generation Il anaendoe seen in Fig.

3.9. Generation Il anchors exhibited linear performance up to a maximum load of 20 kip
(89.0 kN), corresponding to an anchor efficiency of 73% based on the manufacturer
specified ultimate strength before slip occurred. At applied tensile loadergitesn 20

kip (89.0 kN), some slip was observed and the CFRP rod underwent progressive

failure—the outer fibers ruptured first and moved inward towards the center ofithe r
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Rod failure occurred near the lead end of the anchor as seen in Fig. 3.1@r&here
although the clamping force was limited—as with generation |—the iselieaanchor
length reduced the observed slip and resulted in increased anchor efficiency fo
generation Il as compared to generation . However, despite thesedraachor

efficiency, bolt bending was observed during the clamping process.

3.5.3 Generation Il Anchor

Modifications to produce generation Il included increasing the anchohlémgt
6.0 in. (152 mm) and using four 5/8 in. (16mm) diameter bolts to control anchor slip.
Additionally, tapered washers were used to ensure the clamping bolts remained
perpendicular to the anchor during the clamping process. Figure 3.11 shows &gpical t
results from a generation Il anchor. From Fig. 3.11, it can be seen tiemaigen Il
anchors reached a maximum load of 22 kip (97.9 kN) before slip occurred, corresponding
to an anchor efficiency of 80% based on the manufacturer specified ultineaigtist
The total anchor slip above this tensile load was observed to be only 0.01 in. (0.254 mm).
Additionally, the failure of the CFRP rod occurred instantaneously in the middie of t
test section, resulting in flared strands at the midpoint of the CFRP rod, as &&gn i
3.12. Compared to the results of the previous generation, generation Il exhibited less
anchor slip, and rod rupture occurred in the middle of the test section rather thean at t
lead edge of the anchors. It was also observed that the tapered waslrexs thasthe

bolts remained perpendicular to the anchor and did not bend during the clamping process.

3.5.4 Generation IV Anchor

Generation IV included an increase in anchor length (at the lead edge), anchor

thickness, and clamping bolt diameter. Additionally, an outer slot of varying width
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(corresponding to an approximate 5 degree taper) was implemented, as sgef.iBFi

The tapered outer slot ensured contact did not occur between the edges of the edter slot
allowing for an increase in applied clamping force. Furthermore, as widrageon lll,

tapered washers were utilized to maintain the clamping bolts perpendicuiaraachor.

A clamped generation IV anchor can be seen in Fig. 3.14. Typical test results fr
generation IV anchor can be seen in Fig. 3.15. From Fig. 3.15 it can be seen that
generation IV anchors exhibited acceptable performance for the entingot@schor slip

was observed. The CFRP rod failed at a maximum load of 23 kip (102.3 kN),
corresponding to a true anchor efficiency of 84% based on the manufacturer @pecifie
ultimate strength. Although the bolt spacing for generations Il aneémained constant,

the extra anchor length of generation IV was added to the anchor lead edge tdygradual
reduce the pressure exerted by the anchor on the CFRP rod. This effect iseevienc

the gradual flare in the outer slot width observed in Fig. 3.14—where the slot is wider on
the right side as compared to the left side. Additionally, the bolts did not bend because of

the use of the tapered washers.

3.6 Finite Element Modeling

3.6.1 Model Configuration

In addition to laboratory testing, a finite element model was developed iYBNS
for all four anchor generations to explore the relative difference in clarppasgure
between generations. Tetrahedral elements were selected for the coreenien
automatic meshing, and full 3D models were developed due to the complexity of the
variations between anchor generations. The ANSYS geometry and mesh forigenerat

IV can be seen in Fig. 3.16. Due to the intensive nature of full 3D modeling, the unibody
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steel anchor was modeled using a simple bilinear stress-strain rdigtiomseduce the
overall computational time. Additionally, the CFRP rod was modeled as a tramgverse
isotropic material with different properties in the longitudinal directiocomspared to

the transverse direction.

The contact between the unibody steel anchor and CFRP rod was modeled with
contact and target elements overlaid on the CFRP rod and anchor surfaces, rgspective
Models for generations I-11l included additional contact and target elsmarthe inner
surfaces of the outer slot since contact was expected to occur at the etigesutért slot
as observed during laboratory testing. Additionally, the nature of the unibody clamp
anchors studied in this research is such that a contact pressure is developed from the
clamping force provided from bolts rather than a seating force as with splifew
anchors. Therefore, for the purposes of investigating the relative differencetact
pressure across the four unibody anchor generations, a clamping forapphed, but
no tensile force was modeled in the CFRP rod.

The modeled force in each bolt was input as 12.0 kip (53.4 kN) and 13.4 kip (59.6
kN) for generations I-lll and generation 1V, respectively. These bolt$oreze
calibrated to produce deflections in the ANSYS model corresponding to deflectibes in t

anchors observed during the experimental clamping process.

3.6.2 Model Results

Results from the ANSYS models confirm the results from laboratory testing—
generation IV reduces stress concentrations at the lead edge oflibeamt produces
the highest contact pressure of the four generations studied. A nub end view of the

generation IV model showing the deflected shape and equivalent stress ean be s
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Fig. 3.17; the tapered outer slot has essentially become a slot of constant width, as
observed in laboratory testing. The effect of the clamping process can be seen when
comparing Fig. 3.13 to Fig. 3.17. Additionally, the reduction in stress in the CFRP rod at
the lead (load) edge of the generation IV anchor can be seen in Fig. 3.18. Fromsshe cr
section view in Fig. 3.18 it is observed that the equivalent stress in the CFRPmachis
higher at the nub (left) end as compared to the lead (right) end. This is due to the
additional length of steel at the lead end provided in generation IV and as also seen i
Fig. 3.18.

The reduction in contact pressure and subsequently stress in the CFRP rod at the
lead edge of the anchor is further illustrated in Fig. 3.19 which shows the change in
clamping pressure on the side of the CFRP rod along the length of the anchor for
generations I-1V. It can be seen from Fig. 3.19 that generationsrelide
approximately the same contact pressure along the entire anchbr langintrast, the
generation IV anchor exhibits an increase in contact pressure of appedyi6Go
(compared to generations I-1ll), and at the same time, a gradual 37% decreasact
pressure towards the lead edge. This decrease in contact pressure irdit#tes t
geometric design of generation IV is able to reduce the contact pressure aodeobse
stress concentrations in the CFRP rod at the lead edge. Furthermore, the waltyiraj
the outer slot in generation IV allows for an increase in the overall cqrssgure
because the edges of the outer slot are prevented from touching. Thertdfoughal
improvement can be seen from generations I-11l in terms of development lendtlksthe

unibody clamp anchor considered in this research is the generation IV ancuseret
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its ability to reduce the stress concentrations at the lead anchor edgeadnildyitto

apply a higher clamping force as compared to generations I-111.

3.7 Conclusions

From the experiments carried out in this research and the ANSYS finitengéleme
model results, it can be concluded that the unibody clamp anchors studied in this research
can be used for prestressing or post-tensioning CFRP rods. The simple geopatetpnt
of complicated wedges, bevels, and multiple pieces. The generation IV anchounés f
to perform the best. Based on the manufacturer specified ultimate stramgcitor
generations I-1ll demonstrated an anchor efficiency before slip of 62%, &3 80%,
respectively. The generation IV anchors demonstrated an anchor effioe84%
before CFRP rod rupture.

In addition to increased anchor efficiency, the inclusion of extra length katatthe
or lead end of the anchor (where the CFRP rod leads out of the anchor to the other end of
the CFRP rod) was found to produce a 37% reduction of the contact pressure at the lead
edge of the generation IV anchor. Furthermore, the tapered outer slot included in the
generation IV anchor allowed for an increased clamping force as contpartubr
generations because it prevented the edges of the outer slot from touching.

It is recommended that future studies be carried out to optimize the design of the
generation IV anchor to increase the anchor efficiency. It is antidiptade further
reducing the contact pressure at the lead edge of the anchor will contributanchbe
optimization. Variables such as anchor thickness and length should be explored in the
optimization process. Additionally, the effect of varying the applied torquacio leolt in

the anchor should be investigated. It is possible the effect of adding extra amgtbrtd
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the lead end may be replicated by simply reducing the torque applied to the lead bolt.
This exploration is essential as any reduction in anchor length would be ladrefici
repair applications where space for anchorage is limited.

Future iterations should ensure that anchor slip does not occur while minimizing
anchor length. Additionally, it is recommended that future studies implement the yinibod
clamp anchor to prestress CFRP rods on reinforced concrete specimens, sirfrelidting
applications. Furthermore, stainless steel should be explored as an option for the anchor

stock and bolts to prevent corrosion.
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Table 3.1 — Anchor geometry details

Generation Width Length Thickness Inner Slot  Minimum Outer Maximum Outer

Width Slot Width Slot Width

| 2.0” 3.0 1.0" 1/16” 3/16” 3/16”
B1mm) (76mm) (25mm) (1.6 mm) (4.8 mm) (4.8 mm)

I 2.0” 45" 1.0" 1/16” 3/16” 3/16"
(51 mm) (124 mm) (25mm) (1.6 mm) (4.8 mm) (4.8 mm)

" 2.0” 6.0" 1.0" 1/16” 3/16” 3/16”
(51 mm) (152 mm) (25mm) (1.6 mm) (4.8 mm) (4.8 mm)

v 2.25" 6.5" 1.5" 1/16” 3/16” 13/16”
(57 mm) (165mm) (38 mm) (1.6 mm) (4.8 mm) (20.6 mm)

Table 3.2 — Clamping bolt details

Generation Number of Bolts Bolt Diameter Applied Torque

| 5 5/8” 200 ft-Ib
(16 mm) (271 N-m)
" 3 5/8” 200 ft-Ib
(16 mm) (271 N-m)
" 4 5/8” 200 ft-Ib
(16 mm) (271 N-m)
v 4 3/4” 600 ft-Ib

(19 mm) (813 N-m)
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Fig. 3.2 — Anchor size comparison across generations (1" = 25 mm)
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Fig. 3.3 — End view of clamped generation IV anchor
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Fig. 3.4 — Test setup
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Fig. 3.5 — Generation | anchor
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Fig. 3.6 — Generation | anchor applied force vs. actuator displacement



Fig. 3.7 -Damage caused to CFRP rod from slip of generatarcho

Fig. 3.8 — Generation Il anchor
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Fig. 3.9 — Generation Il anchor applied force vs. actuator displacement

Fig. 3.10 — Ruptured CFRP rod located at lead edge of generation Il anchor
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Fig. 3.11 — Generation Il anchor applied force vs. actuator displacement

Fig. 3.12 — Failed CFRP rod from generation Ill anchor
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Fig. 3.13 — Unclamped generation IV anchors

Fig. 3.14 — Clamped generation IV anchor showing increased width of outer
slot from left to right
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Fig. 3.15 — Generation IV anchor applied force vs. actuator displacement
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Fig. 3.16 — Generation IV ANSYS geometry and finite element mesh
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Fig. 3.18 — Equivalent stress plot for generation IV (cross section view)
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Fig. 3.19 — Change in contact pressure along anchor for generations I-1V
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4.1 Abstract

This paper presents research on the repair of shear damage in reinforeteco
beams using clamp anchors and a mechanical stressing device to posteetesital,
unbonded carbon fiber reinforced polymer (CFRP) rods. Specimens in this resegech
designed to simulate concrete bridge girders with diagonal cracksimagpeal data and
a theoretical analysis considering the external CFRP tendons are provised.oBa
crack width observations and increases in ultimate capacity, the CFRP yspam s/as
found to be a successful method of repairing reinforced concrete beamsdwibde
shear capacity due to cracking.

Keywords: CFRP, post-tensioning, repair, retrofit, shear damage, reinforcedteonc

4.2 Introduction

Recent attention has been given to the aging transportation infrastructure in the
Unites States because of the need to repair or strengthen many exidteg.br
Reinforced or prestressed concrete bridge girders can be of pactmoutarn due to
damage consisting of diagonal shear cracks that reduce concrete plaedy @nd cause
internal steel reinforcement to become susceptible to corrosion. Inaddugete s
reinforcement or corroded steel reinforcement results in additional sipeaitga
reduction, increasing the risk of a brittle shear failure. It is imperdtiat bridges
exhibiting symptoms of shear damage and corrosion to shear reinforcementieel repa
strengthened, or replaced.

The repair, rather than the replacement, of damaged reinforced concret¢e bridg
girders is the preferred option because repair is generally less cubtigsallts in a

smaller amount of lost time than complete replacement. A possible method ohepairi
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shear cracks is external post-tensioning, which can close cracks, attrest drack
development, improve concrete shear capacity and friction through aggregdaek,
and increase shear friction within the concrete. However, traditional expestia
tensioning has been accomplished with high strength steel tendons which are still
susceptible to corrosion and subsequent loss of strength.

On the other hand, fiber reinforced polymer (FRP) materials are corrosion
resistant and have a high specific strength. Many of the disadvantagesl ¢éstlons
can be overcome with FRP tendons in post-tensioning applications. Previous research has
shown that FRP tendons can be used in new construction (Abdel Aziz et al. 2005; EI-
Hacha and Elbadry 2006; Taljsten and Nordin 2007). Limited research has been
conducted using external post-tensioned FRP tendons for the repair of shear (gnage
2005; Ng and Soudki 2010). As a result, further investigation is required to determine the
suitability of external post-tensioned FRP tendons for the repair of slaekimg and
increase of shear capacity in short beams.

One reason for the lack of research involving external post-tensioned FRP
tendons is the difficulty in developing an anchor for use with unbonded post-tensioned
FRP tendons. Research conducted at the University of Utah has resulted in a clamp
anchor and mechanical stressing device for post-tensioning carbon FRP (CFRP) rods
The anchor was developed using small scale pull tests on trial CFRP rods; however,
further research is needed to determine the suitability of the anchor foithugkber
stressing device and CFRP rods post-tensioned on actual concrete members.

This paper presents research involving the application of CFRP rods, University

of Utah clamp anchors, and a mechanical stressing device as a comple&p&RP r
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system for concrete beams with shear damage and associated diagamelasikeng.
Field-observed girder end cracking can be seen in Fig. 4.1. Project detéils f
specimen fabrication, experimental testing, data results, and theoaeidtydis are
described. Additionally, details pertaining to the FRP composite systaiitsan
application are provided. Finally, conclusions and recommendations regardnegdire

system are presented.

4.3 Research Significance

Minimal research has focused on external post-tensioned CFRP tendons for the
repair of concrete beams with diagonal shear cracking and inadequateagiesaty. The
present research implements unibody clamp anchors and a mechanicalgstiegisie
for the repair of reinforced concrete beams with post-tensioned CFRP rodsoraltyi,
the paper explores the applicability of existing equations for the predicttbe aftimate
shear strength of a concrete beam with post-tensioned CFRP tendons. The GRS anc
and repair system used in this research have the potential to influence industrial

acceptance of CFRP post-tensioning systems.

4.4 Experimental Investigation

4.4.1 Specimen Fabrication

Three scaled reinforced concrete (RC) beam specimens were designed and
fabricated for this project. The three beams (B12, RB8 and RST8 with “R” injcati
repaired specimen) were constructed at the University of Utah Strutiaeratory and
measured 10 in. (254 mm) wide x 24 in. (610 mm) tall x 9 ft (2.74 m) long. The beams
had similar longitudinal steel reinforcement arrangements, but diffengey stirrup

spacing—the flexural reinforcement in all three specimens consisted of sax1#5im)
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bars. Two stirrup spacings were used—38 in. (203 mm) on center for specimens RB8 and
RST8, and 12 in. (305 mm) for specimen B12. The 8 in. (203 mm) spacing simulated an
appropriate design based on ACI 318-08 beam shear requirements; the 12 in. (305 mm)
spacing simulated an inadequate design or corrosion of properly designed shear
reinforcement (AClI Committee 318 2008). The stirrups were constructed with #3 (g 10
mm) bars. Additionally, specimen RST8 had horizontal crack control steel consisting

#3 (o 10 mm) bars with a vertical spacing of 8 in. (203 mm) along both beam faces.
Figure 4.2 shows the reinforcement layout for specimen RB8, and Table 4.1 provides

geometric and reinforcement properties for the three specimens.

4.4.2 Experimental Design

All testing was carried out at the University of Utah Structures Lamyra
Diagonal shear cracks were induced using a four point loading system to siineldate
observed girder end damage. A hydraulic actuator with a 500 kip (2220 kN) inline load
cell and a steel spreader beam were used to apply a two point load spaced 2 ft-6 in. (762
mm) apart at the top of the specimens. Additionally, the specimens were tghtad w
unbraced length of 7 ft-6 in. (2.29 m). This configuration produced a shear span to depth
(a/d) ratio of 1.40, indicating that the beams are short beams controlled byskéher

tension or shear-compression failure. A diagram of the test setup is shogn4r8F

4.4.3 Material Properties

All steel reinforcing bars used in the fabrication of the specimens had a homina
tensile strength of 60 ksi (414 MPa), and the beams were constructed in a singdeeconc
batching operation. The compressive strength of the concrete used in the tonsfuc

the specimens was 8.6 ksi (59 MPa) at 28 days and 9.3 ksi (64 MPa) at the time of
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specimen testing. Additionally, the CFRP rods used in this research had thenigllowi
manufacturer specified properties: rod diameter = 3/8 in. (9.53 mm), tensrigtht=
27.5 kip (122.3 kN), tensile modulus = 22,500 ksi (155 GPa), and elongation at break =

1.1%.

4.4.4 Testing Methods

Specimen testing consisted of three phases: damage, repair, and failtyrene=irs
initial damage loading created diagonal shear cracks in specimens B12niRR$ &8,
simulating field-observed girder end cracking. Next, the repair systemladdy clamp
anchors and post-tensioned CFRP rods was applied to specimens RB8 and RST8. Finally,
specimens B12, RB8, and RST8 were loaded to failure.

Initial damage loading was used to induce diagonal cracks and simulate field-
observed damage. The loading was displacement controlled to induce similar damage t
all three specimens and avoid sudden failure and subsequent loss of the specimens.
Displacement half-cycles were applied in increments of 0.0625 in. (1.59 mm), with the
amplitude of each successive half-cycle increasing by 0.0625 in. (1.59 mm). In addition,
the rate of displacement was held constant at 0.0625 in./min (1.59 mm/min) throughout
the test. A typical crack pattern showing the diagonal cracks near the beacarehes
seen in Fig. 4.4. All specimens were subjected to the abovementioned loading protocol,
with termination of the loading dependent upon visible cracking, deflected shape data,
and force versus actuator displacement data. Testing procedures were pausadiaft
half-cycle to aid in crack inspection, marking, and documentation. The maximum
deflection of specimens RB8 and RST8 during the initial damage loading was

approximately 70% and 39% greater than that of specimen B12, respectively. This
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increase in deflection ensured significant cracking occurred in the spsdioniea

repaired. The maximum observed crack widths after the initial damage loading f
specimens B12, RB8, and RST8 were 0.020 in. (0.5 mm), 0.040 in. (1.0 mm), and 0.035
in. (0.9 mm), respectively.

After the initial loading to create diagonal cracks simulating girdeicescking,
specimens RB8 and RST8 were repaired with a system of clamp anchors, a ca¢échani
stressing device, and external post-tensioned CFRP rods. Both specimerepaieeel
with four rods, two on each side of the beam. The top and bottom level of tendons were at
a depth of 11 in. (279 mm) and 19 in. (483 mm) from the top compression fiber of the
beam, respectively. Additionally, the CFRP rods were post-tensioned tineoétra
approximately 0.485%, producing a post-tensioning force of 12 kips (53.4 kN) in each
rod. This level of initial post-tensioning force was selected based on the rendetne
range of 40 to 65% of ultimate strength given in ACI 440.4R-04 for FRP tendons (ACI
Committee 440 2004).

Figures 4.5 and 4.6 show the dual layer tendon stressing mechanism used on
specimens RB8 and RST8. The stressing device consists of a slotted squageettd8S s
running perpendicular to the beam length at the live stressing end of the beam. The
tendons pass through the slots, and the unibody clamp anchors make contact with the
back side of the tube. Four sleeve nuts (two on top and two on bottom) are positioned on
the HSS section perpendicular to the HSS section and parallel with the beam. Tendon
stressing occurs when 1.0 in. (25 mm) diameter bolts are screwed into thensiseviee

bolts react against the beam end, moving the HSS section back to stress the tendons.
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Tightening the stressing bolts in an alternating star pattern ensuteadboas are
stressed with controlled increments of tightening.

After repairing specimens RB8 and RST8 with external post-tensioned CFRP
rods, all three specimens were loaded to failure monotonically at af @625 in./min
(1.59 mm/min). Termination of the loading depended on failure of the specimen—
defined as a 20% decrease in maximum applied load or tensile failure afe¢heak

CFRP rods, whichever occurred first.

4.5 Experimental Results

4.5.1 Data Collection Methods

The specimens were instrumented with strain gauges and linear variable
differential transformers (LVDTSs), with data collection occurring ate of two points

per second. All LVDT readings were measured within 0.001 in. (0.025 mm).

4.5.2 Instrumentation

Three LVDTs—one located 34.1” (0.87 m) from either beam end and one at
midspan—were used on the bottom of the beam to measure the deflected shape under
load. Compressive strains in the concrete on the top face of the beam were magasured b
strain gauges placed at 33.5 in. (0.85 m) from each beam end and at midspan. Strain
gauges were also placed on the internal longitudinal steel reinforcemaestiraups of

all specimens and on the CFRP rods at midspan for specimens RB8 and RST8.

4.5.3 Specimen Data Analysis

Specimen B12 (control) failed due to concrete crushing between interior loading

points at the beam top compression fiber. Likewise, specimen RB8 (repailed )at
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later stages due to concrete crushing failure between loading points atrthpea
compression fiber after rupture of the lower and upper level external CFRP irodiar S

to specimen RB8 (repaired), specimen RST8 (repaired) failed due to conaséiegr

failure between loading points after the lower external CFRP rods ruptureddrothe

upper level CFRP rods remained intact and never failed. Specimens B12, RB8, and RST8
at failure can be seen in Figs. 4.7-4.9, respectively.

The compressive strain in the concrete was highest at midspan. Fig. 4.10 shows
the change in compressive strain at midspan with the change in applied loac &s see
Fig. 4.10, all three specimens had compressive strains approaching 0.25%, indicating
likely compressive failure from concrete crushing. These strain®asgstent with the
concrete crushing observed in specimens B12, RB8, and RST8 and seen in Figs. 4.7-4.9,
respectively.

The strains in the CFRP rods for specimens RB8 and RST8 were also monitored
during testing. Fig. 4.11 shows the strain in the bottom CFRP rods of specimens RB8 and
RST8 during loading to failure. Additionally, Fig. 4.12 shows the strain in the top CFRP
rods of specimen RB8 during loading to failure. Initially, after the rggase and
application of the post-tensioning system, the strain in the rods was 0.485%. At the time
of rupture, the average strain in the lower CFRP rods for specimens RB8 and RST8
increased to a maximum—0.854% and 0.877%, respectively, as shown in Fig. 4.11.
Additionally, for specimen RB8, the average strain in the upper CFRP tendons agthe tim
of rupture was 0.789%. Since the ultimate strain of the rods is 1.1%, stress concentrations
at a point other than midspan, where the strain gauges were installed, causedofupt

the rods. One factor that may cause a local stress concentration isriedrgeeffect of
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large deflections. As large deflections occur, the beam ends rotate whiledbe te
maintains a level position. This rotation at the beam ends causes flexure to be idtroduce
into the CFRP rods rather than just pure tension, possibly leading to premature tendon
failure from the resulting stress concentrations.

An increase in the observed ultimate capacity compared to the control specimen
indicates that the CFRP repair system was successful. The ultimatercpedimen
B12 (control), RB8 (repaired) and RST8 (repaired) was 301 kips (1339 kN), 381 kips
(1695 kN), and 375 kips (1668 kN), respectively. Additionally, the applied load versus
midspan deflection during initial damage loading and loading to failure is showvigsin F
4.13-4.15. When compared to the control specimen, the ultimate loads correspond to an
increase in capacity of approximately 27% for specimen RB8 and 25% fomsgpeci
RST8—simply from the CFRP repair system. It is also of note that Fiyclearly
shows the drop in applied load when the lower and upper CFRP rods ruptured for
specimen RB8 at approximately 0.96 in. (24.4 mm) and 1.54 in. (39.1 mm) midspan
deflection, respectively. Similarly, Fig. 4.15 shows the drop in applied load when the
lower level CFRP rods ruptured for specimen RST8 at approximately 0.95 in. (24.1 mm)
midspan deflection.

From Fig. 4.16, it can be seen that failure of the bottom layer CFRP rods for
specimens RB8 and RST8 occurred at deflections over eight times greate8@n L
(0.11 in. or 2.86 mm), the maximum allowable design deflection for concrete bridge
construction (AASHTO 2009). Therefore, although failure of the lower CFRP rods was
brittle, this failure occurred at a deflection much greater than antidigaféections from

service loads. It can also be seen from Fig. 4.16 that after failure of teeammplower
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CFRP rods, specimen RB8 exhibited a residual strength of approximately 317 kips (1410
kN), and after failure of the upper CFRP rods for specimen RST8, a residual strength of
approximately 293 kip (1303 kN) was observed. This is evidence that even though the
CFRP rods ruptured in a brittle failure mechanism, complete catastrognie t the

repaired beams did not occur because of the ductility of the base system.

4.6 Analytical Investigation

Much of the previous research has been devoted to strut-and-tie models as a
method of design for short or deep beams. The following section will assess the
applicability of strut-and-tie models for the high strength concrete besthe present
research. Additionally, equations accounting for beam action and arch actibe for t
prediction of shear strength will be evaluated to determine their suitabilitxs€oin

relation to the specimens tested in this research.

4.6.1 Strut-And-Tie Model

A strut-and-tie model was developed for the control specimen and the two
repaired specimens. The model for specimen B12 (control) can be seen in Fig. 4.17
where the dashed lines represent compression struts and the solid lines regrsigent t
ties. This model predicts an ultimate capacity for specimen B12 (control) of A 8804i
kN). Comparing this theoretical value to the actual ultimate load of 301 kip (1339 kN)
yields a ratio of actual to theoretical ultimate load of 1.7.

A similar model was developed for repaired specimens RB8 and RST8 by
accounting for the two levels of external post-tensioned CFRP rods. The sara@dirut
tie model was used for both RB8 and RST8 as they had identical stirrup spacmng] inte

longitudinal steel reinforcement, and external CFRP rod placement—with the only
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difference being the inclusion of minor crack control steel in specimen R8T Both
specimen RB8 and RST8, the experimental average strains at midspan in the interna
longitudinal steel and external CFRP rods were used in the development of tladtrut-
tie forces.

Figure 4.18 illustrates this model which predicts an ultimate load of 204 kip (907
kN) and 206 kip (916 kN) for specimens RB8 and RST8, respectively. Compared to the
respective actual loads of 381 kips (1695 kN) and 375 kips (1668 kN) for specimens RB8
and RSTS, ratios of actual to theoretical ultimate load of 1.9 and 1.8 result, respectivel
A summary of the experimental and theoretical loads produced by the strig-and-t
method can be seen in Table 4.2.

Currently, the strut-and-tie method is allowed for deep beam design by ACI 318-
08, and the control specimen B12 functions as an example of the style of beam that may
be designed according to this provision (ACI Committee 318 2008). Furthermore,
comparing the ratios of actual to theoretical ultimate loads shows thatuharsirtie
model predictions for specimens RB8 (repaired) and RST8 (repaired) are more
conservative than that of specimen B12 (control). Therefore, since therstrtie-anodel
for the repaired specimens produces ultimate load predictions that areanseevative
than that of the control specimen—which is currently able to be designed writit-a st
and-tie model under ACI 318-08 provisions—strut-and-tie models may be an appropriate
method for the design of beams for which the repair system of external pastéens
CFRP rods presented in this research is to be implemented. However, it should be noted
that ACI 318-08 limits the use of strut-and-tie models for design to membéra wi

concrete compressive strength no greater than 6000 psi (41.4 MPa). Since the concrete



55

strength of the specimens tested in this research was 9300 psi (64 MPa), fugtirehres
is needed to determine whether or not strut-and-tie models are appropriagedesign
of all short or deep beams made from high strength concrete, and in particular, high

strength concrete beams rehabilitated with external post-tensioned GfelRRse

4.6.2 Equations Predicting Shear Capacity

In addition to investigating the use of a strut-and-tie model for design, severa
equations from the literature were examined for the prediction of ultimatecdpsity.
One historic equation for the prediction of mean ultimate shear stress waspeeMey
Zsutty (Zsutty 1968; Zsutty 1971). Statistically developed from test datagtiaion
accounted for the contribution of the concrete to shear resistance, but did not account for
internal steel stirrups. Seeking to improve upon the concepts pioneered by Zsudty, Baz
and Kim (1984) developed a mean ultimate shear stress prediction equation accounting
for beam and arch action based on mechanics. Additionally, Bazant and Kim developed
an empirically based function to account for the size effect in reinforcedetencr

Russo and Puleri (1997) further developed the equation developed by Bazant and
Kim to include the contribution of steel shear reinforcement to shear resistaince, a

follows:

v, = 0.83¢x /p + 1.67 \/?pvfyv (4.1)

wherev,, is the mean ultimate shear stress in MPig;the function accounting for size
effect; p is the longitudinal steel reinforcement ratfd; is the concrete compressive
strength in MPap, is the stirrup reinforcement ratio; afig is the yield strength of the

stirrup reinforcement in MPa. The variablés given as:
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x =+/fe+250 /p (g)5 (4.2)

wheref’, is in MPa;d is the effective depth of the section; ani the shear span.
Additionally, the size effect function developed by Bazant and Kim in Eq (4.1) is give

as:

=T = 4.3)

whered,, is the maximum aggregate size (BaZzant and Kim 1984). It should be noted that
the equation developed by Russo and Puleri accounts for arch action, beam action, and
the effect of stirrups, but does not account for external post tensioning. Ng (200%) tried t
overcome this limitation by suggesting the following equation for ultintagarscapacity

based on the work of Bazant and Kim:

v, = (0.835;( o+ 1.67 J)f(_ Py fyv) bd + Ty = (4.4)

whereV, is the ultimate shear capacityjs the width of the beany is the force in the

external post-tensioning at ultimate agéds the rate of change in the internal moment

arm. According to Ng (2005), the additional term in Eq. (4.4) accounts for an inarease i
shear capacity of a beam with external, unbonded prestressing.

Additionally, Ng argues that since Eq. (4.1) was originally standardized base
test data for normally reinforced concrete specimens, there are soraédmsitvhen
extending the equation to beams with prestressing reinforcement. Ng subgest the

absence of additional research to restandardize Eqg. (4.1) for beams witlsgpirggtre
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reinforcement, an equivalent shear spgy, may be used in conjunction with Eq. (4.4)
to produce ultimate shear strength predictions similar to those traditiob#diyned for
normally reinforced concrete beams. According to Ng (2005), a conservatinefoal

the equivalent shear span may be found from

.. = Mpnon—ps_u a

Mps v

whereM,,,,,_,s 4, IS the ultimate moment capacity of a similar beam without prestressing
reinforcement, andd,,, ,, is the ultimate capacity of the beam with external, unbonded
prestressing.

In addition to the equivalent shear span, Ng proposes that the additional term in
Eq. (4.4) accounts for the increase in ultimate shear strength caused by tteeimcrea
arch action from external, unbonded prestressing. Furthermore, the rate of ahttrege

internal moment arm is given by

&2 _ T pr-t (4.6)

dx Aeq”

nl
wherer = k (i) p™? < 1,withk = 0.6,n1 = 1.4, andn2 = —0.2 for beams with

Geq
stirrups angd is the moment arm at the shear span distance from the support (Ng 2005).
The evaluation of Eg. (4.3) for the specimens in this research with an effective
depth of 21.4 in. (544 mm) and a maximum aggregate size of 0.75 in (19 mm) yields a
size effect factor equal to 0.61. It is the authors’ opinion that this factorsresolzerly
conservative estimates of the ultimate shear strength of specimens B12, RB8T&xd R

Furthermore, visual inspection during concrete cylinder tests and the tediegtiofee



58

specimens in this research showed concrete failure progressing througgrégate—

not around the aggregate; this observation is attributed to the high strength cosedete
to construct the beams. Furthermore, the extremely conservative fesulthe use of

Eqg. (4.3) for the specimens in this research suggest that Eq. (4.3) may need to be re-
calibrated for use with high-strength concrete specimens. In the absdndbeftesting
with high strength concrete, the size effect faétof Eq. (4.3) was assumed to be equal
to one.

For the specimens in this research Witk 1, a shear span of 30 in. (762 mm), a
moment arm at a distance of the shear span from the support of 17.6 in (447 mm), and
using the experimental strains measured in the CFRP rods, Eq. (4.1) can be used for
specimen B12 (control) since there is no prestressing involved, and Eq. (4.4) for
specimens RB8 (repaired) and RST8 (repaired) to predict specimen ukimeare
capacity. The predicted capacities of B12 (control), RB8 (repaired), and RpaBd)
were found to be 226 kip (1005 kN), 395 kip (1757 kN), and 400 kip (1779 kN),
respectively. Comparing these theoretical ultimate loads to the expéalraimate
loads results in respective ratios of 1.33, 0.97, and 0.94 for specimens B12 (control), RB8
(repaired), and RST8 (repaired). A summary of the experimental and thddoatitsa
produced by Egns. (4.1), (4.3), and (4.4) can be seen in Table 4.3.

The ratios of theoretical to ultimate loads for specimens RB8 (repaired)Sartl R
(repaired) suggest that Eq. (4.4) may be suitable for predicting the ulShese strength
of beams repaired with the unibody clamp anchors, mechanical stressing dedic
CFRP rods implemented in this research. However, since the ratios dhatesse, the

results are clearly not conservative; subsequently, it is not recommendgd.t@ay) be



59

used for design purposes without, as Ng suggests, further research to projbeaiecal
Eq. (4.4) for beams with prestressed reinforcement. Additionally, the awthibiis
paper recommend that the effects of high strength concrete on size efi@thbe f

examined to recalibrate Eqns. (4.3) and (4.4).

4.7 Conclusions

The experimental results from this research show that two concrete \Wwgms
diagonal cracks (RB8 and RST8) were successfully repaired with untchexdp anchors,

a novel mechanical stressing device, and CFRP rods. Repaired specimens RB8&nd RS
showed a 27% and 25% increase in ultimate strength compared to control specimen B12,
respectively. Additionally, rupture of the post-tensioned CFRP rods occurred at
deflections eight times larger than the AASHTO maximum allowablediefte

indicating a high level of safety regarding serviceability requirememtse $he unibody

clamp anchors, mechanical stressing device, and CFRP rods were sugcessful
implemented for the repair of the specimens in this research, it is recommerided tha
additional research be conducted regarding field application and general use of the
system.

A strut-and-tie model was developed for the repaired concrete beams RB8 and
RST8; the model was found to produce ratios of experimental to theoretical ulthacte |
higher than that of control specimen B12, indicating that a strut-and-tie maglddan
used to design the repair system of clamp anchors and external post-tensiBRebd$-
applied to the specimens in the present research. However, additional reseatbehoul
conducted to determine the suitability of strut-and-tie models in situations Wwigh

strength concrete members are repaired with external post-tensionedeTidBRsS.
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A theoretical expression from the literature originally developed for ithe w
reinforced concrete beams was found to predict the ultimate capacity opdirede
specimens within 6%, but was unconservative. It is suggested that furtfzchdse
conducted to calibrate the equation for use with high strength concrete beams with pos
tensioned external CFRP tendons.

It is recommended that the clamp anchors be studied further to determine their
suitability as a coupling device for CFRP rods. This will facilitateue of the CFRP
rods for post-tensioning applications with typically longer spans than thdse of t
specimens in this research. Furthermore, the implementation of the refen gyshis
paper requires 18” (0.46 m) of free space behind the beam; since access is ot alway
available in the field, mechanical anchorage might be attached to the botface sur
flange bottom, or beam web to allow the beam to be post-tensioned along a portion of the

span or the entire span as required.
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4.9 Notation
a = shear span

a.q = equivalent shear span
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b = beam width

d = depth to longitudinal reinforcement (effective depth)

d, = maximum aggregate size

f'. = concrete compressive strength

fyv = Yield strength of stirrups

jd = moment arm distance at the shear span length

My on—ps o = Ultimate moment capacity of similar beam without prestressing
M, ,, = ultimate moment capacity of beam with prestressing
Ty = force in external post-tensioning at ultimate

I, = ultimate shear capacity

v, = mean ultimate shear stress

p = longitudinal steel reinforcement ratio

p, = stirrup reinforcement ratio
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Table 4.1 —Specimen geometry and reinforcement details

. . . Shear Flexure
Specimen Width Height Length Reinforcement  Reinforcement
B12 10in. 24.in. 9.0 ft ﬁ;’rr(l‘j’plsog?rg 6 - #5 bars
(control) (254 mm) (610 mm) (2.74 m) in. (305 mm) (2 16 mm)
RBS 10in. 24.in. 9.0 ft #itgﬁulr?sma’?) 6 - #5 bars
(repaired) (254 mm) (610 mm) (2.74 m) 8 in. (203 mm) (2 16 mm)

RSTS 10in. 24in. 901t #itfﬁulr?smaT) 6 - #5 bars
(repaired) (254 mm) (610 mm) (2.74 m) 8 in. (203 mm) (2 16 mm)

Table 4.2 — Experimental and strut-and-tie loads at ultimate

Ratio of
Specimen Experimental Theoretical Experimental to
P Ultimate Load  Ultimate Load Theoretical

Ultimate Load

301 kip 180 kip
B12 (control) (1339 kN) (801 kN) 17
, 381 kip 204 kip
RB8 (repaired) (1695 kN) (907 kN) 19
RST8 375 kip 206 kip 1.8

(repaired) (1668 kN) (916 kN)




64

Table 4.3 — Experimental and theoretical equation predicted loads at ultimate

Experimental

Ratio of

Specimen T a Ultimate Theoretical Experimental
P r ed Ultimate Load  to Theoretical
Load .
Ultimate Load
B12 301 kip 226 kip
(control) n/a n/a (1339kN) (1005 kN) 1.33
RB8 42.3 kip 22.7in. 381 kip 395 kip 0.97
(repaired) (188 kN) (578 mm) (1695 kN) (1757 kN) ’
RSTS8 43.4 kip 22.6in. 375 kip 400 kip 0.94
(repaired) (193 kN) (575 mm) (1668 kN) (1779 kN) ‘




Fig. 4.1 —Girder end damay with diagonal cracking
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Fig. 4.3 — Test setup
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Fig. 4.4 — Typical crack pattern

Fig. 4.5 — End view of two level stressing system



Fig. 4.8 — Failed specimen RB8 (repaired)
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Fig. 4.9 — Failed specimen RST8 (repaired)
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Fig. 4.10 — Concrete compressive strain at midspan vs. applied load (to failure)
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Fig. 4.11 — CFRP Bottom rod strain at midspan vs. applied load to failure
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Fig. 4.12 — RB8 CFRP top rod strain at midspan vs. applied load to failure
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Midspan LVDT Deflection (mm)
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Fig. 4.13 — Applied load vs. midspan deflection for specimen B12

(control)
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Fig. 4.14 — Applied load vs. midspan deflection for specimen RBS8 (repaired)
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Midspan LVDT Deflection (mm)
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Fig. 4.15 — Applied load vs. midspan deflection for specimen RST8 (repaired)
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Fig. 4.16 — Applied load vs. midspan deflection for RC specimens loaded to failure
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Fig. 4.18 — Strut-and-tie model for specimens RB8 (repaired) and RST8 (repaired)
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5.1 Abstract

This paper presents research implementing unibody clamp anchors and a simple
mechanical stressing device to post-tension external, unbonded carbon FRP r&ZiSRP)
The repair system was applied to two scaled prestressed concrete d@asanting
damaged bridge girders. Damage consisted of cracked concrete amd seteznal steel
tendons from simulated vehicle collision and/or corrosion. The CFRP rep@imsys
performed well, increasing the ultimate strength and flexural capadite afamaged
beams to meet or exceed the capacity of the control specimen. Additionalhalical
model considering the tendon stress at ultimate and the distribution of intereal\i@as
developed to explore design recommendations for the use of the unibody clamp anchors
and stressing device.

Keywords: CFRP, post-tensioning, prestressed concrete, flexural repaifif, beams

5.2 Introduction

Many bridges in the Unites States have reached the end of their desigwl life a
show signs of ageing and damage such as corrosion of steel reinforcergerdrdaks,
and missing concrete cover. Damage to concrete cover and internal steesgirest
tendons can occur when large vehicles attempt to pass under a bridge without adequate
clearance. Vehicular impact can fracture the concrete, expose thelisteeha
prestressing tendons, and/or sever all or part of the outer steel prestiesdorg. Even
if the tendons are not severed, removal of the protective concrete coverateseahe
corrosion process. Additionally, cracking from overloading or fatigue coulitdéei

corrosion of internal steel prestressing tendons. Damage to internal estedgsing
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tendons decreases flexural capacity, and bridges exhibiting these syngotaichbe in
critical need of replacement, repair, or strengthening.

Typically, girder replacement is expensive, time consuming, and intrusive;
therefore, repair or retrofit is often the preferred option. One system usegdar
applications is external post-tensioning. This repair method not only restonasifle
capacity, but can also mitigate the effects of an increase in seratcanad help with
serviceability considerations such as deflection; thus, external post-tensgaimng
excellent option for repairing concrete bridge girders with damagecimaitsteel
prestressing tendons. Traditionally, external post-tensioning has been enfgdnwith
high-strength steel tendons because of low material cost, materlabdig, and ease of
installation. However, despite its historic use, steel is susceptible to oorrsiiting its
useful lifespan and requiring extensive protection from deicing salt and moisture

The limitations of steel tendons can be overcome in external post-tensioning
applications by the use of fiber reinforced polymer (FRP) materialR.rir&erials are
advantageous because of their corrosion resistance and high specifitistrengt
Additionally, the use of FRP materials is becoming increasinglyctitteaas the price of
FRP composites decreases. Several studies have shown that post-tensioned FRP tendons
can contribute to flexural strength in new construction (Abdel Aziz et al. 2005a&HeH
and Elbadry 2006; Taljsten and Nordin 2007); however, few studies have shown the
usefulness of post-tensioned FRP tendons in flexural repair and retrofiasippkc
(Elrefai et al. 2007). As a result, additional research is required to invedtigat

suitability of post-tensioned FRP tendons for the repair of severe flexurabdam
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Widespread use of FRP tendons in post-tensioning applications has been slow
because of the difficulty in developing a suitable tendon anchor. However, research
conducted at the University of Utah has produced a unibody clamp anchor and
mechanical stressing device for use in post-tensioning carbon fiber ceishfoolymer
(CFRP) rods. The clamp anchors are machined from a single piece of steel, and the
clamping force is provided by high strength bolts. Further research is neetletl\tze
the effectiveness of the complete post-tensioning system consistingGFRfe rods,
unibody clamp anchors, and mechanical stressing device when applied to ggdstres
concrete members.

The research in this paper is concerned with applying CFRP rods, unibody clamp
anchors, and the above-mentioned mechanical stressing device as a complete FRP
strengthening system for the flexural repair of damaged prestressedtedreams. The
specific damage considered during this research was damage resultingfrachwith
vehicles passing underneath a bridge without adequate clearance. Suclcoulzhct
result in severed internal steel prestressing tendons or removal of caou@tand
subsequent corrosion of internal steel prestressing tendons. An illustrativelexd
impact damage observed on an actual prestressed concrete bridge gilesean in
Fig. 5.1.

The paper includes details of testing methods, specimen design and falrication
experimental design, and an analysis of results. Additionally, the method®used f
collecting data during laboratory testing as well as details partgio the performance
and effectiveness of the FRP repair system and its application are prewitéd

specific focus on the performance of the CFRP tendons and their ability to repair
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damaged beams. Finally, an analytical model considering the tendon streissadé ult
and conventional beam theory is presented to explore design recommendations for the

use of the unibody clamp anchors and mechanical stressing device.

5.3 Research Significance

Previous research on using external post-tensioned CFRP tendons for repair of
damaged concrete beams has been limited. This research presents theragi@mof
unibody clamp anchors and a simple mechanical stressing device fopaireofe
prestressed concrete beams with post-tensioned CFRP rods. In addition, the paper
validates equations from the literature for evaluating the ultimatesstifeinbonded post-
tensioned CFRP rods. Furthermore, the CFRP repair system implemented@seiarch
could facilitate the acceptance of CFRP post-tensioning systems in theicoors

industry.

5.4 Experimental Investigation

5.4.1 Specimen Fabrication

Three scaled prestressed concrete (PC) beam specimens were degigned a
fabricated for testing. The three beams (specimens P2, RP1, and RP3 witditating
a specimen to which the repair system was applied) were manufactured ayRbc
certified precast/prestressed concrete company. The precass gieesured 12” (305
mm) wide x 20” (508 mm) tall x 15’ (4.57 m) long, and each prestressed beam had three
% inch (13 mm) 7-wire low-relaxation prestressing steel strands witlitienate strength
of 270 ksi (1862 MPa). Additionally, the prestressed beams had #3 (g 10 mm) stirrups
placed at 12" (305 mm) on center. The location of internal reinforcement cambiea see

Fig. 5.2, and Table 5.1 provides a summary of specimen reinforcement and geometry.
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5.4.2 Experimental Design

All of the beams were tested in the University of Utah Structural Testin
Laboratory. To achieve the simulation of field observed vehicle impact damage, the
beams were subjected to initial damage using a four point loading systemrailic
actuator with a 500 kip (2220 kN) inline load cell and a steel spreader beam were used to
apply a two point load, spaced 30” (762 mm) apart, to the top of the specimens, as seen in
Fig. 5.3. The specimens were tested with an unbraced length of 13’-8” (4.17 m) and had a

depth of 20” (508 mm), producing a shear span to depth ratio (a/d ratio) of 3.35.

5.4.3 Material Properties

The materials used in this research are typical of United Statesuotiostr All
steel reinforcing bars used in the fabrication of the specimens had a nominal tensil
strength of 60 ksi (414 MPa). The CFRP rods used in this research had the following
properties as provided by the manufacturer: rod diameter = 3/8 inch (9.53 mnig, tensi
strength = 27.5 kip (122.3 kN), tensile modulus = 22,500 ksi (155 GPa), and elongation
at break = 1.1%. Additionally, the internal steel prestressing tendons wereléxation
% in. (13 mm) diameter 7-wire strands with a nominal ultimate strength of 27I8B&& (
MPa). Concrete cylinder tests performed at 7 days after castihg sfadam cured
prestressed concrete beams produced a compressive concrete strength ¢48.0 ksi
MPa), and at the time of specimen testing, the concrete had a compressigth sif

10.0 ksi (69 MPa).

5.4.4 Testing Methods

Load testing was carried out in three phases: damage, repair, and faitre. Fir

damage loading was used to introduce flexural cracking which could lead taaectle
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corrosion of internal steel prestressing tendons. Additionally, specimensn@IRP&
underwent further damage with respect to the internal prestressing siestirutate
more severe impact damage. Subsequently, specimens RP1 and RP3 were repaired with

external post-tensioned CFRP rods. Finally, all three specimens were loadiar¢o f

5.4.5 Damage Loading

Damage loading applied to specimens P2 and RP1 consisted of half-cycles in
compression to induce flexural cracking observed in actual prestressed egircets.
The loading was displacement controlled to avoid catastrophic failure and subsequent
loss of the specimens. Displacement half-cycles were applied in incremér@§25 in.
(2.59 mm), with the amplitude of each successive half-cycle increasing by 000625 i
(2.59 mm). In addition, the rate of displacement was held constant at 0.0625 in./min (1.59
mm/min) throughout the test. All specimens were subjected to the same loadinglprotoc
with termination of loading dependent upon the level of visible cracking, deflected shape
data, and applied load versus actuator displacement data. Testing procedupssisene
after each half-cycle to aid in crack inspection, marking, and documentation.

Additionally, extensive damage was inflicted upon specimens RP1 and RP3 to
simulate damage to internal steel prestressing tendons from vehiclendinsl/or
subsequent corrosion. Concrete cover was removed from both specimen RP1 and RP3 to
expose an outer 7-wire steel prestressing strand within the constant monwentNegt,
for specimen RP1, three of the seven wires in this strand were cut—leaving tw@-intac
wire strands and one 4-wire strand. For the damage imposed on specimen RP3, no initial
cracking loads were applied, but all seven wires of an outer steel prestrstsand were

cut, leaving two intact 7-wire strands. These cuts, seen in Fig. 5.4, sidnpdatl or
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complete severing of the exterior tendon on impact in an exterior girder oricorobs

an exterior tendon due to loss of concrete cover and subsequent exposure to the elements.

5.4.6 FRP Repair

After simulating damage to internal steel prestressing tendons imsrecRP1
and RP3, the beams were repaired with external post-tensioned CFRP rods. The unibody
clamp anchors and mechanical stressing device seen in Fig. 5.5 were usedtcentr
the post-tensioning force. Specimens RP1 and RP3 were repaired with two raolis, one
each side of the beam along the beam length at a depth of 15” (381 mm) from the top
compression fiber. The CFRP rods were post-tensioned to a strain of appraoximatel
0.485%, producing a post-tensioning force of 12 kips (53.4 kN) in each rod. The novel
mechanical stressing device implemented in this research consistetéa stjuare HSS
section running perpendicular to the beam length at both ends of the beam. The slots in
the HSS section allow the tendons to pass through the slots such that the unibody clamp
anchors make contact with the back side of the tube. On the stressing end of the beam,
two sleeve nuts are positioned on top and two on the bottom of the HSS section. The
sleeve nuts run parallel with the beam, and tendon stressing occurs when 1.0 in. (25 mm)
diameter bolts are screwed into the sleeve nuts; the bolts react against tlemdeam
moving the HSS section back to stress the tendons. Tightening the stressing Ioolts in a
alternating star pattern ensures the tendons are stressed with comooteatents of

tightening.

5.4.7 Loading To Failure

After repairing specimens RP1 and RP3 with external post-tensioned GE&P r

the specimens were loaded to failure with specimen P2 as the control sp8dmmen
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displacement controlled loading to failure was monotonic at a rate of 0.0625 in./min.
(2.59 mm/min.). Termination of the loading depended on failure of the specimen as
measured by a 20% decrease from the maximum load or failure of the kptstra

tensioning, whichever occurred first.

5.5 Experimental Results

5.5.1 Data Collection Methods

All instrumentation data were collected by an electronic data acqoisigstem at
a sampling rate of two data points per second. Instrumentation consisted of stgais ga
and linear variable differential transformers (LVDTS). All strain gawagelings were
measured in units of microstrain, and all LVDT readings were measured within 0.001 in.

(0.025 mm).

5.5.2 Instrumentation

The specimens were instrumented with three LVDTs—one 54.5” (1.38 m) from
either end and one at midspan—attached to the bottom of the beam during testing in
order to measure the deflected shape under loading. Concrete strain gauegeatpla
69.5” (1.77 m) from each end and at midspan on the top of the beams measured the
compressive strain in the concrete during testing. Additionally, stragegamere placed
on the CFRP rods at midspan to measure the strain in the tendons for specimens RP1 and

RP3.
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5.5.3 Specimen Data Analysis

No anchor slippage was observed in any of the CFRP rods during testing of the
specimens to failure. Furthermore, the lack of slip demonstrates that thesamohoas
designed when applied as a system to post-tension concrete beams.

During testing, specimen P2 (control) failed from concrete compresdivefa
between the loading points on the top of the beam. Specimen RP1 (repaired)dailed fr
rupture of the external CFRP rods, and specimen RP3 (repaired) failed duerébeconc
compressive failure between the loading points. Photos of specimen P2 (corgrol) aft
concrete compressive failure, specimen RP1 (repaired) after ruptureGHFRierods,
and specimen RP3 (repaired) after removal of the unbroken CFRP rods can be seen in
Figs. 5.6-5.8, respectively.

For all three specimens, the highest compressive concrete strain wasdlaser
midspan, as seen in Fig. 5.9, which shows the change in concrete compressive strain a
midspan with the change in applied load when the specimens were loaded to failure. It
can be seen from Fig. 5.9 that specimens P2 and RP3 experienced maximum concrete
strains greater than 0.003, indicating that the concrete failed due to crusteag. Th
numerical data correlate well with the failure mode visually observecmiapns P2
and RP3 and seen in Figs. 5.6 and 5.8, respectively.

An increase in the strain in the CFRP rods in specimen RP1 and RP3 was
observed during testing of the specimens to failure. The initial strain in théoodthe
post-tensioning application was 0.485%. At failure of the external CFRP tendons, the
average maximum strain in the CFRP rods was approximately 0.750% and 0.814% for

specimen RP1 and RP3, respectively. Since the ultimate strain of the rods is 1.1%, the
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most likely explanation for rupture of the rods at lower strains is stressrdoa@ons at a
point other than where the strain gauges were located at midspan. One location of
possible stress concentrations is near the beam ends due to the rotation of the beam ends
at large deflections. The beam end rotation can introduce flexure into the rodshathe
pure tension, resulting in stress concentrations. The change in CFRP rod strain at
midspan with the change in applied load when specimens RP1 and RP3 were loaded to
failure can be seen in Fig. 5.10.

The CFRP repair system was successful—both specimen RP1 and RP3 exhibited
an increase in ultimate capacity due to the application of the CFRP repain sysie
ultimate load for specimens P2 (control), RP1 (repaired), and RP3 (repaietiDavkip
(463 kN), 112 kip (498 kN), and 102 kip (454 kN), respectively. For specimen RP1, the
ultimate load corresponds to an increase of approximately 7.7% in ultimatéty dimsn
the use of external post-tensioned CFRP rods. However, it should be remembered that
specimen RP1 (repaired) had two intact 7-wire strands and one 4-wire strapd\(ties
were cut), whereas specimen P2 (control) had three intact 7-wire stranasofiéie
application of the theoretical capacity of specimen RP1 (repaired) bagbe cut wires
produces an effective increase in ultimate capacity of 20.2% from the userobéxte
post-tensioned CFRP rods. Also, although a third of the prestressing force wasdem
from specimen RP3, the repair with the external post-tensioned CFRP rods produced
load-deflection behavior virtually identical to that of the control specime.idantical
behavior implies an effective increase in ultimate capacity of 29.7% fromehaf us
external post-tensioned CFRP rods. The similarities in the performance iohspe®?2

(control) and RP3 (repaired) can be seen in Fig. 5.11.
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From Fig. 5.11, it can be seen that failure of the CFRP rods for specimen RP1
occurred at a deflection about eight times greater than L/800 (0.21 in. or 5.21 mm), the
maximum allowable design deflection under service live loads for concre¢g br
construction (AASHTO 2009). Therefore, although failure of the post-tensione® CFR
rods was brittle, failure occurred at a deflection much greater than possibtzdoad
deflections. It can also be seen that after failure of the CFRP rods, sp&dthen
(repaired) exhibited a residual strength of approximately 97 kip (431 kN). Bisiat
strength is evidence that complete catastrophic failure of the beam did notloecar
the ductility of the original system. Additionally, it can be concluded from3:idL that
the residual strength in specimen RP1 (repaired) after failure of the &R suggests
that at large deflections specimen RP1 (repaired) would fail simitadgecimen P2
(control)—from concrete compressive failure between the loading points on the bep of t

beam.

5.6 Analytical Investigation

Conventional beam theory can be used to predict the ultimate load of the
specimens tested in this research. The theoretical capacity of contiolep&2 was
calculated to be 73 kip (330 kN). Compared to the actual ultimate load of 104 kip (463
kN), the ratio of the actual to the theoretical ultimate load is 1.42, indicatinthéhat
theoretical prediction is in good agreement with the actual value and the design is
conservative. To determine the theoretical capacity of specimens RPPanth&stress
in the CFRP rods at ultimate must first be determined. Previous research for post
tensioned steel tendons has shown that strain compatibility can be used to aealyze th

external tendons as if they were bonded and then apply a strain reduction factor to
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account for the tendons actually being unbonded (Naaman et al. 1991). This method of
using a strain reduction factor was subsequently suggested that it could betagpRéd
tendons as well (Naaman et al. 2002; ACI Committee 440 2004). Therefore, Eqg. (5.1) can
be used to determine the stress at ultimate in the external, unbonded postdebEiRRe

rods used in this research

d
fo_crrp = fpe_crrp + QuEcFrpEcy ( CCFuRP - 1) (5.1)

wherec, is the depth to the neutral axis at ultimatg;p is the depth to the CFRP rods,
15” (381 mm);E.rgp is the modulus of elasticity of the CFRP rods, 22,500 ksi (155
GPa);f, crrp s the stress in the CFRP rods at ultimgtecrgp is the effective
prestress in the CFRP rods, 109 ksi (752 MRg)is the strain reduction factor; ang,
is the failure strain of concrete in compression, 0.003.

Suggested values for the strain reduction factor depend on the type of loading.
The research presented in this paper is best described as center point loadihg since
distance between loading points on the top of the beams was only 30” (762 mm)
compared to an unbraced length of 13’-8” (4.17 m). Hence, for the specimens in the
current research Eq. (5.2), which has been standardized such that the predicted value is
likely to be smaller than the experimental result, was used to calculateasihe st

reduction factor

1.5
0, =
U L/dcrre

(5.2)
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wherelL is the unbraced length of the beam, 13’-8” (4.17 m). The use of Eq. (5.2) results
in a strain reduction factor of 0.137. Additionally, appropriate valueg o&n be
calculated from the following equation

__ —B+VB2—4AC

y (5.3)
2A

where
A= 0.85f.bb;;
B = Acrrp (ECFRpfchu - fpe_CFRP) — Asfy — Apsfps; and

C = —AcrrpEcrrpEculudcrrp

In the above expressiond;qrp IS the area the of post-tensioned CFRP rods, 0.22
in® (142 mmi); A, is the area of internal steel prestressing stratdis the area of
tensile mild steel reinforcement, 0.62 (400 mn3); b is the beam width, 12" (305 mm);
f'c is the compressive strength of the concrete, 10.0 ksi (69 ¥Rd3;the prestressing
force in the internal steel strands, 243 ksi (1.68 GRay, the yield stress of the mild
steel reinforcement, 60 ksi (414 MPa); @hds 0.65. The use of Eq. (5.3) producgs
values of 2.00” (50.9 mm) and 1.72” (43.7 mm) for specimens RP1 and RP3,
respectively. The resulting CFRP rod ultimate stresses predicted (. Edgare 169 ksi
(1167 MPa) for specimen RP1 and 181 ksi (1245 MPa) for specimen RP3. These values
of theoretical ultimate CFRP rod stress compared to values of measuredeuGiaiP
rod stress (from strain gauges on the rods) result in errors of 0.27% and 1.4% for

specimens RP1 and RP3, respectively. Thus, Eg. (5.1) has excellent prediction gapabilit
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Furthermore, conventional beam theory leads to the following equation for

ultimate moment capacity

a

M, = Apsfps (dps - %) + Asfy (d - %) + ACFRpr_CFRP (dCFRP - E) (5.4)

whereM,, is the ultimate moment capacityjs the depth of the equivalent compression
block equal tg3,c,; andd is the depth to the mild steel reinforcement, 15” (381 mm).
Next, from the ultimate moment capacity, the ultimate I&adcan be found from the

following equation

2My,

U~ 05(L-s) (5.5)

wheres is the spacing between load points on the top of the beam, 30” (762 mm), as
shown in Fig. 5.3.

Key values used in calculating the theoretical ultimate load from Eq. (' %eca
seen in Table 5.2, and the use of Eg. (5.5) results in theoretical ultimatéieapd@3
kip (371 kN) for RP1 and 73 kip (330 kN) for RP3. Consequently, the corresponding
ratios of actual to theoretical ultimate load are 1.36 and 1.39 for specimens RPR3and R
respectively. Similar to the ratio of 1.42 found for control specimen P2, these ratios show
that the theoretical ultimate loads are in good agreement with the actsairatea
ultimate loads, and that the design is conservative. A summary of the expaliameht
theoretical ultimate loads are given in Table 4.2. Furthermore, the ratiotuaf to
theoretical ultimate load and the percent error between the actual aretida¢stress in
the CFRP rods at ultimate indicate that Eq. (5.1) and Eqg. (5.2) are appropriate for

predicting the stress in the CFRP rods at ultimate when calculating tnettbal
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ultimate capacity of prestressed concrete members repaired with tim@ ®fsinibody

clamp anchors, mechanical stressing device, and CFRP rods used in the cuamssit.rese

5.7 Conclusions

Based upon the experiments carried out in this research, it can be concluded that
specimens RP1 and RP3 were successfully repaired using an external gostrign
system consisting of CFRP rods, unibody clamp anchors, and a mecharssatgtre
device. Repaired specimens RP1 and RP3 showed an effective increase in ultimate
strength of 20.2% and 29.7%, respectively. This increase in ultimate strengtkiofespe
RP1 (repaired) compared to specimen P2 (control) and the similar performance of
specimen P2 (control) and RP3 (repaired) demonstrate that external puosteieiS-FRP
rods are able to compensate for partial or complete removal of a presitession.
Moreover, it was found that although the repaired specimen RP1 failed as a result
of rupture of the external post-tensioned CFRP rods, the rupture occurred at deflections
much greater than those expected from service loads. Additionally, residuatycaze
present after CFRP rod rupture. This is significant in that catastrophic bz disd
not occur even though the CFRP rods failed in tension.
It was found that theoretical expressions from the literature may becupestict
the stress at ultimate in the CFRP tendons used in this research as well @sdbe ul
capacity of the beams. As demonstrated by this successful research, postAgns
CFRP rods using unibody clamp anchors and a mechanical stressing devidbles fizas
the repair of concrete beams with severe damage to internal steel pregtesdons; it
is recommended that further studies be carried out to assess the possitikty f

application of the system and to assess the suitability of the repair systgendéoal use.
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It is also recommended that further studies be carried out to determine the
suitability of the anchors for use as a coupling device with the CFRP rodsuddesstul
implementation of the anchors and CFRP rods in this research strongly sulggette
anchors could potentially be used to join two sections of CFRP rod, facilitating post-
tensioning of longer spans that are typical of actual bridges.

Although the repair system investigated in this paper was successful, iesequi
access to the end of beams which is not always available in field applicatiorsvedpw
for use of the CFRP repair system implemented in this research, only 18” (0.46re®) of f
space is required behind the beams. In the challenging situation where absolutely no end
access is available, or the length of end access is less than the minimurstetmecsyld
be attached to the bottom surface or web area near the beam ends with mechanical
anchorage. This solution would allow the system studied in this research to past-tensi

essentially the entire length of the beam without requiring any beam ersd.acce
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5.9 Notation
Acrgrp = area of post-tensioned CFRP rods

Aps = area of internal steel prestressing strands
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A, = area of tensile mild steel reinforcement

a = depth of equivalent compression block

¢, = depth to neutral axis at ultimate

d = depth of mild steel reinforcement

dcrrp = depth to CFRP rods

Ecrrp = modulus of elasticity of CFRP rods

f'. = compressive strength of concrete

fp_crrp = stress in CFRP rods at ultimate

fre_ crrp = €ffective prestress in CFRP rods

fps = prestressing force in internal steel strands

fy = yield stress of mild steel reinforcement

L = unbraced length of beam

M,, = ultimate moment capacity

s = spacing between load points on top of the beam
B, = factor relating depth of equivalent compression block to depth of neutral axis
&, = failure strain of concrete in compression

Q,, = strain reduction factor
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Table 5.1 — Specimen geometry and reinforcement details

Width Height Length Shear Reinforcement Flexure Reinforcement
127 20" 15 #3 (2 10mm) stirrups at 3-%in. (13 mm)
(305 mm) (508 mm) (4.57 m) 12” (305 mm) 7 wire tendons

Table 5.2 — Data for calculation of theoretical values at ultimate

Specimen fo_crrp Cy Aps a M,
RP1 (repaired) 169 ksi 2.00” 0.393 in” 1.30” 231 kip-ft
P (1167 MPa) (50.9 mm) (254 mm?) (33.12 mm) (313 kN-m)
181 ksi 1.72” 0.306 in” 1.12” 205 kip-ft

PR3 (repaired) (1245 MPa)  (43.7 mm) (197 mm?) (28.4mm) (278 kN-m)

Table 5.3 — Experimental and theoretical ultimate loads

Ratio of
Specimen Experimental Theoretical Experimental to
P Ultimate Load  Ultimate Load Theoretical

Ultimate Load

104 kip 73 kip
P2 (control) (463 kN) (330 kN) 1.42

: 112 kip 83 kip
RP1 (repaired) (498 kN) (371 kN) 1.36
PR3 (repaired) 102 kip 73 kip 1.39

(454 kN) (330 kN)
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Fig. 5.3 — Test setup

Fig. 5.4 — Damaged outer steel tendon in specimen RP1 (top) and RP3 (bottom)
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96



97

Applied Load (kN)
0 89 178 267 356 445 534

0.004

RP3 (repaired)

0.003 a

0.002
P2 (control) <

//
/

P

Concrete Compressive Strain

0.001 ~ ,\
// RP1 (repaired)
0
0 20 40 60 80 100 120

Applied Load (kip)

Fig. 5.9 — Concrete compressive strain at midspan vs. applied load (to failure)
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Fig. 5.10 — CFRP rod strain at midspan vs. applied load (to failure)
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The research presented in this dissertation has resulted in the following
accomplishments. First, a unibody clamp anchor was developed to demonstrate that a
simple and economical anchor can be used to control slip and achieve effective post-
tensioning of CFRP rods. Second, a novel mechanical stressing devicevelapeid to
reduce the required space behind a member during the post-tensioning process.
Furthermore, the mechanical stressing device functions with a singleraidhe
stressing end—as opposed to the current two anchor requirement. Lastly, equations a
methods in the literature were assessed to determine their applidabitieyspecimens
considered in this research. An examination of the abovementioned achievements
detailed in Chapters 3-5 results in several observations:

1) The unibody clamp anchors developed in this research employ a simple geometry
absent of complicated wedges, bevels, and multiple pieces, resulting in an anchor
that requires less machining as compared to previously developed anchors
discussed in the literature.

2) With an anchor efficiency of 84% (when compared to the rod manufacturer
specified ultimate tensile capacity), the generation IV anchoompeeld the best

out of the four generations considered in this research.
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3) The inclusion of extra anchor length in the generation IV design contsbitesh
concentrations, as evidenced by the 37% reduction in contact pressure between
the steel anchor and CFRP rod at the lead edge.

4) The tapered outer slot included in the generation IV anchor allowed for an
increase in the clamping force as compared to other generations bécause i
prevented the edges of the outer slot from touching.

5) The novel mechanical stressing device allowed the repair system in thisgaper t
be implemented in laboratory testing with a single unibody clamp anchu at t
stressing end and a minimum requirement of 18” (0.46 m) of free space behind
the beam—a space requirement much less than the prerequisite for current
hydraulic jacking procedures.

6) As evidenced by the respective 27% and 25% increase in ultimate strength as
compared to control specimen B12, the diagonal shear cracking damage imposed
upon specimens RB8 and RST8 was successfully repaired with the unibody clamp
anchors, mechanical stressing device, and CFRP rods implemented in this study.

7) Repaired specimens RP1 and RP3 showed an effective increase in ultimate
strength of 20.2% and 29.7% as compared to control specimen P2, respectively.
This increase in ultimate strength is evidence that external posttiedSCFRP
rods were able to compensate for partial or complete removal of a prestressing
tendon.

8) Rupture of the post-tensioned CFRP rods applied to damaged laboratory

specimens RB8, RST8, RP1, and RP3 occurred at deflections eight times larger
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than the AASHTO maximum allowable deflection, indicating a high level of
safety regarding serviceability requirements.

9) Residual capacity was present after CFRP rod rupture for specimens REB, RST
RP1, and RP3. This is significant in that catastrophic beam failure did not occur
even though the CFRP rods failed in tension.

10)A strut-and-tie model produced higher ratios of experimental to theoretical
ultimate load for repaired specimens RB8 and RST8 than control specimen B12,
signifying that a strut-and-tie model may be used to design the reptnsy
considered in this research when it is to be applied to structural members with
similar characteristics as the shear controlled specimens ezdglothis
research.

11)Equation (4.4) from the literature which was originally developed for use with
reinforced concrete beams was found to predict the ultimate capacity inédepa
specimens RB8 and RST8 within 6%, but was unconservative. Therefore, it is
suggested that further research be conducted to calibrate the equation fith use w
high strength concrete beams with post-tensioned external CFRP tendons.

12)The theoretical expression from the literature found in Eqg. (5.1) may be used to
predict the stress at ultimate in the CFRP tendons used in this researchaass well

the ultimate capacity of repaired specimens RP1 and RP3.



CHAPTER 7

FUTURE CONSIDERATIONS

This research represents a successful study on a limited set of laboratory
specimens. Furthermore, the results from the finite element analybiasa@ on
assumptions of simple bilinear stress-strain behavior of the steel ancddroial
analysis is required to verify the results of the simple model and optimizesige dé
the unibody clamp anchor. Although an anchor efficiency of 84% was observed with the
generation IV anchor, it is recommended that additional studies be conductedhta reac
design providing 95% efficiency. This is not to say that anchors providing a lesser
efficiency are not useful; however, an increase in efficiency econsitiizause of
advanced composite materials such as CFRP rods in the construction industry.

To accomplish unibody anchor optimization, it is suggested that variables such as
anchor thickness and length be explored. The effects of varying the applied torque t
each bolt in the anchor should also be investigated. It is possible that the edfeica of
length at the lead end of the anchor may be replicated by simply reducitogaie
applied to the lead bolt, resulting in a shorter anchor. This exploration is esseatsl a
reduction in anchor length would be beneficial for repair applications wheresasqusce
is limited. Future design iterations should ensure that anchor slip does not odeur whi
minimizing anchor length. Additionally, corrosion of the unibody anchor must be

considered with an investigation into stainless steel or other corrosioamesnstterials.
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In addition to optimizing the unibody anchor design, future research should
implement the unibody clamp anchors and mechanical stressing device in field
applications. This would verify the efficacy of the repair system in the: &ielwell as in
the laboratory. Other applications of the unibody clamp anchors appropriate tier furt
study include the use of the anchors as a coupling device for the CFRP rods. The
successful implementation of the anchors and CFRP rods in this research shggests
the anchors could potentially be used to join two sections of CFRP rod, facilitating post-
tensioning of longer spans typical of actual bridges.

With respect to design methods, additional studies should be conducted to
determine the suitability of strut-and-tie models in situations where trigygsh
concrete members are repaired with external post-tensioned CFRP tendons.

Lastly, although the repair system investigated in this paper was sut,ciessf
requires access to the end of beams which is not always available in fieddiaqppus.
Although the minimum requirement for free space behind the beams was reduced to only
18” (0.46 m), in some field applications such access may not be available. In the
challenging situation where absolutely no end access is available, or tlredeagt
access is less than the minimum, the system could be attached to the bottoenosurfac
web area near the beam ends with mechanical anchorage. This solution would allow the
repair system developed in this research to post-tension essentially tbéesafin of the

beam without requiring any beam end access.



