ABSTRACT

LIN, SHENGHSUAN. Analysis and Design of Deteriorated Prestressed Concrete Bridge Beams
in Flexure and Shear Repaired with Prestressed Mecharktgned FibeReinforced
Polymer (Under the directionf Dr. Rudolf Seracing.

Built in the1960s, prestressed concrf€) C-channel bridges having beensarvice for
more than 40 years. These bridge structures are deteriorating due to corrosion of the prestressing
strands, overloattaffic, and natural agingvhich has raised concerns for state departments of
transportation (DOTSs). The deteriorateeciannel beamlose theirflexural capacity violating
the load limits defined by the American Association &iate Highway and Transportation
Officials (AASHTO). The flexural MFFRP repair systemreviously developegrovides state
DOTs with a solution taemoveloadposting or reopen closed deteriorated PC bridges. The
flexural MFFRP repair system has been sssfully tested on six-Channel beams and five cored
slals and implemented on an-$ervice deteriorated-€hannel bridge as a demonstration. The
long-term behavioof the MFFRPsystem including sustained load and fatigue effectsetaso
been studiedA layeredsectioral analysis approacfLSA) wasshownto give a good prediction
of the flexural behavioof repaired cored slabHowever, deterioran at the end region of -C
channel beaswas observed este, which may affect the sheaapacity, and which has not been
considered previouslyThe current flexural MFFRP repair system is designed for flexural
deterioratioronly. Thereforea shear strengthening system needs to be considered to address the
beam deteriorationbserved in endegions The LSA approachmeeds tdoe modified to consider
the uniqueeffects ofrepaired Cchannel beams-ield application oranin-service deteriorated PC
bridgeto provideadditionaldata to support the use of the repair sysiemlso desirableThis
research aims tdevelop aranalytical procedure to model thdl behavior ofrepaired Gchannel

beams, design a shear strengthening systeaddeesshe sheadeteriorationobserved, conduct



full-scale tests to validate the shestrengthening desigrand implementthe developed
flexural/sheaMF-FRP repair system on another deterioratezh@nnel bridgeA comprehensive
layeredsectional analysis approagbas developedonsideing the secondorder effecs on the
flexural MFFRP sygem to predict the member behavibhe modified LSA approach was able
to give a good prediin of theflexural behavior ofepaired Gchannel beasand obtain a flexural
capacity witln 5% of the experimental result®\ shear strengthening plate was dgsd to
integratewith the original flexural MH-RP repair system. Seven testreconducted on four C
channel beams to study the member shear behavior using the proposed flexundiFsR&d?
repair systemThe shear behavior of the deterioratedi@nné beams was quantified through
experiments and the use of shear strengtheningsglairoves the shear behavior of shear
deteriorated &&hannel beam Finally, a field repair application using tltesignedMF-FRP
system was conducted on arsirvice deteorated Gchannel bridgealong with instrumentation
to enabldong-term monitoringThe repair system remains in good condition df&angin-service
for more than7 months and the repair system is stable based on the results of titerfang

monitoring.
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CHAPTER 1: INTRODUCTION

1.1.Background
Prestressed concrete (PGrRannebeams and cored slabs are among the standard shapes
and forms of bridge structures commonly used thg North Carolina Department of
Transportation (NCDOT) and across the United States since the 1960s. éngcaHservice for
more than 40 years, these bridge structures are deteriorating due to corrosion of the prestressing
strands, overloaded traffic, and natural aging, which has raised concerns for state DOTSs. Figure
1.1 shows examples of PC deterioratedh@nnel bridge beams. Corrosion of prestressing strand
is one of the common factors that causes bridge deterioration and reduces bridge capacity. The
reduced capacity usually violates the load limits defined by the American Association for State
Highway aml Transportation Officials (AASHTO). State¥s then face three situations:
replacement, loagosting, or closure. Replacement is the most effective way to solve the problem;
however, it requires significant time and budget to start the work. Therefaepdsting or
closure have become a common solution for such deteriorated bridges. Of thecB6aAnél
bridges across North Carolina, 226 bridges are-fmesied or closed due to deterioration (NCDOT
BMS, 2018). An immediate retrofit action needs to besadered to prevent the deterioration from
getting worse, or to reopen bridges, which can minimize the inconvenience to the community.
The purpose of the retrofit is to restore the deteriorated bridge inventory or operating load
rating. The inventory rating is defined such that no incremental damage initiates in an indefinite
amount of time under routine traffic. In this research, a tesile stress limit in the concrete is
applied to avoid cracking. This stress limit is based omtiggesstudied located in coastal asea
and provided a conservative prediction for the inventory limit. The operating rating allows small

incremental dange to occur under infrequent but heaxtiganroutine traffic. It is considered by



the maximum permissible live load moment that the bridge may be subjected to, and is related to
the beam length and types of vehicles. Typical strengthening methods domota ve t he br i
original inventory and operating limits according to AASHTO. The retrofit application needs to
restore the prestress losses so that the bridge can at least achieve the original design inventory and
operating limit. Figure 1.2 presents glustrative momentieflection response of an undamaged

and damaged typical PC-channel beams with the AASTHO load rating limits identified. The
damaged condition assugthe bottonstrand at each stem lost their crgsstion due to corrosion,

which is one of the worst damaged conditsoobservedon-site. As shown in Figure 1.2, the
original inventory limit is located in the elastic region fbe undamaged beam. However, the
original inventory limit intersects at the transitiinthenonlinear region fothe damaged beam.
Furthermore, a significant difference is observed for the operating limit. It intersects at a point just
beyond the elastic region for an undamaged beam, but at a more significdineaoevel for a

damaged beanThis illustrates the need to provide a retrofit system that can restore the prestress

losses.

“ | ;_i_—
(a) Bridge No. 910180 (b) Bridge No. 340080
Figure 1.1: Examples of deteriorated prestressed concrethabnebridge beams.
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Figure 1.2: Momentdeflection response of undamaged and damaged prestressed concrete

bridge beams with AASHTO limits.

McCoy (2019) designed a retrofit solution using a prestressed mechanically fastened fiber
reinforced polymef{MF-FRP) system, and Bourara (2019) studied the-teng behavior of the
MF-FRP system. Both studies explored the effectiveness of the solution to remove or improve the
load-posting and extend the time needed to schedule a replacement. The FRP platghised
research is shown in Figure 1.3 with a tensile strength and modulus of 123.6 ksi and 9020 ksi
(Strongwel] 2016), respectively. It is composed of carbon fiber tows sandwiched between multiple
layers of glass fiber mats and roving. The stiffness lagating strength of the FRP plate is
increased by carbon fiber tows and multiple glass fiber layers, respectively, which allow the

material to be mechanically attached or fastened to a structural member.



(a) MF-FRP plate

CONTINUOUS STRAND GLASS MAT

TOP & BOTTOM

POLYESTER SURFACING
VEIL - PERIMETER

CARBON TOWS & FIBERGLASS ROVINGS
VINYL ESTER RESIN

(b) Crosssection of the MHRP plate (adapted from Strongwill, 2016)
Figure 1.3: MF-FRP plate.

The retrofit design is aimed to utilize the strengthening material and minimize the labor
effort for the installation. Figure 1.4 presents the prestresseBRFFrérofit system designed by
McCoy (2019) to retrofit the deteriorated PC beams used in this research. A single prestressed
MF-FRP system was designed to replace one fully ruptured prestressing strand. A turnbuckle
system was applied in the retrofit systemptestress the MIFRP plate in the field. With the
proposed retrofit system, the repair can be applied in a short period of time once the design plan is

made and the required materials are ready.



Turnbuckle system

FRP connector plate FRP connector plate Turnbuckle plate /

(a) Elements of the MFRP retrofit system

om |

(b) Elevation view of a repaired-€hannel beam (inside view of on stem shown)

|/

1— Fixed Plate

(c) Dead and liveend crosssection detail
Figure 1.4: Prestressed MFRP retrofit system.

1.2.Motivation and Research Significance

The number of deteriorated¢hannel bridges built prior to the 1970s that have met their
expected service life is a big concern $mate DOTs. The North Carolina Bridge Management
System (NCDOT BMS, 2018) shows that around 85% of total 268aDnel briges in North
Carolina are deteriorated aaceload postedLoad posted oclosedbridges due to deterioration
result in an average detour length of 7.8 and 7.5 mi. for single ve{8al¢ and truck tractor semi
trailers (TTST), respectively. The vehicleperating cost (VOC) for industriexffected bythe
detourincreases due to the larger travel distance and @aealline et al. (2015) showed that the

VOC is $2.59 per mi. for vehicles greater than 26,tand $1.86 per mi. for vehicles less than 26



tons. It can be said thah average, the VOC increasesiidy+20 each wayln addition detous

affect theresponse time @mergency services and public transportation. For emergency services,
time is the crical factor directly impaahg people olinfrastructure The fastetheservice arrivs,

the more care saval. However, theaveragaesponse time of emergency services inciehge

around 9 and 12 minutes for pumper trucks and aerial ladder trucks tresdgeEor thereasons
mentioned above, a rapid retrofit system needs to be considered to extend the service life and
minimize the inconvenience of detours and closure to the local community until replacement can
be scheduled. However, theexural MFFRP repair systempreviously developedequires
additional experimental and analytical research and field applications to better understand the
behavior and demonstrats efficiency.

This research provides additional works to expand the experimental skatabd fill
knowledge gaps under the foundation built by McCoy (2019) and Bourara (2019). Bourara (2019)
showed that the LSA approach could give a good prediction for retrofitted PC cored slabs.
However, it is necessary to develop the methodology for tire complex case of repaired PE C
channel beams to predict the flexural capacity and full mowtisptacement response, and
validate the experimental results. Although prestressing strand corrosion, resulting in loss of cross
section and prestress forceeathe most common flexural deterioration observeedsitm
deterioration at the end regions of P&€laannel beams was observed in some bridges (Figure 1.5),
with the possibility to affect the beam shear capacity. The shear behavior at the end region of
deteriorated PC &€hannel beams needs to be studied througftséalle experiments by creating
similar deterioration observed -@ite. Therefore, a field application and letegm monitoring
needs to be considered to provide evidence of the retrofit systeampance and benefits applied

on an inservice deteriorated bridge.



Figure 1L.5: Shear deterioration obseriiaobz(r-channél bearh end region.
1.3 Thesis Layout
The goal of this research is to fill the knowledgegfagm the previous studies addvelop
the MFFRP repair systerfor PC C-channel beams with flexural and shear deterioration. To
achieve theegoak, severatasks were completed, as presented in the following

1 Chapter 2contains a review oéxisting literature on prestressed FRP systems, the
behavior of unbonded tendons, and shear strengthening using both FRP and steel plates.
This is used to identify the knowledge gaps of the current research.

1 Chapter 3presents the analytical modeling ofcGannel beamsetrofitted with the
prestressed MIFRP plate system. The predicted results are then compared with the
experimental results of McCoy (2019) using the current retrofit design.

1 Chapter 4 illustrates the futicale experimental program to inugate the shear
behavior and capacity of beams with deteriorated end regions. -TharDel beams
used in the fullscale experiments here are obtained from the sawcteanel bridge
tested by McCoy (2019). The additional experiments help obtain missenfraiat the

full-scale flexural tests and improve the analytical predictions.



1 Chapter 5 shows the field retrofit of andarvice deteriorated-€hannel bridge in
North Carolina. The concept of the retrofit design, strengthening procedure, and
available rsults of the longerm monitoring are included in this chapter. In addition,
a costbenefit assessment of the retrofit system is also discussed.
1 Chapter 6 summarizes the conclusions of this research, and includes recommendations
for future work.
Supplementary matials related to the research are presented in an Appendix, including the

required materials, equipment, and detailed procedunstall the repair.



CHAPTER 2: LITERATURE REVIEW

This chapter presents a summary of the literature review conducted for this reSharch.
chapter starts with a review of the previous-MRP studies and addresses the knowledge gaps
from them, mainly focusing on prestressdernally bondedRP systems,rpstressed concrete
members with unbonded tendons, and shear strengthening of concrete beams. The literature review
related to the design and leterm behavior of théexural MF-FRP retrofit system used in this
research can be found in McCoy (2019) amdiara (2019).
2.1.Review of Previous MFFRP Studies

As mentioned in Chapter 1, McCoy (2019) developed a system using the prestressed MF
FRP plate to retrofit the deteriorated P&l@nnel beams followed by the leteym behavior of
the MRFRP system by 8urara (2019)The MRFRP repair concept uses bolts to connect the FRP
system to the concrete. The FRP plate is mechanically fastened with bolts to a pinned connection
attached to a fixed anchor plate, which is ultimately bolted to the concrete s&ébgdd~FRP
plate is mechanically fastened with al@@t pattern based on a series of srsallle experiments
that studied the bolt size, spacing, numbers, and patterns from McCoy et al. (2019) to understand
the failure mode and maximiagilization of the tensile capacity. Figure 2.1 shows the-load
displacement response of the designed 22 bolt pattern using 0.5 in. diamsteesudlling in an
average tensile capacity of 46.4 kips. The pinned connection was designed to avoid the
develpment of inplane moment at both ends of the fixed anchor plates and keep HW¥RRIF
plate in a state of uraxial tension while the PC beam deflects, shown in Figure 2.2. The design

prestress FRP force can be achieved by rotating the turnbuckle bodievstandard wrench.
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Figure 2.1: Load-displacement response of designed 0.5 in. diameter 22 bolts pattern (McCoy,
2019).

(a) Deadend of the M-FRP (b) Lhend of the MAFRP
Figure 2.2: MF-FRP end connection (adapted from McCoy, 2019)

The longterm behavior studied by Bourara (2019) showed that théRIF cyclic fatigue
behavior can be improved by applying different clamping stress by the fasteners. Sustained loading
on MFFRP specimens showed that creep initiates in the early stagespadstressing and
becomes stable after about 14 days. Specimens were subjected to sustained loading in two groups
for 6 and 30 months at which time they were tested to quantify the residual capacity. Figures 2.3

shows the measured creep over time ferQtb in. diameter 22 bolt pattern. The measured creep
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value from the creep specimens remained in stable till the specimens were extracted and no
significant damage was observed on the FPR plates except for the minor longitudinal cracks on
the first two otthree rows of FRP bolts. Specimens fastened with 0.5 in. diameter bolts experienced

an average of 0.07 in. of creep displacements with minor variation. The creep effect resulted in the
loss of prestress force on the FRP plate after loading for 30 monthsvas found to be

approximately 2 kips, which is 9.1% of the 22 kips of prestressing force.
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Figure 2.3: Measured creep over time of 0.5 in. diameter 22 bolts pattern (Bourara, 2019).

Figure 2.4 shows the residual capacity of the-IMEP plate tested &ft 6 and 30 months
of sustained loading of the 0.5 in. diameter 22 bolt pattern. As can be seen in Figure 2.4, the gray
lines are the test results specimens without being subjected to sustained Hael.coloed
dastedlines are theesults forspecimensfter beindoaded for 6 months, and the solid color lines
represent theesults ofspecimengollowing 30 months of sustained loading. The result shows that
slightly different behaviors were observetithe early stageof the loaddisplacement cunse
between the specimens with and withoutghstained loadingepresentinghe DBL22 and X

groups, respectively. The reaskon the flat plateau of theustained loadpecimenss the creep
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displacements. The FRP bolts could only dtedring on the FRP plate after accommodattireg
creep displacement; however, no creep displacemenpressnted in the originapecimens.
Since there was no substantial difference betweenesponse aftérand 30 monthef sustained
loading, specimenexperienced a similar loatisplacement behavior at the early loading stage.
As for the ultimate capacity, specimens achieardverage ultimate loadarrying capacity of
45.8 and 49.8 kips fahe specimens tested afeand 30 months, respectivelyhd results show

that the ultimate tensile capacity is magativelyaffected bylong periods of sustained loading
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Figure 2.4: Residual capacity aftérand 30 months of sustained loading (Bourara, 2019).
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The effectiveness of the MFRP repair system applied on the P&@annel beams and
the cored slabs was proved by the experiments conducted by McCoy (2019) and Bourara (2019).
As can be seen in Rige 2.5, the prestressed NARP plate retrofit system significantly improved
the flexural capacity and ductility of the fitdtale specimens for both deteriorated R€nh@nnel
beams and cored slabs. The results presented in Figure 2.5(a) showed tlomatieteZchannel
beam repaired with the MFRP system (MAFFRPRD2) increased its flexural capacity compared
to the damaged control beam by about 28%. Besides, the retrofit was efficient asFERPDE2
specimenachieved 88% of the flexural capacity of thedamaged control specimen. Similar
behavior was observed on the repaired cored slab experiments, shown in Figure 2.5(b). The
deteriorated cored slab with two fully lost strands with theRRP repair system achieved a load
carrying capacity 4% higher théime original undamaged specimen. As for the specimen with four
fully lost strands, the MHFRP system restored the ultimate capacity to around 95% of the
undamaged specimen. With the MRP repair system applied on both deteriorated RGaDnel
beams andored slabs, all specimens experienced a longer elastic portion and reached a smaller

deflection at the AASHTO operating load limit.
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A layered section analysis (LSA) approach and first moment of area theorem presented by
Bourara (2019) showed that good predictions of flexural capacity andi&fbettion response for
repaired and unrepaired cored slabs could be obtained, shown in Figure 2.6. The prediction
captured the general behavior well, especially at the transition region of linear and nonlinear
portions where the operating limit is located. This is the mostalrtegion that state DOTs care
about to identify the behavior of the bridge. Therefore, the same response needs to be generated

for repaired and unrepairedcdbannel beams and compared to the experimental results.

100 —

Load (kips)

——D-S1 experimental
---- D-S1 prediction

-2 2 4 6 8 10 12
Deflection (in.)

Figure 2.6: Comparison of analytical pdiction to experimental result (adapted from Bourara,
2019).

Besides the flexural deterioration, the shear deterioration at thregiweh of the Gchannel
beam was observed @ite with the concrete spalling and exposed prestressing strands. The shear
capacity of the shear deteriorated beam needs to be quantified. An additional shear strengthening
application also needs to be considered and developed to increase thegsbedrerapacity.

In April 2019, a prestressed MRP retrofit system was installed by the North Carolina

State University research team and an NCDOT maintenance crew on a deteriorated bridge located
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in Franklin County, North Carolina, as a field demonstration. The P¢hainel bridge
experienced concrete spalling and flexural ciragltrom the previous patch repair. The system

was only applied to one stem of a deteriorated beam and did not serve as a completed retrofit
application. This field demonstration was the first leggpion installed on an kservice
deteriorated bridge using the proposed retrofit method. The repair system remains in good
condition, and no damage was observed after behsgrvice for more than two years. Through

this field demonstration, the repaystem proved that the rapid installation could be done with
simple tools, minimal skill, and a small group of people. Asdiog-termmonitoringof the system
condition, splitting cracks in the FRP or concrete, bearing of the bolts, and FRP prestess lo

can be monitored easily using simple tools or witness marks provided during installation.

2.2 Prestressed FRP Systems

Of the existing retrofit solutions applied to deteriorated prestressed concrete members, only
external prestressed retrofit metha@iae considered herein. Tan and Tjandra (2007) presented a
retrofit solution using addition external prestressed steel strands to restore prestressed losses.
However, prestressing strand corrosion on prestressed concrete bridges is among the common
forms d deterioration such that externally prestressed steel strands are an undesired method.
Besides, the application of prestressed external strands requires a hydraulic jack to apply the
prestress force, involving complicated equipment and additional labor.

FRP is considered a desired material for bridge repairs and strengthening due to its
corrosion resistance. FRP systems such as externally bonded (EB), mechanically fastened (MF),
or a combination of both (hybrid) are methods widely used to retrofit corcrd¢es (Figure 2.7).

The bond quality between the FRP and the concrete substrate is critical for-BfeFPE®/stem,

which affects the loadarrying capacity of the strengthened structure (Teng, 20812). EBFRP
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systems require additional installatidime due to surface preparation, cure time of the
strengthening system, and skilled personnel to perform the application. The stress transfer
mechanism also causes potential premature interfacial failure or local concrete failure (Teng et al.
2002). MFFRP strengthening can overcome the bond quality issue of tHeREBsystem and
provides a rapid repair alternative. The application does require good quality concrete for the
fasteners, and there is the potential for concrete splitting and interactianthiedlip. But unlike

EB-FRP systems, damage or deterioration of theRWIP can be easily inspected.

\

Strengthened Structure

Epoxy Adhesive Layer \

(a) Externally Bonded FRP (EBRP)

Strengthened Structure 1
\

\ f
\ Mechanical Fastener FRP Material /

(b) Mechanically Fastened FRP (MFRP)

Strengthened Structure
\

| Mechanical Fastener FRP Matcrial /|~ FRP U-wrap |
(c) Hybrid (with Mechanically Fastening or FRRwrap)

Figure 2.7: Types of strengthening with composite laminate materials (adapted form McCoy,
2019).
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2.2.1 Prestressed EBFRP

A critical element to repair prestressed concrete bridges is to apply additional prestressing
to address the bridge inventory ratifignerefore, passive prestressing retrofit solutions are not a
desired solution for this application. Of the EBRP systems, various methods were studied using
active prestressing FRP elements.

Yang et al. (2009) investigated flexural beam strengtheningabnybering the beam
element using hydraulic jacks. The CFRP strip was bonded to the compressed surface while the
beam was cambered and then tensioned after releasing jacking force. Stocklin and Meier (2003)
studied a method to provide gradual anchoringeaetid of the prestressed HRP element using
a unique device to transfer the FRP stress to the substrate and avoid the prematurefpeeling
failure using a stepwise approach. A gradually anchored FRP concept increases the development
length of the prestissing force so that the interface shear stress of the FRP system remains within
the concrete shear stress limit. The cracking and ultimate load were increased by 325 and 235%,
respectively, for the specimen with prestressed and gradually anchored GpRRaitnpared to
the control specimen.

Piatek et al. (2020) developed a prestressee-EB system using a novel anchor and
tension system to provide easy installation. With the prefabricated device used in the study, the
prestressing process and FRP anahe can be done together without moving the device. The full
installation time of one CFRP strip can be done in 2 hours. The flexural capacity of the
strengthened beam increased more than 50% compared to the control specimen. It was also
presented that éhstrengthening system can reduce the beam deflection and crack widths. Figure
2.8 illustrates the tensioning device and prestressing operation from Piatek et al. (2020). The

literature shows that prestressed-EBP can provide active prestressing andaase the flexural
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capacity. However, the repair system still needsetioondedto theconcrete surface and requires
additional surface preparation to provide an appropriate concrete substrate and accommodate the

tensioning device.

(a) Tensiordevice (b) Prestressing operation
Figure 2.8: Prestessed EB-RP device (adapted froPiatek et al., 2020).

2.3 Prestressed Concrete Members with Unbonded Tendons

In typical prestressed concrete structures, prestressing strands are usually bonded within
the concrete. The change in strain in the strands is equal to the concrete strain according to strain
compatibilty, and the plane section remaining plane assumption can be applied to the section.
However, unbonded prestressed strands are also used in prestressed concrete structures due to its
lower unit cost and simplicity in construction compared to bomstieahds for structures requig
a lot of prestress force by reducing the net concrete-sgxg®nal arely introducing voidslong
themember span (Du and Td®85). Unbonded strands represent prestressing strands that are not
bonded to thesurroundirg concrete. The concept of strain compatibility and plane sections
remaining plane for concrete members are not appropriate to this type of structural system. Without
bonding to the surrounding concrete, the change in strain in the strands betweendhegasch
will be equal to the change in length of the surrounding concrete at the same level and introduces
difficulties in the analysis of the crosgctional flexural capacity (Collins and Mitchell, 1997).
Unbonded tendons can be differentiated as intemakternal unbonded tendons located inside
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outside the concrete section, respectively. External prestressing is preferred for strengthening
applicatiors due to itsreducednstallationeffort, ease ofong-term monitoring, and possibility of

future reensioning or replacement (Namman and Bréén0).

2.3.1 Internal Unbonded Tendons

For specimens with internal unbonded tendons, the effective depth of the tendon remains
the same when the member deforms under the externally applietl&dan and Alkairi (1991
a,b) proposed a design model to calculate the stress in prestressing reinforcement of internal
unbonded tendon at the nominal flexural strength of the sedqiby considering crossectional
property detailing and a bond reduction cméht based on the tendon profile and loading patterns.

It indicated that the stress in unbonded tendons depends on the member deformation and can be
considered as constant along the length. The proposed bond reduction coefficient was divided into
elasticuncracked, elastic cracked, and ultimate state to use in the analysis. The predicted results
compared with the experimental results showed a better correlation than other models by
accounting for the loading condition and the spadepth (j Q ) of the member.

Lee and Kim (2011) studied the existing approaches and then proposed an improved
provision to calculate the ultimate strength of prestressed members with internal unbonded tendons
using the simplified maximum curvature distribution and applied a momeribdisn coefficient
related to the loading pattern. The research found that the loading pattern affected the distribution
of cracks more compared to the use of bonded prestressing steel. New coefficients related to the
maximum moment zone and loadingtpat were introduced to determine the ultimate stress of
the unbonded tendons. The proposed new coefficients can provide an improved prediction
compared to the existing approaches and predicted the flexural strength of members with normal

or highstrengthconcrete well.
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2.3.2 External Unbonded Tendons

Existing structures are usually strengthened using external unbonded strands. Unlike
internal unbonded strands where the effective depth remains constant as the member deforms, the
global position of the egrtnal tendon remains constant while the member deflects as the
connection to the concrete member is through the anchorages or both the anchorages and
deviator(s). This behavior is known as a seeordkr effect where the effective depth of the
unbonded tetlon reduces with increasing applied load that causes the member to déféect.
secondorder effect can be neglected under the small member deflection, as the change in
eccentricity is small and the behavior is similar to the internal unbonded tendorevdipas the
beam continues to deflect, the secamder effect becomes significant and needs to be considered.

Tan and Ng (1997) investigated the secondier effect on externally prestressed beams
under different load and tendon configurai@nd presged a method to predict member behavior.
The results showed that the secamder effect for a straight external tendon led to a lower-load
carrying capacity compared to a tendon profile with the presence of the deviators. Specimens with
harped externalnbonded tendons experienced a wider spread of cracks, larger deflection at failure,
and higher increased tendon stress compared with the straight tendon profile. Based on the bond
reduction coefficients frollaaman and Alkhairi (1991 a,b), the analytiesults provided a good
prediction of the ultimate strength with an average difference of 5% compared to experimental
results.

Harajli et al. (1999) conductehonlinear analysis to predict the leddflection response
of repaired specimens. The analygsults were then used to validate the experimental results of
Khairallah and Harajli (1997) and Tan and Ng (1997). The research was focused on the parameters

that influence the secoratder effect, including external prestressing force, deviator confignra
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external tendons profile, and applied load pattern. An iterative procedure was applied to satisfy the
member deformation compatibility and force equilibrium at each response level in the analysis.
Multiple iterations were conducted in the analysis dgsuming the stress in the external
prestressing tendon and concrete strain in the compression fiber at the critical section. The
analytical momenteflection diagram presented a good prediction compared to experimental
results from the literature. Figu&9 shows the nonlinear analysis prediction compared to the
experimental results. Tendons without deviators experienced a lower nominal flexural strength. A
similar loaddeflection response was observed for the specimens with one or two deviators. Three
point bending has less seceadler effect than fodpoint bending or uniform applied load due to

the lower postlastic deformation.

Moment (kNm)

-0.00002 0.00002 0.00006 0.0001 0.00014 -10 10 30 50 70 90 110
Curvature (rad/mm) Deflection (mm)

Figure 2.9: Experimental vs. analytical results (adapted from Harajli et al., 1999)

Tan and Tjandra (2007) presented a topic related to strengthening continuous reinforced
concrete beams using external prestressing. Unlike most experiments, which tested simple
supports and single span, this research emphasized the flexural behaviotimfocsnbeams.
Different variables were studied in this research, such as the effect of tendon type (steel and CFRP),
strengthened region (positive and/or negative moment region), tendon configuration (straight,
draped, and parabolic), and the loadinggrati{symmetrical and unsymmetrical). Although the

elastic modulus of the CFRP tendons used in the study was lower than the steel tendons, it
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presented a similar response after strengthening. Beams strengthened in both positive and negative

moment regionsx@erienced 13% more loawhrrying capacity compared to the control specimen

than the beam strengthened in the positive region only. In all tendon configurations, tendons with

parabolic profile and overlapping at the interior support, which strengthenkedbsitive and

negative moment regions, experienced the best improvement in both ductility and ultimate load

carrying capacity compared to other profiles. Shear distress at the unstrengthened interior region

of the beam with anchored parabolic tendons tedh less ductile failure. Specimens with

symmetrical applied loading exhibited a higher ultimate Joaaying capacity compared to the

beams subjected to the unsymmetrical loading, which underwent an uneven deflection. The design

procedure for strengtheng a continuous beam using external tendons can be done using charts,

as in Figure 2.10, related to the global prestressing index, concrete strength, and tendon effective

depth.
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Figure 2.10: Design charts for strengthening with external tendons (ad&ptedran et al,

2007).
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2.4. Shear Strengthening of Concrete Beam Members

Flexural and shear failures are the primary failure modes observed in typical reinforced
concrete beams. Unlike a ductile flexural failure mode, which is more desirablefaslneatends
to be brittle and causes catastrophic damage. Therefore, quantifying the shear capacity is critical
in structural design, maintenance, and retrofit. To repair shear deterioration, steel and FRP plates
are considered the common repair applicatince the 1960s by either adhesive bonding or
bolting.

2.4.1 Shear Strengthening using Fiber Reinforced Polymer (FRP)

Shear strengthening of reinforced concrete beams using an externally bonded system has
been widely studied since the 1990s. Due oftlxibility of an FRP sheet compared to a steel
plate, which is usually applied on the side of the specimgack&ting and wrapping of the FRP
sheet at the desired orientation and configuration has served as an alternative method for the retrofit.
Khalifa and Nanni (2000) studied the shear strengthening application with different parameters,
including the amount and distribution of CFRP, bond surface, FRP fiber direction, and end
anchorage. Figure 2.11 shows the detail of the end anchorage ofwhepUrhe experimental
results indicated that specimens strengthened with continuensap$ with end anchorage
experienced the highest increased in shear capacity with 145% and 42% compared to the control
specimen and Wrap without end anchorage, respectvéihe retrofit with end anchorage was
sufficient to changéhe failure mode from debonding of thkewrapto member flexural failure.

The results presented that the same strengthened shear capacity was achieved by continuous U
wraps and CFRP strips in tlierm of U-wraps (40% of CFRP used as continuousvidps).
However, the field application was not recommended due to the damage of individual strips, which

reduces the total strengthened shear capacity.
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Figure 2.11: Detail of the end anchorage of BRP Uwrap (adapted from Khalifa and Nanni,
2000).

In the observation from the studies on the shear strengthening of RC beams using the EB
FRP system, FRP rupture and debonding are the primary failure modes. Of the current design
models, FRP debonding é®nsidered the controlling failure mode of the system. Chen and Teng
(2003) developed a simple, accurate, and reasonable model for the shear strengthened RC beams
controlled by FRP debonding failure. The current ACI 440.2R (2017) design moddfhalifa
et al. (1998) considers the angle and spacing of the FRP strips, section properties, and bond
reduction coefficient, resulting in an effective str&hen and Teng (2003) proposed a model that
can apply to FRP strips and continuous sheets. A strip spanibhgvas applied to ensure that at
least one FRP Wrap intercepts the assumed diagonal crack. The governing failure mode was
used to determine the effective FRP stress. The proposed model showed a good prediction
compared to the experimental data.
2.42. Shear Strengthening using Steel Plates

Adhikary and Mutsuyoshi (2006) and Adhikary et al. (2000) performed research to
investigate adhesivelgonded continuous steel plates on reinforced concrete beams to increase the

member shear capacity. The improveinaf the shear capacity was related to the plate depth and
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the thickness of the plate. The maximum shear contribution can be achieved by covering the
section depth with steel plates. Although the use of thicker plates can increase shear capacity, it
was bund not as efficient as increasing the depth of the plates. Adhikary and Mutsuyoshi (2005)
presented different techniques to enhance the shear capacity, including steel brackets, bonded steel
plates, anchored steel plates, and anchored steel stripsremussiThe specimen with externally
anchored stirrups experienced the highest improved shear capacity compared to the other
strengthening methods. Figure 2.12 presents the strengthening schemes used to improve beam

shear behavior.
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Figure 2.12: Shearstrengtheningchemes (adapted froAdhikary and Mutsuyoshi, 2005).

Barnes et al. (2000) studied shear strengthening using external steel plates attached to the
concrete surface under two methods: adhesive bonding and bolting. The advantages and
disadvantages of using adhesive bonding or bolting were described in the literature. For the bolting
application, 70 ftlbs. torque was applied to the bolt to achieve a positive connection and then
welded to prevent slip due to the clearance of the bolt Kaldace preparation of the plate and
concrete was conducted before applying the adhesive bonding. The literature showed that a

significant improvement of serviceability and ultimate capacity could be achieved if sufficient
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plate anchorage is provided. poper bolt arrangement needs to be considered to provide enough
plate anchorage to reach ultimate capacity. Figure 2.13 shows one of the experimental results using

the bolted plate strengthening method.

(a) Before the removal of the stpdhtes (b) After the removal of the steel plates
Figure 2.13: Experimental result at failure (adapted fréwhikary and Mutsuyoshi, 2005)

2.5. Summary of the Literature Review

The brief literature provided on prestressed FRP systems, prestressed concrete members
with unbonded tendons, and shear strengtheningeioforced concrete beampoint out the
following gaps that need to be filled by the current research on the usestégsed MHRP to
retrofit shearand flexure deteriorated prestressed concrete bridge beams. The case of shear
deteriorations particularlyimportantfor C-channel beams duetieesmall number of prestressing
strands and thin stem thickness.

1. Develop ananalysis procedure that includes tkecondorder effect of external
unbonded tendons. The reinforcing strain (FRP in the current research) will not be
compatible with the concrete straisit is treated as an external unbonded strand.

2. Additional experirental data related to the unbonded tendon behavior, secded
effect, and estimated prestress losses sieedbe obtained to validate and improve

analysis predictions.
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3. A shear strengthening system compatible with the existing flepuestressed MF
FRP retrofit systemeeds to be designed for prestressed concreteanel beams that

experience both flexure and shear deterioration.
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CHAPTER 3: ANALYTICAL FLEXURAL MODELING OF RETROFITTED C -
CHANNEL BEAMS

This chaptepresents the development of an analytical procedure to modeléh@rel
beams retrofitted with prestressed ¥RP, and compares the analytical predictions with
experimental results from McCoy (2019). A layesattional analysis (LSAgpproach (Collins
and Mitchel|l 1997) was chosen to predict the full momeuntvature response in this research.
The LSA approach is conducted by discretizing the section into multiple layers with a selected
thickness. The stress in each layer can be fasnml appropriate constitutive material models,
assuming plane sections remain plane. Sectional moment and curvature can then be calculated by
achieving force equilibrium with an iterative procedure on the strain profile. The LSA can easily
simulate nonhear material behavior and provides a good prediction tool. A detailed analytical
procedure of the MIFRP retrofitted @&hannel beams is explained. The full moragefiection
response under a specific applied load pattern can then be determined usisg thenfient of
area theorem and the momenirvature response from the LSK.aterial properties used and
modeling challenges are also explained in this chapter. The malefsition responses are
compared to the experimental results from McCoy (2019)atmlate the proposed analytical
procedure.
3.1 Modeling Procedure

Appropriate constitutive models and material test results were considered in the nonlinear
analysis of the section to obtain reasonable predictions. Concrete compressive stress was
calculaed using the Jensen et al. (1988) relationshig mncrete compressive strength used in
the analysis was i from the concrete core dathtainedoy McCoy (2019). Stress was assumed
to be linear for concrete in tension until cracking, and then careside be zero postcracking. The

tension stiffening effect was not applied to simplify the analysis. The Mattock (1979) relationship
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based on the modified RambeBggood model (Ramberg and Osgood, 1943) was used to model

the stress in the higstrength prstressing strands. The stresgain relationship of the prestressing

strands was assumed the same in both tension and compression. -&lasgarrelationship was

used to obtain the FRP stress, foll ovwiused HoOOK:
in the analysis is presented in Section 3.1.1.

In most cases, full strain compatibility and plane sections remain plane are assumed to
conduct the straibased iterations to achieve axial force equilibrium and calculate the
corresponding moment armdirvature. However, the prestressed-MRP system applied on the
C-channel beam was not bonded to the concrete structure and is similar to external unbonded
prestressed strands. Therefore, full strain compatibility cannot be assumed in the analysis.
According to the literature, the secoendder effect and unbonded tendon strain behavior needs to
be considered in the LSA approach. Figure 3.1(a) presents the discretized beaseatrossat
mid-span considering the seceadder effects at different loadingtages; initial and ultimate
applied loads. It can be seen that the global position of th&RHF-remains the same while the
beam deflects with increasing applied load, accompanied by a reduction of the FRP effective depth.
Figures 3.1(b) and (c) show th&A approach considering the secemder effects. In Figure

3.1(a),Q andQ  represent the initial and final MFRP effective depth at a deflection,

(9]

Y , respectively.
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Figure 3.1: LSA approach.

A full momentdeflection response can be obtained using the first moment of area theorem,
starting by discretizing the beam into 1 ft. long segments. A moment diagram along the beam can
be obtained for any applied load and then the corresponding seatiatuca determined from an
appropriate LSA. The member deflection can be calculated by integrating the curvature diagram

at each segment along the length of the beam. Figure 3.2 shows the discretized member and
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curvature diagram under thrpeint bending gsed for the first moment area method. However, due

to the seconarder effect and the harped tendon profile, additional modifications need to be

considered.
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Figure 3.2: First moment of area theorem to calculate member deflegthioge point bending)

The most important factor in this analysis is to find the relatigmbetween the external
FRP strain to the concrete strain affected by the seocntet effect. This factor can be divided
into two steps: transfer the external FRRain with the changing effective depth to the virtual
internal unbonded FRP strain witlkariable effective depth and ewert the virtual internal
unbonded FRP strain to the concrete strain uaibgnd reduction factor. An idealized right
triangle shapevas used to transfer the external FRP strain to the internal unbonded FRP strain to
simplify the calculatiopas can be seen in Figure 3TBie analysis isonsideredn two partsthe

linear and nonlinearegions. For the beams and spans considered snrésearch, a member
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deflection of0.5 in.is used as the transition between regiofise secondrder effect is not

considered in the lineaegionto simplify the calculation.
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Figure 3.3: Idealized relationshipo consider secondrder effect

The effective depth of the external MARP variesvith the applied load due to the secend
order effect, resulting ia varyingthe changing distance between the new effective depth to the
original effective depth. The taitlength of the virtual FRP internal unboned FRP can be calculated
by thehypotenuse of theght triangle using the distance between the external FRP platérarad

internal FRP plate and the total length of the FRP plate. The parameters are given by

0 0 0 (3.1)
o Q r Q j (3.2)
0 0 0 g o 0 ; (3.3)
- R (3.4)

whered | ,is the total length of the FRP plate from rsidan to the end of the repair system,
0 ,is thechanger inength of the MFFRP pate,0 ;; is the original length of the FPR plate

from midspan to the end of the repair systd&,is the distance between the original FRP
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effective depth to the MIFRP effective depth at any deflecti&®, f is the original MFFRP
effective depthQ j is the MFFRP effective depth at any deflectian, ;; is the total length

of the virtual internal unbonded FRP tendon, is the changr inlength of the virtual internal
unbonded FRP tendon,;; is the initial length othe virtual internal unbonded FRP tendon and
is assumed equal to; ,and-  is the virtual internal unbonded FRP strain.

The most important procedure in the LSA approach is using an iteration process to find a
neutral axisresultng in equilibrium for a control strain value on the cressction to meet the
assumption of full strain compatibility and plane sections remain plane. Therefore, a bond
reduction coefficient, , is required to convert the strain from the internal unboneledion to the
concrete strain at the same level. The bond reduction coefficient used in this research is from Tan

and Ng (1997andis given by the following:

_8 (3.5)

where is the bond reduction coefficierit,is the beam length, aftd is the effective depth of
internal unbonded tendamhich is equal t&® . Therefore, by transferring the strain from the
MF-FRP plate to the concrete at the level of the original effective depth, the regular LSA approach
can be conducted to find the sectional moment capacity at the corresporndingpo

The analysis can be briefly described as choosing afFRFF strain and guessing the
corresponding beam deflection. The LSA approach is then used to determine the corresponding
moment. Moment and curvature at each segment along the beam canutetechlgsing the
momentcurvature response determined for each segment. Beam deflection can then be obtained

usingthe first moment areaf theoremwith the assumed MFRP strain and beam deflection. A
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single point of momendeflection can be obtained onttee calculated deflection converges with
the assumed deflection.

The detailed analysis procedure for the prestresse&RHFFretrofitted Ghannel beam is
presented below:

1 Define the crossectional geometry and material properties.

2 Discretize thecrosssection into layers with a constant thickness.

3 Calculate the area and centroid location for each layer.

Note: Steps 1 to 3 set up the crasection prior to the start of the iterative analysis in
Step 7.
4  Make initial assumptions.
4.1 Assume a strain, ,inthe MRFRP.
4.2 Assume a central beam deflectidh, |, , to determine the MFRP effective
depth,Q j attheassumed deflection.

5 Calculate the virtual internal unbonded tendon strain at the origindtRFFeffective
depth from theassumed MHA-RP strain value at assumed deflection udimg
idealizedright triangle relationshiglescribed by Figure 3.3

6 Calculate the concrete strain at the level of the originaHRP effective depth using
the bond reduction coefficient.

7 Open the firsiterative loop by assuming the neutral axis depth for the calculated
strain from step 6.

7.1 Calculate the strain at each layer assuming a linear strain distributicihaand
theconcrete and prestressing strands are perfectly bonded with eaci béher.

MF-FRP is treated as external prestressing strands.
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7.2 Calculate the material stress at each layer according to the appropriate
constitutive models.

7.3 Calculate the axial force in each layer.

7.4 Sum the axial forces. If not in equilibrium, repeat step 7 by assuanimey
neutral axis depth.

7.5 When axial force equilibrium is reached, calculate the moment of each force
at each layer.

Sum moments and calculate curvature at the critical section.

Note: Steps 4 to 8 are used to obtamepoint on the momerturvature response.

Divide the beam into segments and determine the moment at each beam segment

based on the applied loading.

Calculate the neutral axis depth and curvature for each segment for the external

moment using the momentirvature response.

Calculate the central beam deflectidh, , using the first momendf areatheorem

with the curvature obtained at the end of each segment by assalmieay variation

of curvature along the segment.

()

If Y Y | ,updateYee Y  and repeat steps 4.2 to 11.

If Yee Y, one point of momerdeflection response is determined.

Update a new MHRP strain; , and repeat the procedure from steps 4 tontis

the full momenideflection response of the beasrdeveloped

The analysis stops when one of the two failure conditions is first achieved.

15.1 The concrete strain reaches the crushing strain based on the selected concrete

model. This limit is based on the experimental failure modes observed by
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McCoy (2019).The assumed ultimate concrete compression stfal®3,is

based on ACI 31809.

15.2 The beam deflection reaches the-cléannel beam crossectional
limitation, ¥ , In terms of the &hannel flange height® , MF-FRP
width, w , and initial effective deptfQ . Figure 3.4 shows the concept

of obtaining the beam deflection limgiven bythe following expression.

y Q 5 O — (3.6)

The full momenideflection response of a retrofittedocBannel beam can be obtained
considering the secormtder effect. With the complete response, the AASHTO inventory and
operating lad limit of the original undamaged beam can be applied to the mataetettion

diagram to capture the MIFRP repaired beam behavior.
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Figure 3.4: Concept of beam deflection limit.

3.1.1 Constitutive Models
This section provides detailed discussions of the constitutive models used in the analysis,
for theconcrete, prestressing strand, steel reinforcement, arRERFE

3.1.1.1 Concrete

TheJdensen et al. (1988) relationship was used to calculate the concrete compressive stress,

"Q based on the strain,, in each concrete layer using the following:
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Fo N o J— i Q (3.7)

where Qis the calculated concrete compressive stress in each Taygithe peak compressive
stress obtained from concrete core cylinder testss, the straimat™Q, n is a curvefitting factor,

andk is afactor to increase the peggeak decay in stress. Factarandk can be calculated using
E ™ — ni Q (3.8)

QO M — p8T NiQ (3.9

With n calculated; can be obtained using
- —— (3.10)

whereO is the tangent stiffness for concrete strength greater than 6000 psi, given by

O ThnhnE®™ pm fiQ (3.11)
Concrete ultimate crushing strain is assumed to be 0.003 and was used to coatrdptiet in
Step 15 of th&SA. In tension, concrete stre&Q, is assumed as linear up to flexural cracking and
taken zero after that, given by

Q O-h N0 - (3.12)

Q 1h nQ -

where the rupture strain,, corresponds to the cracking moment and is calculated as

niQ (3.13)

where _is 1.0 for normakeight concrete.
It can be found that concrete compressive stren@thplays an important role in

calculating the concrete stress in each layer. Therefore, it is desirable to use the actual concrete
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strength to obtain a more accurate prediction. Two methods were considered to obtain the concrete
strength; the Schmiddammer,and drilling concrete cores to condecimpressiomrylinder tests.

The SchmidtHammer is a nondestructive test (NDT) equipment that can be easily used
onsite by measuring the rebound value of a spliregled mass impacting against the concrete
surface. Concrete strength can be obtained by converting the rebound value using the chart from
the device, shown in Figure 3.5. Figure 3.6 shows the measurement being takercbanael
beam flange and stem, and the measured results from four beasdgnesis research program

are shown in Table 3.1.

manua).

: : IR NG .
(a) Horizontal measurement (b) Vertical measuredosvityard)

Figure 3.6: Application of SchmidiHammer.

E 3
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Table 31;: SchmidtHammer measured results.

Beam No. Location Average Predicted Con(;rete
Rebound Value Strength (psi)
1 Flange 53 >8200
Stem 58 >8500
2 Flange 54 >8200
Stem 56 >8500
3 Flange 48 7500
Stem 58 >8500
4 Flange 51 8200
Stem 53 8000

The results presented in Table 3.1 show that the Schiaigimer can reasonably obtain
concrete strength compared to the 10 ksi concrete strength obtained by McCoy (2019); however,
the measured strengib limited by the conversion curves and measuring directam8200 and
8500 psi for Gchannel beam flange and stem, respectively. Therefore, drilling concrete cores from
the beams was considered testsolution to obtain more accueatneasurements of concrete
strength. Cores were initially obtained using a 2.5 in. diameter core drill using equipment available
in the lab, as seen in Figure 3.7. The core drill diameter was then switched to 2 in. due tcadiccident
damageof the drill bit The actual diameters of the 2.5 and 2 in. saras measured to be 2.25
and 1.96 in., respectively. A total of four concrete cores were drilled on each specimen. The ends
of each core were cut using a wet tile saw to provide flat parallel surfacese(Bi§r Concrete
cores were capped using hydro stone at each end due to the specimen diameter and tested according
to ASTM C3918 and ASTM C421.8, shown in Figure 3.9(a). Figures 3.9(b) and 3.9{o)vthe
expectecylinder failure mode andpremature failurenode due taineven loadingrespeatiely.
Concrete strength was then calculated in accordance with ACI 214.4 (2010). Table 3.2 presents
the results of the €hannel concrete core data. It is worth mentioryag some of the results were
eliminated from the data due to uneven loadinthe use of adtional neoprene caps at both ends,

resulting the prematuiia concrete splitting failure.

40



SRR s, A S

>

Figure 3.7: Coringatested Gchannel beam.
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Figure 3.8: Cuttingcoresusing a wet tile saw.
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(a) During testing (b) Expectedailure (c) Premature failure
Figure 3.9: Concrete core compression test.

Table 32: Concrete core data.
Beam

No. CorelID "Q j ni ¢ 'Gg? "o b "o ¢ "0d AdjustedQ i
B1-1 4464 1.00 1.06 0.96 1.06 4790
B1-2 6163 0.99 1.06 0.96 1.06 6600°
1 B1-3 8007 1.00 1.06 0.96 1.06 8590
B1-4 5071 0.99 1.06 0.96 1.06 543C¢°
Average 8590
B2-1 7793 1.00 1.00 0.96 1.06 8390
5 B2-2 6077 1.00 1.00 0.96 1.06 655C°
B2-3 9426 1.00 1.00 0.96 1.06 10160
B2-4 9323 1.00 1.00 0.96 1.06 10050
Average 9500
B3-1 7372 1.00 1.00 0.96 1.06 7940
3 B3-2 7268 1.00 1.00 0.96 1.06 7830
B3-3 8568 1.00 1.00 0.96 1.06 9240
B3-4 7771 1.00 1.00 0.96 1.06 8380
Average 8350
B4-1 8793 1.00 1.00 0.96 1.06 9470
4 B4-2 8501 1.00 1.00 0.96 1.06 9160
B4-3 8663 1.00 1.00 0.96 1.06 9340
B4-4 8952 1.00 1.00 0.96 1.06 9650
Average 9400

3_engthto-diameter ratio®Core diameter®Moisturecontent;)Damage during coring
®Eliminated from'Q calculationdue to premature failure
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According to Table 3.2, it can be found that the average measured concrete strength
obtained from the corewas higher than the predictions from the Schrtittmmer. This was
expected and results from the Schrtiimmer can be used as a lower bound constetagth
for the targeted beams -@ite if they cannot be cored. It is worth mentioning that the concrete
cores could only be obtained from the flange due to the limitation of core size (cylinder height to
diameterratio of2:1) andtheC-channel stem diension. Therefore, concrete strength results from
concrete cores obtained from the flange were ta&eapply tothe entire beam. The measured
concrete strength for each beam was used to calculate the shear capacity in Chapter 4. In general,
the concreteteength obtained from this experimental program is close to the concrete core data
by McCoy (2019). Figure 3.10 shows the concrete sgs&am response used in the analysis

according to the concrete core testing based on the 10 ksi concrete strengi@idyy(RD19).

12 -

10

Concrete Stress (ksi)

-0.001 0 0.001 0.002 0.003 0.004 0.005

Strain

Figure 3.10: Stressstrain relationship for concrete.
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3.1.1.2 Prestressing Strand

Figure 3.11 shows the section detail of the standactiabnel beam crosections used

by NCDOT, including three differerstrandpatterns. Type A pattern was the crgsstion used

in this research. The section includes eight 7/16 in. prestressingssioaated in two stems with

a harped tendon profile and four No. 3 steel reinforcement in the flange.
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(c) Type C pattern
Figure 3.11: C-channel bearorosssection (adapted from NCDOT, 1966)

Five prestressing strands were cut from the tested specimens and tested in a 220 kips servo

hydraulic universal testing machine (UTM)

in accordance with ASTM A1061 (2020) to obtain the

material properties. A 3D mecontact measurement system, OPTOTRAK Certus, was used to

measure the prestressing strand strain using the relative displacement of LED targets. The LED
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targets were placed evenly along with the length of prestressing strand with a 2 irtcceatder
spacing to be consistent with the 2 in. gauge length extensometer. An OPTOTRAK camera was
used to track the 3D position of each LED target during testing. The first three prestressing strands
tested included additional instrumentation (extensometer, weld#fain gaugeAWC-8B-11-
3LT), and normal glueable strain gaug&A-5-11-3LICT-F)) to provide extra information on the
data collected by different instrumentation. This was done to decide what instrumentation would
be best to obtain the total prestress losses from thedalé beams.

Figure 3.12 shows the test setup of the prestrgsdrand tension test. The typical failure
mode is shown in Figure 3.13 with necking and rupture of the wires. Figurpr@skets the test
results of one prestressing strand from the different instrunaentdhe schematic diagram of
instruments locatkalong the prestressing stratidis observed that only OPTOTRAK was able
to capture the complete strestsain response compared to the other instruments. The extensometer
was removed from the strand after reaching 80% of its ultimate capacity todaroaling the
device during testing. Both weldable and normal strain gauges were damaged during testing at
higher strain levelsThe results presented in Figure 3.h4e not intended toserve as a direct
comparisorbetween each instrumedtie to their diffeent location along the prestressing strand
and gauge lengtiRather, the purpose was poovide additional informatioto select the best
instrument to use for the remaining tensiongesid future smalscale experiment® measure
the remainingprestras evel Therefore, it was determined that only the OPTOTRAK system
would be used to conduct the remaining material tests. By complaeagperimental results and
relativecostof weldable and normal strain gauges, the normal strain gauge was selected to obtain

theremainingprestressdvel which will be discussed later.
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Figure 3.12 Prestressing strand tension test. Figure 3.13: Typical failure mode of
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Figure 3.14: Experimental resutof onetension test.
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Figure 3.15 shows the OPTOTRAK test results for all five specimens as well as the stress

strain curve usinthe Mattock (1979) relationship

Q 0- & ——— Q fiQ (3.14)

whereO is the elastic modulus of the prestressing strand, taken as 29000 ksi based on ACI 318
(2019),- s the prestressing straii® is the ultimate stress of the prestressing strandAaBd

andC are factors thtacan be adjusted to obtain the best fit curve. Figure 3.15 shows the stress
strain relationship of the Mattock (1979) model with B, and C equal to 0.0Z, 105, 6,

respectively.

Stress (ksi)

Mattock
----- Strand 1
----- Strand 2

Strand 3
----- Strand 4
----- Strand 5

0 10000 20000 30000 40000 50000 60000
Strain (Me)

Figure 3.15: Stressstrain relationship of prestressing strand frexperiments and Mattock
(1979).

3.1.1.3 Reinforcement Steel

Four No. 3 Grade 60 reinforcing bars are located in tHob&nel flange. However, unlike
the prestressing strands that can be easily obtained and tested, it was difficult to access the

reinforcing bar from the €hannel flange. Therefore, the reinforciiged was modeled using an
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idealized elastiperfectly plastic stresstrain relationship (see Figure 3.16). No strain hardening
was considered in the analysis and the same response in both tension and compression was used.
Given the location of the reinfoing bars in the crossection, the response would not be

significantly affected by the material model used.

70 -

60
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40

30 -

Stress (ksi)

Ey = 29000 ksi

20

10

0 10000 20000 30000 40000
Strain (Me)

Figure 3.16: Idealizedelasticperfectly plastic stresstrain relationship for reinforcing bar.

3.1.1.4 MF-FRP

As discussed in McCo{2019), both 0.5 and 0.375 in. bolt diameters with théo@p
pattern were studied and have similar ultimate capacity. However, according to the general practice
for structural bolts used by NCDOT, 0.5 in. diameter is the smallest size allowed forteimanias
application. Therefore, to be consistent in repair applications for both lab testing and field
application, the 0.5 in. diameter bolt was considered.

The linearelastic model used in the analysis to calculate the force in thRERFFplate,
with anultimate capacity of 46.4 kips based on the sisedile material testing from McCoy (2019),
is given by the following.

O O - 0 Q0 T @ QQn i (3.15)
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"0 T N0 T @QQni
whereO is the FRP elastic modulus provided by the manufacturer (Strongwell, 2016), 9020 Ksi,
- isthe FRP strain, anal  is the crosssectional ara of the FRP plate, 0.54nHence, the

target prestress strain can be calculated wusi

) (3.16)

where'O is the target prestress force. An 18.5 kips effective force is the design prestress force
giving a 4100me from the prestress strain. This prestressing force is consistent throughout the
experiments conducted by McCoy (2019) and this research.
3.1.2 Modeling Challenges

In addition to the seconarder effect of the MAFRP and failure condition of the retrodd
beam behavior mentioned in the analysis procedure, a few modeling challenges made the analysis
even more complex. These challenges are discussed in the following sections to increase the
accuracy of the LSA approach. From the NCDOT perspective, gsisnéial to obtain accurate
behavior in the transition region between elastic and inelastic behavior of damaged and retrofitted
PC Gchannel beams compared to the original AASHTO inventory and operating limits.

3.1.2.1 Prestressing Strand Profile

As menioned in the previous section, thecBannel beam crosection tested in this
research was the type A pattern, consisting of four prestressing strands at each stem with one
straight strand and three harped strands. With the harped strand profile, sdotignthe span
have their own momesturvature response according to the strand geometry. Figure 3.17 shows
the different momenturvature responses at rggdan and quarter span, in which the same applied
moment results in a different curvature respoii$es difference will affect the first moment of

area theorem to obtain the beam deflection at any given load stage, especially at large deflections.
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A unique momenturvature response is generated for each segment to conduct the first moment
of areatheoren. Therefore, it is important to be certain of the strand profile of theabnel beam

before conducting the analysis.

Quarter span Mid-span Quarter span

Moment (kips-ft)

—Mid-span
—Quarter Span

-0.0001 0.0004 0.0009 0.0014 0.0019 0.0024 0.0029
Curvature (1/in.)

Figure 3.17: Momentcurvature response of cressction at different locations.

3.1.2.2 Total Prestress Losses

The prediction of the total prestress losses of tHob&hnel beam is an important parameter
for the LSA approach. Figures 3.18 and 3.19 show mowewature responses at rggan and
momentdeflection curves of a-€Channel beanof different levels of total prestress losses. It can
be observed that different prestress losses do not affect the ultimate flexural capacity; however, it
affects the behavior at the location where the inventory and operating limits are of most mterest i
this research. Therefore, the importance of knowing the total prestress losses goes without saying.
In this research, two methods were used to obtain the actual prestress losses of the beams tested.
First, by measuring the remaining stress in the strand at thepaid after cutting the strand, and
second,by applying load usingan actuator in a flexural test to obtain the cracking moment
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experimentally from which the total prestress losses can be catbubatth methods and results

are presented in the following sections.

250
225
200
175
a—_T,k 150
[75]
e 125
<
2 100
g
EO 75
30 —40% Losses
—30% Losses
25
—15% Losses
0 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]

-0.0001 0.0004 0.0009 0.0014 0.0019 0.0024 0.0029
Curvature (1/in.)

Figure 3.18 Momentcurvature response of mgpan crossection at different total prestress

losses.
250
200 /
~ 150
N
k=3
-
p—
= 100
5]
g
o
2 ——40% Losses
50
——30% Losses
——15% Losses
0 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
-2 -1 0 1 2 3 4 5 6 7 8

Mid-Span Deflection (in.)
Figure 3.19: Momentdeflection response of a member at different totastress losses.
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3.1.2.2.1 Measuring Total Prestress Losses using Strand Cutting Method

A comprehensive procedure to obtain the total prestress losses and results are presented in
this section. The application was conducted using tespedimens from the fuicale shear
experiments, which will be presented in Chapter 4. The procedure starts by selecting a location of
interest where the prestressing strand can be fully developed and then the surrounding concrete
section chipped away exgiog the prestressing strand. The strand is then cleaned using a wire
brush, sandpaper, and degreaser to remove all remaining debris. Fpheimidf the exposed
strand needs to be identified, and the locations to attach strain gauges determined. Based on
material testing results presented in Section 3.1.1.2, normal glueable straia \garegelected
for this application. Strain gauges are attached at the same distance from- plogntnich the same
wire and connected to a P3 strain indicator androer. Strain gauge values are tared to set an
initial reference point before cutting the strand. The strand is cut using &téing wheel at the
mid-point of the exposed strand. The strand needs to be restored to the spgalabnditionof
the wiresto recordthe correcstrain valueStrain values obtained after cutting the strand are used
to calculate the stresa the strandat the time of cutting. The measured stress value is then
compared with the initial jacking stress to obtain the total prestress losses. Some strain gauges
were damaged due to the substantial energy released during the cutting process. This procedure is
illustrated in Figure 3.20. Table 3.3 shows the strain measurement dataratedemaining
stress obtained from the experimemsgnga modulus of elastity of 29000 ksiRemaining stress
was then compared to the initiated jacking st(@é86 ksi) Table 3.4 presestthe calculated total

prestress lossemmpared to the initial jacking stressing this method.
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(a) Chip away concrete ar

o

(e) Strand condition after cuttin (f) Restore the original strand condition
Figure 3.20: Procedure of obtaining thetal prestress losses.
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Table 33: Strain measurement data and remaining stress.
Calculated
RemainingStress

Measured Strain Jacking ~Remaining Stress

Beam

D Location (ne) (Ksi) Slt(re_ss Q 4Q 4
East West Average Peak Average Peak (ks Average Peak
1 Mid-span 3054 3178 3116 3178  90.36 92.16 0.49 0.50
1 rir(tj;rg;]? 2525 3103 2814 3103 81.61 89.99 0.44 0.48
2 Mid-span 3161 4189 3675 4189  106.6 121.5 186 0.57 0.65
2 Mid-span 3262 3843 3553 3843  103.0 111.4 0.55 0.60
3 Mid-span --b 3942 3942 3942 1143 114.3 0.61 0.61
3 Mid-span 3181 2823 3002 3181 87.1 92.2 0.47 0.50

#Prestressing strand ruptured during testing.
bStrain gauge damaged during strand cutting.

Table 34: Measured total prestress losses.
Measured TotdPrestress Loss€%o)

Beam ID —
Average Minimum

1 51 50

1 56 52

2 43 35

2 45 40

3 39 39

3 53 50
Average 47.8 45.2

Based on Table 3.4, the average value of the minimum total prestress losses is 45%. The
measured strain value from strain gauges magoinsidered slightly lower than the actual value
due to the specimen condition after the shear testing. However, the applied momers@ammid
during the shear test was lower than its operating limit. Therefore, this impact can be neglected

from the resukl.

3.1.2.2.2Measuing Total Prestress Losses using the Cracking Moment Method
The cracking moment method was performed usifdl-scale flexural test to determine
theremainingprestress forgdollowing the test procedure conductedHiggs et al. (2015yhere

the applied load has to exceed the predicted cracking mdmmexttieast 25%0 ensureconcrete
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crackingis initiatedatthe location of interesThe specimen was tested under thpemt bending
using an actuator with three laoag stages based on the predicted sectional cracking moment. This
method was applied prior to destructive testing of the beam. The applied load at each loading stage
was 8.5, 12, and 15 kips, representing before craciirmgacking, and after cracking editions,
respectively. Three cycles were applied at each loading stage. The predicted sectional cracking
moment wa90 kips-ft. based on the concrete strength and prestress losses from the previous
experiments, which were 9.5 ksi and 45% losses, resphctiv

Two techniques were used to measure concrete strain during testing: bonded concrete strain
gauges; and Digital Image Correlation (DIC). The Correlated Solutions DIC system uses a series
of high-resolution photos to measure the displacement on tloevsge surface of interest through
a random speckle pattern field. Images are captured at a specified frequency during testing. By
comparing the images captured during testing, strain maps can be obtained over the surface of
interest using the Correlated|8tons software.

A strain gauge was attached on the bottom side of atetebtain the concrete strain. The
DIC was focused on the opposite stem to which the strain gauge was installed. The DIC results
were analyzed at the same location of the straiggéenablea comparison. Figure 3.21 shows
the strain map at the maximum applied moment of the third loading stage during the cracking
moment test. The location of high strain can be seen in the image. Figure 3.22 presents the applied
moment and strairesponse at the side of the bottom stem from the strain gauge and DIC results
usingasimilar gauge lengthThe results presented in Figure 3.22 show that the strain value from
the strain gauge did not capture the behavior well compared to the DIC. heéstisthe location
where the strain gauge was installed, which happened to be batweprimary flexural cracks

(refer to Figure 3.21By finding the intersection point of the two slo@gghe first cycle of each
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loading stagdbefore and after craakg) from Figure 3.22ising the same procedure from Higgs
et al. (2015)the cracking momens determinedo be % kips-ft., which is close to the predicted
cracking moment of 90 kipi., assuming 45% of total prestress losses

Therefore, according to the experimental results from Sections 3.1.2.2.1 and 3.1.2.2.2, the

total prestress losses of thecBannel beams udén the analyss presented hereintisken agi5%.
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——Strain gauge on stem bottom

——DIC strain on stem bottom
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Strain (pe)
Figure 3.22 Strain response from strain gauge and DIC.
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3.1.2.23. Calculated Prestress Lossasing Design Guide

The measuredotal prestress loss@gereobtained experimentally usintbe strand cutting
method andhe cracking moment method. However, it is worth checking the calculated prestress
lossedor comparsonto the experimentbl measuredialue. The calculated prestress losses of the
pretensioned €hannel beam used in this experimental progsgmnesented ithis Section using
simple expressions from PCI (201 For pretensioned concrete members, total prestress losses,

Y'G , are due to elastic shorteningQ; , creep of concreté/Q; , shrinkage of concrete,

Y'G; , and relaxation ofendonsY'Q; . The relationship is shown as follew

(v

Yo, Yo, Yo Yo, Yo (3.17)
A detailed explanation of each term is presented in the following, starting from the elastic

shortening

o

Y&, —— Nni (3.18)
where0 s the coefficient of the elastic shortening and taken as 1.0 for pretensioned components,
'O is the modulus of elasticity of prestressing tend@nsis the modulus of elasticity of concrete
at time prestress is applied, d@ is the net compressive stresglie concrete athe center of
gravity ofthe prestressing force immediately after the prestress has been applied to the concrete
given by

Q0 — — — RiQ (3.183)

where0 is thecompressive stress coefficient and taken as 0.9 for pretensioned compdnents,
is initial prestress forcgacking force after anchorage 19s€is the eccentricity othe center of
gravity of the tendons with respect to center of gravity tbé concrete at the crosection

considered) is the area ofhe gross concrete section at the cresstion considereis the
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moment of inertia othe gross concrete section at the cresstion considered, and is the
bending moment due to deléd of the prestressed component and any other permanent loads in
place at time of prestressing.

The prestress losses duecteep of concrete are calculated as:
Yo — Q Q ni Q (3.19)

wherev is the creep coefficient and is taken as 2.0 for nemadht concreteQ is the modulus
of elasticity of concrete at 28 days, afd is stress intheconcrete athe center of gravity othe
prestressingorce due to all superimposed, permanent dead loads that are applied to the member

after it has ben prestressed andgizen by

N — i (3.193)

wherel is the moment due to @liperimposed, permanent dead load and sustained load applied
after prestressing.

Losses due to shrinkage of concrete are calculated as:
Yo g pm U O p e punnYO /i Q (3.20)
where U s the coefficient of shrinkage and is taken as 1.0 for pretensioned compergthg,

volumeto-surface ratioafter removing the formwork, and ‘s the average ambient relative
humidity whichis taken as 75 for a bridge located in the coastd of North Carolina.

The prestressing strands located in theh@nnel beamtestedarestressrelievedbut not
low-relaxation strangl due to the technologgt the time of the constructioherefore, the
prestress losses duertdaxation ardikely to besignificant and can bealculated as:

Y

Yo O OYQ Y& Y& 6 fiQ (3.21)
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where0 andvare therelaxation coefficiergand taken as 20000 and 0.15 for grade 270 stress
relieved strand, respectively, adds the coefficient related to the initial jacking stress.
Alternatively, e prestress losses due to relaxation of tendons sabalcalculated using

Equation 3.21a by considering the time eff@tawy, 2010)
Y&, MQ— — ML i @ressrelievedstrand (3.21a)

where™Q is the transfer stresskis the timein hours that th&C membehas beern service, and
"Q is the yield strength of the prestressing strand.

Table 3.5 shows the calculated prestress losses using the expressions mentioned above and

consideing different relaxation calculatien

Table 35: Calculated prestress losses

YO, el el el el Yo, i
(psi) (psi) (psi) (psi) (psi) (%0)
13946 45672 25
9435 17398 4893 086 o8l 5

3Prestress losses due to relaxatonording to the Equation 3.21
bPrestress losses due to relaxafgnording to the Equation 3.21a at 45 years since construction

The calculated prestress losses compared to the initial jacking stress presented in Table 3.5
show that the use tlieexpression for obtaining prestress losses from the relaxation of prestress
tendon results in an 8% difference of calculated prestoessses. However,526 to 32% of
calculated total prestress lossesubstantiallyower than the 45% total prestress losses obtained
from the experimentamethods Therefore, additional factors need to be considered in the
calculated prestress losses basedhe experimental results.

The calculated remaining prestrassthe prestressing strand using the cutting strand
method is lesthan the remaining prestress obtained usingdhge method on an-service bridge

due to the different dead load (wearing surface) and support condiflemsemaining prestress
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can be better examinesing the following equatigrresultingin an increased stress valurethe

bottom strand so thaté calculatedemainingstressbetterrepresergthe condition orsite

Q —f _ jiQ (3.22)
where™Q j is thecalculatedstresson the bottom strand, is the applied moment from the
wearing surface or selfeightfor the span length considereshdQ is the eccentricity of

bottom strandFurther, theC-channel beam spabetween suppastwhile conducting the cutting
strand method was reduced due to the failure mode from thechl# testing compared to the in
service conditionThe increased calculateprestress duw the wearing surfagceand support
conditionis predicted to be approximateiyO psi This discrepancy is negligible compared to the
magnitude of prestress losses calculated in Table 3.5.

Thedifference irtotal prestress losses betwdleaexperimentaimethod andheempirical
code base@xpressionis approximatey 13% to D%, evenwhenthe additionaldead load and
different support conditios are considered in the calculation. The difference may be explained
due tothe corrosionof the prestressing stragdesultingin reduced bond stress and causing slip
between the concrete and tpeestressing strandlany conditionsobservedn real bridgs in
service for more than 45 yearsay result in additional prestress losses, whidnot accounted
for in the empirical expressions.

3.1.2.3 Development Length

The effect of prestressing strand development length is another factor that affects the
predicted member deflection. Sections can only achieve their full flexural capacity when the
strands are fully developed. Prestressing strand development can be calculated using the following
expression from Nawy (2010)

a a a —Q Q0 Q9 08 (3.23)
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whered is the transfer length for the strand to develop its effective strasshe flexural bond
length that enables the stranddtvelop its ultimate stres®, is the prestressing strand diameter,
"Q is effective prestress stress, dfdis the stress in the prestressing strand at the sections
nominal strength.

The effective prestress stre€3,, based on thé¢otal prestress loss value obtained from
Section 3.1.2.2s 101.8 ksitheprestressing strand used in thel@annel beam is 7/16 in. diameter,
and’Q is taken as 243 ksi assuming M9 Using Equation 3.11, the calculated development
length,a , is 76.6 in. (14.8 in. fox and 61.8 in. fora). Figure 3.23(a) shows the prestressing

strand stress development over the full development length from Nawy (2010). For analysis

purposs, a simplified bilinearmode| as shown in Figure 3.23(b) wased in the analysis.
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Figure 3.23: Stressdevelopment length response.
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Figure 3.24 shows the variation of flexural capacity along the length effea@hel beam

by considering the development length effect and the harped strand profile.
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Figure 3.24: Variation offlexural capacity.

3.1.24. Modeling Damage Condition

Modeling the damage condition is the last challenge to be considered in the analysis, which
affects the predicted initial beam camber. The damage condition created in the lab was achieved
by cutting the bottonstrand at each stem at mggan using a hand cutting wheel. However, the
damage observed in the field includes exposure of prestressing slrglthe span resulting in
the loss of crossection at random locations due to corrosion. There will bddsssof camber
for the damage created in the Egihe prestressing strands can be develspeds away frorthe
cut area. However, as for the damage observesitendue to the exposed prestressing strand and
losses of crossection, prestressing strand stress will not be able to develop due to the bond
condition and can be consideradthe loss of the entirstrand along the span. Figure 3.25
illustrates the momerdeflectionresponsef beams with different damage conditions. It can be
observed that there is a substantial difference in the predicted response at the early stages of loading

for the two damageonditions considered. The predicted morrggitection response considering
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the cut bottom strands at mégan is similar to the experimental result for the same damaged

condition.

Assumed all bottom strands lost

Bottom strands cut at mid-span
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Figure 3.25: Momentdeflection response with different damage conditions.

3.2. Results and Comparison

Figure 3.26 shows the analytical prediction compared with the experimental results from
McCoy (2019). A reasonable momeddflection response was obtained compared to the
experimental results. In the analytiqgaiediction, beam deflection was predicted less than the
experimental result likely due to the assumed ultimate concrete compression strain limit.&able 3.
presents a comparison of the flexural capacity between the analytical results conducted in this
resarch to the experimental results and the results &&®BA using experimental data obtained
from McCoy et al. (2021) such as initial camber, deflection at maximum load, and average FRP
strain at maximum load. The results show that the LSA predictiortdaetrofitted Gchannel
beams ar@pproximately5% of the experimental results and provide a conservative prediction.
The analytical results of the flexural capacity presented in this research are very similar to the

results calculatedrom the LSA approach using the experimental data, demonstrating that the
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assumptions used in the analysis are comgdtreasonabléigure 3.27 shows the MIFRP strain
and member deflection relationship for the analytical and experimental results.sthemas
obtained from McCoy (2019), using the current design detailing, identified as speciméfiRAMF
U2 and MFFRPD2. An additional experimental result was provided from the retrofitted C
channel beam tested in flexure in this research and prese@bdpter 4. The flexural experiment
had similar damage and repair conditions as theFRRD2 specimen tested by McCoy (2019),
with an additional shear strengthening system applied at the bearmagiow, shown as MIFRP
D2-1 in Figure 3.27. A linear beh&w was observed in the experimental results of [P strain
to-beam deflection. The LSA approach results present a simileFRAFstrainto-beam deflection
behavior compared to the experimental data. This relation may be used as a method to simplify
the analysis. The results show that a similar slope was observdt M~FRP strairto-beam
deflection response for both MFRRD2 and MFFRRD2-1. It is said that the same strain
deflection response can be obtained from the MR repair system applied dmetsame cross
section and repair details. The relation betweenR®P strain and beam deflection can be
obtained from the slopef the relationshipdecreaimg the number of iterati@required inthe

LSA approach.
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Figure 3.26: Comparison of momesdeflection results.
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Figure 3.27: MF-FRP strairto-member deflection relationship of the experimental and
analytical results.

Table 36: Comparison of experimental aadalytical results of ultimate capacity

Experimental LSA Predicted
Specimen ID moment moment moment Pred®/ Exp. Pred¢/LSAP
(Kips-ft.) (Kips-t.) (Kips-ft.)
MF-FRRU2 274 267 274 1.00 1.03
MF-FRR-D2 192 193 205 1.07 1.06

aUltimate momenbbtained from thre@oint bending
BLSA approach using experimental data
‘Predicted ultimate moment from current research

3.3. Observations

The developedanalytical modelingprocedureof retrofitted Gchannel beams can be

summarized as follows:
By considering the secormtder effect from the MFRP system, the analytical
procedure presented in this chapter shows a good predicted behavior and conservative

ultimate prediction within a 5% difference compacédhe experimental results.
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The predictd member behavior can be improved substantially by using good quality
input data, including concrete strength, prestress strand properties, prestressing strand
profile, prestress losses, development length, and damage condition.

Both the applied strain ggas on the prestressing strand and the cracking moment
methods resulted in similémtal prestress losses for the beams tested.

Total prestress losses obtained frim@experimerdl methodsre 13% to 20 % higher

than trat of empirical code basednodels which may be duego corrosion on the
prestressing strand, resultilgadditional prestress losses due to reduced bond and
slip betweertheconcrete anthestrand. This phenomendor deteriorated irservice

bridgesis notconsideredy the empircal calculations.
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CHAPTER 4: DESIGN AND VALIDATION OF A SHEAR STRENGTHENING SYSTEM
FOR C-CHANNEL BEAMS

The previously developed flexurdIF-FRP retrofit system can provide a successful
flexural capacity and AASHTO load rating improvement of deteriorated beams as demonstrated
by McCoy (2019) and Bourara (2019) by testingt@nnel beams and cored slabs fromajfut
service bridges. Althougprevious studies considered flexural deterioration only as seen by the
example of Bridge 910180 (refer to Figure 1.1(a)), shear deterioration can also occur at the ends
of beams that need additional attention. The deterioration at the end regions oinobahedoss
of concrete stem section and exposure of prestressing strands and stirrups due to overloaded traffic
andcorrosion fromwater leakage. The purpose of thisfdlale experimental program is to study
the beam shear behavior by simulating dansigdar to that observed esite in Bridge 810003
in Sampson County, NC (Figure 4.1). Additional flexural testiagalso undertaken to provide
information that was not previously collected. This includes beam prestress losses and restored

camber from th repair system to improve the analytical modeling.

P E U ! ! 4 ' ‘;: &‘,-
: : % .4 44 - 3
Figure 4.1: Shear deterioration at beam emgjion observed on Bridge 810003.
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This Chapter presents the experimental testing and resultschfr@el beams with
different levels of shear deterioratiand with different repair systems tested in shear. Additional
flexural testing with both shear and flexural deterioration repaired with the combined shear and
flexural repair system was also conducted to compare with the repaired flexural deterierated C
channel beams tested by McCoy (2019). The detailed experimental program is presented,
including specimen descriptions, test setup, test matrix, and repair procedure. The experimental
results and discussions are then presented in this chapter. The last pemtides analytical
predictions of the unstrengthenedcBannel beams using ACI 318 (2019) to validate the
experimental results.

4.1 Design ofthe Shear Strengthening System

McCoy (2019) and Bourara (2019) designed the original flexuraFHRP system only for
flexural deterioration. However, to address the shear concern, a shear strengthening system was
designed for the shear deterioration at the end regionscbfiinel beamsrhe design aims to
improve the deteriorated beam shear behavior and integrate the original flexciF&t gy stem.

A steelplatewas used for the shear strengthening due to the simplicity of das@jtability, and

ease of integration with the existiMf--FRP systemThe shear strengthening plate was optimized
based on AISC (2017) design guidelines with a mininsineardesign strength of 20 kips using
Grade 50 steel to provide sufficiently increased shear capacity of the shear detHreaat back

to its original shear capacity. Six 5/8 in. diameter bolts were used to attach the shear strengthening
plate to the concrete stem after checking bolt shear, bearing capacity, and concrete splitting in both
vertical and longitudinal directions. Figure 4.2 skae designed shear strengthening plate. The
dimensions of the shear strengthening pdeie38 in. long, 10 in. deep, and 0.25 in. thick with a

slope at one end to fit the inside of thel@annel stem. A 0.25 in. plate thickness not only provides
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enoughshear strength and good workability ease of handirgiterby the installation crevbut
avoids the potential bending issue during loadirige weight of this shear strengthening plate is

27 Ibs., and can handled by one persosita

- 3414

O 0O OO0 OO0 O O O
e e e s 10"
QO O GR LR R RS == = = ) L

38" ‘

\DIA. 13/16", TYP OF (32) 3 ok

(a) Design dimension (b) Actual plate
Figure 4.2: Shear strengthening plate.

The shear strengthening plate is designdzbtocatal between the fixed anchor plate and
the concrete stem through the holégm, as shown in Figure 4.3. The bolt hole gird of the bottom
two rows on the shear strengthening plate folltme same pattern as the fixed anchor plate to
provide flexibility of locating the anchor plate while installing the flexural repair systegarSh
strengthening bolts were anchored to the top and bottom two rows to anchor the maximum possible
depth of the shear strengthening pl&@embining theflexural MFFRP systemwith the shear
strengthening plate, theroposediexural/shear repair can beed to address both flexural and

shear deterioration.

Flexural MF-FRP system \ W R

O EE = =) ¥ —
o Shear Strengthening Plate

<+—Flexural Repair —>

Shear strengthening plate .
(a) Elevation view (b) Crosssection vigv

Figure 4.3 Flexural/shear repair system.
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4.2 Experimental Program
4.2.1 C-channelBeams

Four 30 ft:long Gchannel beams were obtained from Bridge 380093 in Granville County,
NC, the same €hannel bridge that McCoy (2019) tested. All foucl@nnel beams were in
relatively good conditionbased onvisual inspection with no concrete spalling exposed
prestressing strands. The good quality of the beams enabled the research team to control the
damage level to achieve the goal of the experimental program. All beams were stored at the
NCDOT Division 5 yard and shipped to the Constructed Fasillte@boratory (CFL) on March

10", 2021. Figure 4.4 shows the beams as stored at the NCDOT Division 5 yard and the delivery

by truck to the CFL.

(a) Gchannel beams stored at NCDOT yard (mh@nnel beams delivered to the CFL
Figure 4.4. C-channel beams used in this test program.

As mentioned in Chapter 3, the cressction of the &hannel beam used in this research
was a type A pattern with a 13 in. stirrup spacing based on NCDOT (1966). The design detail of
the Gchannel beam can pralé stirrup spacing information that miniméabe chance of cutting
steel during drilling. As for the beams repaired with the-IMEP system, the same detail can be

applied as McCoy (2019) to enable a direct comparison.
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4.2.2 Failure Envelope of the PC-€hannel Beam

The failure envelope along the beam for both flexure and sheaedtetdedetermined
before finalizing the test setupphe failure envelope weredevelopedby discretizing thdbeam
into 1 ft. long segments and the flexural and shear capaaditylatecat each segment.

4.2.2.1 Moment Envelope

The moment envelope was calculated in both undamaged and damaged unstrengthened
conditions using the LSA approach discussed in Chapterc®isidering the strand profile and
development length of the prestressing strafdgire 4.5 shows the moment envelope for the
undamaged and damaged condition. The assumed damaged condition was the loss of the bottom
strand at each stem, which is consadkeas the worstasescenario. By considering the effect of
the prestressing development length and the harped profile of the prestressing strand, the beam
flexural capacity starts at zero at the ends and increases toward tepanatthe prestressing

stress develop

250
200 l .
150

100

Moment (kips-ft.)

50

Moment Envelope - Undamged

Moment Envelope - Damaged
=+ = Development Length

0 5 10 15 20 25 30
Beam Length (ft.)

Figure 4.5: Moment envelope of undamaged and damageti@nel beams.
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4.2.2.2 Shear Envelope

The shear capacity at each segment was calculated using the method from ACI 318 (2019)
for prestressed concrete members. The actual effective depth of the prestressing strand was applied
to the calculation to obtain the concrete shear strength. Concestestsrength of the damaged
section was calculated assuming the loss of the bottom strands, which is the same damaged
condition created in the fuicale experiment3.he stirrup shear strength was initially calculated
using the spacing obtained frothe NCDOT standard -Channel beam drawisgand site
measurements obtained from Bridge 810003 in Sampson County, NC, wdreh3 and 6 in.,
respectively. The prestressing strand effective depth used in the ACI method was the actual
effective depth of theection instead of using the suggested 80% of the-semd®nal height. Due
to the slope alonthe height of theoncrete stemgefer to Figure 1.4), the bottom web width was
selected to calculate the concrete shear strengtlseThedifications aim toobtain the best
estimaes ofconcrete shear strength. Figure 4.6 presents the calculated shear capacity envelope of

the undamaged and damaged section consideratgo different stirrup spacirgy
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Figure 4.6: Shearenvelope along the-€hannel beams.

4.2.2.3 Failure Envelope

Figure 4.7 shows the moment and shadure envelopgor undamaged and damaged
beams. The envelopare presenteh terms ofshearforce to allow a direct comparisorhe
objective is to observe shearfailure by avoidng a premature flexural failureo thatthe shear

behavior of the deteriorated beamay be determined
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Figure 4.7: Failure envelope along thength ofC-channel beams.

According to the result presented in Figure 4.7, shear failure can occur before flexural
failure at the region around 1 to 3 ft. from the end of the beaithédamdamaged and damaged
conditions. Therefore, the test setup wasignedisinga fourpointloading systenmocated near
the end of the beamonsideringwith the truck axlespacingand anchor hole pattern on the lab

strongfloor.
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4.2.3 Test Setup and Instrumentation

Four beams and seven tests were conducted to understand the shear behavior of
deteriorated €&hannel beams. Shear testing was conducted on both ends of the beam to use the
specimens efficiently. A reduced span length was required for the second testiotresihed end
due to the damage condition after testing the first end. All RtBabnel beams tested in shear
were supported by concrete blocks with neoprene pads and loaded to failure using hydraulic jacks
close to the beam end region with a selected spear. The load was applied to the beam with
four-pointloading system using hydraulic jacks. All jacks were connected to an electric pump with
a closed hydraulic loop to share the same pressure source and ensure equal applied load.

The North Carolina nointerstate legal vehicles category, shown in Figure 4.8, is used by
NCDOT to analyze the operating rating limit of bridges considered in this research. It can be seen
that the minimum truck axle spacing is 4 ft. for the different types of trucks inatagary. Due
to the arrangement of the anchor holes on the CFL sftoag hydraulic jacks can be connected
to two HSS loading tubes 3 ft. apart located on the top of the beam. Therefore, the first two jacks
were located 40 in. from the support to creashear span of four times the average prestressing
strandsé effective depth. The s elbeanteffectansih e ar
arching action, and enable the beam to experience flexural behavior. The average prestressing
strand effet depth is calculated based on the harped strand profile along the beam (11.8 in. at the
midspan and 9.1 in. at the eyaf the beam). The remaining two jacks were placed 3 ft. away from
the first two jacks. The layout was used to simulate the minimurk txlespacingand apply a
reasonable loading configuration.

However, an unexpected flexural failure occurred after tedfmg first undamaged

specimen in shear, resulting in rupture of a prestressing strand due to the moment at the second
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loading point Subsequently hie test setup was changed to a single point load using two hydraulic
jacks to reduce the applied momeithe loading point relative to the shear in the shear span.

Therefore, the remaining shear experiments were conducted nsing-point load test setup.

SINGLE VEHICLE (SV) TRUCK TRACTOR SEMI-TRAILER (TTST)
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Figure 4.8: North Carolina nosinterstate legal vehicles (adapted from Weiger, 2017).

A threepoint bending setup was used for the specimen with both flexural and shear
deterioration and the combined flexural and shetaofit system. This specimen was tested in
flexure with the same configuration as tested by Mc®19) The load was applied using a 440
kip hydraulic actuator attached to a steel frame located at thgpaid A 10 x 20 in. steel bearing

plate was usgto transfer the actuator force to the specimen in accordance with the AASHTO
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(2017) bearing area for wheel loading. The specimen was tested under displamartrehtwith

a load rate of 0.25 in./minute. All three test setups are presented in Figure 4.9

(c) Flexural test with Jpoint loading at midspan
Figure 4.9: Test setups for different loading conditions.

The applied load was measured using load cells placed on the hydraulic jacks or from the
actuator for the shear and flexural experiments, respectively. String potentiometers were used to

obtain the member deflection during testing. For the shear testyy giientiometers were
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attached at the applied load points and-spdn. For the flexural test, string potentiometers were
attached to the midpan and quartespans. Linear variable differential transducers (LVDT) were
installed at each support to measiie relative deformation of the neoprene pads during loading.
Electrical resistance strain gauges were installed on th&RHF-to measure the FRP axial strain

while applying the prestressing force and during testing, as can be seen in Figure 4.10.

. . Midspan
Strain gauge near end-region \ :

N - - EEER

* i
-"l i

‘n’

/ _ +

Strain gauges at mid-region ! !

Figure4.10: Strain gaugeginstalled on the FRP plate.

4.2.4 Test Matrix

4.2.4.1 Specimen ID Nomenclature

All test specimens have been uniquely labeled and identified for quality and traceability
using the format:
X-PPRNN-MM
where X is the repair condition, PPP is the damage type, NN is the test type, and MM is the
repair system. The detailed nomenclatureuimmarizedn Table 4.1.

Table 41: Specimen identification for fulscale testing

Parameter Description Detail ID
Repair condition Contrql specimen ¢
Repair specimen S
Undamaged U
Damage type Severg shear damage DS
Intermediate shear damage IDS
Flexural damage and severe shear damage DFS
Shear test withwo-point load S2
Testing type Shear test with onpoint load Sl
Flexural test with ongoint load F
Repair system Flexural repair system F
Flexural/shear repair system FS
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4.2.4.2 Test Description

Table 4.2 presents the test matrix for the four beamssandn tests completed to
investigate Ghannel beam shear behavior. The first test on beam No. 1 was an undamaged shear
control specimen under a twmint loading condition (€J-S2). The test setup was changed to
onepoint loading after experiencing flexairfailure. The second test on beam No. 1 served as a
severe shear damage control specimeD8S1) by chipping away a 1 ft. length of concrete with
a 2 in. height from the bottom of stem starting 8 in. from the end of the beam with a reduced beam
span of23 ft. The same volume of concrete was removed for all shear deteriorated specimens to
simulate the damage region. The bottom prestressing strand on both stems were cut using a cutting
torch or hand cutting wheel to simulate the severe shear damagartiatotir orsite. Test three
on beam No. 2 was the undamaged shear control specirFigfrS@}, serving as a benchmark to
compare the behavior with the other shear experiments. Test four on beam No. 2 was the
intermediate shear damage specimei¥S-S1) with a similar shear deterioration observed on
siteanda reduced beam span of 24 ft. Intermediate shear damage was achieved by only chipping
away the concrete and exposihg prestressing strand as described previously. This application
was achieved caretylto ensure that only the bottom part of the prestressing strand was not bonded
to the concrete. However, the top part of the prestressing strand was stihtact withthe
concrete section. The bottom strand on each stem was not cut. Figure 4.hfisphessketch of
the intermediate shear damage and severe shear deasagareated in the lab. The intermediate
damage condition created in the labmpared to thelamage condition observed -site is

presented in Figure 4.12.
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Figure 4.11: Shear damage conditions.

(a) Intermediate shear damage created in the lab (b) Shear ddmage obsesited on
Figure 4.12. Shear damage comparison.

Tests five and six on beam No.3 were the shear tests using the proposed repair system.
Both tests five and six included the severe shear damage case. All severe shear damaged regions
were patched to restore the concrete prior to the repair installation. Test five was repaired with
only a flexural MFFRP system (®S-SI1-F), and test six wasepaired withthe proposed
flexural/shear systems{3S-S1-FS) under a reduced beam sp&24 ft The difference between
tests five and six was to compare the contribution of the different repair systems. Test seven (S
DFSF-FS) on beam No. 4 was the lastd only flexural test conducted in this research. Both
flexural and severe shear damaggscreated by cutting the bottom prestressing strands at mid

span and both enggions of each stem. Figure 4.13 shows the flexural deterioration created in
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the lab. The specimen was then repaired with the flexural/shear repair systens #ityie 4.20

show the fulscale test setup and instrumentation of all seven tests.

(a) Cutting prestressing strand at rsgan (b) Simulated flexudaterioration
Figure 4.13: Flexural deterioratiomt midspan

Table 42: Test matrix.

'lllleos.t Bl\elg.m Spelgmen Description ald® T_?;;gg
1 1 C-U-s2 Undamaged shear contfiotwo-point load
2 C-DS-S1 Severe damaged shear control
3 > C-U-s1 Undgmaged shear control 4 Shear
4 C-IDS-S1 Intermediate damaged shear control
5 SDSSI-F Sevee damaged shear with flexural repair
6 SDS-SI-FS Sevee damaged shear with flexural and shear repair
7 4 SDFSF-FS Damaged flexure anshear with flexural and shearrepa  17.6 Flexure

Note:
a80nly specimen tested in tvpoint loading.

ba is the40 in.shear span for shear tastind 176 in. fotheflexural test; b is the average effective dejatken as
10in.
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Figure 4.14: C-U-S2 (Test 1 orBeam 1)
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Figure 4.15. C-DS-S1 (Test 2 on Beam 1)
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Figure 4.16: C-U-S1 (Test 3 on Beam 2)
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Figure 4.17: C-IDS-S1 (Test 4 on Beam 2)
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Figure 4.18: SSDS-S1-F (Test 5 on Beam 3)
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Figure 4.19: SSDS-S1-FS (Test 6 on Beam .3)
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Figure 4.20: SSDFSF-FS (Test 7 on Beam 4)

4.2.5 Specimen Preparation

4.2.5.1 Control Specimen

Three control specimens were tested in this program, including the undamaged control,
intermediate shear damage, and severe shear damage. These control specabkrtbe
experimental quantification of tHé-channel beam shear behavior under differerglgeuf shear
damage without applying any retrofit system, as shown in FBguidto 4.17 The intermediate
shear damage control was achieved by chipping away the concrete and exposing the prestressing
strand. It is worth noting that even though the stemcrete appeared to be in good condition,
corrosion was observed on the strands after chipping away the concrete, as can bEigaeen in
4.21(b). Unlikethe intermediate shear damage, the severe damage condition simulates the worst

condition that can aur onsite. Total loss of the prestressing strand esestion due to corrosion
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was simulated by cutting the strand as seen in Fig@#d}. It is worth mentioning that minor

tensile stresgnergy was released during the cutting process due to thedshielopment length

at the end regions.

5

| €) Undamaged:ontrol (b) Intermediate shear damage control

(c) Severe shear damage control
Figure 4.21: Different shear damage levels.

4.2.5.2 Retrofited Specimes

Two retrofit systems were applied on the deteriorateti&@hnel beams. To simulate a field
application, the chipped concrete was patched using fast setting cement before installing the repair
system. The purpose was to create a flat surface for the slpaar sgstem and decrease the

corrosion ratef the prestressing strands, which is typicatwirentrepair method DOTs use on
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