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ABSTRACT

Deep prestressed concrete bridge girders are becoming increasingly popular due to their
ability to span longer distances and reduce the total cost of bridge projects. However, these girders
have frequently been subject to erahe cracking duringhe transfer of prestress foragsspite
being designed to current AASHTO specifications. Previously, the Alabama Department of
Transportation (ALDOT) has designed deep prestressed girders which can span up to 165 ft.
During the fabication of these girders, crack formations in the end zone were typically noticed.
To address this concern, longitudinal reinforcement was added to the end zones. This solution
controlled cracking to some extent but could not completely eliminate cgackin

An experimentalstudy was conducted to find a practical engineering solution to the
problem of end zone cracking, as well as to develop a 78 in. deep prestresded birtier design
to reach a span length of 180 ft. 3D finite element modeling wed to find three practical
alternative end zone modifications to the standard design. The modified designs included a
lowered draping angle, partial debonding of the strands, and a combination of the two.

Four 54 ft. long specimens, including three watid zone modifications, were fabricated
at Hanson Pipe & Precast in Pelham, Alabama, and monitored duridgt#esioningorocess.
The end zones were instrumented with steel and concrete strain gauges to better understand the
complex behavior of girdeme zones. External DEMEC instrumentation was also included at the
girder ends to measure the transfer length of the strands in each specimen. The specimens were

then load tested at the UA Large Scale Structures Laboratory (LSSL) to determine thekffects



the modifiel end zone details on the girder capacBgsed on the study, modified girder end zone

details are recommended to ALDOT for implementation.
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Chapter 1 Introductio n
1.1.Background
1.1.1. Overview of Prestressed Concrete

Since the deaes following World War Il,precast/prestressed concrgr@ducts have
become increasingly popular in the United States. Prestressed concrete meambdrs
commonly found in structural elements such as bridge girdeasns, floor slabs, foundatioasd
columns. Today, precast/prestressed concrete girders are frequently chosen for bridge
superstructures due to their comparative advantages over istiees gincluding high durability,
better cosefficiency, and shorter construction time.

Prestressed concrete has many advantages over traditionally reinforced concrete. Due to
the compressive forces in the concrete created by prestress transfersggdstrembers have an
increased capacity to resist service load stresses. This increased capacity can result in the reduction
or elimination of typical flexural and shear cracking. Furthermore, with proper design, prestressed
members can be much smalleddighter than reinforced concrete, which can ultimately lead to a
reduction in both fabrication costs and construction time.

Prestressed concrete can be either pretensioned etepsegined with higiyrade steel
prestressing strands. Pretensioned ecgranvolves the tensioning of strands before the concrete
is cast, as opposed to pdshsioned concreta) whichthe strands are tensioned after the concrete
is cast. In the fabrication of pretensioned concrete members, prestressing strands agd stretch

above the casting bed between two stationary abutments and formwork is set in place around the



bed. The concrete is then cast within the formwork and allowed to bond directly with the strands.
Once the concrete has reached a prescribed compressivgtisiithe formwork is removed and

each prestressing strand is cut simultaneously on either end of the member. The process of cutting
the prestressing strands is referred to as prestress transfer, or detensioning.

As the prestressing force is transfertedhe member, the concrete is axially loaded in
compression, and the performance capacity of the concrete is drastically increased. With the
advent of highkstrength concrete and efficient girder shapes, pretensioned girders can be designed
to contain enonous amounts of prestressing strands, which in turn allows for even greater
capacity. For this reason, state departments of transportation continue to investigate
implement deep pretensioned concrete girders.

One major benefit of deep pretensionesarete girders is their ability to span longer
distances than traditionally reinforced concrete members. Severapangorestressed concrete
girders have been implemented in bridge projects across the country including: the feada |
(max. span 24 ft), the Washington WF100G (max. span 220 ft), and the Nebraska NU girder
(max. span 240 ft). In many situations, lespgan girders are a more practical, cheaper alternative
to shortspan girders since lompan girders decrease the need for supposirgstructure
members. This can result in several cost, safety, and environmental benefits. With less piers,
contractors spend less money on materials. ispay girders on bridges spanning over bodies of
water require less construction in the harsh wgykonditions of the water. This can benefit both
the contractor, by reducing the risk of injury for workers, and the environment, by reducing the

amount of hazardous material and disturbances to the surrounding ecosystems.



1.1.2. End ZoneCracking

A common poblem typically observed in deep prestressed concrete girders is the
development of cracks in the girder ends, where the prestress in transferred to the concrete. These
cracks, known as end zone cracks or anchorage zone cracks, typically occur danmgdiately
after the transfer of force from the prestressing strands to the concrete. This transfer of force occurs
gradually along a short distance from the girder end called the transfer length. As this force grows
over a relatively small length, craok is likely to occur in areas of congested prestressing strands
with a small amount of concrete to distribute the force.

Some girder sections are more susceptible to end zone cracking than others. End zone
cracking is generally known to be associatethweep, narrovstemmed girders which contain a
large amount of prestressing strands.

As shown inFigure 1-1, three characteristic crack types have been identified in girder end
zones: horizontal cracks over the web depth, gplgti A YO0 shaped cr aaevkbs at
interface, and inclined cracks that run parallel to draped strands in the top of the web. The
consequences of these cracks are concerning. Since the cracks naturally form near the location of
prestressing sands, they open up a direct path for moisture and corrosives to reach the strands.
This results in strand corrosion, concrete spalling, and eventually a reduction in the flexural and
shear load resisting capacity of the member by interrupting the bonddrethe strands and the
concrete. Excessive cracking in the end zones require the fabricators to epoxy inject the cracks or,

in some severe cases, even reject the girder.
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Figure 1-1 Typical end zone cracks in pretensioned girders

1.2.Project Objectives and Scope

The main objective of the research project was to providttDOT Bridge Bureau with
practical and experimentally verifieehd zone details to minimizeend zonecracking issues,
prolong the service life, and improve durability of pretensioned concrete girders in Alabama. This
goal was achieved by combining fimielementmodeling field monitoringand experimental
testingof four 78 in. deep girderspecimens witldifferentend zonalesigns.Thespecimensvere
fabricatedat a local precast plaanhd thecritical concrete and steslrainsin the girder end zones

were monitored using internal and external strain gauges. To verify the theoretical capacity of



these girderand understand the impact of the design modificat@imad test was then conducted
onallspecimens n t he Uni ver si tye $tuctukes Labomtora(BSSL).L ar g e
1.3.Organization of Thesis

Chapter 2 includes a literature review of historical experimental and analytical studies
involving end zoneracking and transfer length in deep prestressed girders. The liteeatere
includesexperimentalstudies from several state departments of transportation as well as current
code standards frothe AmericanConcrete Institute (£1) andthe American Association of State
Highway and Transportation Officials ASHTO). Chapter 3 presents the medology and
calibration of the finite element analysis used in the design of the experimental speuicities
instrumentation plan Chapter 4 explains the design details for the experimental specifieas.
instrumentation program used to capture thieavior of the specimens and the fabricapioocess
used in constructing thepecimenss also discussed in Chapter £hapter 5 includeshe
instrumentation plan fathe latloratoryload tests Chapter 6 presents the results collected from

the instrumetation during prestress release and during load testing. The data captured from the

experimental specimens is analyzed and compared in this chapter. The final chapter includes

conclusions from the project and recommendations for future ALDOT girdkonedesigns, as

well as recommendations for future research.
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Chapter 2 Review ofEnd Zone Cracking and Transfer Length in PretensionedGirders

2.1.Introduction

In recentyears, precast/prestressed concrete giether zonecracking has become an
increasing concern foregigners.End zonecracking was first recognized as a problem during the
pretensioned concr et9%6 Obbospwarranting an iadepth ktady Offies a n d
causes forend zonecracking. Marshall and Mattock(1962) conducted the first reported
experimental study on this issue, which resulted in the first code provisiorendozone
reinforcement requirements in the 1961 AASHTO Interim Specificatfdosn et al., 2004)
These specifications, requiring a RSl stress limitfor vertical reinforcementbarsand a splitting
forceequal to no less than 4 percent of the total prestressing feece a simplified form of the
recommendations ofthe study conducted by Marshall and Mattock. Howewer, these
recommend@ons were nofully successful in eliminatingnd zoneracking especially in modern
prestressed concrete girders Following the experimental study by Marshall and Mattock, several
researchers have conductgerimentaktudies in comlimation with finiteelement modéeng to
identify factors affectinggnd zonecracking and desigand zonaeinforcement more efficiently
for deep prestressed concrete girders. Based on these studies, recommendations for modifying the
end zongeinforcement design were propakintheliterature The following sections includen
explanation of transfer bond theoayeview of key literature focusing @nd zoneracking and
a review of key expressions which have been previously used to ddsansfer length in deep

preensioned girders.



2.2.Bond Theory of Pretensioned Concrete

The physics of pretensioned concrete can be explained by the application of three bond
mechanisms: adhesion, friction, and mechanical resistance (Hanson and Kaar, 1959). These
mechanisms explain thebavior of the system as the pretensioned strand bonds with the concrete.
The transfer of stress which follows is called the transfer bond stress. These mechanisms are
helpful in explaining the causes of bahd zoneracking and transfer lengths.

The frst mechanism, adhesion, is the process in which the prestressing strand forms a
sticky bond with the concrete. This process occurs as concrete is poured around the strand and is
allowed to harden. Adhesion is a particularly weak bond which is usualket at prestress
release as the strand slips within the concrete (Barnes, Grove, and Burns, 2003).

Friction, the second mechanism, plays a large role in creating transfer bond stress at the
strandconcrete interface. This mechanism is a product of tweHEffect. As a prestressing
strand is pulled in tension the strand elongatemjsing the diameter of that strand to
simultaneously decreasd his principle, known as the Poisson Effect, helps explain witalr®
after the strands ameleasedrom the abutments of the prestressing .bethrough the curing
process, concrethardensaround the pretensioned strand. When the concrete has reached a
desirable release strength, the strand is cut and tends to naturally shrink back to its original length
cawsing the diameter to increas&he hardened concrete inhibits the strand fretarning to its
original size, thus the transfer of mechanical stress from the strand to the concrete is manifested in
a radial fashion around the strand. The Hoyer Effexkisy contributor to transfer bond stress as
it creates frictional resistance between the concrete and timel.stfehe Hoyer Eect can be

visualized inFigure2-1.
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Figure 2-1 Hoyer Effect

The third transfer bond mechanism is mechanical resistdhast prestressing strands are
comprised of seven wires twisted together in a helical pattern. This allows fobieeiteg stress
with the concrete After the concrete is cast around the strand, small grooves are created within
the concrete which increase the surface area of the strand. As a result, when the member is loaded,
these grooves can create a mechanesstance which helps the strand combat slip and can help
develop larger capacity within the member (Hanson and Kaar, 1959).

The three bond mechanisms have wide implicationgrah zonecracking and transfer
length. End zonecracking occurs as a resoftthe Hoyer Effect. The radial compresssiresses
of the strand subject the surrounding concrete to high strains which can sometimes eemige as
zonecracks on the outside surface of the member, especially when strands are placed near the
outside ofthe member. According to AASHT(O015) the prestressing force is assumed to be
zero at the edge of the girder and increases linearly along the transfer length of theTdjisler.
drastic increasm stress isesisted by limited amount of concrete near the girder end, especially

in thinr-webbed members, which is the causerad zonecracking in many prestressed girders.



2.3.Review ofEnd Zone Cracking in Pretensioned Concrete Girders

Current code specificationsifend zonalesign ané summary othe findings from previous
studies orend zonerackingare presented in this sectiomhese studies, which occurred between
1961 and 2014jescribe several methods of analysis and desigorédensioned concrete girder
such as the Gergelyozen metho@l967) the strutandtie method, and a variety of finite element
analysis methodsAs time progressesnd more research is condugtedr abilityto understand
the complex strain disbutions in theend zone of heavily pretensioned girders increas€his
literature review was conducted tmnapile and ompare th@utcomes of some of the recent studies
involving end zonesracking.
2.4.AASHTO Provisions for Splitting Reinforcement

Section5.10.10 ofA A S H T ORFP Bridge Design Specificationf@015)specifies thathe
reinforcement design in the anchorage zone in the ends of pretehs&ieamsprovide the
minimum splitting resistancehown in Equabn 2-1.

0 o (2:2)
Where:"Q = stress in steel not to exceed 20 ksi
0 = total area of reinforcement located within thaatise h/4 from the
end of the beam (if).

h = overall dimension of precast member in the direction in which

splitting resistance is being evaluated (in.)

According to AASHTO, the resistance must not be less than four percent of the total
prestressindorce of the beam at transfer. The AASHTO comragnexplains the purpose of
limiting the allowablestressn endzone reinforcemeriQto 20ksiis to maintain crackin theend
zones of the membenwithin acceptable limits

9



2.5. PreviousExperimental and Analytical Research Related t&end Zone Cracking
2.5.1. Tuan et al. (2004)

Researchers at the Univeeysof Nebraskalincoln and Western Michigan University
investigated thend zonecracking in twelve prestressed girder types including sixINuders
and six NU invertedee girders. Based on their investigation, they then designed and tested a new
girder type to minimizeend zonecracking. The project wasompletedin two phases(l) the
evaluation ofend zonevertical reinforcement immediately after prestress release in girders
designed meeting AASHTO Specificatiq2902) and(ll) the design, testing, and analysis of new
specimensvith modifiedend zonaletaik.

In Phase |, data was collected from twelve pretensioned concrete girders designed meeting
the AASHTO specifications and fabricated at two different mtepeoducers in Nebraska. The
girders included in the Phasstudy were six NU tgirders (three NU1800 and three NU1600),
and six NU invertedee girders (three IT600 and three IT400). Each girder was instrumented with
four strain gauges, placed on tveal reinforcing bars in thend zoneegion(within a horizontal
distancefrom the girder enequal to the height of the girdér) The strain gauges were used to
measure the strain in the vertical reinforcement during prestress trafisfamesulof the Phase
| tests, it was found that the strain in the reinforcing bars was highest at the member end and rapidly
decreased as the distance from the girder end increasedotgttitlissipation occurred at an
approximate distanaequal toh. The maximm strain values in the reinforcement occurred after
the release of all strands. Among #mel zonegeinforcement, the stress levels varied between 0.2
and 12.9 ksi.However, all the measured steel stress values were well under the design stress of
20 ksi as required by the AASHTO Specifications. The average splitting force of the girders

tested in Phase | was roughly 2 percent of the prestressing force. Cracking was invisible in the
10



inverted F girders. Cracks with lengths between 8 and 12 inchesmedieed in the web regions
of the NU Lgirders.

Phase Il involved the design of newd zonealetails based on information learned in Phase
I. Three criteria were followed in the new design: 1)ehé zoneeinforcement was concentrated
as close as possahto the girder end since this was the location susceptible to the highest splitting
forces, 2)a working design stress of 20 ksi in vertical reinforcement was used, and 3) special
vertical reinforcement was implemented within a distanck/®from the gder end, while the
remainder of the vertical reinforcement was distributed as required for the critical shear section.
The results of Phase Il demonstrated that the er@dvzonaeinforcement design improved the
efficiency of the steel placement whileducing the quantity of steel used. The Phase Il
experiment confirms that in order to reduce the strain in steel and the concrete cracking it is
necessary to use a large area of steel as close to the girder end as possible. The strain in the vertical
bars within the Phase Igirders followed the same trends as in Phase I. While the maximum
stresses in these bars varied between 0.4 and 25.8 ksi, the strain was highest towards the girder
end and decreased rapidly as the distance from the girder endseatr&he variation of the
maximum vertical reinforcement stress in the end zone can be seguia2-2. The measured
crack widths and lengths in Phase Il of the study were smaller than those in Phasé¢rgehe
Sozen(1967)method of analysis was used to predict crack locations after Phase Il testing. This

method proved to be an effective prediabcracklocations.
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Figure 2-2 Variation of Maximum Steel Stress in the End Zone, (Tuan et al., 2004)

The ratio of the splitting force to the prestress force in Phase Il testing ranged from 0.69 to
3.02 percent. The maximum measured splitting force of 3.02 was significantly under thedrequir
AASHTO standard which mandates that the splitting force be designed for 4 percent of the total
prestress force. The relationships between the splitting force and the prestressing force for the
girders studied in this project can been inFigure2-3. Considering the data gained from the
Phase 1l testing, the authors suggest that the current AASHTO recommendations of 4 percent
splitting force could be an overly conservative estimation when the steel is concentrated very near
the end of the member. Instead, the authors suggest that a pair of very large bars, designed for 2
percent of the prestress at a stress level of 20 ksi, be placed near the end of the girder to control
the splitting cracks. The remaining balance of thestpessing force is recommended to be

distributed across the critical shear section. The authors also proposed an alternative design of
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distributing the splitting force of 4 percent along a distanck/2ffrom the girder end with 50

percent of that forcplaced within a distance &f8 of the girder end.
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Figure 2-3 Relationship between splitting force and prestressingofce, (Tuan et al., 2004)

The authorsd concl usresummariZeddloom t he experi ment s
1 The GergelySozen method of analysis adequately predictacking in fultscale
specimens
1 3 perent of the prestressing force we upper bound for the splitting force.
1 The splitting forcevasclose to 25 ksi in the reinforcement close to theegiehd
and quickly decraseduntil finally diminishing at a distance equal to the depth of

the girder.
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1 60 percent of the splitting foraeasfound in the first/4 of the girder while about
85 percentvasfound in the first/2.

1 The most effective reinfaement for resistingnd zoneracks involves large bars
that are designed for 2 percent of the prestressing forgel@ret at the end of the
girder, however, such reinforcement mayt@e expensive

1 One realistic design solutios to desigrthe splitthg reinforcement for a splitting
force equal to 4 percent of the total prestressing force and a uniform stress of 20
ksi. The placement of 50 percent of this reinforcement is to be vii®iinom the
girder end, while the rest is to be contained witiithfrom the girder end.

1 Since the recommended procedure requires the same total splitting reinforcement
area, it can be seen as a validation of the current AASHTO Specifications.

1 The proposed procedure may still be too conservative. More research id tteede
investigate the potential of reducing the splitting reinforcement by increasing the

stress limit to 30 ksi or 36 ksi.

2.5.2. Hamilton, Consolazio, & Rosq2013)

Research was conducted by the Florida Department of Traagspo(FDOT)in 2012 that
included a mulicomponent test program to evaluate the effects of web splitting, flange splitting,
and lateral splittingon Florida tbeans. The research also investigated the shear strength and
behavior of early pretensioneddgrs used in retired Florida highways bridges. Four main test
programs were conducted throughout the study: 1) the small beam test program, which
investigated the function and effect of confinement reinforcement in twelve 28 in. deep-precast

pretensioné beams, 2) the SR2 test program, which performed ultimate tests on precast
14



pretensioned girders which were removed from a Florida bridge after 55 years of service, 3) the
FIB-54 test program, which evaluated the effects of different end region detgilsler capacity

and behavior, and 4) the F&B test program, which compared four detailing schemed for
controlling and/or preventing web crackin@he FIB-54 and FIB63 tests are discussed in the
following section.

2.5.2.1.FIB-54 Test Program

The FIB-54 test pogram included the fabrication and load testing of fiverb4leep FIB
girders to evaluate the effects of different zonaletailing on girder capacity and behavior. The
five girders included ten differerdnd zone which all contained different deliag schemes.
Variables in the detailing included: embedded steel bearing plate presence, confinement
reinforcement quantity and configuration, strand bond patterns, strand quantitgndrmbne
reinforcement quantity. The specimens were loaded ireeploint bending configuration with a
shear spato-depth ratio of 2.0. Webhear, bonghear, and lateraplitting were all reported
failure modes of the FH54 tests. Thend zonealetailing of the ten specimens is showTable
2-1. The labeling scheme can be seeRigure2-4.

During prestress transfer, the strands were cut from the outside of the specimens to the
inside. Concrete strains were collected in the bottom flange of the end of faimeps at
prestress transfer. No cracks were visible on these specimens, however, strains reached up to nine
times larger than the predicted rupture strain in some cases. For the instrumented specimens, these
maximum strains occurred immediately aftee thuter strands were cut. It is believed that the
cracks closed after the inner strands were cut.

Web and lange splitting cracks due to prestress were first noticed nine days after prestress

transfer for girders H and V (which were cast together is@haand were noticed during prestress
15



transfer for girders W, F, and D (which were cast together during Phase Il). The cracks grew over
time. The final crack properties are presentedigure2-5. The most severe crackingooered
in specimen FB and FN

Table 2-1 FIB-54 Specimen Detailing riables (Hamilton et al. 2013)

Test Girder | Specimen | Bearing | Mild reinforcement Strand | Confinement | Phase
plate Nertical | Borzontal bond | reinforcement
pattern
H HC Yes FDOT Yes Design FDOT 1
HU Yes FDOT Yes Design No 1
A% VC Yes Mod No Design FDOT 1
VU Yes Mod No Design No 1
W WN No FDOT No Web Mod 2
WB Yes FDOT No Web Mod 2
F FN No FDOT No Flange Mod 2
FB Yes FDOT No Flange Mod 2
D DC Yes FDOT No Design FDOT 2
DM Yes FDOT No Design Mod 2
FDOT: Detailed per FDOT design standards
Mod: Detailed with modifications to FDOT design standards
Web: Fully bonded strands placed below web (24 fully bonded strands)
Flange: Fully bonded strands placed in outer portion of flange (24 fully bonded strands)
Design: Strand pattern based on prototype design (45 fully bonded strands)
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End designation

C: Confinement reinforcement per FDOT
U: No confinement reinforcement

B: Bearing plate included

N: No bearing plate

M: Modified confinement reinforcment

Specimen
label

Girder label

H: Horizontal reinforcement in end region

V: Modified vertical reinforcement in end region
W: Strands fully bonded below web

F: Strands fully bonded in outer flange

D: Strands bonded per design girder

Figure 2-4 FIB-54 labeling £heme(Hamilton et al. 2013)

The length and area of the bottom flange cracks are represeRigdie2-5. The most severe
cracking occurred in specimens FB and FN. The severity of these cracks is likely due to the
presence of fully bonded strands in theeoditange. The transverse tension created by these fully

bonded outer strands is likely responsible for the large lengths and areas of these cracks.

Length of flange-splitting cracks Area of flange-splitting cracks
N
20 2195 410
< 060 0580
Z 200 =
o ‘;’ 0.50 +
L
B 150 134.0 g 0.40
G 1040 1070 =
= 100 + —am ml < 030 +
g 2
o 0.20
50
0.10
0 0.00

Figure 2-5 Flange 9litting cracks in girders W, F, and D (Hamilton et al. 2013)
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For the second portion of the FEg! test program, the girders were loaded to failure. Three
distinct failure modes were reported during load testing: lateral splitting failure.dhaadl failure,
and webcrushing failure. Théighest peak shear force, at 793 kips, was observed in specimen
HC, while specimen FN, at 402 kips, produced the lowest peak shear force-stardailure
occurred only for the W girders which contained strands fully bonded below the web. Through
the wse of strain gauges during load testing, it was estimated that transverse forces of up to 100
kips were present in the bottom flange of specimens H and V. The peak shear forces and failure
modes of each specimen can be sedngure2-6.

W W
. 793 780 W/L

697 725 L
Failure mode:
' W = web-crushing
i L = lateral-
splitting
' I I B = bond-shear

HC HU VC VU WN WB FN DC DM

® O
3 8

w & 0 O N
8 88 8 8

S

Maximum Shear Force (kip)

o§

Figure 2-6 Peak shear forces and failure rmdes(Hamilton et al. 2013)

Relevant conclusions from the FH! test study are as follows:
1 Transverse tensile strains were measured during prestreasaelind during load testing.

These strains are believed to be the cause of the f&piging cracks.
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1 Transverse tensile strains are greatest where fully bonded strands are present only in the
outer portions of the bottom flange. The eccentricityhebe strands causes bending and
transverse tension near the end of the girder.

1 The detailing schemes had a significant effecend zonecracks, which varied in length
from 75 in. to 291 in.

1 The flange splitting cracks were present up to 30 in. frompkeimen end. This length
suggests that the AASHTO LRFD transfer length of 60 strand diameters (36 in.) is a
reasonable distance to place confinement reinforcement for controlling flange splitting
cracks.

1 Differences in detailing had a significant effecttheend zonecapacity. The maximum

capacity of the different specimens ranged from 402 kips to 793 kips.

2.5.2.2.FIB-63 Test Program

The FIB-63 test progranmvestigatedend zonecracking infour FIB specimens with varying
end zonalesigns. Two 63 inch deeprdgrs were cast for the study and each of the four girder
ends represented a differemd zonalesign. The first designpecimen CT, was a control design
which represented the current design of Florideeam girders and complied with AASHTO
LRFD BridgeDesign Specifications. The secahekign specimerSL, included regulaend zone
reinforcement, however, 45% of the strands veielded, odebondedin theend zoneaegion.
AlthoughthisviolatedA ASHTO LRFD6s requirement eréseakch % ma X
team chose to investigate this design to provide more information on the effectiveness of
debonding with respect end zonerack mitigation. The third specimen, PT, contained vertically
posttensioned rods in thend zoneand 33% less vertitand zoneeinforcement than the control

specimen. The final specimen, LB, used thicker, 1 inch diameter threaded rods asermstical
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zonereinforcement.Specimen LB containe80% less verticaénd zonaeinforcement than the
control specimen. ThBT-63 testspecimerend zonealesigns are shown Figure2-7.

The girders were both fabricated at a length®%4eet. The full spaaof girders with the
sane cross section are typicallpwards ofl25 feet. The specimens each lnded 52 0.6nch
diameter prestressing strands in the bottom flange and four@i&liameter tie strands in the top
flange. Since the specimens would be tested to failure in a laboratory, they were fabricated without
a top deck in order to reduce tload required in testingThe specimens were loaded wp@8int

bending and instrumented to collect load, displacement, strain, andsiipaddta during testing.

CT SL
Control 45% Shielding
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Figure 2-7 BT-63 end zonedesigns(Hamilton et al. 2013)

Cracking in the spémens was measured at prestress transfer and for several months after.
Cracking was first observed during prestress transfer and grew in the months following. The
control specimen, CT, was the least effective at cimigathe end zonecracks with28% longer
cracks and 53% higher cracking area than the average of all specimens. Specimen SL produced
the best results in every category except for total crack length. SL had 59% less area and 44%
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smaller average width thaspecimen CT. The success of specimen SL is attributied teduction
of tensile stressesaused by partial debonding. Specimen PT was the most effective specimen in
controlling web splitting crack length with 50% less length than specimen CT. i@yawk the

FIB-63 specimens after prestress transfer can be sé&egure?2-8.

Figure 2-8 FIB-63 cracking after prestress tansfer (Hamilton et al. 2013)

The high diagonal cradkg in specimen PT, which can be seeRigure2-8, are believed
by the authors to have been caused by forces introduced at the bearing plate of the vertical post
tensioning system. This crack was the greatest crack width gyestiaverage web crack width,
at 30% greater than that of specimen CT. The average and maximum crack lengths and areas were

recorded for each specimen and can be seEigume 2-9 andFigure2-10.
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Figure 2-9 FIB 63 web splitting crack length and aea (Hamilton et al. 2013)

Average Crack Width Maximum Crack Width
0.008 0.015
0.012
0.0059

0006 & 0.012
< o = 0009 0.008 - 0.008
§ 0004 00030 3 0.006
g 00026 = 0006

0.000 0.000

PT LB CcT SL PT LB CT SL

Figure 2-10 FIB 63 web splitting crack widths (Hamilton et al. 2013)

Approximatelyfour months after prestress releabe, specimens weteaded to failure in
a 3point bending test. Specimen LB reached a peak sbeze 6f 612 kips befora punching
failurethrough the flangeccurred This failure was due to the orientation oflibeed point bearing
pad. Despite premature punching failure, specimen LB exceeded the calculated nominal shear
capacity by roughly 20%. The pad orientation was adjusted for the subsequent tests.

The control specimen, CT, reached a maximum shear foik@ld{ips before web failure.
Breakout failure also occurred in the top hooks of the vertical reinforcement although it was not
clear whether this failure preceded or was caused by the web failure. The control specimen

exhibited a apacity approximatel$0% greatr than the calculated nominal capacity.
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Specimen SL, which contained 45% shielding, reached a maximum shear force of 609 kips,
which was the lowest measured maximum force of the four specimens. Specimen SL failed
through boneshear failure. Télow amount of fully bonded strands was the reason for both the
lower capacity and the failure mode, according to the authors. Specimen SL contained a little
more than half of the bonded strands thiam other specimens, thus, SL was more affected by
cracks interrupting the strand development length.

Specimen PT reached a maximum shear force of 800 kips. The capacity of the specimen
exceeded the capacity of the testing equipment, therefore, a failure mode for specimen PT was not
observed. As a resulff comparison with the control specimen, it was determined that post
tensioning in theend zoneof specimen PT did not adversely affect its shear capaBigfevant
conclusions from the FHB3 tests are as follows:

1 Partial strand debonding was effectivecontrolling he length and width of the web
splitting cracks. Shielding produced a 29% reduction in web crack lengths and a 43%
reduction in average web crack widths compared to the control specimen.

1 Vertical post tensioning prevented web splitting ceagkthe girder end but induced other
large web cracks away from the girder end.

1 All web cracks within the FIBS3 study were equal to or less than the FDOT requirements
for moderate environments, or 0.012 in.

1 Increaing verticalend zonereinforcement deeased the length and widths of the web
splitting cracks. SpecimdrB had 30% more reinforcement and 35% lower average web
crack width than specimen CT.

1 The measured capacity of all specimens was greater than the AQH 3R AASHTO

LRFD calculated nomm shear capacities.
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1 The increased debonding in specimen SL produced a lower experimental capacity. Bond
shear failure, which was caused by the low number of bonded strands, was the failure mode

for specimen SL.

2.5.3. Crispino (2007)

A study by the Virginia Polytechnic Institute and State University and for the Virginia
Department of Transportation (VDOT) investigatal zonecracking in Pretensioned Bulbee
bridge girders in 2007. The study included the investigatienadfoneracking in current VDOT
girders, the examination of a new stamdtie modetbased design, and the fabrication of a PEBT
63 girder to verify the effectiveness of the meldated design.

Through the investigation of a variety of recently castOADPCBT girders at a Virginia
precast plant, the research team was able to notice fretits end zone cracking tie girders.
The girders ranged in depth from 37 in. to 93 in. Horizontal cracks in the girder ends typically
developed at the bottom figeweb interface and extended up to 25 percent of the girder height.
Examples of the investigated girders can be seerigare 2-11. Diagonal cracks typically
developed inches from the beam end and extended up to 75 pertengiofler height. Cracking
occurred most frequently in deeper beams while smaller beams usually performed better when
designed to AASHTO LRFD standards. Girders with more reinforcement @anthzonausually

contained less cracking, however, diagamatking in some of these girders was still observed.
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Figure 2-11 Examples ofend zonecracking in PCBT-77 grders (Crispino, 2007)

The research team used the semitttie modeling approach to simulate teed zone of
134 different beams with normualeight concrete and 137 different beams with hgleight
concrete. The models included a variety of girders with a wide range of variables; most notably,
depth, strand patterand strand diameter.

The study showed a positive linear relationship between the splitting force and the
prestressing force for all cases except for the cases wherein the bottom flange contains a large
amount of strands. For these cases, the reldiijpns positively linear until approximately 80
percent of the prestressing force is reached, after which a slight decrease in the splitting force
ensues until the final prestressing force is reached. Furthermore, the authors reported a 19 percent
increa® in splitting forcdor girders with 0.6 in. strangdsompared to girders with 0.5 in. strands
Observations from the field study in the first portion of this research further supported these results.
A comparison between girders with similar jackingct but differing strand diameters can be

seen inFigure2-12. T1 and T2 represent the resulting splitting tensile forces from the application
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of the prestressing @) forces in the straandtie models. As a result of thesmdels, the authors
concluded that a strand diameter of 0.6 in. is more susceptibledtaonecracking. There are
currently no AASHTO provisions for strand diameter and eccentricity of the prestress force on the

Cross section.

Number of strands | Pj,cx (K) | Eccentricity at /# from beam end (in) | T1 (k) | T2 (k)
48 Y5 in. strands 1,491 22.8 95.1 68.0
34 0.6 in. strands 1,498 25.3 113 81.0

Figure 2-12 Tensile force in girders with variable strand dameter (Crispino, 2007)

The splitting resistance required in td region of a PCB¥1 girder varied from 3to 5
percent of the prestressifagyce, while the splitting resistance required in PEEIsample girders
varied from 4.75 percent to 5.5 percent of the prestressing force. The splitting resistance required
in the /4 region of a PCBB3 girder was calculated to be approximately 7.8 garof the
prestressing force.

The research team used the stmtitie model to create design aids for VDOT girders
based on crossectional size. The design aids were used to convert the results from Haadtrut
tie models into area of reinforcememteded. The design model was then compared to other
recommendations frodarshall & Mattock(1962) Tuan(2004) and Castrodale & Whit002)

These comparisons can be seeRigure2-13.
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Figure 2-13 Design method omparison, PCBT-77, NWC, 340.6 in. strands (Crispino,
2007)

Through the use ofhe newend zonedesign model, the research team fabricated an
experimental PCB-b3 specimen designed with lighieight concrete. The 53 in. bulee girder
was 65ft long and supported affwide, 9 in. deep deck. The vertical reinforcement within one
end zonevas designed with a stress | imit of 12 Kk:¢
early recommendations for controlling crack widths in kgleight concrete girders. The other
end of thegirder was designed farworking stress limit of 18k in theend zone The test girder
contained 210.5 in. strands, six of which were harped. The release strength of the concrete was
mandated to be 5,500 psi. #5 bars were used at the ends of the girders to ensure sufficient spacing
and consolidationTypical AASHTO confinement reinforcement was used in the bottom flange.
After prestress release and crdifteng of the girder, theend zonecontaining the 12 ksi
stress limit showd very fine cracks in the wethé largest of which was 0.003)iand ahorizontal

crack at the bottom flangeeb interface extending about 17 percent of the girder height. At the
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end zoneontaining the 18 ksi stress limit, the acceptable crack criterion were not met. The largest
crack width on this end was 0.005 in., whichs acceptable based on
recommendations, however, the crack lengths were not acceptable. A diagonal crack in the top
flange extended 70 percent of the girder eight and several smaller cracks extended up to 28 percent
of the girder heigh These cracks all occurred during the lifting process. The strength of the
concrete at prestress release (8,900 psi) was notably higher than the design release strength of
5,500 psi. This suggests more cracking could have occurred, had the strandtdased earlier.

The test girder was instrumented with electrical resistance strain gauges to measure the
splitting force in theend zone during and after prestress release. Iretitezonecontaining the
12 ksi stress limit, the stress measurethéngauges showed a steady increase. The gauges in the
upper portion of the web all measured below 200 microstrains. The gauges in the lower portion
of the web were close to the small cracks in the web and reached up to 500 microstrains. After
the strans were converted into stresses, they were plotted against their location from the distance
from the end of the girder, as can be sedfignre2-14. The stresses ranged from 0.68 ksi to
13.8 ksi, with the gauge near the enccheiag the highest stress. The stress in the bars decreased
as their distance from the girder end increased, much like the trends seen (2004n

A greater number of the gauges in émel zonalesigned for th&8 ks stress reached
higher strains. The strain gauges in the upper portion of the web varied from 0 to 300
microstrain, while the strain gauges in the lower portion of the web varied from 150 to 400
microstrains. The highest strains in the majority of tlysgeges occurred as the girder was
being lifted. The stress distribution over the distance from the girder end was less smooth, for

this girder end, however, it did still follow similar trends as the 12kdizone The maximum
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measuredtressn the bas was approximately 12 kisi theend zonalesigned for an 18 ksi

working stress, as shown fiigure2-15.
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Figure 2-14 Distribution of tensile stress in 12 ksiend zoneg(Crispino, 2007)
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Figure 2-15 Distribution of tensile stress in 18 ksiend zong (Crispino, 2007)
The girder was shipped to the Virginia Tech Structures taboy and a # wide, 9 in. deep

composite deck was added to the top of the girder 77 days after prestress release. The deck was
cast and allowed to moist cure for 7 days until the formwork could be removed. After the addition
of the deck the girder vgaagain inspected for cracks. The addition of the deck was determined by
the authors to have no significant effect on the crack lengths and widths. Relevant conclusions
from the author are included in the following:
7 Fortypical PCBT girders below or edqwa 61 in. in height, containing 0.5 in. strands, and

cast with normal weight concrete, the area of vertical reinforcemdm iwill increase

from current practicehowever, the slight increase in area will not affect the number of

bars used currently.
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1 For PCBT girders taller than 61 in. in height, containing 0.5 in. strands, and cast with
normal weight concrete, the area of vertical reinforcement will increase by one to three
stirrups depending on the size selected.

1 The number of bars required withineth//4 zone for all lightweight PCBT girders, or
those containing 0.6 in. strands, should increase. Bundled stirrups to ensure consolidation
will be typically needed for these girders.

1 For all girders, the area of steel required betweéémnd 3/4 is slghtly less than the area
of reinforcement required withim4. As a general rule, the latter zone should include the
same number of stirrups as the former.

1 The design aids developed within this study are similar to the standard details used by
North Cardina, Florida, and Washington Departments of Transportation.

1 An acceptably small amount of cracking occurred within the specimen designed for a
working stress of 12 ksi, however, thed zonaletail designed for a stress limit of 18 ksi

allowed cracks ofraunacceptable length.

=

A significant tensile force was measured betweerntheand 3v/4 region; therefore, this
region should still be considered in #ed zoneeinforcement design.

The author further recommends that more research be conducted onaprdtiol at precast
plants to understand the effect of variables that are intrinsic to different precast yards across the
country. These variables include casting bed configuration and strand release retbibabr
recommendation involvesdministeringsplit cylinder tests before prestress release to validate the
concretebs early tensile strength. The aut ho

for end zoneaeinforcement based on stress limit recommendations based on materials used and
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environmental conditions. The final recommendation of the author includes the need for focus on

long-term monitoring of girders which have experienced cracks and repairs.

2.5.4. Arab et al. (2014)

Arab et al. (2014) investigatedend zonereinforcement modifications for 100 in. deep
girders used by the Washington Department of Transportation for the Alaskan Way viaduct in
Seattle, Washington. The girdend zonewvas analyzed using nonlinear finite element analysis
and the resultwvere reported and compared against the Getgelen method1967) the strut
andtie method(Castrodale & White, 2002and the finite element method usedAmb, Badie,
and Manzar{2011) A closedform solution based on shefaction theory was used to estimate
steel tensile stress in tead zoneeinforcement at the bottom flangesb interface.

The WF100G girders, which each spanned f20%ere pregnsioned with eighty 0.6 in
diameter strands, 26 of which were harped. The pretensioning force was gradually released
through the use of hydraulic movable abutments. The girders were lifted at ptiftsr8 the
ends during prestress release to renioggon forces between the girder and the casting bed. The
typical crosssection details can be seenFigure 2-16. The longitudinal profile includingnd

zonedetails is shown ifrigure2-17.
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Figure 2-17 Longitudinal profile of WF100G (Arab et al., 2014)

The vertical reinforcemeim the ends zones were equipped with electrical resistance strain
gauges at three different heights, which were targeted locations at which cracking was most
expected. Cracking was most prevalent in three locations: 1) the tapiahef the web, where
cracks extended about 36 in. at a 30 degree slope, 2) the bottetmrdnef the web, where
horizontal cracks extended 20 in., and 3) at the bottom fesedpeinterface, where cracks

extended about 24 in. at a small slope. The crack widths all range® 066 in. to 0.012 in.
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The following observations were made from the strain gauges within the girder:

1 The measured strain in tle&d zonaeinforcement was greater than the concrete tensile
strain capacity.

1 Forthe multiple strain gauges located 52 monfi the bottom in each girder, the highest
measured stress was approximately16.9 ksi.

1 The greatest stress recorded in the first row of vertical reinforcement was obse®vad 69.
from the bottom and was about 15.6 ksi.

1 The high tensile stresses recordédha bottom flangeveb interface were not predicted
by the GergelySozen method.

1 The bottom flangaveb cracks can be expected with deep girders having thin webs.
According to the authors, the large amount strands in the bulky bottom flange create a
distinction in behavior between the flange and the thin web. As a result, a clamping force
is created by the vertical stirrups in this area, and cracks are therefore created by the large
shear stresses at the interface.

1 The greatesénd zonestress was 85 pexnt higher than the 20 ksi AASHTO stress limit
and occurred about 6 in. away from the girder end, or ah0.06

Strain gauges were also applied to a prestressing strand in the bottom flange and the strand

stress distribution was measureder a36 in. lengh from the end of the girderA parabolic
distribution of normalized stress in the strands was observed, as can be &égurar2-18.

Current AASHTO LRFD specifications describe a linear transfer length which, according to the
authors, may cause designers to significantly underestimateerttiezonetensile stresses
immediately after prestress transfer. A trend line is presented by the authors which represents the

measured stress distribution within the strand. Furthermadrahsfer length of the strand was
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measured at approximately 34 in. from the girder end, indicating that the transfer length was

smaller than the @B length recommended by AASHTO LRFD specifications,
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Figure 2-18 Measured strand gress in WF100G girders(Arab et al., 2014)

Two finite elemenimodelingtechniques were usdd model the behavior of the girders
after prestress release: extrusion and embedment. Each method proved to be viable and have
advantags over the other. The extrusion method provided more detail at the cataate
interface (including slippage, transfer length, and transfer stress distribution) but required much
more computational time and power. The embedment method is mucholeptex, less
computationally expensive, and provides acceptable results, however, it treats the-ctracréte
interaction as input data, and therefore can only be controlledjlstiad the initial conditions.
The embedment technique was used for nigaksimulation of the WF100G girders, with the
initial condition of the prestressing elements being derived from the measured strain gauge data.
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The results of the numerical analysis showed prindgresilestressesnuchhigher than
the modulus of rupterwithin h/4, andhigher than the modulus of ruptungthin the /2. The
results are shown iRigure2-19 alongside the actual cracks observed after prestress in a WF100G
girder. The authors believe the reinforcement distributiecommended byTuan, Yehia,
Jongpitaksseel, & Tadros, 200#4pst appropriately matches the stress distribution from the finite
element analysis. This distributibas50 percent of thend zoneeinforcementontained withn

h/8 of the girder end, and the remaining 50 percent beti@ssmndh/4.
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a) Principal stress dstribution in numerical model b) Girder end cracks

Figure 2-19 Comparison of numerical simulation and cracking behavior (Arab et al., 2014)

The authors also hypothesized that the difference in pretensioning force between the
bottom flange and web created shear lag, which resulted in a high concentration of shear stress at
the bottom flangeveb interface This shear lag is thought to be partially responsible for the bottom

flangeweb cracking.
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The experiment also measured the lateral stress of the confinement steel within the bottom
flange of the girders. The lateral stress was measured at two diffeigihtsh#.5 in. and 12. 625
in. The measured lateral forces were particularly high in the girder ends and at the draping point.
The axial tensile stress in the confinement reinforcement was also measured near the member end
to determine if the confinemesteel in the bottom flange was sufficient for confining the bottom
flange. The authors determined that the current minimum required confinement reinforcement in
the AASHTO LRFD specifications was sufficient.
The cross ties, which were used in the girehelp with resisting lateral web stresses,
were instrumented with strain gauges for the study. The tensile stresses in the no. 3 cross ties were
measured between 0.6 ksi and 1.3. As a result it was concluded that these ties had no significant
impact onthe resistance to lateral stresses.
The following contains relevant conclusions from the study:
1 50 percent oftteend zoneaeinforcement should be distributed within a distance equal to
h/2 from the girder end, and the remainder should be distribute@éeaty® andh/2.
1 Intheend zoneeinforcement, the tensile stressculatedoy the nonlinear finite element
solution corresponds to the experimentally measured mean.
1 The maximum tensile stress in teed zoneaeinforcement occurred in the bars near the
end of the girder. Similar results were obtained from the-simdttie procedure.
1 The maximum tensile stresses from the Ger@lyen method and shear friction analogy
were similar, however, the heights at which these stresses occurred were at 51 in. and

12.625 in., respectively.
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1 The maximum tensile stress in tbkad zonereinforcing bar was overestimated by the
GergelySozen method, and the vertidatation at which it predicted this stress was
inaccurate.

1 The sheafriction analogy, which was presentedthis paper, predicted maximum tensile
stress in thend zoneeinforcement which was consistent with the experimental results.

1 As current AASHTO specifications may not adequately account for the shear lag in the
bottom flangeweb interface, the closédrm solution proposed in the paper may be an

alternative method for estimating tensile stress iretitezoneaeinforcement.

2.5.5. Oliva & Okumus (2011)

An integrated analytical and experimental study was conducted to fimthestigate the
behavior ofend zonecracking in deep prestressed beams used by the Wisconsin Department of
Transportation (WisDOT). In particular, the study targeted the Y cracks that occur in the bottom
flange of beams because of their high potentiaintroduce corrosion to prestressing strands.
Nonlinear finite element analysis was implemented for the investigation on the effect of different
design parameters oand zonecracking, including: increased reinforcement size, cutting
sequence, debondirand lower draping. For the purpose of verification, the results of the analyses
were compared to strains measured in two Wisconsin girders during detensioning as well as strains
measured by other researchers.

The model girders used in the study were \6fsin 54W, 72W, and 82W sections. The
girders contained 40, 48, and 46 total strands, respectively, with 8 strands draped in each. The

girders were picked due to their relatively large amount of prestressing strands. The 54W model
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was verified throughrapirical studies on 54W girders cast at two different prestressing yards in
Wisconsin.

The first 54W, a 12% long girder manufactured by Spancrete Inc., experienced horizontal
and lateral cracking in the web as well as Y cracking at the bottom fla@lgenterface, as seen
in the left side ofigure2-20. The maximum principal strains from the finite element analysis are
shown on the right side. The results in the finite element model are generally compatible with the
cracksseen in the 54W. The dark blue areas in the figure correspond with tensile strains near zero,

while the red and grey areas represent tension strains of ovemizZ00

E, Max. Pincipal

-2.21D=-D6

Figure 2-20 Cracks onthe first 54W and maximum tensile strains fromthe FEM (Oliva &
Okumus 2011)

A second, 71 2 in., 54W girder, manufactured by County Materials Corporation, was
heavily instrumerdd in theend zoneand strain data was measured for the comparison with the
finite element model. The steel strain gauges were placed on vertical reinforcement and strands
in zones which were predicted by the model to contain the highest principal . stvditis the
gauges on the strands the authors were able to determine the transfer length and bond stress
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distribution between the strands and the concrete. The average of the data produced by the strand
strain gauges suggested a transfer length of 442#% longer than the AASHTO LRFD
specification of 36 in. The cracks in the second 54W were also measured against the expected
maximum principal strains from the finite element model. This comparison can be Segurén

2-21. Again, the results of the finite element model are generally verified by the obssded

zonecracking of the girder.

W R

E, Max. Puncipal

Figure 2-21 Comparison of cracks on the second 54W and maximum tensile strains
predicted by the finite element mode(Oliva & Okumus 2011)

A third, Tx-70 girder was used to verify the results of the finite element model. The authors
verified their model with strain gauge data from the detensioning of a 70 in. deep girder cast for
research tethe University of Texas, Austin. A comprehensive instrumentation program was used
to collect the strains from vertical reinforcement near the girder end. The comparison of the model
with the strain gauge data showed very similar trends. One examiblis cbmparison can be

seen inFigure2-22.
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Figure 2-22 Distribution of reinforcement stress in Tx70 model and strain gaugefOliva &
Okumus 2011)

The predicted maximum tensileans in the Tx70 were again matched by the observed cracks
in the experimental specimen. As a result, the finite element model was decided to be adequate
for further use in the behavioral study of deep giatet zons.

A 54W girder section, much likhe Spancrete girder mentioned earlier, was used for the
purposes oend zonedesign calibration. The model also accounted for reinforcing bars using
linear elastic truss elements. The tensile stress distribution of the vertical bars within the model
reeched as high as 14 ksi near the girder end, while the peak stresses in the confinement
reinforcement reached as high as 15.5 ksi near the end of the transfer length. The high strains
measured in the vertical reinforcement correspond well with the wekscoduserved in the

Spancrete girder.
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The authors implemented several parameters in their model in order to explore the effect of
different end zonedesigns on the strains within tleed zone The investigation of potential
solutions included the followmparameters: Bnd zonegeinforcement pattern, 2) debonding and
level of debonding, 3) combination ehd zoneaeinforcement pattern and debonding, 4) strand
cutting sequence, 5) lowering, spreading, and removing draped strands, and 6) coping the upper
flange. The following sections will discuss the consequence ofesachonenodification.

For the investigation of thend zonaeinforcement pattern, the authors ran the model with
varying reinforcement sizes asgacing Among the reinforcement desigrtse following were
included: Five #6 @ 30, five #7 @ 30, five #9
#10 @30 with three #6 @ 30. The modi@% cati o
reduction of tensile strasnevel; however, no moditation was able to significantly lower the
strain | evel below the expected cracking stral
#10 @ 30 with three #6 @ 30 showed very simil
authors determinedtha t wo #10 @ 30 with three #6 @ 30 wa:
in the end zone These findings are similar to the recommendations(Tafan, Yehia,
Jongpitaksseel, & Tadros, 2004Modifications to other reinfomment (vertical bars beyormd2
and confinement reinforcement) produced no significant reductiendrzonestrains.

Debonding and the level of debonding had a significant effect on the reduction of tensile
strains in theend zone The following debondig patterns were implemented in the model: No
debonding, 25% debonding, 35% debonding, and 50% debonding. The authors chose to
investigate several levels of debonding in which compliance with the AASHTO LRFD
specifications was not always adhered. Thelt®si the investigation showed that all levels of

debonding reduced thend zonestrains. Inclined cracks were eliminated with all debonding
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levels. The quantity of web cracks expected generally decreased with the amount of debonded
strands at the girdeend. Y cracks at the bottom flangeb interface were significantly affected

by the distribution of debonded strands in the bottom flange. The most effective distribution
contained debonded strands relatively evenly distributed across the entirevidinges opposed

to concentrated in the center of the flange. This distribution of debonded strands was estimated to
eliminate Y cracks.

Since changing the reinforcement pattern was successful in reducing horizontal web cracks
and the addition of deboimd) eliminated inclined cracks and Y cracks, the two methods were
combined. This combination of design changes resulted in a further reductioth zdnestrains.

The authors concluded that combining a minimum of 35% debonding with two #10 bars at the
girder end reduced the web strains below the cracking limit. For further verification, the authors
applied these design modifications to an 82W girder model and similar conclusions were reached.

The effect of strand cutting sequence on cracking was igatsti and was determined to
have some effect on the crack size and the time at which cracks occur. The authors ran five models
with different strand release patterns and determined that releasing the inside strands first produced
strains with the smalleshagnitude. Thus, they recommended that strand cutting initiate at the
interior strands and move outwards if possible.

Three different strand draping design methods were investigated in the finite element model:
No draping, lower draping, and fanned drapi The first modification, removing the draped
strands, reduced the intensity of the highly concentrated areas of strain near the draped strands, or
the area near the inclined cracks. This solution provides great results in the web crack and inclined
crack areas, however, it is not practicable since it does not allow the requirement for top fiber

tension limits to be met. The lower draping model produced a higher strain concentration near the
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location of the strands. This is due to the reduction in@reancrete around the strands in the
girder end. Breading out the draped strandsile keeping the same stranchterline at the girder
end providedbetterresults for strain reduction in the inclined cracking area when compared to
lower draping. Bothmethods, however, may be purely academic since the lowered strand
centerline would produce a lower strand eccentricity which would have to be adjusted by
eliminating straight strands and, hence, reducing the capacity of the girder. These modifications
were studied for the purposes of investigating the effect of draping patteemsl @onecracking.

The final investigation involved the coping of the girder end. This coping generally occurs
on bridges with skew. The effect of coping on the girder enddpaattedly no significant impact
on the strain in the girder endBhe proposed solutions and their effectseoid zonecracks is
summarized imable2-2.

Table 2-2 Impact of Proposad Solutions onEnd Zone Cracking (Oliva & Okumus 2011)

INCLINED WEB

SORUTIEN CRACKING | CRACKING ¥ CRACHS
First vertical set from the end MODERATE NONE
zfné‘:::mem Second vertical set from the end NONE NONE NONE
Bottom flange stirrups NONE NONE NONE
Debonding HIGH MODERATE HIG
End Zone Reinforcement & Debonding HIGH HIGH HIG
Strand Cutting Order NONE NONE MODERATE
Removed HIGH NONE NONE
Draped Strands | Lowered NONE MODERATE NONE
Lowered & Spread HIGH MODERATE NONE
Coping the top flange NONE NONE NONE

HIGH = can eliminate cracking

MODERATE = can reduce strains significantly
= can reduce strains

NONE = has negligible impact
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2.6.Review of Transfer Length in Pretensioned Concrete Girders
2.6.1. Code Provisions for Transfer Length
2.6.1.1.AASHTO (2015)
Section 5. 11. 4RFD BridgaA A&ignT Spacification®015) explains
AASHTOG6s design requirements for the transfe
concrete members. To represent the transfer and development lengths, the angamszst

Equationq2-3) and(2-4), respectively.

a o (2-3)
a I Q %"Q Q (2-4)

Where:d» = diameter of the stran@h.)
fos = average stress in prestressitegbat the time for which the
nominal resistance of the member is requikesi)
fre = effective stress in the prestressing steel after losses (ksi)
k = 1.0 for pretensioned panels, piling, and other pretensioned
members with a depth of less tharequal to 24.0 in.

k = 1.6 for pretensioned members with a depth greater than 24.0 in.

The transfer lengtlis assumed to vary linearly fromero at the point where bonding
initiates tofpe at the point where the transfer length eniscording to AASH O, the development
length,/s of a pretensioned strand is the length that the strand should be bonded beyond the section
required to develofys Section 5.11.4.3 states that for all strands that are debonded where tension

exists in the precompressedséde zonek shall be equal to 2.0.
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The ACI and AASHTO equations for development length are equivalent expressions for
both bonded and debonded pretensioned members. In both cases, the length required for

development is governed by diameter size, effective stressnal stress, and bonding conditions.

2.6.1.2.ACl 318-14
Section 254.8 of the ACI code addresses the development of sgiverstrands in tension.
ACI states that the development length can be represented by the following equation:
0 a0

— 0 — 0 (2-5)
0 T pTTT

where fse = effective prestress in the prestresssteg! (psi)
fos = stress in thenestressing steel at nominal stren(yiki)

dv = the diameter of the strand (in.)

The first term in the equation represents the transfer length of the strand, or the length
required for the prestressing strand tovedlep the effective prestresgs The second term
represents the additional length required for the stress of the prestressing strand to develop.
According to section 25.4.8.1 (b), for strands that are debonded and designed for tension in the
precompressd tension zone, the calculated development legtshould be doubled.
2.7.Previous Research Associated with Transfer Length

Many studies have been conducted over the years to enhance our understanding of transfer
and development length in prestressednimers. The following section provides a summary of

the equations developed in these studies and brief descriptions of the investigations.
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2.7.1. Hanson and Kaar (1959)
The airrent ACI predictive equatiorfer the transfer andevelopment length of prestressed
members were developed based on research conducted by Hanson and Kaar (1959). These transfer

and development length equations are shown in Equ@iénand Equatior{2-7), respectively.

-
a —Q (2-6)
o
-
6 —0 N 00 (2-7)

where "Q = effective stress in prestressing strand, ksi
"Q = stress in prestressing strand at nominal strength, ksi

'Q = nominal strand diameter,.in

The study investigated four main variables: strand diameter, concrete compressive
strength, percentage of reinforcement steel used in a sectidhegasudface condition of the strand
Overall, fortyseven beams were studied, prestressed with ¥4, 3/8, and %2 in. diameter, stress
relieved, 250 ksi strands. The first phase investigated eighteen beams with varying strand
diameters and embedment lengthshef strands. The second phase examined nine beams with
concrete compressive strengths that varied between approximately 3700 psi, 5400 psi, and 7200
psi. The third phase investigated the effect of the percentage of reinforcement by comparing beams
with two, four, and six strands. The final phase investigated the effect of strand surface condition
by casting two groups of four beams: one group with smooth, clean strands, the other group with
rusted, weathered strands. The ACI equations were derivethhyHA Mattock and first used in

1963 by ACI. (Riding et al2015)
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2.7.2. Martin and Scott (1976)

In 1976 Martin and Scott reexamined the ACI transfer and development length equations after
studying the bond failure of a pretensioned member. The study toaloimg@eration the release
met hod of the prestressing strands. As Hanso
slowly rather than the commonly used method of flauking or sawcutting. The study also
took into consideration strands with thiémate strength of 270 ksi, rather than the less common
250 ksi used by Hanson and Kaar. As a result of this reskltim and Scott proposed a much
more conservative equation for transfer length than that found in the ACI building code. The
expressn recommended a transfer length equal to eighty times the diameter of the strand, as
shown in Equatioi(2-8).

a Y (2-8)

This expression produces a much highernestion of the transfer length than the
recommendations of Hanson and Kaar, which can be equated to 50 times the diameter of the strand.
(Riding et al. 2015)

2.7.3. Shahawy& Issa (1992)

The investigation of experimental findings from three research projects fundeel Byprida
Department of Transportation (FDOT) led Shahd®fyahawy & Issa, 1992p develop his own
transfer length equationShahawy proposed a transfer length expression which replaced the term
for effective prestresi¥, with a term for initial stress before prestress los§ks;The expression
can be seen i(2-9).

(2-9)

Qlo

"QQ
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2.7.4. Russell and Burns (1993)

A study published in 1993 by Russell and Burns involved extensive testing on rectangular
beams, AASHTGype beams, and Texas Ty@egirders at the University of Texas at Ausfirhe
tests included a total of 65 prestressed girders with both 0.5 in. @nd. @iameter strands.
(Russell & Burns, 1993) The study investigated the effect of strand diameter, strand spacing,
debonding, size of crossection, and confinement reinforcement on beam transfer lengttes.
research @m found the transfer lengths by using the 95% Average Maximum Strain (AMS)
method. The team also tnd that strand bond failure only occurs when cracks propagate into the
transfer zone of the prestressing strands. Afterew o f t Hive-ye&rbaivgh dhs use of
0.6 in. strands Russell andBurnsconcluded that the restrictions should be reconsidered. As a
result of the study Russell and Burns recommended transfer lengths to be exprdsseation

(2-10).

& oo (2-10)

Consequentially, the recommended equations by Russell and Burns were reviewed by Dale
Buckner on behalf of the FHWAuckner determined that the existih@l expressian for transfer
lengthwasnolt onservative due to the us gBuckfier, 295) Kk s
The increasing usaf low relaxation strandadds an additional 20 percent to the expected transfer
length predited by the ACI expression. He determined Eratation(2-9), proposed by Shawawy
et al.,(1992) provided a more accurate transfer lefigiting et al., 2015)

Buckner also found that the ACI expressions for development leregéh noRrconservative
and presented the Equatio(2-11 for development length. Buckner specified that both

recommendations should be multiplied by a factor of 1.3 for draped or straight strands which end
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in the upper 1/3 of the géh of the member and have at least one ft of concrete cast underneath
t hem. Foll owing Buckner6s review, the FHWA

use in pretensioned members.

Qlo

Q. _Q QQ (2-11)

2.7.5. Ramirez and Russel(2008)

In 2008, a report by Ramirez and Russell was published for the National Cooperative Highway
Research Progna (NCHRP). The intent of the study was to incorporate a factor for concrete
compressive strength into the transfer and development length expressions. The authors used both
0.5 in. and 0.6 in. diameter strands and concrete release strengths whiclireariédsi to 10
ksi. As a result of the study, it was determined that concrete release strength and transfer length
have an inverse relationship. Furthermore, the study suggested that the development length is also
reduced with an increase in concredéease strength. Equati¢®-12 and Equation2-13 are
proposed as a result of this study (Riding et al., 2015).

ﬂ TR (2-12

Q
a i " 2 "0 p Tx (2-13
0 o
2.8.Previous Research Related to this Study
2.8.1. Dunham (201)
A researclstudy was conducted at Auburn Univergiynvestigate the transfer length in

bulb-tee girders constructed with selbnsolidating concrete (SCC). The transfer length of twelve

bulb-tee girders, cast for use in an ALDOT bridge project, were studied as a part of the program.
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Six bulbtee girders witta height of 54 in. (B¥54) and six buldee girders with a height of 72 in.
(BT-72) were cast using either SCC or conventionally vibrated concrete (CVC). The transfer
lengths of the girders were measured immediately after prestress release, as welllds atd

28 days after release. The transfer length results were compared against each other, as well as
against the transfer length equations given in previous literature.

All twelve specimens used in the experiment were ptast at Hanson Pipe & &5tress
in Pelham, Alabama. The B34 girders had a span of 870 in. with a skewed end of 15 degrees.

A total of forty ¥z in. diameter strands were used in theSBTgirders, with eight being draped.

The BT-72 girders spanned 1342 in. with an idatical skew of 15 degrees. Ten additional %2 in.
diameter strands were used in the BX girders, creating a total of fifty strands, of which eighteen
were draped. Furthermore, to satisfy allowable stress limits, a total of four and six strands were
deborded for 10ft in the ends of the B54 and BF78 girders, respectively.

The transfer length of each girder was measured at both ends and the transfer length of the
debonded strands within ten of the twelve girders was measured. This resulted in tiegoafptur
thirty-four transfer zones: 24 at the girder ends, and 10 at the location of debonding. The transfer
lengths were measured using demountable, mechanical (DEMEC) target screws which were cast
in the side of the bottom flange of the girders. Théicaplace mounting system allowed for the
DEMEC target screws to be easily and quickly installed in the girder after fabrication. Metal strips
were used to mount the threaded inserts which would eventually hold the target screws in place.
The mounting gstem was held in place by tying the threaded rods to the strands contained in the
bulb. After the concrete was cured thifur target screws were ultimately screwed into the

threaded inserts and a distance of approximatefy could be measured. Theastin-place
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DEMEC mounting system is shownfkigure2-23. The installation of the DEMEC target screws

after the removal of the metal strip can be sedfigare2-24.

Threaded Rod

Coupling Nut

Threaded Insert

DEMEC Bar

o

/1 Washer

Figure 2-23 Cast-in-place DEMEC mounting system(Dunham, 2011)

Figure 2-24 Installation of the DEMEC target screws(Dunham, 2011)

The transfer lengths were measured immediately after prestress release, and at 7 days, 14
days, and 28 days after prestress release. The transfer lengths were acquired through the use of an

analog DEMEC strain gauge and the DEMEC target screws. Theadidiatween each DEMEC
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target screw was measured before prestress release, and the subsequent measurements were
compared to the initial values to represent a change in distance between the points over time. The
change in distance value between each poast @onverted into a change in strain. These values

were then averaged with the values from the surrounding target screws to produce a smoother trend
line. To eliminate the effect of the skew at the girder ends, the transfer length on both faces of the
girder were measured and averaged together. Finally, the transfer lengths were reported by plotting
the measured change in strain vs. the distance from the girder end of the central point between the
target screws. The transfer lengths were determinedlbylating the distance between the girder

edge and the point along the girder length at which 95% of the average maximum strain (AMS)

was measured. An example strain profile with the transfer lengths marked can beFsgarein

2-25.
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Figure 2-25 Determination of transfer length and 95%AMS (Dunham, 2011)
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The transfer lengths were found and compared for several variables including: Concrete
mixture, stand diameter, end of girder from which concrete was first poured, strand debonding,
mark end vs. opposite end, and time since prestress release. The transfer lengths measured from
the fully bonded strands at end A (mark end) and end Brfravked end) arghown inTable2-3.

Table 2-3 Summary of Transfer Length Results for Fully Bonded &ands (Dunham, 2011)

End A End B
C Depth | Girder fei £ o Initial 7-Day 28-Day | Initial 7-Day 28-Day

oncrete .

(in.) 1D (psi)  (ksi)  (ksi) | (in) (in.) (in.) (in.) (in.) (in.)

28 9010 202.5 190 15.0 15.5 15.5 15.5 17.5 17.0

54 48 8680 2025 190 20.0 19.0 20.5 14.0 15.0 15.5

SCC 7S 8760 2025 190 14.0 16.0 16.5 95 10.5 10.0

28 8220 2024 188 16.0 17.5 17.5 14.5 19.0 17.0

y2i 48 7860 2024 188 95 12.0 135 18.0 19.0 20.0

78 8120 2024 188 9.0 9.5 9.0 20.0 19.5 18.5

8C 7940 2025 190 9.0 12.0 11.5 15.0 19.0 17.0

54 11IC | 7860 2025 190 10.0 10.5 12.0 12.5 13.5 14.5

CVC 13C | 8790 2025 190 9.0 12.0 11.0 12.0 14.5 14.0

8C 8290 2024 190 11.0 13.0 15.0 11.0 13.5 150

72 11C | 8320 2024 190 10.5 13.0 14.0 9.0 11.5 11.5

13C | 8770 2024 190 75 9.0 10.0 12.5 16.0 16.0

As a result of the transfer length test paog, the following relevant conclusions were
reported:

1 Transfer lengths grow in length for weeks after prestress release. A significant amount of
this growth occurs between prestress release and-gdaysrafter prestress release.

1 Since transfer lengths@wv up to 18 percent over the course of 28 days, initial transfer
length measurements cannot solely determine-teng transfer lengths.

1 Transfer lengths in CVC grows more over time than in SCC.

1 Transfer lengths of partially debonded strands grow less towe than those of fully

bonded strands.
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Although strands with partial debonding have shorter transfer lengths than those of fully
bonded strands, there is no reason to adjust the code provisions for these partially debonded
strands since they are nobgect to cracking.

SCC girders produced transfer lengths 20 percent and 18 larger than CVC girders for fully
bonded and debonded strands, respectively.

No apparent correlation was found to describe how much longer transfer lengths are in
SCC than in CVC.Though larger cross sections seemed to produce longer transfer length
differences between SCC and CVC.

No significant difference was found in transfer lengths between girders with different
strand diameter.

The additional transfer length associated witltCS€the sidy was not enough to produce
nonrconservative transfer lengths when compared to code predictions.

Both ACI and AASHTO recommended equations were conservative but inaccurate for
high-strength concrete. Previous research was report&bte tha these codes produce

nortconservative values for transfer length in lowsength concretes.
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Chapter 3 Design and Finite Element Modelingof the BT-78
3.1.Introduction
The purpose of this study wasdevelop an optimal design for a 78 in. btk girder with
a spa of 180 ft and a minimal potential for end zone crackiAg a result of goal it was necessary
to use higheorder analysis tools to understand the effect of various factaadnoneracking
as well as to determine possible solutions. After ashepth literature review on current analysis
method for girderend zons, the research team decided upon the use elimeear finite element
modeling for the girder analyses and design optimizations. The objectives faretimeinary
design anchnalysis pase of this study are as follows:
1 Design and analyze a prestressed givdaich spars 180 ft and conformto current
AASHTO specifications.
1 Developa nonlinear finite element model (FEM) to explore #med zondehavior.
1 Understand the effect of variotectors onend zonecracking and propose optimized
test specimens.
1 Analyze and verify the design of test specimen spanning 54 ft.
1 Identify optimal positions for the placement of strain gauges in test specimens using
FEM.
1 Analyze and correlate field datia verify the validity of FEM.
1 Perform a parametric analysis to understand the effects of vanmdeling

assumptions on the FEM.
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3.2.Preliminary Design of the BT-78

The design for the new girder section was chosen for its structural efficiency and relative
ease of construction. The formwork for the-B8 was easily produced by using modified-BF
formwork which was readily available at the precast yard from past ALDOT projects. The section
was designed with 66 strands, 22 of which were drapetiandsn the top flange were tensioned
to 8 kips of force. These strands are not included in the total force repofil@3-2. Using a
bearingto bearing span of 17&% ft, the BTF78 girder was designed fa bridge withthe
paraneters shown ifable3-1. The section properties of the girder are showirainie3-2. Cross
section details can be found in Chapter 4.

A moment curvature analysis was performed for the-dpdin BF78 section at 1 ft
intervals along the length of the girdefhe maximum service level demand is 10,646fkipr
roughly 90 percent of the 11,694 HKipavailable cracking moment capacity. The maximum
factored loaddlemands 14,673 kipft, or about 65 peent of the 22,442 kift available nominal
moment capacity. The calculated shear demand is 398 kips while the assumed total nominal shear
capacity is 1022 ks  The shear and moment demand vs. capacity graphs are shiogur@3-1
BT-78 moment demand vs. capadiydFigure3-2. The top and bottom stresses can be seen in
Figure3-3. The girder was designed for zero tensile stresses in the top fibers at release.

The prelimnary design of the B8 was used as the control specimen throughout the
project and wil/ be referred to as the fAstand
starting point for all other end zone modifications proposed in this study. eFsghcifications

of the BT-78 can be found in Chapter 4.
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Table 3-1 Bridge Design Parameters

Overall width (ft) 30.42
Curb-to-curb width (ft) 28
Number of lanes 2
Lane width (ft) 12
Effective deckhickness(in.) 7

Bridge cross section moment of inertia*irl 6,974,849
Bridge Design Loading HL-93
Girder Spacing (ft) 6

Table 3-2 BT-78 Section Properties

Area of section Ac = 1,049 in?
Center ofgravity in x-direction CGx = 13.5 in
Center of gavity in y-direction CGy = 412 in
Moment of inertia about C& le = 67,829 int
Height of £ction D = 78 in
Section nodulus at top fiber S = 23555 ind
Section nodulus at bottom fiber S, = 21,086 in®
Radius of gyation of the sectior r2 = 827.29 in?
Design 28day strength f¢ = 10,000 psSi
Compressive strength at releas fo' = 8,500 psi
Number of prestressing strand: = 66

Area of prestressingfrands Ap = 14.32 in?
Total force in strands Pi = 2932172 Ibs
Young's modulus oftrands Eps = 28500000 psi
Ultimate strength of strands fs = 270000 psi
Yield strength of strands foy = 243000  psi
Weight of concrete W = 150 lb/ft3
0 0 8c0'Qa Ei = 89337  psi
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Figure 3-3 BT-78 top and bottom stresses

3.3.Finite Element Model Properties

Finite element analysis software called Abadusrsion 6.12) was used in this study.
Abaqus was developed by Dass&ystemgor the simulation of a wide variety of material models
under various physical conditio(Bassault Sgtemes Simulia Corporation,2012)h e sof t war e
capabilities include material ndimearity, simultaneous loading conditions, and various boundary
conditions. For the purpose of modeling end zone cracking in prestressed concrete girders, the
ability to model elements with material ntinearity, such as concrete, is a necessity.
Furthermore, the simultaneous loading of prestressing strands and girdeeigélf during
prestress transfer demonstrate the need for a model capable of simulating nodtihe

conditions
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The FEM is able to approximate physical reatityrestressed girder end zomedy when
realistic constraints are applied and considerations are taken to include dveeaobehavior of
models. The postracking behavior of conete induces a redistribution of stresses from the
concrete to the reinforcement elements and results in a loss of stiffness in the concrete. These
factors were taken into consideration in this study particularly through tteé# aseaterial model
packagd within the Abaqus softwameferred to ashe concrete damaged plasticity mod€his
model isintended for general purpose modeling of concrete and can account ftinegam
behavior in both the tension and the compression of condtedso provieks a sufficiently high
degree of accuracy and the ability to visualize maximum principle strain vectors across node points
within the model. To some degree, this model is also able to account for effects related to the
steelconcrete interface such as dawaction and bond slip. Consequentially, the damaged
plasticity model was used for the FEM in this study.

The material model used in this study adopted concrete with compressive elastic behavior
corresponding to the values provided in ACI 3¥8 For tle concrete inelastic region the model
determines behavior through a plasticity model defined by the input parameters of yield criterion,
the hardening/softening rule, and the flow rule. Concrete tensile behavior correspibieda@d
31814 tensile streslimits of concrete. The reinforcing bars were modeled as a linear elastic
material with an elastic modulus of 2®e€a000 ks
material properties for reinforcing bars would have resulted in a decreaseguitabonal
efficiency without much gain in accuracy. The effect of the prestressing strands was applied as
surface traction along the transfer length, or,68d recommended by AASHT@015)

By definition, the behavior of large objects are simulated in FEM software through the

modeling of a combination of miniscule elements. These elements can vary in size and shape, and
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some enable greater computational cost efficiency than others. For the purpose of nioeleling
concrete, solid (continuum) elements were used in this study. Two examples of these elements
are provided inFigure 3-4. The tetrahedral element has advantages in modeling irregular
geometric patterns, such as draped ssanthe hexahedral element provides more volume at a

low computational cost.

4 7
3
A
1
a) Tetrahedral element used in theend b) Hexahedral element used outside o
zoneregion the end-zonoe region

Figure 3-4 Abaqus solid elements used in FEM

The steel reinforcement was modeled using truss elements. It was believed by the research
team that beam elements would have negatively impacted the computational efficiency without
significantly enhaaing the accuracy of the model.

3.3.1. Analysis Model for a Typical Prestressed Girder

Within the context of this study, the modeling of prestressed girders was enhanced through
the use of symmetry and mesh zones. The symmetry of thié8Rillowed for the modeo be
divided in half at both the span centerline and the cross sectional centerline. This allowed the
model to be onéourth of the full beam size. Secondly, mesh zones enabled the girders to be
modeledwith greater accuracy in areas of interest wililber areas were modeled with less

accuracy to reduce computational cost. €hd zoneof the girder was modeled with a very fine
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mesh which produces a very accurate model. This zonedextenlength equal to 60 times the

diameter of the strand. Anjaca c ent ar ea, n aRigere3-5MwasmabdelBdowitrea 2 0 i |
slightly coarser mesh, and extends the length of two time the grider height for the purpose of
observing propagated cracks. it ehcearsérimaswith z on e,

material properties limited to the elastic range since cracks were not expected in this zone.

/

Figure 3-5 Abaqus model with mesh zones marked

A typical girder model in the FEM contaitwo layers: a strain contour and principle strain
vectors. The strain contours, shown on the modElgare3-6, represent strain intervals on the
girder surface. Although the cracking within these contours is impossilbedte] the contours
serve as a general area in which strains in the concrete are more likely to produce cracks. The
principle strain vectors show the magnitude and direction in which the cracking is likely to occur.

A series of parallel vectors represgthte potential location and orientation of cracks. Cracks are

predicted to form in a perpendicular orientation tortteximum princi@l strain vectors.
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Figure 3-6 Typical girder model in the FEM

3.3.2. Calibration of the FEM

The Abaqus model was verified through the creation of models for several similar girder for
which both the design specifications and the end zone crack locations after prestress were known.
The Washington WF100G girdéhrab A. , et al., 20143and the VirginiaPCEF 95.5 girder were
used for calibratin. The results of the WF100G model and a photogofphe corresponding

end zoneracks can be seenkigure3-7.
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a) WF100G cracks b) WF100G modeled in Abaqus

Figure 3-7 Comparison of WF100Gend zonecracks with Abaqus model

3.3.3. Modeling the BT-72

The addition of horizontal reinforcement to teed zones a prescribed method used by
ALDOT to control the cracks in thend zone of BT-72 girders. The horizontal reinforcement in
the BT-72 girders includes four pairs of #5 bars spaced at 4 in. vertically in the lower section of
the web beginning one ft above the bottom of the girder. Thedermiment bars extend 5 ft
from the girder end. The effect of these bars on contralimyzonecracking was investigated.
The results of this investigation are presenteBigure 3-8. The resulting strain contours of the
BT-72 show no clear reduction of principle strains in the model containing the horizontal
reinforcement. As a result of this investigation, horizontal bars were not used to control cracking

in any of the B¥78 models.
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E, Max. Principal (Abs)
(Avg: 75%)

Figure 3-8 FEM comparison of BT-72 with and without horizontal reinforcement

3.4.Modeling the BT-78

Thefull-spanBT-78 was modeledsingthe FEM. The standard design resulted in a large
strain contour around the web and underneath the drapedistrahe results of the standard
design can be seen Higure 3-9a. Severalend zonemodifications were invegjated using the
Abaqus model: Strand dragiydebonding, a combination of draping and debondindincreased
verticd reinforcemat. The modifications are discussed in the following sections.

3.4.1. Additional Vertical Reinforcement

The increased vertical reinforcememd zonenodification consisted of larger
reinforcement at smaller spacing. Instead of using five #7 bdrsyaspacing, the modifications
included five #8 bars at 3.25 in. spacing. This increased the amount of steel withith the

region from 6 idto 7.9 irf. The results of the FEMith modified vertical reinforcement
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produced the results shownkigure3-9b. As can be seen in the figure, the addition of #8 bars
to the end zone produced similar results to the standard design. Since the results suggest only a
minimal reduction in principal strains in the end zone, the ver@dalarcement modification

was abandoned and other alternatives were explored.

a) Standard design b) Modified vertical reinforcement
Figure 3-9 FEM comparison of standard design andnodified vertical reinforcement
3.4.2. Partial Debonding

The nextend zonamodfication investigatedncludedpartial debondingf strands Twelve

of the strands in the bottom flange of the-B3 were debonded aarying lengths of 5, 10, and 15
68



ft. The specifications of this designnche seen in Chapter 4. The results of the/BFEM with
partial debonding produced a redu@da of strain around the web. The area under the draped
strands contained a lower amount of principle strain vectors than the standard design-78he BT
with standard draping and partial debonding can be sdéigure 3-10.

3.4.3. Lower Draping

The effect of a lower draping angle on the-B3 was studied. The draping was lowered 14
in. at the girder end for a total decrease in the dragomgde from 2.9 degrees to 1.7 degrees. The
results of the FEM with the lower draping angle produced a concentration of principle stresses at
a lower elevation below the draped strands. The/BTFEM with lower draping can be seen in
Figure 3-10.

3.4.4. Lower Draping and Partial Debonding

An FEM was created for a&nd zonenodification which included the combination of a lower
draping angle and partial debonding. The combination of the two modifications produced the
lowest concentratin of principle stresses of the four designs. The resulting model showed a
reduction in strains in the web and below the draped strands. Fi8 Bibdel with lower draping

and partial debonding can be seefrigure 3-10.
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Figure 3-10 FEM comparison of BT-78 girders with end zonemodifications

3.5.End Zone Strain Gauge Placement

The models were also useful in determining locations for placement of the internal steel
and concrete stnaigauges. The research team used the strain contours to determine areas of likely
crackingin both the steel and the concretégure3-11a shows the steel stragauge placement
on top of the local stress contodiism the FEMin the end zone reinforcement of Specimen 1 at
prestress releaseThe dark red color on the bars represents the highest levels of dtigase
3-11b shows the concrete gauge placement with the principle strain vectors frafRNhef
Specimen 1 at prestress relea3éese locations were similar to locatiartsosen by Tuan et al
(2004) Oliva and Okumug¢2011)and Arab et a{2014) The final position of the strain gauges

can be viewed in Chapter 4.
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Figure 3-11 Gauge placement based on FEM

3.6. Summary of the Finite Element Analysis Program

The analysis used in this study was for the purpose of predicting likely areas of cracking
for potentialend zonemodifications in the BI78 girder. The results of thisalgsis provided the
research team with four conclusive B8 end zoneadesigns which could ultimately reduce the
amount of cracking within the girder ends. The models were also useful in the placement of steel
and concrete girders within tlead zone The FEM was a crucial tool in determining the final

design of the four specimens to be fabricated.
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Chapter 4 Design andFabrication of Experimental Specimens

4.1. Introduction

The experimental specimens for this stuatgre designed in collaboration with the
University of Alabama, Hanson Pipe & Precaafjd Aabama Department of Transportation
(ALDOQOT). For the experimental program, a total otif 78 in. deep, bulbee BT-78) girders
were designed with varying configui@is of the prestressing strands with the intent of
investigating the effect of these modifications @md zonecracking The four experimental
specimens were ea@4 foot longandcontained a total of 66 0.6 in. diameter strands withe
following internal strandconfigurations: (1) 44 straight strandand 22 draped strands with
standard drapingnglein line with current ALDOT practic€Specimen 1)(2) 44 straight strands
with ten strands partially debonded and @&ped strands witstandard draping ang{&pecimen
2); (3) 44 straight strands an@-2draped strands wittower draping angléSpecimen 3)and(4)
44 straight strands with ten strands partially debonded andr2@ed strands witlower draping
angle(Specimen 4)All specimens were fabricated at Hanson Pipe & Precast in Pelham, Alabam
Specimes 1 and 2 werdabricatedduring the week of July 231, 2015and Specimens 3 and 4
were fabricated during the week of August,2015. A detailed discussioregarding the design,
fabrication, and itfield data acquisition of the specimenslWwe presented in this chapter.
4.2. Specimen Design

A major motivation of the project wasdevelopagirderdetailthatcansurpasshecurrent

span lengttcapabilities ofstandardALDOT BT girders. In the past, ALDOT girders have not
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typically been prodeed with spans in excess of 185 The designs for the four specimens were
decided upon through the consideration of both the experience of the designers, as well as the
results from the detailed 3D finite element modeABAQUS, as described in Chaptér A 78

in. deep, bulbdeeshape was chosen for several reasdime estimated maximurapan lengthhat
can be achievedf a BT-78 girdermeeting the AASHTO requirementsndwith 6 ft centerto-
center girder spacing approximatelyl80 feet. Furthermare, developingnew deep beamss
expensivedue tothe cost ofnew formwork for productiontheresearch tearmohose the deepest
beam thata local Alabamafabricator (HansonPipe & Precast)could producewith minimal
modifications to theiexisting formwok. Theprecast fabricator was able to economically modify
their existingBT-74 formwork by welding 3nch tubes to the top aratlding 1 inch of depth to
the bottom of the sidéorms. For these reasons, thise of theBT-78 was agreed upamnd the
designsof the individual specimens were then planned.

Although theproductionspan length for the BY8 girdercan reach up td80ft, thegirder
testspecimensvere limited toa span of 54t each due b restrictions on theveight and length
capacities forransportation and testing of the girdierthe laboratory Since the draped portion
of thefull-lengthgirderwas 72ft-3 in. long, the hold down points were embedded withoeatral
waste block that was cast between the two specimens on the saniébgqabfile for the full 180

ft BT-78 girder can be seenkigure4-1.
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Figure 4-1 Standard design forfull -scaleBT-78 girder
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Specimen 1 and Specimen 2 conggira standardraping angle of 2.8legrees and were
cast together on the same bed. Specimen 3 and 4 coradaveelred draping angle of 1.6&grees
and were cast together on the same ISbéathng wasadded tdower flange strands i§pecimens
2 and 4 according tthe debonding requirements given in section 5.11.4RA8HTO LRFD
Specifications.A summary of different design parameters altered among the four test specimens
is shownTable4-1. Theelevation viewsdr thetestspecimensre shown irFigure4-2 andFigure
4-3. The typical cross section dimensions of the B3lare shown ifigure4-4. For simplification
purposes, the end of the specimen in whieh drapingstrands area at higher elevatwill be
referred ashe mark end, and the end in which the dragingnds are close to the botteviil be
referred ashe opposite ends shown irFigure4-1 andTable4-2.

Table 4-1 Strand Design Comparison

Specimen 1 Specimen 2 Specimen 3 Specimen 4
Draping Angl StandardZ.9°9 | StandardZ.9°) Lower Hower
raping Angle andardZ. andardZ.
(1.679 1.679
_ Yes Yes
Debonding No No
(18%) (18%)
54
[ B N

EEE=EE I == == ===

MARK END Nai ‘Streight Siwarids OPPOSITE END

Figure 4-2 Specimen 1 and 2levation
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Figure 4-4 Typical BT-78 cross ction

4.3.Prestressing Strands

Each girder containedl total ofsixty-six 0.6in. diameter strand®achpretensioned to a
force varying between 44,500 and 44,9085. Four tie strands, each prensioned to ®00 Ibs,
were included in the top flangd the specimensThe prestressingtrands wereincoated, low

relaxation,sevenwire steel strandswith a gade of 270 kssteel. All of the strand for the

76



specimenavere supplied by Sumiden Wire Products Corporatibickson, TennesseeThe
strand were stored outside and tieeommended ALDOTveathering practices for strandsed
within prestressed concreg@ders werdollowed.

Each gider contained 22 draped strands and 44 straight strafus.draping angle for
Specimens 1 and 2 wafQdegreeswhile the draping angle for Specimens 3 and 4 was lowered to
1.67degrees.For Specimens 2 and 4, 12 of #@strands or 18%, were debonded in a typical
Acheckerboardo pattern with no more than 40%
Furthermaoe, the debonding was discontinue®&at0, or 15t, depending on the row in which the
debonding was contained-hedesign of theatial debonding satisfies the conditions presented
in AASHTO LRFD Section 5.11.4.3The total design prestressing foraethe 66 strands was
2,977.8 kips.The strand pattern at tiggrder enddor all the test specimerae shown irFigure

4-5 throughFigure4-8.
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4.\ " ;‘7
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Figure 4-5 Specimen 1 Strand Pattern
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Figure 4-7 Specimen 3 Strand Pattern
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Figure 4-8 Specimen 4 Strand Pattern

4.3.1. SteelReinforcement

The steel reinforcement used was consistent for all four test specirfbaese vere five
different types osteel reinforcemenised in thespecimensncluding V#7, V#5, S#8, S#4, and
B#3. All reinforcement used was uncoated, grade 60, mild siBedsize of the reinforcement
bar is indicatedvithin the labelby the numerafollowingt h e syindob For example, V#7
represents a¥ar made fron #7rebar(diameter = 7/8 in.) Thepattern ofall bars, except the S#8
bars,wassymmetric on either side of the rsgpan.EachV barand Bbarwastied toa counterpart
which facedthe opposite dirgtion. The barshape specifications are showrFigure4-9. A 3D

model of the prestressing strands and mild reinforcement is shdviguire4-10.
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Figure 4-10 Three dimensional model of prestressing anceinforcement

80




4.3.1.1. Splitting Reinforcement

TheV barswerevertically oriented sshaped bars whose main puspavergesisting splitting
but also helpdin providing resistanceo shear craakg. In accordance with current AASHTO
LRFD specifications, five/#7 barswere placedat a spacingof 4 in. on centethroughthe h/4
region of theend zondwhereh is theheight of the girder)orthe first 19.5 inchesThe V#5 bars,
werecontinued at a 4 inch spacing throudle rest of thend zoneegion,or 78 inches from the
girder end The V#5 bars weralsousedas shear reinforcemeat higher spacing throughotet
remainderof the girder(from theend zoneaegion tomid-spar). For all specimens, thend zone
splitting reinforcement was symmetric about the-spdn centerline.

The splitting reinforcement in trend zoneadheres to the distribution first recommded by
Tuan et al (Tuan 2004). As shownTiable4-2, 3.6 irf of vertical reinforcement, or 60 percent of
the AASHTO requirement fdw/4, is contained within thi/8 region.

4.3.1.2.Confinement Reinforcement

As required by curredRASHTO guidelinesthe strandsvithin the bulbweresurrounded with
B#3 barssening as confiningeinforcementhroughthe girderend zoneTwo B#3ba's weretied
together as a bundle and each bundle was spaced at 4 in. on center through a distandlgh, from
girder end.The total area of splitting and confinement reinforcement alongntieonealivisions
can be seen imable4-2.

4.3.1.3.Reinforcement in the Top Flange

The S#4 barswere used in the top flange afla in. spacing for tlk first 84 in. and atless
frequentspacing for the rest of the girder until redan. The S#8 bars were usedaddtional
longitudinalreinforcementn the top flangeatthe opposite end of thestgirders. This additional

reinforcement was needed nteeet the AASHTQensilestress limit requirementsf 200 psiat
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prestresseleaseThis conditionwas a result ofhe nonconventional configuration of the strands
within thetestspecimenslue to the shortendength of the specimenThe lower elevationfadhe

strands at the opposite end created a lower strand eccentricity, which, in result, required more steel
in the top flange to resist tensile straifi$ie calculatediensilestress at the opposite end of test
girderwas approximately 380 psFourlongitudinal bars were placed in the top flange to control
crackingin the area around the high tensile zomhis reinforcement was used only to control the
tensile stress at the opposite end of the girder and had no effect@mdteneéehavior of he

mark end.Theend zoneeinforcement design can be seeffrigure4-11.
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Figure 4-11 End zonereinforcementdesign
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Table 4-2 Area of Steel Reinforcement withinEnd-zoneDivisions

h/8 h/4 h/2 h
Area of Vertical Steel 3.6in? 6.0 irf 9.1irf 15.3ir?
Area of Confinement Steel| 0.22 ir? 0.55 irf 0.99 irf 1.9irf

4.3.2. Concrete Mix

The prototype fullength BT-78 girder was designed witn 10,000 psi SCC mix with a
oneday release strength of 8500 pJihe SCCmix designincluded Type Il portland cement
#100 sand from Red Bluff Sand & Gravel in Prattville, Alabdorahe fine aggregatend #67
limestone sand from Vulcan Materials Compan Helena, Alabaméor the course aggregate
The admixtures included an air entrainiagmixture(MasterAir AE 90), a Type D hydration
controlling admixture (MasterSet DELVO), a Type F higinge water reducing admixture
(MasterGlenium 7700), and a Tg/® viscosity modifying admixture (MasterMatrix VMA), all of
which were produced by BASF Admixtures in Cleveland, Ohio. The mineral admixture used was
a grade 100 GranCem ground granulated flastace slag admixture produced by Holcim, Inc.
in Birmingham, Alabama. The concrete mix design proportiaresshownn Table4-3.

The concrete foall four specimens were mixed in two separate pours. The concrete was
mixed at the mixing facility on site at Hanson Pipe & Precast inadP&| AlabamaTlhe mix design
for all four specimens was the same, however weather conditenesdifferent for the two pours.

The weather for the first pour was sunny and the temperature at the time of batching was
96 degrees Fahrenheit. For the secamdt pthe weather was overcast and the temperature at the
time of batching was 86 degrees Fahrenheit. The differences in temperature did not affect any

fresh concrete propertieBhe measureaoncreteproperties are presentadTable4-4.
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Table 4-3 Concrete Mixture Proportions

Proportions (per cubic yard)

Type Il Cement (Ib) 782

GGBF Slag (Ib) 138

Water (gal) 34.8

Fine Aggregate #100 (Ib) 1420

Coarse Aggregate67 (Ib) 1440

Air Entraining Admixture (0z) 1.04
Hydration Controlling Admixture (0z) 18.40
High-range Watereducing Admixture (0z) 101.2
Viscosity Modifying Admixture (0z) 36.8

Table 4-4 Measured SCCProperties for the Test Specimens

Specimens 1 and 2 Specimens 3 and 4
2 Spread (in.) 27 27.5
qé‘)- Visual Stability Index (VSI) 0.5 0.5
% Air (%) 2.9 2.5
E Unit Weight (Ibs/ff) 148.6 --
@ _§ Release Age (hrs) 17 16
3 g f O(psi) 9,205 8958
£ £ f dpsi) 11,639 11,850




4.4. Specimen Fabrication

4.4.1, Casting Configuration of Specimens

Thetestgirders werecast two at a timepn the same casting bed at irecasplant. Since
the testspecimens were only segmented versions of thdefngth specimenstwo test gider
specimens were cast at orme a single bed. This casting technigumimized the wastage of
prestressing strands aogtimized the labor cost fofabrication. Specimens 1 and 2 were cast
togetheruring thefirst weekof the pouringsince they botlcontained the standard draping angle
The mark end of Specimen 1 was in the easteost position, and the mark end of Specimen 2
was in the westermost position. The following week, Specimens 3 and 4 were cast together on
the same besince they botleontained the lower draping angl&he mark end of Specimen 3 was
in the eastermost position, and the mark end of specimen 4 was in the weststhposition.

The configuration of the girders in the casting bed can be séggure4-12 andFigure4-13.

v

Side B s
[0 —  — — ]
Side A

Figure 4-12 Casting bed top vew

Specimen 2/Specimen 4 Specimen 1/Specimen 3
Tl IMark L Opp Endl Waste Block |OPP End L EidlL"
West Side East Side

Figure 4-13 Casting bed elevation iew
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4.4.2, Fabrication of Specimens

Thespecimens were fabricated using standard plant casting procedures. The casting bed was
first cleaned off and necessary materials for the two specimens being casted were laid out beside
the bed. The 66 prestressing strands were then pulled throughatterdhand the holdown
points in the correct configuration. These strands were then partially sttesg@@DIbs, so that
the material could be checked for any defects. Theolooints were then placed aheé strands
were tensionedsing a hydralic jacking device. The strand properties were checked against the
design according to standard ALDOT proceduréhe measured elongatidior strands in both
specimens wereetween the values of 24.325 in. Plastic sheathing with an open slit was jgldc
around certain strands for debondinhe strands were debonded at three different lengths,
10ft and 15ft. This practice is typical of ALDOT debonding procedur&be debonded strands
can be seen iRigure4-6 andFigure4-8.

The prebent mild steel reinforcement bars were then tied to the-fuélgtressed strands.
Because the reinforcement bars in #rm& zone contained sensitive strain gauges, they were
carefully put in the correct pla@nd the lead wires were draped off to the sidése placement
of the reinforcement bars can be seefigure4-14. More details about the stestrain gauges
are discussed irestion4.6.1 After the steel reinforcement cage was placed, the research team
placed the DEMEC mounting system and the concrete gauges as discussed in4&é&csiand

4.6, respectively. Raforcementwas also placedithin the waste block ding this time.
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Figure 4-14 Placement of reinforcement lars

The forms were then lubricated withrm oil that helpedo prevent the concrefeom sticking
to the forms. The casting bed and the DEME(stwere also sprayed with form oil before the
concrete was poured. The side forms were set in segments using a moveable crane. Each segment
of the side forms was guided into positiand then latched from the top with steel latches at
approximately every feet. Thebottom of the forms waslamped together using pesinsioned
threaded rods at roughly the same spacing as the latches.

As mentioned previously, the forms used for the BTIspecimens were a modified version
of existing BT74 formwork. The xtra height was achieved by building a steel platform for the
base of the side forms which raised the entire cross section by 1 inch. A wooden chamfer form

was also built into the sides of the casting bed. Further®amepy3 in. hollow steel tubingvas
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welded on to the inside face of the forms to add an éxteainches of height to the girder. As a
result, it was necessary to modify the existing top latches. These latches, which were normally
bolted in place to the sides, had to be raised tar the top of the -&hch tubing on the modified

side forms. To achieve this, small length8 af. by 3 in.steel tubing were cut and welded to the

top of the latch connection points. The latches were then bolted into this tlibegnodification

of the formwork was performed prior pgacement of the formwork

Figure 4-15 Placement of sidedrms

The concrete was batched in a facility on site. Before the concrete from each mix was
approved to be poad, a small batch was taken aside and its properties were tesiatpleS
cylinders were also poured for later u3éne concrete was transported and poured wshogation

of severalTuckerbilt transporters whickachhad a capacity of 6 cubic yard# both cases the
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concrete was poured starting from the mark end of the westeshspecimen and finishing with

the mark end of the eastemost specimen. The transporter used an adigeen chute to move

the fresh concrete from the hopper to the girderorder to preserve the steel and concrete strain
gauges, the concrete was never poured directly oventheons of the girder. The SCC required

no vibration and easily flowed through the strands and reinforcement, however, to speed up the
process, e concrete was still poured by moving the transporter from end to end. Trowels were
used to level and smooth off the top of the girders after all of the concrete had been poured. Since
the girders were solely for research purposes, it was not necésgaeyform the typical top

surface roughening.

Figure 4-16 Pouring of concrete forSpecimen 3
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During the second week of fabrication, the formwork burst while pouring Specimen 4. The
failure first occurredat a weld on the pinned end of a latch on Side B of Specimen 4. The failure
occurred after the level of the concrete had reached the bottom of the top flange on the mark end,
or the side from which the concrete was being pouidtk level of the concretguring failure
was approximately 15 inched above the top draped strand along thegidele Immediately
after the first failure, several or all of the other top latches failed in succession due to the higher
stresses caused by the first failure. Tdrens were held in place lifie bottom clamps along the
whole length of the girder. Because of the low viscosity of SCC, concrete from within the
formwork immediately started leaking out of the mark end of the specimen. Since pouring on
Specimen 3 had mget begun, the fabricators decided that the best course of action was to take
the forms off, remove all of the concrete, and restart pouring again the following day.

The forms were held in place by a crane while the bottom clamps were loosenedn As so0
the bottom clamps were free, the forms were removed one by one using the crane. With the use
of two fire hoses, concrete retardants, shovels, vibrators, and eventualihafacier, the casting
bed was cleaned and ready to be prepared for pouenfplibowing day. During the process of
cleaning the bars, the DEMEC mounting systems were removed, however it was necessary to keep
the concrete and steel strain gauges in place. Inevitably, there may have been some damage to the
strain gauges due to thegh pressure caused by the fire hoses. The following day the same
procedures as before were followed during preparation for pouring. As an extra precaution, the
form top latches were +eelded with longer welds. The DEMEC mounting systems and the side

were then replaced and both Specimen 3 and Specimen 4 were poured.

90



Figure 4-17 Specimen 4 side formdilure

Some inconsistencies in the cragstional shape of Specimen 3 and Specimen 4 were noticed
prior to the detensioning process. First, a void in the concrete was noticed around the lifting loop
of the mark end of Specimen 3. Moreover, an inch thick layer of concrete had seemingly leaked
through the mark end heading of Specimen 3 and had harderted oasting bed around the
bottom strands. The concrete was broken up with a jack hammer before the strands were
detensioned. Secondly, the thickness along the webs of Specimen 3 and Specimen 4 varied by %2
inch. These inconsistencies could be explaimethe use of modified side forms and probably
had little to no effect on the outcome of the experiments.

After the specimens were poured, a weatherproof tarp was draped across theastiige c

bed to prevent any rain from affecting the girders anddtiacuring. The following morning the
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forms were removed using ticeanes in the reverse order of which they were addegtsTwere

run on the cylinder samples and the average compressive strengths of two cylinders were recorded.
When the average comgssive strength of the two cylinder samples was higher than 8500 psi, the
detensioning praess could begin For Specimen 1 and Specimen 2 it took approximately
seventeen hours to reach an average compressive strength of 9205 psi, while for Specimen 3 and
Specimen 4 it took approximately sixteen hours to reach 8958 psi.

After the forms were removed the research team began the process of connecting the strain
gauge lead wires to the data acquisition system. The lead wires were connected to a system of
cablks and boxes that led to the data acquisition system. Each girder had its own data acquisition
computer which was housed inside of a vehicle parked next to the girdleone As the cables
were being connected, another member of the research teamedrtgaDEMEC system for use.

The first DEMEC reading was taken before the detensioning process ldgaa details about
the DEMEC data collection process can be found in Sedt®nAfter the first DEMEC readings
were conpletedand the data acquisition systems had been chebkéudata acquisition systems
began collecting data.

The pretressed strands were detensioned in three phases. Four workers were required for the
detensioning process: The strands were cut usprg@anefueled flame torch and the cuts were
made simultaneously a few inches outside of each of the four headers. The workers followed a
predetermined cutting sequence which can be seleigume4-18. In the first phase, th@orkers
cut thebottom corner strands, thap (tie) strandsandall the draped strands. The second DEMEC
readings were taken after the first cutting phase. The next phase inclitieglall the strands in
the top two rows of the bulb. The third DEREeadings were taken after the second cutting

phase. Finally the remaining three rows on the bottom of the bulb were cut. The fourth DEMEC
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readings were then taken and the data acquisition systems were simultaneously tukvedioff.
each row, the sainds were cubeginning with the outside strands and ending with the inside
strands, alternating sides between every cut.

The following business day the girders were picked up with cranes and moved into the storage
yard. The sides of each girder was thdnte washed, except for the area aroundetie zone
which was susceptible #nd zonecracking. In the storage yard, each end of the girder rested on
two adjacent 4 in. x 4 ivoodenmembers. The-Day DEMEC readings for Specimens 1 and 2

were takerwith these support conditions.
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Cutting Sequence: % @@
DEMEC Measurement 1
Cut 1-13
DEMEC Measurement 2
Cut 14-15
DEMEC Measurement 3
Cut 16-18
DEMEC Measurement 4
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Figure 4-18 Strand cutting sequence
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4.5. Transfer Length Acquisition

The transfer length acquisition methodology used in this study is a modified version of the
methodologyusel in previous ALDOT research @ects(Dunham, 2011) The determination of
the transfetength wa decided through the analysis of concrete surface strains using demountable
mechanicalDEMEC) gaugs. The following section desibes the process used to obtain the
transfer length data.

In order to capture the transfer lengths of the four girders with minimum disruption to
workflow of the fabricators, steel strips were prefabricated to embed the DEMEC hardware within
the girder. Steel strips were used on both faces of the mark end of each girder so that results could
be compared for higher accuracy. Since the opposite adrithe girders (the emsdvith lower
strand elevation) did not contain strains which were representatee aftual girder end, ¢ly
wereof little interest to the experiment and theamsfer lengtk werenot recorded. There were a
total of eight strips used to embed the DEMEC hardware into thespearmes. The following
describes the procedure for fwefabrication and application of the strips.

First, eight strips of steel were cut amdomputerized numerical control machine was used
to drill 34 holes a0 mmintervals startindrom the end of each strip. These holes were beveled
at 82 degrees tdlaw for a flat surface after machine screws were inserted intbdles. Once
the machine screws were inserted into the holes, threaded inserts were fastened around the machine
screws on the backside of the steel strips. These threaded inserts weeatt@ally serve as
housing for the DEMEC screws\nother five holesbeveled at 82 degreesgere drilled into the
steel strip to accommodate the threaded rods which were used to tie the stripsontpaseaight
strandsefore castingSmaller nachine screws wergheninserted into théive holeson the front

side On the backside of theripscouplings and threaded rods were attached to the five machine
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screws. Finally, each component was hand tightened tarallayers of masking tape were placed
on the face of the strips to protect the machine screw heads from any contact with the concrete.
The final setup of the DEME@ounting systenwithout the threaded rods shown inFigure

4-109.

Figure 4-19 Initial setup of the DEMEC mounting system

Additionally, DEMEC screws had to be fabricated from standard DEMEC discs and hex
head screwsThe disks contained small pinpoint hole that was manufactured for isBRMEC
straingauge. Small holedor the digswere drilled into the head of the hex head scresisg a

human operated drill pressid the discs were glued into the holes using an epoxy for metals. An
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assembled DEMEC screw is showrFigure4-20. This method ohttaching DEMEC targets to

the screws was successful for the majority of the screws, however, a few of the DEMEC discs
became loose during the time between the installation of the discs and the reading of the concrete
surface strains. The loose DEMEC discs could have been a product of either using an insufficient
amount of epoxy or drilling too large of a hole in the screw head. The problem was realized during
the reading of the concrete surface strains when theuneebgalue was dramatically shifting as a
result of small amounts of lateral pressure on the DEMEC gfaaige The few data points which

were affected by the loose DEMEC screws were not considered in the reported results and had

little effect on the aagracy of the transfer length determination program.

Figure 4-20 Assembled DEMEC Screw

During the fabrication of eadlirder, the DEMEGnounting systemnwas installed after the
prestressed strands westeesed to the designed valaed the conventional steel reinforcement
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was tied in. The five threaded rods on the DEM&@unting systemvere attached to the top of

the second row of strands using-tigs. For all specimes, the finallocation of the DEMEC
mounting systenmwas approximately 5 in. above the bottom surface. The DEMIEQ was
intentionally placed slightly outside of the girder so that it would be pushed in when the side
formwork was placed and there would be a low chance for concrete tahentgea between the

side formwork and the DEMEStrip. Immediately before the sides were set, the outside faces of
the DEMEC strips were sprayed with form oil to resist bonding with the concfidte. final
configuration of the DEMEC mounting system lrefthe placement of the formwork can be seen

in Figure4-21.

Figure 4-21 Installation of the DEMEC mounting system

The concrete was placed and allowed to hardeernight. The fdbwing day, the

formwork was removed and the DEMHE@bunting system was disassembled. The first step in
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