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Abstract

A comprehensive study was condutte determine the variation in transfer length of
pretensioned prestressed concrete railroad ties with diffeemaimetersincludingprestressing
steeltypeand concrete variables. Thedepth evaluation included different prestressing
reinforcementytpes that are employed in concrete railroad ties worldwide. The study consisted
of two phasest.ab-PhaseandPlantPhase Throughout the study, transfer lengths were
determined from surface strain measurements efgm&oned concrete members.

During theLab-Phasepretensioned concrete prisms were fabricated to replicate plant
manufactured crossties. Different groups of prisms were fabricated during this\tlsach
groupusedto determine the influence eélectedrestressingteelor concrete viaables on
transfer length. A special jacking arrangement was employed to ensure that each of the
reinforcements was tensioned to the same f@aoengthelLab-Phasean 8inch Whittemore
gage was utilized tdetermine concrete surface displacemantshereby calculasurface
strains.

Later,during the PlanPhasepre-tensioned concrete railroad ties were fabricated at a
concrete croge manufacturing plant with threamegroup of reinforcements$n-plantconcrete
surface strains wergeterminedy utlizing both the Whittemorgage andwo automated laser
speckle imagingLSI) devices Later,along-term study was conducted on plananufactured
crosstieghatwere cast exclusively to utilize the mechani®hittemore)gage system.

Various results sm boththe LabPhaseandPlantPhasere presented along with
discussionPotentialbenefitsof laboratory prisms in estimating transfer lengthals®discussed.
Results from both phases indicated that large varmiiotransfer lengths are due primato
variationsin the bond quality ofhe differentprestressing tendons and the concrete strength at
detensioningResults pertaining to theaxation in bond quality due wtherconcree variables

arealsopresented.
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Abstract

A comprehensive study was caatied to determine the variation in transfer length of
pretensioned prestressed concrete railroad ties with different parameters, including prestressing
steel type and concrete variables. The@pth evaluation included different prestressing
reinforcemat types that are employed in concrete railroad ties worldwide. The study consisted
of two phases; LaPhase and Plaiithase. Throughout the study, transfer lengths were
determined from surface strain measurements efgm&oned concrete members.

Duringthe LabPhase, pr¢ensioned concrete prisms were fabricated to replicate plant
manufactured crossties. Different groups of prisms were fabricated during this phase, with each
group used to determine the influence of selected prestressing steel orecoacadies on
transfer length. A special jacking arrangement was employed to ensure that each of the
reinforcements was tensioned to the same force. During th@hake, an-&ich Whittemore
gage was utilized to determine concrete surface displacemrmehtsexeby calculate surface
strains.

Later, during the PlarRhase, préensioned concrete railroad ties were fabricated at a
concrete crosstie manufacturing plant with the same group of reinforcemepitenticoncrete
surface strains were determingduiilizing both the Whittemore gage and two automated-aser
speckle imaging (LSI) devices. Later, a letegm study was conducted on plananufactured
crossties that were cast exclusively to utilize the mechanical (Whittemore) gage system.

Various resull from both the Lali’Phase and Plaithase are presented along with
discussion. Potential benefits of laboratory prisms in estimating transfer lengths is also discussed.
Results from both phases indicated that large variations in transfer lengths arenduitydo
variations in the bond quality of the different prestressing tendons and the concrete strength at
detensioning. Results pertaining to the variation in bond quality due to other concrete variables

are also presented
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Chapterll nt roducti on

Prestressed concrete railroad ties are becoming more popalaugable alternativi®
wooden ties in the United States. This preference to prestressed concrete ties is given due to
various factors like durability in severe weather caodg, efficiency to carry heavy railroad
cars, longer service life, lower maintenance costs and environment friendly product. Identifying
the parameters that influence the performance of these concrete railroad ties is important to
analyze the behavior thmghouttheir service life. One such parameter is transferring
prestressing force to concrete member. Poor or improper bond treasfesult inpremature

failure of a prestressed concrete tie.

1.1 Background

In a pretensioned concrete memtbike length regired to transfer the effective
prestressingorcei nt o t he concrete member(TL)(lsaargeea.,i n e d
1963) For prestressed concrete ttehhavemaximum flexural and sheaapacity at the rateat
location the prestressing force must be fully transfetcethe concrete at a locatitimat is closer
to the end of the tie than the distance to the rail 3gaically, 2%in is the distance from the end
of the tie to the rail load. Thus, itéssentl that the transfer lengib significantly shorter than
21-in for the ties to havéheir full capacityat the raiseat location

To ensurehesetransfer lengths, it is crucial to have good bond between the prestressing
reinforcement and the surroundiogncreteFor pretensioned concrete ties produced in the
United Statesindented 5.32nm-diameter, lowrelaxation steel wires have become the industry
norm (but are not the case for all concrete tie manufacturersyjdheyally understooithat
these wiesachieveshortertransfer lengths due to the presence of indentations; howeviee 3
and #wire stranchave also been successfulised with nominal diameter less than-Br8
(Hanna, 1979)Further, tense stresses can lavoided during the prestressing transfer by using
smaller diameter strands/wir@€aar, et al., 1975)

While itis generally accepted that indentations in the wires improve the bond between
the steel and concrete, there isrently not a standardized indentation pattern (shape, size, depth
of indent, etc.) that is utilized by all wire manufacturers. Thus, the corresponding bond behavior
of these different wires when placed in various concrete mixtures, in terms of averafg tran

lengths and typical variationaasessentially unknowat thebeginning of this research
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An in-depth researcprogram was conducted evaluate the variation in bond transfer
length withprestressing steel and concrete variablégesedactorsinclude but not limited tp
reinforcement indentations, concrete consistency (slucop)pressive strength at the time of
prestress transfer (release strength), the viateementitious\/c) ratio, aggregate type, and the
presencef viscositymodifying admixure (VMA).

Further, information about the transfer length variation with concrete variables is
essentialsinceindividual tie manufacturerdilize different concrete materialsinderstanding
the effect of these variables transfer length can leaddad e t t er fApermnagd ineted e(dc onc
tie) that ensures safety at an economical.cost

Results from comprehensive experimental wbikt was conducteat boththe Kansas
State Universityaboratories and at a Precast/Prestressed Concrete InstituteRi@édcTie
manufacturing plant are presented in thssertationTransfer length results from laboratory
prismtests are compared to transfer lengtbultsin actual concrete ties that warenufactured
at a PCI certified plant. Correlation betweendeatory transfer lengtresultsandPlantPhase

transfer lengthiesultsdemonstratéhe efficacy of the small scale experimental tests.

1.2 Obijective

The objective of the present research iguantifythe effect of prestressing steel and
concrete variablesn the transfer lengtim pretensioned concrete railroad tidssystematic
investigaton ofthe factors affecting this bond performance is essentiaiderstandhe transfer

length variationsThis work was conducted in two phases: a laboratory pmasaRiantPhase

1.2.1 Lab-PhaseTransfer Lengths from Pretensioned Concrete Prisms

Pretensioned concrete prisms were cast in a controlled environment at Kansas State
University (KSU) laboratories to evaluate the variation of transfer lengthdifidrent
paranetersyeinforcement indentati@) concrete consistenayoncreterelease strengthy/c
ratio, aggregate type, and the presence of viscosmyifying admixture (VMA) These prisms
were designed to have a prestressing steel spacing and overall ctmstetd ratio that is
representative of pretensioned concrete railroad ties. The intension was to evaluate and quantify
the influence of each individuaariableon transfer length.

The effect of reinforcement indentation was studied by evaluating traaséghresults

of prisms cast witldifferent reinforcement types utilizing the uniform concrete mix proportions.
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A consistent concrete mix was produced with wéderement ratio of 0.32 for thigroupof
prisms.Transfer lengths were measured on prisnss with nineteen 19) different
reinforcement types that aeenployedn concrete railroad ties worldwid&hese reinforcements
were obtained fromeven 7) different manufacturers with different indentation types. This
allowedthe researchers to quanttfye various types of reinforcement indentation geometries on
transfer lengthAdditional Lab-Phasealetails are discussea Section5.1

Variation of transfer length with concrete variables was evaluated bycimgl tests on
prisms caswith altered concrete variabléBen (10) out of nineteer{19) reinforcements were
employedo accomplish this detailed investigati@achgroupof prismswerecast by altering

the selected concrete variable &eeping allother variableconstant

1.2.2 Plant-PhaseTransfer Lengths from Pretensioned Concrete Crossties

A research group from KStdaveledto a PCI certified concrete tie manufacturing plant
to determine transfer lengtlis nonprismatic prestressed concrete railroad. té sulsetof
fifteen (15) different reinforcememypesthat wereemployedn Lab-Phasevere chosen to
fabricate pretensioned concrete ties avétreeweek periodFifty (50) different transfetengths
(occurring at both ends of 25 tiesgredeterminé with each reinforcemenype for a combined
total of 750 transfer lengths.

As such, this was the most transliengths ever determined for concrete railroad ties in
production.The primary variable in this portion of study was prestressing reinforceyps In
plantconcretesurface strains wemeterminedy utilizing both amechanical gage ando
automated lasespeckle imaging devices. Later, long term study was conducted on plant
manufactured crossties which were cast exclusively to utilize dobanical strain gage system.

For the longterm study four concrete ties were cagith each reinforcement type far
total of 60 concrete tiesThus, atotal of 120 transfer lengths were determined using this method,
8 for each of the 15 different remtementsAmong the four ties for each reinforcement type,
two ties were installed in track and subjected to a cumulatitradk loading oR63.3million
gross tons (MGT). Before being subjected to hisackloading, speciatovers were installed
to protect thebrassnserts(that were cast intthe bottom surface of the t)efsom surface

abrasion. The other two ties, which are companion ties for each reinforcement type, were not



subjected to any loadinédditional information regardinthe experirental proceduiutilized
during thePlantPhaseare presenteith Chapter 6

Transfer lengths foconcrete ties manufacturedthe plant wereusedto determinehe
possiblecorrelation of theesults obtaineduringthelabordory phaseand to evaluate the
validity of laboratory prismsgestsin predicting tharansfer lengthghat would occur in actual
concrete tiesFinally, the possibleincrease inransfer length due tepeatedn-track loading was

investigated.

1.3 Scope

A defailed investigation about thpossibleinfluential parameterghat characterize the
transfer length of a pretensioned concrete tie was carried@foeispecific parameters
investigated in this study included treenforcement indentati@n concrete consestcy, release
strengthwaterto-cementitious (w/cjatio, aggregate type, and the presence of viscosity
modifying admixture (VMA) Quantifying theeffect ofeachindividual parameteon transfer
lengthwas achieved by systematic variation of the mix dge and reinforcement type

Further, experimental investigation conductetdlal-Phasevas compared witRlant
Phasanvestigation to find out the efficacy of the laboratory tests in predieihgaltransfer
lengthsin pretensionedoncrete tis. Additionally, the longtermtransfer length increasd

concreteieswith different reinforcement types dueitstrack loadingvas determined

1.4 Organization of the Dissertation

Chapter Zoresentshe previous relateksearclpertaining to transfer length
determination in pretensioned concrete railroaddredosely related fiels This review helped
the researcher to predict the parameters that may influence the transfer length. This review about
the previousreseac h enhances the researchero6s knowl edg
problem statement in a chronological sequence.

Chapter Jresentshedifferent materials used in this research progfemmcrete
materials and reinforcemgralong with theiracquisition storage in the laboratgrgnd naming
conventions used\dditionally, it discusses the established concreteaesignsduringLab-
Phaselt also emphasizes the similarities betwaetualplant mixdesign and lab migdesign.

Chapter 4describeshe experimental setp utilized to castthelaboratoryprisms, various

prism crosssectioneemployedfor different reinforcement sizes to represent the real concrete tie,
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different equipmentitilized during the testing procedure, prisms casting procedure and the
approactusedto analyze the results.

Chapter Sliscusses the results obtained from the extensive tests conducted at KSU
| abor at or iLabsPhagsé& si mpl y i

Chapter Gresents the experimental seampployedat PCI certified concrete tie
manufacturing plant, and various testing procedures adapedatiole to quickly and accurately
determindransfer lendts. The chapter explains how therfacestrain measurements were
determined from both ani@ch mechanical gage (Whittemore gage) and from acootact
laserspeckle imaging (LSI) device. Finallyis chapter provides the details abspécial
surface preparatiaemployedfor theconaetecrossties installed in the track.

Chapter Miscussesesults obtained froomeasurements at the tieanufacturing plant
and compares these results wiie Lab-Phaseaesults.This chaptealsoincludes the longerm
studyof plantmanufactured crossties.

Chapter &oncludes the findings from thpeesent comprehensivesearch which provide
vital informationabout bond transfer lengthurther recommendatioms the related research are
also pravided in this chapter.



Chapter2Li t er ature Revi ew

This chaptepresents the previous related research pertaining to transfer length
determination in pretensioned concrete railroad ties or closely related fields. This review helped
the researcher to predict tha@aeters that may influence the transfer length. This review about
the previous research enhances the researcher

problem statement in a chronological sequence.

2.1 First recorded useof concrete railroad tiesin the United States

2.1.1 Weber (1969)

Usage of concrete railroad ties in the United States were first recorded in 1893. During
this year, 200 ties were installed in Germantown, PA. Around 150 reinforced concrete crosstie
design types were proposed and patented betd@@3 and 1930. During this period, 60
concrete design types were experimentally tested. These crossties could not gain much attention
due to: 1) design failures, 2) improper rail fastening system, 3) incompatibility with changes
occurred in track, 4) exgmsive compared to wooden crossties. Availability of sufficient
guantities of appropriate timber and the advancement in wooden pressure treatment caused
minimal development in concrete crosstie industry during 1930 through 1957.

Major portion of theearlyconcrete crosstie work in the United States was carried out
with the involvement of the Association of American Railroads (AAR). Research staff at AAR
initiated the research on prestressed concrete ties in 1957. Three concrete tie designs were
initially developed andioadtests were conducted. Design requirements for the concrete ties were
considered based on the existed wooden tie design requirements. Upon completion of tests on
ties with three design criteria, two additional designs were developed fdlloyihe tests. Static

and repeated load tests were conducted on the test specimens.

2.2 Advantages of concrete railroad ties over wooden ties
This sectiordiscusseshe various advantages of concrete railroad ties when compared to

its counter parts, woodenilraad ties.



2.2.1 (Hanna, 1979)

Hanna (1979) investigated the advantages of concrete railroad ties over wooden ties.
According to Hanna, concrete ties are becoming more popular in most parts of the world due to
various advantage¥hese advantages with concrete railroad ties include: 1) Consistent product
with improved quality, 2) Economical product of higher service life along with improved

structural performance.

2.2.2 (Crawford, 2009)
Concrete and wood at@o predominant materials to produce railway sleegenalysis
of greenhouse gas emissions for these two predominant materials are compared in this study.
This study is important as thegauction of railway sleepers (crossties) involves remarkable
envirnmental impacfTwo materials studied by the authors are as follows:
1 River Red Gum (Eucalyptus Camaldulensis), untreated
1 Reinforced concrete
1 Eight scenarios were studied for both concrete and wooden sleBpsgahouse gas
emissions were determined imrtes of carbon dioxide equivalent (g®). This study
presents the emission data 1@0-year life cycle fomore tharonekilometer lengtiof
track. The author found that the utilization of wooden sleepers can rgshigher emissions
(than concrete slger9 for up to two to six times.
1 Few ways to lower these emissions are: usage of alternative material and thereby reducing
the quantity, (example: fly ash to in the place of cement), utilization of recycled materials,
improved design to reduce materigdgjured to produce sleepers, utilization of removed

timber sleepers to produce thermal energy.

2.2.3 (Real, et al., 2014)

Vibrations developed due to rail loads in concrete and wooden sleepers are investigated
and compared. Vibratits were measured on sleepers installed both on straight track and curved
track. Four different comparisomgerestudied are follows:

91 Sleeper Concrete Curve/ Straight
1 Sleeper Wood curve/Straight
1 Sleeper Concrete/Wood Straight



91 Sleeper Concrete/Wood curve

During the study measurements were taken using accelerometers based on MEMS
technology. A total of 8 sensors were installed for the study. These sensors were installed both
on sleepers and on raiSensors were installed at the end in the case of sleepemails, these
sensors were installed in the web portion.

In the cas®f concrete snsors located on straight and cuseetionssimilar
accelerations around 10 m/s2 were registered. And the peak accelerations were between 15 and
20 m/s2. Wooden sleeperstalled in curve sectiorecorded accelerations around 30 m/s2
which is greater than straight slBro/$2iPeaskk wooden
accelerations values for curve section wooden sleepers w@&@¥bbigher than straight section
wooden sleeperé\ general trend of higher accelerations is observed in the case of curve section
sleepers compared to their counterpart straight section sleepers.

Similar results were observed for both concrete and wooden sleepers installed in straight
sedion. Slight higher values were observed in wooden sleepstalled in straight section
However, the difference in behavior was obsefyetlveen wooden and concrete sleefdete
to stabilityof concrete sleeperiadingin concrete sleepemseremoredefined than wooden
sleepersWhereas, in the curve section, concrete sleepers registered much lower accelerations
compared to wooden sleepers. Concrete sleepers in curve section had 33% of wooden sleeper
accelerationd_ower accelerations in concrete glees in all cases was due to stability achieved
by theweight,isotropic behavioof concrete

However, accelerations in rails are different. Rails placed on top of wooden sleepers
registered lower accelerations than rails placed on concrete sleeperdifféesce is higher in
curved section and lower in straight section (between rails placed on wooden and concrete
sleepers)This is due different damping behaviors of the pads installed above concrete and

wooden sleepers.

2.3 Previous research recommendatios

2.3.1 (Hanna, 1979)
Along with the stated advantages, Hanna (12I€) suggested some recommendations
in order to produce a better pretensioned concrete tie. High early concrete compressive strength
allows the prestress transferearly ages which reduces prestress losses, improves flexural
8



strength which leads to higher crack resistance. Therefore, high early strength concrete is
recommended for pretensioned concrete ties. Previous research stated that the satisfactory
compressie strength of the concrete at the time of prestress transfer is 4q6{apsa, 1979)
Following guidelines are given to produce satisfactory concrete strengths witthiagez
durability

1 Course aggregate size is limited tar¥4

1 Concrete mix with 65@./cu yd cement or more

1 Limit water-cement ratio to the maximum of 0.40 with-amtraining admixtures and

achieve proper consolidation during casting.

1 Modified curing techniques to increase the strength gaining rate

High strengh prestressing reinforcement with indentations can accomplish better bond
between reinforcement and concrete and thereby improving the load carrying capacity of the
member. It is also recommended to limit the maximum size of the reinforcementimho 3/8
diameter. Prestressed reinforcement should be chosen with proper surface treatment to
accomplish the adequate bond between concrete and reinforcement.

Concrete tie dimensions should be chosen in such a way so that the bond between
concrete and reinforcemeistachieved prior to the rail seat location and to keep lower ballast
pressures. During the application of rail car loads, tensile stresses will develop on top fibers at
the center of a Tie. Therefore, it is essential to keep the prestressing forcetheaension
zone. This can be achieved by reducing the sectional depth where top tensile stresses are

produced.

2.4 Types of concrete railroad ties

2.4.1 (Hanna, 1979)

Various types of concrete tiesueebeen utilized since the developnt of concrete ties.
Prestressed monoblock, prestressediieack, reinforced tweblock, and longitudinal concrete
ties were few types among the concrete tiBgpical twoblock and monoblock concrete ties are

shown inFigurel.
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Figurel Types of concrete tigglama, 1979)

2.4.1.1 Fabrication methods

Prestresed concrete crossties are fabricated either bteps&ining or by préensioning.
In the case of preensioned concrete tiaginforcing tendons are tensiongdor to the concrete
beingcast. Later, aftercorcretehas sufficiently curetb the specified compressive strength, the
prestressing force is transferred through bond to the member. Whereas;tenpiusting
membersthe tendon tensioningperation is carried out after thencrete reached ttspecifed
compressivetrength and the prestressing force is transferred througheamihg.

Majority of the prestressed concrete ties produced in North America arengiened
members. Prensioned crossties can be by the following three methods:

1) Long-Line method: Long prestressing beds are used in this method to cast multiple
crosstieendto-end Common preensioning operation is carried out for the all the
concrete members on one single prestressing bed. Upon the completiotenispyaing
operationconcrete is placed on the forms. Prestressing force is transferred once the

concrete reaches the desired strength.
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2) StressBench Method: Structural steel mobile benches are used in this method.
Mechanical operation of these benches provides the possibifitpve in longitudinal
and transverse directions. Using this method, crossties manufacturing process can be
performed at desired locations.

3) Individual Form Method: Each crosstie is prnsioned separately in this method. End

Forms are utilized to perfor the pretensioning operation.

2.5 Bonding Mechanisms between concrete and prestressing
reinforcement

2.5.1 Hoyer & Friedrich (1939)

Hoyer & Friedrich (1939) explained the theory behind the frictional mechanism between
concrete and prestressing reinforcement@tensioned concrete members. This theroy is
popuraly known as fAHoyer Effecto.

Upon pretensioninghe diameter of the prestressing reinforcement will reduce due to
p oi s s o nAfter the ommetian of prensioning process, concresecast and cuad to the
required strength. Prestress force is then transferred to the hardened concrete member after
achieving desired concrete compressive strength. While transferring the prestressing force to the
concrete member, diameter of the reinforcement willdrgxpand to regain its original diameter
and also slip in the prestressing reinforcement takes pliaveever the concretsurrounding
the reinforcement acts tesist thidateralexpansion ands a result, radial forces will develop
which create frictional bond between concerete and reinforcement. This bond transfer
mechanisminapreensi oned member i s cal |l ed-tersibhed er Ef f
concrete member, stress in the reinforcement will be zero and increases over certaintiength af
which it reaches a constant value. During this process, diameter of the reinforcement varies as

shown inFigure2.
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Figure2 Transfer of prestressing force to the concrete member: Hoyer Effect

2.6 Effect of diameter of prestressing reinforcement on transfer length
results

Various prestressingnda diametersaareusedin the production concretailroadties.
This section presents informatipertaining to previous studies that investigated the use of

prestressing tendons with various diameters.

2.6.1 Krishnamurthy (1972)
According toKrishnamurthy (197 transfer length of pretensioned member is related to
the diameter of the prestressing reinforcement. Various tests were conducted by the author using
5-mm-diamter wire reinforcementsA de-mountable mechanicaDEMEC) straingage was used
to obtainsurfacestrain profilesalongpretensioned specimens. Transfer lengths wene
determined from these surfastain profiels at differentelease strengths, abg different
methods of prestress transfer.
Data from various tests conducted by researchens el@ained and compared to
estlabilsh the relationship between transfer lengths of different diameter prestressing
reinforcements. Tests conducted by Briti&kilways with 2 and 5 mm wire reinforcements were

carried out at concrete strength varying frond 20 550 kg/crh Tests conducted at Leeds
12



university were focused on small dismater wire reinforcements of 2, 5, and 7 mm diameters.
Transfer lengths of various Germarade reinforcement were measured by Rusch and Rehm at
different; concrete strengths yarg from 160 to 340 kg/cfprestress levels, reinforcement
indent types, prstress transfer method, and time factors. Tests were conducted both in the lab
and in the factory with different wires.

Five different factories acrosise United Kingdom wereisited during the study, and the
mix designs used among the factories were different. Tests were conducted by Arthur and
Ganguli on 5 mm wires, a total of 19 tests were conducted at concrete strengths ranging from
158 to 435 kg/crh Concrete specimens veefabricated using Belgian patterriye indented
wire. All these test data were summarized to establishréiationship between transfer length
and diameter. In the case of wire reinforcements the following relationship was obtained as
shown in equatin 2.1. This relation is valid for two, five, and seven mm diameter wires.
Additionally, the relationship shown Equation2.1is valid when the gradual prestress transfer

takes pl ac ewiredWhaemeet efvrd 6 ni si mmo .

I, =100d 2.1)

Whereas, in the case of sudden release of prestressing force, transfer length for 5 mm

diameter reinforcement is given by equatiba.

l, =12Qd (2.2)

From the summarized test data, transfer length expression for strand of dighd&ers

12.70, and 17.86nm with gradual prestress transfer is given by equ&tidn

|, =10d +1.2d? (2.3)
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27 Ef fect of reinforcementeduts surface on

Various studies have beeanductedo evaluate the influence pfestres i ng t endonés
surface condition on bond characteristics. Some of the studies are discussed in this section to
provide background information.

2.7.1 Kaar & Hanson (1975)

Kaar & Hanson (1975conducted a series of experiments on 10&gmsioned concrete
membersainddrewimportant conclusions for concrete railroad ties. In this experimental
program, three types of strand surface conditions were used with two differentftppestress
release methods. Additionally two different cements were used during thinsxp@l program.

Various conditions used during this experimental program are tabulafedblil.

Tablel Variables considered during the experimental program

Variables Evaluated Conditions
Smooth
Surface Codition Lightly rusted
Sandblasted

Sudden release
Method of Prestress transfer

Gentle release

Type Ill cement

Cement type
Regulated set cement

Tests were performed on beams with cresstional dimensions of3in. x7 in. and &
ft long. Four test specimens were fabricatiedingeach pour. All specimens were pretensioned
with one 7Zwire 3/&inch diameter strand. A minimum compressive strength of 4000 psi was
ensured at the time of prestress transfer.

Developedsurfacestrain profilesdue to prestressing force were obtained though prior
and after degensionng measurements of surface displacememasuredisinga 1Gin.
Whittemore mechanical strain gage. A total of 76 transfer lengths were measured in this study
for thedifferent condiibnsnotedin Tablel. Average transfer lengths obtained during this study

with different conditions are tabulatedTable2 throughTable4.
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Table2 Transfer length results for different strand conditions when a sudden prestress method

was adapted for Type Il cement produced concrete

Strand Surface Condition

Average Transfer Length, in.

Smooth Strand 29.4
Lightly Rusted strand 14.2
Sandblasted strand 18.6

Table3 Transfer length results for different prestress release methods when specimens are
fabricated with smooth strand and Type Il cement produced concrete.

Prestress release method

Average Transfer Length, in.

Gentle réease

23.9

Sudden release

29.4

Table4 Transfer length results with different ceméyes forspecimens fabricated with smooth
strand and sudden prestress release method adapted.

Cement Type Average Transfer Length, in.
Typelll 29.4
RegulatedsSet 18.8

FromTable2, transfer lengtican be greatly influenced by surface condition of the
strand. Better bond performance was observed, in the case of lightly rusted and sandblasted
strand surfaces whemompared to smooth surfaced strands where all the remaining conditions
were uniformly maintained. Highest bond performance was observed in the case of slightly
rusted strand.

FromTable3, gentle prestress transfer method resialbetter bond performance over
the sudden prestress transfer metisdmTable4, concrete produced with regulatsdt cement

resultsin significantlylower transfer lengths over concrete produced with Type Il cement.
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2.8 Effect of release strength on transfer lengthiesults

2.8.1 (Kaar, et al., 1963)

In this studythe aithors investigatithe influence of release strength on prestress
transfer. Tests were conducted on four differentrg strands to inv&igate the transfer length
variation due to concremmpressivetrength.The dfferent strands utilized in this studiyad
diameters of 1/4, 3/8, 1/2 and 0.6 Rectangular crossectional concrete members with
different release strengths were cast whibsestrands Release strengths investigatedhea
study were 1660, 2500, 3330, 4170, and 5000 psi. Gexgonal dimensions for various tests

are tabulated ifableb.

B
[
D
1o o
AP 2 >
_._E | C | E_" %. ®
Dl-—c—
fe=1660 psi £c=3330 psi
!
D
1o o
e T D ®
?Pc%
£=2500 psi f=4170 psi

fe=5000 psi

Figure3 Strand patterns for different release strengkear, et al., 1963)
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Table5 Crosssectional dimensionsf test specimenKaar, et al., 1963)

Strand| Strand All dimensions given Length of
Size | Area in inches Specimen
(in.) | (sqin.) A 5 c 5 = (ft)

1/4 0.036 3 43/16 | 2 3/16 1 1 8
3/8 | 0.080 41/2 69/32| 39/32|11/2|11/2 8
1/2 0.144 6 83/8 | 43/8 2 2 8
6/10 | 0.221 71/2 101/2| 51/2 | 21/2| 21/2 10

Strands were preensionedo slightly overthe desired stress at the time of prestress
transfer. Load cells were arranged to monitor thetgmsioning force in a strand. Upon the
completion of concrete casting, desired release strengths of 1660, 2500, 3300, 4170, and 5000
psi were obtained at average ages of 1, 2, 3, 9, and 22 days respectively.

Brass diskginserts)were installed to determine the concrete strain values. These brass
inserts were installed on both sides of the concrete member at a spaciing adrzerto center.

A 10-inch Whittemore mechanical strain gage was used to measure the distance between brass
disks.Additionally, a steel bracket was installed on each end side to accommodate the support
for strain gage when the distance is less tham1Distance between brass disks were measured
prior to the prestress transfenmediately after the prestress transéerd also at later ages (1, 3,

7, 14, 28, 56, 90, 180, and 365 days). Concrete strains were then determined using reference
measurements takeefore prestress transfer and at a given age after prestress transfer.

Forthe1/4, 3/8, 1/2 and 0.6 wdiameter strandsherewas not a consistemariation in
transfer length observed with the increaseancreterelease strength. Howewvdre 0.6in
diameter strandid show aeduction in transfer length with the increase in release strength at the
cut end.

An increase trend itransfedength was observed for cut ends when compared to dead
ends. Additionally, it was found that the tirdependent incieese in transfer length did not
depend on the magnitude of release strength. From the studies conducted, an average of 6%

increase in transfer length was observed over one year after prestress transfer.
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2.8.2 Mitchell et. al (1993)

Mitchell et.al (1993ronductedests to evaluate the effect of release strength on transfer
and development lengtlas members cast with three different strand sizes|r3/8/2in, and
0.6-in. The concrete strength at-tensioningranged from 3050 to 7250 psi. Later these concrete
specimens were tested, at-88ys, at 4500 to 12900 psi.

Table6i Test Parameters

Strand StrandUltimate

Diameter Surface condition| Tensile $rength
(in) (ksi)
3/8 Slightly rusted 263
1/2 Smooth untreated 276
0.62 Smooth untread 260

Transfer lengths were evaluated throsghface displacement measuremexttthe level
of prestresseinforcement. Gradual prestressing method was adapted during this experimental
program. For each specimen, surfdsplacemenineasurements werecorded three times;
prior to detension, after to déension, and at the time of load testing respectively.

In the case of 3/&h.-diameter strand, reduction in transfer length was observed from 19.9
in. to 16.3 in. when the concrete compressive stheagprestress transfer was increased from
3000 psi to 7310 psi. Average transfer lengths for lower compressive stremgdubserved to
be 53d, 55d,, and 49¢dfor the strands 3/8 in., 1/2 in., and 0.62 in. respectiweye r @0, ifsd
the diameter ofite prestressing reinforcement.

Mitchell et. al (1993) also explained that
also associated with highktodulus of Elasticity lower creep strains and small shrinkage
strainso and dutermbassedwilibesreducedsasddunther higleenpgrcentage
of prestressing force can be retained in the menibee.researchers proposed the following

equation for transfer length:
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Chapter3Mat est al agpeamad i on

3.1 Reinforcement

Thepresenstudy includediineteen 19) differentprestressingeinforcement typegrom
seven different steel manufacturdlst are used ithe manufacture of pretensioneahcrete
railroad ties worldwide The reinforcements were obtained and donated to Kansas State
University (KSU) by LB Foster/CXT Concrete Ties (CXAmong these nineteen different
reinforcements, thirteen (13) of themere5.322mm-diametemwiresandthe remaining six (6)
werestrands. All wiresverelabeled from [WA] through [WM]sequentiallybased on their date
of arrivalat the KSU laboratorySimilarly, strands are labeled from [SA] through [SH]e
seven differensteelmanufacturershat producedhereinforcemerd wee alsolabeledf r om A Ao
t hough AGO. This gener iwasatlapteddihsicadgiovidmg t he r e
manufacturing information), to avoid any misusage of the data.

All of the reinforcementaerelow-relaxationtype, Grade 27ksi steel. Onef the
thirteen wires wasmooth (i.e. no indents) atige remaining twelve wirewere indentedAll
thirteenwire reinforcements types are showrfigure4 (Arnold, 2013) Strands areurther
divided into 3wire strands having diameters of 5/t6 and 3/8in., and7-wire strand having a
diameter of 3/8n. Differentstrand samplesmployedn the research are shownhkigureb.
Material propeiiesof each reinforcement typasprovided by the manufactutere tabulated in
Table7
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Table7 Material properties gbrestressingeinforcement utilized for the present study

Ultimate | Ultimate Modulus of
Reinforcement Reinforcement Indentation Type, Tensile Tensile | CrossSectional| Elasticity,
Manufactuer Label Diameter Force Strength Area (in2) E
(Ib.) (ksi) (ksi)

A [WA] Smooth, 5.32nm 10,184 293.5 0.0347 29,700

A [WB] Chevron, 5.32nm 9,712 281.7 0.0345 30,510

A [WC] Spiral, 5.32mm 9,892 290.3 0.0341 28,400

B [WD] Chevron, 5.32nm 9,696 275.5 0.0352 30,120

B [WE] Spiral, 5.32mm 9,258 268.6 0.0345 28,570

0 B [WF] Diamond, 5.32nm 9,280 269.2 0.0345 29,000
=2 C [WG] Chevron, 5.32nm 9,376 271 0.0346 30,300
D [WH] Chevron, 5.32mm 9,438 271.2 0.0348 29,870

E [WI] Chevron, 5.32nm 9,389 279.5 0.0336 29,000

E [WJ] Chevron, 5.32nm 9,702 276.9 0.0350 28,600

F [WK] 4-Dot, 5.32mm 9,839 284.6 0.0346 29,430

F [WL] 2-Dot, 5.32mm 9,711 280.9 0.0346 29,480

E [SA] Smooth, 3/8nch, 7wire | 23,661 278.4 0.0850 29,000

" E [SB] Indented, 3/8nch, Zwire | 23,793 279.9 0.0850 29,000
_(% E [SC] Smooth, 5/1énch, 3wire | 15,871 272.7 0.0582 29,000
& F [SD] Indented, 3/8nch, Zwire | 24,6830 288.1 0.0855 29,090
G [SE] Indented, 3/8nch, 7wire | 23,069 272.4 0.0847 28,100

B [SF] Indented, 3/8nch, 3wire | 18,550 285.4 0.0650 28,560

21




Figure5 Various strand reinforcemergmployedin thepresentesearct{Arnold, 2013)
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Figure6 Closeup view of wire specimen@rnold, 2013)
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Figure7 Closeup view off strand specimeiirnold, 2013)
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3.1.1 Reinforcementsurface conditionpreservationduring Lab-Phase

All reinforcementswvere received in coils and were further cut into approximately 25
foot-long sampleghat were subsequentyored in polyvinyl chloride (PVC) tubes. To ensure
the reinforcementvould remain in thas received conditiona suffiGentnumber ofsilica-based
desiccant packets were placed in these PVC tubes.

The rumber ofsilica-based desiccant packgisr tubevariedsincethe reinforcemenvas
stored in 3in. and 4in. diameter tubes for wires and stran@spectivelyTheapproxmate
length of 25foot was selected in order to manufacture-f@msionedconcreteprisns in theKSU
laboratories. Reinforcements wesmnoved fronthese PVC tubgsist beforeusage in the

prestressing operatioRigure8 shows he reinforcement storagetae KSU laboratoy.

Figure8 Preservation of reinforcement at KSU laborato(Asold, 2013)
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3.1.2 Reinforcement employed duringPlant-Phase

Prestressing reinforcement emyedd during plant antdab-Phase were obtained from
the same sourggnaster coil) The master coils weif@st shipped to the CXT Concrete tie
manufacturing facility infucson AZ and stored in speciatoragecontainers Figure9 shows
the reinforcement storage containers used to #terenaster coild.arge desiccant bags were
hung inside these storage containers to provide thdnlownidity storage environment. Prior to
storing the coils, approximately 10®03long pieces of edcreinforcement type (wire or strand)
were removed and shipped to the KSU laboratories (in sathiereter coils). These smaller
coils were later cut to 2fi-long pieces by KSU personnel and stored in PCV tubigsie8).

RICHIE

Figure9 Reinforcement storagmntainersised to preserve the reinforcemsatfacein theas
received condition
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3.2 Concrete Materials and Mix Design

This section discusses the concrete materialsibegusedin the presenstudy.
Throughout thé_ab-Phaseproper measures were taken to maintain uniformity of the concrete
mixture Uniformity of the concrete mixture was necessargdparate out the effecaused by

eachselected variable on transfer length.

3.2.1 Cement

Type Il cemenwas used in this study and stored inside the laborgemyperature
controlled)before its usage for castingarly strengths were achieved by employing Type Il
cement since itis commonpractice for concrete tie manufacturers to utilize rapid strength
gaining cement for the crosstie productidil of the Type Il cement wasourcedrom the
same mill throughout the entire studyable8 lists the representative properties (from a mill

certificate) of the Type Ill cement uke

Table8 Type Il cementomposition and potential compounds inBlolste, 2014)

Silicon dioxide 21.8
Ferric oxide 3.4

Aluminum oxide 4.27
Calcium oxide 63.2
Magnesium oxide 1.95
Sulphur trioxde 3.18
Loss on ignition(%) 2.64
Free lime 0.99
Sodium oxide 0.21
Potassium oxide 0.52
Alkalies (equiv.) 0.55
Blaine Surface Areécn’/g) 5590
Tricalcium silicate(CsS) 49.2
Dicalcium silicatg(C,S) 25.3
Tricalcium aluminatgéC;A) 5.6

Tetracalcum aluminoferritg C;,AF) 10.3
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3.2.2 CourseAggregates
Threedifferenttypes of course aggregatesreemployedn thepresenstudy.These
were given the names CA#1 through CA#3 as explained below.
CA#1 = a No. 57 crushed gravel frofacson AZ (78.1%retaned on 1JO si e
CA#2 = a crushed gravel froffucson AZwi t h 100% passing the
CA#3= a | ocal p e a -sigedaggedatewi t h | 0 max
All aggregates were ovedlried prior to using, to ensure uniformity of the concrete mixtunes.

the subsequent parts of thislissertation A CA#10 and ACA#20 wi |l | be u
3/8-inch course aggregates respectively ¢ a | pea Gravel i's represent
hereafter.

At the time of this studyCA#1 and CA#2vereutilized by the CXT planin TucsonAZ and
weretypically blended together in the same mixtlRepresentative photos of these two
aggregates arghownin Figure10. A representative photo @A#3 is shown irFigurell.
Gradationdor course aggregates; CA#1, CA#2, CA#3tatmilatedn Table9, Table10, and
Table11 respectively

3.2.3 Sand Fine Aggregate
A locally-availablenatural silica sandrasemployedfor the researchl his wassimilar to
the fine aggregate utilized at the crosstie manufacturing [@aetrdried roomtemperature
sandwas usedhroughout thé.ab-Phasdo maintain the consistendy.F A6 wi | | be used
represent fine aggregate in the rest of thissertationFigurel2 shows a representative photo of
the FA utilized in durind.ab-PhaseandTablel2 liststhe FA gradation
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(b) CA#2

(a) CA#1

Figure1l0 CA#1 and CA#2 utilized in the present study (Courtesy Joey Holste)

Figurell CA#3 uilized in the present study (CourtdgfCM Inc.)
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Figurel2 FA utilized in the presdrstudy (Courtesy Joey Holste)
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Table9 Size distribution for CA#1

Tablel10 Size distribution for CA#2

CA#1
(Holste, 2014)

Sieve O(‘:r?r?:)n 91 % Passing
1-in. 25.4 100
3/4-in. 19 78.1
1/2-in. 12.7 31.3
3/8-in. 9.51 9.2
#4 4.75 0

Table11 Size distribution for CA#3

CA#3
(courtesy Jan
Vosahlik)

Sieve O(?T?r?]')n 9| % Passing
4 4.75 80
8 2.38 20
16 1.2 3
30 0.599 1
50 0.297 1
100 0.152 1

Sieve O(Fr)r?rrr]:)n 91 % Passing
3/8in. 9.51 100
CA#2 #4 4.75 25.6
(Holste, 2014) 43 238 OF
#16 0.599 0
#50 0.297 0
Table12 Size distribution for FA
Sieve # O(Fr)ﬁrr;')n 9| % Passing
4 4.75 95
FA 8 2.38 80
(Arnold, 2013) 16 1.2 50
30 0.599 25
50 0.297 12
100 0.152 2




3.2.4 High-range water-reducing admixture

In order to achieve the desired concrete consistendissswith low watesto-
cementitiougw/c) ratios, researcheamployedhigh-range watereducing(HRWR) admixtures
in the studyADVA CAST 530 was used for the present study. This HRWR is a
polycarboxylatebased superplasticizéfurther, ADVA CAST 53@omplies with ASTM C494
Type A and Type FRW. R. Grace & Ca.Conn., 2007)

3.2.5 Mix-designduring Lab-Phase

A controlled mix proportioning wasnsured to maintain uniformity tiie concrete
mixturethroughout the_ab-Phaseportion of this studyConcrete for pe-tensioned conete
prismswas batchedsing theconcrete mixer showfkigurel3. Predominantly two mix
proportions were employed to cast concrete prisms duabg?haseMix -Design #landMix -
Design #2

Mix-Design #1was similar tca mixtureused atthe CXTconcrete tie plannh Tucson
AZ. Mix Design #2wasselected tanvestigatehe changes in bond performance (transfer length)
due tovariationsin course aggregatgpe The gimary variable betweellix -Design #land
Mix -Design #2wasthe souce ofcourse aggregate

Mix -Design #1consistebf CA#1, CA#2, FA, Type lll cement, water, aADVA CAST
530admixture. Whereas iMix-Design #2 constituent materials are; CA#3, FA, Type llI
cement, water, anDVA CAST 530admixture. Water content Mix-Design #1lvaried
depending on the desiradc ratio. The majority @ the study was conducted wilhix -Design #1
having0.32w/c ratio. However, othew/c ratios were employefibr the fabrication of few
concrete prisms. This assisted the researchmrantify the attributed variation of transfer length
due to changw/c ratio.

The uniformity of the concrete mix washieved though theilization of samesourceof
aggregates (both course and fine), cement, and admiktix@roportions forMix -Design#1
andMix-Design #2aretabulated inTable13 andTable14 respectively Admixture quantity for

the mix design variedased on theonsistencyslump) requirement.
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Table13 Concretemix proportions foiMix-Design #1duringLab-Phase

Material Quantities Quantities
er er

type 1ot 10

CA#1 40.00 Ibs. 1080.00 Ibs.
CA#2 24.00 Ibs. 648.00 Ibs.

FA 48.00 Ibs. 1296.00 Ibs.

Cement 36.00 Ibs. 972.00 Ibs.
Water (varies) Ibs. (varies) Ibs.

W/C 0.27,0.32, 0.42 0.27,0.32, 0.42
HRWR | varies 6to 15 fl oz (162 to 40% fl oz

Table14 Concrete mix proportions fovlix -Design #2uringLab-Phase

Material Quantities Quantities
type per per ,
1.0 ff 1.0Yd
CA#3 52.19 Ibs. 1409.13 Ibs.
FA 52.19 Ibs. 1409.13 Ibs.
Cement 28.89 Ibs. 780.03 Ibs.
Water 9.24 Ibs. 249.48 Ibs.
wi/C 0.32 0.32
HRWR varies (912) fl oz | varies (243324) fl oz
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Figurel3 Concrete Mixer used durirthe Lab-Phase

3.2.6 Mix-designduring Plant-Phase

Mix-Design #1(which was employed duringab-Phasgwassimilar to the mixture used
to fabricate concrete ties during tAEntPhaseThe main difference in mix designs between the
Lab-PhaseandPlantPhasevasuse of airentraining admixture for thelantPhaseconcrete
mixture, and also the source of the Type Il cement used.

TheLab-Phaseexperimentenabled veryight control of the concrete mixture properties
andthe compressivstrength at déensioningwhich allowed differences in thgrestressing
reinforcement properties to be thoroughly investigated.PlaetPhasecrossties werasedto
investigate the bond behaviof the various reinforcementghensubjecedto in-track rail loads.
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Chapter4 Ex per i sieunp &ibAP h a s e

This chapter explains the experimentalgetised tocastpretensioned concrepgisms
duringLab-Phaseand thevarious prism crossectionautilized with different reinforcement
sizes to represent tibehavior in actuatoncretecrossties. It also details the&feérent equipment
usedduring the testing procedurie mix proportionsadaptedfor each part othe studyand the

prisms casting procedure and approestablishedo analyze the results.

4.1 Prism crosssections

During this ldoratory phasegretensioned concrepgisms were designed to have a
prestressing steel spacing and overall condesgeel ratio that is representativecofrently
producedpretensioned concrete railroad ti€he prism crossections each containedufowires
or strands, and the dimensions were chosen to maintain theappnogimatgendon spacing
and reinforcementio-concrete proportions as typical gensioned concrete railroad ties. This
required that the overall cresections be changed with yarg tendon size The three prism
crosssections that weretilized for different reinforcement sizes during the leddory phase are

shown inFigurel4. All prismshad a 69nch overalllength
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Figurel4 Prism crosssectionautilized during the laboratory phase
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4.2 Experimental setup

4.2.1 Prestressingframe and load cells

A steeljacking assembly wagesigned anéabricatedat KSU laboratories to perforthe
prestressing operations during theh-Phase A mechanicayearjack wasattached to this steel
frame toenable therestressingnd gradual release operatioRgyurel5 showsthe steel frame
jacking assemblglong withthe mechanicafjearjack. Tensioningof thesteelprestressing
tendondook placeat thisend ofthe t eel fr ame end and is called
end i s cal | &hdjadkiydrante wads mtthched to the existing prestressing bed.

Additionally, for explanation purpose, left sidelmdd,when viewing from the live end
towards thedead endisdenotedi Si de A0 a n ddendteei Sriidgeh tBos. i deuriisng
prestressing operation,vitasvital to measure the amount of prestressing fof@achindividual
wire/strand and twerify this prestressing forcat bothends (Live and Dead ends)ensure the
stress in the prestressing tendemswithin the allowabldimit. A single200,000pound
capacitycalibrated load celivas used toneasurehe total prestressing force (total of 4
wires/stand)at theLive End(refer toFigurel15).

At theDead endf the framefour smalér (20,008poundcapacity)calibrated load cells
wereusedto measure the prestressing force in each individual wire/stragude 16 showsthe
four load cellsinstalled at théead endNote, die tothestaggered arrangementtbtload cells
at thedead endonly three of thdour load cellsare notvisiblein Figure16. A procedurevas
establshedto applytheinitial tensionto eachindividual tendon(wire/strand and the same
procedurevasutilizedto ensure and maintain nearly eqgimtial force eacliendon An initial
tension of approximatel#00-500 pounds was first applied to each tendsing this procedure,
and then the tendons were tensioned as a group to the destéelel using the mechanical
gear jack with electrical controls.

Figure17 showsthe arrangementsedduringthe Lab-Phasdo adjust thenitial force in
eachindividual tendon(wire/strand at the live endThis arrangement consistetlahollow
screw(that had been drilled on a lathe$talledundereachchuck at thdive-end of each tendon
These screwwerethenmanually ajusted while monitoring the load cell at the opposite end of
the tendon to ensure the precise inpigstressing forcelt was most important to ensure that all

tendons had the same initial force (20 pounds) rather than the exact value. Theeeioitiglth
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tensioned was typicallgetween 40600 pounds, but with each tendon at the same yaR@
pounds) before tensioning with the mechanical gear jack.

Figure18 showsa schematic diagram of prestressing bheddduring Lab-PhaseDuring
thetensioningoperationaslight rotationand corresponding lateral shiftiogcursatlive end.
Unless accounted for, this rotation coallise unequal tension in prestressing reinforcement
during group tensioningn order to avoid tis, apin was used to secure the leegll assembly to
thedead enaf thesteel frames shown irFigure18. This pinensuré equal tension in the
prestressing reinforcemediring the group tensioningperation.

The force measured through each load welb output to the sanakgital display as
shown inFigurel9. In Figure19 Cell#1 through Cell#4 represent the prestressing force in each
individual wire/strandmeasured at th@ead enaf the bedandthe algebraisumof these
individual forceds displayed ad T o tindigure19. Cell#5is the load cell at the live end of the

bed that measures the total jacking force.

(a) View from Live end (b) View from Dead end

Figurel5 Prestressing framjacking assembljabricated during laboratory phase

39



Figurel16 Four (4)individual load cells mountedt Dead end

Individual screws to adjust prestressing force
in each remnforcement

Figure 17 One individual screw for each reinforcement to adjust the magnitude of the
prestressing force
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Figure18 Prestressing bed schematic diagréwab{Phasg
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Figure19 Digital display of Prestressing force measured by load cells

4.2.2 Prestressingoperation and formwork - Bed preparation
Sequential prestressing operation details for different types of reinforcements are
discussed in this section. This discussion will be followed by the formwork preparation prior to

concrete pour.

4.2.2.1 Prestressng operation
A 20-foot-long prestressed bed KSU laboratoriesvasutilized for the prestressing
operations and to cast three (3) prisiusingeach pour. It is vital to @t proper sequential
steps to achieve safe prestressing operafiba followingsteps were followed prior to each
pour.
1. Ensure proper condition of prestressing chucksspnay the inside of the chuck barrel
with a dry film graphite lubricarat least 15 minutgsrior the usage.
2. Make sure théndicatedvaluesfor each load celvereat zeroprior to starting
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3. Four reinforcementendonsnere removed from theVC storaggubes and placed dhe
cleaned prestressing bedhe chucks atothends(live and dead endyere secured for
tensioning

4. Prestressingendonswvere initially tensiord to 500bs. each and at this stage, any
differences in the forces weagljusted using the bolts Figure 17 to ensure each
wire/strand hd nearly equal pretensioning force.

5. Using the same mechanical jacking system, all gssimg tendons were tensionedhe
desired calculated force. Care was taken to avoid the presence of personnel in laboratory
during the process of tendtensioning

Prestressing bed after completiorpoétensioningoperation is shown iRigure20.

4.2.2.2 Formwork

Throughout the study, wooden formwanasutilized for theprismsides and bottom
However prismendforms were manufactured with steghich enabled the forms to be used for
many pours. The-Biece endorm design Figure2l) allowed the formso be installed after the
individual tendons were tensioned.

Provision was made to equip tiweoden siddormswith brassnsertsas shown irFigure
22, which later wereitilized tomeasureoncretesurfacedisplacements to obtain strain profiles
Detailed procedure and discussion about suid&mEacemenmeasurements will be presented in
section4.4.2 For each concrete pour, three B)jsms were cast and formwork was arranigeal
line for all these prismsA typical finished formworkor one prisms shown inFigure23. Upon
the completion ofheformwork, poly tarp sheets weptacedon both sides(of the famwork) to

keep the prestressing bed free from conaet@lueduring the casting process
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Figure20 Prestressing beafterthe completion of prensioningoperation
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Figure21 Threepiece pism end-formswere installed after the tendons were tensioned
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Figure22 Wooden side form equipped with brass inserts before casting

Figure23 Typical prism after the completion of formwork
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4.3 Test matrix and casting procedure of prisms during laboratory phase

4.3.1 Test matrix

During the laboratory phas&95prisms were cast to quantify the parameters that
characterize the transfer lengthpretensioned concrete prismigble15 showsthe
experimental prograrest matrix Entire Lab-Phasas divided into different groups for the
explanation purposemnd each groypvith the corresponding objectivare tabulated iffable
16. Each group was selected to inveatgthanfluenceof prestressing and concrete variaties
transfer length variatiortheintentwas to evaluate the influence of individual parameters.
Severalof theexperimentatests wereepeatedn different groupsn order to confirm the

individualpr estressing and ceantangder length\anaiioa bl es 6 i nf |
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Table15 Prisms test matrix durinigab-Phase

Release Mix | Presence # of PrismsPer
. .| WIC Slump . Each Total # of Prisms
Prestressing Tendons Utilize .~ | Strength| . design of .
ratio : (inches) Reinforcement pertesttype
(psi) Type | VMA? 1
ype

All 19 reinforcement types | 0.32 | 4500 6 #1 No 3 57
10 reinforcement types | 0.32 | 6000 6 #1 No 3 30
10 reinforcement types | 0.32 | 3500 6 #1 No 3 30
7 reinforcement types 0.32 | 4500 3 #1 No 3 21

7 reinforcement types 0.32 | 4500 9 #1 No 3 21

2 reinforcement types 0.27 | 4500 6 #1 No 3 6

2 reinforcement types 0.42 | 4500 6 #1 No 3 6

2 reinforcement types 0.27 | 4500 6 #1 Yes 3 6

2 reinforcement types 0.42 | 4500 6 #1 Yes 3 6

2 reinforcementypes 0.27 | 4500 6 #2 No 3 6

2 reinforcement types 0.42 | 4500 6 #2 No 3 6
Total 195

47




4.3.1.1 Influence of reinforcement type and indentgeometryon transfer length
Influence of reinforcement type and indent geometmtransfetengthwas investigated
by casting prisms with 19 different reinforcemewmsile maintaining uniformity irall other

variables.

4.3.1.2 Influence of concrete release strength and concrete consistency on transfer length

Prisms were cast with a seledggroup of 10 reinforcements at differartease strengths
(3500 psi 4500 psi, an®000 psi) and at different concrete slumpsn@, 6-inch, and 9nch) to
find the effect ofelease strength and concrete consistemnclyansfer length variation.

4.3.1.3 Influence of w/c ratio on transfer length

Tests were conducted on prisms cast with diffevefatratios Proper care was taken to
maintain the uniformity irother variablesluring this evaluatiorDifferent w/c ratios utilized
during theLab-Phasewere; 0.27, 0.32, and 0.4Phe same slump at therte of casting was
achieved by use of differedbsages of the polycarboxylabased HRWRadmixture Transfer
length results obtained from this set or group of prigme specifically used tovestigate the

variation in bond performance duewsc ratio of concrete miture

43141 nfl uence sfncie\WWMA np ricaemnrctraresferdengtini x

Some known dvantages ofising a viscositynodifying admixture YMA) in concrete
mixturesincludereduction in segregation and minimiziogncrete bleedingd few prisms were
cast witha concrete miture that contained highly-potent VMAto determine if there would be
a notable ariation in transfer lengttAll remaining parameteserekept constanand theVMA

was simply an addition to the existing mixture

4.3.1.5 Influence of course aggregate type on transfer length.

Two different mix designs with different sources of course aggesgetre utilized in
this study. These weidix-Design #landMix-Design #2as previously presentedigble13 and
Tablel14).
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Tablel16 Transfer Length prism test mattay group(Lab-Phasg

Group or set Objective of the group
Group | Influence of reinforcement type amttlent geometry on transfer lengt
Group Il Influence of concrete release strength on transfer length
Group 1l Influence of concrete consistency on transfer length
Group IV Influence of wateto-cementitious ratio on transfer length
Group V Influence of "VMA presence" in concrete mix on transfegtén
Group VI Influence of course aggregate type in concrete mix on transfer len

4.3.2 Casting procedure of prisms

A consistent casting procedure was followseding the fabrication of apprismsduring
the laboratory phase. Concrete production quantitege varied based on the requicgdantity
butfollowing the same concrete mdesign (i.elargesizedprisms cast with strands required
moreconcrete quantitythanprisms cast with wires). Cisg procedure followed during theb-
Phaseof thepresenstudy is explained in the following steps:

1. Required(ovendry) concrete materials for desired concrete quantity were weighed
out and mixed in &orizontatshaft electriconcrete mixefFigurel13).

2. Desired concretdwmp wasassuredy adjusting the dosage of higange water
reducing(HRWR) admixture.Concrete slump was measujast prior tothe casting
process.

3. Concrete placed in all three prisins f o r amdvapmsélidated propenlsing a
flexible-shaft internalibratorwith a kinch-diameter headr'welve (12)4-in. x 8-in.
concretecylinders were casturingeach pour to track theompressivestrength of
concrete and to ensure transferringpdstressindorce precisely at thelesired
strength. Later, remainingylinders weraisedto testthe Modulus of Elasticity

(MOE) andsplitting-tensile strength of the concrete. All cylinders were match cured
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with prism speci mens usispstem (B&B&RELNIBUREO ma
for more informatiof to ensuresame temperature attierebythe same strength.
Concrete strength parameter tests; compressive strength, MOE, splitting tensile
strength are carried out according to the specifica(d8TM C39 / C39M12a,
2012) (ASTM C469/C469M10, 2010) (ASTM C496 / C496M 11, 2011)
4. After casting, thdinishedpretensioned concrete specimens were covered with a poly
tarp to contain the interigtgenerated heat and increase the streggthing rate of

the concrete similar to a concrete tie manufacturing plant.

4.3.3 SURE CURE-Mini curing control system

For each concrete pour, Twelve (124 x &in. concretecylinders were cast along with
thethree (3)pretensionegrism specimens. These concrete cylinders were later used to
determine the compressive strength of prisms, so that prestressing force could be transferred
precisely at the desired concrete strength. Later, remaining cylindersiseeke determine
Modulus of Elasticity MOE) andsplitting-tensile strength of the concrete. In all cases
throughout this studythe desired compressive strength at detensioning was achieved within
+220psiof the targeted values (3500 psi, 4500 psi, and 6000 ps

A TypeT thermocouple wire was insertedtire middle prism specimen during each
pour. Thepreinstalledi SURE CUREO wcomputelsoftwatewais pragrammecbt
maintain the temperatud# all cylinder molds the sameasthem m speci mtara.6s t emp
Figure24 illustratesshows all twelve matehured cylindemolds under the process of
temperature control through the SURE CURE mini curing control system.

A typical temperature vs time plot for a prism is showRigure25. In Figure25the
blue line represents the temperature of the concrete prism and remaining colors represent
temperature in cylindrical molds. It can be observeeigure25, that the temperature in
cylinder molds closely followed the concrete prism temperaturehEgarticular pour
represented by the graphHigure25, concrete cylinders were cast around 8.15 AM on-8&y
2012 and prestress waartsferred around 1.20 PM on M&§-2012.
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Figure24 Twelve concrete cylinders under temperature control through SURE CURE m

controlling system
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Figure25 Typical Temperature (°F) plot of Prism a@gllinder specimens
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4.3.4 Nomenclaturefor each pour during theLab-Phase

In order to best describe the transfer lengths results corresponding to different
combination of the concretariables and types of reinforcements, a suitable nomenclature was
chosen ands shown inFigure26. Through his nomenclature, selectedriables (four concrete
parameters and one reinforcement type) can be described. Reinforcementdypmdease
strength (in ksi), concrete slump (imches)andtype of concrete miare represented
respectively from left to right in the nomenclature shamRigure26.

Fortheexample shown ifigure26, the particularprismswould be cast usingVG] wire
reinforcementind Mix-Design #1with a0.32w/c ratio and 6inch slump at placement, and
detensioned when the concrete W&60 psiDuring theLab-Phasefew prisms were cast with
VMA and the results for these prismdl be marked withan additional ternfi wi t h  VMAO .

Reinforcement Release strength
type (ks1) Mix-design type
i\ W/C i\ Slump (inch) /

TWG1-[0.32]-[4.5]-[6]-[#1]

Figure26 Nomenclature for each pour during theh-Phase
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4.4 Transfer Length determination

In this section, researcher disctisstransfer lengtldetermination and surface
displacementneasurement techniqueslimed in this study An accurate evaluation of transfer
length is required, as it teeprimaryfocus of this study since the transfer lencgin affecthe

load-carrying capacity of pretensioned concretemadd ties

4.4.1 Transfer Length
Upon prestress transfehe pretensionedoncreteanember will be subjected axial
stress antherefore axiastrain. The developed strain will kero at the end of the member and
then reach a theoreticadaximum and constamtlue (fa members with constant cressction)
at some distance from the end of the membleelength required to develop the maximum
strainfrom the end of the membgrthetransfer length. Hence, transfer length can be evaluated
thoughdetermination of concresurface straing/hich developed due tthe prestressing force.
Two different techniques were adaptedrteasure concrete surface displacements and to
establisithe surfacestrain profile ofthe concrete membeiin this study; througimechanical
Whittemoe gageandopticallaserspeckle imaging (LSI) device. During the laboratory part of
the studywhittemore gage wasxclusively usedadetermineconcretesurfacestrain pofiles.
ThePlantPhaseancludel strain profilesdetermined through both Whittemoragg andhough
LSI device.

4.4.2 Surfacestrain profiles determinedthrough Whittemore gage (Lab-Phasg

A mechanical \Vhittemorg gagewith aneightinch gage length wassedto measure i
planeconcretesurfacedisplacementsThe instrument was fitted withMitutoyo digital indicator
with a preision of 0.0001 in. Figure30). At the time of casting, brass insefsgure27.) with a
small center hole were cast into the prisms atimeight on both sides andt both ends.

The inserts werérst attached to a steel bar (with-#9 screws) that had been precisely
drilled at a one@nch centerto-center spacings shown irFigure28. The centeto-center spacing
of the indentextended or a di slangitudmadly fromheacB griesm endProvision was
made in the formwork taccommodatéhe steel bars with brasssertsandstill allow the surface
to be nearly flatThese steel bars were insenteduch a way that the first brassimpt was

located preciselydt. 50 from the end of the pri sm.
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Figure27 Typical brass insetsedto measure surfaaisplacement

Figure28 Steel bardeld thebrassnsertsat a specified locati@during casting

The special formwork used in this study allowed the wooden side forms to be removed
and thereby allow access to the steel bars. Next, t4€ #4rews that secured the brass inserts
to the steel bar were removed, and then the ste@ldsathen pulled from the surface of the
concrete therebleaving the brassmsertsembeddedn the prismFigure29 showsa concrete
prismsidesurface withinstalledbrass pointsThe distance between these brass points was
precselymeasuredo within 0.0001 inprior to prestress transfer and immediately after de
tensioningby utilizing the Whittemore gagéFigure31).

The corresponding surfastrain at each location was then determined by dividing the
difference in displacement readings by the gage length of 8 inches. These values were then
plotted at the migointlocationof the gage, and typicalresulting smoothedurfacestrain
profile along a prisms shown inFigure32.

This surfacestrain datavasthen used taleterminethe corresponding transfer length
value.A statisticallybased methoZL Method)that incorporated a leastjuares algorithm
(Zhao, Beck, Peterman, Wu, Murphy, & Lee, 200@semployedo determinelte transfer

lengh from the surfacestrain datan this study It is to be noted thatteach enaf a prism(live
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and dead end), trmurfacestrainprofile used to determine transfer lengtas obtained by
averaginghedatafrom both sdes of the prisn{Side A and Side Byn that endThis
methodology consistently resulted in highality surfacestrain profilegFigure32).

Figure30 Whittemore gage used for the study
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Figure31 Surface @stance measurement though Whittemore gage
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Figure32 Typical surfacestrain profiledue to prestress transfer

56




4.5 Storage of prisms
All prisms were stored imtemperatureontrolledlaboratory area upon the completion

of initial strain measurementsSigure33 shows the storage area witiree prisms corresponding

to thesame pour stacked together.

Figure33 Prisms storage (by pour) after the completiomiifal strain measurements
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Chapter5 La-Pharsesul t s

Chapter Siscusses the results obtained from the extensive laboratory tests conducted at
KSU. A methodologal approach allowthe authot o f i nd out each par amet
transfer length.

Pretensioned concrepeisms were cast with atineteen (19%lifferent reinforcement
types todeterminghe influence ofeinforcement typgndent geometryand coicrete parameters
on transfer lengthA uniform release strength of 45&®20 psi and concrete consistency &f 6
1/2in. was maintained for all prisms.

Ten(10) of the nineteerf19) reinforcementvere used specifically to determine the
influence ofconcete release strengtim transferlength Concr et e rel ease stre
influence on transfer length was investigated by casting different paischarying the release
strengthwhile maintaining uniformityof theremaining parameters.

Similarly, prisms were cast teterminehe influence of consistengglump) at concrete
placemenbn transfer length. This influence is investigated by casting prisms with various
concrete consistencies and maintaining uniformftiheremaining parameterghis procedure
allowedresearcheto separate out the essential attributed influenc®wocrete consisten@n
transfer length.

Tests were conducted on prisms cast with diffenaaterto-cementitious\{/c) ratios
Three differentv/c ratioswereutilized durng theLab-Phase0.27, 0.32, and 0.42. Transfer
length results obtained from this set of prismas used to evaluatke variation in bond
performance due t@/c ratio.

Variation of transfer lengttlue todifferentcoarse aggregate sourceasinvestigaed
during the present studlyor these tests, prisms were cast with tlifferentconcretemixture
designseach having a different souroécourse aggregates were utilized in this stéhsms
were fabricated with a concrete mixture that containedtdyrjgptent viscositymodifying
admixture (VMA) to investigate a possible influence on transfer length.

In the following sectiongheentireLab-Phasas divided into different groups£ach
group alongwith the corresponding objectivareshownin Table16. Each group was selected

to investigate the influence of prestressing and concrete variables on transfer length.
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5.1 Effect of Reinforcementtype and indentgeometry on Transfer length
(Group | prisms)

Group 1 prisms utilized MbDesign #1 at a 0.32 w/c ratiosisich slump, and a concrete
release strength of 4500 pShe minimum, maximum, andverage transfer length values
determinedor theGroup Iprismsare tabulated ifable18 (for wires)andTable19 (for
strands)Each value in these tables represents the average of six individual transfer length values
(two ends of three prisms).

It is to be noted that thteansfer length on each end of a prism determinedy
averaginghe two sides (Side A and Side 8)rfacestrain data. Durin@gsroup Iprismstesting
uniform release strength and uniform concrete consistency were maintéxaetirelease
strength and concrete consistency for individual reinforcement type are tall@tdde 20
along withthe Modulus of Elasticityandsplitting-tensile strengtlof the concrete at the time of
detensioning

In Tablel8andTablel9, the transfer lengths astiown in units of inches, and also as a
function of the tendon diametery]d It is common in the precast piensioned concrete industry
to represent the transfer lengths in terms of the number of wire/strand diameters. Expressing the
value of transferdngths in terms of number of tendon diameters allows the bond quality of
various reinforcement sizes to be compared.

Individual transferlength results for Group | prisms cast with thirteen different wire
reinforcements are shown figure34, while Figure35 presentsndividual transfedength
results for Group | prisms cast with six different strand types. These same results are also
shown in terms of reinforcement diameteirs Figure 36 andFigure37 for wire reinforcements

and strand reinforcements respectively.
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Table17 Nomenclature for prisms utilized in Group |

Nomenclatire for the

Wire Reinforcements Strand Reinforcements

[WA] -[0.32}[4.5]-[6]-[#1] | [SA]-[0.32}[4.5]-[6]-[#1]

[WB]-[0.32-[4.5]-[6]-[#1] | [SB]-[0.32}[4.5]-[6]-[#1]

[WC]-[0.32}-[4.5]-[6]-[#1] | [SC]-[0.32}-4.5]-[6]-[#1]

[WD]-[0.32}[4.5]-[6]-[#1] | [SD]-[0.32}[4.5]-[6]-[#1]

[WE]-[0.32]-[4.5]-[6]-[#1] | [SE}-[0.32]-[4.5]-[6]-[#1]

[WF]-[0.32}{4.5]-[6]-[#1] | [SFI-[0.32}4.5]-[6]-[#1]

[WG]-[0.32]-[4.5]-[6]-[#1]

[WH]-[0.32]-{4.5]-[6]-[#1]

[WI] -[0.32}-[4.5]-[6]-[#1]

[WJ]-[0.32}[4.5]-[6]-[#1]

[WK] -[0.32}-[4.5]-[6]-[#1]

[WL] -[0.32]-[4.5]-[6]-[#1]

[WM] -[0.32}[4.5]-[6]-[#1]
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Table18 Summary otransfer length results for wire reinforcements (Group | g)sm

Pour Identity
or

AverageTransfer Length/alues

Nomenclature Min., in. Avg., in. Max.. in.

[TL/d] [TL/dy] [TL/dy]
[WA] -[0.32}4.5]-[6]-[#1] 1[2-9‘;0 1[353 1[2.9710
[WB]-[0.32}4.5]-[6]-[#1] 1[‘;-5;0 1{;;;0 1[§§o
[WC]-[0.32]-[4.5]-[6]-[#1] [7;;;3 2[342;5 1[(;;0
[WD]-[0.32}4.5]-[6]-[#1] 1[2-93;0 1[51_)-338 1[2530
[WE]-[0.32}-[4.5]-{6]-[#1] ??-2? [7?-,‘;? 2[3?.,2;)
[WF]-[0.32}-[4.5]-[6]-[#1] ‘[5?;2? ?43? s[ﬁ;)
[WG]-[0.32}-{4.5]-[6]-[#1] 1{;;;0 1[&1367]8 1[2.0?0
[WH]-[0.32}[4.5]-{6]-[#1] f?j? [732? 6[34353
[WI] -[0.32]-[4.5]-[6]-[#1] ?42? 1[2-81]0 1[;30
[WJ]-[0.32}4.5]-[6]-[#1] ?ég? ?42]2 1[267]0
[WK] -[0.32}-[4.5]-[6]-[#1] 1[2f]0 1[;1-7(;0 1[471_30
[WL] -[0.32}-{4.5]-[6]-[#1] 1[;-:;0 1[2-97]3 2[8in
[WM] -[0.32}4.5]-[6]-[#1] [7?;2? ?ﬁf 1[2.;0

Note: Three (3) prisms were cast for each pour type that resulted for 6 tra

lengths. Hence theinimum, average, and maximum valwesrespond to

theseb transfer lengths.
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Table19 Summary of transfdength results for strand reinforcements (Group | prisms)

Pour Identity

Transfer Lengths

Nomenclature Min., in. Avg., in. Max., in.

[TL/dy] [TL/dy] [TL/dy]
[SA]-[0.32}-[4.5]-[6]-[#1] 1[2-01]0 1[251]5 1[31;0
[SB]-[0.32}-[4.5]-[6]-[#1] 1{2;;0 1[2.32]5 1[2;:_30
[SC]-[0.32}H4.5]-[6]-[#1] 1[3-21]0 1[2-47]7 1[2.93]0
[SD]-[0.32}-[4.5]-[6]-[#1] 1[3-7(;0 1[2-2633 1[2_7530
[SE]-[0.32}[4.5]-[6]-[#1] 1[2-75;0 1[2.1(;2 2[258]0
[SF]-[0.32}[4.5]-{6]-[#1] 1[:1),-29]0 1[2.3532 1[2_52]0

Note: Three (3) prisms were cast for each pour type that resulted for 6 tra
lengths Hence the mirmum, average, and maximum values were among 6

transfer lengths.
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Table20 Concrete properties at the release strength foramdestrandeinforcements (Group |

prisms)

Pour Identity Concrete| Release Stglri]téii?eg Mogltjlus

or SI_ump Stren_gth Strength | Elasticity

Nomenclature (in.) (psi) (psi) (x10° psi)
[WA] -[0.32]-[4.5]-[6]-[#1] 6-1/4 4664 418 3.53
[WB]-[0.32]-[4.5]-[6]-[#1] 6-1/2 4453 403 3.46
[WC]-[0.32]-[4.5]-[6]-[#1] 6-1/2 4701 482 3.88
[WD]-[0.32]-[4.5]-[6]-[#1] 5-1/2 4400 476 3.89
[WE]-[0.32]-[4.5]-[6]-[#1] 6-1/4 4650 479 3.46
[WF]-[0.32]-[4.5]-[6]-[#1] 6 4466 466 3.71
[WG]-[0.32]-[4.5]-[6]-[#1] 6-1/4 4697 496 3.55
[WH]-[0.32]-[4.5]-[6]-[#1] 6-1/2 4695 485 3.90
[WI] -[0.32]-[4.5]-[6]-[#1] 6 4547 439 3.73
[WJ]-[0.32]-[4.5]-[6]-[#1] 6-1/2 4521 409 3.63
[WK]-[0.32]-[4.5]-[6]-[#1] 6-1/4 4572 392 3.56
[WL]-[0.32]-[4.5]-[6]-[#1] 6-1/2 4476 328 3.58
[WM]-[0.32]-[4.5]-[6]-[#1] 6-1/4 4506 415 3.55
[SA]-[0.32]-[4.5]-[6]-[#1] 6-1/4 4636 481 3.68
[SB]-[0.32]-[4.5]-[6]-[#1] 6-1/4 4736 419 3.98
[SC]-[0.32]-[4.5]-[6]-[#1] 6-1/2 4449 390 3.70
[SD]-[0.32]}-[4.5]-[6]-[#1] 6-1/2 4715 403 3.18
[SE]-[0.32]-[4.5]-[6]-[#1] 6-1/4 4636 483 4.06
[SF]-[0.32]-[4.5]-[6]-[#1] 6-1/2 4635 444 3.57

Note: "Concrete Slumis a fresh concrete parameter
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Figure34 Transfer length results of wire reinforcements for Group | prisms
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Figure35 Transfer length results of strand reinforcements for Group | prisms

65



During Group | experimentsthe average transfer length results for thiridiéierentwire
reinforcementsd]l 5.32mm diameterwere 53 g (11.13inch). Average results for tHe 3/8
inch strand reinforcements (which incladene three wire stranddnd for onés/16-inch strand
reinforcementvere43d, (15.95inch), and 44, (13.75inch) respectivelyFor all wires except
smooth([WA]) and Dot pattern([WK] & [WL]) wires, average transfer lengthdig d, (9.56-
inch). However wide variation in transfer lengthigere observed for prisms cast even with same
size of the reinforcement type, but with different indentation tylpegenerallower transfer
length values were observed fotsms cast with wire reinforcement compared to prisms cast
with strand reinforceent.

Average transfer lengths for smooth (1), chevron (7), diamond (1), spiral (2), dot {2), 3/8
in. strandg, and 5/1@n. strand are 78y, 48d,, 40d,, 39d,, 78dy, 43dy, and 44d, respectively
with corresponding average transfer length values 0f31i6.310.13in., 8.45in., 8.14in.,
16.3%in., 15.95in., and 13.74n. Table21tabulates these average transfer length values.

Table21 Averagetransferlengthvaluesby wire/strand type

Avg. Transfer

Wire/Strand ype If‘rcéi;]’:jdounasl Lzrrlgltjfg)zic;]r. )the

[# diameters]
SmoothWires [WA] 1[28?3
ChevronWires [WB% \AE}QV[[)\}W[YVE\BA]/N[.\]NH] 1[281]3
DiamondWires [WF] ?43]5
SpiralWires [WC], [WE] 5[33é]4
Dot Wires [WK], [WL] 1[28?7
3/8-in. strands [SA], [SB], [SD], [SE], [SF] 1[2.:35
5/164in. strands [SC] 1[12:]7
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Transfer length results from ti@&roup lindicated hat, with the exception of wil&VL],
all of the indented reinforceents resulted in a lower transfer length than the smooth wire. The
smooth wire [WA], had an average transfer length of 16.3 incli8slf), while the wire with the
2-dot indentation patterq\WL]) had an average transfer length of 18.7 incB@sl{). Note, the
2-dot reinforcement had the fewest amount amallestsize of indentations per length.
Additionally, there wereesidual lubricants preseon all wires.

This finding would suggest that the residual lubricants and/or surface condition of the
wiresdo contribute to the bond capacity of firestressing tendond his is similar to the
findings of Rose and Russell for strgiitbse, et al., 1997However, when theris a large
number ofdeepeiindentations (such der the chevron, 4dot, diamond, and spiral wires), these
indentationsapparentlypecome the dominant featurgluencing thebond.

The average transfer length of thehevronrindented wires ranged from 7.56(d,) to
11.78 in. (56 dy), while the 2 spiral wire had average transfer lengths of3435d,) and 8.5 in.
(42 dy). The diamondndented wire had a transfer length of3Bin. (40 d,) and thed-dot wire
had an average transfer length of 14.q6 dy).

Among the strands, lower average transfer lemgis observed for the prisms cast with
[SA] (smooth 3/8in.-diameter7-wire smooth strand) when compared to prisms cast witin3/8
diameter7-wire indentedstrands [SB]and [SE]. At the time of receipt of [SA] reinforcement,
slight surface rusting wasbserved for [SA]. Theetterperformancef [SA] maybedue to the
developed roughnegRose, et al., 1997Fyith the surface rusting.

The bwest average transfer length among prisms castingtfour differenB/8-in.-
diameer 7-wire strand was obtained for prisms cast with [SD]. Average transfer lengths for
[SA], [SB], [SD], and[SE] are 16.15nch 43d,), 16.25inch @3dy), 15.83inch @42dy) and
19.02inch (1 dy) respectively. It is to be noted twewdre strands ([SC],SF]) are of two
different diameters. Average transfer lengths for smooth-is/ldiamete3-wire strand, [SC],

was 13.74inch (44dy) and for 3/8in. diametei3-wire indentedstrand, [¥], was 12.52nch (33
dp).
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5.2 Calculation of percentage increase and percentage decrease
(reduction)

TL results were compared throughout the present work at different stages. Calculations
for percentage increase and percentage decrease (reduction) in TL values are explained in this

section.

5.2.1 Calculation of percentage decrease (reduction) in TL
Percentageeatrease or reduction westerminedy the following steps:
1. Reduction or decrease in TLfisst calculated by deducting the new TL value
from referenced TLvalueXe c r e as e ri enf elrLe {needvd )=TLL
2. Percentage reduction weeencalculated, divding the decrease in Tleg by
referenced TL and then multiplied by 100

(Percentage r edietioh g,@@(f) =

reference

It is to be noted that negative values in these calculations represent percentage increase.

5.2.2 Calculation of percentage increase in TL
Percentage increase wadeterminedy the following steps:

1. Increase in TL idirst calculated by deducting the referenced TL value from new TL
value{( ncr ease i n iTrLe f(ex)e)n=c ende WI LT L

2. Percentage increase was calculatedddig the increase in TLa§ by referenced TL and

then multiplied by 100 er cent age i Aol 88 gpq T =

reference

It is to be noted that negative values in these calculations represent percentage reduction.

5.3 Effect of Releasestrength on Transfer length(Group Il prisms)

In case of préensioned concrete members, prestressing fetcansferred to the
concrete member though bond betw#econcrete and the prestressing reinforcement.ddne
the previouslynotedfactors thainfluences thebond between concrete and prestresstrandss
the strength at the time of prestréssisfer(Barnes, et al., 2003)s a part of the research
program theeffect of release strength (concrete strengtheatithe of prestress transfer) on
transfer lengthvasinvestigatedy casting series of prisng&roup Il prismswith ten (10)

differentreinforcements atiree targetedelease strengths (3500 psi, 4500 psi, and 6000 psi).
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The reinforcements selected fors study were based on the results from Group | prisms
and were the following:

1. Bestbonding5.32mm-diametemwire with chevron indent pattern (WH)
Worstbonding5.32mm-diametemwire with chevron indent pattern (WG)
5.32mm-diameter smootkvire (WA)
5.32mm-diameter piral wire (WE)
5.32mm-diameter dt-patterned wire (WK)

3 / -8i@meter7-wire smooth strandSA)

Bestb 0 n d i ndipme&etr Bvive indented strand (SD)
Worstb 0 n d i ndipmeter Bvive indented strand (SE)
3 / -Bi@meter 3wire indented strad (SF)

10.5 / ld@ameter 3wire smooth stran¢(SC)

Nomenclature of the various prisms utilized in this Group Il are tabulafEabie22. In

© © N o g s~ w D

every case, theelease strengtivaswithin +220 psi of the desired release strength. Ager
transfer lengths of prisms cast witle same reinforcemenype and differentelease strengths
were compared and analyzddansfer length results from Group | prisms were used for the
comparison of release strengths at 4500 psi.

Table23lists theminimum, average, and maximunansfer length results for thpgisms
cast withtheten (10) reinforcementnd detensioned at the three concrete compressive
strengthsin order to accommodate all TL resuits Table23results are not represented with
corresponding nomenclatutéots showinga | | Gr o u pransfdr lengtitesudtsars 6
presented ifrigure38 andFigure 39, respectivelyfor wire andstrand reinforcement3ransfer
length values were obtained from surfatein profiles agxplained in SectioA.4.2 The

concrete parameters for each pour are tabulat@dlie28.
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Table22 Nomenclature for prisms utilized in Group Il

Nomenclature for the

Release strength 3500 ps

Release strength 4500 ps

Release streng®000 psi

[WA] -[0.32]-[3.5]-[6]-[#1]

[WA] -[0.32}-[4.5]-[6]-[#1]

[WA] -[0.32}{6.0]-[6]-[#1]

[WE]-[0.32}-[3.5]-[6]-[#1]

[WE]-[0.32]-[4.5]-[6]-[#1]

[WE]-[0.32]-[6.0]-[6]-[#1]

[WG]-[0.32}-{3.5]-[6]-[#1]

[WG]-[0.32}-[4.5]-[6]-[#1]

[WG]-[0.32]-[6.0]-[6]-[#1]

[WH]-[0.32]-[3.5]-[6]-[#1]

[WH]-[0.32]-[4.5]-[6]-[#1]

[WH]-[0.32]-[6.0]-[6]-[#1]

[WK] -[0.32}[3.5]-[6]-[#1]

[WK] -[0.32}-[4.5]-[6]-[#1]

[WK] -[0.32}[6.0]-[6]-[#1]

[SA]-[0.32}[3.5]-[6]-[#1]

[SA]-[0.32}-[4.5]-[6]-[#1]

[SA]-[0.32}-[6.0]-[6]-[#1]

[SCJH0.32}3.5]-[6]-[#1]

[SC]-0.32}[4.5]-[6]-[#1]

[SC]-[0.32}[6.0]-[6]-[#1]

[SD]-[0.32}[3.5]-[6]-[#1]

[SD]-[0.32}-[4.5]-[6]-[#1]

[SD]-[0.32}-[6.0]-[6]-[#1]

[SE]-[0.32}[3.5]-[6]-[#1]

[SE]-[0.32}[4.5]-[6]-[#1]

[SEJ-[0.32}[6.0]-[6]-[#1]

[SF]-{0.32}H[3.5]-[6]-[#1]

[SF]-[0.32}[4.5]-[6]-[#1]

[SF]-{0.32}[6.0]-[6]-[#1]

N J

y
Group | prisms
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Table23 Transfer length results from Group Il prisms (effect of release strength)

Release Strength 3500 psi

Release Strength 4500 psi

Release Strength 60@si

er%igand Transfer Lengths Transfer Lengths Transfer Lengths
Min., in. | Avq., in. | Max., in. | Min., in. | Avg., in. | Max., in. | Min., in. | Avg., in. | Max., in.

[WA] 19.80 21.40 23.30 14.40 16.33 18.70 12.90 13.50 14.30
[95] [102] [111] [69] [78] [89] [62] [64] [68]

[WE] 8.60 10.50 11.30 6.80 7.43 8.00 5.10 7.10 8.30
[41] [50] [54] [32] [35] [38] [24] [34] [40]

WG] 12.80 13.80 14.40 11.60 11.78 12.60 8.50 9.80 10.90
[61] [66] [69] [55] [56] [60] [41] [47] [52]

[WH]* 9.90 10.18 10.40 6.50 7.50 8.30 6.40 7.30 8.40
[47] [49] [50] [31] [36] [40] [31] [35] [40]

[WK] 16.60 17.70 19.00 13.50 14.00 14.90 10.00 11.10 13.30
[79] [85] [91] [64] [67] [71] [48] [53] [64]

[SA] 19.00 20.53 22.30 15.10 16.15 17.90 10.70 11.18 12.60
[51] [55] [59] [40] [43] [48] [29] [30] [34]

[SC] 17.10 18.20 19.50 13.10 13.77 15.30 8.30 10.20 11.60
[55] [58] [62] [42] [44] [49] [27] [33] [37]

[SD] 22.00 24.28 27.20 14.00 15.83 17.50 13.70 15.25 17.30
[59] [65] [73] [37] [42] [47] [37] [41] [46]

[SE] 20.50 21.33 22.70 17.60 19.02 21.80 12.40 13.22 14.60
[55] [57] [61] [47] [51] [58] [33] [35] [39]

[SF] 14.50 15.35 16.80 11.90 12.52 13.20 9.60 10.73 12.40
[39] [41] [45] [32] [33] [35] [26] [29] [33]

*[WH]-[0.32]-[3.5]-[6]-[#1] pour includes only 5 TL values (not 6 TL valueshce there was cracking at one end
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Average transfer lengttesultsobtained atlifferentrelease strengths of prisms cast with
thefive 5.32mm-diametemwire reinforcements ardnewn inFigure40 andFigure4l. In Figure
40, average transfer lengths for each wire type at different release strengthewanein bar
chart format, with the minimurand maxmum TL rangeslepicted by the vertical baré/hereas,
Figure4lrepresents theameaverage TlLnformation intermsofi number of ) @i amet er
It is to be noted that all prisms in Group Il were cast With-Design #land wih i n o
VMAO. Due to space restrictions, .@hevariatiem n o men
in experimentallydetermined concretebtting-tensile strength due to change in release strength
is illustrated inFigure44. Figure45illustrates the change experimentallydeterminedVIOE
with release strength.
Similarly, average transfer lengths for ea¢tthe fivestrandreinforcementstthe three
different release strengths are showkigure42 andFigure43. Average transfer lengths of
strands are represented i n FiguredZahdeiguee4d3and finumb
respectivelyAs with the Group Il wire prisms, the Group | strand prisms utilizked-Design #1
without VMA.
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Figure38 Transfer length results of wire reinforcements from Group I
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Figure39 Transfer length restd of wire reinforcements from Group |l

m3500psi m4500psi = 6000 psi

Transfer length (in.)

WA WE WG WH WK

Figure40 Average transfer lengths for wire reinforcement at different release strengths, 1
inches
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m3500psi m4500psi = 6000 psi

[102]

[35] [34]

Transfer length (# of Diameters)

WA WE WG WH WK

Figure41 Average transfer lengths for wireméorcement at different release strengffls in #
of diameters of the reinforcement

m3500psi ®m4500psi = 6000 psi

Transfer length (in.)

SA SC SD SE SF

Figure42 Average transfer lengths for strand reinforcement at different release strengths,
inches
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m3500psi m4500psi m6000 psi
[65]
[58] [57]

Transfer length (# of Diameters)

SA SC SD SE SF

Figure43 Average transfer lengths for strand reinforcement at different release strdigithg
diameters of the reinforcement

Based on the results from Group Il prisms, a clear toéhetter bondlower transfer
lengths)wasobserved with thencrease irtoncretaelease strengtfhis was true for both wire
and strand reinforcements

In the case of wireeinforcements, whethe release strength was increased from 3500 psi
to 6000 psi, percemeductionin average transfer lengths for [WA], [WEWG], [WH], and
[WK] were 36.%%, 32.4%, 29.0%, 28.3%, and37.3% respectivelyHowever the largest
reductionsare observed in the casevafes withminimal and no indent pattern (JWK], and
[WA]) reinforcement. Perceagereductions in average transfengths due increase in release
strength in the case wire reinforcementstabeilatedn Table24. This tablepresents the percent
reduction in average transfer length due to increase in the release strength from 3500 psi to 4500
psi, and from 4500 psi to 6000 pgtrom this table, the average reduction for all five wires was
23.0% when increasing strength from 3500 psi to 4500 psi, but o§d&hen increasing from
4500 psi to 6000 psi. The average reduction for all five witesn compressive strength is
increased from 3500 psi to 6000 psi was8%o.

Percentage reduction in average transfer lengths in strand reinforcements due to increase
in release strength are tabulated able25. This table presgs the percent reduction due to
increase in the release strength from 3500 psi to 4500 psi, and from 4500 psi to 6000 psi. From
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this table, the average reduction for all five strands was 21.9% when increasing strength from
3500 psi to 4500 psi, and 21.0#hen increasing from 4500 psi to 6000 psi. The average
reduction for all five strands when compressive strength is increased from 3500 psi to 6000 psi
was 39.0%.

When compared to wire reinforcements, higher relative reduction in percentages of avg.
transker lengths were observed in the case of strand reinforcenween the release strength was
increased from 3500 psi to 6000 psthis casepercentage reductions in average transfer
lengths for strand reinforcements were observed #5806, 44.0%, 37.2%, 38.0%, and30.1%
for [SA], [SC, [SD], [SH, and SH respectively. Higher reduction in average transfer lengths
wasnoted for both fwire ([SA]) and 3wire ([SC]) smooth strands.
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Table24 Percentage reduction transfer lenth of wiresdue to variation in release strength

Percentage reduction in Transfer Len

. from from from
Pour Identity 3500 psi | 4500 psi | 3500 psi
to to to

4500 psi 6000 psi 6000 psi
[WA] -[0.32]-[variable}[6]-[#1] 23.7% 17.3% 36.9%
[WE]-[0.32]-[variablg-[6]-[#1] 29.2% 4.4% 32.4%
[WG]-[0.32]-[variable}[6]-[#1] 14.6% 16.8% 29.0%
[WH]-[0.32]-[variable}[6]-[#1] 26.3% 2.7% 28.3%
[WK] -[0.32]-[variable}[6]-[#1] 20.9% 20.7% 37.3%
Average: 23.0% 12.4% 32.8%

Table25 Percentageeductionin transfer length of strandkie to variation in release strength

Percentage reduction in Transfer Len

from from from
Pour Identity 3500 psi 4500 psi 3500 psi
to to to

4500 psi 6000 psi 6000 psi
[SA]-[0.32]}-[variable}[6]-[#1] 21.3% 30.8% 45.5%
[SC]-[0.32]}-[variable}[6]-[#1] 24.3% 25.9% 44.0%
[SD]-[0.32]}-[variable}[6]-[#1] 34.8% 3.7% 37.2%
[SE]-[0.32]}-[variable}[6]-[#1] 10.8% 30.5% 38.0%
[SF]-[0.32])-[variable}[6]-[#1] 18.4% 14.3% 30.1%
Average: 21.9% 21.0% 39.0%
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Transfer lengthatios for different release strength were calculated and presented in
Table26 andTable27 for wire and strand reinforcements respectivAlyerage TL ratio
between 4500 psi and 3500 psi are 0.77 an8 for wire and strand reinforcements respectively.
Whereas, average TL ratio between 6000 psi and 3500 psi are 0.67 and 0.61 for wire and strand

reinforcements respectively.

Table26 TL ratio for different release strengtlwire reinforcements)

Wire Thsea|Thopa| T loga
Designation T s pa| T ks ops| T b5 pa

[WA] 0.763 0.827 0.631
[WE] 0.708 0.956 0.676
WG] 0.854 0.832 0.710
[WH] 0.737 0.973 0.717
[WK] 0.791 0.793 0.627

Average:| 0.770 0.876 0.672

Table27 TL ratio for different release strengtfstrand reinforcements)

Strand | T ksoe| Thkoope| T baos
Designation T I 5 pa| T ksops| T b5 opa

[SA] 0.787 | 0692 | 0.545
[SC] 0.757 | 0.741 | 0.560
[SD] 0.652 | 0.963 | 0.628
[SE] 0.892 | 0.695 | 0.620
[SF] 0.816 | 0.857 | 0.699

Average:| 0.781 0.790 0.610

80



Table28 Concrete properties atftirent release strength for Group Il prisms

Concrete| Release Stglr']tgi?g Modulus of
Pour Identi Slum Strength Elasticit
y (in.) P (psi)g St(rssni?th (x10° psi))/
[WA] -[0.32])-[3.5]-[6] 6 3741 427 3.19
[WA] -[0.32]-[4.5]-[6] 6-1/4 4664 418 3.53
[WA] -[0.32]-[6.0]-[6] 6-1/4 6128 513 417
[WE]-[0.32]-[3.5]-[6] 6 3486 304 3.36
[WE]-[0.32]-[4.5]-[6] 6-1/4 4650 479 3.46
[WE]-[0.32]-[6.0]-[6] 6-1/2 6020 486 4.27
[WG]-[0.32]-[3.5]-[6] 6-1/4 3561 288 3.18
[WG]-[0.32])-[4.5]-[6] 6-1/4 4697 496 3.55
[WG]-[0.32]-[6.0]-[6] 6-1/4 5825 426 3.89
[WH]-[0.32]-[3.5]-[6] 6-1/2 3614 397 3.05
[WH]-[0.32]-[4.5]-[6] 6-1/2 4695 485 3.9
[WH]-[0.32]-[6.0]-[6] 6-1/4 6059 474 3.84
[WK] -[0.32])-[3.5]-[6] 6-1/2 3528 414 3.51
[WK]-[0.32]-[4.5]-[6] 6-1/4 4572 392 3.56
[WK] -[0.32]-[6.0]-[6] 6-1/2 5857 495 3.96
[SA]-[0.32]-[3.5]-[ 6] 6-1/4 3626 396 2.89
[SA]-[0.32]-[4.5]-[6] 6-1/4 4636 481 3.68
[SA]-[0.32]-[6.0]-[6] 6-1/4 6134 602 4.28
[SC]-[0.32][3.5]-[6] 6-1/4 3512 379 3.46
[SC]-[0.32]-[4.5]-[6] 6-1/2 4449 390 3.7
[SC]-[0.32]-[6.0]-[6] 6-1/2 6015 527 NA*
[SD]-[0.32]-[3.5]-[ 6] 6-3/4 3711 461 3.57
[SD]-[0.32]-[4.5]-[6] 6-1/2 4715 403 3.18
[SD]-[0.32]}-[6.0]-[6] 6-1/4 6073 499 4.08
[SE]-[0.32]-[3.5]-[6] 6-1/2 3719 426 3.5
[SE]-[0.32]-[4.5]-[6] 6-1/4 4636 483 4.06
[SE]-[0.32]-[6.0]-[6] 6-1/4 5856 473 4.1
[SF]-[0.32]-[3.5]-[6] 6-1/4 3622 396 3.62
[SF]-[0.32]-[4.5]-[6] 6-1/2 4635 444 3.57
[SF]-[0.32]-[6.0]-[6] 6-1/2 5985 523 4.02

*data not available
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5.3.1 Special case studyvith higher release strength8300 psi

Additional prisms were cast with WF reinforcement, to study the TL variation due to
higher rekase strength (8300 psi). TL values were determined for the prisms cast with WF
reinforcement at 3500 psi, 6000 psi, and 8300 psi. Later, these results were comparéd with
results determined frofWw F]-[0.32]-[4.5]-[3]-[#1]. Table29tabulates minimum, average, and
maximum TL results foprisms cast wittWF reinforcement &different release strengttfsigure
46 shows scatter plot of all TL results determinetbat differentrelease strengths.

Figure47 shows the average TL at each release streafgihg with the range of values
Figure48 showsthe coefficient of determination {Rbetweerrelease strength andexrageTL
values for [WF].This exceptnally-high R-value indicates that the relationship between
transfer length and release strength is approximately linear for release strengths between 3500
psi and 8300 psFigure49 shows the average data fovF] in barchartformat

Table29 TL results for prisms cast with WF at different release strengths

Nomenclature | [WF]-[0.32]-[varies}[6]-[#1]
Transfer Lengths

Release Strengt| Min., in. | Avg., in. | Max., in.

[TUdy | [TUdy] | [TL/dy]

3500 psi 9.20 9.63 10.40
[44] [46] [50]

4500 psi 6.80 8.45 9.30
[32] [40] [44]

6000 psi 6.10 7.15 8.20
[29] [34] [39]

8300 psi 4.60 5.27 6.60
[22] [25] [32]
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5.4 Effect of concrete consistency on Transfer lengtGroup Il prisms)

During Group Il testing inLab-Phaseprisms were castith three (3) different concrete
slumps (3inches, éinche, and 9nches) to evaluate the effect of concredasistencyn
transfer lengthConcrete slumpat the beginning of castingas maintained within the variation
of £0.5 inches from the desired valdél of the prisms had a w/c ratio of 0.32, and the different
slump was obtained by varying thleRWR dosaggSection3.2.4. Average transfer lengths for
prisms cast with various concrete slumps at uniform release strength gil38020 psi) are
compared and discussed in this secthdomenclature for various prisms utilized in Group Il
are tabulated ifable30.

Table30 Nomenclature for prisms utilized in Group IlI

Nomenclatire for the
Prisms utilized in Group IlI

Concrete Consistency
3-in.

Concrete Consistency
6-in.

Concrete Consistency
9-in.

[WA] -[0.32]-{4.5]-[3]-[#1]

[WA] -[0.32}-[4.5]-[6]-[#1]

[WA] -[0.32]-{4.5]-[9] -[#1]

[WE]-[0.32]-[4.5]-[3]-[#1]

[WE]-[0.32}-{4.5]-[6]-[#1]

[WE]-[0.32]-[4.5]-[9]-[#1]

[WG]-[0.32]-{4.5]-[3]-[#1]

[WG]-[0.32}-[4.5]-[6]-[#1]

[WG]-[0.32]-{4.5]-[9]-[#1]

[WH]-[0.32]-[4.5]-[3]-[#1]

[WH]-[0.32]-[4.5]-[6]-[#1]

[WH]-[0.32]-[4.5]-[9]-[#1]

[WK] -[0.32]-[4.5]-[3]-[#1]

[WK] -[0.32]-{4.5]-[6]-[#1]

[WK] -[0.32]-[4.5]-[9] -[#1]

[SD]-[0.32}-[4.5]-[3]-[#1]

[SD]-[0.32}-[4.5]-[6]-[#1]

[SD]-[0.32}[4.5]-[9]-[#1]

[SE]-[0.32}-[4.5]-[3]-[#1]

[SE]-[0.32]-{4.5]-[6]-[#1]

[SE]-[0.32}-[4.5]-[9]-[#1]

Transfer lengths (minimum, average,ximaum) of prisms cast durin@roup Il testing
with different concrete slumps are tabulated @ble31. Plots showingll Groupll pr i s ms 06
results are presentedkigure50 and Figure 51, respectivelyfor wire and strand
reinforcementsAll transfer lengthvalues werebtainedusingthe procedure in Sectigh4.2
Concrete parameters such as slump, release streptitting tensilestrength, andlodulus of

Elasticity(MOE) for the corresponding prisms are tabulate@iahle33
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Table33 Concrete properties at different concrete slumps for Group Il prisms

. Change irsplitting tensilestrength due to changesiump isillustrated inFigure52.
Figure53illustrates the change in MOE with release strength.

Average transfer lengthi{& inches)obtained at various concrete sips for a chosen set
of five (5) wire reinforcements are shownRigure54, along with the range of values feach
group of six measuremeniBhe same average data values, convertédriou mber of di ame
(d) 6 ar e rindFpureds ent e d

Similarly, average transfer lengths for each strand type at different concrete slumps are
shown inFigure56. Aver age transfer | engthsamd #Shumnhars
of di a miEgure56andFigureb?, respectively. Concrete properties for prisms cast with
different strand reinforcements at different concrete slumps are tabuldtadl@83.

Based on the results from Group Il prisms,consistentrend in transfer length values
was observed with the variation of concrete consistency betweemaBd 9in. slump.The
increasean average transfer lengthsultsfrom Group Il prisms cast with different concrete
consistencieare tabulated ifable32. In Table32, positive number indicatanincreasen
transfer lengthwhile negative numbenidicatea reductionin transfer lengthirom this table, the
average transfer lengths for all seven reinforcements decreases by 4.1% when the slump was
increased from-i. to 6in. However, when the slump was increased frem. & %in., the
same severeinforcements had an average transfer length increase of 13.2%.

In the case of wire reinforcementshen theconcrete slumpvas increased from-iBiches
to 9-inches percenincreasan average transfer lengths for [WA], [WEWG], [WH], and
[WK] were 5.0%, 11.9%, 12.%%, 0.2%, and8.7% respectivelyExcept in the case of [WHihe
transfer lengths of thacreased by-A3%when concrete slumps are increased fremcBes to
9-inchesFromTable32, the largest increase averagdransfer lengths (in the case of wire
reinforcementsjvasobserved when slumps increased froinéhes to 9nches.

In the case athe twostrand reinforcements, no trend was observed in the variation of
average transfer lengths with different concréienps. When the concrete slump was increased
from 3-inches to 9nches, percentagecreasen average transfer lengths for strand
reinforcements were observed to be 0.4%, n@®6 for [SD], and[SE respectively. Whereas,

inconsistenawverage transfer gth variations were observed in prisms (with strand
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reinforcement) when concrete slumps are varied frantBes to éinches and 6nches to 9

inches.
Table31 Transfer length results from Group 11l testing (effect of concrete gjum
Concrete Slump-tches| Concrete Slump-@éhches| Concrete Slump-hches
Transfer Lengths Transfer Lengths Transfer Lengths
Wire/Stran| min., | Avg., | Max., | Min., | Avg., | Max., | Min., | Avg., | Max.,
d Type in. in. in. in. in. in. in. in. in.
[TL/dy, | [TL/dy | [TL/dp | [TL/dp | [TL/dp | [TL/, | [TL/y | [TL/dy | [TL/dp
] ] ] ] ] ] ] ] ]
[WA] 15.10 | 16.10 | 17.60 | 14.40 | 16.33 | 18.70 | 15.80 | 16.90 | 17.90
[72] [77] [84] [69] [78] [89] [75] [81] [85]
(WE] 6.40 | 827 | 10.10| 6.80 | 743 | 800 | 7.70 | 9.25 | 10.60
[31] [39] [48] [32] [35] [38] [37] [44] [51]
WG] 10.00 | 11.78 | 1290 | 11.60 | 11.78 | 12.60 | 12.00 | 13.30 | 14.40
[48] [56] [62] [55] [56] [60] [57] [64] [69]
[WH]* 8.00 | 9.20 | 1080 | 6.50 | 750 | 830 | 8.00 | 9.22 | 10.80
[38] [44] [52] [31] [36] [40] [38] [44] [52]
[WK] 12,50 | 14.00 | 15.90 | 13.50 | 14.00 | 14.90 | 13.40 | 15.22 | 17.10
[60] [67] [76] [64] [67] [71] [64] [73] [82]
(SD] 18.80 | 20.15 | 21.10 | 14.00 | 15.83 | 17.50 | 19.40 | 20.23 | 22.80
[50] [54] [56] [37] [42] [47] [52] [54] [61]
[SE] 14.60 | 15.85| 17.40| 17.60 | 19.02 | 21.80 | 16.20 | 17.55| 19.00
[39] [42] [46] [47] [51] [58] [43] [47] [51]

*[WH]-[0.32]-[4.5]-[3]-[#1] pour includes only 5 TL values (not 6 TL values), since there
cracking at one end.
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Figure 51 Transfer length results of strand reinforcements from Group IlI

Table32 Percentagencreasen avg. TL for both wire and strand reinforcemeti® to change
in consistencyslump)

Percaitage increase in Transfer Leng
_ from from from
Pour Identity 3inches | 6inches | 3inches
to to to
6 inches 9inches | 9inches
[WA] -[0.32]-[4.5]-[variable}[#1] 1.4% 3.5% 5.0%
[WE]-[0.32]-[4.5]-[variable}[#1] | -10.2% 24.5% 11.9%
[WG]-[0.32]-[4.5]-[variable}[#1] 0.0% 12.9% 12.9%
[WH]-[0.32]-[4.5]-[variable}[#1] | -18.5% 22.9% 0.2%
[WK]-[0.32]-[4.5]-[variable}[#1] 0.0% 8.7% 8.7%
[SD]-[0.32]}-[4.5]-[variable}[#1] -21.4% 27.8% 0.4%
[SE]-[0.32]-[4.5]-[variable}[#1] 20.0% -71.7% 10.7%
Average -4.1% 13.2% 7.1%
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Table33 Concrete properties at different concrete slumps for Group Il prisms

. Concrete| Release Stglr;zli?eg Mog;JIus

Pour Identity Slump Stren_gth Strength | Elasticity

(inch) 1 (ps) (psi) | (x10° psi)
[WA]-[0.32]-[4.5]-[3] 3 4442 367 3.43
[WA] -[0.32]-[4.5]-[6] 6-1/4 4664 418 3.53
[WA] -[0.32]-[4.5]-[9] 9-1/4 4645 406 3.29
[WE]-[0.32]-[4.5]-[3] 3-1/2 4461 350 3.64
[WE]-[0.32]-[4.5]-[6] 6-1/4 4650 479 3.46
[WE]-[0.32]-[4.5]-[9] 9-1/2 4649 332 3.39
[WG]-[0.32]-[4.5]-[3] 3-1/4 4669 349 3.79
[WG]-[0.32]-[4.5]-[6] 6-1/4 4697 496 3.55
[WG]-[0.32]-[4.5]-[9] 9-1/4 4592 348 3.59
[WH]-[0.32]-[4.5]-[3] 3-3/4 4622 426 3.61
[WH]-[0.32]-[4.5]-[6] 6-1/2 4695 485 3.9
[WH]-[0.32]-[4.5]-[9] 9-1/2 4482 351 3.27
[WK]-[0.32]-[4.5]-[3] 3-1/4 4633 413 3.37
[WK] -[0.32]-[4.5]-[6] 6-1/4 4572 392 3.56
[WK] -[0.32]-[4.5]-[9] 9-1/4 4450 318 3.52
[SD]-[0.32]-[4.5]-[3] 3-3/4 4455 492 4.01
[SD]-[0.32]-[4.5]-[6] 6-1/2 4715 403 3.18
[SD]-[0.32]-[4.5]-[9] 9-1/4 4604 492 3.92
[SE]-[0.32])-[4.5]-[3] 3-12 4461 488 4.07
[SE]-[0.32)-[4.5]-[6] 6-1/2 4635 444 4.06
[SE]-[0.32)-[4.5]-[9] 9-1/4 4485 462 4.02
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Figure54 Average transfer lengths for wire reinforcement at different concrete silimips
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Figure55 Average transfer lengths for wire reinforcement at different concrete silimips#
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Figure57 Average transfer lengths for strand reinforcement at different concrete sliumps#
of diameters of the reinforcement

94



5.5 Effect of water-to-cementitious(w/c) ratio on transfer length (Group
IV prisms)

In the present studw few prismswerecast to evaluate the effectwfc ratio on transfer
length.During Group YV testing,threew/c ratios (0.27, 0.32, and 0.42) were used with Mix
Design #1 while maintaining aifi. slump.No VMA was used for prisms cast Group IV. Two
reinforcements were selected for use in this limited investigation, [WG] and [WH]. These wires
were the worsbonding and bedtonding chevrofndented wires, respectively, identified from

Group | prismtests Nomenclature fothe prisms uilized in Group V are tabulated ifable34.

Table34 Nomenclature for prisms utilized in Grouy |

Nomenclature for the Prisms utilized in Group IV

w/cratio = 0.27 w/cratio = 0.32 w/cratio = 0.42

[WG]-[0.27}-[4.5]-[6]-[#1] | [WG]-[0.32}-[4.5]-[6]-[#1] | [WG]-[0.42}-[4.5]-[6]-[#1]

[WH]-[0.27}[4.5]-[6]-[#1] | [WH]-[0.32}-[4.5]-[6]-[#1] | [WH]-[0.42}-[4.5]-[6]-[#1]

Transfer lengths (minimum, averagedmaximum) of prisms cast during Grouy |
testing withdifferent concretev/c ratios ardabulated inTable35. A plot of allindividual Group
IVpri s ms 6 idptesentedsiiiglreéss. All transfer lengthresultswereobtained through
the procedurexplainedin Sectior4.4.2

Average transfer lengths for each wire typ#hatdifferentw/c ratios areshown in bar
chart format, along with the corresponding range of values for each p&igune59. Figure60
depicts the same averagk values in terms afiumberof diametergdy) of the reinforcement

FromFigure59, aconsistenthangen transfer lengthwasnot observediue tovaration
in w/c ratio. Percenincreasen average transfer lengthasultsof prisms cast with differem/c
ratiosare tabulated iTfable36. In this table positive numbeyindicateanincreasen transfer
lengthwhile negative nmbess indicatereduction intransfer length.

In the case gprisms cast with [WG] wire reinforcementhen thew/c ratiowas
increased fron®.27 to 0.42, perceimicreasan average transfer lengias25.%6. Thisincrease
was7.2% when [WH] was employeddowever, fromTable36, inconsistenaverage transfer
length varations were observadhen varying w/c from 0.27 and 0.32, and between 0.32 and
0.42
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Table35 Transfer length results from Grouy testing(effect ofw/c ratio)

Pour Identity

Transfer Lengths

Nomeonrclature '\[/'T"E/d'br]‘ ?¥Eﬁj 'b? '\{l T61Ii</-é tI)]n
[WG]-[0.27}[4.5]-[6]-[#1] [73:;3 9[942]5 1[232]0
[WH]-[0.27}-[4.5]-[6]-[#1]* ?3;3? [84318 1[(;.28]0
[WG]-[0.32}[4.5]-[6]-[#1] 1[;;;0 1{;-;0 1[26630
[WH]-[0.32}-[4.5]-[6]-[#1] ‘[533) [732? ?43]0
[WG]-[0.42}-[4.5]-[6]-[#1] 1{;-3‘;0 1[;55_]2 1[2.931,0
[WH]-[0.42]-[4.5]-[6]-[#1] ‘[343? [842;3 1[2.31]0

*[WH] -[0.27]-[4.5]-[6]-[#1] pour includes only 5 TL values (not 6 TL value

since there was cracking at one end.
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Table36 Percentage variatian avg. TLdue to change iw/c ratio of concrete mixure

(Lab phase)
a8 b8

Transfer length (in.) values for Group IV prisms
=

Percentage increaseTinansfer Lengt

from from from
Pour ldentity w/c =0.27| w/c = 0.32| w/c =0.27
to to to
w/c =0.32| w/c =0.42| w/ic =0.42
[WG]-[variable}[4.5]-[6]-[#1] 29.0% -2.4% 25.9%
[WH]-[variable}[4.5]-[6]-[#1] -10.5% 19.7% 7.2%
Average: 9.2% 8.7% 16.5%

(WG-0.27
(WG-0.32
(WG-0.42

(WH-0.27
(WH-0.32
(WH-0.42

z : ‘ e e
3.4
sd

[WG] [WH]

Wire Reinforcement Type

Figure58 Individual transfer length resulfer Group IV prisms
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(.27 W/C m0.32 W/C =0.42 W/C

Transfer length (in.)

WG WH

Figure59 Average transfer lengths for wire reinforcement at diffev@otratios(TL in inches)

m0.27 W/C m0.32 W/C =0.42 W/C
[56] [55]

Transfer length (# of Diameters)

WG WH

Figure60 Average transfer lengths for wire reinforcement at differelietratios( TL in # of
diameters of the reinforcemént
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56 Ef fect ofMoidvifsycionsg tAydmi xtur e ( VMA)
concrete mix on transfer length (Group V prisms)

Twelve additional prisms (foyrours)were cast to evaluate the effect of presence of
VMA in concrete mix on bond transfer lengirisms were poured with concréfix -Design #1
with the addition oMA and the correspondingransfer lendts determinedlheseresultswere
thencomparedvith companion (similar prestressing and concrete variables except with no
presence of VMA) prism TL resultdverage transfer lengttesultsfor Group Vprismsare
presented and discussed in this sectdomenclature foprisms utilized in Group are
tabulated infable37.

Table37 Nomenclatue for prisms utilized in Grouy

no VMA with VMA
[WG]-[0.27}[4.5]-[6]-[#1] [WG]-[0.27}[4.5]-[6]-[#1] with VMA
[WH]-[0.27}4.5]-[6]-[#1 [WH]-[0.27}[4.5]-[6]-[#1] with VMA
[WG]-[0.42}[4.5]-[6]-[#1] [WG]-[0.42}[4.5]-[6]-[#1] with VMA
[WH]-[0.42}[4.5]-[6]-[#1] [WH]-[0.42}[4.5]-[6]-[#1] with VMA

Theminimum, averageandmaximum transfer length valuesf GroupV prismsare
tabulated inrable38. A graph showing the individug&roup Vprismsresultsis presented in
Figure6l. All transfer lengthresuls are obtainedsingthe proceduréescribedn Sectiord.4.2

Average transfer lengthand corresponding range of values companiorprisms cast
with and without VMAareshown in baichart format inFigure62. Similar resultsare graphed in
termsofinumber of},) @iFigueé er s ( d

Fromthese figures, there was significant change in transfer lengttinen VMA was
added to the concrete mixtuRercentreductionin average transfer lengthsultsof prisms cast
with VMA are tabulatedni Table39. In Table39, positive number indicatesreduction in
transfer lengthwhile negative number indicanincrease in transfer length.

Variation in transfer length results for pour identi{iééG]-[0.27]-[4.5]-[6]-[#1], [WH]-
[0.27])-[4.5]-[6]-[#1], [WG]-[0.42]-[4.5]-[6]-[#1], and [WH}[0.42]-[4.5]-[6]-[#1] are-14.0%,
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13.8%, 0.3%, and-2.1% respectivelyHence, andom average transfer length variations were

observedue the presence of VMA in corete mix.

Table38 Resultsfrom GroupV testing (effect oWMA presence irconcretemixture)

Transfer Lengths

Pour Identity Min in. AvG. i, o

[TL/db] [TL/dy] [TL/dy]

[WG]-[0.27}[4.5]-[6]-[#1] [7;;? ?42]5 1[51_);32]0
[WH]-[0.27}[4.5]-[6]-[#1]* ?3-;;3 %[343]8 1[2.20
[WG]-[0.42]-[4.5]-[6]-[#1] 1[2-330 1[255]»2 1[;:;0
[WH]-[0.42}-[4.5]-[6]-[#1] 5[343? iig? 1[2.3110
[WG]-[0.27}4.5-6]-#1] with VMA 5[9431? 1[204;3 1;.;0
[WH]-[0.27}-[4.5]-[6]-[#1] with VMA ?éi;) [732]2 %[3:(;;)
[WG]-[0.42}4.5]6]-[#1] with VMA 5[942? 1[254;8 1[2.3110
[WH]-[0.42}[4.5]-[6]-[#1] with VMA [732? ?42]7 1[26510

*[WH] -[0.27]-[4.5]-[6]-[#1] no VMA pour includes only 5 TL values (not 6 TL values), sin

there was cracking at one end.
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Table39 Percentage variation in avg. TL duept@sence of VMA irconcrete mix

Pour Identity

Percentage reduction in Transfer Ldng

from "prisms cast no VMA concrete mix
to "prisms cast with VMA concrete mix

[WG]

[WG]-[0.27]-[4.5]-[6]-[#1] [variable] -14.0%
[WH]-[0.27]-[4.5]-[6]-[#1] [variable] 13.8%
[WG]-[0.42]-[4.5]-[6]-[#1] [variable] 0.3%
[WH]-[0.42]-[4.5]-[6]-[#1] [variable] -2.1%
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Figure61 Transfer length results for Group V prisms
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®no VMA ® with VMA

Transfer length (in.)

[WG]-[0.27] [WH]-[0.27] [WG]-[0.42] [WG]-[0.42]

Figure62 Average transfer lengths foompanion prisms with and without VM@n inches)

mEno VMA m with VMA

[55] [55]

Transfer length (# of Diameters)

[WG]-[0.27] [WH]-[0.27] [WG]-[0.42] [WG]-[0.42]

Figure63 Average transfer lengths foompanion prisms with angithout VMA (in # of
reinforcementiameter}
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5.7 Effect of change in source of course aggregate on transfer length
(Group VI prisms)

Twelve additional prisms (four pours) were dasévaluate the efféof changein
course aggregate on transfer length. Prisms were pourewitDesign #1and transfer length
resultswere obtained. Later, these TL results are compared with companion (similar prestressing
and concrete variables cast wiilix -Design #2 prism TL results. Average transfer lengths for
prisms cast for Group Mesting are presented and discussed in this section. Nomenclature for

various prisms utilized in this Groupl ¥re tabulated ifable 40.

Table 40 Nomenclatue for prisms utilized in Grouy|

Nomenclature for the
Prisms utilized in Group VI

Mix-Design #1 Mix -Design #2

[WG]-[0.27}[4.5]-[6]-[#1] | [WG]-[0.27}-[4.5]-[6]-[#2]

[WH]-[0.27}[4.5]-[6]-[#1] | [WH]-[0.27}-[4.5]-[6]-[#2]

[WG]-[0.42}-[4.5]-[6]-[#1] | [WG]-[0.42}-[4.5]-[6]-[#2]

[WH]-[0.42}-[4.5]-[6]-[#1] | [WH]-[0.42}-[4.5]-[6]-[#2]

Theminimum, averageandmaximumtransfer length results f@&roup M prismscast
with Mix-Design #landMix -Design #2 respectivelyare tabulated ifable41. A plot showing
individual transfetength measurements fall Group VIprisms ispresented ifrigure65. All
transfer lengthiesuls wereobtanedusingthe procedurédescribedn Sectior4.4.2
These same averagansfer lengthsalues, and corresponding ranges, are shown in bar
chart format irfFigure66. TL resultsintermsofinu mber of ) @i amet eepredent
Figure67.
From theFigure66 (or Figure67), a significantreduction in TL is observed in the case of
prisms cast with [WG] wire reinforcemeamdMix -Design #2 However prisms cast withMix -
Design #2and [WH]wire resulted inrsevere longitudinadplitting along the wire linesipon

prestress transf¢Figure64). Hence, TL results could not bétained fothese prisms.
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Figure64 Severe longitudinal splitting occurred along the [WH] wires in prisms cast with Mix
Design #2

From these results, it is evident tishbrt transfedengthsare not the only priority
required tgproduce structuralhgound preensioned concrete tieBhroughout the study, prisms
cast with [WH] produced consistently lower TL results compared to prisms cast with [WG].
However, prisms cast ti the combination of [WHjvire andMix -Design #2resulted irsevere
splitting in all 6 prismevaluated (3 with w/c = 0.27 and 3 with w/c = 0.42)té&\prisms cast
with [WH] wire and Mix Design #hadsplitting cracks inthreeother instanceduringLab-
PhaseHence, in order for pretensioned concrete tie produoeaistermine theverall
performance associated wilgiven set of variable@vires and concrete mixture desigpjior
tests on smaidscale preensioned laboratory prisnnsay provide valualel insight ands
recommended.

Percenteductionin average transfer lengthsultsof prisms cast withlifferentmix
proportionsare tabulated ifable42. In Table42, positive numbexindicate the reduction in
transfer lengthVariation in transfer length results for pour identi{ié4G]-[0.27]-[4.5]-[6] and
[WH]-[0.42]-[4.5]-[6] are18.4% and29.9% respectively

104



Table41 Transfer length results from GroMd teging (effectcourse aggregate type

Transfer Lengths

Pour Identity Min., in. Avg., in. Max., in.
[TL/d)] [TL/dy] [TL/d]
7.40 9.15 11.20
[WG]-[0.27}-[4.5]-[6]-[#1] 35] [44] [53]
. 6.30 8.38 10.80
[WH]-[0.27]-[4.5]-[6]-[#1] 130] [40] [52]
11.00 11.52 12.30
[WG]-[0.42}-[4.5]-[6]-[#1] (53] [55] [59]
8.40 8.98 11.10
[WH]-[0.42}[4.5]-[6]-[#1] 0] 43] 53]
6.50 7.47 9.30
[WG]-[0.27}[4.5]-[6]-[#2] 31] [36] [44]
[WH]-[0.27]-[4.5]-[6]-[#2] Cracked
6.40 8.08 11.20
[WG]-[0.42}[4.5]-[6]-[#2] 1] [39] 53]
[WH]-[0.42}-[4.5]-[6]-[#2] Cracked

*[WH] -[0.27]-[4.5]-[6]-[#1] pour includes only 5 TL values (not 6 TL
values), since there was cracking at one end.

Table42 Percentage variation in esageTL due to chagesin course aggregate

Pour ldentites

% Reduction in Transfer Length
(from "prisms casMix-Design #1 to
"prisms cast witlMix-Design #2)

[WG]-[0.27}[4.5]-[6] 18.4%
[WH]-[0.27}[4.5]-[6] NA
[WG]-[0.42}[4.5]-[6] 29.9%
[WH]-[0.42}-[4.5]-[6] NA
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Figure65 Transfer length results for Group VI prisms

B Mix-design#1  m Mix-design#2

Transfer length (in.)

[WG]-[0.27] [WH]-[0.27] [WG]-[0.42] [WG]-[0.42]

Figure66 Average transfer lengths farmixtures with different coarse aggregafiesinches)
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Transfer length (# of Diameters)

m Mix-design#1 ® Mix-design#2
[55]

[43]

[44] (40]

[WG]-[0.27] [WH]-[0.27] [WG]-[0.42] [WG]-[0.42]

Figure67 Average transfer lengths famixtures with different coarse aggregaf€k in # of
reinforcementiametery
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5.8 Development of model to predict tansfer length

Based on results from LaBhase prisms, taansfer length prediction model is developed
in this sectionDuring theLab-Phasepredominat variables affecting transfer lengifere
identifies as the individual wire type (presumably due to indeaometry and réease strength of

the concrete.

5.8.1 Bond characteristics of the prestressing reinforcementArnold, 2013)

Along with the present research, simultaneous res€arobld, 2013)was conductetb
determinghe bond characteristics of the same prestressing reinforcemetensioned pullout
testswere performed during this researBond characteristicgbtainedfrom this researclare
utilized herein the development of the predictive madeie authofArnold, 2013) conducted
both forcecontrolled and displacemeoontrolled pullout test methods before finalgthe
recommendetkest methodSimilar resultsobtainedn both methods anithe Arnold choseforce-
controlled method to perform the pullout tests.

This same method wasibsequentlpdoptedas ASTM A10962015)in 2015. ASTM
A1096 section 4.3 states:

The maximum pullout force occurring at an end slip less than or equal to
0.10 in. [ 2. 5 mm] is recorded as the fAtes

comprised of the average dieise six specimens.

These TL result§from the author of this current dissertatiovgre statistically correlated
with the pullout tests resul{g\rnold, 2013)and represent the bond characteristics of the same
reinforcementsHence, theseaximumpulloutf or ce at enrdsullsarée p O 0. 10 |
incorporated in the present modelTlable43 (reprinted Table 4.7 from Arnoldaverage
pullout force for WM is notisted However, the resuis available n the same thesis and is equal
to 6879Ib. (Arnold, 2013)
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Table4d3Avg. maxi mum pul | out (repointed €abla4.7afeen d
(Arnold, 2013)

As-Received Pullout Test Results
4 in. Diameter, 6 in. Bond Length, Ottawa Sand
Maximum Pullout Force
Avg. Pullout Force |Std. Dev.| C.V. Transfer
Wire (Ibf) (Ibf) (%) Length {in.)
[wal A87 a2 8.7 16.3
[WEB] 6481 570 8.8 11.6
W] 7646 967 12.6 8.8
[WD] 5555 357 6.4 11.1
[WE] 7674 226 6.9 7.4
[WF] 82312 459 3.0 8.5
[Wa3] 5505 385 7.0 11.8
[WH] 7605 457 6.5 7.5
[wi] 6567 522 8.0 10.1
[wi] 7034 635 8.0 9.0
[WK] 3447 354 10.3 14.0
[WL] 2068 322 15.6 18.7

Mote: Sample Size =6

Arnold performed an initial correlation with transflengths from Group | prisms (Mix
Design #1, -sumhg andrel@asedttength@ta1500 psi) in this current dissertation and
developed the predictive relationship:

4= 7 (ldeg- g+ .  Equation 4.1 from Arnold

Where: TL = expected transfer length (in inches) for prisms detensioned at 4500 psi

Max Force = maximum pullout force withanesd i p O 0. 10 i n.

However,now that the test method has beeapdd as ASTM A1096his same expression may

be rewritten in terms of the ASTM A1956 pullout value:

. Op MWEa o . _
Yo ¢ ®o oCU in inches for 4500 psi release strength
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5.8.2 Transfer Length Model for Variable Release Strengths

A modelwasdevebped by incorporating the predominant factors affecting the transfer
length in the case of prisms cast with wire reinforceméfgtgables considered in this model
were wire type (represented by ASTM A1096 pullout value) and concedétase strengtii
multiple linear regressioprocesawas used to develop the TL prediction model in Microsoft
excel 2013. A total 023 experimental data setgereavailable based on the data from Group |
and Group Il prismsTable44 lists thedata sets utilized to create the statistioastfit model.

Table44 Data sets used to create transfer length prediction model

Release ASTM

Wire | Strength | Transfer| a1096
, Length

Type (fe) (Inches) Value

(psi) (pounds)

WA 3741 21.4 487
Nominally WE 3486 10.5 7674
3500 WG 3561 13.8 5505
psi WH 3614 10.18 7605
WK 3528 17.7 3447

WA 6128 135 487

Nominally WE 6020 7.1 7674
6000 WG 5825 9.8 5505
psi WH 6059 7.3 7605

WK 5857 11.1 3447
WA 4664 16.33 487

wB 4453 11.6 6481
wC 4701 8.85 7646
WD 4400 11.08 5555
WE 4650 7.43 7674
Nominally WF 4466 8.45 8312

4500 WG | 4697 | 11.78 | 5505
psi WH 4695 7.5 7605
Wi 4547 | 10.1 | 6567

WJ 4521 | 9.02 | 7034

WK 4572 14 3447

WL 4476 18.73 2068
WM 4506 9.83 6879
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The data sets ihable44 were first plotted and be$t curves were determined for data
within each targeted releas&ength group (3500 psi, 4500 psi, and 6000 psi). The resulting
data and bedit lines are sbhwn in Figure68.

24

= 3500 psi Data
22 = 4500 psi data
= 6000 psi Data

20 . .
%\ e Linear (3500 psi Datgd)
FC) 18 R Linear (4500 psi data|
< R I I | pross Linear (6000 psi Datg)
£ 16 °
o
c
@ W,
8 | e .
S 12| e .
= e ... . |
00— = '- L
Y N S A O s S "
L]
6

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
ASTM A1096 Pullout Values (pounds)

Figure68 Best fit lines drawn through three data sets

From this figure, both the intercept and slope of the-fielshes depend on the release
strength. Next, the corresponditigeeinterceptvalueswereplotted versus the release strength,
and a bestit linear expression was developed. Finally, the corresponding threevslyes
were plotted versus the release strength, and €ib2&t order expression was developed.eTh
numerical coefficients were then rounded slightly to prodiiesimplified expression

pcumx EAOA

TL = Transferlength ininches
"Q Concrete compress\strength at deensioning in psi

A1096 value = ASTM A1096 pullout value-&pecimen average) in pounds
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Transfer Length Prediction Model for All Release Strengths

25
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< —4000 ps
5 20 b
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ASTM A1096 Value (pounds)

Figure69 Transfer length prediction model for different release strengtr

5.8.2.1 Experimental TL vs predicted TL

Predicted TL results from individual pours were calculated and tabulaiebia45,
alorg with the #solute difference between experimental TL and predictednrthis table, the
average absolute difference is 0.60 in., with the maximum absolute difference of 2.36 in.
occurring for prisms with wireW/L] and 4500 psi nominal release strengthe comparison of
actual and predicted transfer lengths is presentBadyure70. From this figure, the coefficient of
determination, & is 0.954which indicated excellent correlation between the TL prediction
model and experiental results, Note, the data used to develop the model pertained to concrete

compressive strength at release that varied between 3486 psi and 6128 psi.
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Table45 Comparison of average transfer length and predicted transfehn lengt

_ Release| Average| ASTM | Predicted Absolute
Wire | Strength | Transfer| A1096 | Transfer | .
- Difference
Type (f Ci)_ Length | Value I__ength (inches)
(psi) | (Inches)| (pounds)| (inches)

WA 3741 21.4 487 21.0 0.45
Nominally WE 3486 10.5 7674 10.1 0.40
3500 WG 3561 13.8 5505 13.4 0.38
psi WH 3614 10.18 7605 9.9 0.28
WK 3528 17.7 3447 16.9 0.85
WA 6128 135 487 13.3 0.15
Nominally WE 6020 7.1 7674 7.2 0.10
6000 WG 5825 9.8 5505 9.5 0.31
pSi WH 6059 7.3 7605 7.2 0.08
WK 5857 11.1 3447 11.4 0.30
WA 4664 16.33 487 18.0 1.67
wB 4453 11.6 6481 10.2 1.40
wC 4701 8.85 7646 8.3 0.50
WD 4400 11.08 5555 11.6 0.52
WE 4650 7.43 7674 8.3 0.92
Nominally WF 4466 8.45 8312 7.6 0.84
4500 WG 4697 11.78 5505 11.2 0.58
pSi WH 4695 7.5 7605 8.4 0.91
Wi 4547 10.1 6567 10.0 0.13
WJ 4521 9.02 7034 9.3 0.33
WK 4572 14 3447 14.2 0.22
WL 4476 18.73 2068 16.4 2.36
WM 4506 9.83 6879 9.6 0.25

113




Prediected Transfer Lengths (in.)
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Figure70 Comparison of actual and predicted transfer lengths
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Chapter6Ex per i ment al p P lo @ehdausree dur i

This chapter presents the experimentalgemployedatthe LB Foster/CXT concrete tie
manufacturing plant imfucson AZ., andtwo testing proceduressedto obtain concretsurface
strainsfor use in the determination ttinsfer length The onsite work in Tucson, AZ during the
PlantPhase othis project was conducted in January 2013.

During thePlantPhaseof the project, series of tests were conductedomerete railroad
ties manufactured witfifteen (15) different reinforcement typesthe PClcertified concrete tie
manufacturing planfThese reinforcements had been stored in aHomidity environment since
the start of the projectr exred vearoe conge rnti ioal Iwyh
ties were manufactured in January 20Aigure9 shows he reinforcement storage containers
used to stor@lantPhaseaeinforcementLarge desiccant bags were hung inside thEggi(e9)
storage containers.

All pretensioned concreties were fabricated using the same concretéurexhavinga
wi/c ratio of 0.32), so the primary variable in this portion of the study was the prestressing
reinforcement type. Fifty transtéength measurements were attempted for each reinforcement
type, for a combined total of aggximately 750 transfeehgths. Latertwo of thecrossieswith
each reinforcement typgeresubjectedo in-track loading while twocompanion tieg¢thatwere
not subjected to any loadipgiere monitored for comparison.

The pretensionedoncretecrossies produced athe CXT concrete tie planhad al02-
inch ( 8660lgngthand were model 505S. These crossties hadiabla crosssectionwith
symmetry about the mitbngth of the tieFigure71 shows various views d@he crossties
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(@) (b) (©)

(d)

Figure71 Different views of a typicaCXT concrete railroad tie: (a) Isometric view, (b) Bottom view, (c) Top View, (d) Side Vv
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6.1 Reinforcement distribution across the tie crossections

Typical design for concret@ossies manufactured at this plasunsised oftwenty @0)
5.32mm-diametenndented wire. The «isting reinforcement pattern fahe crossties consisted
of twenty @0) 5.32mm-diameterprestressingviresasshown inFigure72. Figure72 shows the
reinforcemenpattern along withnominalwire positions at the end ofhecrosstie.

Intermediate reinforcemesntipports (custowire chairs)wereusedalong the bedo
maintain the specifiedire pattern(or distibution) as shown irFigure72. Figure73 showsa
customiichai usedduringthe manufacturing proceds maintainthe specifiedvire pattern.n
Figure73, numbers (1 throughO) represent the location of 5-82m diameter wires on one side
of the centerline (about the width of cresection). Similar number of wire locations are present
on the other side of centerline.

However,the selected group of 15 reinforcements includes(@h5/16inch-diameter 3
wire strand SC and two (2) 3/dnch-diameter #wire strand$[SA] and [SB])in addition to
twelve (12) 5.32nm-diameter wiresNote, the same forms and therefore the sarmmgssection
was usedor all fifteen (15)types of remforcements (wires and strandi).order to manufacture
concrete ties with reinforcemer({SA], [SB], and[S{) other tharthe normal 5.32nm-
diameter wiresthefollowing challenges wermcurredand successfullpvercome

1. Need to maintain approximatdlye samedotal prestressing steel area and prestress
force

2. Need to maintain approximately the same eccentricity of the prestressing
reinforcement for similar moment capacities

3. Need to utilize thexisting custonwire chairs to maintain the design pattein
other reinforcements

4. .Need to ensuresymmetric(sideto-side)pattern of the prestressing

reinforcement
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Figure72 Reinforcement design patteamdnominalpositionof 5.32mm-diameter wires (cross
section shown at thend of crosstie)
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Figure73 Customwire chairsto maintain the reinforcement design pattern

6.1.1 Reinforcement pattern for strands

The rumber of stranslused in the manufacture of the crossties sedsctedsothat the
total presressingsteel areavasapproximately equal to the original crosstie designed with
twenty (20) 5.32nm-diameter wire. In the case of 5/1.-diameter 3wire strandSC], twelve
(12) strands were incorporataddfor the3/8-in.-diameter Awire strandg[SA] and [SB]), only

eight (8) strands per crosstie were used
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Later, theexactpatterrs for the selecteg@restressing strandgasselectedsothat the
existing custom rebar chaicsuldbe utilized. Additionally, the selected pattern assuredhe
cente of gravityof theprestress forcevould be approximately equal to the original design.
Since he custom rebar chairs were originally designed 82-mm-diametemwires,
largerdiameterstrand did not fit properly into the designated areas. Accordirgldifference
in wire centroid at each Achairosposition res
1.) Difference intendondiameter (wire and strand)
2.) Offset distance between wire seatdtion and the strand surfa¢egure74).
St rand centroid of f s gRigure7b) avene calculated tacireargoratethed 0 v a
above mentioned two variabldscan be observed iRigure74 that the wire reinforcement
theoreticallyhad no offset, whereathe strand reinforcemeshad offsets betweerthewire seat
location and strand surfacé.ar i ab | e frigube74sdpresents thie affset distance

between wire seat location and the strand surface.

5/16-in. diameter 3wire 3/8-in. diameter #fwire

5.32mm-diameter wire strand strand

typical wire location in a
customrebar chair

T /g Fe

Figure74 Offset distance between wire seat location and the reinforcement surface

Prior to casting ties at the Tucson plant,itiddvidual strand centroid at eagbossible
support location oanexistingCXTwi r e Achairo was det enteni ned by
thesepossible centroid locations wewsed to determine the nomidatationsof the strandso

that the same approximate force aedtroid would be maintained.
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Distance between
strand centroido wire
seat

Figure75 Strand centroid offset from wire centroid

Figure76 andFigure77 show the strand p@trns used to fabricate crossties with 5416
diameter and 3fh.-diameter strands, respectivelihe strand patterswere selected sihat the
centroid of strand reinforcemewbuld beapproximatelythe same ashe centroid for wire
reinforcementsThetypical fichaid supporting 332-mm-diameter wires is shown Figure78. -
Figure79 shows an examplef the standard wirehairusedwith 3/8-in.-diameter Awire strands.

Figure76 Strand pattern for 5/1#. diameter 3 Figure77 Strand pattern for 3/81. diameter 7
wire strand wire strand
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Figure78 Wire fichairo supportings.32mm.
diameter wires

Figure79 Wire chair used to support
3/8-in.-diameter #wire strand
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6.1.1.1 Prestressingsteelcentroids for proposed strand patterns

FromFigure76 andFigure77, thestrand patterrutilized was significantlyifferent from
the typicalwire patternHorizontal line(yellow line)in Figure76 andFigure77 represents the
calculatedprestressig steel centroidcrom these two figures, ttsrand patterrécentroid are
approximatelythe same, and neargual tothewirep a t t reominatcentroid.

Table46 lists the calculatethdividual prestressingeel centroids for wire
reinforcementslong with total prestressing reinforcement centroid from the battofaceof
crosstie. Wherea3,able47 andTable48 presents reinforcement centroid values #d65n.
diameterstrand patterand 3/8in. diameter strangdatternrespectivelyFigure80 andFigure81
shows individual reinforcement eccentricitiesunded to the nearest 1/it6) for 5/16-in.
diameer strand pattern and 3i8. diameter strand pattern respectivétyplant dead end
assembly for various reinforcement patterns are showigure82 along with theoretical

reinforcement pattern.

Table46 Prestressing steel centrdat existing 5.32 mndiametemwires

Number of wireg )

n at each d*
numberedevel

10 2 6.5625
9 2 6.3125
8 2 5.3750
7 2 5.1250
6 2 3.9375
5 2 3.6875
4 2 2.7500
3 2 2.5000
2 2 1.5625
1 2 1.3125

‘ “number on custom rab chair(Figure73)
Andividual wire centroids from bottom of crosstie (i(F)gure72)

Total number of wires 20
Wire centroid from bottom surface of crosgfié , in.) =3.9125in.
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Table47 Prestressing steel centrda proposed/16 in. Table48 Prestressing steel centrda proposed/8in. diameter

diameter3-wire strand 7-wire strands
7 |atcadtieve] @ | ¢ | 7 |atcanioe] @ | ¢ |
10 0.604 | 0.499 - 10 0.65 | 0.55 -
9 2 0.177 | 0.072 | 6.240 9 2 0.26 | 0.16 | 6.157
8 2 0.405 | 0.300 | 5.075 8 2 0.55 | 0.45 | 4.930
7 2 0.189 | 0.084 | 5.041 7 0.2 0.13 -
6 0.193 | 0.088 - 6 0.25 | 0.15 -
5 2 0.240 | 0.135 | 3.552 5 2 0.29 | 0.19 | 3.502
4 0.212 | 0.107 - 4 0.24 | 0.14 -
3 2 0.250 | 0.145 | 2.355 3 0.30 | 0.20 -
2 0.215 | 0.110 - 2 0.44 | 0.34 -
1 2 0.174 | 0.069 | 1.243 1 2 0.2 0.10 | 1.217
12 = Total number ostrands = 8
3.918 = Strandcentroidfrom bottom surface of crosst@® ,in.) = 3.952
3.9125 =  Wire centroid from bottom surface of crossfi¢ ,in.) = 3.9125
0.0052 = Difference in centroidocation(in.) = 0.0391
-0.13% = Percentage difference = -1.00%

“number on custorrebar chai(Figure73, Figure76, andFigure?77)
SDistance between strand centroid to wire ¢@a) (Figure75)
YStrand centroid offset from wirentroid (ca-b) (in.) (Figure75)

Andividual strand centroids from bottom of crosstieselected pattern locatiois.) (Figure80, andFigure81)
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Figure805/16-in. diameter strand patteamd reinforcement eccentricities (cregction shown
at the end of crosstie)
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Figure81 3/8-in. diameter strand pattern and reinforcement eccentricities {®eatisn shown a

the end of crosstie)
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Cross-section for (20)
5.32-mm-diameter
indented wires

Cross-section for (12)
5/16-inch-diameter
strands

Cross-section for (8)
3/8-inch-diameter
indented strands

Figure82 Different reinforcement patterrend tendon anchoragesed (crossections are andof crosstie)
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6.2 Experimental setup in Plant-Phase

6.2.1 Prestressingbed and adjusting for different reinforcement stiffness

Pretensioned ancrete railroad ties witthe 15 different reinforcementis this project
were fabricated alongwithi es containing the tie manufactur
same prestressing he&ach of the prestressibgds at the CXT plant in Tucson, AZ had four
cavities and was 385.75 ft. long. Each bed could produce a total of 180 crossties at a time (4
cavities wide x 45 crossties long).

During the PlanPhase of this project, cavities of a given prestressingtesisted of
both regular crossties which were manufactured with standardrn8&iameter wires and
research crossties that were fabricated with the special project reinforcements. In all cases, the
research crossties were fabricated in one or two oatéties of the prestressing bédis is

illustratedin Figure83.

Project ties Project ties

Regular ties Regular ties
Regular ties Regular ties

Project ties Project ties

are

45 # of 8'-6" length Ties in each cavity

Figure83 Typical Prestressing bed with four (4) cavities during the Hidaise

6.2.2 Prestressing operation forreinforcementswith dif ferent Modulus of

Elasticity (MOE)

One of the kytechnicalchallengegluring the PlanPhase was the ability to
accommodate prestressing tendons with different elastic stiffness valuesyi@g) in the
same prestressing bed, since tensioning of atldauities was performed with the same
hydraulic jacksThe standard jacking procedure at the CXT ptamisisted of first
systematically remawng the slack from alBOwires (20 wires x 4 cavitiesand thergroup

tensionng all wires simultaneouslio thedesired pretension force
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The tensioning operation at the CXT plant utilized twdraulic jacks with equal
pressurghat were extended (while bearing against a common bulkhead) urittahdesired
jacking forcewasachievedThe fact that only twogckswereused to tension four cavities meant
that all cavities would have equal elongation, and not necessarily equaf tbecavires had
different MOE values. Thgckingelongationcalculations werdased orthe MOE valueof the
standardvires beingused at the plant (and in the middle two cavjties

This meant that if the special project tendons (wires or strands)highdea MOEvalue
than the standard CXT wirgthe project wires could be ovetressed to an unsafe level while
the CXT wires woulde undesstressed. Whereas, if the project reinforcemieatka lower
MOE than the CXT wires, thproject strands would be und@ensionecand standard wires
could be ovesstressed to an unsafe level.

Elongation of prestressing reinforcemeunting tensoningis a vital factoithat is
measuredh a tie manufacturing company ensure that proper tensioning has occurred along the
prestressingped length(385.75ft. in this casie PClrequires the measured elongattorbe
within 5% of the theoretical comped elongation§MNL-116-99, Fourth edition, 1999)

A strategic approach washptedto achieve theequired elongationf tendonsn each
cavity andtherebymaintaindesiredstresdevels inall reinforcementsElongation reqired for
each reinforcemdnype wascalculatedbased on the individuale i nf or c e-seetiomald s cr 0 S
area and MOlalue(fommanuf act urer 6s data sheartddshownuppl i e
in Table49. Note, wire WK wasnolonger availablesoC X T 6 s st a[Whjavasd wi r e
substitutedn this test serieDifferencesbetweerrequired elongatiofor the 15 project
reinforcements anthe elongatiorof the standard [WM] wiré31.4in.) was calculated and
also tabulated iffable49.
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Table49 Elongation calculations fatandardeinforcemen{top) and each project reinforcemedtsingPlantPhase

Targeted jacking force

for CXT standard wirgWM], P (b.) =

7000

PL 70001bs z 4629in.

=— = . —=3141In.
number of vires=s 20 1 AE 0.0347in2 z 2977z 106° pslI N
Total target jacking forc@b.) = 140000
Bed Length, L (in.) = 4629 RegularElongation(in) = 31.4
Modulus of Number of Difference in Dlﬁerer)ce n
. Area - . El ongat . Required
Reinforcement .2 Elasticity, E wires/strands ) Requred :
(in%) (x 10 psi) used (in.) Elongation Elongation to
b 9 Neares{(1/8")
A 0.0347 29.70 20 314 0.0 0
B 0.0345 30.51 20 30.8 -0.6 -5/8
C 0.0341 28.40 20 33.5 2.0 2
D 0.0352 30.12 20 30.6 -0.9 -7/8
E 0.0345 28.57 20 32.9 1.5 14/8
Wire F 0.0345 29.00 20 32.4 1.0 1
G 0.0346 30.30 20 30.9 -0.5 - 4/8
H 0.0348 29.87 20 31.2 -0.3 - 218
I 0.0336 29.00 20 33.3 1.8 17/8
J 0.0350 28.60 20 32.3 0.9 7/8
L 0.0346 29.48 20 31.8 0.4 3/8
A 0.0850 29.00 8 32.9 1.4 13/8
Strand B 0.0850 2900 8 32.9 1.4 13/8
C 0.0582 29.00 12 32.0 0.6 4/8
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Prior togrouptensioning withthetwo largehydraulic jackstheinitial slack in each
tendonwasremoved bypulling each wireto approximately1 400 poundseachand then releasing
this force It wasduring the initial tensioning stage that #lengation differenceflable49)
were compensatealith speciallyfabricated shinplates Different shim plate designs were used
to accommodate the different reinforcement patternthfowires and strands. The taifferent
types of shim plates used during PlantPhaseare shown irFigure 84 andFigure85. Shim
plates like the onshown inFigure 84 wereused for wire reinforcements. Wherebgjure85
shows the shim platgpe that was used fatrand reinforcements.

One or multiple shim platesere utilized(depending on ththickness required to ensure
correct elongationin the increments af/8-in. Adjustment in elongatiowasachievedduring
theinitial wire tensioningoy using a special jacking plate that Hadr (4) oneinch-diameter 14
threadperinch (TPI) bolts(one in each corner of the epthate. The jacking platevas located
at thedeadendof the bed The $iim plates were needed to proviagequatdearing area, since
the four(4) screws could not support entiré0,000poundload. Figure86 shows these four

jacking crews in action.

Figure84 Shim platesised withwire reinforcements
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Figure85 Shim platesised withstrand reinforcements

Figure86 Special jacking plate witroir 1-inch diameter 14 TPIdits
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