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Executive Summary

This report summarizes work that is part of a larger project funded by the FRA titled
AQuanti fying the Effect of Prestressing Steel
Pretensioned Concreer o s st i es . 0 The project has the fol

Laboratory Phase
1) Pretensioned Concrete Prism Tests
2) Un-Tensioned Pullout Tests with Mortar
3) Tensioned Pullout Tests with Concrete
4) Precise Measurements of the Reinforcement andhtri@eometry
5) Performing Load Tests On The Prensioned Concrete Prisms

Plant Phase
6) Automated Device for Transfer Length Measurement
7) Measuring Transfer Lengths of Concrete Crossties at the Plant
8) Un-Tensioned Pullout Tests with Concrete

Joint Research Activities
9) Evaluation of Ties Installed in Track

The work presented herein specifically covers ta3kRrétensioned Concrete Prism Taesénd
task (7)Measuring Transfer Lengths of Concrete Crossties at the Plant

Summary fronlLab-Phase

During the LabPhaseof this study which measured transfer lengths of prisms cast with nineteen
(19) different reinforcements, the following conclusions can be drawn.

1 The transfer length is highigependent oboththe reinforcing typgwire or strandjand
theindentation pattern.

1 Thirteen(13) different 5.32nm-diametemwiresweretested in Group | of LaPhase had
average transfer lengths that varied between 7.4 &idriches, with the lowest transfer
|l ength corresponding to the spiral wire #fA]
correspondstothe@ ot wi re A[ WL] 6. The average trans
the first phase was 16.3 inch.

1 For the 5.32nm-diameter wires, wires with chevron indentations, diamond indentations,
and spirals bonded better than the smooth wire and wires wighdped indentations.
The fact that the-Blot wire did not bond as well as the smooth wire revealed that the



actual surfaceharacteristics can have a significant effect on the bond of wires with
minimal indentations.

Among the stranedreinforcements, higher transfer lengths were observed in the case of
7-wire strands when compared tav@e strands.

The smooth v i r e-di@&met8r@[SA]) had slightly better bond characteristics than the
indented Aw i r e -di@met@réstrands [SB], which was from the same supplier.

general finding related to indented stands is that although indentations serve to improve
bonding of the strads, the indentations of the strands evaluated a@rsufficiently

deep and/ or fAcrispo enough to pwerglgitde bet't
surface rusting.

The concrete compression strength at the time of prestress transfer (relead® ssrangt
primary factor influencing the transfer length in pretensioned concrete members utilizing
both wires and strands. A consistent decrease in the transfer length was observed for both
wires and strands when the release strength was increase frops3s®@500 psi. This
decrease in transfer length averaged 23.0% for wires and 21,9% for strands. Additionally,
the increase in release strength from 4500 to 6000 psi resulted in further reduction in
transfer length. This average reduction was 12.4% farsnand 21.0% for strands.

Limited tests that were conducted with wis&F] indicate that increasing release strength
beyond 6000 psi will result in still further reductions in transfer length.

A simplified expression was developed, based on the resuiislfalbPhase prisms and
ASTM A1096 pullout test results, that can be used to predict the transfer length in
members utilizing 5.32nm-diameter wires. This expression, presented below, had a
coefficient of determination, Rof 0.954 when compared to altisfer length data from
Lab-Phase prism tests with 5-82m-diameter wires. The expression is:
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TL = Transfer length in inches
"Q Concrete compressive strength atteesioing in psi
A1096 value = ASTM A1096 pullout value-&pecimen average) in pounds

Thus, a desired transfer length may be achieved by selecting the appropriate combination
of reinforcing type and release strength.

Prism tests conducted at different conergtimps during group 1l of the LadBhase
revealed that the consistency of the concrete mix do not have a statisigaificant
effect on the transfer length when the w/c ratio was held constant at 0.32.

No significant difference in transfer lengtfasvobserved with the variation of w/c ratio.
The selected wi/c ratios in the present study were 0.27, 0.32, and 0.42.

Similarly, the presence afviscositymodifying admixture YMA) in the concrete
mixture did not result in a significant variation inrtséer length.



T

Prisms cast with MixDesign #2 anavire [WH] resulted in severe cracking (longitudinal
splitting along the wires) upon detensioniripwever, prisms cast witklix-Design #1
and wire [WH]hadsplitting ononly a few occasionsFrom these redts, it is evident
thatboth the wire indentation type and concrete coarse aggregate s@myqday a large
role inthesplitting propensity of pretensioned concrete railroad ties.

Summaryfrom PlantPhase

T

The two fabricated LSI devices allowedncrete surfacdisplacement measurements to

be made at a much faster rate and eliminated the human errors associated with the
traditional Whittemore gage method. The LSI method of measurement allowed for the
determination of transfer lengths at many tawas along the prestressing bed with

minimal interruptions to the production cycle. Hence, this same system could be utilized
in quality control programs at concrete crosstie plants.

Transfer lengths tests performed during {Rtkase (Group | prisms) hadcellent

correlation with PlarPhase transfer lengths. A coefficient of determination of R2=0.858
was observed between the equation developed fronPhake data and PlaRhase

results when all 12 wire reinforcements aresidered

The laboratory prissy when cast with a similar concrete mixture, were able to accurately
represent the behavior of the prestressing tendons when utilized to manufacture
pretensioned concrete crossties. Therefore, in the future, the bond performance of a new
reinforcement irpretensioned concrete railroad ties could be determined by measuring
transfer lengths on similar prisms using a representative concrete mix.

Additionally, these smalscale laboratory prisms would also provide an economical

option for the tie manufactumnindustry to select the proper combination of prestressing
tendons and release strength to achieve the desired transfer lengths. Essential information
obtained through laboratory tests can also be utilized by reinforcement manufacturers to
establish thedctors (such as indent type, drawing lubricants, etc.) that effect the bonding
performance.

Summary fronLongTerm Study d Plant-ManufacturedConcreteTies

T

In the present study, the largest transfer lengtreas® was observed during Stage I,
which was the time after fabrication and installation in Traldkis initial higher TL

growth is observed without any loading. Transfer length increases were minimal at the
| at er st ag emrked tes uljectedacirack [dauling. Hence, it can be
corcluded that the majority of transfer length increase occurs during the first year after
fabrication and is primarily timdependent and climatependent rather than lead
dependent.

Recommendations

T

It is highly recommended to perform laboratory prism testvaluate the bond

performance of the prestressing reinforcement that is selected for pretensioned concrete
tie production. These prism tests should be conducted with the same concrete mixture and
detensioning strength that is going to be used foctrerete tie production.



1 Frequent prisms tests are recommended to evaluate the influence of any changes
occurring in the manufacturing process (such as changes in concrete materials,

prestressing tendons, etc.).

1 Transfer length measurements, without intpting the production process, can be made
using the LSI device and would enhance the quality assurance of concrete tie production.



Chapterl | nt roducti on

Prestressed concrete railroad ties are becomorg popular sia suitable alternativi®
wooden ties in the United States. This preference to prestressed concrete ties is given due to
various factors like durability in severe weather conditions, efficiency to carry heavy railroad
cars, longer servicéé, 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 throughdhbeir 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 membke, length required to transfer the effective
prestressingorcei nt o t he concrete member(TL)(lsaardeeal.,i ned as
1963) For prestressed concrete ttehavemaximum flexural and sheaapacity athe railseat
location the prestressing force must be fully transfetoethe concrete at a locati¢imat 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,is essentiathat the transfer lengib significantly shorter than
21-in for the ties to havéheir full capacityat the railseat location
To ensureghesetransfer lengths, it is crucial to have good bond between the prestressing
reinforcement and thsurrounding concretBor 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 manufacturersyjdhesally understooithat
these wiresichieveshortertransfer lengths due to the presence of indentations; howeaviee 3
and #wire stranchave also been successfullyed with nominal diameter less than-Br8
(Hanna, 1979)Further, tense stresses can be avoided during the prestressing transfer by using
smaller diameter strands/wir@€aar, et al., 1975)
While it is generally accepted that indentations in the wires improve the bond between
the steel and concrete, there is currently not a standardized indentation pattern (shape, size, depth
of indent, etc.) that is utilized by all wire manufacturers. Thus, thegponding bond behavior
of these different wires when placed in various concrete mixtures, in terms of average transfer

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 to
reinforcement indentations, concrete consistency (slucop)pressive strength at the time of
prestress transfer (reélse strength), the watt-cementitious\/c) ratio, aggregate type, and the
presencef viscositymodifying admixture (VMA).

Further, information about the transfer length variation with concrete variables is
essentialsinceindividual tie manufacturerilize different concrete materialslnderstanding
the effect of these variables transfer length can lead tbee t t er fApernagd ineted e(dc onc
tie) that ensures safety at an economical.cost

Results from comprehensive experimental wibik wasconductedat boththe Kansas
State Universityaboratories and at a Precast/Prestressed Concrete Institute (PCI) certified Tie
manufacturing plant are presented in tieisort Transfer length results from laboratqmysm
tests are compared to transfendthresultsin actual concrete ties that warenufactured at a
PCI certified plant. Correlation between laboratory transfer |lerggihitsandPlantPhase

transfer lengthliesultsdemonstratéhe efficacy of the small scale experimental tests.

1.2 Objective

The objective of the present research iguantifythe effect of prestressing steel and
concrete variables on the transfer lengthretensioned concrete railroad tidssystematic
investigaton ofthe factors affecting this bond performaigessential tonderstandhe transfer

length variationsThis work was conducted in two phases: a laboratory phaseRiadt®hase

1.2.1 Lab-PhaseTransfer Lengths from Pretensioned Concrete Prisms

Pretensioned concrete prisms were cast in a controlletbemnt at Kansas State
University (KSU) laboratories to evaluate the variation of transfer lengthdifidrent
parameters;einforcement indentati@ concrete consistenayoncreterelease strengthy/c
ratio, aggregate type, and the presence of vitgeordifying admixture (VMA) These prisms
were designed to have a prestressing steel spacing and overall ctostetd ratio that is
representative of pretensioned concrete railroad ties. The intension was to evaluate and quantify
the influence of ezh individud variableon transfer length.

The effect of reinforcement indentation was studied by evaluating transfer teaglts

of prisms cast witldifferent reinforcement types utilizing the uniform concrete mix proportions.
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A consistent concrete mixas produced with watd¢o-cement ratio of 0.32 for thigroupof
prisms.Transfer lengths were measured on prisms castnwitteen 19) different
reinforcement types that aeenployedn concrete railroad ties worldwid&hese reinforcements
were obtaned fromseven 7) different manufacturers with different indentation types. This
allowedtheresearchessto quantify the various types of reinforcement indentation geometries on
transfer lengthAdditional Lab-Phasealetails are discussea Section5.1

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

the selected concrete variable &eeping allother variablegonstant

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 ties. Astdf
fifteen (15) diffeent reinforcementypesthat wereemployedn Lab-Phasavere chosen to
fabricate pretensioned concrete ties avéireeweek periodFifty (50) different transfetengths
(occurring at both ends of 25 tiesgredeterminedvith 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 reinforcement type. In
plantconcretesurface strains wergeterminedy utilizing both amechanical gage andio
automated lasespeckle imaging devices. Later, long term study was conducted on plant
manufactured crossties which were cast exclusively to utilize the mechanical strain gage system.

For the longterm study four concrete ties were cagith each reinforcement type far
total of 60 concrete tiesThus, aotal of 120 transfer lengths were determined using this method,
8 for each of the 15 different reinforcememtsnong the four tie$or 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 théorassnserts(that were cast intthe bottom surface of the t)fsom surface

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



subjected to any loadinddditional information regardinthe experimental procedwatilized
during thePlantPhaseare presenteith Chapter 6

Transfer lengths fotoncrete ties manufacturedthe plant wereusedto determinghe
possiblecorrelation of theesults obtaineduringthelaboratory phasand to evaluate the
validity of laboratory prismsgestsin predicting tharansfer lengthshat would occur in actual
concrete tiesFinally, the possibleincrease inransfer length due t@peatedn-track loading was

investigated.

1.3 Scope

A detailed investigation about tipessibleinfluential parameterghat characterize the
transfer length of a pretensioned concrete tie was carried@lfoeispecific parameters
investigated in this study inalled theeinforcement indentati@y concrete consistency, release
strengthwaterto-cementitious (w/cjatio, aggregate type, and the presence of viscosity
modifying admixture (VMA) Quantifing theeffect ofeachindividual parameteon transfer
lengthwas achieved by systematic variation of the mix design and reinforcement type

Further, experimental investigation conductetlabh-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 Report

Chapter Zoresentshe previous related reseanértaining to transfer length
determination in pretensioned concrete railroaddredosely relged fields. This review helped
theresearcherto predict the parameters that may influence the transfer length. This review
about the previous research enhancesabearcheiss knowl edge about appro
research problem statement in a chronoldgieguence.

Chapter Jresentshedifferent materials used in this research progfemmcrete
materials and reinforcemergtlong with theiracquisition storagem the laboratoryand naming
conventions used\dditionally, it discusses the established concretedesignsduringLab-
Phaselt also emphasizes the similarities betwaetualplant mixdesign and lab migesign

Chapter 4describeshe experimental setp utilized to castthelaboratoryprisms, various

prism crosssectionsemployedfor different reinforcement sizes to represent the real concrete tie,
4



different equipmentitilized during the testing procedure, prisms casting procedure and the
approactusedto analyze the results.

Chapter Hiscusses 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 adapedatole to quickly and accurately
determindransfer lendts. The chapter explains how the surfatein measuremenigere
determined from both ani@ch mechanical gage (Whittemore gage) and from acootact
laserspeckle imaging (LSI) device. Finalljis chapter provides the details abspécial
surface preparatiaemployedfor theconcretecrossties installed ithe track.

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

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



Chapter2L i t er ature Revi ew

This chaptepresents therpvious related research pertaining to transfer length
determination in pretensioned concrete railroad ties or closely related fields. This review helped
theresearcher® predict the parameters that may influence the transfer length. This review
about tle previous research enhancesrdsearcheiss knowl edge about appro

research 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 theitdd 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 between 1893 and 1930. During this period, 60
concrete design types wengperimentally 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) expensive compared to wooden crossties. Availability of sufficient
guariities 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 theinvolvement 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 antbadtests were conducted. Desigrguirements 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 followed by the tests. Static

and repeated load testere 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, wooden railroad 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 advantages. These advantages with concrete railroatthiekei 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 are two predominant materials to produce raileegersAnalysis
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
environmental impaciTwo materials studied by ttaithors are as follows:
1 River Red Gum (Eucalyptus Camaldulensis), untreated
1 Reinforced concrete
1 Eight scenarios were studied for both concrete and wooden sleépsgahouse gas
emissions were determined in terms of carbon dioxide equivalentdlC®@hs study
presents the emission data 1@0-year life cycle fomore tharonekilometer lengtiof
track. Theauthorsfound that the utilization of wooden sleepers can rasiiligher emissions
(than concrete sleepégrf®r up to two to six times.
1 Few waydo 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 materials rieegi to produce sleepers, utilizationremoved

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. Vibrations were measured on sleepers installednbsitiaight track and curved
track. Four different comparisomgerestudied are follows:

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



1 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 sledfmargils, 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 sleers installed in curve sectisacorded accelerations around 30 m/s2
which is greater than straight slBro/$2iPeakh wooden
accelerations values for curve section wooden sleepers w&@bbigher than straight seatio
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
section.Slight higher values were observed in wooden slegpstalled in straight section
However, the difference in behavior was obsefyetlveen wooden and concrete sleefdete
to stabilityof concrete sleeperibadingin concrete sleepergeremore defined 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 concretieapers 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 sledpemdifférence 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 recommendabns

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 transtg early 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
compresive strength of the concrete at the time of prestress transfer is 4(@Blaupsa, 1979)
Following guidelines are given to produce satisfactory concrete strengths witthiagez
durability

1 Course aggregate sizelimited to ¥zin.

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

1 Limit watercement ratio to the maximum of 0.40 with-airtraining admixtures and

achieve proper consolidation during casting.

1 Modified curing techniques to increase the strength gaining rate

High strength 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 reinforcém®/Btn
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 reforcement is achieved 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 prestrezsiagéar to the tension
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 tiesveebeen utilized sincthe development of concrete ties.
Prestressed monoblock, prestressediieack, reinforced tweblock, and longitudinal concrete
ties were few types among the concrete tiBgical twoblock and monoblock concrete ties are

shown inFigurel.
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Figurel Types of concrete tigglanna, 1979)

2.4.1.1 Fabrication methods

Prestresed concrete crossties are fabricated either byepsgining or by préensioning.
In the case of preensioned concrete tiaginforcing tendons are tensiongdor to the concrete
beingcast. Later, afterconcretehas 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 tlspecified
compressivetrength and the pstressing force is transferred through-bedring.

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 areed 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 completiotenfspraing
operation, concrete is placed on the formes®essing 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 possibility to move in longitudinal
and transerse 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 perform the giensioning 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 intpnsioned concretmembers. This theroy is
popuraly known as fAHoyer Effecto.

Upon pretensioninghe diameter of the prestressing reinforcement will reduce due to
p oi s s o nAfterthe ommetian of prensioning process, concresecast and cured to the
required stength. 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 will try to expand to régainginal 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 betweenancerete 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 certain length after
which it reaches aonstant value. During this process, diameter of the reinforcement varies as

shown inFigure2.
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(a) Reinforcement in the concrete after the transfer of prestressing force

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

2.6 Effect of diameter of prestressing reinforcement on @nsfer length
results

Various prestressingndondiametersareusedin 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 (1972), transfer length of pretensioned member is related to
the diameter of the prestressing reinforcement. Various tests were conductedutdingising
5-mm-diamter wire reinforcementsA de-mountable medmical DEMEC) 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 f@gearchesswere obtained 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 reinforcementsreve

carried out at concrete strength varying from 270 to 550 Kg/Bests 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 lygéh and Rehm at
different; concrete strengths varying from 160 to 340 k§/gmestress 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 were visited 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 stnemgfimg from
158 to 435 kg/crh Concrete specimens were fabricated using Belgian pattgypeBndented
wire. All these test data were summarized to establishréiationship between transfer length
and diameter. In the case of wire reinforcemerggdhowing relationship was obtained as
shown in equatio®.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 .

|, =100d 2.1)

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

diameter reinforcement is given by equatib@.

|, =120d 2.2)

From the summarized test data, transfer length expression for strdiagheters 9.52,

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 reinforcementeduis surf ace

Various studies have beeaonductedo evaluate the influence pfr e st r essi ng
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 experimeoits108 pretensioned concrete
members andrewimportant conclusions for concrete railroad ties. In this experimental
program, three types of strand surface conditions were used with two differenpftyppestress
release methods. Additionally two diféait cements were used during the experimental program.

Various conditions used during this experimental program are tabulafedblel.

Tablel Variables considered during the experimental program

Variables Evaluated Conditions
Smooth
Surface Condition Lightly rusted
Sandblasted

Sudden release
Method ofPrestress 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 fabricatieding each 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 de¢ensionng measurements of surface displacemergasuredisinga 1Gin.
Whittemore mechanical strain gage. A total of 76 transfer lengths were measured in this study
for thedifferent conditonsnotedin Tablel. Average transfer lengths obtained during this study

with different conditions are tabulatedTable2 throughTale 4.
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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 release

23.9

Sudden release

29.4

Tabe 4 Transfer length results with different cemgpes forspecimens fabricated with smooth
strand and sudden prestress release method adapted.

Cement Type Average Transfer Length, in.
Type Il 29.4
Regulatedset 18.8

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

FromTable3, gentle prestress transfer method resultsetter bond performance over
the sudden prestress transfer metlsdmTalle 4, concrete produced with regulatsdt cement

resultsin significantly-lower transfer lengths over concrete produced with Type Il cement.
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2.8 Effect of release strength on transfer lengthmesults

2.8.1 (Kaar, et al., 1963)

In this studytheauthors investigatd the influence of release strength on prestress
transfer. Tests were conducted on four differentirg strands to investigate the transfer length
variation due to concremmpressivetrength.The dfferent strands utilized in this studhad
diameters of 1/4, 3/8, 1/2 and 0.6 Rectangular crossectional concrete members with
different release strengths were cast with tistéseds Release strengths investigatedhe
study were 1660, 2500, 3330, 413add 5000 psi. Crossectional dimensions for various tests

are tabulated ifableb.
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Figure3 Strand patterns for different release stren@itaar, et al., 1963)
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Table5 Crosssectional dimensionsf test specimen@aar, 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| 23/16| 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, 26004 B30, 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 agspia2in. center to 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 lgss1 10in. Distance between brass disks were measured
prior to the prestress transfeanmediately 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 taken before prestress transfer and at a given age after prestress transfer.

Forthe1/4, 3/8, 1/2 and 0.6 wdiameter strandsherewas not a consistemairiation in
transfer length observed with the increaseancreterelease strength. H@wverthe 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 increase in transfer length did not
depend on the magnitude of release strength. From the studies conducted, an average of 6%

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

Mitchell et.al (1993xonductedests to evaluate the effect of release strength on transfer
and development lengtlas members cast with three different strand siz&sir§ 1/2in, and
0.6-in. The concrete strength at-tensioningranged from 3050 to 7250 psi. Later these concrete
specimens were tested, at@ays, at 4500 to 12900 psi.

Table6i Test Parameters

Strand StrandUltimate

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

Transfer lengths were evaluated throsghface displacement measuremexttthe level
of prestresseinforcement. Gradual prestressing method was adapted during this experimental
program. For each specimen, surfdsplacemenieasurements were recorded 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 strength at prestress transfer was increased from
3000 psi to 7310 psi. Average transfer lengths for lower compeessengthsvereobserved to
be 53d, 55d, and 49dfor the strands 3/8 in., 1/2 in., and 0.62 in. respectjweiye r @0, i fisd
the diameter of the prestressing reinforcement.

Mitchell et. al (1993) also explained that
also associated with highktodulus of Elasticity lower creep strains and small shrinkage
strainso and duterm basses willibesreducedasdf@thighér pemcgntage
of prestressing force can be retained in the membeeresearchessproposed the following

equation for transfer length:
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Chapter3SMat 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 worldwideThe reinforcements were obtained and donated to Kansas State
University (KSU) by LB Foster/CXT Concrete Ties (CXAmong these nineteen different
reinforcements, thirteen (13) of themere5.32mm-diametemwiresandthe remaining six (6)
werestrands. Allwireswerelabeled from [WA] through [WM]sequentiallybased on their date
of arrivalat the KSU laboratorySimilarly, strands are labeled from [SA] through [SHie
seven differensteelmanufacturershat producedhereinforcemerd were alséabeledf r om A Ao
t hough AGO. This gener iwasatlaptbddihsicadgioidmg t he r e
manufacturing information), to avoid any misusage of the data.

All of the reinforcementeerelow-relaxationtype, Grade 27(ksi steel. Onef the
thirteenwires wassmooth (i.e. no indents) atige remaining twelve wirewere indentedAll
thirteenwire reinforcements types are showrfigure4 (Arnold, 2013) Strands are further
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 propertie®f 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,
Manufacturer 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

§ 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, 5.32nm 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, #wire | 23,661 278.4 0.0850 29,000

* E [SB] Indented, 3/8nch, Zwire | 23,793 279.9 0.0850 29,000
_c% E [SC] Smooth, 5/1@nch, 3wire | 15,871 272.7 0.0582 29,000
& F [SD] Indented, 3/8nch, 7wire | 24,630 288.1 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
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Figure5 Various strand reinforcemergmployedn thepresentesearct{Arnold, 2013)
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Figure6 Closeup view of wire specimen@rnold, 2013)
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Figure7 Closeup view off strand specimeiiarnold, 2013)

24



3.1.1 Reinforcementsurface conditionpreservationduring Lab-Phase

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

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

prestressing operatioRigure8 shows the reinforcement storagetet KSU laboratoy.

Figure8 Preservation of reforcement at KSU laboratori¢arnold, 2013)
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3.1.2 Reinforcement employed duringPlant-Phase

Prestressing reinforcement employed during plantLafePhase were obtained from
the same sourggnaster coil) The master coils weifest shipped to the CXT Concrete tie
manufacturing facility influcson AZ and stored in speciatoragecontainers Figure9 shows
the reinfocement storage containers used to dfoeanaster coild.arge desiccant bags were
hung inside these storage containers to provide thdnlonidity storage environment. Prior to
storing the coils, approximately 10®0long pieces of each reinforcemenpéy(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 tubigsii(e8).

RICHIE

Figure9 Reinforcement storagmntainersised to preserve the reinforcemsutfacen the
asreceived 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 cement was used in this study and stored inside the laboftonyerature
controlled)before its usage for castingarly strengths were achieved by employirypd 11|
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 used.

Table8 Type Il cementomposition and potential compounds inBtolste, 2014)

Silicon dioxide 21.8
Ferric oxide 3.4

Aluminum oxide 4.27
Calcium oxide 63.2
Magnesium oxide 1.95
Sulphur trioxide 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 Are&cn?/g) 5590
Tricalcium silicate(CsS) 49.2
Dicalcium silicatg(C.S) 25.3
Tricalcium aluminatgCzA) 5.6

Tetracalcium aluminoferritéC4sAF) 10.3
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3.2.2 CourseAggregates
Threedifferenttypes ofcourse aggregategereemployedn thepresenstudy.These
were given the names CA#1 through CA#3 as explained below.
CA#1 = a No. 57 crushed gravel frofacsonAZ( 78 . 1 % r et ai ned on
CA#2 = a crushed gravel froffucson AZwi t h 100% passing the
CA#3= a | ocal pea -sigedaggeedatewi t h | 0 max
All aggregates were ovedfried prior to using, to ensure uniformity of the concrete mixtunes.
the subsequent parts of threport A CA# 10 and /A GoAdpesent#bi7r ant 3/ e u s e
inch course aggregates respectivelyo ¢ a | pea Gravel i's represent ec
At the time of this studyCA#1 and CA#2vereutilized by the CXT plant ifucsonAZ and
weretypically blended together in the samexture Representative photos of these two
aggregates arghownin Figure10. A representative photo @A#3 is shown irFigurell.
Gradationdor course aggregates; CA#1, CA¥20#3 aretabulatedn Table9, Table10, and
Tablel11respectively

3.2.3 Sand Fine Aggregate
A locally-availablenatural silica sandrasemployedfor the researchl his wassimilar to
the fine aggregate utilized at the crosstie manufacturing [@aetxdried roomtemperature
sandwas usedhroughout thé.ab-Phasdo maintain the consistendy.F A6 wi | | be used
represent fine aggregate in the rest of teort Figure12 shows a representative photatoé
FA utilized in duringLab-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 (CourtegfCM Inc.)
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Figurel2 FA utilized in the present study (Courtesy Joey Holste)
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Table9 Size distribution for CA#1

CA#1
(Holste, 2014)

Sieve O(?T?r?:)n 9| % 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

Tablel1 Size distribution for CA#3

CA#3
(courtesy Jan
Vosahlik)

Opening

Sieve (mm) % 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

Tablel10 Size dstribution for CA#2

CA#2
(Holste, 2014)

Sieve O(?T?r?:)n 9| % Passing
3/8-in. 9.51 100
#4 4.75 25.6
#8 2.38 0.5
#16 0.599 0
#50 0.297 0

Tablel12 Size distribution for FA

FA
(Arnold, 2013)

Opening

Sieve # (mm) % Passing
4 4.75 95
8 2.38 80
16 1.2 50
30 0.599 25
50 0.297 12
100 0.152 2
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3.2.4 High-range water-reducing admixture

In order to achieve the desired concrete consistendissswith low watesto-
cementitiougw/c) ratios,researcheresmployedigh-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 RW. R. Grace & Ca.Conn., 2007)

3.2.5 Mix-designduring Lab-Phase

A controlled mix proportioning wasnsured to maintain uniformity tfieconcrete
mixturethroughout the_ab-Phaseportion of this studyConcrete for pe-tensioned concrete
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 athe 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 source oftourse 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 I
cement, water, anDVA CAST 530admixture. Water content Mix -Design #1varied
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
concree prisms. This assisted thesearcher® quantify the attributed variation of transfer
length due to change/c ratio.

The uniformity of the concrete mix washieved though thdilization of samesourceof
aggregates (both course and fine), cemeatt,aamixtureMix proportions forMix -Design #1
andMix-Design #2aretabulated inTable13 andTable14 respectively Admixture quantity for

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

Material Quantities Quantities
er er

type 10 16 10 v

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 0z

Table14 Concrete mix proportions favlix -Design #2during Lab-Phase

Material Quantities Quantities
type per per
1.0 ff 1.0 YcP
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.
W/C 0.32 0.32
HRWR varies (912) fl oz | varies (243324) fl oz
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Figure13 Concrete Mixer used during theb-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 tAmntPhaseThe main difference in mix designs between the
Lab-PhaseandPlantPhasewvas use of aientraining admixture for thelart-Phaseconcrete
mixture, and also the source of the Type Il cement used.

ThelLab-Phaseexperimentenabled veryight control of the concrete mixture properties
andthe compressivstrength at déensioning whichallowed 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 menmp aiblPé at e

This chapter explains ¢hexperimental seip used tocastpretensioned concrepgisms
duringLab-Phaseand thevarious prism crossectionautilized with different reinforcement
sizes to represent tibehavior in actuatoncretecrossties. It also details théfdrent 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 laboratory phaspretensionedoncreteprisms were designed to have a
prestressing steel spacing and overall condesteel ratio that is representativecofrently
producedpretensioned concrete railroad ti€he prism crossections each contained four wires
or strands, and thdimensions were chosen to maintain the sapproximatdendon spacing
and reinforcementio-concrete proportions as typical gensioned concrete railroad ties. This
required that the overall cresgctions be changed with varying tendonsiZée thregrism
crosssections that weretilized for different reinforcement sizes during the leddory phase are

shown inFigurel14. All prismshad a 69nch overalllength

35



2
]_H
8
l"
37
] %
& & 1
5_"
. . 4_" 2
3l" 2
LS
Z}S.B 2-mm-diameter (4) 5/16-in. diameter (4) 3/8-1n. diameter
indented wires strands strands

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 assemblplong withthe mechanicafjearjack. Tensioningof thesteelprestressing
tendondook placeat thisend ofthe t eel fr ame end and is called
endi s cal | ed TlhielnekmgfrarBenmddattached to the existing prestressing bed.

Additionally, for explanation purpose, left sidelsdd, when viewing from the live end
towards thedead endisdenotedi Si de A0 a n d dendtedi SriidgBhuriBgdhe de i s
prestressing operationvitasvital to measure the amount of prestressing fof@achindividual
wire/strand and twerify this prestressing forca 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/strandpt theLive End(refer toFigurel5).

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

Figurel7 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 adjusted while monitoring the load cell at the opposite end of
the tendon to ensuthe precise initiaprestressing forcelt was most important to ensure that all

tendons had the same initial force (x20 pounds) rather than the exact value. Therefore, the initial
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tensioned was typicallgetween 40600 pounds, but with each tendonte same valug:20
pounds) before tensioning with the mechanical gear jack.

Figure18 showsa schematic diagram of prestressing beddduring 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 tgecure the loadell assembly to
thedead enaf thesteel frames shown irFigure18. This pinensuré equal tension in the
prestressing reinforcemeduring the group tensioningperation.

Theforce measured through each load welb output to the santkgital display as
shown inFigurel9. In Figure19 Cell#1 through Cell#4 represent the prestressing force in each
individual wire/strandneasured at th@ead enaf the bedandthe algebraisumof these
individual forceds displayed a8 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 assemblyabricated during laboratory phase
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Figurel6 Four (4)individual load cells mountedt Dead end

Individual screws to adjust prestressing force
in each remnforcement

Figurel7 One individual screw for each reinforcement to adjust the magnitude of th:
prestressing force
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Live end steel frame

mechanical gear jack for prestressing
operation

Load cell onive end

Prestressing chucks to hold prestressin
force and four individual screws to adjus
prestressing force

: / Prestressing wires/strands

Four load cells on dead end

|§J Dead end steditame

/

,3'// Pin on dead end to ensure equal tensiol
- during live end rotation

Figurel8 Prestressing bed schematic diagramab{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 bofeéd by the formwork preparation prior to

concrete pour.

4.2.2.1 Prestressing operation
A 20-foot-long prestressed bed KSU laboratoriesvasutilized for the prestressing
operations and to cast three (3) prisiusingeach pour. It is vital to apt proper sequential
steps to achieve safe prestressing operdafioa.following steps were followed prior to each
pour.
1. Ensure proper condition of prestressing ctsugkdspray the inside of the chuck barrel
with a dry film graphite lubricarat least 15 minutegsrior the usage.
2. Make sure théndicatedvaluesfor each load celvere atzeroprior tostarting
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3. Four reinforcementendonswere removed from theVC storag tubes and placed dhe
cleaned prestressing bedhe chucks atothends(live and dead endyere secured for
tensioning

4. Prestressingendonswvere initially tensioned to 500s. each and at this stage, any
differences in the forces weagljusted usig the bolts irFigurel7to ensure each
wire/strand hd nearly equal pretensioning force.

5. Using the same mechanical jacking system, all prestressing tendons \seredénahe
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 ikigure 20.

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 Figure21) 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 tomeasurecorcretesurfacedisplacements to obtain strain profiles
Detailed procedure and discussion about suid&mEacemenmeasurements will be presented in
section4.4.2 For each concrete pour, three (3) prisms were cast and formwork was atiraaged
line for all these prismsA typical finished formworkor one prisms shown inFigure23. Upon
the completion ofheformwork, poly tarp sheets weptacedon both sides(of the formwork)to

keep the prestressing bed free from conaet@lueduring the casting process
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Figure 20 Prestressing beafterthe completion of prensioningoperation
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Figure21 Threepiece pism endformswere 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 prismig@ble15 shows the
experimental prograrest matrix Entire Lab-Phasas divided into different groups for the
explanation purposemdeach groupwith the corresponding objectivare tabulated iffable
16. Each group was selected to investigaterfiaenceof prestressing and concrete variatias
transfer length variatiortheintentwas to evaluate the influence of individual parameters.
Severalof theexperimentatests wereepeatedn different groupsn order to confirm the

individual prestr essi ngondrandfer termgth variatidne v ar i abl e
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Table15 Prisms test matrix duringab-Phase

Release Mix | Presence # of PrismsPer :
Prestressing Tendons Utilize W/.C Strength _Slump design of . Each Total# of Prisms
ratio (psi) (inches) Type | VMA? Relnfl_orcement pertesttype
ype

All 19 reinforcement types | 0.32 | 4500 6 #1 No 3 57
10reinforcement 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 reinforcement types 0.27 | 4500 6 #2 No 3 6

2 reinforcement types 0.42 | 4500 6 #2 No 3 6
Total 195
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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 reinforcementsle 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 seledgroup of 10 reinforcements at different release 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 consistencyansfer length variation.

4.3.1.3 Influence ofw/c ratio on transfer length

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

variation in bond performance duewc ratio of concrete miture

43141 nfl uence sfncie\WWMA np rcaemnrctrarsferdengtini x

Some known dvantages ofising a viscositymnodifying admixture YMA) in concrete
mixturesincludereduction in segregation and minimiziogncrete bleedingA few prisms were
cast witha concrete mikure that contained highly-potentVMA to determine if there would be
a notable ariation in transfer lengtiAll 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 degns with different sources of course aggregatere 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 ofreinforcement type anddent geometry on transfer length
Group I Influence of concrete release strength on transfer length
Group I Influence of concrete consistency on transfer length
Group IV Influence of wateto-cementitious ratio otransfer length
Group V Influence of "VMA presence" in concrete mix on transfer length
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 quantities were varied based on the qe@untieg
butfollowing the same concrete mdesign (i.elargesizedprisms caswith strands required
moreconcrete quantitthanprisms cast with wires). Cisg procedure followed during theab-
Phaseof thepresenstudy is explained in the following steps:

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

2. Desired concrete slump wassuredy 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 amdvamsdalidated propenlsing a
flexible-shaft internavibratorwith a kinch-diameter headrwelve (12)4-in. x 8-in.
concretecylinders were casturingeach pour to track theompressivestrength of
concrete and to ensure transferringpdstressindorce precisely at thelesired
strength. Later, remaining cylindewereusedto 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 (e 3&REHNIBUREO ma

for more informatiofj to ensuresame temperature atiterebythe same strength.

Concrete strength parameter tests; compressive strength, MOE, splitting tensile

strength are carried out accorglito the specificatis(ASTM 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 internalgenerated 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 cocrete pour, Twelve (12)-#. x 8in. 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 begdansfer

precisely at the desired concrete strength. Later, remaining cylindersiseeke determine
Modulus of Elasticitf MOE) andsplitting-tensile strength of the concrete. In all cases
throughout this studythe desired compressive strength at detensjonas achieved within
+220psiof the targeted values (3500 psi, 4500 psi, and 6000 psi)

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 mends
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 agm is shown irFigure25. In Figure25the
blue line represents the temperatof the concrete prism and remaining colors represent
temperature in cylindrical molds. It can be observegigure25, that the temperature in
cylinder molds cleely followed the concrete prism temperature.tReparticular pour
represented by the graphHigure25, concrete cylinders were cast around 8.15 AM on-8&y
2012and prestress was transferred around 1.20 PM oRr3@&012.
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Figure24 Twelve concrete cylinders under temperature control through SURE CURE 1

controlling system
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Figure25 Typical Temperature 9 plot of Prism and Cylinder 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 and is shown Kigure26. Through his nomenclature, selectedriables (four concrete
parameters and one reinforcement type) can be described. Reinforcementdypsease
strength (in ksi), concrete slump (in inches)dtype of concrete miare represented
respectively from left to right in the nomenclature shawRigure26.

Fortheexample shown ifigure26, the particularprismswould be cast usingVG] wire
reinforcemenaind 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 prisms will be marked &ithadditional 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 theeb-Phase
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4.4 Transfer Length determination

In this sectionresearcherdiscusghetransfer lengtldetermination and surface
displacemenineasurement techniqueslimed in this study An accurate evaluation of transfer
length is required, as it teeprimaryfocus of this study since the transfengthcan affecthe

load-carrying capacity of pretensioned concretemadd ties

4.4.1 Transfer Length

Upon prestress transfehe pretensionedoncretenember will be subjected axial
stress antherefore axiaktrain. The developed strain will kero at the end of the member and
then reach a theoreticadlaximum and constantlue (for members with constant cresstion)
at some distance from the end of the membleelength required to develop the maximum
strain from the end of the membgrthetransfer length. Hence, transfer length can be evaluated
thoughdetermination of concrewurface straing/hich developed due tthe prestressing force.

Two different techniques were adaptedrteasure concrete surfadisplacements and to
establisithe surfacestrain profile ofthe concrete membesiin this study; througimechanical
Whittemoregageandopticallaserspeckle imaging (LSI) device. During the laboratory part of
the studywWhittemore gage wasxclusively usd to determineconcretesurfacestrain pofiles.
ThePlantPhaseancludel strain profilesdetermined through both Whittemore gage twdigh
LSI device.

4.4.2 Surface-strain profiles determined through 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 pgsan midheight o both sides and at both ends.

The inserts werérst attached to a steel bar (with-#0 screws) that had been precisely
drilled at a onench 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 brass poids

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

Figure28 Steel bardeld thebrassnsertsat a specified locatiorduring casting

The special formwork used in this study allowed the wooden side forms to be removed
and thereby allow acceso the steel bars. Next, the-#@ screws that secured the brass inserts
to the steel bar were removed, and then the steel bar was then pulled from the surface of the
concrete thereblgaving the brassmsertsembeddedn the prismFigure29 showsa concrete
prismsidesurface withinstalledbrass pointsThe distance between these brass points was
preciselymeasuredo within 0.0001 inprior to prestress transfand 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 mighointlocationof the gage, and typicalresulting smoothedurfacestrain
profile along a prisms shown inFigure32.

This surfacestrain datavasthen used taeterminethe corresponding transfer length
value.A statisticallybased methoZL Method)that incorporated ahstsquares algorithm
(Zhao, Beck, Peterman, Wu, Murphy, & Lee, 200@semployedo determine the 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), tremurfacestrainprofile used to determine transfer lengtlas obtained by
averaginghe datafrom 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
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4.5 Storage of prisms

All prismswere 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 completiomitfal strain measurements
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Chapter5 La-Pharsesul t s

Chapter Fiscusses the results obtained from the extensive laboratory tests conducted at
KSU. A methodological approach alloWseauthors o f i nd out each par amet
transfer length.

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

Ten(10) of the nineteerf19) reinforcementvere used specifically to determine the
influence ofconcrete release strength 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 tteterminehe influence of consistendglump) at concrete
placemenbn transfer length. This influence is investigated by casting prisms with various
concrete consistencies and maintaining uniformitsheremaining parametershis procedure
allowedresearcher® separte out the essential attributed influencecofcrete consisten@n
transfer length.

Tests were conducted on prisms cast with diffenaaterto-cementitious\{/c) ratios
Three differentv/c ratioswereutilized during thd.ab-Phase0.27, 0.32, and 0.4 ransfer
length results obtained from this set of prismas used to evaluatke variation in bond
performance due t@/c ratio.

Variation of transfer lengttue todifferentcoarse aggregate soureeasinvestigated
during the present studlfor these tests, prisms were cast with tlifferentconcretemixture
designseach having a different souroécourse aggregates were utilized in this stilisms
were fabricated with a concrete mixture that contained ayrjgbtent viscositynodifying
admixture (VMA) to investigate a possible influence on transfer length.

In the following sectiongheentireLab-Phasas divided into different groupsEach
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 indentgeonetry 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 pS§heminimum, maximum, andverage transfer length values
determinedor theGroup Iprismsare tdulated inTable18 (for wires)andTable19 (for
strands)Each value in thestables 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
averaging the two sides (Side A and Sides@Yacestrain data. Durin@gsroup Iprismstesting
uniform release strength and uniform concrete consistency were mainiéxaetirelease
strength and concrete consistency for individual reinforcementrgptbulated iTable20
along withthe Modulus of Elasticityandsplitting-tensile strengtlof the concrete at the time of
detensioning

In Tablel8andTablel9, the transfer lengths are shown in units of inches, and also as a
function ofthe tendon diameterdd 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 transfer lengths in terms of number of tendon diameterssat@ibond 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 strandeinforcements respectively.
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Table17 Nomenclature for prisms utilized in Group |

Nomenclature 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] | [SF}-[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]-[0.324.5]-[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 | prisms)

Pourldentity AverageTransfer LengtiValues

Nomenclature Min., in. Avg., in. Max., in.
[TL/dp] [TL/db] [TL/dy]
[WA] -[0.32}-[4.5]-[6]-[#1] 1[;‘;;0 1[3-83;3 1[257]0
[WB]-[0.32}[4.5]-[6]-[#1] 1[2-0‘;0 1[513-56;0 1[§§o
[WC]-[0.32}[4.5]-[6]-[#1] [7?;3;3 1[34215 1[2.2630
[WD]-[0.32]-[4.5]-[6]-[#1] 1[2-;0 1[;3?8 1[2;;0
[WE]-[0.32}[4.5]-[6]-[#1] ??;2? [73‘51]3 ?g;g?
[WF]-[0.32}4.5]-[6]-[#1] ?é,g? 5[343;3 ?zii?
[WG]-[0.32}[4.5]-[6]-[#1] 1{;-5?0 1[2-67]8 1[26?0
[WH]-[0.32}-[4.5]-[6]-[#1] ‘[53-2;) [73;2? %[343]0
[WI] -[0.32}-[4.5]-[6]-[#1] ?j;’ 1[2;]0 1[;4:;0
[WJ]-[0.32}4.5]-[6]-[#1] ?ég? ?4212 1[;5710
[WK] -[0.32}4.5}-[6]-[#1] 1[2-4?0 1[;1-7?0 1[471.30
[WL] -[0.32]-[4.5]-[6]-[#1] 1[;-:;0 1[2-97]3 2[8.7310
[WM] -[0.32}[4.5]-[6]-[#1] [752? ?ﬁ? 1[;4:;0

Note: Three (3) prisms were cast for each pour typedisatted for 6 transfer
lengths. Hence the mimum, average, and maximum valwesrespond to
theseb transfer lengths.
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Table19 Summary of transfdength results for strand reinforcements (Group | prisms)

Pourldentity

Transfer Lengths

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

[TL/db] [TL/dy] [TL/d]
[SA]-[0.32}-[4.5]-[6]-[#1] 1[2-01]0 1[461.31]5 1[47150
[SB]-[0.32}[4.5]-[6]-[#1] 1{230 1[2-32]5 1[2_50]0
[SCH0.32}-[4.5]-[6]-[#1] 1[2-21]0 1[2.47]7 1[451_9950
[SD]-[0.32}-[4.5]-[6]-[#1] 1[‘3‘-7?0 1[2.2?3 1[31_75-30
[SE]-[0.32}[4.5]-[6]-[#1] 1[2-7‘;0 1[2.1?2 2[£13§0
[SFI[0.32}-[4.5]-[6]-[#1] 1[;-2%0 1[23&']2 1[25210

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

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

| prisms)

Pour Identity Concrete| Release Stglri]t;ii?g Mog;ﬂus

or SI.ump Strer!gth Strength | Elasticity

Nomenclature (in.) (psi) (psi) (x10P 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 Slump" is 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
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During Group Iexperimentsthe average transfer length results for thiridiéierentwire
reinforcementsd]l 5.32mm diameterwere 53 d(11.13inch). Average results for tHee 3/8
inch strand reinforcements (which incladene three wire stranddnd for one 5/1&nch strand
reinforcementvere43 dy (15.95inch), and 44, (13.75inch) respectivelyFor all wires except
smooth([WA]) and Dot pattern([WK] & [WL]) wires, average transfer length4ié d, (9.56
inch). However wide variation in transfer lengths were observed for prisms cast even with same
size of the reinforcement type, but with different indentation tylpegeneralJower transfer
length values were observed foisms cast with wire reinforcement compategrisms cast
with strand reinforcement.

Average transfer lengths for smooth (1), chevron (7), diamond (1), spiral (2), dot {2), 3/8
in. strandg, and 5/16n. strand are 78, 48ds, 40ds, 39dy, 78db, 43db, and 44ds, respectively
with corresponding\erage transfer length values of 16i83 10.13in., 8.45in., 8.14in.,
16.3%in., 15.95in., and 13.74n. Table21 tabulates these average transfer length values.

Table21 Averagetransferlengthvaluesby wire/strand type

Avg. Transfer

Wire/Strand type "_:_iixiddounﬂ Lzrrlggéz%r. )the

[# diameters]
SmoothWires [WA] 1[(7383]3
ChevronWires DNB%W%VE[)\}V\%N[C\;/\]/AE\]NH] 1[281]3
DiamondWires [WF] 5[343;3
SpiralWires [WC], [WE] ?3;4
Dot Wires [WK], [WL] 1[(;‘81;7
3/8-in. strands [SA], [SB], [SD], [SE], [SF] 1[239]35
5/16in. strands [SC] 1[16 7
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Transfer length results from ti@&roup lindicated hat, with the exception of wif&VL],
all of the indented reinforcements resulted in a lower transfer length than the smooth wire. The
smooth wirge [WA], had an average transfer length of 16.3 incli8slf), while the wire with the
2-dot indentation patterqWL]) 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
wires do contribute to the bond capacity of phestressing tendond his is similar to the
findings of Rose and Russellrfstrand(Rose, et al., 1997However, when theris a large
number ofdeepeiindentations (such der the chevron, 4lot, diamond, and spiral wires), these
indentationsapparentlypecome the dominant featurgluencing thebond.

The average transfer length of thehevronrindented wires ranged from 7.56(dy) to
11.78 in. (56 dy), while the 2 spiral wires had average transfer lengths 8f(3%dy) and 8.8 in.
(42 db). The diamondndented wire had a transfiength of 845 in. (40 dy) and thed-dot wire
had an average transfer length of 14.q6 dy).

Among the strands, lower average transfer length was observed for the prisms cast with
[SA] (smooth 3/8in.-diameter7-wire smooth strand) wherompared to prisms cast with 3f8-
diameter7-wire indentedstrands [SB]and [SE]. At the time of receipt of [SA] reinforcement,
slight surface rusting was observed for [SA]. Tetterperformancef [SA] maybedue to the
developed roughnegRose, et al., 1997Fyith the surface rusting.

The bwest average transfer length among prisms castingtfour differenB/8-in.-
diameter7-wire strand was obtained for prisms cast with [SD]. Average transfer lengths for
[SA], [SB], [SD],and[SE] are 16.15nch @3 dy), 16.25inch @3 dy), 15.83inch @2 dy) and
19.02inch (1 dv) respectively. It is to be noted twewdre strands ([SC], [SF]) are of two
different diameters. Average transfer lengths for smooth-is/Idiameter3-wire strand, [SC],
was 13.74inch (44d,) and for 3/8in. diametei3-wire indentedstrand, [F], was 12.5Z4nch (33
db).
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5.2 Calculation of percentage increase and percentage decrease
(reduction)

TL results were compared throughout the present watifatent 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
Percentage decrease or reduction detsrminedy 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 {nmeedvd )=ITLL
2. Percentage reduction wisencalaulated, dividing the decrease in Tég (by
referenced TL and then multiplied by 10®ér cent age reducti on i
S S B

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 wadaterminedy the following steps:
1. Increase in TL idirst calculated by deducting the referenced TL value from new TL
value{ ncr ease i n ilrLe f(es)e)n=Cc ende Wl LT L

2. Percentage increase was caltedia dividing the increase in Tleg by referenced TL and

then multiplied by 100R er cent age i Aol 828 gpq = =

reference

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

5.3 Effect of Releae strength on Transfer length(Group Il prisms)

In case of preéensioned concrete members, prestressing fetcansferred to the
concrete member though bond betw#econcrete and the prestressing reinforcement.ddne
the previouslynotedfactors that influence 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 strength at the time of prestress transfer) on
transfer lengthvasinvestigatedyy casting series of prisng&roup Il prismswith ten (10)

differentreinforcements atree targetedelease strengths (3500 psi, 4500 asd 6000 psi).
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The reinforcements selected for this 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 indenpattern (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&et Bvive indented strand (SD)
Worstb 0 n d i ndipmeet Bvive indented strand (SE)
3 / -8i@meter 3wire indented strand (SF)

10.5 / ldéameter 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. Average
transfer lengths of prisms cast witle same reinforcemeiype and differentelease strerigs
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 lengtiieswdtsars 6
presented ifrigure38 andFigure 39, respectivelyfor wire and strand reinforcemeni@ansfer
length values were obtained from surfatein profiles agxplained in SectioA.4.2 The

concrete parameters for each pour are tabulatédlie28.
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Table22 Nomenclature for prisms utilized in Group I

Nomenclature for the

Release strength 3500 pg

Release strength 4500 pg

Releae strengtt®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]

[SC}H0.32}3.5]-[6]-[#1]

[SC}H0.32}[4.5]-[6]-[#1]

[SCJH0.32}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]

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

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

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

[SFI-[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

Wire/Strand
Type . Transfer ITenqths . — Transfer ITenqths _ — Transfer L.enqths _
Min..in. | Ava., in. | Max.,in. | Min., in. | Avd.,in. | Max.,in. | Min., in. | Ava., 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 valuesipce there was cracking at one end
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Average transfer lengttesultsobtained atlifferentrelease strengths of prisms cast with
thefive 5.32mm-diametemwire reinforcements are shownkigure40 andFigure4l. In Figure
40, average transfer lengths for each wire type at different release strengthewanein bar
chart formatwith the minimumand maximum TL rangedepicted by the vertical baré/hereas,
Figure41represents theameaverage Tlinformation intermsofi nu mber o fdy) @i. amet er
It is to be noted that all prisms in Group Il were cast With-Design#land wi t h fAno
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 eaélthe fivestrandreinforcementstthe three
different release strengths are showkigure42 andFigure43. Average transfer lengths of
strands are represent enei arFijuedzahdeigued3dand fAnumb
respectivelyAs with the Group Il wirgrisms, the Group | strand prisms utiliZéik -Design #1
without VMA.
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Figure38 Transfer length results of wire reinforcements from Group Il
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Figure39 Transfer length results of wire reinforcements from Group Il

m3500psi m4500psi = 6000 psi

Transfer length (in.)

WA WE WG WH WK

Figure40 Average transfer lengths for wire reinforcement at different release strengths,
inches

74



m3500psi m4500psi = 6000 psi

[102]

[35] [34]

Transfer length (# of Diameters)

WA WE WG WH WK

Figure41 Average transfer lengths for wire reinforcement at different release strenigtins
# 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 strengtt
in 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 strdigtt
in # diameters of the reinforcement

Based on the results from Group Il prisms, a clear toéhetter bondlower transfer
lengths)wasobserved with the increasedancreterelease 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 ([WK], and
[WA]) reinforcement. Perceagereductions in average transfer lengths dwoedase 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 fra3s00 psi to 4500 psi, but only 12 when increasing from
4500 psi to 6000 psi. The average reduction for all five wires when compressive strength is
increased from 3500 psi to 6000 psi was8%o.

Percentage reduction in average transfer lengths in searfidrcements due to increase
in release strength are tabulated able25. This table presents the percent reduction due to
increase in the release strength fros0@ 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% when increasing from 4500 psi to 6000 psi. The average
reduction for dlfive 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.
transfer lengths were observed in the case of strand reinforcewteant the elease strength was
increased from 3500 psi to 6000 psthis casepercentage reductions in average transfer
lengths for strand reinforcements were observed #5860, 44.0%, 37.2%, 38.0%, and30.1%
for [SA], [SC, [SD], [SH], and SH respectively. kgher reduction in average transfer lengths
wasnoted for both fwvire ([SA]) and 3wire ([SC]) smooth strands.
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Table24 Percentage reduction transfer length of wiredue 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}[variable}[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 Percentage reduction 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]J-[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 and 0.78 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)

i T T

De:ivg;LZtion T ZZ:Z T llfsooq;(z Tso0e
Thsoepe

[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 Tlhsea|l T koo Tlooos

Designation T I3 5 ga| T ks 0ps m
[SA] 0.787 0.692 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
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Table28 Concrete properties atftirent release strength for Group Il prisms

o donti Cglncrete ;eleastﬁ Stglr']t:i?eg ME(?du:_ui of
our Identi um ren astici
/ (in.) i (psijq St(rssni?th (X1CP 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 4.17
[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 studyith higher release stength-8300 psi

Additional prisms were cast with WF reinforcement, to study the TL variation due to
higher release 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 wereecowipiar L
results determined frofWF]-[0.32]-[4.5]-[3]-[#1]. Table29tabulates minimum, average, and
maximum TL results foprisms cast witiWF reinforcement &different release strengtisigure
46 shows scatter plot of all TL results determinetbat differentrelease strengths.

Figure47 shows the average TL at each releasegthealong with the range of values
Figure48 showsthe coefficient of determination fRbetweerrelease strength anderageTL
values for [WF].This exceptionallyhigh 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 barchart format

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

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

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

[TL/dp] | [TL/dy] | [TL/db]

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 conciaasistencyn
transfer lengthConcrete slumpat the beginning of castingas maintained within the variation
of £0.5 inches from the desired valddl of the prisms had a w/c ratio of 0.32, and the different
slump was obtained by varying tiHRWR dosaggSection3.2.4. Average transfer lengths for
prisms cast with various concrete slumps at uniform rekgasegth of 4500 psi (220 psi) are
compared and discussed in this sectfdomenclature for various prisms utilized in Group I
are tabulated ifable30.

Table30 Nomenclature for prisms utilized in Group 1l

Nomenclature 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, maximum) of prisms cast d@nogp |l testing
with different concrete slumps are tabulated @ble31. Plots showingll Groupll pr i s ms 06
results are presentedhkigure50and Figure51, respectivelyfor wire and strand
reinforcementsAll transfer lengthvalues wer@btainedusingthe 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 changestump isillustrated inFigure52.
Figure53illustrates the change in MOE with release strength.

Average transfer length{® inches)obtained at various concrete slumps for a chosen set
of five (5) wire reinforcements are shownHRigure54, along with the range of values feach
group of six measementsThe same average data values, convertédriou mber of di ame
(d) 6 are r dFpuwesSent ed i n

Similarly, average transfer lengths for each strand type at different concrete slumps are
shown inFigure56. Aver age transfer | engitnhcsh eosfo satnrda nidnsu
of di a miEgure56andFigureb?, respectivelyConcrete properties for prisms cast with
different strand reinforcements at different concrete slumps are tabuldtadl@83.

Based on the results from Group lligms, noconsistentrend in transfer length values
was observed with the variation of concrete consistency betweemid 9in. slump.The
increasean average transfer lengthsultsfrom Group lllprisms cast with different concrete
consistenciearetabulated infable32. In Table32, positive number indicatanincreasen
transfer lengthwhile negative number indicatereductionin transfer lengthirom this table, the
average transfer lengths for all seven reinforagmdecreases by 4.1% when the slump was
increased from-i. to 6in. However, when the slump was increased frem. & %in., the
same seven reinforcements 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 thacreasd by 513%when concrete slumps are increased fremcBes to
9-inchesFromTable32, the largest increase average transfer 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 differenthcoete slumps. 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 tmasfer length 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 ceteeslump)
Concrete Slump-3 Concrete Slump-6 Concrete Slump-9
inches inches inches
Transfer Lengths Transfer Lengths Transfer Lengths
Wire/Stran ] . .

d Type Mln., Ayg., Mlax., Mln., Ayg., M.ax., Mln., Ayg., M.ax.,
in. in. in. in. in. in. in. in. in.

[TL/dp | [TL/db | [TL/db | [TL/dy | [TL/dp | [TL/dp | [TL/db | [TL/db | [TL/db

] ] ] ] ] ] ] ] ]

[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 | 8.27 | 10.10| 680 | 7.43 | 800 | 7.70 | 9.25 | 10.60
[31] [39] [48] [32] [35] [38] [37] [44] [51]

WG] 10.00 | 11.78 | 12.90 | 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 | 10.80| 6.50 | 7.50 | 8.30 | 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 | 1490 | 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 the
was cracking at one end.
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Table32 Percentagencreasen avg. TL for both wire andtrand reinforcementiue to change
in consistencyslump)

Percentage increase in Transfer Len
. 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% -7.7% 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']t:i?g Mog;ﬂus

Pour Identity S_Iump Stren_gth Strength | Elasticity

(inch) 1 ®s) | sy | (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] 3-1/2 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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Transfer length (in.)
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Figure54 Average transfer lengths for wire reinforcement at different concrete sllimis
inches
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Transfer length (# of Diameters)
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Figure55 Average transfer lengths for wire reinforcement at different concrete slimis#
of diameters of the reinforcement
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Figure56 Average transfer lengths for strand reinforcement at different concrete sliumps
inches
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Figure57 Average transfer lengths for strand reinforcement at different concrete sliumps
# of diameters of the reinforcement
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5.5 Effect of water-to-cementitious(w/c) ratio on transfer length (Group
IV prisms)

In the present studg,few prismswerecast to ealuate the effect ofi/c ratio on transfer
length.During Group Y 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 in Group IV. Two
reinforcements were select use in this limited investigation, [WG] and [WH]. These wires
were the worsbonding and begtonding chevrofndented wires, respectively, identified from

Group | prismtests Nomenclature fothe prisms utilized in GroupM are tabulated ifable34.

Table34 Nomenclature for prisms utilized in Groug |

Nomenclature for the Prisms utilized in Group IV

w/c ratio = 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 with different concrets/c ratios ardabulated inTable35. A plot of allindividual Group
IVpr i s ms 6 idpkesentedsimiglreéss. All transfer lengthresultswereobtained through
the procedurexplainedn Sectiord.4.2

Average transfer lengths for each wire typ#hatdifferentw/c ratios areshown in bar
chart format, along with the corresponding range of values forgeashinFigure59. Figure60
depicts the same averagke values interms ofnumberof diametergdy) of the reinforcement

FromFigure59, a consistenthangen transfer lengtlwasnot observediue tovariation
in w/c ratio. Percenincreasen average transfer lengthsultsof prisms cast with differem/c
ratiosare tabulated iTfable36. In this table positive numbeyindicateanincreasen transfer
lengthwhile negative numberindicatereduction 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 observaahen varying w/c from 0.27 and @ 3and between 0.32 and
0.42
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Table35 Transfer length results from Grouy testing (effect ofv/c ratio)

Pour ldentity

Transfer Lengths

- Min., in. Avg., in. Max., in.
Nomenclature (TL/dy] L/ L]
[WG]-[0.27}4.5]-[6]-[#1] [73;‘5‘;3 mf 1[515.32]0
[WH]-[0.27}-[4.5]-[6]-[#1]* ES]O ?4333 1[2.;0
[WG]-[0.32}-[4.5]-[6]-[#1] 1{;;;0 1[2.68]0 1[26?0
[WH]-[0.32}-[4.5]-[6]-[#1] ?3?? [732;) 2[343?
[WG]-[0.42}-[4.5]-[6]-[#1] 1{;-?30 1[51555]2 1[2_9930
[WH]-[0.42]-[4.5]-[6]-[#1] E‘é? 5[342;3 1[;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 mixire

(Lab phase)
a8 b8

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

Percentage increase in Transfer Le

from from from
Pour Identity w/c = 0.27 | w/c = 0.32| w/c =0.27
to to to
w/c =0.32| w/c =0.42| w/c =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 1V prisms
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(.27 W/C m0.32 W/C m0.42 W/C

Transfer length (in.)

WG WH

Figure59 Average transfer lengths for wire reinforcement at diffevgtratios(TL in inches)

m0.27 W/C m0.32 W/C m0.42 W/C

[56] [55]

Transfer length (# of Diameters)

WG WH

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

Twelve additional prismfour pours)were cast to evaluate the effect of presence of
VMA in concrete mix on bond transfer leng#risms were poured with concréfix -Design #1
with the addition oMA and the correspondingransfer lendts determinedlheseresultswere
thencompared with 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 Grou) are
tabulated inrable37.

Table37 Nomenclatue for prisms utilized in Groul

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 indidual Group Vprismsresultsis presented in
Figure6l. All transfer lengtlresuls are obtainedsingthe proceduréescribedn Sectiord.4.2

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

Fromthese figures, there was sgnificant change in transfer lengilinen VMA was
added to the concrete mixtuRercentreductionin average transfer lengthsultsof prisms cast
with VM A are tabulated ifable39. In Table39, positive number indicatesreduction in
transfer lengthvhile negative number indicanincrease in transfer length.

Variation in transfer length results for pour identifd&5]-[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 concrete mix.

Table38 Resultsfrom GroupV testing (effect oWMA presence irconcretemixture)

Transfer Lengths

Pour Identity Min ] Avg.in. | Macin.
[TL/dy] [TL/db] [TL/dy]
[WG]-[0.27}[4.5}-[6]-[#1] [73;2? ;ii 1[51552]0
[WH]-[0.27}[4.5]-[6]-[#1]* ‘[33;2? [84333 1[2.2?0
[WG]-[0.42}[4.5]-[6]-[#1] 1{;-3?0 1[2-5%';2 1[2;39]0
[WH]-[0.42}-[4.5}-[6]-[#1] [843? ?42;3 1[;31]0
[WG]-[0.27}H[4.5]-[6]-[#1] with VMA 5[942? 1{2;;3 1[2.5530
[WH]-[0.27]-[4.5]-[6]-[#1] with VMA f:ﬁ? [732]2 2[3:(;;)
[WG]-[0.42}4.5]-[6]-[#1] with VMA 5[9431? 1{;;8 1[2.3110
[WH]-[0.42]-[4.5]-[6]-[#1] with VMA [732? 5[94217 1[2.05]0

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

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

Percentage reduction in Transfer Leng

Pour Identity from "prisms cast no VMA concrete mix
to "prisms cast with VMAconcrete mix"

Wire Reinforcement Type

Figure61 Transfer length results for Group V prisms
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®no VMA m 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@ inches)

mno 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
reinforcementiametery
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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 effect of charge
course aggregate on transfer length. Prisms were pouretwitDesign #1and transfer length
resultswere obtained. Later, these TL results are compared with compamuta( 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 ¥retabulated inTable40.

Table40 Nomenclatue for prisms utilized in Groug|

Nomenclature for the
Prisms utilized irGroup 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 wereobtainedusingthe procedurédescribedn Sectior4.4.2
These same averagansfer lengthsalues, and corresponding ranges, are shown in bar
chart format irfFigure66. TL resultsintermsofinu mber ofp) @i amet eepredent
Figure67.
From theFigure66 (or Figure67), a significantredudion in TL is observed in the case of
prisms cast with [WG] wire reinforcemeamdMix -Design #2 However prisms cast witiMix -
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 tisabrttransferlengthsare not the only priority
required tgproduce structuralbgound preiensioned concrete tieBhroughout the study, prisms
cast with [WH] produced consistently lower TL results compared to prisms cast with [WG].
However, prisms cast with the combination of [Wikdie andMix-Design #2resulted irsevere
splitting in all 6 prismsvaluated (3 with w/c £.27 and 3 with w/c = 0.42).dte, 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 smalscale preensioned laboratory prisnnsay provide valuable insight amsl
recommended.

Percenteductionin average transfer lengthsultsof prisms cast withlifferentmix
proportionsare tabulated ifable42. In Table42, positive numbexindicate the reduction in
transfer lengthVariation in transfer lengtresults for pour identitie@VG]-[0.27}-[4.5]-[6] and
[WH]-[0.42]-[4.5]-[6] are18.4% and29.9% respectively
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Table41 Transfer length results from Growy testing (effectourse aggregate type

TransferLengths
Pour Identity Min.. in. Avg., in. Max.. in.

[TL/d)] [TL/d)] [TL/d)]
[WG]-[0.27H4.5]-[6]-[#1] [73:;3 9[9431]5 1[;;32]0
WHIHO2THA SO ||y gy
[WG]-[0.42}-[4.5]-[6]-[#1] 1{;;;0 1[255]2 1[;9]0
[WH]-[0.42}4.5]-[6]-[#1] [843? [842;3 1[;.31]0
[WG]-[0.27}-[4.5]-[6]-[#2] ‘[33?? [732]7 ?Lj;)
[WH]-{0.27}{4.5}-[6]-F#2] Cracked
[WG]-[0.42}[4.5]-[6]-[#2] ?3‘;;’ [83(;;3 1[513'32]0
[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 changein course aggregate

% Reduction in Transfer Length
Pour Identites (from "prisms casMix-Design #1 to
"prisms cast wittMix -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 famixtures with different coarssggregateéin inches)
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m Mix-design#1 ™ Mix-design#2
[55]

[43]

[44] (40]

Transfer length (# of Diameters)

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

Figure67 Average transfer lengths famixtures with different coarse aggregaf€k in # of
reinforcementliameter}

106



5.8 Development of model to predict tansfer length

Based on results froilmab-Phase 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 indeometry 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 charaetistics of the same prestressing reinforcementtedseioned pullout
testswere performed during this researBond characteristicgbtainedfrom this researclare
utilized herein the development of the predictive madeie authors(Arnold, 2013) conducted
both forcecontrolled and displacemenontrolled pullout test methods before finalgthe
recommendetkest methodSimilar resultsobtainedn both methods anithe Arnold choseforce-
controlled method to perform thelfmut tests.

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

The maximum pullout force occurring at an end slip less than or equal to

0.10in.[25mm]ig ecorded as the Atest result.

comprised of the average of these six specimens.

These TL resultéfrom theauthorsof this currentepor) were statistically correlated
with the pullout tests resul{g\rnold, 2013)and represent the bond characteristics of the same

reinforcementsHence, theseaximumpulloutf or ce at enrdsulsarée p O 0.

incorporated in the present model Tlable43 (reprinted Table 4.7 from Arnoldaverage
pullout force for WM is notisted However, the resuis available in the samReportand is
equal to 687%. (Arnold, 2013)
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Table4d3Avg. maxi mum pul | out (repointed €abla4.7pfeen 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 (1bf) (Ibf) (%) Length (in.)
[Wwal 487 42 8.7 16.3
[WB] 6481 570 8.8 11.6
[wcC] 7646 967 12.6 8.8
[wD] 5555 357 6.4 11.1
[WE] 7674 226 6.9 7.4
[WF] 8312 459 2.5 8.5
(W3] 5505 385 7.0 11.8
[WH] 7605 497 6.5 7.5
[wi] 6567 522 8.0 10.1
[Wwi] 7034 635 9.0 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 transtengths from Group | prisms (Mix
Design #1, -sumhg andrel@asedtength@td1500 psi) in this cureeortand
developed the predictive relationship:

4= 1 L o= 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 been adbpteeASTM A1096this same expression may

be rewritten in terms of the ASTM A196 pullout value:

n Op MWwEao . .
Yo ¢ ®o o U in inches for 4500 psi release strength
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5.8.2 Transfer Length Model for Variable Release Strengths

A modelwasdeveloped 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 strengt A
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 statistzgtfit model.

Table44 Data sets used to create transfer length prediction model

Release ASTM
Wire | Strength | Transfer|  a10ge
. Length
Type (fo) | (Incres) | 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

wWJ 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 show 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-fieBhes depend on the release
strength. Next, the corresponding thieerceptvalueswereplotted versus the release strength,
and a bestit linear expression was developed. Finally, the corresponding threevslyes
were plotted versus the releasestth, and a besit 2"Y order expression was developed. The

numerical coefficients were then rounded slightly to prodibesimplified expression

op MW@ 6 'Q
OTITT ” Q
pquLTQ T8 ST

YO o R x EAOA
TL = Transferlength ininches
"Q Concrete compressive strength atteesioning 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
g’: —3500 ps
S —4000 ps
2 20
= —4500 ps
<
‘? —>5000 ps
8 15 —5500 ps
% —6000 ps
C
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= 10
e}
2
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g
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000
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 tabulalebia45,
along with the bsolute difference between experimental TL and predictedrrthis table, the
average absolute difference is 0.60 in., with the maximum absolute difference of 2.36 in.
occurring for prisms with wire//L] and 4500 psi aminal release strength. The comparison of
actual and predicted transfer lengths is presentBadyure70. From this figure, the coefficient of
determination, R is 0.954which indicated excellent correlation between the TL prediction
model and experimental 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 transfer length

_ Release| Average| ASTM | Predicted Absolute
Wire | Stength | Transfer| A1096 | Transfer | -
. Difference
Type (fci)_ 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 134 0.38
psi WH 3614 10.18 7605 9.9 0.28
WK 3528 17.7 3447 16.9 0.85
WA 6128 13.5 487 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 114 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
wWJ 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
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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 @Fehdausree dur i

This chapter presents the experimental setaployedatthe 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 of this project wasnducted in January 2013.

During thePlantPhaseof the project, series of tests were conductedomerete railroad
ties manufactured witfifteen (15) different reinforcement typesthe PCl-certified concrete tie
manufacturing plant. Theseinforcements had been stored in a-lmwnidity environment since
the start of the projectr exred vearoe conge rnti ioal Iwh
ties were manufactured in January 2CRigure9 shows the reinforcement storage containers
used to stor@lantPhaseaeinforcementLarge desiccant bags were hung inside thEgpi(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 apgximately 750 transfer lengths. Latexo of thecrossieswith
each reinforcement typeeresubjectedo in-track loading while twocompanion tieg¢thatwere
not subjected to any loadihgiere monitored for comparison.

The pretensionedoncretecrossies produced athe CXT concree tie planthad al02-
inch ( 8660lgngthand were model 505S. These crossties hadiabla crosssectionwith

symmetry about the mikngth of the tieFigure71 shows various views dhe crossties
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() (b) (c)

(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 plasinsised oftwenty @0)
5.32mm-diameterindented wirs. The &isting reinforcement pattern fahe crossties consisted
of twenty @0) 5.32mm-diameterprestressingviresasshown inFigure72. Figure72 shows he
reinforcemenpattern along withnominalwire positions at the end ofhecrosstie.

Intermediate reinforcemesntipports (custowire chairs)wereusedalong the bedo
maintain the specifiedire pattern(or distribution)as shown irFigure72. Figure73 showsa
customiichai usedduringthe manufacturing progssto maintainthe specifiedvire pattern.n
Figure73, numbers (1 through 10) represent the location of-BiB2diameter wires on one side
of the centerline (abotlhe width of crossection). Similar number of wire locations are present
on the other side of centerline.

However the selected group of 15 reinforcements includes one (1L)iix¢b&liameter 3
wire strand SC] and two (2) 3/dnch-diameter #wire strandq[SA] and [SB])in addition to
twelve (12) 5.32nm-diameter wiresNote, the same forms and therefore the sammgssection
was usedor all fifteen (15)types of reinforcements (wires and stranétsprder to manufacture
concrete ties with reinfcementg[SA], [SB], and[SC]) other tharthe normal 5.32nm-
diameter wiresthefollowing challenges wermcurredand successfullpvercome

1. Need to maintain approximately the saioil prestressing steel area and prestress
force

2. Need to maintain appximately 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 he prestressing

reinforcement
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Figure72 Reinforcement design patteamdnominalpositionof 5.32mm-diameter wires
(crosssection shown at the end 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 prestressingteel areavasapproxinately 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) stands 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
center of gravityof theprestress forcevould be approximately equal to the original design.
Since he custom rebar chairs were originally designedf82-mm-diametemwires,
largerdiameer strand did not fit properly into the designated areas. Accordingly, a difference
in wire centroid at each Achairosposition res
1.) Difference intendondiameter (wire and strand)
2.) Offset distance between wire seatdtion and the strand surfa@@gure74).
iStrand centroi d of f s @iguref75 were calculated to meompdratedhed 60 v a
above mentioned two variabldscan be observed iRigure74 that the wire reinforcement
theoreticdly had 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 #wire

5.32mm-diameter wire strand strand

typical wire location in a
customrebar chair

Tl /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 fAchair 0 wa sesedrehess katei, ned by
thesepossible centroid locations weuwsed to determine the nominatationsof the strandso

that the same approximate force and centroid 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 patterns used to fabricate crossties withrb/16
diameter and 3fh.-diameter strands, respectivelhe strand patterswere selected sihat the
centroid of strand reinforcemewbuld beapproximatelythe same ashe centroid for wire
reinforcementsThe pical fichaio supporting S332-mm-diameter wires is shown Irigure78. -
Figure79shows an examplef the standard wirehairusedwith 3/8-in.-diameter #Awire strands.

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

Figure79 Wire chair used to support
3/8-in.-diameter #wire strand

121




6.1.1.1 Prestressingsteelcentroids for proposed strand patterns

FromFigure76 andFigure77, thestrand patterntilized was significantlygifferent from
the typial wire patternHorizontal line(yellow line)in Figure76 andFigure77 represents the
calculatedprestressing steel centroletom these two figures, ttstrand patterrécentroid are
approximatelythe same, and nearjgual tothewirep a t t reominafcentrod.

Table46 lists the calculatethdividual prestressing steel centroids for wire
reinforcementslong with total prestressing reinforcement centfich the bottonsurfaceof
crosstie. Wherea3,able47 andTable48 presents reinforcement centroid values for 516
diameterstrand patterand 3/8in. diameter strangatternrespectivelyFigure80 andFigure81
shows individubreinforcement eccentricitigsounded to the nearest 1/it6) for 5/16-in.
diameter strand pattern and 38 diameter strand pattern respectivéhyplant dead end
assembly for various reinforcement patterns are showigure82 along with theoretical

reinforcement pattern.

Table46 Prestressing steel centrdat existing 5.32 mndiametemwires

Number of wires )

n at each a
numberedevel

10 2 6.5625
9 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 rebar chéfigure73)
Andividual wire centroids from bottom of crosstie (ifF)gure72)

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

diameter3-wire strand diameter Awire strands
o Strands 5 o " o Strands 5 o "
at each leve at each leve
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 oftrands = 8
3.918 = Strandcentroid frombottom surface of crossti® ,in.) = 3.952

3.9125 = Wire centroid from bottom surface of crossfi¢ ,in.) = 3.9125

0.0052 = Difference in centroidocation(in.) = 0.0391

0.1 = Percentage difference = -1.00%

“number on custom rebar chéfiigure73, Figure76, andFigure77)
SDistance between strand centroid to wire $@a} (Figure75)
yStrand centroid offset from wire centroid=¢eb) (in.) (Figure75)

Andividual strand centids from bottom of crosstiat selected pattern locatiois.) (Figure80, andFigure81)
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Figure805/16-in. diameter strand patteamd reinforcement eccentricities (crastion
shown at the end of crosstie)
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Figure81 3/8-in. diameter strand pattern and reinforcement eccentricities {seation shown

at 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 prestresgirbed Each of the prestressing beds 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, cams of a given prestressing bed consisted 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 webricated in one or two outer cavities of the prestressingTieslis

illustratedin Figure83.

Project ties Project ties

Regular ties Regular ties
Regular ties Regular ties

Project ties Project ties

:
i

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

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

6.2.2 Prestressing operation forreinforcementswith different Modulus of
Elasticity (MOE)

One of the kytechnicalchallengegluring the PlanPhase was the ability to
accommodate pressging tendons with different elastic stiffness values (M@kes) in the
same prestressing bed, since tensioning of all four cavities was performed with the same
hydraulic jacksThe standard jacking procedure at the CXT ptamisisted of first
systematially removng the slack from alBOwires (20 wires x 4 cavitiesand thergroup

tensionng all wires simultaneouslio the desired pretension force
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The tensioning operation at the CXT plant utilized twdraulic jacks with equal
pressurghat were ex@dnded (while bearing against a common bulkhead) unttbthédesired
jacking forcewasachievedThe fact that only two jacksereused to tension four cavities meant
that all cavities would have equal elongation, and not necessarily equaf theewires had
different MOE values. Thgckingelongationcalculations werdased orthe MOE valueof the
standardvires being used at the plant (and in the middle two cayities

This meant that if the special project tendons (wires or strands)higbeaMOE value
than the standard CXT wirgthe project wires could be ovetressed to an unsafe level while
the CXT wires would be undetressed. Whereas, if the project reinforcemieata lower
MOE than the CXT wires, thproject strands would be undensionecand standard wires
could be ovesstressed to an unsafe level.

Elongation of prestressing reinforcemeuating tensionings a vital factoithat is
measuredh a tie manufacturing company ensure that proper tensioning has occurred along the
prestressindped length(385.75ft. in this casie PClrequires the measured elongattorbe
within 5% of the theoretical computed elongati@dNL -116-99, Fourth edition, 1999

A strategic approach washptedto achieve theequired elongationf tendonsn each
cavity andtherebymaintaindesiredstresdevels inall reinforcementsElongation required for
each reinforcemdnype wascalculatedbased onfte individualr e 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 wasno longer availablesoC X T 6 s st a[Whellavasd wi r e
substitutedn this test serieDifferencesbetweerrequired elongatiofor the 15 project
reinforcements anthe elomgationof the standard [WM] wir€31.4in.) was calculated and
also tabulated iffable49.
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Table49 Elongation calculations fatandardeinforcement(top) and each project reinforcemedtsingPlantPhase

Targeted jacking force

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

7000

number of wire= 20

Total target jacking forc@b.) =

140000

Bed Length, L (in.) = 4629

_PL _ 7000 Ibs z 4629in. - 314in
1= AE T 00347in2 z 297z106psi oM
RegularElongation(in) = 31.4

Modulus of Number of Difference in Difference in
Reinforcement A.“";a Elasticity, E wires/strands El ongat Required Requ[red
(in%) (x 1C psi) used (in.) Elongation Elongation fo
Neares(1/8")
A 0.0347 29.70 20 31.4 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 - 2/8
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 29.00 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 approximately1400 poundseachand then releasing
this force It was during the initial tensioning statigt theelongation differenceflable49)
were compensatealith speciallyfabricated shinplates Different shim plate designs were used
to accommodate the different reinforcement patterns for the wires and strands. Tiféeten
types of shim plates used during PlantPhaseare shown irFigure84 andFigure85. Shim
plates like the onshown inFigure84 wereused for wire reinforcements. Wherebgure85
shows the shim platgpe that was used fatrand reinforcements.

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

jacking crews in action.

Figure84 Shim platesised withwire reinforcements
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Figure85 Shim platesised withstrand reinforcements

Figure86 Specialjacking plate with dur 1-inch diameter 14 TPI bolts
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