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Abstract

This research represents a successful step in the development of a qualification test to
ensure adequate splitting resistance intpnsioned concrete railrodéids. The research evaluated
the influence of theedge distancecompressive strength of concrete and the type of wire
indentation on bond performance betwegeastressingteel and concretehenusing different
concrete mixture The bond betweegprestressingwires and concrete is crucial for transferring the
stresses between the two materials pretensioned¢oncrete member. Furthermore, bond can be
affected by such variables adge distancetype ofprestressingtypically indented) wire used,
compressive(release) strength of the concrete, and concrete mixture. A key objective of the current
research is to find the best parametergfestressd concrete ties tavoid longitudinal splitting
in track This work presents the background work floe derelopment of a testing procedure to
eliminate the combination of parameters tregult in splitting. The objective is to develop a
gualification test procedure to pretast new or existing combinations pfestressingwire,
concrete mixand compressivstrength of concrete aratlige distancéo ensure a reliable result.
This is particularly crucial in the concrete railroad crosstie industry, where incompatibié@ns
can result in longitudinal splitting cracad even tie failure. The goal is tevélop a qualification
test with the capability to readily identify compatible wire/concrete desigAglan® before the
ties are manufactured, thereby eliminating the likelihood that defectively manufactured ties will
lead to intrack tie failures dueotsplitting.

A study was conducted at Kansas State University to understand the edidge afistance
indent type the compressive release strength and concreteimaion the longitudinal splitting
behavior between steel and concrete. For the expetattesting three prisms with different cross

sections were cast simultaneously in series. The tests presented here were conducted on pre



tensiored concrete prisms cast steel frames. Fourprestressingwires were symmetrically
embedded into each conargirism, resultingn a horizontal and verticalire spacing of2.0in.

The prisms wer&9.5in long with square cross sections. The firsspriwas3.5 x 3.5in with
cover ¥ in, the second wa3.25x 3 .25in with covere in andthe thrd prism in series was
3.0 x 3.0in with cover¥zin. All prestressingvires used inhese initial tests werb.32 mm
(0.21in) diameter and had different indentatitypes. The indent pattern variations of the wire
includedspiral, classical chevrorape, and the extreme case of smooth wire with no indentions.
The wires were itially tensioned to7000Ibs. and then gradually deensioned after reaching the
desired compressive strength. The different compressive (release strengtih stnezis teted
included3500 psi, 4500 psi, 6000 psi and extreme case @2000psi for onewire type Three
different concrete mixtures witlwaterto-cemenitious (w/c)ratio 0.32 weraised for all castings
except ongestwhere &.38 w/cratio was used-orcompressiveeleasestrength 1200@sia0.26

w/c ratio was usedand desired strength was achieved aftedd&ys Concreteto-steel
reinforcementratios and mechanical properties of test prisms were representative of actual

prestressd concrete crosstiesed in the railroad industry.
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Abstract

This research represents a successful step in the development of a qualification test to
ensure adequate splitting resistance intpnsioned concrete railroad ties. The reseavetuated
the influence of theedge distancecompressive strength of contgeand the type ofvire
indentation on bond performance betwegeastressingteel and concretehenusing different
concrete mixture The bond betweeprestressingvires and concrete is crucial for transferring the
stresses between the two materials pretensioned¢oncrete member. Furthermore, bond can be
affected by such variables adge distancetype ofprestressingtypically indented) wire used,
compressivérelease) strength of the concrete, and concreteireiA key objective of the current
research is to find the best parametergfestressd concrete tiet avoid longitudinal splitting
in track This work presentghe background work fahe development of a testing procedure to
eliminate the combination of parameters tregult in spliting. The objective is to develop a
gualification test procedure to pretast new or existing cobinations ofprestressingwire,
concrete mixand compressivstrength of concrete aratlige distancéo ensure a reliable result.
This is particularly cru@il in the concrete railroad crosstie industry, where incompabiniéittons
can result in longitudinal splitting cracaad even tie failure. The goal is to devedogualification
test withthe capability to readily identify compatible wire/concreteiglesiin-plan before the
ties are manufactured, thereby eliminating the likelihood that defectively manufactured ties will
lead to intrack tie failures due to splitting.

A study was conducted at Kansas State University to understand the e&dgeof
distanceindent typethe compressive release strengtid concrete miare on the longitudinal
splitting behavior between steel and concrete. For the experimental testing three prisms with

different cross sections were cast simultaneously in s@ietests presented here were



conducted on preensiored concrete prisms cast in stéralmes. Fouprestressingvires were
symmetrically embedded into each concrete prism, resuittiaghorizontal and verticalire
spacing oR.0in. The prisms werB9.5in long with square cross sections. The firsspriwvas
3.5x 3.5in with cover%in the second wa3.25x3.25in with covere in, andthe third prism in
series wa8.0x3.0in with cover¥zin. All prestressingvires used inhese initial tests were 32
mm diameter and werof different wire types. The indent patt variations of the wires
includedspiral, classical chevron shape, and the extreme case of smooth wire with no indentions.
The wires were initially tensioned #00Ibs. and then gradually densioned after reaching the
desired compressive strength. The different compressive (release strenggith straxis tested
included 350(si, 4500psi, 6000psiand extreme case &2000psi for onewire type Three
differentconcrete mikureswith awaterto-cemenitious ratio of 0.32 wereused for all castings
exceptone test whera 0.38w/c ratio was usedror compressiveeleasestrength12000psi, a

0.26 w/c ratio was usedand desired strength was achieadigr 6 days.Concreteto-steé
reinforcementatiosand mechanical properties of test prisms were representative of actual

prestressd concrete crossties used in the railroad industry.
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Chapterl-Int roducti on

1.1 Background

Rail roads in the United States (U.S.) tod
foundation of economic growth. The freight ra

i mportance to thefgbombauburatoAmeyi caatbhesgr bani :

ports of entry. The economical transport of g
railroads has been described as vital, active
(Co®rt,n 196 3; l rani et al ., 2016) . Unl i ke ot he
airplanes, etc.), the railroad builds and mai
etc.), communications, awmndtd lbwviedge/ Cubneél ioomft

year over 140,500 miles of track (AAR, 2018).

Maintaining track structure is critical to the movement of trains, the rail tie is the part of
an integral system transferring the rolling stock load to the subgrade as well as maintaining the
proper gauge of the rail. Many railroads have transitioned fraditional wooden ties to
concreteprestressd concrete ties on mainlines. However, similar to woodenptiestressd
concrete ties are susceptible to wear and damage creating potentially unsafe conditions for trains.
Astudy supper Raidld wAsys ¢Telaat i og Yu, Daivn dli crat ec c
that the aver ager eseidb exsosnocfr edt abiedt @ Oe@sfaosuinmdc & o b e
bet we®n%oucthh samp®POM®O® concrete ties. This rat
bet wtelela® B0 6aln9d&EOvh eanp pr o x 242 eol fy tnhiel | 1.0 concr et
i nstvadrleedshown t o hadwgeeliisaltawapsood d ha e g stdr etsise

in the field.



Figure 1-1: Failed Prestres®d Concrete Ties

Damagpmr dsetdr ecsosn c riempeo rtti aensd nicsoettehecr ossti e i
i ncompati btaen croefdsauintgii dinngli n al samldi tptdisnsg HAaaalt u roec
common r paseehdr Eceosncr et e ti e fail ure itseetlheanfdai
conete within the engprresgfoessof st heanséewhedeli
bondTbhonsi fakr transferring the st rmeprsestdbed sve
concreteThhee mbend behavior chetalefintedctiee!l tlaeadt:
prest we ¢sspiencg f he awi ye,t peedogree t diylBceoampcree s si ve str e
concr dthteey mendof conc( 8bdamiaxTihier @@a&éd edoplysic
behavi or bet weesetdsee@®ncrane i s sbtyi ltihel arged y
commuBevgrnaldi es haweéd ei hwerdt ibgadaemfoorr cheemtewe e nc or

and WwiTep$ers, 1979, Bodamatni Ui32018 1992

1.2 Problem Description

Bond between wire and concrete is crucial for transferring the stresses between the two
materials Bond action is necessary not only to guarantee adequate level of safety, by allowing
the two material to work together, but also toteorthe structural behavioFurthermore, bond

in pretensioned railroad tiesan be affected byanyvariablessuchasedge distancdype of



prestressingtypically indented) wire use@énd compressivgelease) strength of the concrete
and concrete mixres The bond behavior of reinforced concrete has for some time been an
important area of investigatidilana, 1979Gambarova and Rosati, 1989), however, less
attention was devoted to bond amgmgstes®d concrete and steérior to this study there was
limited knowledge on how to predict the bond behavior using differ@mables such as
thicknesgsof edge distancaifferent type of wirendentationsand different concrete mixtuse

usedin prestes&d concrete members
1.3. Research Objectives

The primary objective of this research was to evaluhéimpact okedge distancand
compressive strength of morete on longitudinal splitting betwesteel and carrete in
prestresad ties utilizingdifferent types of steel wire ancbncrete mixtures.

The secondry objective of this research was to deterntiveebest parameters for
prestressd concrete tie prevent longitudinal splitting cracks alopgestressingendons This
is very important foprestressd manufacturers, and especially for the railroad crosstiesind
because it can reduéalures in the field.

This workresulted in thesuccessful development of a qualification test to ensure

adequate splitting sstance in préensioned concrete railroad ties.
1.4. Research Scope

The experiments conducted at Kansas State University were designed to understand the
effect ofedge distangendented wire type, release strength of concrete andfygencrete
mixture on thdongitudinal splittingoetweerprestressingteeltendonsandconcrete. For these
tests,steel frames were used, and three prisms with different cross sectiensaseendo-end.

The specimens eattad square cross sectiaarsd similar wire pacing but hadlifferent



thicknesgsof edge distanceAll test specimens had four wires arranged symmetrically in the
speci meno6s c rpoestressisgerestweresymmetfoally embedded into each
concrete prism, resulting in ammon wire spaaig of2.0in. The prisms werg9.5in long with
square cross sections. The first prism ®&sx 3.5in with cover¥zin thickness of thedge
distancethe second wa3.25x 3.25in with e in thickness of thedge distancand the third
prism in series wa3.0x 3.0in with cover¥zin thickness of thedge distanceAll prestressing
wires used in these tests werésd2mm (0.21in) diameter and were of different wire types.
The indent pattern variations of the wire typeduded spiral, classical chevron shape, and the
extreme case of smooth wire with no indentationshkgce was pulled to 700bs., and de
tensioned gradually when the compressive strength of the concrete reached prescribed values
3500psi, 4500psior 6000 psi (all within £200psi of the prescribed release strengths). For
WE wire an extreme 120Qfki was also testiewith a 0.26 w/catio and this extreme release
strength was reached after six days. The measured values of compressive strengths were
determined by testingifh diameter x 8n long compression strength cylinders that were
temperature match cured. Prishal almost iddital concreteo steel reinforcement ratiend
mechanical properties asestressd concrete ties which were manufactured in the railroad

industry.

1.50rganization of Dissertation

This dissertation is organized irnttnc h a p FodowiagsChapted, Chapter 2 includes
a literature review offelatedwork conducted oprestressd concrete members in the past.
Chapter3 includes material used in this reseaacidl description gbrestressingperation.

Chapterd includes methods uséar conductinghe tests and experimental program. Chapter



includes results of experimental tests using different type of mixt@kapterc presents
comparison chart€hapte 7 includes proposed qualification teShapter 8 includesdeoretical
lateral stresses due to Hoyer effédbnclusionsand recommendations are presenteGhapter

9. Lastly, references are in Chapi€x



Chapter2-Li t er Rd wir ew

The literature searcfocusedon prestressd concete tiesplitting and/orcrackingalong
with bonddamage between wire and concréts.stated previouslyhe detailed physics behind
bond behavior between steel apdestressd concrete is still largelyinknown. However,
researchergvestigated severahalytical, numerical and experimental apprceszs reported in

this chapter

2.1 Bar-Concretel nteraction

2.1.1 Bond ofReinforcement in Concrete -State ofthe art FIB CEB -FIP

The basic characteristics associated with thedibbetween steel antbncretearedetailed
in astateof-the artreport by FIB CEB FIFTask group Bond Models, 2000his bondransferred
the longitudinal force from the reinforcement to the concrete impthstressd struture. This
transfer produceé changein force inthe reinforcing bar along its lengti.he displacement
occurred between steel and concretes waresult of e difference betweesteel strains and
concrete strains

It was also foundhat interaction between the concrete and asbhjected to a putout
force couldbedivided into four different stagess described belaw

Stage | (urcracked concrete)n this stagéoond stress veavery low.Bondwas assured by
achemical adhesionn this stageit was found thagplitting didnotoccur The presence diighly
localized stresses aroskse to lug tips. Micromechanicateraction which washe product of
microscopicallyrough steel wa also present in this stagencurrentlywith chemical adhesion.
Therelative displacement coulik measuredand it isconsistedf two parts: the relative slip at

the interface and the shear deformations in the concrete.



Stage Il (first cracking): With increasing valueshmfnd stres, the chemical adhesion
brokedown. In deformed bars, the lugeoduceal abearing stress in the concrete and transverse
micro-cracks. In this stagéips of the lugs allowthe bar to slip buthe wedging action of the lugs
were limited and there v8ano appearance of concrete splitting.

Stage IlI: For higher bond stresslues, the longitudinal cracks (splitting cracks) start t
spread radially. fis relatedto the wedging actionThe externalcomponent of the pressure sva
resisted by the hoop stresses in the surrounding concrete (Tepfers, 1979). As aheesult, t
surrounding concrete producedrestriction action on the bawith interlocking among the
reinforcement bond strength and stiffnesglaneguaranteedThis stage endeas s@n as concrete
splitting reachedhe outer sudce of the concrete member. Bdiadlure, which depends othe
extent oftransverse confinemerttould be presenin this stage.

Stage IVaThis phase followethe breakage dheadhesive bond; force transfer sthen
providedprimarily by friction alone

Stage IVbIn this phase splittip cracks brokeut through the whole cover and bar spacing.
An adequate amount of transversenfeicement could assutond efficiencydespiteconcrete
splitting.

Whenendslip values staedto inaease, the bond strength reachqeak and then started
to decreaseAdditionally, the bond strength remainatgnificant even at very large slip values
(Gambarova et al. 1989, Gambarova and Rosati, 18#earch concluded thabnd behavior
tendedto become of the drfiction type (Coulomb type).

Stage Yc- In this phase bond failure waaused by bar putiut. The force transfer changes

from bearing to friction and thdaear resistance coutee considered as a value for this transaction.



Additionally, it was observed thatontinuing bading tends to decreaghebond stressvere
observed

The bond between steel and concreteeddp on a variety of parameters. Primary
parametersvhich dependn theinteraction between the reinforcing untd. wire, strand, and
bar) andthe concrete. There are other techgaial aspects whiclare important tothe bond
including edge distangeclear space between the bars, the number of bar layersamdild bars,
casting direction, and bar position.

With a multiwire strand thais commonly used irprestressd concrete structures, the
bondslip behavior can be studied using puallit testslf the anchorages are long, the reinforcement
stresses are djin. The Poisson effect has a significarfluence on the bond stress when the steel
is in the elastic rang&Vhenthe external forcgtensioning)hasbeenreleasedthe diameter of a
pretensiored tendon increasesThis leads to the appearancef increasedradial stresses and
contributes to the frictional bond resistance. When the steel stress is increased tlesibtarte
of a tendon is reduce@onsequentlytwo different bond situatiorsan be consideredl) transfer
length region, pusin situation, and?2) flexural bond region, pubut situation. In the region of
transfer length, the steel stress decreasemnvthe praensionedendon is released. This means
the tendon diamet will increase and contribute # greatetbond connection. Under flexural
loading this diuation is completely differenthesteé stress in a cracked section will inereased,
andtherefore the tendon diameter will beducedand the bond resistance will be weaker.

Increasing loads can lead to transverse cracking andirgpl®Physicaland mechanical
factors such as confining presswedge distancdransverse reinforcement acahcrete toughness
have also been considered importa@tncrete toughness is usually characteribgdcrack

adhesionThe type of interaction can determitiee type of failure: pulbut failure @ splitting



failure. The bond failures usually accompanied byhe longitudinal splitting of the concrete
surrounding the baand bond capacity vanishesien radial cracks get to the outer surface of the
structural element.

For splitting failure, limit analyses models show that there is a criticak @=ension,

which maximizes the ultimate bond strength (Tepfers 1979 and.1982)
2.2 History of Experimental, Analytical and Numerical research

Bond behavior betweenoncrete and steel has bette subject ofprevious research
including: Gambarova and RosaAbrishami and Mitche]lTepfersand OlsonHowever limited
research has been conducted to investigiastressd concrete members.

In this field Abrishami and Ntchell (1996) performed amvestigationto determine the
bond streswersusslip respons for pretensioned strand in concrete along the transfer and flexural
length. For this test method, they used seven cylindensrestressd concrete structure with
sevenwire strand wastensioned to an initial force level b a loading frame. Athe noment
when concrete achievelde desirableeleasestrengtha pullout test was performed.

In order b achieve small bond stress, tensiwas reducedising the smallrea and
incrementof or ce @Po. I n this phasedthe bond stress
O A 2-1
Where,P; is the pre-tensioned forceR: the top force in the strand and L is the embedment length.
This phase was repeated in small increments of loads to achieve the reduction at the top of the
specimen.The relative slips wereneasured for each Idag. This incremental loading wa
repeated until the entire boisttesseslip respons&vas reached

Forthis test, a concrete thia compressive strength of RBPa (36250si) was usedt the

time of testingvhich resulted ira 35 MPa (5075 psi) compressive strength after 28 days.



The specimens had dimensions of 18 (6in) in diameter by 300nm (12in) in length. The
prestressingteel diameters were 98m, 13mmand 16mm (3/8in, ¥2in and 0.6n).

Out of dl thebond failures which occurrdaly the pullout of the strand, only a few of them
were caused by splitting. The stiffness of the bond strexssisslip response was greaterthre
transfer lengthregion In the phase after bond failure, the flexural bond length specimengghow

a ductik responsegdditionally,the transfer length specimens stealirittle bond failure

2.2.1 J.A. den Uijl

Den Uijl (1992)worked under thassumption thathe bondassociated witlprestressd
strand is based odry friction. It was assumethat circumfeential tensile stresses that make
equilibrium with the radial compressive stresses may cause splitting cracks resulting in a reduction
or conplete loss of bond. [@#@itting action was analyzedexperimentally and numerically,
consideringthe softening behaor of concrete in tension and the position of the strands in the
concrete cross section.

According to den Uijl(1992) two different stages coultbe considered fothe bond
behavior beween steel and concret&he first stage wasdhesion and interlocking beden
concrete and the strand surfagéis initial bond wadroken with appearance of small relative
displacemerst In thesecond stage dry friction wahe principal mechanism.

Den Uijl (1992)alsoinvestigatedhe effect ofthe bond situation on the bond capacity of
strand In apull-out test, the strand was prensioned before the concrete waseadduring the
test, the bond force and strand displacement were measuredhehbencrete reachealdesirable
strength All specimens were 100mi@in) long cylinders with 108m (4.05in)in diameter. For

these testsa9.3 mm (0.37in) diameter stranevas usedThe strand was ithe vertical position
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and fixed, preensioned as in the pushtests.There were five seriesf tess consisting of four
pull-out specimens, ongerieswith four pushin specimens and one series with only four-oul
specimens.

For this study aonsistenmixture of 350 kg/ni (21.85Ibs/ft%) rapid hardening Portland
cementwith a 0.40 watecement rab was used for all castingsoRnd shaped graded river sand
and grael with a maximum size of 8mi®.31in) andan additivewere used in these tesfhe
desirable sength of concrete was 55MPa (8035psi) and splitting tensile strength of 3.MPa
(453 psi). These properties werecordedafter 5 daysThe tensile strength of wire wésund to
be 1950MPa(282,824psi).

Thepull-out tests were conducted two phasesDuring the first phase, the putlut force
was applied to the strand with the unloaded side fixed. Dthimmgeconghhase wheslip reached
the valueof 2 (0.08in) to 3nm (0.12in), the specimen wasnloadedthe anchor wasemoved,
andthe specimen was reloaded with fhee end at the uoaded side. The results of the poulit
tests with fixedunloaded end were very sensititeebond length variation. Tke resultswere
obtainal with a hanger stiffness of 30N/mm (1711bs. in) (15 tests) and 165 KN/mi®42Ibs.
/in) (5 tests). For thpush in tests, the hanger rod stiffness amoutt&d@ KN/mm (211 1bs. n)
(8tests), 72 KN/mm(4111bs. in) (8 tests), 165KN/mm (9421bs. in) (2 tests) andB23 KN/mm
(1844lIbs. in) (2 tests)andall pushin resultswere evaluated together.

For the srand in the pusin situation the strand ws considereds a circular baand
normal stresses weradially directed. Den Uijl1992)concluded thatadial compressive stresses
madeequilibrium with circumferential tensile stresses and radial comprestsessefirst reacled

the tensile strength in the dawt areaConsequentlyradially directed micrecracks occuedand
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the circumferential tensile stresseere redistributedlt was also notethatthe maximum force
occurredwhenthethick-walledcylinder around the strand w@artly cracked.

The study reported higher radial stresses with regard to edgdl distanceand splitting
was occurred in prism&urthermore, the average circumferential stress was equal to the tensile
strength whertheedge distancwas increased

In this researcfthe influence otheedge distanceas given as the functiaf clear strand
spacing Additionally, it wasalsoconduded thathick walled cylinder approach waiséul for a

single strand and it veanot valid for multiple strand configurations.

2.2.2. R. Gustavson
Gustavson(2004) foundthatthe bond response prestressd concrete is determined by
the ability of he strand to establish normal stresses at the strand concrete interface. The variation
of normal stresses depends on the indentation and the helical strand.
Gustavsor{2004)examined the response of the straondcrete interface using the results
from pul-through(PT) and pustin tests (Pl)For this &periment threavire and one wire were
used.An adhesion, friction, and indentation weteserveds tle main parameters responsible for
splitting failure.
The wires were eitheéndented orhad a smooth surfacelncluded werevariations of the wire
surface and concretaix. Two different bond situationsereobservedThe first was simulated
by pull-through tes, and the second by push tests.The pultthrough tests were performéd
three sems using differenstrand and concrete properties. Duringgb#-in tests the same strand

configurations were used bwith differentvalues of releaseoncrete strength. The strand could
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rotate within the concrete. For this experiment, the PC strantiBBI&, 3x3.0nm (0.12x0.12n)
with a nominal diameter of 6/Am (0.26in) was used.

All the specimens were cast in the laboratory, and the concrete was vithuaitegl the
casting operation.t8el or plastic tubewere used as formsvith plastic tops ahbottoms.These
plastic tops and bottoms were removed before testiste# plate with a circular cavityas used
as a framewith a diameteof 50 mm (2 in), anda thickness of 2nm (0.08in). In this testing,
strain gauges with a length ofrbén (0.4 in) were used, to measutige tangential strains in the
steel tube.

The first seriesf testsconsised of nineconcrete specimens made Wi mm (0.26in) diameter
wire. Theconcretecompressive strength was §Pa (7977 psi), the modulus of elasticitwas
33 GPa(4786 ksi) and the fracture energy was98nn? (13924lbs. in?).

The second phase was a study of the properties of the individual wire surface, the
indentation, the geometry of the strand and the concrete pespeftiese parameters were
variables that were changédringthe tesin orderto find outhow theyaffected the bond response.
The concrete release stréimgn this phase was M8Pa(6527psi), whereashe concrete with silica
additions was 5¥MPa(8267psi).

Sixteen different configurations of the stratwhcrete interface were tested with two
specimens of &d configurationln thethird series, theiability of the teséd configuration was
observed,he strength of the concrete wasNRa(7832psi) and the compressive strength of the
concrete with silica additives was ¥8Pa(11313psi. Youngds modul us28&GPa el ast
(406.1 ksi) and 37GPa(536.7 ksi) for the concrete and the concrete with silica additives,

respectively.
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In PT teststhe strandglid not have theprestresdorce and the deformation rate was
2.2 mm/min (0.09 in/min) during the whole tesfThe transducer was usedr fmeasuring the
disgdacement of the strapndnda thin wire was used for measuritige rotation of the specimen
displacement tramlsicer

For PI test, theprestressd force inthe strand was 2&N (62941bs.), correponding to a
prestresof 1320MPa(191.4 Isi). Concrete wasast 28 hoursifter the strand wasrestressd
The deformation rate was 1mm/n{ih04in/min) during the release stage. Two transducers were
used for measuring the displacement of bothstrend and the concrete surface.

This expeimental research showé¢hat in the case of putiut failure the maximum bond
capacity of strands was not influenced by the compressive strength of the concrete. The bond
regponse inprestressd concrete wadetermined by the ability of the strand to establish normal
stressestahe straneconcrete interface.

The variation of normal stresses depends on the indentatirthe helical strand. The
results showethe presence of twepatialwave patterns with different perisd

With this research, it waalso concluded that adhesion was greatly increased by an
increased microoughness of thstrand surface. The adhesion capacity increased with the density
of concrete mix. Frictionas the second parametstrongly influencd the bord capacity. With
increasingfriction, the bond capacity after dwnding was increased. The indentation sva
identified as a very important parameteneTindents causea compressive stress in the direction
normal to the strandoncrete interface whicresulted in amcreasen the occurrencef splitting

failures
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2.2.3J.C. Galvez, J.M. Benitez, B. Tork, M.J. Casati, D.A. Cendon

Galvez et al (2011) presented analytical, experimental and numerical work based on
observations of thbondsplitting process. For their analytical approach they used a thick walled
linearly elastic cylinder method to predict the bond stress value and value of slip, resulting in an
equation for transfer length. In their experimehtsy used specimens hagiarectangular shape

with one embeddeprestressingvire and different thicknessof edge distance

During the test released load, displacement of the actuator, longitudinal shortening of
concrete specimens, and crack opening displacement of the longitudinal cracks were recorded. The
specimens with deep, shallow and tingentation of wirewere obseved Splitting failure was
observed on the specimens with the thinmeige distanceThe longitudinal shortening of the
concrete prism decreased after splitting failure where the wire lost confinement. It was concluded
that the critical released load whichuses the splitting failure diminished with increased depth of
the wire indentations. The deepest wire indentation had the best bond between wire and concrete,
until the splitting failure. This was shown by a lower slippage of the wire at the end ohtireteo

prism (endslip) and by a larger shortening of the specimen for equal released load.

For this experiment, EN0138 Y 1770 C4 wires were used having a matdiameter of
4 mm (0.16in) with E=226GPa(3277852%si)a n ¢=5.95%. Three types of indeation depths
were used (shallow, medium and deep). A total of 27 specimens were made with wire embedded

longitudinally in the specimen.

The dimensions of specimens were 40 (15.7in) in length, 60mm (2.4 in) in width
with three differenedge distanes. All wires were tensioned tb7 KN (38221bs) before casting
within stiff vertical frames. Th@restressindorce was applied monotonically up to the desired

value. An extensometer was used for measuring thegneatressingtress. All specimens were
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cast horizontally in one layer in the ground steel molds. A vibrating table was used to make

compact consistent concrete. Testing was conducted 28 days later.

The experiment was performed in two stagasing the frst stage, th@restressindorce
was €nt from the fame to the testing machine. @re secondtagethe prestressingorce was
transferred from testing machine to the concrete prism. During the expetinegalease strength
of theprestressindorce of the wiravas controlled

During the test released load, displacement of the actuator, longitudinal shortening of
corcrete specimens, wire concrete slip on the upper lower faces of the prismatic specimens, and
crack opening displacement of the longitudinal craekse recordedThe longitudinal shortening
of the concrete priseidecreasd after splitting failure whethe wire lost confinementlt was
concluded that the criticakleased load which caus#te splitting failure diminished when the
depth of the wire indentations increas@étlie deepest wire indentations were found to hHhee
best bond between wire and coneretntil the splitting failure.

Galvez et al(2012)also performeé numerical procedureshich modeledhe splitting of
concrete caused by the radial pressure of the wire and the bond between concrete and steel. Their
model was based dhe cohesive cr&capproach withbond based on a plasticity formulation. The
cohesive crack model is generally used as a model of the fracture ofbgttesimaterials.
Hillerborgwas the first who proposed this model in ldte 1970sThe bond model vgabased on
the inerfaceinteractionbetween concrete and steel.

The numerical procedumnsideredhe possible failure of concrete by the splitting action
of the wire. The bond model was incorporated into an interface finite elemeael. For
simulation of the crackghey used a cohesive craclodel, andthe model wasun in software

Abacus. Theinumerical and experimental approach gave similar results.
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2.2.4. Jose M. Benitez, Jaime C. Galvez

Benitez and Jaim&alvez(2011)developed an analytical model for simuhatithe bond
between steel and concrete,prestressd structures during therestressindgorce releaseWith
this model the bond stress wagaluated in the transfer lengthgion where bond stress is not
constant, during therestressingorce release. This model was validatedh experimental
research using differetype ofwire indentations, andith specimens havindjfferent thicknesss
of edge distance Thi s anal ytical M@ASYD propasa forboreginfocetl on T
concete, and on the work of Van der Vg@®97)who modelled the thickvalled concrete ring to
predict the cracking of the concrete on a csmdion. This aaytical model allowed
approximationof the radial and tangential stresses between wire and concrete, ng Poi s s o1
effect, confinement of the steéiheedge distangeand the mechanical properties of the materials.

For validating theresults,the testing was performedith specimens which had one
prestressingvire. The transfer length vgaexperimentdy evaluated in compliance witRILEM
(Reunionlnetrnationale des LaboratoriesExperts des Materiaux, Systemes de Construction et
Ouvragesytandard. According to these standathe transfer length defined as aistan@ from
the end of the specima&vhere concrete strain wa&qual to zero tthe section where strain became
constantWith this model the concrete strain alaihg length of the wire during therestressing
force release can be predictéad as aesult,the value otransfer length aabe found

A rectangular concrete specimen with one single wi@s placed in the prism
longitudinally. The initially prestressindorce wa R and teforce at the end of the prism was
given B-pP , w h presentshep Released force. Wigevelops tangential and normal stresses
atthesteel conrete interface. They observadlice of prism with & dxb thickness, at a distance

bxb from the end of the prism. Using the forguilibrium,they got the equation:
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I b 2-2

puis thewire stress variation between sectiopsis the wire perimeterds is the area of wire
section and U is the average tangential stres

The difference between the strains of both matewals usedo get the equation for slip
A 3L K 2-3

A % %

s is the slip between wire and concrete and dx is the slice thickie¥%po ungés modul u s
elasticity of strainanfici s t he Youngdés modu llsssthe oohcreeeincansat i c i t
stress at x section.

Force equilibrium was used to calculate concrete strains.
K — 3k 3 2-4

Ac is the net area of the concrete section.

The analogy bthick walled cylinder was usedd considerthe concrete confinement of the
wire. Ry was the inner radius arié was the outer radius. The minimuedge distancevas
expressed aR»>-R1. They assumed a linear elastic behavior of material with no occurrence of
cracking. The circumferential and the radial stresseg.aedU.

The circumferential strain for the steel is

Al g A A 2-5
J %

And for the concrete
[ Al g A A 2-6

%

- andUgqare the radial and hoop stresses @sid the stress in the normal direction to the section.
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Using theTepfers equation, the tangential strbesween steel and concretexalistance

from the end prism can be expressed as:

z "3 "3 2-7
|
#4% —u%
OATp % ( 4 %
2-8

B>

The tangential stresses between steel and conmegatl the certailimiting value and

Uhax, Which camot be exceeded. The authors assumed, that once this critical value has been

reached the tangential stress remains constant and edial to

Slip steetconcrete is gign by equations along the prism. The equations for two different

zones were givel<x<Xiim
2-9

" "3k Z [ %! 3" " Z C & "

Aoy i

A E . » 0 -,r"-H?A-, ,,HA A~ vl HA A — T
2-10

lfthe value of x al ong Uelitsndiedasinr ess has exceede
For this model, they used the experimental results of Galg€alvez et al., 2009)

experimental work. Theesearch was focused to shdve influence ofedge distancand the

indentationdepth in the transfer length arormal and tangential stresses between steel and
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concrete during thprestressindorce release. e experimental tests were givén the previous

section. Bth analytical and experimentasults gave the similar results

2.25. Joseph R. Holste, Mark Haynes, Robert J. Peterman, B. Terry Back, Chih
Hang John Wu

Holste et al. (20149howed the inflenceof indentation of wires ondmnd behavior between
steel and concretior tests conductedt Kansas State Universityhe concretespecimens had
different types of wiresnd br thepull-out test, wires were tensioned to %% of their ultimate
capacity before casting. When concrete reached the maximum strength release of 4500 psi, the
wires weregraduallyde-tensionedWire slip and force were measured during theeahesioning
procedureon ezh side of the specimeApproximately 12ifferent wires with a diameter 6£32
mm (0.21in) were used with different indentatiamcluding smooth wire WA, a spiral patterned
wire WE, four and twedot indented wires (WK and WL), and eigttievron pattered incented
wires (WB, WD, WEWH, WI, WJand WM).The @ncrete mixture consisted ©fpe-lll cement,
sand, 3/8n aggregate, water ardimixtureType-F HRWR. The mix was consistent for every test
Materialswereovendried to remove any msture.

A Frame with two lbeans acting atthe main support&as used for pulbut tests. Each
wire wastested in three diffent locationsThree sets of channel section attached to | beams were
usedfor recording At the ends of the fram&-type load cells werattachedand a wire chuck
attached to the load cell. The wires were tensioné@@0Ibs., and casting took place after that.
All specimens hadlimensions 2.5n height witha diameter of 2n. When concre reached the
strength of4500 psi, the wire was deensioned. The first testinggas a specimewith a 4n

diameter,for this specimerthere was no occurrence of splitting, tests werecortinued with
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diameter of 2n. The wo indiameter specimen provided minimum cover conc&itaultaneously
with thes p e c i, oyBndedssvere cast to determine the compressive strength of concrete. All
cylinders were temperature match cured using Sure Cure syBtendifference irs peci mend s
volume and cylinders volume l¢ol useof a speciatooling box to place the compressive cylinders
in as they cured. When the compressive strength of concrete was reached, the specimens were
tested. The | inear variable differential tran
the wire slipped ind out of the concrete. Load cell and LVDT measurements were recorded
using a data acquisition systefie data acquisition systemasset to scan 100 scans per second
because the test was quasi static.

It was foundthat smooth wire WA during thetestdidt c aus e (Sipalwird)t i ng,
showedsplitting, but this wire did ndtave indent and it was removed from testing, all the chevron
wires caused the splitting during testing, but they exhibited different bond behavior. The authors
concluded for chawn wires, that specimens seemed to split when thenmuaxbond force was
achieved. They found the top and bottom ghjuesihe bottom values were found to provide the
highest correlation with the geometrical measurements of the different indents. The top values
showed correlation. The indent deptias the most important featuréss the bottom and top
splitting. This experimet gave the results where theogeetry of the indent pattern coube used
to determine at what slip value the reinforcement would cause a specimen to slip. The highe

bonding wire patterns showed tlogver slip value reded to split the specimen.
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2.2.6.Matthew L. Arnold, Robert J. Peterman, Naga Narendra B. Bodapati, B. Terry
Beck, Chihr-Hang (John) Wu

Arnold et al. (2013) investigatedhow the indentation of wireincreasesthe bond
performance between steel and concréfbe bond characteristics were telenined by
experimental tests conducted at Kansas State University. For these experimemeisation
steel wires were used for tipell-out tests. These testerved as quality control testAll these
wires were tested in original condition how thesceived, and they had different indent
characteristics. All specimens wexéth 4in outer diameter tube withr8length. The wires were
5.32mm (0.21in) in diameter andvere in the center of the tube and the seemmhent mortar was
placed and allowed tauce. Mortar cubes with dimensionsi2 x 2in were used to determine the
compressive strength of the mortar. All specimens were tested when compressive strength of the
mortar reached prescribed valuwgg500psiand 5000psi. Eachwire was tested six tinge and six
batches were made with 12 pullout specimens, one with each wire type.

During these pulbut tests, the wire@mooth type, chevron type, spiral type and diamond
type)were loa@éd and simultaneously the sl the wire was monitored amdcordedAll force
versus englip data were combined to obtain the average bond performance. All these results were
thencompared to transfer lengtheasurements. It was found that there a@selation between
the pullout tests and transfer length meaments.

The authors observed consistent pullout strength results when six differeat badches
were used, and thesess were found to havgood correlation with the bond performance of the

wires in pretensioned applications
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2.2.7. Vincent Briere, Kent A. Harries, Jarret Kasan, Charles Hager

Briere et al. (2013) evaluateaet bond between ptensionedtrands and concrete depends
usingthree mechanism: adhesion between the steel surface and cement, friction and wedge action
because ofloyer effect(shownin Figure 21) and mechanical interlock between strand wires and
concreteTheHoyer effect can lead to the radial expansion depending on friction and mechanical
wedge which also increase the mechdnieterlock effect. The Hoyer effectalso affeds the
transfer length.n prestressd concretestructuresthe transfer of larg@restressingorces can
possiblylead to local cracking whictelates tdourstingstresses or splittind hisin turnrelates to
thetransfer strand force through bond.

In the Hoyer effect when wire or strand is tensioned, the diameter decreasés the
Poisson effect. After deensioning the wire andtendon attempt to return to thegarevious

diameter, when radial forces develop along the concrete/tendon interface.

Transfer length

Figure 2-1: Schematic Representation of Hoyer effect

With radial expansion of the tend@mestresgorce is transferredo the concrete by exerting a
force normal @ the strand concrete interface. Thisharesfriction and develop wedgethat
enhancing the effectivenessf the normal force. The mdial force is compressiveand

circumferential stresses are perpentar. Oh et al (2014fonsidered strand as a solid cylinder
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having an unstressed radiusand stressed radius of.rThe radial pressure is obtained by the

following equations

5 Op afEx% Op uAEY 2-11
pTl:O Y —8—%— OT%

£ EOTA 2-12

O 0p — 2.13

Wherefp; is the axial stress iprestressingtrand at a distance z from the free dnds the axial

stress in concrete at a distarmecis the clear covers; and3, arethePoi ssonds coef fi
concrete and stealespectively E: is the modulus of elasticity of concretep is the modulus of

elasticity of steel, sand_ ( the circumferential and radial stressspectively

The radial and circumferentigitresses are given as function of the radial distaisogg the

following equations

P P 2-14
Px O
P P
A 2

p P 2-15
Px O
PP
A 2

This study determiné the empirical values for the dilation ratsg Five samples with
strand diameters 12m@m (0.5in) and 15.2nm (0.6in), respectivelyand 186MPa(270ksi) low
relaxationprestressingtrand were usedtach test included stressing the strand fe@ro up to
1488MPa (215816.2psi) or 0.8x fpu in increments of 0.k fyu. Each strand had ten repetitions,

and first strand was unstressed. All tests were conducted inr@aetiihg frame using a pair of
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hydraulic arms. With hydraulic arntiseload wasapplied to the strands, and stramndse anchored
by strand chucks
Electical strain gages were used along withadified clip gage extensometey measure
the diametric strain of the strankh extensometer was mounted to measure the change in diameter
of the rings and strand#\s aresult, all specimens exhibited a significant axial strain offset
following the first load cycle. dad repetitions exhibited small atddnal offsets. t was noticed
that the dilation ratio gbrestressingtrand effects camete cracking behavior amestres$orce
transfer behaviorThe degree of dilation vgashown to be affected by thmestressingsteel
geometry: single wiretendonswee af f ect ed lonlyafdonulvarestrands haviagt i o n

a greater apparentiakion ratio.

2.2.8. Byung Hwan Oh, M. ASCE; Eui Sung Kim; and Young Cheol Cho

Hwan Oh et al. (2006)uilt upon the workBalazs 1987py building on a theory which
investigated the transfer lengtiihey proposed concresteel model irwhich theprestressing
steel wa considered as a solid cylinder and the surrounding concrete as a hollow cylinder. The
cracking of concrete in aradidire ct i on due t o beEenygansidéred ugnnf e c t h
appropriate tensitstress crack width relation. Simultaneously with analytical modetimg
experimental tests were conducted to measure the transfer leagtwderingdifferent variables
sud as concrete compressive strength, strand diameteadgieedistancand strand spacing. The
experimental data and analytical approach gave similar results.

In summary, the literature review revealed tHa¢ transfer ofprestressingorce isa
complex problem, and the value of transfer length is very impoAanbrding taall experimental

testingds per f olotofeatiablemnaffactithe vakie aé nahsferylengtha The main
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variablesfound have includethe strand diametepredressintensity, the concrete strength and
the edge distanceThe proposed theory which was catesied in this research considertbe
prestressingteel as a solid cylinder and the concrete as a hollow cylinder. The borsdveses
expressed simply in ters oftwo variables the coefficient of friction which wataken as 0.4
(Tepfers 1979, Janney 1954) ane ihterface pressure p which could determinedising the
equation 216. Derivation of adial circumferential stresses megreviously given in equin

2-14 and 2-15. With this analytical model an expréss for the interface pressure svgiven as

follows:
R u /£ R u /E 2-16
Op 57 Op 0%

b . . -
p 4 O O A |

Wherer, is theinitial diameter of steel befoqgrestressing; is thediameter of steel after
prestressingc is the edge distangesc is theP o i s saefficiest of concrete3pi s Poi ssono
coefficient forwire, Ecis themodulus of elasticity of concretg;is the axial stress of concrete at
distance 4rom the freeend, and fpzs theaxial stress oprestressingteel at a distance z from the
free end.

For Anisotropic analysis some modified properties are given, which are directly connected
with number of radiatracks and average strain due to cracks. The valukeahodulus of
elasticity is reduced and is given by following equaiionvhich w is width of crack, and L is

length of crack

% 5 2-17
%

Where_ ¢ is the circumferential stress, w the crack width and L ishe crack spacing of radial

cracks.
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For fully cracked concrete cylindesiccording to this analytical approadhe displacement of
concrete after release pffestressingdprce is given by following ecation:

~ =~ /fE uwkE 2-18
O A% %

WhereEc=Eq at the outer surface amfgis_qatr=c.

The authorgonsideredhe effects opartial and full cracking due to pressure in obtaining
the governing equatio tensile stressrack width relation was incorporated iritos equation
for thenewvalue of modulusf elasticity. All equilibrium equations were given for each segment
of a member in the longitudinal direction and the strain development cliheeauthas obtained
al transfer lengthérom these strain profile§.he observed nalytical approaclgivesthe similar

reaults to theexperimental testing.
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Chapter3-Mat er i @Qd e raantdi o n

3.1 PrestressingWires

The geometry of thprestressingvire indentshas been found to keesignificant variable
in the formation oflongitudinal splitting cracks in preensioned concrete railroad tee
Longitudinal splitting alongorestressingendonscan result in severe splitting and complete tie
failurein the field under normal train loading over tinintil recently, inspection girestressing
wire indent properties consisted of sampling indents from a small segment of wgeesulted
in very limited statistical information otine wire indent propei¢s. To address this deficiency, a
high resolution automated naontact optical wire indent scanning systeras developed at
Kansas State Universitdeck, 2019¥or complete and rapid characteriziofjall relevant indent
geometrical parameters. Tlseaming systemcan measurelarge segments of wire to yield
statistically significant samples of all relevant indent parameléese parameters includedent
depth, indent width, indent sidewall angle, indent pitch and indent vqlBauk, 2019)

Indentedwire is manufactured by pulling wire through a set of three rollers, orianted
120 degrees apart. Each roller has contact teeth that indent the surface of the wire in a regular
pattern.Figure3-1 shows a typical set of indent rollemad Figure 3-2 shows the indent pattern
generated on a section of indented wire. The resulting indent pattern comprises a variety of

geometrical shapg8eck et al., 2019)
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Figure 3-2: Manufacture of PrestressingWire Indents (Beck et al, 2019)

As stated previously, ddgh-resolution automated nerontact optical wire indent profiling
system was developed for completely and rapidly characterizing all relevant geometrical
parameterdrigure3-3illustratesa schematic diagrashowingthe basic featureand its operation
The systentonsised of a commerciallyavailable laser line scan module, which measune

profile shape of @sliced along the longitudinal surfacd the prestressingvire under tesig.
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Traversing Platform

L
Line (sheet) Laser
Module

Figure 3-4: Wire Support and Traversing System(Beck et al., 2019)

Additionally, Figure 3-4 shows the traversing system which was designed to measure up
to 36n of indented wire éngth. The current light sheet systemdha spatial resolution

approximatelyan order of magnitude of only a few microkRgyure3-5 shows a photograph of the
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overall LabVIEW based indent scanning systenwide variety of indent shapes can be

accommodated by the system.

‘ W Latihe and Wire Support
- &

Figure 3-5: Ideal Bilinear and Measured Strain Profile (Beck et al., 2019)

For this study,featuresof interest that were recorded includeddent depth, indent
volume, indent sidewall area, indentlesvall angle, indent length, indent pitch period, indent
width, indent distancend indent orientation anglerigure 3-6 shows graphicallythe indent

features of interest.
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Figure 3-6: KEY 3D Wire Indent Geometrical Features(Beck et al., 2019)

Table3-1 shows a summary of indent measurements for all wires used in this research.
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Table 3-1: Summary Indented Wire Measurements(Beck, 2019)

Average depth Edge wall angl¢ Edge wall anglg Side wall areg Volume

(mm) (degree) (rad) (mnv) (mnr)
WB 0.119 16.45 0.287 2.9217 1.696
WE 0.259 15.1 0.263
WF 0.163 28.07 0.490 2.45201 2.446
WG 0.066 10.56 0.184 2.31676 0.760
WH 0.164 16.27 0.284 3.96131 2.154
WI 0.094 11.02 0.192 2.8498 1.102
wWJ 0.123 11.52 0.201 3.63758 1.428
WM 0.101 16.41 0.286 2.06205 1.252
WP 0.117 29.00 0.506 1.80258 1.745
WQ 0.067 11.58 0.202 2.14883 0.776

For thisresearclstudydifferent types of wires were used for each individual set of prisms.
All wires testhad a diametesf approximatelys.32mm (0.21in). Wires types were denoted using
the following nomenclatureiWAo, iWB0o, AWEO, AWFo, AWGO, AWHO /W10, AWJo, AWM,
AWPO and AIWQO. All reinforcenents were lowrelaxation typeat grade 270ksi steel. The
indentation typesestedincluded smooth, spiral, chen and deep chevroMaterial properties

for each reinforcement type givenby themanufacturesandshownin Table2 (Bodapati, 2018
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Table 3-2: Material Properties of Each Reinforcement Type (Bodapati, 2018)

Indentation type, | Ultimate | Ultimate Tensile Cross Modulus of
Diameter tensile force| Strength (ksi) | Sectional Area| Elasticity,

(Ib.) (in?) E (ksi)
WA | Smooth5.32mm 10,184 293.5 0.0347 27,700
WB | Chevron5.32mm 9,712 281.7 0.0345 30,510
WE | Spiral,5.32mm 9.258 268.6 0.0345 28,570
WEF | Diamond,5.32mm 9,280 269.2 0.0345 29,000
WG | Chevron5.32mm 9,376 271 0.0346 30,300
WH | Chevron5.32mm 9,438 271.2 0.0348 29,870
WI | Chevron5.32mm 9,389 279.5 0.0336 29,000
WJ | Chevron5.32mm 9,702 276.9 0.0350 28,600

Shown inFigure 3-7 to Figure 3-17 aremicroscope images of wire and an associated 3D CAD

model(Haynes, 2015)

Figure 3-7: WA Wire Type- Microscope Image and 3D Mbdel (Haynes, 2015)
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Figure 3-8: WB Wire Type- Microscope Image and 3D Mdel (Haynes, 2015)

Figure 3-9: WE Wire Type- Microscope Image and 3D Mdel (Haynes, 2015)
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Figure 3-10: WF Wire Type- Microscope Image and 3D Mdel (Haynes, 2015)

Figure 3-11: WG Wire Type-Microscope Image and 3D Mode(Haynes, 2015)
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Figure 3-13: WI W ire Type- Microscope Image and 3D Mdel (aynes, 2015)
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Figure 3-14: WJ Wire Tye— Microscope Image and 3D Mdel (Haynes, 2015)

Figure 3-15. WM W ire Type- Microscope Image and 3D Mdel (Haynes, 2015)

N 4 [

b~ -
2 .
J WA
l 133

Figure 3-16: Photo of P Wire Type
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Figure 3-17: Photo of WQ Wire Type

Table3 shows advanced indent geometrical featimegach wire sample which include:
the indent projected surface area (PSA), the indent volumetric void (VV), the indent surface area
(TFSA), and the indent edge wall surface area (Edge)F&lAthese parametenrsere found to
have strong correlations to tharsfer length created by wirdgynes 2015)

Table 3: Advanced Indent Geometrical Features(Haynes, 2015)

PSA (mnf) VV (mmd) TFSA (mnf) | EdgeTFSA (mm)

Avg. | Std. Dev.| Avg. | Std. Dev.| Avg. | Std. Dev.| Avg. | Std. Dev.

WB | 17.58| 1.02 2.69 0.58 |16.62| 1.08 1.72 0.17

WF | 16.97| 2.44 3.46 0.72 |17.25| 0.24 1.90 0.10

WG | 13.50f 1.40 1.26 0.08 |12.41] 1.02 0.65 0.15

WH | 16.92| 0.77 2.85 0.04 |16.71] 0.71 3.16 0.02

WI | 14.26| 0.02 1.70 0.21 |13.76] 0.15 2.23 0.32

WJ | 16.0 1.13 2.30 0.13 |14.65] 1.14 2.39 0.97
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3.2 ReinforcementStorage

All wires used in tis studywere stored in separate polyvinyl chloride (PVC) tuteang

a length of25ft. The tubes wer8in in diameter Slica-based despproximatelnt packets were

placed inthe PVC tubes to prevemtsting and preserve the reinforcemeitsreceive® surface

condition for testing. These Zbpieces wereghen cutinto shorter lengths approximately 223

for testng. Wires WG andWH usedn these tets wereextracted from existing prismshe length

of these wieswasapproximately63 in. After removing from original prism8VG and WHtype

wireswerethencleaned using the following procedwredescribed ira study byArnold (2013)

1.

2.

Rinse with watefrom a hose with a spray nozzle

Spray with Deoxidine 7310 and water solution and scrub steel surface hy hand
Rinse with water from a hose with a spray nozzle

Spray with Deoxidine 7310 and water solutiemd let the samplesit approximately 15
seconds

Scrub steel surface using a brass brush for approximately 30 seconds

Rinse with water from a hose with a spray nozzle

Dry steel specimen with cleatoth; and

Stand specimen with clean cloth
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Figure 3-18 Chemical used in Reinforcement Cleaning ®cess (Deoxidine 7310)
(Arnold, 2013)

Figure 3-19: WG Wire Type Before (left) and after (right) Cleaning

Figure3-18, Figure3-19 show the material used for cleaning the wires and give us the
visual effect of cleaning proced-igure3-20 shows the reinfmement storage ratkat was used
for this study Sinceall of thewires denoted as WG and WH were used in preWyalsscribed

testing, for tiis studyall samplesvere extracted from existiqyisms A procedure was
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perfaomedusinga machindor compressive testing\ll wires which were extractefilom

existing prismsad a lengtlof approximately 63n.

Figure 3-20: Reinforcement Storage Rack (Bodapati, 2018)

After extracting the wires from the existimgisms, it was observed that the indents
typically contained residual along one side of the indent at eachewitgrigure 3-21). Upon
further inspection it was notidehat the concrete appeared to have been crushed, and that the side

of the indents that contained the concrete was different at opposite ends.
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Figure 3-22 Observed Qushed Concrete Resdue-Left side of the WH Wire Type
(Beck, 2019)
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Figure 3-23: Observed Qushed Concrete Residue-Right side of the WH Wire Type

Figure3-22 andFigure3-23 showthe observed crushed residue for both sides of the wire.

Figure 3-24: Observed Crushed Wncrete Residue for Wire Type WG
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3.3 Concrete materials and Mix Design

This section wilbe dedicated to the materials whighre used in this study.
3.3.1 Cement

Monarch Type Il cement was used for all concrete mix designs used in this study. The
cement was obtained from Concrete Materials Inc. in Overland Park and storegaiob5
drums until needed.
3.3.2 Aggregates

A crushed gravel from Tuos, Arizonawith 100% passing thé&4 in sievefor the first
mixture wasused forthe present studfFigure 3-25 andFigure 3-26). Additionally, ganite was
used for the second mixturewith 100% passing the 3/8 in sievéFigure 3-27),
(Figure3-28). A locally available natural silica sand walsousedfor this researckFigure3-29).
Priorto thecastingoperation, albf thematerialwas dried in aven to gain consistency in mixture
proportions The aggregates were dried in an oven at @ Fahrenheifor approximatty 24
hours to ensure the moisture content was zero. After drying, the aggregatéisenstered in a
dry storage container until they were used for batchimg hours before the mixingperation
the materials were weighed and stomedbuckets locateth a temperatureontrolled room until
the concrete was batchdithis procedure ensurambnsistency in batch temperature and almost the

same slump for all mixes.
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Figure 3-26: Tucson LargeCrushed Gravel Aggregate(CA2) used in this study
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Figure 3-28: Uncrushed PeaGravI Aggregate(CA1l) used in this study

47



Figure 3-29: Fine Aggregate (sand) used in this study

3.3.3 High-RangeWater Reducing Admixture

To achieve the desired concrete consistencies (slump) withveteycementitious (w/c)
ratio, ADVA CAST 530 was used for all tests. Thggh-rangewaterreducing admixture is a
polycarboxylatebased superplasticizer. ADVA CAST 530 compliescwkKSTM C494 Type A
and Type F and\STM C1017 Typel andcan produce concrete with extremely high levels of
workability without segregatiorADVA CAST 530wasused to produce concrete with very low
water/cement ratios witnormal levels of workabilityADVA CAST 530is ideal for use in precast
andprestressd applications where concrete needs to achievedadi strength along with high
levels of wokability. Normally therange of using ADVA CAST 530 is fro 3 to 10fl 0z/100 Ibs
of cement.
3.3.4. Mix-designduring lab phase
Concrete for preéensioned concrete prisms was batched usinfgud Hog concretemixer

(Figure 3-30). Three different mixturesvere used to cast conteeprisms. Tables-8 lists the
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materials which were used p® in each concrete mixtur@lix-Design A consists of Tucson
(crushedpggregate, two type one within max aggregat size sieveMix-Design #2 consisted of
granite as aggregatdlix-Design #3 consisted of a local pea gravel-¢wushed aggregate).
1.98ft3 of concretevas cast every time.

Table 4presents Mixdesign#1

Table 3-3: Mix D esign#1

Material Weight
(Ibs.) lyd?®
Cement 813.8
Water 260.4

Large Crushed Gravel (CAZ 897.8

Small Crushed Gravel (CA3  538.7

Sand (SSD) 1436.5

HRWR 81fl.oz/yd®

Table 3-4: Mix D esign#2

Material Weight
(Ibs.) lyd®
Cement 813.8
Water 260.4

Crushed Granite (CA4 1447

Sand (SSD) 1447

HRWR 81fl.oz/yd®
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Table 3-5: Mix D esign#3

Material Weight
(Ibs.) lyd®
Cement 780
Water 249.6

Uncrushed Pea Gravel (CA] 1526

Sand (SSD) 1526

HRWR 81fl.oz/yd®

Figure 3-30: Concrete Mixer
For thisstudy, a consistent mixture of/pe Il cement with a watezement ratio of 0.32

was used for all constructed prisms except for prisms casted with WE wire. For these prisms a
water/cementitious ratio of 0.38 was used for compressive strength @3,08500 psi and
6000 psi. 12000 psi compressive strength was reached after six days and water/cementitious ratio

was 0.26.
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Chapter4-Met hodol ogy

4.1 Experimental Facility and Prism Casting Procedure

Original prestressd concrete prisms were fabricatatiKansas State Universitynder a
different study (Bodapati, 2018), and thewésnms had a reinforcement edge distamelin.
Additionally, the centerto center spacingetween wire within the prism wad.5in. Figure4-1
showsthe cross sectioaf a typicalprism with in edge distance. For the curreasearclstudy,
three prisms witlvarying cross sections wengsedwhich included aenterto-center spacing of
2.0 in between wires with a maximumreinforcement edge distanceof
% in anda minimum edge distancef ¥z in. A primary difference betweethe original prisms
developd at Kansas State Universignd theones utilized irnthis study was theeinforcement
edge disincewhich was reducetly 25 % to 50% of the original dimensionsThe wires in the
prisms were each tensioned to 7000 T average initial compressive stress for edge distance
%in wasequal to 28000Ib. / (3.5in) 2=2285psi. For prisnswith ag in edge distangehe value
of stress was 28000Ib. / (3.25in) 2 =2650psi which was59 % of the 4500 pstoncrete release
strength For prisms with %2in edge distangeaverage initial compressive stress wiasvas
3110psi, which vas approximatel$9 % of the 4500 psconcrete releassrengh. This valueis

significantly into the nonlinear range of the concrete.
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Figure 4-1: Original Pre-tensionedConcretePrism -1in Edge distance(Bodapati, 2018)

Figure4-2 showsthe prestressindped with threesets of steel frames, each resulting in a
prism with different reinforcement edge distandeiltiple tests were conducted on gensiored
concrete prisms cast in these stiEames. As stated previously, foprestressingvires were
symmetically embeddednto each concrete prism, resulting irty@ical centetto-center wire

spacingof 2.0in.
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Figure 4-2: SteelFrames (Savic, 2018)
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4.2 Experimental Set-up

4.2.1PrestressingFrame and L oad cells

In the pretensioningframe wires within each prisnwere tensionedbetween two
abutments prior to the casting of concrdtee abutmentsere fixed atthe ends of @restressing
frameandFigure4-4 illustrates thgretensioningprocess that was usedtims study A special
jacking assemblyvas alsodeveloped at Knsas State University anded for thisstudy The
mechanicafjearjack was attached to the metal frawitg@challowedgraduakensioning andelease
operationsJackingof the steeprestressingvires occurredtthe end of the steel frame referred to
as thefiLive Endd as shown irFigure4-6.

The Ive end of theprestressd bedwas the end of therestressingframewhere stresag
operations occurre@nd total jacking force was measurgdowever, thedead endof the
prestressd ked was wheréndividual wire forces were measured by loatlscéigure4-5). The
load cels used in this studyvere Stype transduces which convered force into a measable
electrical outputThese sain gauge load cellsad precisionaccuracieshatwerewithin 0.25%
of full scale.During theprestressing@peration both the total jacking force and the force in each
wire were monitored agerification ofthe prestressindorce at both endsf the prestressd bed

(live anddead endyhich ensurd thedesired stress in eaphestressingendon was achieved.

Mechanical
Gear &
Live end

Dead end

Pre-stressing bed

a) Applying tension to wire
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Mechanical ‘
Gear g Dead end
Live end

Pre-stressing bed

b} Casting of concrete

Figure 4-4: Stages ofPre-tensioning

Figure 4-6: Prédstreéséﬁdnjacking arrangément at tﬁLive End
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Figure 4-7: Digital Display of PrestressingForces M easu;ed byL oad cell
Figure4-5 shows thedur load cellghat were used wete measure thprestressindorce

in each individual wire at the Dead End

Wires WG and WH were extractém the prisms which were casy Bodapé, and the
length of the wiresvere approximatel$3in. For these wiregheoriginal setup was adjusteay
inserting additionaprestressingplicechucks between the first and second psisand between
thesecond and third prissnAt the end of the dead ewndlthe third prismshorter pieces of wires
wererequiredwith additionalprestressinghucksas shown irlFigure4-8, Figure4-9 andFigure

4-10.
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Figure 4-8: Adjusted Setup-Additional C hucks betweenFirst and Second Rism

57



G

BEnd of the Prest

g

esséd Bed

Figure 4-10: Adjusted setup of Prestres®d Bed

4.3. CastingProcedure of Prisms

The @asting procedurdescribed was usddr all prismsconstructealuring thisstudy All
materialsdescribed in the previoushapterfor concretemix were oven ded, and weighed
appropriatelyand mixed in a horizontahaft electric concrete mixeFypical mixtures utilized a
0.32 wi/c ratio, and the desired consistency (slump) was achieved by slight adjustment of the
ADVA CAST 530dosage Slumpat the time of specimen castingis between 6 and 8in, and

the slump wasneasured prior teachcasting operation. Concrete widen placed inthe three
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steel formon theprestressindgpedand consolidated using a&Xible-shaft internal vibrator ith a
lin diameter head. After castimgas completedtheconcreteprismspecimens were covered with
a poly tarp toretainthe internallygenerated heat andcrease the strengtimining rate of the

concreteFigure4-11 showsplacement of the concrete in the steel prism

Figure 4-11; Casting the Prestres&d Concrete Risms

4.4 Sure Cure System

In addition tocasting the prisms, 12in x 8 in compression strengtijlinders werealso
castsimultaneouslyusing the Sure Cure Systemhich allowedthe cylndersto have the same
temperature as the prisniheSure Curesuring control system consistof three major parts: j1
aWindows based computgf) USB port used to transfer data to and from the @& driveto

a 485 converterand (3) the I/O cabinet. The I/O cabinet corgdinssociateaableconnectors
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which includedblue connectortor thermocouples (Type Tandblack connectorsvasfor on-off
heatingof cylinders.A black multiconductor cable with green engsre usedo connect between
the I/O cabinet and the USB to 488nverters Thestudyused6 channeldo collect data from 12
cylinders

Figure4-12shows 12 cylindersused for the study in a temperatwantrolled environment
usingthe SureCure minicontrolling systemFigure4-13 shows the typical temperature plot of

prisms and cylinder specimens.

Figure 4-12: Twelve Concrete G/linders under Temperature Control through Sure Cure
Mini Controlling S ystem
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Figure 4-13: Typical Temperature (F) Plot of Prism and Cylinder Soecimens
Figure4-14 shows the example of making cylinderssitu. All 12 cylindersdeveloped for

this study were capped and tested usirigpmey250,000poundcapacity compression testing

machine as shown iRigure4-15.

Figure 4-14: Making the Sure-Cure Cylinders
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; i
Figure 4-15: Testi
During the study, th€orney machine was retrofitted to includ&eD Automatic Systemvhich

gathers, stores, and transmits data.

Max Load BECHTEN b
Stress at Break psi
Ramp Rate [EPEREN psi/s

This Test

Next Test n Auto

= \
Figure 4-16: Example of Measured @mpressive strength of @linder

As illustratedin Figure4-16, a ouchscreen was used to control and configure tesipset
of the Forney machind-ive hours after castingylinderswere testedising the Forney machine

ard tests were epeated every 45 minuteShe desired strength af500 psi was reached
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approximately afte® hours and6000 psi after 11 hours, when therocess of déensioning

commenced
4.5 Testing procedure andTransfer length Measurement

As statedpreviously, bur wires were embedded into each concrete prism. The spacing
between wires wa®.0in for all three specimens cast in serestheprestressingped The wires
were initially tensioned to 700lbs. and gradually déensioned when the desiredmpressive
strength reacheithe specifiedprescribedralues 0f3500psi, 4500psi, 6000psi, and12000psi for
each casting. In addition tdserving and recordingacking/splittingof prisms measurements of
longitudinal surface strain werecordedusing a Continuous Scanning/Traversing (CST) strain
measurement systefBeck, 2015)

In order forprestressd concrete railroad ties to function adequatelyhie field, and to
ensuresafety, therestressingprce must be fully introduced into the railroaeldt a location well
before the rail load is applie@ihelength required to transfer tipgestressorce into the concrete
member is well known akefiTransfer length.

A 3D CAD drawing of Continuous Scanning/Traversing (CST) strain nmeagmt system
is shown in Figure €0 (Beck, 2015) This device is also called a Las®peckle Imaging (LSI)
system.The LS| system can serve as a tool to evaluate the effect of process and rohterigds
on prestressingsteel bondlt utilized a laserspeckle imaging (LSI) principle for making the
required local measurements of surface displacement, from which local strain is determined. The
device has arquivalent gauge length of Grf) and a strain resolution of about 20 microstrain

(Beck, 2010.
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Figure 4-17: Laser Speckle Imaging $stem(Beck, 20D)
The laserspeckle devie was used to scdhe top surface of a concrete prism before and

after detensioning, and automatically plot the strain profile and determine the transfer length using
a leastsquares algorithnizhao, 2012) For thispurposethe automated traversing system with
translatig LS| sensor was used. The system inadial@4in scan length of measurement on each
end of prism end. The average time for 60 distributed strain measurement paaschminute,
with around 0.010in repeatable sensor traverse positioning accuracy. LBlesensor and
traversing system were connected to a Laptop computer. The traverse condiatbaachuisition,
and dataprocessing wre conducted using the same Laptop computer through a LabVIEW
interface(Beck, 2010.

For transfer lengtimeasurement two scans were required one prior-terdgoning, and
the second subsequent to the cuttiftgrde-tensioning operatiorkzigure4-18 shows a practical
implementation of the autonted traversing systergBeck, 201%. Figure4-19 presents measuring
the transfer lengths the laboratory phas&/hen the raw images were captutbe, surface strain
was calculated and plotted automaticéBgck, 2010)

When the surface strain profile was ob&nthe transfer length can bgtracted using
95% Average Maximum Strain (95% AMS) method, or the Zbee least squares algorithm
(Zhao, 2012) This dgorithm is based on a leasfjuares technique and provides unbiased
estimation of the transfer length. The approach of this metfasdo find the optimal location of

the intersection point that minimizes a target function, and target function is generated by assuming
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the surface strain to be bilinear with the rounding effect of the gauge length of the sensor taken

into accoun{Beck, 210).

Transfer Length

il

. S .
4:-_,_'-’ o, > 1

LabVIEW
Interface

Strain

- 8 % ¥ BREEEEGE

WO w0 0 e gE e we

Distan Computer-Controlled
Linear Traverse

Portable
Battery Powered

Sensor
Figure 4-18: Overall Automated LS| SensorTraversing System(Beck, 2010)

".i}.': . S - . e
Figure 4-19: Measuring the Transfer Lengths(Savic, 2018)
A laptop computeprovided USB and RS 232 communications with the traverse system
and the LSI sensor. Position of the traverse control and data acquséierin one software

package and the data processimgere conducted at the same lap{@®ck, 2010) Figure 4-20

shows the traverse control and LabView data acquisition interface.
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Two scans are required for transfer length measurement one priergiositening and one
subsequent to the cutting operatiafter detensioning procedureThe surface strairwas

calculated and plotted automatically after the raw images are captured.
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Figure 4-20: Traverse Control and LabVIEW Data Acquisition | nterface (Beck, 2010

Each prism proded two measurements of transfer lengtfi’se and dead endand
providedapproximately eight independent splitting testsdde distancéour wire cover tests on

each end) for a given release strength.
4.6 Assessment oPrism cracking

Each prism providedight different experimental results for assessing the effect of cover,
corresponding téour wire cover tests on each end of the priBtmotographsf the prism surfaces
were documentedor quantitative and qualitative assessment of cracking behavracking
photosshowthe position on the beam of each crabkttom, front, top and baclopition for live
end of the prismand the same for the dead emthotographs of the prisends,andside wall

surfaces provide the location and distribution of all surface cracking phenomena.
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In addition to simply specifying the number of wires that were observed to textaitking
out of the total of eighwires per prism, the maximum crack widths andrall crack lengths were

carefully measured and documented for all prism &sthown irFigure4-21.

WP | 1/16/20/7 6000psi g EDSE L. .

A -WIDTH 0.040,N DEAD END
CRACK LENGT W -
L 4N

B~-WIDTH — 0.010 N
CrACK LENATH -

14 .60

C. -CRACK W DT
.00

CRACY LenGgTH By FORM
2.5IN DAMAG

D —CrRAU WIDTH -
O.010 1) {
CRACK LENGTH - .
2.2tV !

SPALL;NG, PROD vced

E - CRACK. WIDTH
O .OA0 1N

CRACK LEMNGTH-
9.4 )N

Ly

Figure 4-21: Example of Crack AssessmenEorm
A crack Comparator similar to that shownFigure4-22 was used to measure maximum

crack width for each observed crack. A crack Comparator can monitor crack€ .00 to
0.26in. Crack length was measured by tracing out the path of a given crack with a maaegof

and measuring the overall path (string) lengticluding branchesin cases where spalling was
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observed, the crack width was assigned and arbitrasithwialue of 0.2Gn. Crack area was

defined as the total crack length multiplied by the maximum crack width.

Figure 4-22: Measuring Crack Width (Savic, 2018)
Figure4-23 shows the position of cracks on each end of the prism (live andeteddnarked

with the permanent red marker.

.
¥
r
\
-

Figure 4-23. Example of Pisms and Observed Qacking (*2in edge distancg
Figure4-24 shows themageswhich were taken after measuring the values atlcwidth

and crack length. Thesmagesindicatethe position of cracks on each side surface of the prism
(TOP, BOTTOM, FRON, BACK), shown below the corresponding live end and d=atl
locations. For clear identification, the craaksretraced with permanent red marker. All prisms
were investigated after e months in order to get lotgrm data. End-splitting cracks often
formedat the time of de¢ensioningoperation but some of them can develop during the first few

weeks after déensioningorocedurelue to the sustained lateral stresses exerted Ipygbessing

68



tendons. The capability of the concrete to resist thesstibg stresses without crackingas
determined (in this study) to h@imarily a function of distance from the reinforcement to the

nearest parallel edge of concrete, the aggregate type andtynaft the concrete

Figure 4-24: Typical Ficture of Observed Gacking Live and Dead end(Savic, 2018)
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Chapter5-Re s ul t s

In order to determine whigbarameterdhave the mostffecton longitudinal splitting
between prestressing tenda@rgiconcrete, straiprofiles, crack area and crack lengthre
systematically evaluated for prisms havdifferent release strengtlf concrete and different
tendon edge distancd3risms with no cracks hadwell-developed [ateau regiorof
approximately uniform strain. Prisms with observed crackxjerienced loss of bond and often
had noruniform strain profiles with shorter or no strain platedusddition to the number of
wires that exhibited cracking, overall crackdghs were measured for each prism having a given
release strength and edge distance. From this information, a representative craels alsa
determined. This crack area was defined as the total crack length multipliednbsodineum
measuredrack widh.

In addition,photograph®f the dead and live end of the prisms were taken for all prisms
for quantitative and qualitative assessment of cracking behavior. Photographp of ihesided s
surfacesverealso taken for the prisms fabricateith wire type WE, whichhad a spiral
indentation patterrPhotographs of the prism ends and side wall surfaces (WE wire) provide the
location and distribution of all surface cracking phenomena. Each prisooteptises total of
eight different experimental resuftsr assessing the effect of edge distance, corresponding to
four wire cover tests on each end of the pridros.clear idetification in photographs the cracks
weretraced witha permanent red marker

Table5-1 shows the number of prigviabricated with eactifferent type of concrete
mixture, release strength and wire typle total mmber of prisms fabricated and evaluated in

this research program was 141
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Table 5-1: Number of Prisms with Each Wire Type, Concrete Mixture, and Release

Strength
Tucson Granite Pea Gravel
Wire Type Coarse Aggregate Coarse Aggregate | Coarse Aggregate
3500 | 4500 | 6000 | 12000| 4500 6000 4500 6000

WA - - 3 - - - - -
WB - 3 9 - 3 3 3 -
WE 3 3 3 3 - - - -
WF - 3 3 - 3 3 3 -
WG - 3 - - 3 - - -
WH - 3 - - 3 - - -
Wi - 3 3 - 3 3 3 -
WJ - 3 3 - 3 6 3 -
WM - 3 3 - 3 3 3 -
WP - 3 3 - 3 3 3 -
WQ - 3 3 - 3 3 3 -

Total: 141prisms
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5.1. Transfer lengths andPrism Cracking-Mix#1

The following data presents thesults for different concrete release strength and
different types of wiresising theconcretemixturewith crushed gravel aggregate.
5.1.1. Mix#1-WA wire type, Releasestrength 6000psi

The test was conducted with WA wirgewith concrete release strengtha®00psi. WA
wire typeperformed very welvith no observed cracKer %in and'zin edgedistanceand fore
in edge distanca 0.04in? crackarea and a # crack length were observed shown irFigure
5-6 andFigure5-7. The values of transfer lengths were higher oréfhie edge distanctéhan on
the prisms withdifferent types of indent. Figure 5-1, Figure 5-2, and Figure 5-3 show the
longitudinal strain profiles on the prismsth %in, e in and%zin edge distanceg\dditionally,
Figure5-4 andFigure5-5 showobservedrismsandFigure5-8 shows the number of cracks on

each prism.

900 (Lt=14.8iim Lt=12.2iin
800
700
600
500
400
300
200
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0
0 10 20 30 40 50 60
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Microstrain

Figure 5-1: Mix#1, 6000psi, WA, ¥in EdgeDistanceLongitudinal Strain Profile
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Figure 5-2: Mix#1, 6000psi, WA, e in EdgeDistanceLongitudinal Strain Profile
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Figure 5-3: Mix#1, 6000psi, WA, ¥z2in Edge DistanceLongitudinal Strain Profile

73



,_53/ e ’ % In edge
¥ In eage \ :
Y e n § distance

distance

" By Vi i n ‘ U5'in edge
k! f%ln edgl t ‘ ' ¢ g

: ~ distance F distance
distance _ ol .

Figure 5-5: Mix#1, 6000psj WA-ObservedCracking (Dead End)
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Figure 5-6: Mix#1, 6000psi, WA-Crack Area (in?)
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Figure 5-7: Mix#1, 6000psi, WA Crack Length (in)
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Figure 5-8: Mix#1, 6000psi, WANumber of Cracks

5.1.2.Mix#1-WB wire type

The tests were conducted with Vi§pewire and concrete release siggh 0f4500psi and
6000psi. Testswere repeated three times with concretersgth of6000psi, and every teswith
WB wire performedpoorly, with four cracks observed on each side of the prisms. WB kad

an average indewtepth of 0.119nm (0.004685n), and edge wall angle 16.4&gree.
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5.1.2.1.WB-ReleaseStrength 4500psi

Figure 5-9 and Figure 5-10 showobserved crackingf the prisms with concrete release
strength o#4500psiand theedge distanceof %in, e in and¥zin. The maximum crack width on
the prism with % in edge distancewas 0.02 in and the maximum crack lengthwas
53in. The prisms with2in edge distancedicatedpoorperformance witlevidentspdling on the

front side of the prism on the live end

14in edge .

g distance 3‘

Figure 5- 10 Mix#1, 4500psi, WB-Observed Gacking (Live End)

Figure5-11, Figure5-12, andFigure5-13 show crack area, crack length and number of

cracks for each prism with different value of edge distance, respectively.
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Figure 5-11: Mix#1, 4500 psi, WB-Crack Area (in?)
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5.1.2.2.WB-Release 8ength 6000psi(First Time)

Figure5-14 andFigure5-15 show the prisms with concrete release streng®006D psi,
and three differenedge distance The tests were repeatedth 6000 psi release strength of
concretethree timesEach test with WBwire resulted ireightobserved cracksn each prisnas
shown inFigure5-18. Spalling was als@bserved on the prisnvith %2 in edge distancghich
indicated that bond Ibheeen wire and concrete wagstally lost as shown inFigure 5-14 and

Figure5-15.

% 1In edge
distance

esti-n 72 In edge
distance;e | distance

Figure 5-15: Mix#1, 6000psi, WB-ObservedCracking (Live end

The maximum crack width observed on the prism with % in edge distance was 0.04 in, and
the maximum crack length was 57 in. With decregsird ge di st anc e,spalimm IJ i n
was observed on the live enfitbbe prism. Spalling also occurred the front and back side of the

prism with 8 in and 6 in in length respectively. Prism with %2 in edge distance performed poorly
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with spalling on the live end of the prism on finent, bottom andack sideof the prism with

31in, 30in, 6 in and 5 in lengths respectively.
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Figure 5-16. Mix#1, 6000psi, WB-Crack Area (in?)
Figure5-16, Figure5-17 andFigure5-18 show the crack arearack lengthand number

of cracks as a function of edge distarregpectively. Decreasing the edge distance resulted in

increasing the crack areaack length@nd number of cracks
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Figure 5-18 Mix#1, 6000psi, WB-Number of Cracks

5.1.23. WB-Release 8ength 6000psi (Second Time)
Figure5-19 shows the valusof crack areafor thewire WB and6000psireleasestrength.
WB wire performedpoorly with eight crackbservedn each prismSimilar casting and curing

conditions were used throughdheentirelaboratory phase.
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Figure 5-19: Mix#1, 6000psi, WB second timeCrack Area (in?)
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Figure 5-20: Mix#1, 6000psi, WB second timeCrack Length (in)

Figure5-20 presents th@alues of crack lengthas a functiorof the edge distancerhe
maximum crack widtlobservedor the prism with¥sin cover was.04in and naximum crack
length was 34n. Decreasing the cover ® in resulted inspalling onthe both sides of the prism
Additionally, the pism with%2in edge distanckad severe damageéigure5-21 shows the number

of cracks as a function of edge distance.
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Figure 5-21: Mix#1, 6000 psi, WB second timé&umber of Cracks

5.1.24. WB-Release 8ength 6000psi (Third time)

Figure 5-22 shows the valuef crack area for WB wireThe tests with this wire eve
repeated three times. The conditions were the saldéVB wireexhibited consistent behavior
which resultedn eight aacks per prism.

The maximum crack width for the prism wighin edge distancevas 0.03in andthe
maximum crack length was 46. The gism withe in edge distanchadeightcracks with four
cracks on each sid&he maximum crack width was 0.0frf6and34 in wasthe maximum crack
length.The pismwith ¥2in edge distanclkad fourcracks oreachside of the prismThe maximum
crack width was 0.04h andthe maximum crack length was 58. As compared witlprevious
results with a 6000 psi releasestrength eight cracks were observemh each prism witlthe

differentthicknesses ofdge distance However spallingdid notoccurat any time
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Figure 5-24: Mix#1, 6000 psi, WB third time-Number of Cracks
Figure5-22, Figure5-23 andFigure5-24 show the crack area and crack lengths,

respectively. The high values of crack lengths indicated poor performance of WB wire type.
5.1.3.Mix#1-WE wire type

WE wire isa spiral type of wire withan average riblepth of 0.259nm (0.010197in), an
average width of 6.1641m (0.24268in) and edge wall angle of 15.1 degsas reported by
Haynes
5.1.3.1.WE-Release 8ength 3500psi

Figure5-25 shows thedngitudinal strain profile and observed crackiagthe prismwith
3500psiconcrete release strength and viitin edge distancdn Figure5-25(a) thestrain profile
across the prism is shown, along with the values of the transfer lengths on each end of the prism.

Also shown is a imageof the cracking omach end of the mim (Figure5-25b)
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(b) Observed Cracking
Figure 5-25: Mix#1, 3500psi, WE, ¥%in Edge distanceg(Savic, 2018)

As shown inFigure5-25 (b), the position of cracks on each end (live end and dead end), on the

bottom, front, top and back of the prismere given Figure 5-26 shows the longitudinal strain
profile for a concrete release strength3860D0 psi, ande in edge distanceAccording to these

graphs it is noticeable thaith reducing the value of edge distati@nsfer lengths are longand

cracks are larger.
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(b) Observed Cracking
Figure 5-26: Mix#1, 3500psi, WE, ¢ in Edge distancgSavic, 2018)

Figure5-27 shows the longitudinal strain profile for a concrete release strength of
3500psi, and¥2in edge distancéAs theedge distancdecreased frorfizin to e in andfinally to

Y in, morecracks wee observed.
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(b) Observed Cracking
Figure 5-27: Mix#1, 3500psi, WE, “2in Edge distanceg(Savic, 2019

5.1.3.2.WE-Release 8ength 4500psi

Figure 5-28 shows the longitudinal strain profile for a concrete release strength of
4500 psi, and¥% in edge distanceAs shown in this image, it waobservedhat with a higher
concrete release strengthd the sameover, less cracking occurreétransfer lengths eve shorter
and on the live endf the prismat the front only one crack occurred, whereas orddesend

cracksit appeared on botthe back and on the front.
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Figure 5-28: Mix#1, 4500psi, WE, %in Edge distanceg(Savic, 2018)
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(b) Observed €acking
Figure 5-29: Mix#1, 4500psi, WE, ¢ in Edge distancegSavic, 2018)

Figure 5-29 shows the longitudinal strain profile for a coeter release strength of
4500psi, ande in edge distancd-igure5-30 shows the longitudinal strain profile for a concrete

release strength @b500psi, and¥zin edge distance
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Figure 5-30: Mix#1, 4500psi, WE, ¥2in Edge distanceg(Savic, 2018)

5.1.3.3.WE-Release 8ength 6000psi
Figure5-31, Figure5-32, andFigure5-33show the longitudinal strain profile and cracking
observations for a concrete release streng®000 psi, as the amount of cover is reduced from

¥ into Y2in.
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Figure 5-31 Mix#1, 6000psi, WE, ¥in Edge distanceg(Savic, 2018)
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Figure 5-32 Mix#1, 6000psi, WE, e in Edge distancegSavic, 2018)

The strain profiles exhitedwell-established plateaand the transfer length values were
generallysmall The amount of cracking appeariedhave been reducedpwever,as the cover

was reduced td2in there wa again a significant increase in the observed cracking behavior.
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Figure 5-33: Mix#1, 6000psi, WE, ¥2in Edge distanceg(Savic, 2018)
5.1.3.4.WE-Release 8ength 12000psi
In addition b the above cases with thelease strengths @&500 psi, 4500 psi and
6000psi, a set of prism testgere conducted with an extreme release strengtl2@d0psi. This

wasdoneto test a popular hypotheglsat too high of a release strengttuld result in increased

splitting due to the increased brittleness of caearesulted Forthe concrete release strength of
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12000psi, the w/aatio of concrete mix was 0.26. The appraggistrength was reached after six
days, afte which detensioning commenced. Enlarged imagéshe prism ends fovsin cover
showedno evidere of aly cracking, as shown ifigure 5-34 for the live endand for the

dead end.

SIS
of—|—
.-

i _i 12,990 psi, 7SOL.® " :
Figure 5-34: Mix#1, 12000psi (82.74MPa) WE 3/4|n Edge distance Live and DeadEnd
Approximately 40 minutes afterdee nsi oni ng, there was a | oud

12,000 psi, 7S0 D

corresponded to the initial of a crack on the prism with %2 in edge distance. This confirmed that
splitting cracks do not always occur at the time ofefesioning.

Overall it was observed that with a release concrete stren@b0tfpsi, transfer lengths
were large on botkides of the prisms and a significamhount of cracking was observed. The
concrete release strength 4600 psi performed better, yielding shter trarsfer lengths with
greaterestablished strain profiles having wdkfined pateau regions, and cracless noticeable.
With a concrete release strengtl6600psi, the strain profile across the prisms resulted in almost
ideal bilinear behavior for covét in. The concrete releasstrength of 12000si was found to
providethe best results, and thiest cracks appeared on the prisvith ¢ in. Contrary to the
popular conjecture, the higher release stremgginoved the longitudinal splitting resistarafehe
prisms.

In addition to the number of wires thaére found to exhibitracking, overall crack length

was observed for a given prism test at a given release strength and ansalgd distancd-rom
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data collecteda representate/crack area was alsound Figure5-35shows the number of cracks

as a function of the edge distance and release strength of concrete.
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Figure 5-35: Mix#1, WE-Number of Cracks

250

216

200

150

114

100

140
91
64
50
50 39
I . .
10
. = i
%II e n

Edge distance (in)

Crack length (in)

1/2"

m 3500 m4500 = 6000 =12000

Figure 5-36: Mix#1, WE-Crack Length (in)

95



40.0 377

)
o
o

15.0

Crack area (in?)
N
o
o

10.8 9.4
10.0
5.6

6.8
5.0 2.9
0.7 0.1 04 .
e n

" 15"

Edge distance (in)
m 3500 m4500 = 6000 =12000

Figure 5-37: Mix#1, WE-Crack Area (in?)

Figure 5-36 shows the total crack length as a function of differetige distanceind
concrete compssive strengthi-igure5-36 also showsas the edge distani reducedthe total
length of cracking wa consistently observed to increase, and for all levels of eelesngth.
Furthermore, there vgaa general tendency for the total crack length weadese as the release
strength wa increased.

Figure5-37 shows the total crack area for the prssas a function of the amountexfge

distancerom %4 in to Y2 in which resultedn a consistent increase in total area of cracks.
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Chapter 6-Co mp a r Chsaornt s

6.1. Concrete Mixture -Mix#1

6.1.1. Releas&trength 4500psi

In order to understand which parameters were the most significant that could affect the
longitudinal splittingbetween steel and concrete, crack aaed crack lengthaninvestigation
targeting these parameters daraction of theedge distancerere unértaken As stated
previously, crack area walefined as the total crack length multiplied by the maximum crack
width. Figure6-1, Figure6-2 andFigure6-3 showthe crack area for a release strength of
4500psiand thredifferentvaluesof edge distaneg(34in, ¢ in, and%zin). As shown in thee
Figures, reducing the cover frovhin to %2 in for a given release strength led to an increase
theextent of cracking and therefaa@ increase in total crack ar@dso stated prewausly, wire
WF wire typewas adeep chevron type afire andshowedhe formation of very large crack
areas (37n? and 59in?) for e in and%in theedge distance Wire typesWG, WJ, WM, WP and

WQ indicate no cracksn the prism having.in edge distance
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Figure 6-1: Mix#1, 4500psi, %2in Edge Distance Crack Area (in?)
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Figure 6-3: Mix#1, 4500psi, %in Edge DistanceCrack Area (in?)

Figure6-4, Figure6-5 andFigure6-6 show the crack length far4500psirelease strength
of concrete andhethree different thicknesses edge distanceAs shown in these figuregv/B

wire type indicatedpoor performance forll threevalues of edge distancésin, € in and%zin.
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Additionally, wire typesWJ, WM, WG andNQ performed very well fo4in edge distancand

were found to haveery shoricracklengths forthee in edge distance
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Figure 6-4: Mix#1, 4500psi, ¥2in Edge Distance-Crack L ength (in)
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Figure 6-7: Mix#1, 4500psi, ¥in Edge Distance Transfer Lengths (Deadand Live end)

Figure6-7 showsthe values ofransfer length for each wire on batkad and live ersd

The values of transfer lengths for WB wirgge were found tobe large. This resulteflom the

large magnitudes of longitudinaurface strain that accompanied kegitudinal splitting of the
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prism. Thisalsoindicated that wire type WB exhibéd poor performance which resultéd the
maximum number ogightcracks on each prism.

In addition to the number of wires that éxted cracking Figure6-8 showsthe number
of wires observed to otl (out ofeightper prism) as given as a function @dge distanctor the
different levels of concrete release strength teg&tedhe extent of thedge distancevas reduced,
the tendency wafor all ten wire typesto crack with’z in edge distancéor all compressive

strengths Figure 6-8 shows the number of wires ends with splitting cracks for a compressive
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6.1.2.ReleaseStrength 6000psi

Figure6-9, Figure6-10andFigure6-11show the crack area fat6000psirelease sength.
As shown in these Figures, it was found timareasing the release strength of concrete from
4500psito 6000psiresulted in a decreaserack aea WB wiretypeindicatedpoorperformance
andresultedn the appearance of cracking in all three prisms. WF typealsoperformedpoorly
with prisms having/ in ande in edge distaneeresultingin 37.5in? and 17.4in? crack areas
respectrely. Chevron types of wir@VI, WJ, WM, WP and WQindicatel good performance with
prisms having/s in edge distanceandwith a decrease in thedge distanc® e in thevalues of
crack areawere found to increas&he highest levelf@rack area was observéat the2in edge
distance For a release streng000psi, tests were also performedth smooth wire WA. WA
wire type performed vey well with no crack appearinigr the prisms havingsin and%zin the
edge distangeand forthe prism havinge in edge distanca 0.04in? crack area and ai# crack

length were observed.
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Figure 6-9: Mix#1, 6000psi, ¥2in Edge DistanceCrack Area (in?)
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Figure6-12, Figure6-13 andFigure6-14 show the variatiolof crack lengthss a function
of concrete release strength ahd value of theedge distanceThe values of crack letigwere
the highestor WB and WRypewires, which belong to the deep chevron type of wire. The shortest
length observedwvas for WQ wiretype which indicatedhe best behaviott was found thathe
values of crack lengths increased uplEtreasing thedge distance Wire typesWI, WJ, WM,

WP and WQ performedell with prisms having %n edge distance
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Figure 6-12 Mix#1, 6000psi, ¥2in EdgeDistanceCrack L ength (in)
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Figure6-15 shows the amber ofwiresends with splitting cracks f@&000psirelease
strength As shown inFigure6-15 decreasing thedge distanceesulted in increasing the number
of cracks WB wiretypeindicated poorperformance witleightcracks on each prism. Smooth
wire type WA indicated good performace, withno crack appearance ftire prisms having
¥.in and¥zin edge distanceand only one crack og in edge distancelhecorrespondingalue
of crack lengthwas 4in. WQ wiretypeindicatel the best behavigrshowingno crackgor the

prismwith % in edge distancand onlythreecracks orthe prism withe in edge distance
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Figure 6-15: Mix#1, 6000psi-Number of Wires Ends with Splitting C racks
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Figure 6-16: Mix#1, 6000psi-Transfer Lengths(Dead end andive end)

Figure6-16 showsthe vales of transfer length forralease streng000psiwhere it was
found thatvalues for transfer lengttlecreased. The values for transfer length for WB tyipe
had the highestvalues due to the highebservednagnitudes of longitudinaurface strain. This
indicated longitudinal splitting/cracking of the prism andqr performance resulting in a
maximum number of eight cracks on each prism.

6.1.3.4500psiRelease Strength ¥rsus6000psi Release 8ength

Figure6-17 shows the crdclength as a function of varying release strengthstemdalues
of edge distansFor the first prism witl¥4in edge distancehe difference betweearack lengths
for the tworelease strengshwasfound to bes.8 %. For the second prisms the series it was
found that thisdifference increased to . The hird prisms in series siaed acrack length

difference of 3%% for different release strengths.
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Figure 6-17: Mix#1-4500psi vs 6000psi
The overall crackength forall the prismsdone with4500 psi release strength were

4508in, and 3340n for theprisms done witl6000psirelease strengtfhe overall differencen
crack lengthor all three thicknesses was 36and it was found thatigms with release strength

of 6000psiperformed betteras fiown inFigure6-18.
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Figure 6-18. Mix#1-Total Crack Lengths-4500psi vs 6000psi
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6.2. Concrete Mxture -Mix#2

6.2.1. Releas&trength 4500psi

Figure 6-19 throughFigure 6-21 show the overdlcrack area for the prisms constructed
with granite aggregate€hevron wire typegWG, WI, WJ, WM, WP and WQindicatedgood
performance witlprisms havin@ % in edge distanceDeep chevron wire typgeerformedpoorly
resulting incrackareasof 3.6in? for WB, 1.4in? for WF and 0.1in? for WH type wires for the
prisms having &4 in edge distanceWhen the edge distancevas reducedrom % in to
e in it was observed thahore cracks appearethnsequentlythesecrackareaswere larger The
highest valuesf crack areasvere for WB and WRypewires. WJtypewire performed very well
with prism having a in edge distancevhich resulted imo cracks appearg on the prisn.
Shallow chevron wire typgserformed better than deep chevron, and the average crack area was

approximately0.3in? for WM, WG, WQ and WRypewires.
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Figure 6-19: Mix#2, 4500psi, %in Edge Distance Crack Area (in?)
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Figure 6-20: Mix#2, 4500psi, e in Edge Distance Crack Area (in?)

Prisms having’z in edge distanceperformed poorly resulting imarge crack areas
especially for WF and WJ wirype exhibited crack areas $9.4in? and 49.1in? respectively.

WG wiretype was found to hawbe smallest crack ar@s shown irFigure6-21.
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Figure 6-21: Mix#2, 4500psi, ¥2in Edge Distance-Crack Area (in?)
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Figure 6-22 Mix#2, 4500psi, ¥1in Edge Distance Crack L ength (in)

Additionally, as seermn Figure6-22, Figure6-23, andFigure6-24, similarcrackpatterrs
was foundwith crack lengtk. The highest valuef cracklength wagound forWB typewire which
was170in on the prism witl¥4in edge distancdecreasing thealues of edge distancessulted
in an increase inrack lemgthsfor almost every wir¢ype except for WJ for prisms wité in edge
distance Prisms havingz in edge distancehowed that deep chevron type wires trepoorest
behavior(WF, WH, WB wire type), and WG hadhe best behavior with only 28 crack lengtk
observedFigure6-25 shows the number afires ends with splitting cracks for 4500 psi release

strength.
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Figure6-25 shows the influence adge distancen cracking propensity.
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Figure 6-25: Mix#2, 4500psi-Number of Wires Ends with Splitting C rack
6.2.2 Releasé&trength 6000psi

Increasing the releastrength,resulted incrack areashatwere smaller for all typs of
wiresas shown irFigure 6-26, Figure6-27, andFigure 6-28. Wire typeswWJ, WM and WQ did
nothaveany crackon the prism witl#in value of edge distancand WBwire type showed poor
behavior havindg..9in? crack area.
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Figure 6-26: Mix#2, 6000psi, %:in Edge Distance-Crack Area (in?)
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It was found thatlecreasing thedge distanceesulted in additional cracke/hich were

observedn the prisms withz in edge distanceAll wire typesexhibitedpoor performancewith

the prisms having % in edge distanceNVF wiretypewas found to havthe largestrack area for

both prisms witv a | u e is and¥in edge distansand he value®bservedvere 560in? and

74.0in? respectivelyAdditionally, the values of crack arealsoindicated that bond between steel

and concretavasdestroyed
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Figure 6-30: Mix#2, 6000psi, € in EdgeDistanceCrack L ength (in)
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The values of crack lengtlare shown ifFigure6-29to Figure6-31, and these valuegere

found to increaswith reducingthe cover. The san@ackingpattern was repeated with WF wire
type which indicated thevorst belavior for thevaluesof ¢ in and%zin edge distance$VQ wire
type performanceavas found to beexcellentwith this mixture.Figure6-32 shows the number of

wiresends with splitting cracks as a functioneafge distance
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Figure 6-32 Mix#2, 6000psi-Number of Wires Ends with Splitting Cracks
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6.2.3.4500psiReleaseStrength Versus6000psi ReleaseStrength

The differencéetween crack lengths faretwo release strenigs4500psi and6000psi
is shownin Figure6-33. The pism with % in edge distancperformed better witkhe higher
release strengttesulting ina difference 028 %. The pism withe in edge distancperformed
approximately 0.3 % betterrfthe6000 psirelease sengh. The hird prism in series had
approximately 0.7 %etter performanceith the6000psirelease strengtifhe overalcrack
length for4500psirelease strength was 38it2and for6000psirelease strength was 3585
whichresults inadifference of 6.6 as shown irFigure6-34.As shown by these results, the
release strength play@thimportant role for the prisms wi# in edge disince Additionally,
reducing the coveresulted in a decreasetime influerce of release strengtiihe reason fathis
decrease ithe influence of release strength vi@asnd to be aendency for prisms to crack with

thesmaller amount of cover.
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Figure 6-33: Mix#2-4500psi vs 6000psi
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Figure 6-34: Mix#2, Crack L engths (in)}4500psi vs 6000psi

6.3. Concrete Mxtur e-Mix#3

The third mixturevasmade oluncrusheceagravelaggregatand was found to have poor
performance with almost aWires tested Wire type WQ performed very wellwith the prism
having a%in edge distancéAs shown inFigure6-35wire typeWQ performed the besAll other
wiresshoweda predispositiorto spliton the first prisnwith %in edge distancelhe largest crack

areawas for wiretype WB which exhibited the worst performance amafigvirestested
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Figure 6-36: Mix#3, 4500psi, e in Edge DistanceCrack Area (in?)
With a decrease ithe coverall wiresshowedpoorbehavior ashownin Figure6-36 and

Figure6-37. WF wiretype was found to hawie largest crack are®/Q wire type exhibitedthe
best behavior with three cracks on the pasvith ¢ in edge distancel'he samerackpattern was

also showrfor theprism with%2in edge distance
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Figure6-38 showscrack length given as a functionwire type forthe%in edge distance

WB typewire ha the largest valuef crack length. Comparingith the other mixturesthe value

of crack length vas highly increasefibr Mix#3 for almost all the type of wires.
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Figure 6-38, Figure 6-39, Figure 6-40 and Figure 6-41 illustrate the influence of edge

distanceon the bond behavior between steel and concieezreasing the value of edge dista
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resulted inlarger valus of crack lengtk. Wire typesWB and WF(deep chevronype of wire

exhibited poobehavior.
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Figure 6-41: Number of Wires Ends with Splitting Cracks

6.4. Mix#1 versusMix#2

6.4.1. Releas&trength 4500psi

Figure6-42 shows acomparison chart fathe prisms with%z in edge distancesing two
different type of mixtures. The first type of mixture usedushed aggregate (Tucson aggregate)
and the secondsedgranite as aggregate. The different types of vimaswerestudiedincluding
AWBo, AWFo, AWGO, AWHO, AWIo, AWJo, AWMO, AWPO and AWQO. Prisms with granite
aggregte performed better resulting smalle crack areas, excefur WF wire. WP and Wkype
wires did notexhibitany crack with thegranite mixtureand withthe Tucsonaggregate therack

areaswere 0.1in? and2.0in? respectively WH typewire hada 0.1 in? crack aredor the mixture
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usinggraniteaggregatendhad a crack area @f0in? usingthe Tucson aggregat®/| wire showed
no crackng with Granite aggregate but ha@ in? crack areawith crushed gravel Tucson
aggregate)
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Figure 6-42 Mix#1 vs Mix#2,4500psi, ¥sin EdgeDistance Crack Area (in?)
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Decreasing the edge distartoee in made itobvious that wires performed better witte
Granite aggregatas shown irFigure6-43. Decreasing the edge distance to % in all prisms had

tendency to crack ahown inFigure6-44.
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Figure 6-44: Mix#1 vs Mix#2, 4500psi, ¥2in Edge DistanceCrack Area (in?)
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Figure 6-47: Mix#1 vs Mix#2, 4500psi, ¥2in EdgeDistance Crack L ength (in)
Figure6-45 to Figure6-47 show the crack kgth for two different mixtures (Mix#1 and

Mix#2) and three different values of edge distanédischevron typs of wireswere found to have
smaller crack lenggwith Graniteaggregatend all wires which belong the deep chevrotype

were found to havbetter performance witthe Tucson aggregate.

125



Figure 6-48 to Figure 6-50 show the number of wires ends with splitting cracks for two

different mixtures (Mix#1 and Mix#2) and three different values of edge distances.
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Figure 6-48 Mix#1 vs Mix#2, 4500psi, ¥2in Edge DistanceNumber of Wires Ends with
Splitting Cracks
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Figure 6-49: Mix#1 vs Mix#2,4500psi, e in Edge DistanceNumber of Wires Ends with
Splitting Cracks

126



» ~ o

(&)

Number of wire ends with splitting cracks
- N w £

o

7
6
4
| 3
WB WF WG WH Wi WJ WM WP WQ

Wire type
m Tucson m Granite

Figure 6-50: Mix#1 vs Mix#2, 4500psi, ¥2in Edge DistanceNumber of Wires Ends with
Splitting Cracks

6.4.2. Releas&trength 6000psi

Increasing the releaseength to6000psiresulted in a decreasedrack areain most
casesexcept fowire type WB. Comparingwo different mixtureswires with Graniteaggregate
were tend tgerformbetter WB wire typewith crushedTucson aggregate hadl2.0in? crack
areaand with Granite 2 in? crack areas shown irFigure6-51. Decreasing the value of edge
distanceo ¢ in gaveWQ wiretypea0.004in? crack areavith Granite and 0.03n? crack area
with crushed gravelliucson aggregal@as shown irFigure6-52. Wire types WM, WQ and WI
had lowercrack areasvith Granite aggregate thavith crushed graveDecreasing the value of
edge distanct Y2 in, resulted in highecrack areafor the prisms constructesith Granite
aggregateThe largest valuef crack areavas for WFtypewire whichwas 74in?as shown in

Figure6-53. Crack lengths followed the same crack pattern as crack areas as preseigackin
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6-54, Figure6-55, andFigure6-56. Highercracklengthswere found foprisms which were cast

with Granite aggregate amad’zin edge distancérigure6-56).
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Figure6-57, Figure6-58, Figure6-59 show the number afiresends with splitting
cracks. Prism with Wand WFwire types performedbetter using crushed gravel as aggregate
and having % in edge distané&isms with WB, WI had better performance using Granite as
aggregate on the prisms having IJ in edge di st
performed better using Graaias aggregate as showrkigure6-58. Reducing the edge distance

to %2 in all prisms had tendency to craEkglre6-59).

6.5 Mix#1 versusMix#2 versusMix#3

6.5.1 Releasé&trength 4500psi

The influence of concrete nixewas clearly indicatd in thefigures presented in this
section Figure6-60 andFigure6-61 showthe overall crack lengtfthe sum of all crack lengths
for the prismdhaving the same edge distance and the same concrete mingedsh the study

includingall wires as a function addge distancel'he maximum crack length for the prism with
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¥.in edge distancasinggranite as aggregatess 234in. Overall,crack lengtHor mixtureusing
crushed gravellucsor) aggregate was 328. The mixXureusinglocal uncrushed aggregate (pea
gravel)hada 659in overall crack lengthThe mixture usinggranite wagound to bebetter than
Tucson forapproximately38 % less value of crack lengthand Granitavas better than
uncrushed gravépea gravelfor 282% less value of crack lengthsebreasing thedge

distanceo e in resulted in an increase in crack lendgfisms usinggranite aggregateadan

866in crack ength crushed gravel (Tucsohpd1178in anduncrushedpea gravglhada 1688

in. The difference betwee@raniteand Tucsonwas37 %, andGraniteand uncrushepgeagravel
had a 19%4 difference The overall crack length for the third prismsseries with/in edge

distancevas2150in for Granite 2248in for Tucson and 2478 for peagravel aggregate.
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Figure 6-60: Mix#1, Mix#2, Mix#3-Effect of Cover on End-Splitting
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Figure 6-62 shows the overall crack lengthe value of crack length for prisms having
three different values of edge distances and having the same concrete rfuoxtassh type of
mixturesand all wires used in these experimeirsluding allthree thicknesses efdge distance
Prisms havingGraniteas aggregatavas found to have d8250in crack lengthprisms having
crushed gravelTucsorn hada 3748in crack lengthand prisms havinguncrushed gravelpga
Grave) had4825in crack length Prisms havingGranite performed better thamisms having
crushed gravehaving the value of crack lengths lgss approximatelyl5 %. Prisms having
Granite performed better thamisms havingincrushed graveiavingthe value of crack lengths

lessfor 49 %.
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The higheseffectivenessf mix typewasobserved for the prism within ande in values
of edgedistanceslt was also found that decreasing #dge distanceesulted in a lower overall
performancePrisms that had & in edge distanceere found taend tolose the bond between

steel and caerete.
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Chapter7-Pr oposed Qual ioAriecnaat i Mfam uTeels t
Rai l way Engineering

Based on the work completed on{e@sioned concrete prisms presented in
Chapters &, the following Qualification test is recommended to identify ties that may be
susceptible to endplitting cracks.
7.1. Resistance to Endbplitting

End-splitting cracks along tendonspmestressd concrete ties can occur unless adequate
confinement of the | at er préstreBsingeinfercemantgsd st r es s e
achieved. In the case of pttensioned concrete ties, these lateral bursting stresses are caused by
several factors including the Hoyer effect (change in diameter giréstressingendons due to
Poi ssonbds Ratio), the | acelofibonddefempmerdinihatie,t he t e
and the overall geometric features and indent characteristics pfetbteessingendons.

End-splitting cracks can form at the time of-tmsioning, but they can also develop
during the first few weeks after densionimg due to sustained lateral stresses exerted by the
prestressingendons. The ability of the concrete to resist these bursting stresses without cracking
is primarily a function of distance from the reinforcement tortbaresparallel edge of concrete
(cowver), the aggregate type, and maturity of the concrete-t@ndéoning.

The most important concrete characteristic affecting splitting resistance is the amount of
cover provided over exteri@restressingendons. Larger, angular coarse aggregates tend to
provide more splitting resistance than smaller, rounded aggregates. For concrete compressive
strengths above 3500psi, increased concrete maturity at the timéesfstening provides
additional splitting resistance. However, for a given concrete mixtigeer compressive

strengths at transfer pfestresslso correspond to a higher Modulus of Elasticity (MOE). The
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higher MOE causes increased lateral stresses and serves to diminish much of the benefit aspect
of the increased tensile strength.
7.1.1. Systm Qualification Test

The test purpose was to identify tie designs that may be susceptible gplittiray
cracks.Since the splitting resistance of a given tie design is a complex function of the
prestressingeinforcement geometry, initial force per ¢em, the edge distance, concrete
mixture, and the maturity of the concrete atel@sioning, the system Qualification teste will
serve to identify tie designs that have an increased risk of developirepkttidg cracks.

The System Qualification Test iolwves six preensioned concrete prisms with the same
prestressingendons and concrete mixture that is used in the concrete ties, except that the edge
distance for the prisms is reduced by approximately 25 percent. If this reduction in edge distance
resuts in longitudinal splitting cracks along theestressingendons, then the system (tie design
and material selection) may be susceptible to concretsmitting cracks. In this case, changes
to the design and/or material selection should be madetpniass production of ties.

7.1.2. Determination of Prism Parameters

This section provides a stdyy step procedure to calculate System Qualification Test
prism parameters based on a given tie design.

(a) Determine the total number pfestressingendons inhie actual tie

(b) Determine theprestresgacking force (P) per tendon

(c) Determine the smallest cressctional area (A) located anywhere in the tie

(d) Determine the smallest possible edge distance (D) for an individual tendon within

12 in of the tie end. This dance is measured from the center axis of the tendon to

the nearest concrete surface minus allowable placement tolerances.
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(e) Calculate the reduced edge distance (RD) to be used for the prisms where
RD=0.75 x D. This number may be rounded down to the neHiiE&in for

convenience.

)] Calculate the dimensions of the square ceesgion (S x S), whef&y  —

rounded to the nearest 1/8 in.
7.1.3. Prism Fabrication

Cast six praensioned concrete prisms having a square g®sigon with dimensions
S x S and tendon edge distance RD. The dimensional tolerances for prism fabrication are +1/8 in
for crosssection dimension S and +1/32 in for edge distance RD. Thegsisauld have a
minimum length of 59.5 in. When fabricating the prisms, use siiikstressingendons,
jacking force per tendon (P), concrete mixture, and placement, vibration, curing-and de
tensioning procedures that are used for the actual con@gtd émperaturmatch cure the
prisms and deension at the minimum allowable-tlnsioning strength for the ties £200 psi. The
prisms may be fabricated directly by the tie producer or by an experienced lab capable of
meeting the above criterid.a shorer prestressingped is used to fabricate the prisms than is
used to manufacture the actual ties, excessive chuck seating losses could significantly reduce
tendon tension and thereby skew the test in a more favorable way. In this case, one or more in
line load cells should be used to verify proper tendon tension is achieved aftefflock
7.1.4. Additional Sampling ofPrestressingTendons

At the time of prism fabrication, cut twelve 36 in samples oftfestressingendons and
save these in a clean, sehf®ntainer. These tendons can then be benchmarked using

appropriate ASTM bond tests (ASTM A1096 for wires, ASTM A1081 for strands).
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Benchmarking tendon bond according to the current ASTM standards will gmableessing
tendons with similabonding chaacteristic2o be specified in future purchase orders.
7.1.5. Prism Inspection and Storage

Within eight hours of déensioning, inspect all twelve prism ends (both ends of six
prisms) for cracking at each location wherepihestressingendon enters theoacrete (48
locations total). Inspection should be done using a bright light, alcohol spray, and 5x
magnification. Note any visible cracks by drawing a line adjacent to the crack usingpaifihe
permanent marker. The line should be drawn along thesdetigth of any visible cracks.

Measure and record the total length of each crack that runs parallel along the tendon. Note,
cracks that appear on the ends of the prism but do not propagate to the sides of the prism along
the wire line have a length of zerAll initial cracks should additionally be documented by
photographs.

The prisms should be stored indoors and in the dry condition (not moist or wet cured) for
at least 90 days. Storing the ties in the dry condition will maximize drying shrinkage and
enhance the conditions for cracking.

After 90 days, the ties should beinspected using a similar procedure as above. All new
cracks and/or any crack growth should be noted with a diffeaated fine poirpermanent
marker and the total longitudinal lehgof each crack should be measured and recorded. All
cracks should again be documented by photographs.

7.1.6. Interpretation of Results

After 90 days, if the summation of all longitudinal crack lengths initiating from the 48

tendon entry locations is lesan 6 in, then the proposed tie design and selected materials have a

demonstrated factor of safety to resist eady bursting forces without cracking.

139



7.1.7. Suggestions for Corrective Action in the Event of System Qualification Test Failure

If the sunmation of longitudinal crack lengths after 90 days is more than 6 in, this is an
indication that the tie design may have an increased risk eg@itting due to insufficient cover
for theprestressingendons and concrete mixture selected. Careful memsunts of tendon edge
distances should be made to determine if the prisms were fabricated correctly, and all test
documentation should be reviewed to ensure the proper mixture and release strength was
obtained. If the test was conducted correctly thenagpate adjustments should be made to the
design parameters and the System Qualification Test repeated to obtain a more resilient design.

The most direct way to provide increased splitting resistance is to increase the concrete
cover for exterioprestresingtendons in the design. Other ways to reduce splitting propensity
include usingprestressingendons with different indent characteristics and/or lower inherent
bond, using larger and/or more angular coarse aggregates, and increasing concretatthength
detensioning.

A minimum prestressingdge distance of 4 diameters and a minimum ce¢ateenter
tendon spacing of 8 diameters is recommended to reduce the risk of splitting.
7.1.8. Flexural Load Tests to Failure

In addition toendsplitting that occur during the first few weeks aftettelesioning end
splitting of ties can also result from extreme overloads. This occurs when tendslippade
(bond slip) occurs due to additional tensile demands produced by flexural anafocrsio&ing.
End-splitting during load tests indicates that domcrete mixture angrestressingendon system
is incapable of remaining intact during extreme overloads. Since concretplétidg is an
undesirable failure mode, plants are encouragé@duiently bend test fulltrength concrete ties

to failure to ensure there will not be esglitting.
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Chapter8-Theoreti cal Later al Stresse

The influence oédge distanceaelease strength of concrete and concrete mixtutateral
bursting sresses is exploreghalytially for thewires usedWires with5.32mm (0.21in) diameter
were investigated.

Using theanalytical mode{Brier, 2012)the evaluation of the radial and tangential stresses
between wire and concretensidering® o i s s o n thisknessf of teeedge, distancand the
mechanical properties of the materialas done The5.32mm-diameterprestressingvires used
in this studywere tensioned td000Ibs. (31.14kN) correspondingo anaverage stress of 263i.

The modulus of eKicity oftheprestressingteel wagassumed to b28,500ksiard t he Poi sso
ratio for the stealvas assumed to b@.30.The noduus of elasticity for concrete wastimated to

be 3780ksi corresponding to @elease strength of concré@00psi. Poi s s omangeter at i o
was assumed to b@.17. Theedge distancwvas given as a functiorf diameter of wirg(D) and

for the edge ditancel.0in this corresponds to 4.77Debreasig the edge distances %in, € in

and %zin correspond to 3.58D, 2.98D &r2.39D respectively. The tangentjaessure at the
interfacewas obtained from analysis by Briere, 20EPom the intedice pressuay, the radial and

tangentiaktresses can be expresasd function of the radial distanfrom the wire axis.

8-2

Wh e r (& radighstress
p = radial pressure at pretensioning terdoncrete interface
¢ = distance from center of tendon to concrete edge

r = radial distance from axis of prestressing tendon
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R = radius of prestressing tendon

hy = circumferential (tangential stress)

Tangential Stress at Concreet Surface (psi)
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Figure 8-1: Tangential Stress in Concrete (psi)

142

1.2

Prisms with Varying Cover, 5.32 mm Wires and 6000 psi

1.4



700

.’(7?
o P | Ny
2 600 | oo ooaooNSMTEDAR
8
=
@ 500
D
9 _____________
2 400
o
(@]
T
o 300
[72]
o
9 200
<
= .
S 100 6000 psi
c
S ——3500 psi

0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Distance from Outer Concrete Surface to Center of Wire (# Diameters)

Figure 8-2: Prisms with Varying Cover and Release Strength (Based on # of Tendon
Diameters)

The splitting resistance for 6000 psi e concreterength is 581 psandfor 3500 psi
is 444 psias given irFigure8-2. For concrete compressive strengths above 3500 psi, increased
concrete maturity at the time of-tiensioning provides additional splitting resistance. However,
for a given concrete mixture, ligr compressive strengths at transfer of prestress also
correspond to a higher Modulus of Elasticity (MOE). The higher MOE causes increased lateral
stresses and serves to diminish much of the benefit aspect of the increased tensile strength.

This analyss is useful for understanding the significance of concrete cover on
longitudinal splitting propensity. Frofigure8-1, the tangential (tensile) stress varies

approximatey as a functionof 14 wher e fico is the distance
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to the nearest edge. With an edge distance of % in, the theoretical tensile stress at the concrete
surface is 240 psi so there would not be any cracking due to the Hifget alone.

It is hypothesized that there are additional tensile stresses that arise as the prestressing
tendons slip and concrete that was originally located within the indent portions is displaced
outward. In this way, wires with deeper indentatiaiosild displace more concrete thereby
producing higher tensile stresses and longitudinal splitting.

Also fromFigure8-1, at an edge distance of ¥z in, the theoretical leessiess at the
concrete surface is 533 psi, which is close to the theoretical tensile capacity of the concrete. At

this edge distance, all prisms split except for the prism with smooth wire WA.
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Chapter9-Concl usi ons and Recommen

9.1. Conclusions

Based on the results of this study, the following four primary conclusions are drawn.

1. Tendon edge distance is the most significant parameter affecting longitudinal splitting along
pretensioned concrete tendonSor any given release strengthe number of wires where
longitudinal cracks formed increased as the amount of edge distance was réthecefhre,
themost direct way to provide increased splitting resistance is to increase the edge distance for
exterior prestressing tendons in tresign.

2. The second important parameter affecting longitudinal splitting was wire indent geometry.
Based on the analysis of data collected, it was determined that the shallow chevron type of
wires performed bettehan deep chevron type of wire

3. The thirdimportant parameter affecting longitudinal splitting was the type of concrete mixture
used for each prism test. The concrete mixtures containing a crushed granite performed better
than mixtures with crushed gravel (Tucson) and pea gravel aggregates.

4. The laast significant parameteaffecting longitudinal splitting was the concretelease
strength The amount of longitudinal splitting, as evaluated by total crack length and total
crack area, reduced by only-18% when the release strength was increased from
4500 to 6000 psi.

Additional conclusions related to specific wire types, concrete mixtures, and release
strengths are listed below.

1 Total crack lengths in prisms containiogushed (Tucson aggregateg¢re 1.37 times longer
than crack lengths in prismgtiv granite at a release strength of 4500apsi edge distance of

¥ in.
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Total crack lengths in prisms containing-crushed pea gravel were 2.82 times longer than
crack lengths in prisms with granite at a release strength of 4580d¢etdge distance &f in.

All prisms containingVix#3 with un-crushed pea gravéCA1l) and a wireedge distance of

¥ in had longitudinal splitting crackexcept the prism containingire typeWQ. All prisms

with pea gravel and edge distanceg ah andzresulted in eighkongitudinalcracks.
Prismsusing Mix#1 (crushed gravel CA2 and CA3) and Mix#2 (crushed granite CA4) and
shallow chevrorwire types(WG, WQ, WM and W) did not have any longitudinal splitting
cracks at % in. edge distance and 4500 psi relgasegth The prism with vire type WM
using crushed gravel aggregé®A2 and CA3)and % in edge distanted one crackt 6000

psi release strengtfithe prism with wire type WJ usingushedgranite(CA4) aggregate and

¥ in edge distance had one cracB@Q0 psi release strengtRrisms with wire types WG and
WQ having %in edge distancdid not have anyisible cracksat 6000 psi release strength

Total crack aredor wire type WF (deep chevron) was the greatest for all three types of
mixtures having in and¥zin thicknesses oédge distanceThis cracking resulted in a total
loss ofbond between thé/F wires and concrete.

Prisms manufactured witkire typeWB typically had longitudinal cracks initiating at all eight
wire-end locationsThe onlyexcepion wasthe prism usingraniteaggregate, 6000 psi release
strength, and % in edge distance wheredbs number obbservedrackswas six
Prismsmanufacturedwith wire type WA (smooth wire)having 6000psi release strength
performed very well withonly one observed cracknaheprism havinge in edge distance

Prisms with wire type Whadthelargest values of transfer length
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1 Prismsmanufacturedavith wire type WJ indicatedery gaod performance with Mix#2 (crushed
granite CA4)as aggregatand a release strength48500psi. Prisms havingsin ande in edge
distance did not have any visible cracks.

1 Prismsmanufactureavith wire type WQindicated very good prmance in all thremixtures
and both release streng#s00psiand6000psi. There were nobserved cracks on the prisms
having%in edge distance

1 Thetheoretical analysis showesaluation of théangential stresses between wire and concrete,
taking into acc o ueddge difkangeandstioe mécharae dropestiestofta t h e
material. It is hypothesized that there are additional tensile stresses that arise as the prestressing
tendons slip and concrete that was originally located within the indent portions is displaced
outward. In this way, wires with deepindentations would displace more concrete thereby
producing higher tensile stresses and longitudinal splitting.

1 Based on the current researclncrete release strength4%00 psi and 6000 psi and edge
distancef e in and%zin using the 5.32 mm diameter wire arenot recommended for the
manufacturing opretensioneaoncrete members. Furthermore, the test regudisate that
¥in is the minimum edge distante achieve cracree members witBhallow chevron types
of wire. In this case, a 1 in edge distance would provide a reasonable factor of safety against
splitting cracks from a design standpoifihe Qualification Test presented in Chapter 7 may
be usedd establish minimum cover requirements for other reinforcement types and concrete

mixtures.
9.2. Contributions to the Stateof-Practice

This study was funded by Federal Railroad Administration and therefore the §aditig

conclusions relating tprestressed concree ties arexpected to add to the body of knowledge in
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understanding the design, resiliency, and maintenance as they become more common in the field.
Specific contributions to the state of practice are described herein.

At the time of this stugl there wadimited previous research studies that specifically
investigatel how the type of wire could affect the bond between steel and concrdier Ear
studies were found teseonly three different types of wires, and som@exmental tests only
determinedthe values of transfer lengths.

Understanding the results of this study will asgrssstressd concrete ties manufacturers
in considering the future design of concrete Wb regardto the material which will be used
(concrete mixture and witgpe), the appropriate valuesexdge distancdepending on the type
of wire used, and the values of release strength. Designing stronger more efficient concrete ties
will result in potential manufacturer cost savings as well as increased safety forAgins
described in the previousapters, different wire types weevaluated andhe minimumedge
distancerequired to prevent longitudinal splittingas found to depend on the type of indent.
Shallow chevron type of wires hadminimumrequirededge distnceof ¥%in, WB, WF and WH
wires types had 1. minimum edge distanc&nderstanding wire properties under certain
conditions will allow manufacturers tmetterunderstand possible bensfib prevent cracking
and splitting that can be caused by lateral sustained stresses after several weeks. T results
this study can also bgplied to otheprestressd concrete members, especially those with small

edge distances and a lack of prestteedon confinement
9.3. Study Limitations

There were some identified litations tothis study which included the following:

After all of the tests were performed, the research team was unable to determine why the

WB type wire showed splitting for evetye s t . Subsequently, the resec
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different types of concrete mixtures were unable to improve the performance of WB type wire.
This was also found when this type was integrated with a super maxtdrstirrups, the results
found thatperformance of this wire typdid notimprove. However, it was found that WB wire
type performed well with a 1id edge distance
In addition,i Dot 0 t y pverenat fested with érsedge distancePrevious
research was the only source able to prodeligble results for a ih edge distancby Bodapati
(2018). Further research is needed to verify these findings. Finally, afhotit@tion noted was
that all cracks reported were manually measured @singck comparator and piece of string.
This resilted in conservative width and length measurements that may not be as reliable as more

detailed measuring procedures.
9.4. Recommended Future Research

This research provided a considerable amount of results regarding the type of wire and
concrete mixtureHowever, this study was unable to investigate all possible combinations of
concrete mixtures and t y pwasmtnvestigatingandtheT he fA Dot
influence of fly ash and stirrups on the prisms having different wire indents aneuatiffer
thicknesses ofdge distanceContinuation othe analytical approach and investigation of indents
in combination of Hoyer effect affecting bond between steel and concrete will be valuable asset

in prestresad concrete tie industry.
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AppendixA-Cal cul ati on of System Qual.

Par ameters

The generigrestressd concrete tie section Figure9-1, located near the emal a tie, has
fifteen 0.25 in diameteprestressindendons tht are initially tensioned to2®0 Ibs. each. The
smallest nominal edge distance of any tendon within 12fithe tie is determined to be
1.40 in. The tendon placement has tolerances * 1/8 in. The smallestecbesal area of the tie
is known to be 81.5 fn

Determine the parameters of the System Qualification Test prisms.

Figure 9-1: Generic Tie CrossSection
The average initial compressive stress in the tie (neglecting losses) is calculated as:

L
L T 10 9-1
8i i

The minimum permissible edge distance, D, is 1.40 in (nomthaB5 in (tolerance)

=1.275in. The reduced distance, RD, is then determined as 0.75 x 1.275 in=0.956 may hi

be rounded to 15/16 inff@orvenience or kept &.956 in.
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The side dimensions of the square prism are then calculateg-as— & Q&

Rounding to the nearest 1/8 in=4 5/8 in. Therefore, use the prismsecssn shown in

Figure9-2.
15/16”+1/32”typical
|-|l-l-
4 | 15/167%1/32”
* ® 1 typical
45/8”
- L
Y
45/8”
e -

Figure 9-2: System Quialification Test Prism CrossSection
The average initial compressive stress in the System Qualification Test Prism (neglecting

losses) ixalculated as:

~

to 0 GRS

T ¢ W

pxam Q

The prism has approximately the same compressive stress as the tgectimss The

slight difference is due to rounding of dimensions.
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AppendixB-Resul t s

Mix#1-WA wire type
Release stength 6000psi
The test was conducted with WA wire type with concrete release strength of 6000 psi. WA
wire type performed g well with no observed cracksor 13 in and | in edge
in edge distance a 0.04%igrack area and a 4 in crack length were observed as shown in
Figure9-8 andFigure9-9. The values of transfer lengths were higher on the % in edge distance
than on the prisms with different types of indéfigure9-3, Figure9-4 andFigure9-5, and show
the |l ongitudinal strain profil es o ndditiohadly, pr i s m:
Figure9-6 andFigure 9-7 show observed prisms akijure9-10 shows the number of cracks on

each prism.

900 Lt=14.8iin Lt=12.2iin
800
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Figure 9-3: Mix#1, 6000 psi, WA, % in Ede DistanceLongitudinal Strain Profile
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Figure 9-4: Mix#1, 6000 psi, WA,e i n Disthgcelongitudinal Strain Profile
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Figure 9-5: Mix#1, 6000 psi, WAYz in EdgeDistanceLongitudinal Strain Profile
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Figure 9-7 : Mix#1, 6000psi, WAObservedCracking (Dead End)
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Figure 9-8: Mix#1, 6000psi, WA-Crack Area (in?)
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Figure 9-9: Mix#1, 6000psi, WA Crack Length (in)
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Figure 9-10: Mix#1, 6000psi, WANumber of Cracks

159



Mix#1-WB wire type

The tests were conducted with WB type wire and concreteseelteength of 4500 psi and
6000 psi. Tests were repeated three times with concrete strength of 6000 psi, and every test with
WB wire performed poorly, withdur cracks observed on each efithe prisms. WB wire had an
average indent depth of 0.119 mmO@4685 in), and edge wall angle 16.45 degree.
WB-Release 8ength 4500 psi

Figure9-11 andFigure9-12 show observed cracking of the prisms with concrete release

strength of 4500 psi and the edge distances o0
the prism with % in edge distance waf0d in and the maximum crack length was
53 in. The prisms with ¥z in edge distance indicated poor performance with evident spalling on the
front side of the prism on the live endligure9-13, Figure9-14, andFigure9-15show crack area,
crack length anchumber of cracks for each prism with different value of edge distance,

respectively.

1.in edge -

distance

i il

Figure 9-11: Mix#1, 4500psi, WBObserved Cracking (Dead End)
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Figure 9-12 Mix#1, 4500 psi, WBObserved Cracking (Live End)
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Figure 9-13: Mix#1, 4500 psi, WBCrack Area (in?)
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Figure 9-14: Mix#1, 4500 psi, WBCrack Length (in)
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Figure 9-15: Mix#1, 4500 psi, WBNumber of Cracks

WB-Release 8ength 6000psi(First Time)
Figure9-16 andFigure9-17 show the prisms with concrete release strength of 6000 psi,
and three different edgdistances. The tests were repeated with 6000 psi release strength of

concrete three times. Each test with WB wire resulted in @gberved cracksn each prism as
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shown inFigure 9-20. Spalling was also observed on the prism with ¥z in edge distance which
indicated that bond between wire and concretetatadly lost as shown ifrigure9-18 andFigure

9-19.
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4 1n edge
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-

Figure 9-17: Mix#1, 6000 psi, WBObserved Cracking (Live end)
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Figure 9-18: Mix#1, 6000 psi, WBCrack Area (in?)
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Figure9-18 andFigure9-19 show the crack area and crack length, respectively.

Decreasing the edge distance resulteh¢reasing the crack area and crack lengths.
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Figure 9-19: Mix#1, 6000 psi, WBCrack Length (in)
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Figure 9-20: Mix#1, 6000 psi, WBNumber of Cracks
The maxmum crack width observed on the prism with % in edge distance was 0.04 in, and

the maximum crack | ength was 57 in. With decr e
was observed on the live enfithe prism. Spalling also occured the front ad back side of the

prism with 8 in and 6 in in length respectively. Prism with %2 in edge distance performed poorly
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with spalling on the live end of the prism on the front, bottom and back side of the prism with
31in, 30in, 6 in and 5 in lengths respeely.
WB-Release Strength 6000 psi (Second Time)

Figure9-21 shows the values of crack areas for the wire WB and 6000 psi release strength.
WB wire performed poorly with eight cracks observedeach prism. Similar casting and curing

conditions were usetthroughout entir¢he laboratory phase.
' 13.8 13.3
Yy e" 7
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Crack area (in"2

Figure 9-21: Mix#1, 6000 psi, WB second timeCrack Area (in?)

600

500

516
460

400
300 259
200
100

0

%II e n ]/2"

Edge distance (in)

Crack length (in)

Figure 9-22: Mix#1, 6000 psi, WB second timeCrack Length (in)
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Figure9-22 presents the values of crack lengths as a function of the edge distance. The
maximum crack width observed for the prism with % in cover was 0.@hdmmaximum crack
|l ength was 34 in. Decreasing the cover to e i
Additionally, the prism with 2 in edge distance had severe damage.

WB-Release Strength 6000 psi (Third time)

Figure 9-23 shows the value of crack area for WB wire. The tests with this wire were
repeated three times. The conditions were the same and WB wire exhibited consistent behavior
which resulted in eight ccéts per prism.

The maximum crack width for the prism with %in edge distance was 0.03 in and the
maxi mum crack |l ength was 46 in. The prism wit
cracks on each side. The maximum crack width was 0.016 in and 34 in was theimaotiack
length. The prism with %2 in edge distance had four cracks on each side of the prism. The maximum
crack width was 0.04 in and the maximum crack length was 59 in. As compared with previous
results, with a 6000 psi release strength, eight cracks elmerved on each prism with the

different thicknesses of edge distances. However, spalithgotoccur at any time.
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Figure 9-23: Mix#1, 6000 psi, WB third time-Crack Area (in?)
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Figure 9-24: Mix#1, 6000 psi, WB third time-Crack Length (in)

Figure9-24 shows the crack lengthg he high values of crack lengths indicatedrpoo

performance of WB wire type.
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Mix#1-WF wire type
WEF wire had a depth of 0.163 mm (0.006417 in), and edge wall angle of 28.07 degrees
with standard deviation more than 10 %. As stated previously, WF wire is considered a deep
chevron type of wire.
WF-Release 8ength 4500 psi
End-splitting cracks on thergm with %in edge distancgid notform at the time of
detensioning, they developed during the first month aftetedsioning due to sustained lateral
stresses. The longitudinal strain profile was measured immediately after the process of de
tensioning Transfer length on the live end was 5.9 in and on the dead end was 6.2 in. One month
after the process of densioning, one crack appeared on the live end of the prism with
% in edge distance. The crack width was less than 0.01 in and the crackvesgth in.
Figure9-25 shows the longitudinal strain profile on the prism with cover %in alongside with the
values of transfer lengthBigure9-26 andFigure9-27 present detected cracking on the dead end
and live end of the prisms in series.
1200 Lt=5.91in Lt=6.2 in
1000
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Figure 9-25: Mix#1, 4500 psi, WF, % in EdgdistanceLongitudinal Strain Profile
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Figure 9-27: Mix#1, 4500 pstObserved Cracking (Live end)

Figure9-28 and Figure 9-29 show that with the reduction the edge distance from % in to
e in to | i n more cracks appeared. Spalling &
dead end with the maximum length of 62 in, and on the live end with the maximum length of
13 in. On the third prism, with %2 in cover, spalling occurred on the both sides of the prism with

maximum length of 31 in on the live end and 55 in on the dead end.
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