METRIC/ENGLISH CONVERSION FACTORS

ENGLISH TO METRIC

METRIC TO ENGLISH

LENGTH (APPROXIMATE)
linch (in)

1 foot (ft)

1yard (yd)

1 mile (mi)

2.5 centimeters (cm)
30 centimeters (cm)
0.9 meter (m)

1.6 kilometers (km)

ENGTH (APPROXIMATE)
1 millimeter (mm) =
1 centimeter (cm) =
1 meter (m) =
1 meter (m) =
1 kilometer (km) =

0.04 inch (in)
0.4 inch (in)
3.3 feet (ft)
1.1 yards (yd)
0.6 mile (mi)

AREA (APPROXIMATE)
1 squareinch (sqin, in?)
1 square foot (sq ft, ft?)

1 square yard (sq yd, yd?)
1 square mile (sq mi, mi?)
1 acre = 0.4 hectare (he)

6.5 square centimeters (cm?)
0.09 square meter (m?)

0.8 square meter (m?)

2.6 square kilometers (km?)
4,000 square meters (m?)

AREA (APPROXIMATE)

1 square centimeter (cm?) =
1 square meter (m?) =
1square kilometer (km?) =
10,000 square meters (m?) =

0.16 square inch (sq in, in?)
1.2 square yards (sq yd, yd?)
0.4 square mile (sq mi, mi?)
1 hectare (ha) = 2.5 acres

MASS - WEIGHT (APPROXIMATE)

1 ounce (0z)
1 pound (Ib)

28 grams (gm)
0.45 kilogram (kg)

1 gram (gm) =

1 kilogram (kg)

ASS - WEIGHT (APPROXIMATE)

0.036 ounce (0z)
2.2 pounds (Ib)

1 short ton = 2,000 pounds = 0.9 tonne (t) 1 tonne (t) = 1,000 kilograms (kg)
(Ib) = 1.1 short tons
VOLUME (APPROXIMATE) VOLUME (APPROXIMATE)

1 teaspoon (tsp)

1 tablespoon (tbsp)

1 fluid ounce (fl 0z)
1cup ()

1 pint (pt)

1 quart (qt)

1 gallon (gal)

1 cubic foot (cu ft, ft3)

1 cubic yard (cu yd, yd®)

5 milliliters (ml)

15 milliliters (ml)

30 milliliters (ml)
0.24 liter (1)

0.47 liter (1)

0.96 liter (I)

3.8 liters (1)

0.03 cubic meter (m?)
0.76 cubic meter (m?)

1 milliliter (ml) =
1 liter (1)
1 liter (1)
1 liter (I)

1 cubic meter (m?)
1 cubic meter (m?) =

0.03 fluid ounce (fl 0z)
2.1 pints (pt)

1.06 quarts (qt)

0.26 gallon (gal)

36 cubic feet (cu ft, ft%)
1.3 cubic yards (cu yd, yd®)

TEMPERATURE ExacT)

[(x-32)(5/9)] F

= y_C

[(9/5)y +32] C =

TEMPERATURE ExacT)

X F

QUICK INCH - CENTIMETER LENGTH CONVERSION

0

Inches |

Centimeters 0

2
| |
|
5

QUICK FAHRENHEIT - CELSIUS TEMPERATURE CONVERSION

40° -22°  -4°
I : 1

°F

14°

32° 50° 68°
] 1 1

86°

104° 122° 140°
| ] ] 1

158° 176°

194° 212°
1 1 1

1 1
°C -40° -30° -20°

-10°

0° 10° 20°

30°

40° 50° 60°

70°

80° 90° 100°

For more exact and or other conversion factors, see NIST Miscellaneous Publication 286, Units of Weights and
Measures. Price $2.50 SD Catalog No. C13 10286

Updated 6/17/98




Acknowledgements

Theauthorswould like to thank the Federal Railroad Administration (FRA) for providing the
majority of funding that made this esrch possible. Thesearchersvould also like to thank
Dr. Hailing Yu at the dhn A. Volpe National Transportation Systems Centeh&waluable
suggestions and parallel aysik work. Finally, thewuthorswishto thank théPrecasfPrestressed
Concrete Institute (PCI) for establishing an indusiivisory panel to thegroject andalso
everyone who helped during this endeavor.



Contents

[llustrationsv

Tables Xvili

1. g0 To (3 {ox 1 o] o I USSP 19
11 BaCKGIrOUN.......ooiiiiieeiee e 19
1.2 (@ o= ox 1)Y= PSSR 20
1.3 OVerall APPrOACH. ... ...ttt nne s 20
14 Y o0 01PN 20
15 Organization of the REPQAIT..........cooiiiiiiii e 21

2. LItErature REVIEW........uuuiiiiiiiiiiiiiiii ettt ettt e e e e e e e nnn s 22
2.1 BarCoNnCrete INtEraCtiQml........... e eeiiiiiii e ceeeeieeeee e e e e e e e e e e s s ssimmne e e e anenas 22
2.2 History of Experimentahnalytical and Numerical research.............cccccciiiiiiell 23

3. Material and OPEratiQnl..............uuuuuuiiiiicereeeiirrr e e e e e eren e e e e e e e e eeees 35
3.1 PrestreSSING WIS ... ..co oot e et e e e e e e e e e e emaas 35
3.2 ReINfOrCEMENT STOrAGE. ... ...ttt 45
3.3 Concrete Materials and MiX D@Fi............ccceeeiiiiiiiiiiieiee e e 50

4. 111 ToTe (o] [0 o | /PSP PP PO PPPPPPP 56
4.1 Experimental Facility and Prism Casting Procedute...........cccccoeeviieenvennnnnenn. 56
4.2 EXperimental SEUP...........oooeiiiiiiiiimce e e e e e e 59
4.3 Casting Procedure Of PriSMS........cooiiiiiiiieeee e eeene e 62
4.4 SUIE CUIMNE SYSEIM ...ttt emme et raee e e e e e et e e e an e e e esmmnees 63
4.5 Testing procedure and Transfer length Measurement.................ccvceeeeeeeeee. 66
4.6 Assessment of PriSm Cracking...........ooovvuuiiiiire e 69

5. TS U 73
5.1 Transfer lengths and Prism CrackilWX#1 ...........ccevvviiiiiiiiiiiieeneeeeeeee 75

6. CompariSON ChArtS..........ooovuiiiiiii i eeree e e e e e e e e e e e e e eeeeeaeees 99
6.1 Concrete MIXTUTFEMIXZL........ooooiiiiiiiieeee e eeeer et e e e eeaeaeeeeas Q9
6.2. CONCrete MIXTUFVIXHEZ ... .oiiie e eeeeeeee et e e e ene 110
6.3. CoNncrete MIXIUFIXHES ......oooiiiiiiiiiiieeerre e e e e e e s seenr et e e e e eeaaaaeaeeeaaeaeeans 119
6.4, MIXHL VEISUS IMIXH2Z.....eeieiiiee e e e ee et eeees s e e e e e e e e ettt mmme e e e e eeeeeasanssnnnn s ammmnnnes 123
6.5 Mix#1 versus Mix#2 VErsuS MiX#3........cooeiiiiiiiiiiieiiee e ee e 133

7. Proposed Qualification Te&ir Arema Manual for Railway Engineering........ 136

8. Theoretical Lateral Stresses Due to Hoyer EffeCt........ccooviiiiiieec, 139

9. Conclusions and Recommendations.............uueeeeiiiieeeiiiiiiiiiiiieieeee e 142
1S IR I o [od (157 o 1= 142

10. =] (=] €= o = 144



Appendix A. Calculation of System Qualification Test Prism Parameters.................... 148
APPENCIX B. RESUILS......coiiieieiiiiie e e e e e e e e e e e e e e e e e aneer e e e e e e aaaeaees 150
Abbreviations and ACronyYM@SamPIE)..........uuuuuuriiiiiii e rre e 277



llustrations

Figure 11: Failed Prestressed CONCIrete TIBS........uuuuuuuuuiiiiiieeeeeirieniiaan e e e e e e e e e e eeaeeane e e ens 19
Figure 21: Schematic Representation of Hoyer effect............ccoooiiiiieecicciiee e 32
Figure 31: Manufacture of Indented Wire using Rollers (Beck et al., 2019).................... 35
Figure 32: Manufacture of Prestressing Wire Indents (Beck at al., 2019)....................... 36
Figure 33: Schematic of Indented Wire Measurement (Beck et al., 2019)...................... 36
Figure 34: Wire Support and Traversing System (Beck et al., 2019)..............covvvvvieemen... 37
Figure 35: Ideal Bilinear and Measured Strain Profile (Beck et al., 2019)...................... 37
Figure 36: KEY 3D Wire Indent Geometrical Features (Beck et all920...............c.ceevuennn. 38
Figure 37: WA Wire Type Microscope Image and 3D Model (Haynes, 2015).................40
Figure 38: WB Wire Type Microscope Image and 3D Model (Haynes, 2015)................40
Figure 39: WE Wire Type Microscope Image and 3D Model (Haynes, 2Q15).................41
Figure 310: WF Wire Type Microscope Image and 3D Model (Haynes, 2015)................ 41
Figure 311: WG Wire TypeMicroscope Image and 3D Model (Haynes, 2015)................42
Figure 312: WH Wire TypeMicroscope Image and 3D Model (Haynes, 2015)................42
Figure 313: WI Wire Type Microscope Image and 3D Model (Haynes, 2015)................43
Figure 314: WJ Wire TypeMicroscope Inage and 3D Model (Haynes, 2015).................43
Figure 315: WM Wire Type Microscope Image and 3D Model (Haynes, 2Q15).............. 44
Figure 316: Photo Of WP Wir€ TYPe....uuueeiiii it eeeeeenee e e e e e 44
Figure 317: Photo Of WQ WIre .. ..ottt ettt eeee e e e e e e e e e e e e 45
Figure 318: Chemical used in Reinforcement Cleaning Process (Deoxidine 7310) (Arnold,
120 ) G TSSO EEPRPPPPPPRRRI 46
Figure 319: WG Wire Type Before (left) and after (right) Cleaning.............ccccvvvvvieemeeee. 47
Figure 320: Reinforcement Storage Rack (Bodapati, 2018)..........ccoooviiiiiiccceeeeeniiiiiinns 47
Figure 321: Hypothesized Sidewall Concrete Crushing (Beck, 2019)..............ccceevveeennn. 48
Figure 322: Observed Crushed Concrete Residet side of the WH Wire Typ&Beck, 2019)
Figure 323: Observed Crushed Concrete Resiight side of the WH Wire Type............. 49
Figure 324: Observed Crushed Concrete Residue for Wire Type.WG.........ccccceeeevvieeen.. 50
Figure 325: Tucson Small Crushed Gravel Aggregate (CA3) used in the study.............. 51
Figure 326: Tucson Large Crushed Gravel Aggregate (CA2) used in this.study............ 51
Figure 327: Granite Aggregate (CA4) used in this study.............coooeiiiiiemn i, 52



Figure 328: Uncrushed Pea Gravel Aggregate (CA1) used in this study..................c.e.. 52
Figure 329: Fine Aggregate (sand) used in this Study..............ciiiiiiieeceiiiiiiiiie e 53
FIgure 330: CONCIEte MIXEL.........ccoiiiiiieeiiiiiiiemme et e e s ee e e e e e e e e e e e e e e amannaes 55
Figure 41: Original Pretensioned Concrete Pristhin Edge distance (Bodapati, 2018)......56
Figure 42: Steel Frames (SaVviC, 2018)......cccoiiiiiiieiiiiiieeeeie e eeeeeenme e e e eeeaanaanes 57
Figure 43: Prisms with Different Cross Sections (Savic, 2018)...........ceiiiiiirieeevvennnnnnnnn 59
Figure 44: Stages of PEEENSIONING..........ooiiiiiiiiiiiiiimmr e e e ememrea e e e e e e e aeeaaes 60
Figure 45: Load Cells at Dead End of Prestressing Bed............cccciiices 60
Figure 46: Prestressed Jacking arrangement at the Live. End...............oooiieeeiiiiniennnnn 60
Figure 47: Digital Display of Prestressing Forces Measured by Load.cell..................... 61
Figure 48: Adjusted Setw\dditional Chucks between First and Second Prism............... 61
Figure 49: Adjusted Setufpead End of the Prieessed Bed.............ccccevvviiiiiiceciiiiiiiiiieee, 62
Figure 410: Adjusted setup of Prestressed Bed...............uuiiiieeeiiiiiiiiiii e 62
Figure 411: Casting the Prestressed Concrete PriSMS.............uuuuiiiieemiiiiiiiiiiiiiiieeeeeeeeeend 63
Figure 412: Twelve Concrete Cylinders under Temperaturet®@bthrough Sure Cure Mini
CONLrOIlING SYSIEML....oeiiiiiiiieee e eeenae e e e 64
Figure 413: Typical Temperature (F) Plot of Prism and Cylinder Specimens................. 64
Figure 414: Making the SUHEUre CYlINAEIS............uuuiiiiiiiiiiiiceeciiiieeeeeeee e 65
Figure4-15: Testing the Cylinder Using Forney machine..............cccoovvveeeeeeeeieeeeeeceiinnnns 65
Figure 416: Example of Measured Compressive strength of Cylinder..............ccccoeeeueee. 66
Figure 417: Laser Speckle Imaging System (Beck, 2010).......ccccoevviiiiiiieeciiiiiiiiieeeeeeee, 67
Figure 418: Overall Automated LS| Sensor Traversing System (Beck, 2010)................ 68
Figure 419: Measuring the Transfer Lengths (Savic, 2Q18).............ccoovvviieeeeiiieeeeeiinnns 68
Figure 420: Traverse Control and LabVIEW Data Acquisition Interface (Beck, 201Q)....69
Figure 421: Example of Crack Assessment FOIML..............vvuuiiiicccriieriicee e 70
Figure 422: Measuring Crack Width (Savic, 2018)...........uuuuuriiiiiiiimeeiiiiiiiieieeeeeee e e 71
Figure4-23: Example of Prisms and Observed Cracking (%2 in edge distance)............... 71
Figure 424: Typical Picture of Observed Cracking Live and Dead end (Savic, 2018).....72
Figure 51: Mix#1, 6000 psi, WA, % in. Edge DistamLongitudinal Strain Profile............... 75
Figure 52 : Mi x # 1, 6000 psi ;Longitdinal &train Rrofied.g.e....06
Figure 53: Mix#1, 6000 psi, WA, %2 in Edge Distantengitudinal Strain Profile................ 76
Figure 54: Mix#1, 6000psi, WAObserved Cracking (Live End)............ccccvvvivvviieenccnvnnnnn 17
Figure 55: Mix#1, 6000psi, WAObserved Cracking (Dead End)............coeeevvvvvvvcmcvceennen 7

Vi

Stance



Figure 56: Mix#1, 6000psi, WACTACK Ar€a (i) ..........cceeueireeireeereeereeeeeseeseeeseaeseeessneneas 77

Figure 57: Mix#1, 6000psi, WACrack Length (IN).........ccouuuuuuummmmiiiceeeeiiiiiiinee e e e e 78
Figure 58: Mix#1, 6000psi, WANUMber Of Cracks.............coovvvriiiviiimmmeeeeeeeeeieiiieee e 78
Figure 59: Mix#1, 4500psi, WBObserved Cracking (Dead End)..............cuvvvvviiiceeeeennnnnd 9

Figure 510:
Figure 511:
Figure 512:
Figure 513:
Figure 514:
Figure 515:
Figure 516:
Figure 517:
Figure 518:
Figure 519:
Figure 520:
Figure 521:

Mix#1, 4500 psi, WBObserved Cracking (Live End)..............ovviiiiiiiicacnnnnnns 79
Mix#1, 4500 psi, WBCrack Area (if) ..........cccevvrieeeureeeeeeeeeeeeeeeeeeeeeeeaeeeaens 80
Mix#1, 4500 psi, WBCrack Length (in)...........ccoovriiiiiiiiiiimeme e 80
Mix#1, 4500 psi, WBNUmMber of CracksS.........ccccoveiiiiiiiiiieeen e 80
Mix#1, 6000psi, WBObserved Cracking (Dead end).........ccccoeeeeeeeeieeeinnnnn. 81
Mix#1, 6000 psi, WBObserved Cracking (Live end)...........cccccvvvviviiimemnnnnnne 81
Mix#1, 6000 psi, WBCrack Area (if) ..........cceeveeieeeeriirieeeeeeeeeeeeeseeeee s svens 82
Mix#1, 6000 psi, WBCrack Length (IN)........ccoouviiiioiiiiiiiiiceie 82
Mix#1, 6000 psi, WBNumber of CracksS...........cccoeeeeeiiiiiiieeei e 83
Mix#1, 6000 psi, WB second tir@rack Area (if)..........ccceceeeeeereeieemeenene, 83
Mix#1, 6000 psi, WB second tin@erack Length (in).........cccceeevveiiiiieicceniicennn. 84
Mix#1, 6000 psi, WB second tinddumber of Cracks...............cocceiiiiiiicccennnnnnnd 84

Figure 522: Mix#1, 6000 psi, WB third tim€rack Area (if) ...........cccvevveieeerriieeereeeeeenas 85
Figure 523: Mix#1, 6000 psi, WB third tim€rack Length (in)........ccccccvieiiiiiiiiicccnnnneen. 85
Figure 524 Mix#1, 6000 psi, WB third timé&lumber of Cracks..........ccceeeeeeiiiiiieeeeieennnn. 86
Figure 525: Mix#1, 3500 psi, WE, % in. Edge distance (Savic, 2018)..........cccccvvvviieeneee. 87
Figure 52 6 : Mi x #1, 35 Bdde dstarice (SaWd 2018.....0..0.cccceeeeiieeeees 88
Figure 527: Mix#1, 3500 psi, WE, %2 in. Edge distance (Savic, 2018)..........ccccccvvvrrieennn. 89
Figure 528: Mix#1, 4500 psi, WE, % in. Edge distance (Savic, 2018)..........ccccccvvvvveenneee. 90
Figure5-2 9 : Mi x#1, 4500 psi, WE, .e..i.n.... Ed.g.©1
Figure 530: Mix#1, 4500 psi, WE, %2 in. Edge distance (Savic, 2018).........ccccceeeeeeeeeennns 92
Figure 531: Mix#1, 6000 psi, WE, % in. Edge distance (Savic, 2018)..........cccccvvvriieeneen. 93
Figure 53 2 : Mi x#1, 6000 psi, WE, .e..l.n.... E.d.g.©4
Figure 533: Mix#1, 6000 psi, WE, ¥ in. Edge distance (Savic, 2018)..........cccccccvvrrrreneee. 95
Figure 534: Mix#1, 12000 psi (82.74MPAWVE, % in. Edge distanckive and Dead End....96
Figure 535: Mix#1, WENUMbDEr Of Cracks..........cccciiiiiiiiiic e eeeeeeeeen e 97
Figure 536: Mix#1, WECrack Length (iN).........cooouuiiiiiiiiice et emme e 97
Figure 537: Mix#1, WECTack Area (i) .......c.cccooeireereeeectieeereeeeeteete e erestesemss e enee e, 98
Figure 61: Mix#1, 4500 psi, ¥ in. Edge DistanGeack Area (i) .........c.coveevvevriesieemieeans 99

vii

di st ar

di st ar



Figure 62 : Mi x#1, 4500 p sQrack Aeea (iAn........E.d.g.e.....

Figure 63: Mix#1, 4500 psi, % in. Edge Distan@ack Area (if) .........ccccccvevveeeecrreceeeennn 100
Figure 64: Mix#1, 4500 psi, ¥ in. Edge DistanGzack Length (in)................cccoevvvvrvieeen.. 101
Figure 65 : Mi x#1, 4500 p sGrackLength (m).....E.d.g.e..

Figure 66: Mix#1, 4500 psi, ¥ in. Edge DistanGzack Length (in).............cccooovvviviiinnnnnns 102
Figure 67: Mix#1, 4500 psi, % in. Edge Distanteansfer Lengths (Dead and Live end).102
Figure 68: Mix#1, 4500 psiNumber of Wires Ends with Splitting Cracks........................ 103
Figure 69: Mix#1, 6000 psi, ¥ in. Edge DistanGzack Area (i) ..........c.ccccevveeeeevimenennn. 104
Figure 61 O : Mi x#1, 6000 p-Erack Area (if) n.......E.d.g.e...D.i. K04
Figure 611: Mix#1, 6000 psi, % in. Edge DistanGeack Area (if) .............ccoeevverreerrreenee. 105
Figure 612: Mix#1, 6000 psi, ¥ in. Edge DistanrCeack Length (in)..............ovvvvviiniiiicaee. 106
Figure 61 3 : Mi x#1, 6000 p-€rackLeagthinn........E.d..g.e....D.i.. H06
Figure 614: Mix#1, 6000 psi, ¥ in. Edge DistarCeack Length (in)............cevvveviiiiiinnnnnee. 107
Figure 615: Mix#1, 6000 psiNumber of Wires Ends with Splitting Cracks..................... 108
Figure 616: Mix#1, 6000 psilransfer Lengths (Dead end and live end)......................... 108
Figure 617: Mix#1-4500 PSi VS 6000 PS...cceeeeieiiiiiiiiiiiieeee s eeenesseeneeeeeees 109
Figure 618: Mix#1-Total Crack Length@500 psi VS 6000 PSi........uvuiiiiiieeeeeeeeiceeiiiieeeeennn. 110
Figure 619: Mix#2, 4500 psi, % in. Edge DistanGeack Area (if) .............ccoeevvevreerrreenee. 111
Figure 62 O : Mi x#2, 4500 p-€rack Area (if) n.......E.d.g.e...D.i.kl1
Figure 621: Mix#2, 4500 psi, ¥ in. Edge DistanGeack Area (if) .............ccceevveereerereenee. 112
Figure 622: Mix#2, 4500 psi, ¥ in. Edge DistarCeack Length (in)............eeevevvviiiiiinnnnee. 112
Figure 623: Mix#2,4 500 psi , e iCrack Ldngtlg(e)....D.i..s.t..a.n.c.e.113
Figure 624: Mix#2, 4500 psi, ¥ in. Edge DistanrCeack Length (in).............oovvvvviiiiiiiceee. 113
Figure 625: Mix#2, 4500 psNumber of Wires Ends with Splitting Crack....................... 114
Figure 626: Mix#2, 6000 psi, % in. Edge DistanGeack Area (if) .............ccovevvevveerrieennne. 114
Figure627: Mi x#2, 6000 p-€rackArea (if).n.....E.d.g.e..Di.E5
Figure 628: Mix#2, 6000 psi, ¥ in. Edge DistanGeack Area (i) .........c.covevveveeieeieemne 115
Figure 629: Mix#2, 6000 psi, ¥ in. Edge DistarCeack Length (in)............eeevveveviiiiiinne. 116
Figure 63 0 : Mi x # 2, 6000 p-€rack Leagthi(im........E.d..g.e.....D.i..KL6
Figure 631: Mix#2,6000 psi, ¥z in. Edge Distan€ack Length (in)............eevvveveiiiiiiinne. 117
Figure 632: Mix#2, 6000 psNumber of Wires Ends with Splitting Cracks...................... 117
Figure 633: Mix#2-4500 PSi VS 6000 PS...cceeeeeieiiiiiiiiiieeee s eeeseeseeeaeeeeeees 118
Figure 634: Mix#2, Crack Lengths (ir3500 psi VS 6000 PSi......uoviieiiiiiiiiiieiiieeneeeeeiiieeen, 119

viii

D.i.s20@& nc e

ance

ance

ance

ance

ance



Figure 635: Mix#3, 4500 psi, % in. Edge DistanCeack Area (i) .........c.covevveeveererieemnne 120

Figure63 6 : Mi x#3, 4500 p-CrackArea (if)n.......E.d.g.e...D.i. R0
Figure 637: Mix#3, 4500 psi, ¥ in. Edge DistanGeack Area (i) .........c.ccoveevveveeierieemnne 121
Figure 638: Mix#3, 4500 psi, %4 in. Edge DistanrCeack Length (in)..........coovvvvveiininiiicaee. 121
Figure 63 9 : Mi x #3, 45 0 Gtanpe€rack Leagthi(im........E.d..g.e.....D.i..122
Figure 640: Mix#3, 4500 psi, ¥ in. Edge DistanrCeack Length (in)...........ooovvvvevinnnniiicaee. 122
Figure 641: Number of Wires Ends with Splitting Cracks............cccoeeeviiiieeeiiiieei e 123
Figure 642: Mix#1 vs Mx#2, 4500 psi, % in. Edge Distan@zack Area (if)..........c........... 124
Figure 64 3 : Mi x#1 vs Mix#2, 4-80@dkArpasif).,...........i..n124
Figure 644: Mix#1 vs Mix#2, 4500 psi, ¥ in. Edge DistanCeack Area (if)...................... 125
Figure 645: Mix#1 vs Mix#2, 4500 psi, % in. Edge Distari€eack Length (in).................. 125
Figure 64 6 : Mi x#1 vs Mix#2, 4-B@dkLepghi(in)....e.....I..n.126
Figure 647: Mix#1 vs Mix#2, 4500 psi, ¥ in. Edge DistariCeack Length (in).................. 126
Figure 648: Mix#1 vs Mix#2, 4500 psi, % in. Edge Distaridember of Wies Ends with

0 )11 1 1o T O = Tod T 127
Figure 64 9 : Mi x#1 vs Mix#2, 4-Barber of 8Vires Ends witm .

0 )11 1 Lo T O = o T 127
Figure 650: Mix#1 vs Mix#2, 4500 psi, %2 in. Edge Distaridember ofWires Ends with

0 )11 1 1o T O = o S 128
Figure 651: Mix#1 vs Mix#2, 6000 psi, % in. Edge Distas@eack Area (if)...................... 129
Figure 65 2 : Mi x#1 vs Mix#2, 6-€C@dkArpagif).......e........n129
Figure 653: Mix#1 vs Mix#2, 6000 psi, ¥ in. Edge Distas@eack Area (if)...................... 130
Figure 654: Mix#1 vs Mix#2, 6000 psi, % in. Edge DistariCeack Length (in).................. 130
Figure 655: Mix#1 vs Mix#2, 600 s i , e i n . -Cradk geagthlfin).s..t..a.n..c.E31
Figure 656: Mix#1 vs Mix#2, 6000 psi, ¥z in. Edge DistariCeack Length (in).................. 131
Figure 657: Mix#1 vs Mix#2, 6000 psi, % in. Edge Distaridember of Wires Endwith

S ][4 1o T O = Tod 132
Figure 65 8 : Mi x#1 vs Mix#2, 6 -ONOndber pfdMires Ergds witim .

0 o] 11T o T = Lo 2 PP 132
Figure 659: Mix#1 vs Mix#2, 6000 psi, ¥ in. Edge Distaridember of Wireseend With

10 o] 11T o T = Lo 2 PP 133
Figure 660: Mix#1, Mix#2, Mix#3Effect of Cover on En@®plitting...........ccccvvvivviiiiiiinnnnns 134
Figure 661: Mix#1 vs Mix#2 vs Mix#3Crack Length (in).........ccoooovviiiiiiiiiceen e, 134
Figure 662: Mix#1 vs Mk#2 vs Mix#3The Overall Crack Length (in)...........ccccccvvvnnnnnne 135

ance

Edge

Edge

Edge

Edge

Edge

[



Figure 81: Tangential StresS iN CONCIEte (PSI)...vvrrrrrrrmniiiiieeeeceeeiiisrs e e e e e e e e e e eeereeneereeeens 140
Figure 82: Prisms with Varying Cover and Release Strength (Based on # of Tendon Diameters)
................................................................................................................................. 141
Figure 101: GeneriC Tie CrOSSECHOMN...........uuuuuuiiiiii ettt e e e e e e e e e enenraa s e e e e e eeeaes 148
Figure 102: System Qualification Test Prism CreS8CHON............uueviieiiiieeeeceeeieeee e 149
Figure 103: Mix#1, 6000 psi, WA, % in. Edge Distantengitudinal Strain Profile........... 150

Figure 164 :

Figure 105:
Figure 106:
Figure 107 :
Figure 108:
Figure 109:

Figure 1010:
Figure 1011
Figure 1012:
Figure 1013:
Figure 1014:
Figure 1015:
Figure 1016:
Figurel0-17:
Figure 1018:
Figure 1019:
Figure 1020:
Figure 1021:
Figure 1022:
Figure10-23:
Figure 1024:
Figure 1025:
Figure 1026:
Figure 1027:
Figure 1028:
Figure 1029:
Figure 1030:

Mi x#1, 6000 psi ,-LoMjikudinaleStrainProfileE.d..g.€151Di st an
Mix#1, 6000 psiWA, % in. Edge Distanekongitudinal Strain Profile........... 151
Mix#1, 6000psi, WAObserved Cracking (Live End)..............cuvviiiiicennnnns 152
Mix#1, 6000psi, WAObserved Cracking (Dead End).............oeeeeeiviiieeennn. 152
Mix#1, 6000pSi, WACIACK Ar€a (i) ........ccveueireeireeeirieeeeeeeeeeeeseeereeere e aven 152
Mix#1, 6000psi, WACrack Length (IN) ... 153

Mix#1, 6000psi, WANUmMber of Cracks............ccceevviviiiiiieeniee e, 153
Mix#1, 4500psi, WBObserved Cracking (Dead End).............ccuvvveviiiieennns 154
Mix#1, 4500 psi, WBObserved Cracking (Live End).............ccocceeiiiiiinnnnns 154
Mix#1, 4500 psi, WBCrack Area (i) ..........ccovevveereireereeeee e eeeeeeee e, 155
Mix#1, 4500 psi, WBCrack Length (in)...........cccooviiiiiiiiiiiceee e, 155
Mix#1, 4500 psi, WBNumber of CracksS.........ccccceeeeeieiiiiiieeeiieieeee e 156
Mix#1, 6000psi, WBObserved Cracking (Dead end)............cccceeeeiirieennnnns 156
Mix#1, 6000 psi, WBObserved Cracking (Live end)..........cccccvvvviiiiinennnnns 157
Mix#1, 6000 psi, WBCrack Area (i) ..........ccccvivurieeeereieeesereeeeseeseeseseee s 157
Mix#1, 6000 psi, WBCrack Length (in).........cccovvieiiiiiiiiicccs 158
Mix#1, 6000 psi, WBNumber of Cracks...........c..euvuuiiiiiiieeeecceee e 158
Mix#1, 6000 psi, WB second tin@rack Area (if)...........ccccceeeerereeneemnnnenn, 159
Mix#1, 6000 psi, WB second tin@erack Length (in)...........cccceeeeeeiiiiiicccnnnnns 159
Mix#1, 6000 psi, WB third tim€rack Area (if) ...........ccceeeeueereeriemeennene 160
Mix#1, 6000 psi, WB third tim€rack Length (in)............ccccooeeiiiiiiiicecniin, 160
Mix#1, 4500 psi, WF, % in. Edge Distadoengitudinal Strain Profile........... 161
Mix#1, 4500psi, WFObserved Cracking (Dead end)............cccoevviiiiieeennnnn. 162
Mix#1, 4500 psObserved Cracking (Live end)...........cccccevviiiiiieeniennnnnnnn. 162
Mix#1, 4500 psi, WECIack Area (IR)...........ccveeveeueeeeirieeeeeeesseeseseessee e 162
Mix#1, 4500 psi, WECrack Length (iN).......ciiiiiiiices 163
Mix#1, 4500 psi, WHNumber of CracksS........ccooveiviiiiiiiiiiieeen e 163



Figure 1031
Figure 1032:
Figure 1033:
Figure 1034:
Figure 1035:
Figure 1036:
Figure 1037:
Figure 1038:
Figure 10639:
Figure 1040:
Figure 1041
Figure 1042:
Figure 10643:
Figure 1044:
Figure 1045:
Figure 1046:
Figure 1647:
Figure 1048:
Figure 1649:
Figure 1050:
Figure 1051
Figure 1052:
Figure 1053:
Figure 1054:
Figure 1055:
Figure 1056:
Figure 1057:
Figure 1058:
Figure 1059:
Figure 1060:
Figure 1061
Figure 1062:
Figure D-63:

Mix#1, 6000 psi, WF, % iredge Distancd.ongitudinal Strain Profile........... 164
Mix#1, 6000 psi, WFObserved Cracking (Dead End)............ccoevvvvvvviieeee... 164
Mix#1, 6000 psi, WFObserved Cracking (Live End)...........cccccoeiviiiiiieeennnns 164
Mix#1, 6000 psi, WECrack Area (iR)...........coveeeeereeeeerieemieeeeesreesneeeesseeennns 165
Mix#1, 6000 psi, WECrack Length (in).........ccoooeeiiiiiiiiiiiieee e, 165
Mix#1, 6000 psi, WENUMbeEr of CraCKS.......cccovviiiiieiiiiiiiieeeieeiee e 166
Mix#1,4500psi, WGObserved Cracking (Dead end)..............cceeeiiiiiianenns 167
Mix#1, 4500 psObserved Cracking (Live end)...........cccccoveiiiiiiieaninnnnnnen. 167
Mix#1, 4500 psi, WECrack Area (if).........cccecveveeieeeereieeeeereeeeeeeseeeeeee s 168
Mix#1, 4500 psi, WGCrack Length (In).........ccccuveiiiiiiiiiieeeiiiieieieeeeeeeeeeee 168
Mix#1, 4500 psi, WaNumber of Cracks........cccceeeeiiieiiiiiieeeiii e, 169
Mix#1, 4500 psi, WHDbserved Cracking (Dead End).............ccooevvviiiicee.. 170
Mix#1, 4500 psi, WHObserved Cracking (Live End)..............cccoeeeiiiiiinnnns 170
Mix#1, 4500 psi, WHCrack Area (i) ..........ccccveveereiueereeeee e, 171
Mix#1, 4500 psi, WHCrack Length (in)............cooooiiiiiiiiieen e, 171
Mix#1, 4500 psi, WENumber of Cracks............coovvvvieiiviiimmmeeeeeeeeeeecviiiiinnnns 172
Mix#1, 4500 psi, WI, % in. Edge Distarcengitudinal Strain Profile............ 173
Mix#1, 4500 psi, WObserved Cracking (Dead End)...........ccccccvvveieirieannnnn. 173
Mix#1, 4500 psi, WObserved Cracking (Live ENd)..........ccoeeeeiieiiiiiiccennnns 174
Mix#1, 4500 psi, WHCrack Area (i) .........cocoveeveeeereeecceemiie e ce e 174
Mix#1, 4500 psi, WICrack Length (in)..........ooovvmmiiiiiiiiiieeeeee e 174
Mix#1, 4500 psi, WINumber of Cracks...........cceeriiiiiiiiieee s 175
Mix#1, 6000 psi, WI, % in. Edge Distarcengitudinal Strain Profile............ 175
Mix#1, 6000 psi, WObserved Cracking (Deadh@).................cccuvvvvviieennnnnns 176
Mix#1, 6000 psi, WObserved Cracking (Live end)...............ccoovvvrviieennn.n. 176
Mix#1, 6000 psi, WHCrack Area (i) .........coeeveeveereieeeeceemeieeeeeee e 177
Mix#1, 6000 psi, WICrack Length (in)..........cooovmmiiiiiiiiiieeeeee e 177
Mix#1, 6000 psi, WINumber of Cracks............ccoovvviiiiiiiieee e, 178
Mix#1, 4500 psi, WJ, % in. Edge Distarlgengitudinal Strain Profile........... 179
Mix#1, 4500psi, W-Dbserved Cracking (Dead End)............ccooevviiiiiicennnn. 179
Mix#1, 4500psi, WiDbserved Cracking (Live End)........cooooevviiiiiiiiiieeenne, 180
Mix#1, 4500 psi, WAErack Area (i) .........cccveeerreereireeeemsreeveeeeeeeeieereeveenns 180
Mix#1, 4500 psi, W-Crack Length (IN)..........cooovviiiiiiiiiiieccecie e 181

Xi



Figure 1064:
Figure 1065:
Figure 1066:
Figure 1067:
Figure 1068:
Figure 1069:
Figure 1070:
Figure 1071:
Figure 1072:
Figure 1073:
Figure 1074:
Figure 1075:
Figure 1076:
Figure 1077:

Mix#1, 4500 psi, W-Number of Cracks...........ccoevviviiiiiiiiieee e 181

Mix#1, 6000 psi, WJ, % in. Edge Distarlgaengitudinal Strain Profile........... 182
Mix#1, 6000 psi, W-Dbserved Cracking (Dead end)...........ccccceeeviiviecennnns 182
Mix#1, 6000 psi, W-Dbserved Cracking (Live end).............ceoevviiiiiieennnnnn. 182
Mix#1, 6000 psi, WICrack Area (i) ........cccveeeeeeeeeeeseeeere e seeseeee e 183
Mix#1, 6000 psi, W-Crack Length (IN).........ooeeeiiiiiiiiiiiieeeeeeeeeiiee e 183
Mix#1, 6000 psi, W-Number of Cracks...........ccoevviiiiiiiiiiieer e, 184
Mix#1, 4500 psiWwM, % in. Edge Distanckongitudinal Strain Profile.......... 185
Mix#1, 4500psi, WMObserved Cracking (Dead End)...............covvvvvviieeee... 185
Mix#1, 4500 psi, WMObserved Cracking (Live End)..........cccooevvviiiiiiicee... 186
Mix#1, 4500 psi, WMCrack Area (if) ........c.ccovevueieeieecrreeeeese e seeeee e 186
Mix#1, 4500 psi, WMCrack Length (in)..........ccoooriiiiiiiiieen i 187
Mix#1, 4500 psi, WIWMNumber of Cracks.........cccceeviiiiiiiiiiiceniiiiiieeeeeeee 187

Mix#1, 6000 psi, WM, % in. Edge Distarcengitudinal Strain Profile.......... 188

Figure 107 8 : Mi x#1, 6000 psi ;Longtdinal &train Rrofile E.d..dL&8

Figure 1079:
Figure 1080:
Figure 1081:
Figure 10682:
Figure 1083:
Figure 1084:
Figure 1085:
Figure 1086:
Figure 1087:
Figure 1088:
Figure 1089:
Figure 1090:
Figure 1091:
Figure 1092:
Figure 1093:
Figure 1094
Figure 1095:
Figure 1096:

Mix#1,6000 psiWM-Observed Cracking (Dead End)............ccoovvviiiiiicee.n. 189
Mix#1, 6000 psi, WMObserved Cracking (Live End)............ccoeeeiiiiiineen. 189
Mix#1, 6000 psi, WMCrack Area (i) ..........cceeueereeeeeeireameeseeeresreeeeeeeneas 189
Mix#1, 60 psi, WMCrack Length (in).........ccccoeeeeiiiiiiiiiieeeiieeeeeeee, 190
Mix#1, 6000 psi, WIMNumber of Cracks........ccccceevviiiiiiiiiiceeicciiieee e 190
Mix#1, 4500 psi, WP, % in. Edge Distarlaangitudinal Strain Profile........... 191
Mix#1, 4500 psi, WiDbserved Cracking (Dead End)...........ccoooevviiiiiicen.n. 191
Mix#1, 4500 psi, WiDbserved Cracking (Live End)...........ccccoeeeiiiiiiceennnns 192
Mix#1, 4500 psi, WRCrack Area (if).........c.covevveereereeeeieemsreeeeceeeieeieeveenenes 192
Mix#1, 4500 psi, WECrack Length (in.).......cccoooeeiiiiiiiiiiiiiieeeiee e, 193
Mix#1, 4500 psi, WINUMbeEr Of CraCKS.......ccoovviiieieeeiiiiiieeeieeeee e 193
Mix#1, 6000 psi, WP, ¥ ifcdge Distancé.ongitudinal Strain Profile........... 194
Mix#1, 6000 psi, WiDbserved Cracking (Dead End)............cooeeviiiiiiicen.n. 194
Mix#1, 6000 psi, WHDbserved Cracking (Live End)............cooovviiiiiiieeen .. 194
Mix#1, 6000 psi, WRCrack Area (if).........c.covevveereereeeeieemireeeeeeeceeeeereenennes 195
Mix#1, 6000 psi, WECrack Length (in)..........ccoovviiiiiiiiiiiieeeie e 195
Mix#1, 6000 psi, WINUMDBbEr Of CraCKS.......ccoevviiiiieeeiiiirieeeiee e 196

Mix#1, 4500 psi, WQ, % in. Edge Distancengitudinal Strain Profile.......... 197

Xii

Di st a



Figure 1097: Mix#1, 4500 psi, W€Dbserved Cracking (Dead End)...............cccvvvvvvveeen.. 197

Figure 1098: Mix#1, 4500 psi, WeDbserved Cracking (Live End)..........cccoovvviiiiiiiiaannnn. 198
Figure 1099: Mix#1, 4500 psi, WECrack Area (if) ........ccccvurieeereerieiemeer e ceeee e 198
Figure 10100: Mix#1, 4500 psi, WEZrack Length (In)..........couuvrumimmiiniicameeeeeiiieineeennn 199
Figure 10101: Mix#1, 4500 psi, WENuUmber of CracksS..........cccceeeeeeiiiviiieeeieiieeee e, 199
Figure 10102: Mix#1, 6000 psi, WQ, % in. Edge Distariaengitudinal Strain Profile........ 200
Figure 161 0 3 : Mi x#1, 6000 p s i-LongfW@nal SgainiProfile...E.2@0e Di st
Figure 10104 Mix#1, 6000 psi, WQObserved Cracking (Dead End)................cvvvvunnneee. 200
Figure 10105: Mix#1, 6000 psi, WeDbserved Cracking (Live End).............cccoeevvvniiieen. 201
Figure 16106: Mix#1, 6000 psi, WErack Area (i) .........c.cceeveireereereeieesreeeeeieeresreeseennas 201
Figure 10107: Mix#1, 6000 psi, WeCrack Length (in)............cevvvviiiiiiiicceeeiiiiceeeeeen 202
Figure 10108: Mix#1, 6000 psi, WENumber of Cracks..............oouuvvvvmmiiccceeeeeiiiiniinnnn 202
Figure 10109: Mix#2, 4500 psi, WB, % in. Edge Distarioengitudinal Strain Profile........ 203
Figure 10110: Mix#2, 4500psi, WBDbserved Cracking (Dead End)............cc.uvvvveerveeennes 203
Figure 10111: Mix#2, 4500 psi, WEBDbserved Cracking (Live End)..............cceeeviiviiieeen. 204
Figure 16112: Mix#2, 4500 psi, WECrack Area (if) .........cccceeeieireeeeieeereeeeeeee e 204
Figure 10113: Mix#2, 4500 psi, WECrack Length (in)..............ouvvviiiiiiiicceeeeeeeen, 204
Figure 10114: Mix#2, 4500 psi, WBNumber of Cracks..............uuuvveiiiniiccceeeriiiiiiineeennn 205
Figure 10115: Mix#2, 6000 psi, WB, % in. Edge Distarioengitudinal StrairProfile.......... 205
Figure 10116: Mix#2, 6000 psi, WBDbserved Cracking (Dead End)..............ccccceevrrnee. 206
Figure 10117: Mix#2, 6000 psi, WBDbserved Cracking (Live End)..............cceeeiiiviiieen. 206
Figure 16118: Mix#2, 6000 psi, WECrack Area (if) .........c.cceeeieeueeeeieesreeeeeieee e 207
Figure 10119: Mix#2, 6000 psi, WECrack Length..............viiiiiiiiiceeceiee e 207
Figure 10120: Mix#2, 6000 psi, WBNumber of CracksS...........cccceeeeeiiiiiiieeeiei e 208

Figure 10121 Mix#2, 4500 psi, WF, % in. Edge Distancengitudinal Strain Profile......... 209

Figure 10122: Mix#2, 4500 psi, WiObserved Cracking (Dead End).............ccccevvvirinnee. 209
Figure 10123: Mix#2, 4500 psi, WiObserved Cracking (Live End).............cccoovvivriieeen.. 210
Figure 16124: Mix#2, 4500 psi, WHETacK Area (if)..........ccccovereeeeeeireeeeeeeeeeeeeeeeeeeeenns 210
Figure 10125: Mix#2, 4500 psi, WECrack length (in).........cccoviiiiiiiiiirceeeeeei e 211
Figure 10126 Mix#2, 4500 psi, WANumber of Cracks.............covvviiviiiiiicreeeeeiinn, 211
Figure 10127: Mix#2, 6000 psi, WF, % in. Edge Distarlgengitudinal Strain Profile......... 212
Figure 10128: Mix#2, 6000 psi, WiObserved Cracking (Dead End)..............cccvvvvirrnee. 212
Figure 10129: Mix#2, 6000 psi, WIETAack Area (iB).........cccviveeeeeeieeeieeeeeeeseeseesis e 213

Xiii



Figure 160130
Figure 160131
Figure 10132
Figure 101 3

Figure 10134

Figure 10135

Figure 10136:
Figure 10137:
Figure 10138:
Figure 10139:
Figure 10140:
Figure 10141:
Figure 10142:
Figure 10143:
Figure 10144:
Figure 10145:
Figure 10146:
Figure 10147:
Figure 10148:
Figure 10149:
Figure 16150:

: Mix#2, 6000 psi, WECrackLength.............oovviiiiiiiiieeeceeeeee e 213

: Mix#2, 6000 psi, WHNumber of Cracks............coovviiiiiiiiiieeeeiiiin 214
: Mix#2, 4500 psi, WG, % in. Edge Distariaengitudinal Strain Profile........ 215
3: Mi x#2, 4500 p s i-Longkidnal SgainiProfile...E.®26e
Mix#2, 4500 psi, WG, ¥z in. Edge Distancengitudinal Strain Profile........ 216
: Mix#2, 4500 psi, Wedbserved Cracking (Dead End).........cccoovveeeiiiiniens 217
Mix#2, 4500 psi, WeDbserved Cracking (Live End)...........cccoeeevviiiviieeen. 217
Mix#2, 4500 psi, WECrack Area (i) .........c.cevevveeieereeceemsreeeeeeeeeeeeeeenens 217
Mix#2, 4500 psi, WeCrack Length (in)........cccceeeviiieiiiiiiiceeiciieeee e, 218
Mix#2, 4500 psi, WeNumber of Cracks...............uuvvvviiiiiccceeeeeiiiiiiinnn 218
Mix#2, 4500 psi, WHDbserved Cracking (Dead End)............cccceeeeeerinnne. 219
Mix#2, 4500 psi, WHDbserved Cracking (Live End)...............ooooiiiieeen. 219
Mix#2, 4500 psi, WECrack Area (if) .........c.coeveevrieeiresieemireeseeceesesseeeneas 220
Mix#2, 4500 psi, WHCrack Length (iN)........cceeviiiiiiiiiiiiiiiee 220
Mix#2, 4500 psi, WHNumber of Cracks................ovvveiiiiccreeeeiiiiccnn, 221
Mix#2, 4500 psi, WI, % in. Edge DistarAcengitudinal Stram Profile........... 222
Mix#2, 4500 psi, WDbserved Cracking (Dead End)..............cccevvrrrreeenn. 222
Mix#2, 4500 psi, WDbserved Cracking (Live ENd)............cceveviiiiiiiieenne. 223
Mix#2, 4500 psi, WECrack Area (i) .........cccvevueeeeieieieeeeeeeeeeseeeen s 223
Mix#2, 4500 psi, WCrack Length (in)........ccoooreriiiiiiiiiiii e 224
Mix#2, 4500 psi, WINumber of Cracks............oovvivviiiiiimeeeeeei, 224

Figure 10151 Mix#2, 6000 psi, WI, % in. Edge Distantengitudinal Strain Profile.......... 225

Figure 101 5

Figure 10153:
Figure 10154:
Figure 10155:
Figure 10156:
Figure 10157:
Figure 10158:

Figure 101 5
Figure 16160
Figure 10161
Figure 10162

2 Mi x#2, 6000 p s tLongitwlinal Stein Praofile.....E.®22b6e
Mix#2, 6000 psi, WDbserved @cking (Dead End)...........ccooovviiiiiiieenn. 226
Mix#2, 6000 psi, WDbserved Cracking (Live End)...............oovvvvviviieeee... 226
Mix#2, 6000 psi, WICTrack Area (i) .........ceoveereereereeeeceemeieeeeeeeeve e 226
Mix#2, 6000 psi, WHCrack Length (IN.).........ceeeeieiiiieieeieiceeeiccieccee e 227
Mix#2, 6000 psi, WNumMber of CracksS........cccceeeiiiiieeeeiiieeeiciieieee e eeeeee 227
Mix#2, 4500 psi, WJ, % in. Edge Distafiamgitudinal Strain Profile......... 228
9: Mi x#2, 4500 p s iLongitwdinal Steain Prafile....E.®228e

: Mix#2, 4500 psi, Wbserved Cracking (Dead End)...............cceeveeivieenn. 229

: Mix#2, 4500 psi, WWDbserved Crackig (Live End)........ccccoeeeviiiiiiiiiiice.n. 229

. Mix#2, 4500 psi, WAETack Area (i) ........coeeveeeeieeieeceieeeee e 230

Xiv

Di st

Di st

Di st



Figure 10163: Mix#2, 4500 psi, WCrack Length (in).........cccooveeiiiieiiiiiieeeeiie e, 230
Figure 10164 Mix#2, 4500 psi, W-Number of Cracks..............uuviiiiiiiccceiiiiiiieeeenn 231
Figure 10165: Mix#2, 6000 psi, WJ, %1 in. Edge Distasiaengitudinal Strain Profile......... 232
Figure 10166: Mix#2, 6000 psi, WDbserved Cracking (Dead End)..............cccevvvvivieenes 232
Figure 10167: Mix#2, 6000 psi, WDbserved Cracking (Live End)............cccoevvivivviieenn... 233
Figure 10168: Mix#2, 6000 psi, WALTack Area (i) ..........cceevveereeereeeeieereeeeeeeseeeeeaeeennns 233
Figure 10169: Mix#2, 6000 psi, WCrack Length (in).........cccooveeiiiieiiiiiieeeeiie e, 234
Figure 10170: Mix#2, 6000 psi, WNumber of Cracks.............cuuvviiiiiiiiccceiiiiiiiieneenn 234
Figure 10171: Mix#2, 6000 psi, WJ second time, % in. Edge Distaborgitudinal Strain
PRI, e e e e e e e aaan 235
Figure 10172: Mix#2, 6000 psi, WJsemod t i me, e i-thongitidtha StraiDi st anc e
PIOTI . e e e e e e e e e aan 235
Figure 10173: Mix#2, 6000 psi, WJ second tirack Area (if)...........ceevvevrevrirveeneerann. 236

Figure 10174:
Figure 10175:
Figure 10176:
Figure 101 7
Figure 10178:
Figure 10179:
Figure 10180:
Figure 10181
Figure 10182:
Figure 10183:

Figure 101 8 4 :

Figure 10185:
Figure 10186:
Figure 10187:
Figure 10188:
Figure 10189:
Figure 10190:
Figure 101 9
Figure 10192:
Figure 10193:

Mix#2, 6000 psi, WJ second tir@rack Length (in)..........ccccovvvviiiiriiieennns 236

Mix#2, 6000 psi, WJ second tiFdeimber of Cracks............ccccevvvvivvniieeee... 236
Mix#2, 4500 psi, WM, %4 in. Edge Distarcengitudinal Strain Profile........ 237
7 Mi x # 2,  4irb Bdfe Dpstaricéongitdidlinal Sgrain Profile....... 238
Mix#2, 4500 psi, WMDbserved Cracking (Dead End)...........cccccvvvieninee. 238
Mix#2, 4500 psiWM-Observed Cracking (Live End).........ccccoeeeeiiiiininnn. 238
Mix#2, 4500 psi, WMCrack Area (i) .........ccccevveeeeeiieeieeeeeceee e, 239

Mix#2, 4500 psi, WMCrack Length..............oovvviiiiiiicceee e 239

Mix#2, 4500 psi, WMNumber of Cracks.............cevvvvvviviivimmmneeieeeeeeeiiiinnns 240
Mix#2, 6000 psi, WM, %4 in. Edge Distarcengitudinal Strain Profile....... 240

Mi x # 2, 6 0MBd@e Dstancd.ongidiinal Sgrain Pnofile........ 241
Mix#2, 6000 psi, WMDbserved Cracking (Dead End)................ovvvvnnnneee. 241
Mix#2, 6000 psi, WMDbserved Cracking (Live End)..............ccccvviiiiieenn. 242
Mix#2, 6000 psi, WMCTack Area (i) ..........coeeeueeverireeieremeeesieeeeeeeesee e, 242
Mix#2, 6000 psi, WMCrack Length (in)............eeeeeeiiiiiiiiiieemiiiiiiciiieeeeeee, 242
Mix#2, 6000 psi, WMNumber of Cracks.........ccccooeiviiiiiiiiii e, 243
Mix#2, 4500 psi, WP, % in. Edge Distardcengitudinal Strain Profile......... 244

1: Mi x#2, 4500 p s i-Longidinal Stgain Profile....E . ®24be
Mix#2, 4500 psi, WiDbserved Crdang (Dead End)............cccccvvvvivviiiieenn. 245
Mix#2, 4500 psi, Wibserved Cracking (Live End).........cccoooeeeviiiiiieeanns 246

XV



Figure 10194: Mix#2, 4500 psi, WRErack Area (iB)..........ccviveeeeeeeeeeieeeeeeeseeseeseeaeee s 246
Figure 10195 Mix#2, 4500 psi, WRCrack Length (iN).........ccouvvvuemimmiiniieeeeiiiiiieneeennn 247
Figure 10196: Mix#2, 4500 psi, WINumber of Cracks.............ooovviivviiiiiccreeeeeen, 247
Figure 10197: Mix#2, 6000 psi, WP, % in. Edge Distafiamgitudinal Strain Profile......... 248
Figure 10198: Mix#2, 6000 psi, Wibserved Cracking (Live End).............ccooevvvvviieeen.. 248
Figure 10199: Mix#2, 6000 psi, Wibserved Cracking (Dead End)...............evvvnnniincee. 249
Figure 16200: Mix#2, 6000 psi, WRErack Area (iB)..........ccvivueeeeeeieeieeeeeeeseeseeseeseee e 249
Figure 10201: Mix#2, 6000 psi, WRrack Length (iN).........cceuvviivmimmiiiiiieeeiiiiiiene e 249
Figure 16202: Mix#2, 6000 psi, WINumber of Cracks.............coovvviviiiiiiccreeeee, 250
Figure 10203: Mix#2, 4500 psi, WQ, % in. Edge Distariaengitudinal Strain Profile........ 251

Figure 162 0 4 : Mi x#2, 4500 p s i-Longf@nal SgainiProfile...E.2%le Di st
Figure 10205: Mix#2, 4500 psi, WDbserved Cracking (Live End)..........ccccvvvviiiiiiieenes 252
Figure 16206: Mix#2, 600 psi, WQObserved Cracking (Dead End)...............ccccnnneeee. 252
Figure 16207: Mix#2, 4500 psi, WECrack Area (i) ...........cceevrireereeeeieesreeeeereeresreeseennns 252
Figure 160208: Mix#2, 4500 psi, WEZrack Length (in).............ouvvviriiiiiicemeeeerviiiiceeeeennn 253
Figure 16209 Mix#2, 4500 psi, WENumber of Cracks............coeuvvvvuimniicccreeeeiiieiiinnn 253
Figure 10210: Mix#2, 6000 psi, WQ, %1 in. Edge Distarlaengitudinal Strain Profile........ 254
Figure 162 1 1 : Mi x # 2, 6 000 p s i-LongfM@nal SgainiRdile.....E.2%de
Figure 160212: Mix#2, 6000 psi, WeDbserved Cracking (Live End)...............ccoeviinniieeen. 255
Figure 10213: Mix#2, 6000 psi, WcDbserved Cracking (Dead End)............ccvvvvviiininnee. 255
Figure 10214 Mix#2, 6000 psi, WQCrack Area (i) .........c.ccevivvrieeireeieemireeieeeeseee s 255
Figure 10215: Mix#2, 6000 psi, WEZrack Length (IN)........cccoovrriiiiiiiiiiccces 256
Figure 160216: Mix#2, 6000 psi, WENumber of Cracks................ovvvveiiiicceeeeeiiiicnn, 256
Figure 10217: Mix#3, 4500 pi, WB-Observed Cracking (Live End).............ccuuvviiiiiieenns 257
Figure 16218: Mix#3, 4500 psi, WBDbserved Cracking (Dead End)..............ccccnnneee.. 257
Figure 16219: Mix#3, 4500 psi, WECrack Area (if) .........c.coceeveieieeeeieeere e 258
Figure 16220: Mix#3 4500 psi, WBCrack Length (in)...............iiiiiiiceeeeee e, 258
Figure 10221: Mix#3, 4500 psi, WBNumber of Cracks..........cccovvviiviiiiiicreeeeen, 259
Figure 10222: Mix#3, 4500 psi, WiObserved Cracking (Dead End).............ccccoeeieeieeeen. 260
Figure 10223: Mix#3, 4600 psi, WFObserved Cracking (Live End)...........cccccviiiiiieennns 260
Figure 10224: Mix#3, 4500 psi, WFETack Area (iB).........cccviveeeeeeeiesieeeeeeeseeseesn s 261
Figure 10225: Mix#3, 4500 psi, WECrack Length (IN).........ciiiiiiiiiiccs 261
Figure 10226 Mix#3, 4500 psi, WHENumber of CrackS........ccccceeviiiiiiiiiiiciie e, 261

XVi



Figure 10227: Mix#3, 4500 psi, WDbserved Cracking (Dead End).............ccceevvvvvvieenn. 263
Figure 10228: Mix#3, 4500 psi, WDbserved Cracking (Live End)............cccccvviiiiiieennns 263
Figure 10229: Mix#3, 4500 psi, WCrack Area (i) .........cccviveeeeeeeeesieeeeeceseeseesen e 264
Figure 10230: Mix#3, 4500 psi, WCrack Length (in)........ccccoieiiiiiiniiiiiieeeiiieeeeeeeeeeeeeeeee 264
Figure 10231: Mix#3, 4500 psi, WNumber of Cracks..............uuvvueiiiiiiccmeeennniiiiienneenn 264
Figure 10232: Mix#3 4500 psi, WDbserved Cracking (Live End)..............ccccvviviiieennns 265
Figure 10233: Mix#3, 4500 psi, WDbserved Cracking (Dead End)..............ccccevvrvvieenn. 265
Figure 10234: Mix#3, 4500 psi, WALTack Area (i) .........ccceevveereeereeieieereeeeeeeseeeeeaeeannns 266
Figure 10235: Mix#3, 4500 psi, WKCrack Length (in).........cccooeeeiiieeiiiiiieeeiiie e, 266
Figure 10236: Mix#3, 4500 psi, WNumber of Cracks..............uvviiiiiiiiiccceeiiiiiceeeenn, 267
Figure 10237: Mix#3, 4500 psi, WM, % in. Edge distantengitudinal Strain Profile....... 268
Figure 10238: Mix#3, 4500 psi, WMDbserved Cracking (Live End)...........ccovvvviiiiiiianne. 268
Figure 16239: Mix#3, 4500 psi, WMDbserved Cracking (Dead End)..................vvvvnnneee. 269
Figure 16240 Mix#3, 4500 psi, WMCrack Area (i) ...........ccccveueeeereesieemeeeeesreere e 269
Figure 10241: Mix#3, 4500 psi, WMCrack Length..............ccovviriiiiieeee e 269
Figure 10242: Mix#3, 4500 psi, WMNumber of Cracks.........cccoovviieiiiiiiiieeciiiieeee e 270
Figure 16243 Mix#3, 4500 psi, WRObserved Cracking (Live End).............ccoovvrrrrieeen.. 271
Figure 10244: Mix#3, 4500 psi, Wibserved Cracking (Dead End)..............cccvvviirneee. 271
Figure 10245: Mix#3, 4500 psi, WRErack Area (iB)..........ccvivueeeeeiieeieeeeeeeeeeseese e 272
Figure 16246: Mix#3, 4500 psi, WECrack Length (IN).........ciiiiiiiiiiiics 272
Figure 10247: Mix#3, 4500 psi, WBNumber of Cracks...............oovvvviiiiiicceeeeeen, 273
Figure 10248: Mix#3, 4500 psi, WQ, % in. Edge Distariaengitudinal Strain Profile........ 274
Figure 162 4 9 : Mi x#3, 4500 p s i-Longf@nal SgainiProfile...E.2tde
Figure 10250: Mix#3, 4500 psi, WDbserved Cracking (Live End).........cccccuvviviiiiiiieenns 275
Figure 16251: Mix#3, 4500 psi, WeDbseved Cracking (Dead End)...............vvvvvennnnnee.. 275
Figure 16252: Mix#3, 4500 psi, WErack Area (i) .........c.cceeveereereereeieesreeeeeieeresreeseennns 275
Figure 10253: Mix#3, 4500 psi, WECrack Length............cccooirriiiiiiieeee e 276
Figure 10254 Mix#3, 4500 psi, WEANumber of Cracks...........c.ccevvvvvvmmiicccreeeeiiiiiiiennn 276

XVii



Tables

Table 1: Summary Indented Wire Measurements (Beck, 2019)..........cccoevviiiceciinnninnnnnn. 39
Table 2: Material properties of each reinforcement type (Bodapati, 2018)..................... 39
Tale 3: Advanced indent geometrical features (Haynes, 2015).............couvvvvieneieneenennnns 45
Table 4: MiX deSIQN #L......coooiieeeiii e e e e e e errm e e e e e e e e e e e e e e e eeaaannneeaeeeeeeeees 54
Table 5: MiX AESION H2. ... ittt e e ettt e e e e e e e e e e e e e mnne e e e 54
Table 6: MiX deSIGN H#3... ..o e e e e e e erem e e e e e e e e e e e e eeeeeesrnnneeaeeeeeeeees 55

Table 7: NumberfoPrisms with Each Wire Type, Concrete Mixture, and Release Strengtd

Xviii



1. Introduction

1.1 Background

Railroads in the United States (U.S.) today are still an emblem of innovation and the foundation
of economic growth. The freight rail network is vital to the supply chain in the U.S. Its

importance to thelgbal economy reaches from rural America to urbanized metropolitan areas
and ports of entry. The economical transport of goods, services, and people efficiently and safely
by railroads has been described as vital, active, and aggressive to the econathiotioe

U.S. (Cootner, 1963; Irani et al., 2016). Unlike other modes of transportation (trucking,
automobiles, airplanes, etc.), the railroad builds and maintains its own track infrastructure
(ballast, ties, rail, etc.), communications, and bridge/tuimfrastructure to haul over 2.2 billion

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

Maintaining track structure is critical to the movement of trains, the ralil tie is the part of an
integral system transferring the rolling stockdao the subgrade as well as maintaining the
proper gauge of the rail. Many railroads have transitioned from traditional wooden ties to
concrete prestressed concrete ties on mainlines. However, similar to wooden ties, prestressed
concrete ties are susciie to wear and damage creating potentially unsafe conditions for trains.

A study supported bthe Railway Tie Association (Hailing Yu, David Y. Jeong, 2014) indicated
that the average number of damageektressd concrete ties sindéeh e 1 9s7oOndlt® bew a
between7.9-9.2% outof a sample 029,000,000 concrete ties. This rate was higher in the period
betweerthel 9 7 0 6 s awhen app@oRifadet22.2% of the 7.4million concrete ties
installed were shown to have incurred dam&ggurel1-1 shows goorly damagegrestressd

tie in the field.

Figure 1-1: Failed Prestressed Concrete Ties

Damage to prestressed concrete ties is important to the concisecimodustry where

incompatible conditions can resultlongitudinal splitting that occurs and possible tie failure. A
common reason for prestressed concrete tie failure is the failure of the bond between the steel
and concrete within the end regiontioé tie where the prestress force is transferred into the tie
through bond. This bond is vital for transferring the stresses between the two materials in any
prestressed concrete member. The bond behavior between steel and concrete is affected by the
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typeof prestressing wire (specifically the wire geometry), the edge distance, the compressive
strength of concrete and the type of concrete mixture used (Bodapati, 2018). The detailed physics
of the bond behavior between steel and prestressed concretdasggill unknown by the

research community. Several studies have investigated the bond behavior between reinforcement
concrete and wires (Tepfers, 1979, J.A.den Uijl, 1992, Bodapati, 2018).

1.2 Objectives

The primary objective of this research was to evaltr@empact of edge distance and
compressive strength of concrete on longitudinal splitting between steel and concrete in
prestressed ties utilizing different types of steel wire and concrete mixtures.

The secondary objective of this research was to mi@terthe best parameters for prestressed
concrete ties to prevent longitudinal splitting cracks along prestressing tendons. This is very
important for prestressed manufacturers, and especially for the railroad crosstie industry because
it can reduce failws in the field.

This work resulted in the successful development of a qualification test to ensure adequate
splitting resistance in prensioned concrete railroad ties.

1.3 Overall Approach

A study was conducted at Kansas State University to understaeffebieof edge distance,

indent type, the compressive release strength and concrete mixture on the longitudinal splitting
behavior between steel and concrete. For the experimental testing three prisms with different
cross sections were cast simultaneouslseries. The tests presented here were conducted on
pretensioned concrete prisms cassiael frames. Four prestressing wires were symmetrically
embedded into each concrete prism, resulting in a horizontal and verticapaaiag of 2.0 in.

The prems were 59.5 idong with square cross sections. The first prism was 3.5 x 36t

cover ¥ in, the second was 3.25x3 2withcover e in and the third pi
3.0 x 3.0 inwith cover ¥z in. All prestressing wires used in these initial tests were 5.32 mm

(0.21 in) diameter and had different indentation types. The indent pattern variations of the wires
included spirh classical chevron shape, and the extreme case of smooth wire with no indentions.
The wires were initially tensioned to 7000 Ibs. and then graduallgrdgoned after reaching the
desired compressive strength. The different compressive (releasehytetragigth levels tested
included 3500 psi, 4500 psi, 6000 psi and extreme case of 12000 psi for one wire type. Three
different concrete mixtures with a watercementitious (w/c) ratio 0.32 were used for all

castings except one test where a 0.38 wio veas used. For compressive release strength

12000 psi a 0.26 w/c ratio was used, and desired strength was achieved after@odayste

to-steel reinforcement ratios and mechanical properties of test prisms were representative of
actual prestressambncrete crosstiassed in the railroad industry.

1.4 Scope

The experiments conducted at Kansas State University were designed to understand the effect of
edge distangendented wire type, release strength of concrete andfyg@ncrete mixture on
thelongitudinal splitting between prestressing steel tendons and concrete. For these tests, steel
frames were used, and three prisms with different cross sections were emserddThe
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specimens each had square cross sections and similar wire spacing diffenentthicknesgs

of edge distance All test specimens had four wires ar
cross section. Foyrestressingvires were symmetrically embedded into each concrete prism,
resulting in a ommon wire spacing of 2.0.iifhe prisms wer&9.5 in long with square cross

sections. The first prism w&sb x 3.5 inwith cover % inthickness of the edge distantee

second wa8.25 x 3.25inwi t h.théckness of the edge distaraad the third prism in series

was3.0 x 30 in. with cover ¥z inthickness of the edge distan@dl prestressingvires used in

these tests were 632 mm (0.21 ir) diameter and were of different wire types. The indent

pattern variations of the wire types included spiral, classical chevroe,sragthe extreme case

of smooth wire with no indentations. Eawire was pulled to 7000 Ihsand detensioned

gradually when the compressive strength of the concrete reached prescribe@5@upsi

4500 psior 6000 psi(all within £200psi of the pescribed release strengths). For WE wire an

extreme 1200@si was also testiewith a 0.26 w/gatio and this extreme release strength was

reached after six days. The measured values of compressive strengths were determined by testing
4in. diameter x 8n. long compression strength cylinders that were temperature match cured.
Prismshad almost identical concrete steel reinforcement rati@smd mechanical properties as
prestressd concrete ties which were manufactured in the railroad industry.

1.5 Organization of the Report

Thisreport s or gani zed i nt o hapenl, Ghépeemp2tineludéssadrakue! | o wi n ¢
review ofrelated work conducted on prestressed concrete menmatiies past. Chapter 3

includes Material used in this research and descriptibprestressingperation. Chapter 4

includes Methods used for conducting the tests and experahpragram. Chapter 5 includes

Results of experimental tests using different typmbdtures. Chapter 6 presentsr@parison

charts. Chapter includes Propsed Qualification Test for Arema manu@hapter 8 presents

Theoretical Lateral Stresses Due to Hoyer Eff€cinclusions and recommertiéns are

presented in Chapter Ragdly, References are in Chapter.10

21



2. Literature Review

The literature search foced on prestressed concrete tie splitting and/or cracking along with

bond damage between wire and concrete. As stated previously, the detailed physics behind bond
behavior between steel and prestressed concrete is still largely unknown. However, researchers
investigated several analytical, numerical and experimental approaches as reported in this
chapter.

2.1 Bar-Concrete Interaction
2.1.1 Bond of Reinforcement in Concrete: -State of the art FIB CEB-FIP

The basic characteristics associated with tredibetween steel and concrete detailed in a
stateof-the art report by FIB CEB FIP (Task group Bond Models, 2000). This bond transferred
the longitudinal force from the reinforcement to the concrete ipristressd struture. This
transfer produced a ahgein force inthereinforcing bar along its lengtfihe displacement
occurred between steel and concrete was a result of the difference between steel strains and
concrete strains

It was also foundhat interaction between the concrete and asbbjed¢ed to a puHlout force
could bedivided into four different stagess described belaw

Stage | (urcracked concrete)n this stage bond stress was very lownBwas asured by a
chemical adhesion. In this stage, it was found tpttieg did not occurThe presence diighly
localized stresses arosklese to lug tips. Micromechaniaateraction which was the product of
microscopicallyrough steel was also present in this stageurrentlywith chemical adhesion.
The relative displacement coubé meaured,and it isconsistedf two parts: the relative slip at
the interface and the shear deformations in the concrete.

Stage Il (first cracking): With increasing valuesboihd strss, the chemical adhesion broke
down. In deformed bars, the lugs prodiliadearing stress in the concrete and transverse micro
cracks. In this stage, tips of the lugs alliw& bar to slip buthe wedging action of the lugs were
limited and there wano appearance of concrete splitting.

Stage llI: For higher bond stress valydke longitudinal cracks (splitting cracks) starspread
radially. Thisrelatedto the wedging actionThe externatomponent of the pressure suasisted
by the hoop stresses in the surrounding concrete (Tepfers, 1979). As alresultrounding
concrete producedrestriction action on the bar jtlv interlocking among the reinforcement
bond strength and stiffness dneisguaranteedThis stage endesk s@n as concrete splitting
reachedhe outer sudce of the concrete member. Bdadure, which depends othe extent of
transverse confinement, could presenin this stage.

Stage IVaThis phase followethe breakage dhe adhesive bond; force transferstlzen
providedprimarily by friction alone

Stage IVhIn this phase splitting cracks brokat through the whole cover and bar spacing. An
adequate amount of transversafa@icement could assub®nd efficiency despite concrete
splitting.

22



Whenendslip values staedto inaease, the bond strength reachqeak and then started to
decreaseAdditionally, the bond strength remainsignificant even at very large slip values
(Gambarova et al. 1989, Gambarova and Rosati, 1B@8garch concluded tHawnd behavior
tencedto become of the drfiction type (Coulomb type).

Stage Yc- In this phasdond failure wa caused by bar pudiut. The force transfer changes
from bearing to friction and thénear resistance coub® considered as a value for this
transactionAdditionally, it was observed thabitinuing bading tends to decrease tiend
stresswere observed

The bond between steel and concreteedep on a variety of parameters. Primary parameters
which depenabn theinteraction between the reinforcing unit (e.g. wire, strand, and bathand
concrete. There are other technological aspelish are important to the bond includingdge
distance clear space between the bars, the number of bar layersamdield bars, casting
direction, and bar position.

With a multiwire strand that is commonly used in prestressed concrete structutesndrstip
behavior can be studied using pallt testslf the anchorages are long, the reinforcement
stresses are . The Poisson effect has a significaufiuence on the bond stress when the steel
is in the elastic rang&Vhen the external fordgensoning) hasbeenreleasedthe diameter of a
pretensioredtendon increasedhis leads to the appearance of increaadal stresses and
contributes to the frictional bond resistance. When the steel stress is increased the bond
resistance of a tendonrisducedConsequentlytwo different bond situationsan be considered
(1) transfer length region, push situation, and?2) flexural bond region, pubut situation. In

the region of transfer length, the steel stress decreases when-teegmwaedendon is released.
This meanghe tendon diamet will increase and contribute to a gredtend connection. Under
flexural loading this suation is completely differenThe stekstress in a cracked section will be
increased, and therefore, the tendomditer will bereduced and the bond resistance will be
weaker.

Increasing loads can lead to transverse cracking antrgplRhysical and mechanical factors
such as confining pressuegge distangdransverse reinforcement and concrete toughmegs
also been considered importa@oncrete toughness is usually characterizgdrack adhesion.
The type of interaction can determitiie type of failure: pulbut failure @ splitting failure.The
bond failure is usually accompanied by longitudinal spiting of the concrete surrounding the
bar,and bond capacity vanisheten radial cracks get to the outer surface of the structural
element.

For splitting failure, limit analyses models show that there is a critical crack extension, which
maximizes the timate bond strength (Tepfers 1979 and 1982)

2.2 History of Experimental, Analytical and Numerical research

Bond behavior betweeroncrete and steel has been the subject of previous research including:
Gambarova and RosaAbrishami and Mitche)lTepfes and OlsonHowever, limited research
has been conducted to investigate prestressed concrete members.

In this field Abrishami and Mitchell (1996) performed an investigatitodetermine the bond
stressversusslip response for preensioned strand in corete along the transfer and flexural
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length. For this test method, they used seven cylindepsestressed concrete structure with
sevenwire strand wastensioned to an initial force leve} b a loading frame. Athe moment
when concrete achievelde cesirablereleasestrengtha pullout test was performed.

In order b achieve small bond stress, tensias reducedsing the smakirea andncrement of
force @Po. I n this phase:the bond stress is

u=(P,—P,)/(nd, L) 21

Where,P, is the pre-tensioned forceR; the top force in the strand and L is the embedment
length.

This phase was repeatgdsmall increments of loads to achieve the reduction at the top of the
specimenThe relative slips wermeasured for each Idag. This incremental loading wa
repeated until the entire boisttesseslip responsevas reached

For this test, a concretetiv a compressive strength of RB*a (36250si) was usedt the time of
testingwhich resulted in 85 MPa (5075 psi) compressive strength after 28 days.

The specimens had dimensions of D& (6in.) in diameter by 30@hm (12in.) in length. The
prestresisig steel diameters were 9%m, 13mm and 16 mm (3/8 in, Y%2.iand 0.6in.).

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 stvessusslip response wagreater irthe

transfer lengthiegion In the phase after bond failure, the flexural bond length specimensdhow
a ductile responsedditionally,the transfer length specimens sleolarittle bond failure

2.2.1 J.A. den Uijl

Den Uijl (1992) worked uner the assumption that the bond associated with prestressed strand is
based on dry friction. It was assumed that circumferential tensile stresses that make equilibrium
with the radial compressive stresses may cause splitting cracks resulting in a remfuction
complete loss of bond. Splitting action was analyzed experimentally and numerically,
considering the softening behavior of concrete in tension and the position of the strands in the
concrete cross section.

According to den Uijl (1992) two differentages could be considered for the bond behavior
between steel and concrete. The first stageadhssion and interlocking beten concrete and

the strand surface. This initial bond was broken with appearance of small relative displacements.
In the second age dry friction wa the principal mechanism.

Den Uijl (1992) also investigatetie effect of the bond situation on the bond capacity of strand

In apull-out test, the strand was giensioned before the concrete was@asDuring the test,

the bond foce and strand displacement were measured when the concrete reached a desirable
strength. All specimens were 100mm (4in) long cylinders with 103mm (4.05in) in diameter. For
these tests, a 9.3 mm (0.37 dixmeter strandvas used. The strand was in the icattposition

and fixed, preaensioned as in the pughtests.There were five serias testsconsisting of four
pull-outspecimens, one series withur pushin specimens and one series with only four-oull
specimens.

For this study a consistent ntixe of 350 kg/n¥ (21.85 Ibs/ff) rapid hardening Portland cement
with a 0.40 watecement ratio was used for all castingeuRd shaped graded river sand and
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grawel with a maximum size of 8mm (0.31)imndan additivewere used in these test$e

desirdle strength of concrete was 55.4 MPa (8035 psi) and splitting tensile strength of 3.12 MPa
(453 psi). These properties were recorded after 5 dégstensile strength of wire wésund to
be1950MPa (282,824 psi)

The pullout tests were conduct@tdtwo phasesDuring the first phase, the putlut force was
applied to the strand with the unloaded side fixed. Dutiegsecongbhase wheslip reached
the valueof 2 (0.08 in) to 831m (0.12 in),the specimen wasnloadedthe anchor was removed,
andthe sgcimen was reloaded with thee end at the unloaded side. The results of theopull
tests with fixedunloaded end were very sensitteebond length variation. Teeresultswere
obtaina&l with a hanger stiffness of 3ON/mm (171 Ibs. /in) (15 tests) ad 165 KN/mm

(942 Ibs. /in) (5 tests). For the push in tests, the hanger rod stiffness amaoorXeN/mm
(211 Ibs. /in) (8tests), 72 KN/mm (411 Ibs. /in(8 tests), 16/ KN/mm (942 Ibs. /in) (2 tests) and
323 KN/mm(1844 Ibs. /in) (2 tests)andall pushin resultswere evaluated together.

For the strand in the push situation, the strand was consideesda circular baand normal
stresses we radially directed. Den Uifl1992)concluded thatadial compressive stresses made
equilibrium with crcumferential tensile stresses and radial compressive stfessesacledthe
tensile strength in the ctact area. Consequenthadially directed micracracks occuedand

the circumferential tensile stresseare redistributedlt was also notethatthe maximum force
occurredwhenthe thickwalled cylinder around the strand svpartly cracked.

The study reported higher radial stresses with regard to sdg#l distanceand splitting was
occurred in prismd-urthermore, the average circumferenttedss was equal to the tensile
strength when thedge distancesas increased.

In this research, the influence of thége distance/as given as the function of clear strand
spacing Additionally, it was also concluded that thick walled cylinder appragh useful for a
single strand and it was not valid for multiple strand configurations.

2.2.2. R. Gustavson

Gustavson (2004) found that the bond response in prestressed concrete is determined by the
ability of the strand to establish normal stressékeastrand concrete interface. The variation of
normal stresses depends on the indentation and the helical strand.

Gustavson (2004xamined the response of the strapdcrete interface using the results from
pull-through(PT) and pustin tests (PI)Forthis experiment threavire and one wire were used.
An adhesion, friction, and indentation were observedastin parameters responsible for
splitting failure.

The wires were either indented or had a smooth surface. Includedavietons of the wire
surface and concretaix. Two different bond situationsere observed. e first was simulated
by pullthrough test, and the second by pushtests.The pultthrough tests were performed
three series using differestrand and concrete properties.ring thepull-in tests the same
strand configurations were used lath differentvalues of releaseoncrete strength. The strand
could rotate within the concrete. For this experiment, the PC strand EU 138/6nm8r3.0
(0.12x0.12 in) with a nominal diametr of 6.5mm (0.26 in) was used.

25



All the specimens were cast in the laboratory, and the concrete was vituwateglthe casting
operation. &el or plastic tubewere used as formwith plastic tops and bottomEhese plastic
tops and bottoms were rexem before testing. Ateel plate with a circular cavityas used as a
frame with a diameteof 50 mm (2 in), and a thickness of 2 mm (0.08)irin this testing, strain
gauges with a length of ftim (0.4 in) were used, to measuiee tangential straina the steel
tube.

The first serie®f testsconsised of nine concrete specimens made Wihmm (0.26 in)
diameter wire. Theoncretecompressive strength was B8°a (7977 psi) the modulus of
elasticitywas33 GPa(478.6 ksi) and the fracture energgsw@6N/mm? (13924 Ibs. /if).

The second phase was a study of the properties of the individual wire surface, the indentation,
the geometry of the strand and the concrete propefiteese parameters were variables that
were changeduringthe test in ordeto find out how theyaffected the bond response. The
concrete release strehgn this phase was 45 MPa (6527 psi), whetlkagoncrete with silica
additions was 5%Pa (8267 psi)

Sixteen different configurations of the stracwhcrete interface wetested with two specimens

of each configurationln thethird series, the viability ahe testd configuration was observed,

the strength of the concrete wasMBa (7832 psijand the compressive strength of the concrete

with silica additives was 7BIPa(11313 psi)Young6s modul us28&Pa el ast i ci t
(406.1 ksi) and 37GPa (536.7 ksi) for the concrete and the concrete with silica additives,

respectively.

In PT teststhe strands did not have theestres$orce and the deformation rate was

2.2mm/min (0.09 in/min)during the whole test he transducer was useat imneasuring the
disgacement of the strandnda thin wire was used for measuring the rotation of the specimen
displacement tramisicer.

For Pl tess, theprestresad force inthe strand wat28KN (6294 Ibs.) correponding to a

prestress of 132MPa(191.4 ksi) Concrete was cast 28 howafter the strand was prestressed
The deformation rate was 1mm/nm{in04 in/min)during the release stage. Two transducers were
used for measuring the giscement of both th&trand and the concrete surface.

This expeimental research showdgiat 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 in prestresd concrete vgadetermined by the ability of the strand to establish normal
stresses at the strawdncrete interface.

The variation of normal stresses depends on the indengattthe helical strand. The results
showedhe presence of twspatialwavepatterns with different pericd

With this research, it waasoconcluded that adhesion was greatly increased by an increased
micro-roughness of thstrand surface. The adhesion capacity increased with the density of
concrete mix. Frictiomas the secahparameterstrongly influencd the boml capacity. With
increasingdriction, the bond capacity after dmndingwas increased. The indentationsva
identified as a very important parameteneTindents causlea compressive stress in the direction
normal tothe straneconcrete interface which resulted inianreasen the occurrence of

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. (201Ipresented analytical, experimental and numerical work based on
observations of the borsplitting 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 tsed specimens havirgectangular shape

with one embeddegrestressingvire and different thicknessof edge distance

During the test released load, displacement of the actuator, longitudinal shortening of concrete
specimens, and crack opening dispiaeat of the longitudinal cracks were recorded. The
specimens with deep, shallow and tingentation of wiravereobserved. Splitting failure was
observed on the specimens with the thinedgie distancel he longitudinal shortening of the
concrete prismekcreased after splitting failure where the wire lost confinement. It was concluded
that the critical released load which causes the splitting failure diminished with increased depth
of the wire indentations. The deepest wire indentation had the best éwvekh wire and

concrete, until the splitting failure. This was shown by a lower slippage of the wire at the end of
the concrete prism (erglip) and by a larger shortening of the specimen for equal released load.

For this experiment, EN40138 Y 1770 C4 wes were used having a noral diameter of 4 mm

(0.16 in) with E=226GPa(32778529 psia n ¢=5.25%. Three types of indentation 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 4@ (15.7 in) in length, 60mm (2.4 in) in width with
three differentdge distance All wires were tensioned 17 KN (3822 Ibs)oefore casting

within stiff vertical frames. Therestressingorce was applied monotonically up to the desired
value. An extensometer was used for measuring thedisstressingstress. All specimens were
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 stadiasing the irst stage, th@restressinforce was
sent from therbime to the testing machine. @ secondtagethe prestressindorce was
transferred from testing machine to the concrete prism. During the experinegstease
strength of therestressindorce of he wirewas controlled

During the test released load, displacement of the actuator, longitudinal shortening of concrete
specimens, wire concrete slip on the upper lower faces of the prismatic specimens, and crack
opening displacement of the longitudinedackswere recordedThe longitudinal shortening of

the concrete prisadecreasd after splitting failure whetine wire lost confinementt was

concluded that the criticatleased load which causte splitting failure diminished when the
depth of the Wwe indentations increasetihe deepest wire indentations were found to hiage

best bond between wire and concrete, until the splitting failure.

Galvez et al. (2012) also performedummerical procedurerhich modeledhe splitting of

concrete caused lige radial pressure of the wire and the bond between concrete and steel. Their
model was based dhe cohesive crack approach witbnd based on a plasticity formulation.

The cohesive crack model is generally used as a model of the fracture dbriftiasmaterials.
Hillerborg was the first who proposed this model in e 1970s. The bond model svhased

on the interfacénteractionbetween concrete and steel.
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The numerical procedure considetbd possible failure of concrete by the splitting actibthe

wire. The bond model was incorporated into an interface finite elemesel. For simulation of

the cracks, they used a cohesive crack model, and the model was run in software Abacus. Their
numerical and experimental approach gave similar results.

2.2.4. Jose M. Benitez, Jaime C. Galvez

Benitez and Jaim&alvez(2011)developed an analytical model for simulating the bond between

steel and concrete, prestresad structures during threstressindorce releaséWith this model

the bond stress wawvaluated in the transfer length region, where bond stress is not constant,

during the prestressing force release. This model was validitedxperimental research using
differenttype ofwire indentations, andith specimens having different thicknesof edge

distance Thi s anal ytical GYmoposalferremimrsed donceete, afide pf er
on the work of Van der Vegi1997)who modelled the thickvalled concrete ring to predict the

cracking of the concrete on a cresection. This aalytical model allowed approximatioof the

radial and tangential stresses between wire a
the steelthe edge distancand the mechanical properties of the materials.

For validating the resultthe testng was performed with specimens which had one prestressing
wire. The transfer length was experimentally evaluated in compliancd&WiEM (Reunion
Inetrnationale des Laboratories et Experts des Materiaux, Systemes de Construction et Ouvrages)
standard. Acording to these standardke transfer length d@efined as aistane from the end

of the specimen where concrete strairs wqual to zero tthe section where strain became
constantWith this model the concrete strain along the length of the wiragltine prestressing

force release can be predicted. And as a result, the value of transfer length can be found.

A rectangular concrete specimen with one single wire was placed in the prism longitudinally.
The initially prestressing force wah and heforce at the end of the prism was givergpP ,

wh e r @resgrthe released force. Wire develops tangential and normal stressestatl
corcrete interface. They observadlice of prism with & dxb thickness, at a distanbexb

from the end of the pgim. Using the force equilibrium, they got the equation:

Ado, _ _Pe_ 2-2
il A

X B

o uis thewire stress variation between sectignds the wire perimeteRs is the area of wire
section and U i s ressthetweenweeraadgencrateangent i al st

The difference between the strains of both matewals usedo get the equation for slip
d Ao, o 2.3

2 C

d E E

X E cC

sis the slip between wire and concrete and dx is the slice thickke¥s, u ngds modul us o
elasticity of strainanfici s t he Youngds modul (yisthecchncretd ast i ci t
normal stress at x section.

Force equilibrium was used to calculate concrete strains.
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A -
O = (Ao, — Ao) 2-4

Ac is the net area of the concrete section.

The analogy of thick walled cylinderas usedo consider the concrete confinement of the wire.

R:1 was the inner radius art was the outer radius. The minimwedge distance/as expressed
asR>-R:1. They assumed a linear elastic behavior of material with no occurrence of cracking. The
circumferential and the radial stresses @&andd:.

The circumferential strain for the steel is

' GEIB - vs(ﬁrs + gzs] 2-5
g, =
EE
And for the concrete
EIEIE — JEIL' - ""'cgjrc + I::Fzr_'j 2-6

c

- andlgare the radial and hoop stresses @id the stres in the normal direction to the section.

Using theTepfers equation, the tangential strestveen steel and concretexatistance from
the end prism can be expressed as:

T =B,Ac, — B,Ag, 2-7
""ISE: + %v:Es
B, = c
t mna[[l_vsjEc—I_(H—'_vc]Es]

\IEE!i_:' 2'8

" tann [(1—vgJE +{H+v IE;]

B>

The tangential stresses between steel and concrete reach the certain limiting vahde and
which cannobe exceeded. The authors assumed, that once this critical value has been reached
the tangential stress remains constant and eqlifito

Slip steelconcrete is given by equations along the prism. The equations for two different zones

were giverD<x<Xiim

s — ((B, —By)Aoy + 1., )(BEA(Acy (B, — By) + 1., ) + 240,B, 2-9
2E_Bt,__. B,

X>Xlim

5= (ﬂ. Ao ﬂﬂ - m) (E — xlim) _ TmaxPAS (EEBI—BZ}IE
5 1] By

. Aog
-1-5 ELBI—BZ}I——i—Bth
AE.J\2 B4E

2-10

| f the value of x al olgitistndteslaslh, st ress has exce
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Forthismodel t hey used the experi ment al results of
work. The research was focused to show the influence of edge distance and the indentation depth
in the transfer length on normal and tangential stresses between steshemtecduring the

prestressing force release. The experimental tests were given in the previous section. Both
analytical and experimental results gave the similar results.

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

Holste et al. (2014) showed the influerdendentation of wires ondnd behavior between steel
and concrete for tests conducted at Kansas State Univdiiségoncrete specimens had
different types of wires anaf the pultout test, wires ere tensioned to 7 of their ultimate
capacity before casting. When concrete reached the maximum strength release of 4500 psi, the
wires weregraduallydetensionedWire slip and force were measured during theeshesioning
procedure on each side of tfgecimenApproximately 1different wires with a diameter of
5.32 mm (0.21 ir) were used with different indentatiamcluding smooth wire WA, a spiral
patterned wire WE, four and twaot indented wires (WK and WL), and eigittevron patterned
indentedwires (WB, WD, WFWH, WI, WJ and WM).The concrete mixture consisted of Type
lll cement, sand, 3/8 iraggregate, water aradimixtureType-F HRWR. The mix was consistent
for every testMaterials wer@vendried to remove any msfure.

A Frame with twd beans acting athe main supportwas used for pubut tests. Each wire

was tested in three diffent locationsThree sets of channel section attached to | beams were
usedfor recording At the ends of the fram&;type load cells were attached, amndiee chuck

attached to the load cell. The wires were tension@®®0 Ibs, and casting took place after that.

All specimens had dimensions 2.5 reight witha diameter of 2 inWhen concre reached the
strength of 450(@si, the wire was d&ensionedThe first testingvas a specimen with ard

diameterfor this specimethere was no occurrence of splitting,tests wereortinued with

diameter of 2 in. The two idiameter specimen provided minimum cover concrete.

Simul taneous!| y wylintehs werdcast te getereninartieerc@mpressive strength

of concrete. All cylinders were temperature match cured using Sure Cure system. The difference
ins p e c i wvalanme@rsd cylinders volume léd useof a special cooling box to place the
compressiveylinders in as they cured. When the compressive strength of concrete was reached,
the specimens were tested. The | inear variabl
measure the amount the wire slipped in and out of the concrete. Load defl@ind

measurements were recorded using a data acquisition sy$terdata acquisition system was

set to scan 100 scans per second because the test was quasi static.

Itwas found hat smooth wire WA dur i ng(spirahvere)t est di dn
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 chevron wires, that specimens seemgid tehen the maxnum bond

force was achieved. They found the top and bottom slip values; the bottom values were found to
provide the highest correlation with the geometrical measurements of the different indents. The

top values showed correlation. Theend depthwas the most important features fbe bottom

and top splitting. This experiment gave the results where thraejey of the indent pattern could
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be used to determine at what slip value the reinforcement would cause a specimen to slip. The
highe bonding wire patterns showed togver slip value reded to split the specimen.

2.2.6. Matthew L. Arnold, Robert J. Peterman, Naga Narendra B. Bodapati, B.
Terry Beck, Chih-Hang (John) Wu

Arnold et al. (2013) investigated how the indentation of wicedases the bond performance
between steel and concrete. The bond characteristics were determined by experimental tests
conducted at Kansas State University. For these experimentglaxation steel wires were

used for the pulbut tests. These testswed as quality control tests. All these wires were tested
in original condition how they received, and they had different indent characteristics. All
specimens were with 4in outer diameter tube with 8in length. The wires were 5.32 mm.J0.21 in
in diameterand were in the center of the tube and the s@mdent mortar was placed and

allowed to cure. Mortar cubes with dimensions.Xi@ in. were used to determine the
compressive strength of the mortar. All specimens were tested when compressive stitdegth of
mortar reached prescribed values of 4500 psi and 5000 psi. Each wire was tested six times, and
six batches were made with 12 pullout specimens, one with each wire type.

During these pulbut tests, the wires (smooth type, chevron type, spiral typdiambnd type)
were loaded and simultaneously the slip of the wire was monitored and recorded. All force
versus englip data were combined to obtain the average bond performance. All these results
were then compared to transfer length measurements. fowad that there was correlation
between the pullout tests and transfer length measurements.

The authors observed consistent pullout strength results when six different mortar batches were
used, and these tests were found to have good correlation witbritigperformance of the wires
in pretensioned applications.

2.2.7. Vincent Briere, Kent A. Harries, Jarret Kasan, Charles Hager

Briere et al. (2013) evaluated the bond betweerignsioned strands and concrete depends

using three mechanism: adhesi@tvizeen the steel surface and cement, friction and wedge

action because of Hoyer effect (shown in Figw® 2nd mechanical interlock between strand
wires and concrete. The Hoyer effect can lead to the radial expansion depending on friction and
mechanicalvedge which also increase the mechanical interlock effect. The Hoyer effect also
affects the transfer length. In prestressed concrete structures, the transfer of large prestressing
forces can possibly lead to local cracking which relates to burstingestr@ssplitting. This in

turn relates to the transfer strand force through bond.

In the Hoyer effect when wire or strand is tensioned, the diameter decreases due to the Poisson
effect. After detensioning, the wire and tendon attempt to return to theuipus diameter,
when radial forces develop along the concrete/tendon interface.
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Transfer length

Figure 2-1: Schematic Representation of Hoyer effect

With radial expansion of the tendon prestress force is transferregl ¢ortlorete by exerting a

force normal to the strand concrete interface. This enhances friction and develops wedge that
enhancing the effectiveness of the normal force. The radial force is compressive, and
circumferential stresses are perpendicular. Oh@044) considered strand as a solid cylinder
having an unstressed radig@nd stressed radius ef The radial pressure is obtained by the
following equations:

ro(1—v,f,./E,)—r. (1 —vf./E, 2-11
B 1-— p 2
% + (""r_' - E%) rs.f'rEc
p r;—c
f..= fpzrg,!::2 2-12
o Frni
= _ Ypipi 2.13
r, = r,(1— 22

Wherefy; is the axial stress in prestressing strand at a distance z from the frégisnlde axial

stress in concrete at a distaigeis the clear covegcandspar e t he Poi ssonds co
concrete and steel, respectivelty is the modulus of elasticity of concreks is the modulus of

elasticity of steel, sand_ ( the circumferential and radial stress, respectively.

The radial and circumfereatistresses are given as function of the radial distance using the
following equations:

1 1 -
—plZ—2) 2-14
Cf =
r 1
=
1 1 -
—p(z+ ) >15
P =—7 1.
@ ®

This study determined the empirical values for the dilation satiéive samples with strand

diameters 12.7 mm ®in.) and 15.2 mm (0.6 il respectively, and 1860 MPa (270 ksi) low
relaxation prestressing strand were used. Each test included stressing the strand from zero up to
1488 MPa (215816.2 psi) or 0.8 in increments of 0.1 x§. Each strand had tenpetitions,

and first strand was unstressed. All tests were conducted irraaetihg frame using a pair of
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hydraulic arms. With hydraulic arms the load was applied to the strands, and strands were
anchored by strand chucks

Electrical strain gages wersed along with a modified clip gage extensometer, to measure the
diametric strain of the strand. An extensometer was mounted to measure the change in diameter

of the rings and strands. As a result, all specimens exhibited a significant axial strain offset

following the first load cycle. Load repetitions exhibited small additional offsets. It was noticed

that the dilation ratio of prestressing strand effects concrete cracking behavior and prestress force
transfer behavior. The degree of dilation was showetaffected by the prestressing steel
geometry: single wire tendons were affected b
having a greater apparent dilation ratio.

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

Hwan Oh et al(2006) built upon the work (Balazs 1987) by building on a theory which

investigated the transfer lengths. They proposed corsteté model in which the prestressing

steel was considered as a solid cylinder and the surrounding concrete as a hollav. citied
cracking of concrete in a radial direction du
appropriate tensitatress crack width relation. Simultaneously with analytical modeling, the
experimental tests were conducted to measure the trangf¢indeconsidering different variables

such as concrete compressive strength, strand diameter, the edge distance and strand spacing.

The experimental data and analytical approach gave similar results.

In summary, the literature review revealed that thestearof prestressing force is a complex
problem, and the value of transfer length is very important. According to all experimental
testingdés performed until recently, a | ot of
variables found have ihaded the strand diameter, prestress intensity, the concrete strength and
the edge distance. The proposed theory which was considered in this research considered the
prestressing steel as a solid cylinder and the concrete as a hollow cylinder. Thedssnaasir
expressed simply in terms of two variables, the coefficient of friction which was taken as 0.4
(Tepfers 1979, Janney 1954) and the interface pressure p which could be determined using the
equation 216. Derivation of radial circumferential stressesre previously given in equation

2-14 and 215. With this analytical model an expression for the interface pressure was given as
follows:

Vofo: v f 2-16
rn(l— E: )—rj(l——'"E—E“]

z[l—v )r r? 4 c?
—E l‘-‘c— _] ty/E.
j

P

Wherer, is the initial diameter of steel before prestressing,the diameter of steafter
prestressing; is the edge distanca;i s t he Poi ssonb6ss3pcesePdissendso
coefficient for wire Ecis the modulus of elasticity of concretg,is the axial stress of concrete

at distance z from the free end, and fpz esdkial stress of prestressing steel at a distance z from

the free end.

For Anisotropic analysis some modified properties are given, which are directly connected with
number of radial cracks and average strain due to cracks. The value of the modukttciy ela
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is reduced and is given by following equation in which w is width of crack, and L is length of
crack:

By =" 217

Where_ qis the circumferential stress, w is the crack width and L is the crack spacing of radial
cracks.

For fully cracked concrete cylinder, according to this analytical approach, the displacement of
concrete after release of prestressing force is given lopiolg equation:

f f
Etl." _v; :z] 2'18

cr C

u, = cf

WhereE«=Eq at the outer surface amgis_qatr=c.

The authors considered the effects of partial and full cracking due to pressure in obtaining the
governing equation. A tensile stregsick width relation s incorporated into this equation for

the new value of modulus of elasticity. All equilibrium equations were given for each segment of
a member in the longitudinal direction and the strain development curves. The authors obtained
all transfer lengths frorthese strain profiles. The observed analytical approach gives the similar
results to the experimental testing.
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3. Material and Operation

3.1 Prestressing Wires

The geometry of the prestressing wire indents has been found to be a significant variable in the
formation oflongitudinal splitting cracks in prensioned concrete railroad ties. Longitudinal
splitting along prestressing tendons can result in severe splitting and complete tie failure in the
field under normal train loading over time. Until recenthgpection of prestressing wire indent
properties consisted of sampling indents from a small segment of wire. This resulted in very
limited statistical information on the wire indent properties. To address this deficiency, a high
resolution automated negontact optical wire indent scanning system was developed at Kansas
State University (Beck, 2019) for complete and rapid characterizing of all relevant indent
geometrical parameters. The scanning system can measure large segments of wire to yield
statisticaly significant samples of all relevant indent parameters. These parameters include:
indent depth, indent width, indent sidewall angle, indent pitch and indent volume (Beck, 2019).

Indented wire is manufactured by pulling wire through a set of threes;alieented at 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 rollers afigure3-2 shows the indent patrn generated

on a section of indented wire. The resulting indent pattern comprises a variety of geometrical
shapes (Beck et al., 2019).

Figure 3-1: Manufacture of Indented Wire using Rollers (Beck et al.2019)
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Figure 3-2: Manufacture of Prestressing Wire Indents (Beck at al., 2019)

As stated previously, a higiesolution automated nerontact optical wire indent profiling
system was developed for complgtand rapidly characterizing all relevant geometrical
parametersrigure3-3illustrates a schematic diagram showing the basic features and its
operation. The system consisted of a commerealbilable laser line scan modulejiah

measured the profile shape of a Asliced along
under testing.

Wire Surface
Line Scan

5.32 mm

iy

Photograph of Indents

Figure 3-3: Schematic of Indented Wire Measurement (Beck et al., 2019)
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Wire Support and
Traversing Platform

[ > D
L
Line (sheet) Laser

Module

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

Additionally, Figure3-4 shows the traversing system which was designed to measure up.to 36in
of indented wire length. The currdight sheet system had a spatial resolution approximately an
order of magnitude of only a few microm3dgure3-5 shows a photograph of the overall

LabVIEW based indent scanning system. A wide variety of indent shapes can benadated
by the system.

Figure 3-5: Ideal Bilinear and Measured Strain Profile (Beck et al., 2019)
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For this study, features of interest that were recorded included: indent depth, indent volume,
indent sidewall area, indent sidewall angle, indent length, indent pitch period, indent width,
indent distance and indent orientation anglgure3-6 shows graphically the indent features of
interest.

Top View Side View Top View Side View Top View Enlarged Sidewall View
._Indent . }
Depth oy
Indent
Volume
(a) Indent Depth (b) Indent Volume (c) Indent Sidewall Area
2 " " Indent Indent
Top View Side View ol Length » I pitch *
Indent
Sidewall
Angle
(d) Indent Sidewall Angle (e) Indent Length (f) Indent Pitch
Top View Wire End View Top View
%
Indent Distance Wire Axis
Indent Width (Lateral Spacing) N T e e K e f —i— - — - -
Indent
\ Indent Orientation Angle
(g) Indent Width (h) Indent Distance (i) Indent Orientation Angle

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

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

Edge wall angle Edge wall anglg Side wall areg Volume
Average depth (mm

(degree) (rad) (mnv) (mnT)
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
WJ | 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 this research study different typ#svires were used for each individual set of prisms. All

wires test had a diameter of approximately 5.32 mm (0.21 in). Wires types were denoted using
the foll owing nomenclature: AWAO, AWBO0O, AWEO,
AWPO and i Vioementd\wete lowetaxation type at grade 270ksi steel. The

indentation types tested included smooth, spiral, chevron and deep chevron. Material properties

for each reinforcement type is given by the manufacturers and shown in Table 2

(Bodapati, 2018)

Table 2: Material properties of each reinforcement type (Bodapati, 2018)

Indentation  type| Ultimate Ultimate Tensilg CrossSectional | Modulus  of
Diameter tensile force Strength (ksi) Area (irf) Elasticity,
(Ib.) 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
WF | 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
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Shown inFigure3-7 to Figure3-17 are microscope images of wire and an associated 3D CAD
model Haynes, 2015).

Figure 3-7: WA Wire Type - Microscope Image and 3D Model (Haynes, 2015)

Figure 3-8: WB Wire Type- Microscope Image and 3D Model (Haynes, 2015)
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Figure 3-10: WF Wire Type- Microscope Image and 3D Mdel (Haynes, 2015)
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Figure 3-11: WG Wire Type-Microscope Image and 3D Model (Haynes, 2015)

Figure 3-12 WH Wire Type-Microscope Image and 3D Model (Haynes2015)
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Figure 3-13: WI Wire Type - Microscope Image and 3D Model (Haynes, 2015)

Figure 3-14: WJ Wire Type- Microscope Image and 3D Model (Haynes, 2015)
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Figure 3-15. WM Wire Type - Microscope Image and 3D Model (Haynes, 2015)

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

Table3 shows advanced indent geometrical features for each 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 (EdgeTFSA). All these parameters were found to
have strong correlations to the transfer length created by wire (Haynes, 2015).

Table 3: Advanced indent geometrical features (Haynes, 2015)

PSA (mn?) VV (mm?3) TFSA (mnr) EdgeTFSA (mrf)

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 | 13.50| 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

3.2 Reinforcement Storage

All wires used in this study were stored in separate polyvinyl chloride (PVC) tubes having a

length of 25 f. The tubes were 3in in diameter. Siltased desiapproximatelynt packets were
placed in the PVC tubes to prevenéeéceuseddgs ani
condition for testing. These 25 ft pieces were then cut into shorter lempgitexinately 223 in

for testing. Wires WG and WH used in these tests were extracted from existing prisms. The

length of these wires was approximately 63 in. After removing from original prisms, WG and
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WH type wires were then cleaned using the followingcpdure as described in a study by
Arnold (2013):

Rinse with water from a hose with a spray nozzle;

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

Spray with Deoxidine 7310 drwater solution and let the sample sit 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 clean cloth; and

Stand specimen with clean tho

PwpnPE

© NGO

Figure 3-18 Chemical used in Reinforcement Cleaning Process (Deoxidine 7310)
(Arnold, 2013)
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Figure 3-19: WG Wire Type Before (left) and after (right) Cleaning

Figure3-18 andFigure3-19 show the material used for cleaning the wires and give us the visual
effect of cleaning procesBigure3-20 shows the reinforcement storagek that was used for

this study. Since all of the wires denoted as WG and WH were used in previously described
testing, for this study all samples were extracted from existing prisms. A procedure was
performedusinga machine for compressive testingl wires which were extracted from

existing prisms had a length of approximately 63 in.

Figure 3-20: Reinforcement Storage Rack (Bodapati, 2018)
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After extracting the wires from the existing prisms, it waserved that the indents typically
contained residual along one side of the indent at eactendt§igure3-21). Upon further

inspection it was noticed that the concrete appeared to have been crushed, and that the side of the
indents that contained the concrete was different at opposite ends.

R
R A A

W iy

Figure 3-21: Hypothesized Sidewall Concrete Crushing (Beck, 2019)
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Figure 3-22 ObservedCrushed Concrete Residud_eft side of the WH Wire Type
(Beck, 2019)

Figure 3-23: Observed Crushed Concrete ResiduRight side of the WH Wire Type
Figure3-22 andFigure3-23 show the observed crushed residue for both sides of the wire.
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Figure 3-24: Observed Crushed Concrete Residue for Wire Type WG

3.3 Concrete Materials and Mix Design
This section will be ddicated to the matetewhich were 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 storeeyaid&bdrums until
neeckd.

3.3.2 Aggregates

A crushed gravel from Tucson, Arizona with 100 % passing the % in sieve for the first mixture
was used for the present stuygure3-25 andFigure3-26). Additionally, granite was used for

the second mixture with 100% passing the 3/8 in siEigrife3-27), and a local pea gravel
(uncrushed gravel) with a %.imaxsized aggregate was used for the third mixtergure

3-28). A locally availdle natural silica sand was also used for this resekighre3-29). Prior

to the casting operation, all of the material was dried in an oven to gain consistency in mixture
proportions. The aggregates were dried in an oven ad@@@ahrenheit for approximately

24 hours to ensure the moisture content was zero. After drying, the aggregates were then stored
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in a dry storage container until they were used for batching. Two hours before the mixing
operation, the materials were wegghand stored in buckets located in a temperatomnérolled

room until the concrete was batched. This procedure ensured consistency in batch temperature
and almost the same slump for all mixes.

Figure 3-26: Tucson LargeCrushed Gravel Aggregate(CA2) used in this study
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Figure 3-28 UncrushedPeaGravel Aggregate(CA1) used in this study
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Figure 3-29: Fine Aggregate (sand) used in thistudy

3.3.3 High-Range-Water Reducing Admixture

To achieve the desired concrete consistencies (slump) witlvéder/cementitious (w/c) ratio,

ADVA CAST 530 was used for all tests. This higingewaterreducing admixture is a
polycarboxylatebased superplasieer. ADVA CAST 530 complies with ASTM C494 Type A

and Type F and ASTM C1017 Type | and can produce concrete with extremely high levels of
workability without segregation. ADVA CAST 530 was used to produce concrete with very low
water/cement ratios with nmal levels of workability. ADVA CAST 530 is ideal for use in

precast and prestressed applications where concrete needs to achieve high early strength along
with high levels of workability. Normally the range of using ADVA CAST 530 is from 3 to

10fl 0z/1® Ibs of cement.

3.3.4 Mix-design during lab phase

Concrete for preéensioned concrete prisms was batched usMgdHogconcretemixer
(Figure3-30). Three different mixtures were used to cast concrete prisms. Tabléstg the
materials which were used pef fh each concrete mixture. MiResign #1 consists of Tucson
(crushed) aggregate, two type one with ¥%in max aggregate sizeMigrv@esign #2 consisted
of granite as aggregatelix-Design #3 consisted of a local pea gravet¢rushed aggregate).
1.98 € of concrete was cast every time.

Table4 presentMix-design #1
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Table 4: Mix design #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.ozlyd®

Table 5: Mix design #2

Material Weight
(Ibs.) lyd®

Cement 813.8

Water 260.4

Crushed Granite (CA4 1447

Sand (SSD) 1447

HRWR 81fl.ozlyd®
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Table 6: Mix design #3

Material Weight
(Ibs.) lyd®

Cement 780

Water 249.6

Uncrushed Pea Gravel (CA| 1526

Sand (SSD) 1526

HRWR 81fl.ozlyd®

Figure 3-30: Concrete Mixer

For thisstudy, a consistent mixture of/pe Ill 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 strddgthpsi, 4500 psi and

6000 psi. 12000 psi compressive strength was reached after six days and water/cementitious ratio
was 0.26.
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4. Methodology

4.1 Experimental Facility and Prism Casting Procedure

Original prestressed concrete prisms were fabricated at &&tate University under a different
study (Bodapati, 2018), and these prisms had a reinforcement edge distance of 1lin. Additionally,
the centetto center spacing between wires within the prism was 1Fdnre4-1 shows the

cross section of a typical prism with 1in edge distance. For the current research study, three
prisms with varying cross sections were used which included a deftenter spacing of 2.0.in
between wires with a maximureinforcement edge distance3afin. and a minimum edge

distance of ¥z in. A primary difference between the original prisms developed at Kansas State
University and the ones utilized in this study was the reinforcement edge distance which was
reduced by 25 % to 50 % of the original dimensidiee wires in the prisms were each

tensioned to 7000 Ibs. The average initial compressive stress for edge distaneas/eual

to: 28000 1b./(3.5iM=2285 psi . For .pdgddstanse, the valde ofstregs wasn
28000 Ib. / (3.25 iM =2650 psi which was 59 % of the 4500 psi concrete release strength. For
prisms with %2 inedge distance, average initial compressive stress was&110 p§ which

was approximately 89 % of the 4500 psi concrete release strength. This value is significantly into
the nonlinear range of the concrete.
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" 1|| "
=1 1 2 1
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1 " 1 "
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1 " / /,/’
1 [
/ ! v -
/')/ d
/_/ P /

/o
£ (4) 5.32-mm-diameter
indented wires

Figure 4-1: Original Pre-tensioned Concrete Prismlin Edge dstance (Bodapati, 2018)
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Figure4-2 showsthe prestressing bed with three sets of steel frames, each resulting in a prism
with different reinforcement edge distance. Multiple tests were conducted-tenprened
concrete prisms s&in these steel frames. As stated previously, four prestressing wires were
symmetrically embedded into each concrete prism, resulting in a typical-tectster wire
spacing of 2.0 in.

Y5 in edge..ista_rlce
y y e | "

Figure 4-2: Steel Frames (Savic, 2018)
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Figure 4-3: Prisms with Different Cross Sections (Savic, 2018)

4.2 Experimental Set-up

4.2.1 Prestressing Frame and Load Cells

In the pretensioning frame, wirewithin each prism were tensioned between two abutments

prior to the casting of concrete. The abutments were fixed at the ends of a prestressing frame and
Figure4-4 illustrates the préensioning process that was used in thisyst@dspecial jacking

assembly was also developed at Kansas State University and used for this study. The mechanical
gear jack was attached to the metal frame which allowed gradual tensioning and release
operations. Jacking of the steel prestressing witesroed at the end of the steel frame referred

to as the ALI FgureB8.d0 as shown i n

The live end of the prestressed bed was the end of the prestressing frame where stressing
operations occurred and total jacking force wesasured. However, the dead end of the
prestressed bed was where individual wire forces were measured by loaBigats4-5). The

load cells used in this study werdype transducers which converted force into a measurable
electrical output. These strain gauge load cells had precision accuracies that were within 0.25 %
of full scale. During the prestressing operation, both the total jacking force and the force in each
wire were monitored as verification of the prestressingefat both ends of the prestressed bed

(live and dead end) which ensured the desired stress in each prestressing tendon was achieved.
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Pre-stressing bed
a) Applying tension to wire

Pre-strassing bed

b) Casting of concrete

Figure 4-4: Stages of Pretensioning

Figure 4-6: Prestressed Jacking arrangement at the Live End

60



L \\\ /|

Figure 4-7: Digital Display of Prestressing Forces Measured by Load cell

Figure4-5 shows the four load cells that were used were to measure the prestressing force in
each individual wire at the Dead End.

Wires WG and WH were extracted from the prismigch were cast by Bodapati, and the length

of the wires were approximately 63 in. For these wires, the original setup was adjusted by
inserting additional prestressing splice chucks between the first and second prisms, and between
the second and third gms. At the end of the dead end of the third prism, shorter pieces of wires
were required with additionglrestressing chucks as showrigure4-8, Figure4-9, and

Figure4-10.

\ \
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Figure 4-8: Adjusted Setup-Additional Chucks between First and Second Prism
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Figure 4-9: Adjusted Setup-Dead End of the Prestressed Bed

147 edgendistance

Figure 4-10: Adjusted setup of Prestressed Bed

4.3 Casting Procedure of Prisms

The casting procedure described was used for all prisms constructed during this study. All
materials described in the previous chapter for coaenet were oven dried, and weighed
appropriately, and mixed in a horizon&ddaft electric concrete mixer. Typical mixtures utilized a
0.32 w/c ratio, and the desired consistency (slump) was achieved by slight adjustment of the
ADVA CAST 530 dosage. Slumgt the time of specimen casting was between &nd 8 in,

and the slump was measured prior to each casting operation. Concrete was then placed in the
threesteelform on the prestressing bed and consolidated using a fleshiali internal vibrator

with a lin diameter head. After casting was completed, the concrete prism specimens were
covered with a poly tarp to retain the internajlgnerated heat and increase the streggthing

rate of the concret&igure4-11 shows placemerof the concrete in the steel prism.
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Figure 4-11: Casting the Prestressed Concrete Prisms

4.4 Sure Cure System

In addition tocasting the prisms, 12in x 8 in compression strengtilinders werelsocast
simultaneouslysing the Sure Cure Systemhich allowedthe cylindergo have the same
temperature as the prismihe Sure Cureuring control system consist of three major parts:
(1) aWindows based computdR) USB port used to transfer data to and ftenUSBflash
driveto a 485 converteand (3) the 1/O cabinet. The I/O cabinet corgdiassociatedable
connectorsvhich includedblue connectorfor thermocouples (Type Tandblackconnectors
was for oroff heatingof cylinders.A black multrcondictor cable with green endgere usedo
connect between the 1/0O cabinet and the USB tocé8%erters. Thetudyused6 channels to
collect data from 12 cylinders.

Figure4-12 shows 12 cylinders used for the study in a temperatomérolled environment using
the Sure Cure mini controlling systeRigure4-13 shows the typical temperature plot of prisms
and cylinder specimens.
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Figure 4-12: Twelve Concrete Cyinders under Temperature Control through Sure Cure
Mini Controlling System

Channel 1, 2, 3, 4, 5,]6
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Figure 4-13: Typical Temperature (F) Plot of Prism and Cylinder Specimens

Figure4-14 shows the exampld making cylinders irsitu. All 12 cylinders developed for this
study were capped and tested usifgpeey 250,00poundcapacity compression testing
machine as shown figure4-15.
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Figure 4-15: Testing the Cylinder Using Forney machine

During the study, the Forney machine was retrofitted to include a VFD Automatic System which
gathers, ®res, and transmits data.
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Figure 4-16: Example of Measured Compressive strength of Cylinder

As illustrated inFigure4-16, a touchscreen was used to control and configure tegpsdtthe

Forney machine. Five hours after casting, cylinders were tested using the Forney machine and
tests were repeated every 45 minutes. The desired strength of 4500 psi was reached
approximately after 8 hours and 6000 psi after 11 hours, when tbesgrof dé¢ensioning
commenced.

4.5 Testing procedure and Transfer length Measurement

As stated previously, four wires were embedded into each concrete prism. The spacing between
wires was 2.0 infor all three specimens cast in series on the prestressing edvires were

initially tensioned to 7000 Ibs. and graduallytéesioned when the desired compressive strength
reached the specified prescribed values of 3500 psi, 4500 psi, 6000 psi, and 12000 psi for each
casting. In addition to observing and recagdcracking/splitting of prisms, measurements of
longitudinal surface strain were recorded using a Continuous Scanning/Traversing (CST) strain
measurement system (Beck, 2015).

In order for prestressed concrete railroad ties to function adequately ialthefid to ensure

safety, the prestressing force must be fully introduced into the railroad tie at a location well

before the rail load is applied. The length required to transfer the prestress force into the concrete
member is well khewgthse.the ATransfer

A 3D CAD drawing of Continuous Scanning/Traversing (CST) strain measurement system is
shown in Figure €0 (Beck, 2015). This device is also called a L&jseckle Imaging (LSI)

system. The LSI system can serve as a tool to evaluate the efiectess and material changes

on prestressing steel bond. It utilized a lesg¥ckle imaging (LSI) principle for making the

required local measurements of surface displacement, from which local strain is determined. The
device has an equivalent gauge kngf 6.0 in, and a strain resolution of about20

microstrain (Beck, 2010).
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Figure 4-17: Laser Speckle Imaging System (Beck, 2010)

The laserspeckle device was used to scan the top surface of a @poseh before and after
detensioning, and automatically plot the strain profile and determine the transfer length using a
leastsquares algorithm (Zhao, 2012). For this purpose, the automated traversing system with
translating LS| sensor was used. Thstegn included a 24 in scan length of measurement on

each end of prism end. The average time for 60 distributed strain measurement per scan was 1
minute, with around 0.010 in repeatable sensor traverse positioning accuracy. The LSI sensor
and traversing sysm were connected to a Laptop computer. The traverse control and data
acquisition, and data processing were conducted using the same Laptop computer through a
LabVIEW interface (Beck, 2010).

For transfer length measurement two scans were required onépaietensioning, and the

second subsequent to the cutting aftetegesioning operatiorkigure4-17 shows a practical
implementation of the automated traversing system (Beck, 2Bithire4-19 presents

measuring the transfer lengths in the laboratory phase. When the raw images were captured, the
surface strain was calculated and plotted automatically (Beck, 2010).

When the surface strain profile was ob&inthe transfer length can éetracted using®%
Average Maximum Strain (95% AMS) method, or the Zhae least squares algorithm

(Zhao, 2012)This algorithm is based on a leasfuares technique and provides unbiased
estimation of the transfer length. The approach of this method was to find ithaldptation of
the intersection point that minimizes a target function, and target function is generated by
assuming the surface strain to be bilinear with the rounding effect of the gauge length of the
sensor taken into account (Beck, 2010).
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Figure 4-18: Overall Automated LSI Sensor Traversing System (Beck, 2010)

Figure 4-19: Measuring the Transfer Lengths (Savic, 2018)

A laptop computer provided USB aR$H 232 communications with the traverse system and the
LSI sensor. Position of the traverse control and data acquisition were in one software package,
and the data processing were conducted at the same laptop (BeckFiflirey-20 shows the
traverse control and LabView data acquisition interface.

Two scans are required for transfer length measurement one prieteiositening and one
subsequent to the cutting operation aftetatesioning procedure. The surface strain was
calcuated and plotted automatically after the raw images are captured.
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Figure 4-20: Traverse Control and LabVIEW Data Acquisition Interface (Beck, 2010)

Each prism proded two measurements of transfer lengifise and dead endand provided
approximately eight independent splitting testedfle distancéfour wire cover tests on each
end) for a given release strength.

4.6 Assessment of Prism cracking

Each prism provided eight different experimental results feesssng the effect of cover,
corresponding to four wire cover tests on each end of the prism. Photographs of the prism
surfaces were documented for quantitative and qualitative assessment of cracking behavior.
Cracking photos show the position on the bedmach crack, bottom, front, top and back

position for live end of the prism and the same for the dead end. Photographs of the prism ends,
and side wall surfaces provide the location and distribution of all surface cracking phenomena.

In addition to simp} specifying the number of wires that were observed to exhibit cracking out
of the total of eight wires per prism, the maximum crack widths and overall crack lengths were
carefully measured and documented for all prism tests as shdwguire4-21.
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Figure 4-21: Example of Crack Assessment Form

A crack Comparator similar to that showrFigure4-22 was used to measure maximum crack
width for each observettack. A crack Comparator can monitor cracks from 0.004 to 0.26 in.
Crack length was measured by tracing out the path of a given crack with a piece of string and
measuring the overall path (string) length including branches. In cases where spalling was
observed, the crack width was assigned and arbitrary width value of 0.2€eick area was
defined as the total crack length multiplied by the maximum crack width.
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Figure 4-22: Measuring Crack Width (Savic, 2018)

Figure4-23 shows the position of cracks on each end of the prism (live and dead end), marked
with the permanent red marker.

Figure 4-23: Example of Prisms and Observed Crackig (Y2 in edge distance)

Figure4-24 shows the images which were taken after measuring the values of crack width and
crack length. These images indicate the position of cracks on each side surface of the prism
(TOP, BOTTOM, FRONT, BCK), shown below the corresponding live end and eszdl
locations. For clear identification, the cracks were traced with permanent red marker. All prisms
were investigated after three months in order to getteny data. Endgplitting cracks often

formed at the time of deensioning operation, but some of them can develop during the first few
weeks after déensioning procedure due to the sustained lateral stresses exerted by the
prestressing tendons. The capability of the concrete to resist thesegosirgsses without

cracking was determined (in this study) to be primarily a function of distance from the
reinforcement to the nearest parallel edge of concrete, the aggregate type and maturity of the
concrete.
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Figure 4-24: Typical Picture of Observed Cracking Live and Dead end (Savic, 2018)
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5. Results

In order to determine which parameters have the most effect on longitudinal splitting between
prestressing tendons aodncrete, straiprofiles, crack area and crack length were

systematically evaluated for prisms having different release strengths of concrete and different
tendon edge distances. Prisms with no cracks had alesloped plateau region of

approximately uniform strain.rBms with observed cracking experienced loss of bond and often
had noruniform strain profiles with shorter or no strain plateaus. In addition to the number of
wires that exhibited cracking, overall crack lengths were measured for each prism having a give
release strength and edge distance. From this information, a representative crack area was also
determined. This crack area was defined as the total crack length multiplied by the maximum
measured crack width.

In addition, photographs of the dead ane knd of the prisms were taken for all prisms for
guantitative and qualitative assessment of
surfaces were also taken for the prisms fabricated with wire type WE, which had a spiral
indentation pattern. Ptographs of the prism ends and side wall surfaces (WE wire) provide the
location and distribution of all surface cracking phenomena. Each prism test comprises a total of
eight different experimental results for assessing the effect of edge distancgyawiieg to

four wire cover tests on each end of the prisms. For clear identification in photographs the cracks
were traced with a permanent red marker.

Table7 shows the number of prisms fabricated with each different typenafrete mixture,
release strength and wire type. The total number of prisms fabricated and evaluated in this
research program was 141.
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Table 7: Number of Prisms with Each Wire Type, Concrete Mixture, and Release Strgyth

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: 141 prisms
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5.1 Transfer lengths and Prism Cracking-Mix#1

The following data presents the results for different concrete release strengtfieaedtdypes
of wires using the concrete mixture with crushed gravel aggregate.

5.1.1 Mix#1-WA wire type, Release strength 6000psi

The test was conducted with WA wire type with concrete release strength of 6000 psi. WA wire
type performed very well withnoobs ved cracks for 13 in and |
edge distance a 0.0&%iorack area and a 4.iorack length were observed as showRigure5-6
andFigure5-7. The values of transfer length€ke higher on the % in edge distance than on the
prisms with different types of inderiigure5-1, Figure5-2, andFigure5-3 show the

longitudinal strain profiles on the prismstiwvé4 in,e  .iamd ¥2 inedge distances. Additionally,
Figure5-4 andFigure5-5show observed prisms afijure5-8 shows the number of cracks on

each prism.
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Figure 5-1: Mix#1, 6000 psi, WA, ¥ in Edge DistancelLongitudinal Strain Profile
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Figure 5-2: Mix#1, 6000 psi, WA,e i n E dmrelLomDitudinal Strain Profile
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Figure 5-3: Mix#1, 6000 psi, WA,%z in Edge DistanceLongitudinal Strain Profile
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Figure 5-6: Mix#1, 6000psi, WA Crack Area (in?)
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Figure 5-7: Mix#1, 6000psi, WACrack 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 WB type wire and concrete release strength of 4500 psi and
6000 psi. Tsts were repeated three times with concrete strength of 6000 psi, and every test with
WB wire performed poorly, with four cracks observed on each side of the prisms. WB wire had
an average indent depth of 0.119 mm (0.004685and edge wall angle 16.4ggree.
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5.1.2.1. WBRelease 8ength 4500 psi

Figure5-9 andFigure5-10 show observed cracking of the prisms with concrete release strength
of 4500 psi and the edge distanoes 13 i. amd %2 ig. THe maximum crack width on the

prism with % in edge distance was 0.02 and the maximum crack length w&8 in. The

prisms with %2 inedge distance indicated poor performance with evident spalling on the front
side of the prisnon the live end.
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Figure 5-10: Mix#1, 4500 psi, WBObserved Cracking (Live End)

Figure5-11, Figure5-12, andFigure5-13 show crack area, crack length and number of cracks
for each prism with different value of edgetdrsce, respectively.
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Figure 5-13: Mix#1, 4500 psi, WBNumber of Cracks
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5.1.2.2. WBRelease 8ength 6000psi (First Time)

Figure5-14 andFigure5-15 show the prisms with concrete release strength of 6000 psi, and

three different edge distances. The tests were repeated with 6000 psi release strength of concrete
three times. Each test with WB wire resdltin eight observed cracks on each prism as shown in
Figure5-18. Spalling was also observed on the prism with 2edge distance which indicated

that bond between wire and concrete was totally lost as shdwgure5-14 andFigure5-15.

% in. edge . ¢ ligfgé : Y in. edge
distance distance ™= distance

e in. edg | Y% in. edge
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A

Figure 5-15: Mix#1, 6000 psi, WBObserved Cracking (Live end)

The maximum crack width observed on the prism with 3&dige distance was 0.04 in, and the

maximum crack length was 57 in. With decreasing edge distance front3in e i n, spal | i
observed on the live end of the prism. Spalling also occurred on the front and back side of the

prism with 8 inand 6 inin length respectively. Prism with %% iedge distance performed poorly

with spalling on the live end of theipm on the front, bottom and back side of the prism with

31in, 30in, 6 inand 5 inlengths respectively.
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Figure 5-16. Mix#1, 6000 psi, WBCrack Area (in?)

Figure5-16, Figure5-17 andFigure5-18 show the crack area, crack length, and number of
cracks as a function of edge distance, respectively. Decgetl edge distance resulted in
increasing the crack area, crack lengths and number of cracks.
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Figure 5-17: Mix#1, 6000 psi, WBCrack Length (in)
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Figure 5-18 Mix#1, 6000 psi, WBNumber of Cracks

5.1.2.3. WBRelease Strength 6000 psi (Second Time)

Figure5-19 shows the values of crack areas for the wire WB an@ $80release strength. WB
wire performed poorly with eight cracks observed on each prism. Similar casting and curing
conditions were used throughout the entire laboratory phase.
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Figure 5-19: Mix#1, 6000 psi, WB second timeCrack Area (in?)
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Figure 5-20: Mix#1, 6000 psi, WB second timeCrack Length (in)

Figure5-20 presents the values of crack lengths as a function of the edge distance. The

maximum crack width observed for the prism with ¥ciover was 0.04 irand maximum crack

l ength was 34 in. D. eesutted i spalingon théboth siddttee r t o e i
prism. Additionally, the prism with Y% iredge distance had severe dam&ggure5-21 shows

the number of cracks as a function of edge distance.

0 I I I
3/4" 5/8" 1/2"

Edge Distance (in)

Number of cracks
M w = (951 [=)] - [s.2]

[y

Figure 5-21: Mix#1, 6000 psi, WB second tim&lumber of Cracks

5.1.2.4. WBRelease Strength 6000 psi (Third time)

Figure5-22 shows the value of crack area for WB wire. The tests with this wire were repeated
three times. The coittbns were the same and WB wire exhibited consistent behavior which
resulted in eight cracks per prism.

84



The maximum crack width for the prism withif% edge distance was 0.03 and the maximum
crack | ength was 4.@dge distancHath edghtgrackss with faur dracks @n 1 n
each side. The maximum crack width was 0.01@mil 34 inwas the maximum crack length.

The prism with Y% inedge distance had four cracks on each side of the prism. The maximum
crack width was 0.04 irand the maxnum crack length was 59 in. As compared with previous
results, with a 6000 psi release strength, eight cracks were observed on each prism with the
different thicknesses of edge distances. However, spalling did not occur at any time.
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Figure 5-22: Mix#1, 6000 psi, WB third time-Crack Area (in?)
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Figure 5-23: Mix#1, 6000 psi, WB third time-Crack Length (in)
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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 is a spiral type of wire with an average rib depth of 0.259 mm (0.010).9&nn
average width of 6.164 mm (0.24268)iand edge wall angle of 15.1 degrees as reported by
Haynes.

5.1.3.1. WERelease Strength 3500 psi

Figure5-25 shows the longitudinal strain profile and observed crackingh®ptism with

3500 psi concrete release strength and with.¥dge distance. IRigure5-25 (a) the strain

profile across the prism is shown, along with the values of the transfer lengths on each end of the
prism. Also shown is an image of the cracking on each end of the (Fignre5-25b)
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(b) Observed Cracking
Figure 5-25: Mix#1, 3500psi, WE, % in Edge distance (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 givenFigure5-26 shows the longitudinal strain

profile for a concrete release strength of 3500 psigandiedge distance. According to these
graphs it is noticeable that with reducing the value of edge distance transfer lengths are longer,
andcracks are larger.
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Figure5-27 shows the longitudinal strain profile farconcrete release strengtt8600 psi, and
% in. edge distance. As the eddistance decreased from %ino .endifimally to %2 in, more
cracks were observed.
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(b) Observed Cracking
Figure 5-27: Mix#1, 3500 psi, WE, %in. Edge distance (Savic2018)
5.1.3.2WE-Release Strength 4500 psi
Figure5-28 shows the longitudinal strain profile farconcrete release strengts00 psi, and
¥ in. edge distance. As shown in this image, it was observed thaa \nifher concrete release
strength and the same cover, less cracking occurred. Transfer lengths were shorter and on the

live end of the prism at the front only one crack occurred, whereas on thertkarhcks it
appeared on both, the back and on thetfro
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Figure 5-28 Mix#1, 4500 psi, WE, % inEdge distance (Savic, 2018)
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Figure 5-29 Mix#1, 4500 p sHdge disttace (Savic,i2018)

Figure5-29 shows the longitudinal strain profile for a concrete release streng806fpsj and
e .edge distancdzigure5-30 shows the longitudinal straprofile for a concrete release
strength of 4500 psi, and %2 edge distance.

91



1400

Live End Dead End
1200 Transfer Length: 14.8 Transfer Length: 12.4
1000 -
§ 800
k7
e
O
E 600
£
8 400
n
200
0 T T T T T
10 20 30 40 50 60
-200

Position Across Tie (in)

(a) Longitudinal Strain Profile

R

Bottom
~,Dead end

vr Dead end

Back
Dead end

Front
Dead end

(b) Observed Cracking

Front

Live end

Figure 5-30: Mix#1, 4500psi, WE, ¥z in Edge distance (Savic, 2018)

5.1.3.3. WERelease 8ength 6000 psi
Figure5-31, Figure5-32, andFigure5-33 show he longitudinal strain profile and cracking

observations for a concrete release strength of 6000 psi, as the amount of cover is reduced from
Yain.to %2 in.
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Figure 5-31: Mix#1, 6000 psi, WE, % inEdge distance (Savic, 2018)
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Figure 5-32 Mix#1, 6000 psi, WE,e .iEdge distance (Savic, 2018)

The strain profiles exhibited wedistablished plateaus and the transfer length values were
generally small. The amount of cracking appeared to have been reduced; however, as the cover
was reduced to ¥z ithere was agaia significant increase in the observed cracking behavior.
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(b) Observed Cracking

Figure 5-33: Mix#1, 6000 psi, WE, %2 inEdge distance (Savic, 2018)
5.1.3.4. WERelea® Srength 12000psi

In addition to the above cases with the releasegtnerof 3500 psi, 4500 psi ab@00 psi, a set

of prism tests were conducted with an extreme release strength of 12000 psi. This was done to
test a popular hypothesis that too higfaoelease strength could result in increased splitting due
to the increased brittleness of concrete resultedthieotoncrete release strength of 12000 psi,

the wi/c ratio of concrete mix was 0.26. The appropriate strength was reached after sixatays, aft
which detensioning commenced. Enlarged images of the prism ends forc&var showed no
evidence of any cracking, as showrFigure5-34 for the live end and for the dead end.
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Figure 5-34: Mix#1, 12000 psi (82.74MPa), WE, % irEdge distance Live and Dead End

Approximately 40 minutes afterdee nsi oni ng, there was a | oud fp
corresponded to the initial of a crack on the prism with Yédgedistance. This confirmed that
splitting cracks do not always occur at the time ofefesioning.

Overall, it was observed that with a release concrete strength of 3500 psi, transfer lengths were

large on both sides of the prisms and a significant amdwmaoking was observed. The

concrete release strength of 4500 psi performed better, yielding shorter transfer lengths with

greater established strain profiles having waeifined plateau regions, and cracks less noticeable.

With a concrete release strelmgif 6000 psi, the strain pradilacross the prisms resulted in

almost ideal bilinear behavior for cover % in. The concrete release strength of 12000 psi was

found to provide the best results, and the first cracks appeared on the prigmwithm .  Cont r ar
to the popular conjecture, the higher release strength improved the longitudinal splitting

resistance of the prisms.

In addition to the number of wires that were found to exhibit cracking, overall crack length was
observed for a given pristast at a given release strength and amount of edge distance. From
data collected, a representative crack area was also feigde5-35 shows the number of

cracks as a function of the edge distance and releasgistrof concrete.

96



Number of cracks
() [F5) o [ (=3} =]

—

s 8 8 8 8 8
6 6 6 6
5

3

I 0

0

%ﬂ 5/8" l/2ﬂ

Edge distance (in)

H3500 ®W4500 ®W6000 =12000

Figure 5-35. Mix#1, WE-Number of Cracks

250
216

200
E 140
z - 131
E” 114
= 91
E 100
& 64

50
50 39
I 23
0
. = ]
%ﬂ 5/8" l/2ﬂ
Edge distance (in)

H3500 ®W4500 m6000 m12000

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

97



40.0 37.7

Crack area (in?)
(%]
(=]
P

10.8 04

5.6

6.8
5.0 2.9
0.7 0.1 04 .
%."Slt

Edge distance (in)

H 3500 ®m4500 m6000 ®12000

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

Figure5-36 shows the total crack length as a function of different edge distance and concrete
conpressive strengthrigure5-36 also shows as the edge distance is reduced, the total length of
cracking was consistently observed to increase, amdllfl@vels of releasstrength.
Furthermorethere was a genérgndency for the total crack length to decrease as the release
strength was increased.

Figure5-37 shows the total crack area for the prisms as a function of the amount of edge distance
from % in to %2 in whichresulted in a consistent increase in total area of cracks.
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6. Comparison Charts

6.1 Concrete Mixture-Mix#1

6.1.1 Release Strength 4500 psi

In order to understand which parameters were the most significant that could affect the
longitudinal splitting between steel anoihcrete, crack area, and crack length, an investigation
targeting these parameters as a function of the edge distance were undertaken. As stated
previously, crack area was defined as the total crack length multiplied by the maximum crack
width. Figure6-1, Figure6-2 andFigure6-3 show the crack area for a release strength of

4500 psi and three different values of edge distancésit%; e in, and | in). As
Figures, reducing the cover from %ia %2 in for a given release strength led to an increase in

the extent of cracking and therefore an increase in total crack area. Also stated previously, wire
WF wire type was deep chevron type of wire and showed the formation of very large crack
areas (37 ihand 59 ik)  f o .randé4 inithe edge distances. Wire types WG, WJ, WM, WP

and WQ indicate no cracks on the prism having 3@dige distance.
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Figure 6-1: Mix#1, 4500 psi, ¥z inEdge DistanceCrack Area (in?)
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Figure6-4, Figure6-5 andFigure6-6 show the crack length for a 4500 psi release strength of

concrete and the three different thicknesses of edge distance. As shown in these figures, WB
wire type indicated poor performance forall#re v al ue s
Additionally, wire types WJ, WM, WG and WQ performed very well for ¥entge distance and
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Figure 6-7: Mix#1, 4500 psi, % inEdge Distarce Transfer Lengths (Dead and Live end)

Figure6-7 shows the values of transfer length for each wire on both dead and live ends. The
values of transfer lengths for WB wire type were found to be large. This rekoltethe larger
magnitudes of longitudinal surface strain that accompanied the longitudinal splitting of the
prism. This also indicated that wire type WB exhibited poor performance which resulted in the
maximum number of eight cracks on each prism.
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In addition to the number of wires that exhibited crackiRigure6-8 shows the number of wires
observed to crack (out of eight per prism) as a given as a function of edge distance for the
different levels of concreteelease strength tested. As theent of the edge distance was
reduced, the tendency was for all ten wire types to crack with édge distance for all
compressive strengthBigure6-8 shows the number of wirends with splitting cracks for a
compressive strength of 4500 psi.

g 888 8 88 88 88 8 8 8 88
= 7
827
[*)
) 6 6 6
£6
=
=
:55
— 4 4
4
E 3
23
= 2 2
"52
5 1 1
=1
5 ] ]
Z, 0 0 0 0
WB WE WF WG WH WI W1 WM WP wQ
Wire type

m3" ms" mL"
Figure 6-8: Mix#1, 4500 pstNumber of Wires Ends with Splitting Cracks

6.1.2 Release Strength 6000 psi

Figure6-9, Figure6-10 andFigure6-11 show the crack area for a 6000 psi release strength. As
shown in these Figures, it was found thatéasing the release strength of concrete from

4500 psi to 6000 psi resulted in a decreased crack area. WB wire type indicated poor
performance and resulted in the appearance of cracking in all three prisms. WF wire type also
performed poorly with prismsaving “2ina n d . edge distances resulting in 37.5 @amd

17.4 irf crack areas respectively. Chevron types of wire (WI, WJ, WM, WP and WQ) indicated
good performance with prisms having % in edge distance, and with a decrease in the edge

di st a nirc the valwes of crack areas were found to increase. The highest level of crack area
was observed for the Y2.iadge distance. For a release strength 6000 psi, tests were also
performed with smooth wire WA. WA wire type performed very well with no ceqapearing

for the prisms having %.imnd “2int he edge di stance, aedge for ¢t he
distance a 0.04 frcrack area and a 4.iorack length were observed.
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Figure 6-11: Mix#1, 6000 psi, % inEdge DistanceCrack Area (in?)

Figure6-12, Figure6-13 andFigure6-14 show the variation of crack lengths aiaction of

concrete release strength and the value of the edge distance. The values of crack length were the
highest for WB and WF type wires, which belong to the deep chevron type of wire. The shortest
length observed was for WQ wire type which indidatee best behavior. It was found tktae

values of crack lengths increased upon decreasing the edge distance. Wire types WI, WJ, WM,
WP and WQ performed well with prisms having 3%edge distance.
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Figure6-15 shows the numberf avires ends with splitting cracks for 6000 psi release strength.

As shown inFigure6-15 decreasing the edge distance resliin increasing the number of

cracks. WB wire type indicated poor performance with eigitks on each prism. Smooth wire

type WA indicated good performance, with no crack appearance for the prisms having

¥ in. and %2 inedge distances and only one cracleon .iedge distance. The corresponding

value of crack length was 4 in. WQ wire type indicated the best behavior, showing no cracks for

the prismwith%inedge di stance and onl y t.bdgeedstancea. acks o0
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Figure6-16 shows the values of transfer length for a release strength 6000 psi where it was
found that values for transfer length decreased. The values for transfer length for WB wire type
had the highest values due to the higher observed magnituldegitudinal surface strain. This
indicated longitudinal splitting/cracking of the prism and poor performance resulting in a
maximum number of eight cracks on each prism.

6.1.3 4500psi Release Strength Versus 6000 psi Release Strength

Figure6-17 shows the crack length as a function of varying release strengths and the values of
edge distances. For the first prism with ¥adge distance, the difference between crack lengths
for the tworelease strengths was found®5.8 %. For the second prisms in the series, it was
found that this difference increased to 44 %. The third prisms in series showed a crack length
difference of 35 % for different release strengths.

3000 2766

2500
2049
2000

1500 1407

1000

Crack length (in)

500 336 318

,

3_.-'4" 5-"‘8" 1._-'2|-
Edge distance (in)

® 4500 = 6000

Figure 6-17: Mix#1-4500 psi vs 6000 psi

The overall crack length for all the prisms done W00 psi release strength wed®08 in, and
3340 in for the prisms done with 6000 psi release strength.
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Figure 6-18: Mix#1-Total Crack Lengths-4500 psi vs 6000 psi

6.2. Concrete Mixture-Mix#2
6.2.1. Release strength 4500 psi

Figure6-19throughFigure6-21 show the overall crack area for the prisms constructed with

granite aggregates. Chevron wire types (WG, WI, WJ, WM, WP and WQ) indicated good
performance with prisms having a % in edge distance. Deep chevron wire types performed
poorly resulting in crack areas of 3.6 iior WB, 1.4 irf for WF and 0.1 iAfor WH type wires

for the prisms having a %.iedge distance. When the edge distance was reduced fronto¥s in

e .itwas observed that more cracks appeared; consequently, thelsaieas were larger.

The highest values of crack areas were for WB and WF type wires. WJ type wire performed very
wel | with pr iedgadidtaace whch resaltecin rio mracks appearing on the prism.
Shallow chevron wire types performed bettean deep chevron, and the average crack area was
approximately 0.3 ihfor WM, WG, WQ and WP type wires.
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Prisms having %z iredge distance performed poorly resulting in larger crack areas especially for
WF and WJ wire type exhibited crack areas of 5%4imd 49.1 iArespectively. WG wire type
was found to have the smask crack area as shownFigure6-21.
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Additionally, as seen ikigure6-22, Figure6-23, andFigure6-24, similar crack patterns was

found with crack lengths. The highest value of crack length was found for WB type wire which
was 170 inon the prism with % inedge distance. Decreasing the values of edge distances
resulted in an increase in crack lengths for almost every wire type except for WJ for prisms with
e .edge distance. Prisms having Y2adge distance showed that deep chevron type wires had
the poorest behavior (WF, WH, WB wire type), and WG had the best behavior with only 23 in
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crack lengths observeBigure6-25 shows the number of wires ends with splitting cracks for
4500 psi release strength.
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Figure 6-23: Mix#2, 4500 psi,e  .iEdge DistanceCrack Length (in)
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Figure 6-24: Mix#2, 4500 psi,2 in. Edge DistanceCrack Length (in)
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Figure6-25 shows the influence of edge distance on cracking propensity.
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Figure 6-25: Mix#2, 4500 psitNumber of Wires Ends with Splitting Crack
6.2.2 Release strength 6000 psi

Increasing the release strength, resulted in crack areas that were smaller for all yipes a¥
shown inFigure6-26, Figure6-27, andFigure6-28. Wire types WJ, WM and WQ did not have
any cracks on the prism with ¥ walue of edge distance, and WB wire type showed poor
behavior having 1.9 frcrack area.
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Figure 6-26: Mix#2, 6000 psi,%. in. Edge DistanceCrack Area (in?)
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Figure 6-27: Mix#2, 6000 psi,g
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Figure 6-28: Mix#2, 6000 psi, % in Edge DistanceCrack Area (in?)
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