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ABSTRACT

The repair and strengthening of existing structures have become active research areas in civil
engineering with the objective of developing efficient means to extend the service life of bridges
to avoid the high cost of replacing transportation infrastructure. Strengthening reinforced
concrete members using near-surface mounted (NSM) titanium-alloy bars (TiABs) has recently
emerged as a feasible option to provide a simple and economical solution over other alternatives
such as carbon fiber-reinforced polymers. However, experimental investigations are still needed
to establish and verify design procedures and to enable structural reliability studies. The
AASHTO Guide for Design and Construction of Near-Surface Mounted Titanium-alloy Bars for
Strengthening Concrete Structures provides an assumed average bond strength of 1 ksi for
TiABs that have hooked anchorage. The AASHTO Guide does not provide any information on
any other type of anchorage or TiAB mounting method. This project investigated: (i) the
effective bond strength for bonded TiAB with hooked anchorage (hooked-bonded) to achieve
yielding and the assumed 1 ksi of bond strength, (ii) the effective bond strength for bonded TiAB
with no hooked anchorage at the bar ends (straight-bonded) to achieve yielding, and (iii) the
flexural behavior of TiAB that are unbonded along the length of the bar with hooked anchorage
(hooked-unbonded).

Fifteen test specimens, including one control, with varying TiAB anchorage types and
bond lengths were tested. Average bond strengths of 1.09 ksi, 0.82 ksi, and 0.55 ksi yielded a
hooked-bonded #4 TiAB in a NSM flexural bending application. The specimen that exhibited
1.09 ksi of average bond strength achieved the expected strength from the AASHTO Guide’s
nominal moment equation adapted for the use of NSM TiAB. However, improved ductility was

observed with longer bonded lengths that represent a lower average bond strength such as 0.82
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ksi. The AASHTO Guide average bond strength recommendation of 1.0 ksi for hooked-bonded
anchorage method appears to be a reasonable effective bond strength designation based on the
testing conducted in this research, but large-scale testing is recommended to gain greater
confidence for use in design documents. Average bond strengths of 0.55 ksi, 0.41 ksi, and 0.34
ksi yielded a straight-bonded #4 TiABs in a NSM flexural bending application. The specimen
that exhibited the 0.55 ksi of average bond strength achieved the expected strength from the
AASHTO Guide’s nominal moment equation adapted for the use of NSM TiAB for hooked-
bonded anchorage. However, more ductile behavior was observed with longer bonded lengths
that represent a lower average bond strength such as 0.41 ksi. 0.5 ksi for straight-bonded
anchorage methods appears to be a reasonable effective bond strength designation based on the
testing conducted in this research, but large-scale testing is recommended to gain greater
confidence for use in design documents. Specimens mounted with hooked-unbonded TiAB
achieved yielding and similar capacities as the hooked-bonded and straight-bonded strengthening
methods with larger crack widths and a lower stiffness. The observed low stiffness and large
crack widths supports other researchers’ recommendations to use hooked-unbonded TiAB for

temporary operations.

il



ACKNOWLEDGEMENTS

A big thank you to my Father in heaven and my family on Earth. Thank you to everyone
who helped get me here. Thank you to Caleb and Rob for quite literally putting this project on
their back. Thank you to Aminul for being an amazing friend and partner. Thank you to my

committee for their insight and patience with me.

...Sometimes in life the best answer is to just keep going.

Y



TABLE OF CONTENTS

1. CHAPTER 1: INTRODUCTION ......cciiiiiiiieieieiestesieeteett ettt sttt 1
1.1 General BaCKIround ..........ccoouiiiiiiiiieiii ettt et ettt ees 1
1.2 RESEATCH ODJECTIVES ....viiutieiiieiieeiii ettt ette sttt et e et e s e e beesate e bt eenbeebeesabeesseessseenseesnseenseennns 4
1.3 Research IMplementation...........ccuierieriieiienieeiie et ettt et sae et eeseeeeseesnaeenseenens 4
1.4 Research MethOdOLOZY ......c.ceeuiiiiiiiiieiii ettt ettt et st e e eseesaaeenseeees 5
1.5 ThesisS OTZAniZAtION .......c.ceecuieruieriieriieeieetie st esteesteeteeseseesseessteeseessseesaessseenseessseeseessseanseennns 5
2. CHAPTER 2: LITERATURE REVIEW ....cccoiiiiiiiiiiiiiieeeeeiesee e 7
2.1 TEEOAUCTION ...ttt ettt et a et e atesbe et eatesbeebeebtesbeenneeanens 7
22 INSM FRP .ottt et ettt ettt b e bt et ne ettt nbe b e 7
2.3 NSM With CEFRP ..ottt sttt sttt sbe b 8
24 NSM With TIAB ....ceiitieiieeee ettt ettt ettt et et enbenbesbeeaes 10
2.5 Corrosion Resistance of TItaniUm .........ccoevereeiieriinieiiinienieieee e 11
2.5.1 Bomberger, Cambourelis, and Hutchinson (1954) .........ccccoeeiiiiiiiiiiiiieieceeeeee 11
2.5.2 Platt and Harries (2018) .....cooviiieiieeeiie ettt et 12
2.6 Flexural Strengthening Studies using NSM TiAB.......cccooiriiiiiiinecceeeeee e 12
2.6.1 Laura Barker (2014)......ccuiiiiiieeeiee ettt et a s 12
2.6.2 Deanna AmMNEUS (2014) ..ooeieeriieeeeiee et et e e et e e e e aaaaa s 14
2.6.3 Higgins, Amneus, and Barker (2015) .....c.coooieiiiiiiiiiieieeeeeeee et 15
2.6.4 Platt, Harries, and McCabe (2019) .....ooooiiiiiiiieieeeeeeeeeeee et 16



2.6.5 Eric Vavra (2016) — Fatigue/Freeze-Thaw ............cccceviiiiiiienieniiciecieeee e 17

2.6.6 Eric Vavra (2016) — Hooked-Unbonded............cc.ccoovviieiiieiiiiieiicceeeeeee e 19
2.7 NSM TiAB Bond Strength Test.......cc.eeviiiiiiiiiieiieie ettt 20
2.7.1 Barker (2014) — BONA TSt .....oeiciiieiiieceiee ettt e e 20
2.7.2 Amneus (2014) — BoNd TSt .....cccuiiiiiiiieiie ettt e 22
2.7.3 Vavra (2016) — BONA TESt......uiiiiiiiiciieeeiie ettt 23
2.8 NSM FRP BONA TESt ....ccuviiiiiiiiiiieeiteeie ettt ettt ettt e te e s ae et e ssaeesaesaaeenseessseensaes 24
2.8.1 Hassan and RizKalla (2003) ......cccoiiiiiiieiie ettt e 24
2.9 TIAB Bond Research INEEdS ........c.ceeuiiriieiiieiiieiieie ettt ettt ettt e 26
2.10 Failure Modes of NSM Reinforcement...........cccueeruiriiiieniieiiienie ettt 27
2.10.1 Rupture of NSM Reinforcement...........c.cocveeiienieiiieniieeieeieesie ettt 27
2.10.2 ConCrete FAIlUI@.......cccuieiiiiiieiieeie ettt ettt et e e ebaesnneens 27
2.10.3 Intermediate-Crack (IC) Debonding...........cccceevuiriiieiieniieiienie et 28
2.10.4 EPOXY RUPIULE ....eeeiiiieiiieeiee ettt ettt ettt et e s e s e e 28
2.10.5 Critical-Diagonal-Crack (CDC) Debonding.............ccccuevuieriieniieniieiiieiieeieeiee s 29
2.10.6 End DebONAING .......ooviiiiiiiiiieiieeii ettt ettt ete et e eteesiae b e saeesaesanaens 29
2.10.7 ANChOTAZE SIIP....iiiiiiiieiieeie ettt ettt e te et e sibeeteesabeebeessaeenseesnsaens 30
2.11 Current Standards for NSM Titanium-alloy Bars...........ccccceeviiiiiiniiienieniieieeeeeeeen 30
2.11.1 AASHTO GUIde (2020) ....ccuieiiirieiieieeiieieeeesteeieeeesieesesseesreesesaeesseensessaesseessessaenns 30
2.11.2 ASTM B1009 (2022) c.eveeieiieiieeteeie ettt ettt ettt ve e sreesesaaesseessessaeseesseeseenns 34
3. CHAPTER 3: BRIDGE STRENGHTENING CANDIDATE........ccccceiieiieieeeeeeeeeee. 36
4. CHAPTER 4: TEST MATRIX AND SPECIMEN DESIGN........ccccocveviiiieiieiecieeeie e, 41

vi



4.1 Specimen Name SPECIfICAtION ........eccvieriieiiiieiieeiieiie ettt ettt ste et e saeeteeseeeebeeseneeneeas 41

4.2 Critical Test PATamMELEIS . ........cocuiiiiieiieeieeiieeie ettt ettt teesae et e siaeeteesabeesseessseensees 42
4.2.1 Hooked-Bonded TiAB TeSt MAtriX ......cccueeriieriieriienieeiieeieeiee e eieesveeieesveeseesaneens 43
4.2.2 Straight-Bonded TiAB Test MatriX .......cceerieriieriieniieiieeieerite et eie e sveeseesineens 44
4.2.3 Hooked-Unbonded TiAB Test MAtriX ......ccccveeriieriieriieiienieeiie e see e sveevee s ens 45

4.3 SPECIMEN DESIZN ....veiniiiiiieiieeieeiie ettt ettt ettt e e bt e st e e beesaaeesbeessaeenseesnsaenseessseensees 47
4.3.1 Hooked-Bonded TiAB SPECIMENS........cccueeiiieriieiieiiieiieeie et sie et ste et sve e ens 52
4.3.2 Straight-Bonded TiAB SPeCIMENS. .......cccueeiiieriieiieiiieiie ettt ettt eiee s ens 53
4.3.3 Hooked-Unbonded TIAB SPECIMENS .......oevuieruiieiieiiieiieeieeiee e et eve e sveesee e ens 54

5. CHAPTER 5: SPECIMEN MATERIALS AND FABRICATION........ccoooceceicccrrrrrrcrscscee 57

ST MALETIALS ..ottt ettt et ettt et e et e e et e enbeeenbe e teeenaeenbeeenbeeseennaeens 57
5.1.1 Steel Material TSt ....ccuieiiieiieeiieiie ettt ettt e et e et e eebeensee e 57
5.1.2 Titanium Material TeSt ......cccueeiuiiriiiiieiie ettt e 59
5.1.3 CONCIELE PrOPETIES ..ccuvvieuiieiieeiiieeiie ettt ettt ettt ettt e et e e eeateeaeesabeensaesnseenseennns 62
5. 1.4 EPOXY PTOPETLIES ....uvieeiieiieiieetieeite ettt ettt ettt ettt et e sebe e b e enbeesaesnseenseennns 65

5.2 Steel ReINTOrcemMENt CaZES .......eeruieriieiiieiiieiieeieeieeeieeieesteeteesteebeeseaeeseesnaeesseessseeseessseens 65

5.3 CoNCrete PIACEMENL .....cc.eiiiieiiiieiiecii ettt ettt ettt et e s e e teeeabeenbeessneesaesnseens 66

6. CHAPTER 6: TESTING PROGRAM........cocteiieiiiieiececteee ettt 70

0.1 TSt SOt U .eiiiiiieiiiie ettt ettt e s e e st e e sab e e etb e e esateessbbeesabbeesbeeesnbeeenabeeenns 70

6.2 INSEIUMENTATION ...vvtieiiieiieeiie ettt te ettt ettt ee st e e e e s tteesbeessaeensaeesbeesseessseenseesnseanseesssesnseensseans 71

6.3 Strain Gauge INStallation.........c.coouiiiiiiiiiiii e et eae e 74

vii



6.4 10ad ProtOCOL.. ..o o 77

7. CHAPTER 7: PRE-CRACKING AND TIAB INSTALLATION.......ccccvevtieieieieeeerenee. 78
7.1 Pre-Cracking of the SPeCIMENS..........oeiiiiiieiiieiiieieeie ettt eae e aeeeeeseae e 78
7.2 Preparing the TiAB for InStallation ..........c.cocieiiiiiiieiiiieiieeie et 80
7.3 Preparing the Concrete Specimen for NSM Strengthening ...........c.ccceeveveevienciienieniieenieenieens 82
7.4 Near-Surface Mounting of the TIAB ........coooiiiiiiiiee e 87
8. CHAPTER 8: EXPERIMENTAL BEHAVIOUR, RESPONSE, AND DISCUSSION....... 89
8.1 Experimental Behavior and RESPONSES..........cocuieiiieriiiiiieniieeiieiie ettt e 89
1.1 RUCON L.ttt ettt ettt ettt s bt bt est et e et e b e beeseenes 89
8.2 HOOKEd-BONAEA TESLS.....uerueiiiiiiiiiiiieieeiterieete sttt ettt sttt sttt 96
B2 1 RUHBLIS ottt sttt ettt et e b eaes 96
8. 2.2 RUHBL20 ..ttt bttt ettt 103
8. 2.3 RUHBL30 ittt bbbt 108
824 RIHBLAD ...ttt ettt ebeeae s 115
825 RUHBLOD ...ttt bttt ebeeae 122
8.3 Straight-Bonded TeSTS......ccuiiiiiiiieeiieie ettt ettt ettt e e e beessaeenbeeseaeenseas 129
8.3 1T RUSBL30 .ttt bbbttt ettt ettt ene s 129
8.3 2 RuSBLAD ...ttt bttt ettt bt 135
8.3 4 RUSBLOD ..ottt ettt ettt ettt nbe et 141
B.3.5 RUSBLBO ...ttt bbbttt ettt ettt 147
B.3.0 RUSBLOO ...ttt eaeeae s 153
8.4 Hooked-Unbonded TeStS .......c..evieriiriirieiieieniteieee sttt 160



AT RIHULTO (.ot 160

842 RIHUL30 .ttt ettt ettt ettt ettt e et e be bt 167

843 RIHULAD .ttt ettt ettt ettt e e bbb ene s 173

B4 A RIHULOO ..ottt ettt ettt ettt ae s e s bt 179
8.5 Summary of Tested SPECIMENS.........ceviiiiiiiiiieiieie ettt et eiae e seaeeeeas 185
8.6 Hooked-Bonded RESUILS ..........coouiiiiiiiiiiieiieieeeeeeee et 190
8.7 Straight-Bonded RESUILS ..........cooiiiiiiiiiiiieee e 192
8.8 Hooked-Unbonded ReESULLS .......c..cocuiriiiiiiiiiiieiesceeceee e 194
B0 DIUCHILIEY .ttt ettt ettt et e et e et e saaeesbeesabeenseeesbeenseeesbeenseensseenseas 196
9. CHAPTER 9: SUMMARY AND CONCLUSIONS .....coootiiiiiiiniiriniesieieeeeee e 199
0.1 SUIMIMATY ...ttt ettt e et e et ee ettt e eabeeeasbeesnsbeesasbeesnsaeesnbeeenaseeas 199
9.2 Hooked-Bonded COonCIUSIONS .........c.coiiriiiiiiiiiiiieniiesieeie ettt 200
9.3 Straight-Bonded COoncIUSIONS .........ccceeviiiiiieiiieiieeieeie ettt bee s eeeas 200
9.4 Hooked-Unbonded CONCIUSIONS .......cc.eeriiriirieniieieniierieeie sttt ettt s 201
9.5 Remarks on Member DUCHIILY........cc.eeiiiiiiiiieiecieee e 201
0.6 ReESEATCH INEEAS ..ottt sttt sttt 201
10.  REFERENCES ..ottt sttt ettt 202
11. APPENDIX A: FIELD INSTALLATION PROCEDURE.........cccceeeiiiiiiieiiieeeeee. 206
A.1 —Hooked-Bonded Bars..........cocoiiiiiiiiiieieieeeeeee et 206
A.2 — Straight-Bonded Bars...........ccooiiiiiiiiiciee ettt 210

X



A3 —HOOKEA BONAEA BATS ... eeeeeaeseseneeeennnnns 210

12. APPENDIX B MILL CERTIFIED TEST REPORTS......cccceiiiiiiiiieieeeceee 211
13. APPENDIX C: BAR BENDING WORK INSTRUCTIONS........coociiiiiiinienieeeee 213
14. APPENDIX D: HILTT EPOXY CURE TIMES ......cooiiiiiiiiiiieeeceeeeeseeeee 220
15. APPENDIX E: EXAMPLE CALCULATIONS......oooiiiiiiiieieeceecee e 221
16. APPENDIX F: CULLMAN BRIDGE CONCRETE CORE STRENGTHS.................. 223



TABLE OF FIGURES

Figure 1.1 — Near Surface Mounting of Reinforcement ..............ccccoveeviniiiniininineniiienceee 3
Figure 2.1 — Stress Strain Curve of CFRP and Other Fibers (Subagia and Kim, 2014)................. 8
Figure 2.2 — Load vs Deflection FRP Reinforced Bridge Girder (Bertolotti, 2012) ...................... 9
Figure 2.3 — Stress Strain Curve of TiAB with 0.2% offset yield ........ccooceeviniiiiniiniiice 10

Figure 2.4 — NSM TiAB Retrofitted Beam with Inadequate Detailing (- Moment) (Barker, 2014)

....................................................................................................................................................... 13
Figure 2.5 - NSM TiAB Retrofitted Beam with Inadequate Detailing (+ Moment) (Amneus,

20T ) e bttt b et e a e bt e bt a e e bttt e ht e bt et eat e bt e bt eatenae e 14
Figure 2.6 - Mosier Bridge with Critical Section circled (Higgins et al., 2015b) ........ccceevenneene. 15
Figure 2.7 - Mosier Girder and Cross Section with NSM TiAB (Higgins et al., 2015b).............. 16
Figure 2.8 - Straight Bar (Top) and Hooked Bar (Bottom) NSM Retrofit (Platt et al., 2019) ..... 17

Figure 2.9 — Epoxy Anchors (top) and Prestressing Chuck Anchors (Bottom) (Vavra, 2016).... 19

Figure 2.10 - Pull-out test (Barker, 2014).......ccooiiieiieieeiieeie ettt 21
Figure 2.11 - Modified ASTM A944 (2010) for Development Length (Amneus, 2014)............. 22
Figure 2.12 - Inverted Half Beam Bond Test Setup (Vavra, 2016).......ccccceeveeviieneenireienieenee. 23
Figure 2.13 - Test Specimen and Reinforcement (Hassan and Rizkalla, 2003) ...........cccccecvenneene. 25
Figure 2.14 - Ultimate Strain vs Bond Length (Hassan and Rizkalla, 2003) ........ccccccceviriennnnne. 26
Figure 2.15 - IC Debonding (Zhang et al., 2017) ....cceeviiiiiiiniieiieeie ettt 28
Figure 2.16 — Epoxy Rupture (Al-Mahmoud, et al. 2009)........c..cccceriiniininiiniireneeeeeee 29
Figure 2.17 - End Debonding (Zhang et al., 2017) .....ccocuiiiiiriiiiieieeeeeeeeeeee et 30
Figure 3.1 - Location of Cullman Bridge (Google Maps 2021) ......c.cccceeviievienieenienieeieeeieeneen 36
Figure 3.2 - Cullman Bridge and Posted Weight Limit Sign..........ccoccoveeiiniiiniinininiiecienee 37

Xi



Figure 3.3 - Cullman Bridge Schematic with Critical Sections Highlighted................cccccocenen. 39

Figure 4.1 - R-HB.40 DIaWing......cc.coiiiiiiiiiiieiienieeiectestete ettt st 42
Figure 4.2 - Three-Point Test Moment Diagram ...........cccceverierienieniinieneeieneeiese e 46
Figure 4.3 - Beam Flexural Reinforcement and Cross SECtions..........cccceveevereenienieneenienieneenn 48
Figure 4.4 - StITUP LaAYOUL .....oouiiiiiiiiecieee ettt ettt ettt e et eesabeebeesnseensaes 49
Figure 4.5 — Strengthened Beam Moment vs Curvature using Fiber Model.........c...cccooeeienee. 51
Figure 4.6 - Hooked-Bonded Specimen DeSign .........ccccueeiieriiieiiieniieieeeieeieeeee et 52
Figure 4.7 - R-HHB.15 SHITUP SPACING......eiiiiiiiiiriiieiieeie ettt ettt et seae b e seae e 53
Figure 4.8 — Straight-Bonded TiAB Specimen Design ........ccc.cveevieriinienienienieieniesieeieeeeneeene 54
Figure 4.9 - Hooked-Unbonded TiAB Specimen Design..........cccceeveeviieniieniieniieiieeieeieeeee e 55
Figure 4.10 — Normal Hooked-Unbonded (Left) and R.HU.60 (Right) Cross Sections .............. 56
Figure 5.1 — Reinforcing Steel Tensile Test .......coveveriiriiiiiiinieiereeeeeeee e 58
Figure 5.2— Steel Reinforcement Measured RESPONSE........co.vevveeviiriiniiiiiieienieienienceeee e 59
Figure 5.3— TIAB TenSIle TeSt....cc.eeiiiiiiiiiieiieniieieee e s 60
Figure 5.4— TiAB Measured RESPONSE.......ccuerieriiiiiiiiiniieiieiienieeie sttt 62
Figure 5.5— Compressive Strength Gain of Concrete over TImMe .......cccceveeverienierieneeneeienene 64
Figure 5.6— Rebar Cage (left) and Lifting Hardware (Right)...........ccooviiiiiiiniiiniiiiiieieee, 66
Figure 5.7— Concrete Forms and Sliding Funnel.............ccccoooiiiiiiiniccee 67
Figure 5.8— Test Cylinders for Strength Evaluation............cccccoceeviiiininniniiniineenceceee 68
Figure 5.9— Concrete Casting, Vibrating, and FiniShing.........c..ccccoceviiiiniiniininicneneeenee 69
Figure 5.10 — Beams after Placement (Left) and During Curing (Right) .......cccccoevivviiiiniennnnnnen. 69
Figure 6.1— Test Set Up for NSM TiAB Bond Test........cooiriiriiniiniinieieeieneeieeeseee e 70
Figure 6.2— Pin Support (left) and Roller Support (Right)..........ccccuveiiiiiiiiniiniiiieeeieee, 71

Xil



Figure 6.3— Instrumentation Layout — Elevation VIew .......c...ccceocerviiniiiiniiniencnenceceeeneene 72

Figure 6.4— Bottom View of Strain Gauges (Top) and LPTs (Bottom)...........ccceevevvreuiennennen. 72
Figure 6.5 — Strain Gauges and Epoxy Post-Test ........cccceeoieriiiiiiriieieeieeiee e 74
Figure 6.6— Strain Gauge on Tension StEel..........ccceriiriiiiiiiniirieiieeeecee e 75
Figure 6.7— Strain Gauges with Polysulfide Coating ............ccccceeviiriieniienieniieieee e, 76
Figure 6.8— Strain Gauge attached to TIAB ......cccooiiiiiiiiiiiieee e 77
Figure 7.1— Example Tensile Strain vs Displacement (Left) Load vs Displacement (Right)..... 78
Figure 7.2— Crack initiation during Pre-Cracking...........cccoeviievieriiiiieniieiecieeeeee e 79
Figure 7.3— Typical Crack Pattern at end of Pre-Cracking ...........ccoceveeviviiinienenienieneeienene 80
Figure 7.4 — TiAB Heating (Left) and Bending (Right) .........cccoooiiiiiiiiiiiiiiiieeeeeee, 81
Figure 7.5— TiAB with Wedge and Strain Gauges...........cceeeveeviierieeiiienieeiieeie et eve e 82
Figure 7.6— Custom 0.75 in. wide blade and Corresponding Groove ...........cccceeveeevrenueenveenen. 83
Figure 7.7— Track Saw Mounted on Beam...........cccccooiiiiiiiiiiiniiniiieeccceeeceee e 84
Figure 7.8— Hammer drill used for Hole (Left) and Bevel (Right) .......c.cccoooveviiienieniiiiiienen. 85
Figure 7.9— Chiseling to Refine BeVel .......ccoooieiiiiiiiiiiiiiiice e 85
Figure 7.10— Low-Pressure Water Blasting with Abrasives ..........ccccoeceeveeienieneniieneenenieneenn 86
Figure 7.11— Before (Left) and After (Right) Water Blasting with Abrasives..........ccccccccevennee. 87
Figure 7.12— First Lift of Epoxy appliCation...........ccceeuieiiieiiieiiienieeieeeie et 88
Figure 7.13— Installed TiAB after Final Epoxy Lift.........cccoooiiiiiniiiiiiiieieeee e, 88
Figure 8.1— R.CON Load versus DiSplacement ...........c..coceruerierieriinienenieneeiesee e 92
Figure 8.2— R.CON ProgresSion.........coueiuieiiirienieeieniiesitesteeite sttt ettt s 93
Figure 8.3 — RICON Load VErsSUS StraiN .....cccuerieriieiierieniieieeiieniceie sttt 94
Figure 8.4 — R.CON Moment versus Curvature RESpOnSe...........cccevvereerieeienienienieneenieeieneeenne 95

Xiii



Figure 8.5— R.CON Moment versus Curvature Response with Shorter Axis Limit................... 96

Figure 8.6— R.HB.15 Load versus Displacement.............ccccecueriininiinieninieneeieniesceeee e 99
Figure 8.7— R.HB.15 Progression.......cc.ceouiiiiriiiiirieiieienieesieeiesitete ettt 100
Figure 8.8— RUHB.15 POSt-TESE ...c..eruiiiiiiiniieiiiiesitetteesie ettt 101
Figure 8.9 — R.HB.15 Load versus Strain ReSPONSE.........cccueverierieniieienienienienieeieeieseeee s 101
Figure 8.10 — R.HB.15 Moment versus Curvature Response............ccecceveenerieneenenieneenennens 102
Figure 8.11— R.HB.15 Moment versus Curvature Response with Shorter Axis Limit............. 102
Figure 8.12— R.HB.20 Load versus Displacement Response..........ccccceeveeriieniienieenienieeieene, 105
Figure 8.13— R.HB.20 ProgresSion........cccuiiiiriiiiiiiieiieieiitesieetesiteie ettt 105
Figure 8.14— R.HB.20 POSt-TESt ....oouiiiiiiiiiieiieiestet ettt 106
Figure 8.15 — R.HB.20 Load versus Strain RESPONSe...........ccceevuirieiiirieniinienienieieeieseeieeens 107
Figure 8.16 — R.HB.20 Moment versus Curvature Response.............cecceveeverieneenieniieneenennens 107
Figure 8.17— R.HB.20 Moment versus Curvature Response with Shorter Axis Limit............. 108
Figure 8.18— R.HB.30 Load versus Displacement Response..........ccccceeveeriieniienieeneenieeieenne, 111
Figure 8.19— R.HB.30 PrOgreSsion........c.coouiiiiieiiieniieiieeie et eie ettt et seve et eseaeenseesaeesee e 112
Figure 8.20— R.HB.30 POSt-TESt .....ccueeiiieiiiiiiieiieeie ettt ettt 112
Figure 8.21 — R.HB.30 Load versus Strain RESPONSe...........ccceevueriiriiriieniinieiienieiceieseeeeeens 113
Figure 8.22 — R.HB.30 Moment versus Curvature ReSponse...........ccccceevvveriieniienieenienieeieene 114
Figure 8.23— R.HB.30 Moment versus Curvature Response with Shorter Axis Limit............. 115
Figure 8.24— R.HB.40 Load versus Displacement Response...........cccceevveriieniiencieenienieeieene, 118
Figure 8.25— R.HB.40 ProgresSion. .......cccuiiiiriiiiiinieiieiesitenieeiesi ettt sttt 119
Figure 8.26— R.HB.40 POSt-TESt ....ocuviiiiiiiiieiieiesteteeeeee ettt 119
Figure 8.27 — R.HB.40 Load versus Strain RESPONSE...........cccevvuirieriiriiniinienieniceieeieneeieeins 120

X1V



Figure 8.28 — R.HB.40 Moment versus Curvature ReSponse...........cccceevveriieniienieeneenieeieene 121

Figure 8.29— R.HB.40 Moment versus Curvature Response with Shorter Axis Limit............. 122
Figure 8.30— R.HB.60 Load versus Displacement Response..........cccceeveerieeniienieeneenieeieene, 125
Figure 8.31— R.HB.60 ProgresSion........cccuiiiiriiiiiiiieiieieiieerieetesiteie ettt 126
Figure 8.32— R.HB.60 Post FAIlure .........c.cocoeiiiiiiiiiiiiiiieeeee e 127
Figure 8.33 — R.HB.60 Load versus Strain RESPONSe...........ccceevuerieniirieniinenieniceieeieneeeeens 127
Figure 8.34 — R.HB.60 Moment versus Curvature Response............cceceveeverieneenienieneenennens 128
Figure 8.35— R.HB.60 Moment versus Curvature Response with Shorter Axis Limit............. 129
Figure 8.36— R.SB.30 Load versus Displacement Response ............ccceeveriienieniienienieeneene, 131
Figure 8.37— R.SB.30 ProgreSSION .....c..ccoueiieriiiiieiieieeienitenie ettt sttt sttt s 132
Figure 8.38— R.SB.30 POSt-TESt .....cciiiuiiiiiiiiiiiiesiteteeeetee ettt 132
Figure 8.39 — R.SB.30 Load Strain RESPONSE .......ccccevueriirieniiiieniieieeientesie et 133
Figure 8.40 — R.SB.30 Moment versus Curvature ReSponse ..........ccceecveviererieneenieniieneenennens 134
Figure 8.41— R.SB.30 Moment versus Curvature Response with Shorter Axis Limit.............. 135
Figure 8.42— R.SB.40 Load versus Displacement Response ..........c.cccoeveeviienieniieneenieeieene, 137
Figure 8.43— R.SB.40 ProgreSSion ........cccueiieriiiiierienieeienieenie ettt sttt 138
Figure 8.44— R.SB.40 POSt-TESt .....ccuiiuiiiiiiiiiiiieeiteteeeriee ettt 138
Figure 8.45 — R.SB.40 Load versus Strain ReSpONSe ...........cccevvuerierieeienienenienceieeieneeeeeens 139
Figure 8.46 — R.SB.40 Moment versus Curvature ReSponse ..........cccceceveererieneeneniieneenennns 140
Figure 8.47— R.SB.40 Moment versus Curvature Response with Shorter Axis Limit.............. 141
Figure 8.48— R.SB.60 Load versus Displacement Response ............cccoeeveviienienciienienieeieene, 143
Figure 8.49— R.SB.60 ProgreSSIiOn ......ccc.eeruiiiiieiiieiiieiieeie et siteeieesteeseeseeeenseesnneeseesaseenseennns 144
Figure 8.50— R.SB.60 POSt-TESt ......cceeriieiiieiieiieeie ettt ettt eee 144

XV



Figure 8.51 — R.SB.60 Load versus Strain ReSpPONSe ...........ccceevuerierieeienienenienceiceieneeeeeiens 145

Figure 8.52 — R.SB.60 Moment versus Curvature ReSponse ..........ccccecvereererieneenenieneenennens 146
Figure 8.53— R.SB.60 Moment versus Curvature Response with Shorter Axis Limit.............. 147
Figure 8.54— R.SB.80 Load versus Displacement Response ...........cccoeeeeviieniieniienienieeieene, 149
Figure 8.55— R.SB.80 ProgreSSiON ........cccuerieriiiiierieieeieiitesie ettt sttt et 150
Figure 8.56— R.SB.80 POSt-TESt .....cceiiiiiiiiiiiiiieiitetteterie ettt 150
Figure 8.57 — R.SB.80 Load versus Strain ReSPONSe ...........ccceevuerierierieniininieneeiceieseeeeeins 151
Figure 8.58 — R.SB.80 Moment versus Curvature ReSponse ..........ccccecveveeverieneenenieneenennens 152
Figure 8.59— R.SB.80 Moment versus Curvature Response with Shorter Axis Limit.............. 153
Figure 8.60 — R.SB.96 Load versus Displacement Response...........ccccceeveeriienienciienienieeieene, 156
Figure 8.61 — R.SB.O6 ProgreSSiON. . ...cc.eiuiiiiriiiieniienieeiesitesie ettt sttt 157
Figure 8.62 — R.SB.O6 POSt-TESt .....ccueiiuiiiiiiiiiiiiesiteteeeree ettt st 157
Figure 8.63 — R.SB.96 Load versus Strain ReSpONSe ...........ccceevuerieniiriienienenienceiceieneeieeins 158
Figure 8.64 — R.SB.96 Moment versus Curvature ReSponse ..........ccceeceveererieneenenieneenennens 159
Figure 8.65 — R.SB.96 Moment versus Curvature Response with Shorter Axis Limit.............. 160
Figure 8.66— R.HU.10 Load versus Displacement..............cccoeeuerieneriiniinenienieneeieneeeeens 163
Figure 8.67— R.HU.10 ProGreSsion ........cccocueriiiiirieniieieniienieiiesiteieeie sttt 164
Figure 8.68— R.HU.T0 POSt-TESt ....cc.eeiuiiiiiiiiiiiesiteteeteeeee ettt 165
Figure 8.69 — R.HU.10 Load Versus Straif...........ccocuereriierienieniienieieeieseesie st 165
Figure 8.70 — R.HU.10 Moment versus Curvature ReSpOnSe..........ccceecveriererieneenieniieneenennens 166
Figure 8.71— R.HU.10 Moment versus Curvature Response with Shorter Axis Limit............. 166
Figure 8.72— R.HU.30 Load versus Displacement ReSponse.............ccceeeerieeriienieeneenieeneenne 169
Figure 8.73— R.HU.30 ProreSsion .......ccc.coieriiiierieniieieniiesieeiesiteie ettt 170

XVi



Figure 8.74— R.HU.30 POSt-TESE ....ccueeiuiiiiriiiiiiieriieteeteee ettt 170

Figure 8.75 — R.HU.30 Load versus Strain RESPONSE ..........cccervuerienieriieniinenieniceieeieneeieeens 171
Figure 8.76 — R.HU.30 Moment versus Curvature ReSpOnse..........ccceecverienerienieenieniieneeniennens 172
Figure 8.77— R.HU.30 Moment versus Curvature Response with Shorter Axis Limit............. 173
Figure 8.78— R.HU.40 Load versus Displacement..............ccceevuerienerienienenieneeeeieneeeeeens 175
Figure 8.79— R.HU.40 ProGreSsion .......ccc.eeieriiiiiirieniieieniienieeie sttt sttt 176
Figure 8.80— R.HU.40 POSt-TESE ....cc.eeiuiiiiiiiiiiiieiiiesteeert ettt 176
Figure 8.81 — R.HU.40 Load versus Strain REeSPONSE ..........cccervuerienierienienenienieeieeienieeiesiens 177
Figure 8.82 — R.HU.40 Moment versus Curvature ReSpOnSe..........ccceecverienerienieenieniieneeniennens 178
Figure 8.83— R.HU.40 Moment versus Curvature Response with Shorter Axis Limit............. 179
Figure 8.84 - R.HU.60 Load versus Displacement ReSponse...........ccccueeveeriieniienieenieenieeieene, 181
Figure 8.85 - R.HU.60 ProgresSion ........cccuivieriiiiiirieniieieniiesieeie sttt sttt 182
Figure 8.86 - R.HU.O60 POSE-TESE .....couiiiiiiiiiiieiieiesiteieeeeee ettt 182
Figure 8.87 — R.HU.60 Load versus Strain RESPONSE ..........ccceruerienierienienienienieeieeienieeieeiens 183
Figure 8.88 — R.HU.60 Moment versus Curvature ReSpOnSe..........ccceecverienerieneenienieneenennns 184
Figure 8.89 - R.HU.60 Moment versus Curvature Response with Shorter Axis Limit.............. 185
Figure 8.90 — All Specimens Load versus Displacement Response...........cccceceveevericneenennens 186
Figure 8.91 - Peak Load versus TiAB Length for all Anchorage Methods...........c.cccoevveenneenee. 188
Figure 8.92 - Deflections at Failure for Specimens that reached TiAB Yielding............c......... 188
Figure 8.93 - Hooked-Bonded TiAB Load versus Displacement...........c..cccceevueveeneniieneenennns 192
Figure 8.94 - Straight-Bonded Load versus Displacement.............cccceeeeviinenienieneniieneenennns 194
Figure 8.95 - Hooked-Unbonded Load versus Displacement.............ccceveeverienienenieneenennns 196
Figure 8.96 — Ductility Ratios using Steel Yield .........ccoccovieniiiiniiiiiiiniiiiececceees 197

Xvil



Figure 8.97 - Ductility Ratios using TIAB Yield........cccocceviiniiiniiiiiieeceeee

Xviii



TABLE OF TABLES

Table 2.1 - Results and Comparison of Fatigue and Freeze/Thaw Test (Vavra, 2016)................ 18
Table 2.2 - Pin Diameters and Overall Tail lengths (obtained from AASHTO (2020)) .............. 33
Table 2.3 - Groove Dimensions and Spacing Requirements (adapted from AASHTO, 2020).... 34

Table 2.4 - Ti-6Al-4V Chemical Composition (obtained from ASTM Committee B10 2020) ... 34

Table 3.1 - Locations with Flexural Strength Deficiencies Based on EV3 Load Case................. 38
Table 4.1 - Hooked-Bonded TiAB Test MatriX........cocveviirierienieienienieeiesiiesieeie st 43
Table 4.2 - Hooked-Bonded TiAB Assumed Average Bond Strengths using Measured f,7; ....... 44
Table 4.3 — Straight-Bonded TiAB Test MAtriX ......c.cocveviiieriieeiieiieeieeieeeee et eie et eiee e ens 44
Table 4.4 - Straight-Bonded TiAB Assumed Average Bond Strengths using Measured f,7; ....... 45
Table 4.5 - Hooked-Unbonded TiAB Test MatriX........coceevuirienierienienienienienieeieseenie e 47
Table 4.6 — Strength PrediCtions.........ccccviiiiiiiiieiieeie ettt eae e aeeieeseae e 50
Table 4.7 — Predicted Strengths at Reinforcement Yielding........cccoocveverveniininiiniencnnieniencenee, 51
Table 5.1— Reinforcing Rebar Tension TeSS .......ccceerieriiieriieniieiieeieeieeeee ettt ens 59
Table 5.2— TiAB Material Property AVEIages........ccceevueriuieriieriieniieeieenieeseeesieesieeseesneesseesneens 61
Table 5.3 — Concrete MiXture PrOPOITIONS ........cc.eeivieriieriiieiieeieeiieeieeieeeeeeiee e eieesneeseeeseaeens 63
Table 5.4 — Concrete Strength Test RESUILS.......cc.coiciiiiiiiiiiiiieiieee e 64
Table 5.5— Fully Cured Epoxy Properties Adapted from (Hilti, 2021).......ccceeviirienennenienenne. 65
Table 5.6— Concrete Fresh Properties..........oocuieiieiiiiiiieiiieiiecie ettt ens 68
Table 8.1 — Strength Comparison t0 CONLIOl.........cc.eeeiiiiiiiiiieieeiiee et 189
Table 8.2 - Hooked-Bonded Load and Displacements ..............ccoecueevieeiienieniieenieeieeeeeee e 190
Table 8.3 — Summary of Hooked-Bonded TiAB Results ..........cccccveeviieiieniiiiieiecieeeeeeee, 191
Table 8.4 - Straight-Bonded Loads and Displacements..............ccccueerieeciienieniieenienieeiie e 193

XiX



Table 8.5 - Straight-Bonded Yield Results...........ccc.c........

Table 8.6 - Hooked-Unbonded Loads and Displacements

XX



CHAPTER 1: INTRODUCTION

1.1 General Background

According to National Bridge Inventory (NBI) data, over 60 percent of US bridges are made of
concrete, and bridges built before 1970 are nearing the end of their service life; additionally, the
rapid growth in the volume and weight of truck traffic during recent decades is seriously
affecting the long-term performance of bridges (Nowak and Latsko, 2018). Many bridges that
were built in the 1950s and 1960s had inadequate reinforcement detailing (Adkins and George,
2017). Thus, repair and strengthening of deteriorated structures have become active research
areas in civil engineering with the objective of developing efficient means to extend the service
life of bridges to avoid the high cost of replacing transportation infrastructure. Therefore,
improvements to the load carrying capacity or fatigue performance may be required for existing
reinforced concrete (RC) bridges to extend their service life further or adapt to new serviceability
conditions. Common reasons for bridge strengthening include: (i) outdated design or detailing
practices, (ii) repurposing of the bridge, (iii) increase in traffic volume, (iv) increase in the
weight of vehicles crossing the bridge, and (v) damage (e.g., fire, vehicle collision, corrosion,
delamination, material fatigue, and chemical degradation).

Several strengthening methods have emerged for RC bridges because
repairing/strengthening a bridge is more economical than replacing one. Common
repair/strengthening methods include increasing member size, external post-tensioning, rebar
planting, externally bonded plates, externally bonded carbon fiber reinforced polymer (CFRP)
sheets, near-surface mounting (NSM) of CFRP strips/bars, among others. Increases in self-

weight, requirements of skilled labor, complicated stressing procedures, careful and lengthy



surface preparations, as well as non-ductile failure modes are all drawbacks to current techniques
(Vavra, 2016). Near-surface mounting of CFRP is a common repair/strengthening method
because it results in minimal damage to the structure, does not require skilled labor, and does not
increase the self-weight of the bridge. In the NSM method, a groove is cut into the tension side
of the concrete and then the reinforcement is epoxied into the center of the groove, see Figure
1.1. CFRP is used because it has high mechanical strength, high corrosion resistance, and low
unit weight. NSM with FRP is not a perfect solution because the stress-strain performance of the
FRP is brittle (Subagia and Kim, 2014).

Researchers at Oregon State University (OSU) tested titanium-alloy bars (TiABs) as
reinforcement by using the NSM method. Titanium has similar advantages as CFRP because it is
highly resistant to corrosion, but it also exhibits a ductile stress-strain response like steel and can
be anchored by mechanical hooks. The inelastic deformations after the TiABs yield results in a
ductile failure mode that is consistent with how RC is designed to fail in flexure. The mechanical
anchors allow stresses in the bar to develop with shorter embedment lengths. The mechanical
anchors also add redundancy to the system by connecting the TiAB to the concrete with bearing
forces on the inside of the hooks in addition to the bond with the epoxy. OSU researchers
successfully strengthened a bridge in Mosier Oregon with NSM TiABs (Higgins et al., 2015b). A
design guide for NSM TiABs was developed by the OSU researchers and Oregon DOT
engineers based on their experience and published by The American Association of State
Highway and Transportation Officials, the ASHTO Guide for Design and Construction of Near-
Surface Mounted Titanium-alloy Bars for Strengthening Concrete Structures (AASHTO, 2020).

The AASHTO Guide assumes an average bond strength of 1.0 ksi is achieved in hooked-bonded



applications based on conclusions drawn for FRP strengthening in the Guide for the Design and

and Construction of Externally Bonded FRP systems (ACI Committee 440, 2017).

Pre-Existing Reinforcement

Concrete\

™~

-

Epoxy NSM Reinforcing Bar

Figure 1.1 — Near Surface Mounting of Reinforcement

Most of the research regarding NSM TiABs investigated mounting the bars into an
epoxied groove with hooks penetrating the concrete (hooked-bonded). There are common
constraints that have led to the investigation of other mounting methods. These constraints
include (i) shallow decks that the TiAB hooks could penetrate through, (ii) unknown location of
original mild reinforcing steel that could interfere with TiAB hook holes, and (iii) time of
installation due to lane or railroad closure costs. One investigated method is to epoxy the TiAB
into the groove without having hooked end anchorage (straight-bonded). This method provides
little disturbance to the existing concrete because drilling holes for the hooks is not required. The
straight-bonded method can also be useful in shallow deck conditions where there is not
adequate depth for a standard hooked anchorage. The effective bond strength of straight-bonded

NSM TiABs is unknown and needs to be investigated. Another investigated method that



mitigates these constraints is to mount the TiAB to the concrete by epoxying the hooked ends
into the concrete exclusively and unbonded along the length of the bar (hooked-unbonded). This
method significantly reduces installation time becuase the groove cutting process is not required.
Minimal research has been conducted on this mounting method aside from OSU. The hooked-
unbonded installation method’s minimal research accompanied by the potential industry impact

motivated a further investigation.

1.2 Research Objectives

Different mounting methods for NSM TiAB as strengthening applications for reinforced
concrete bridges with flexural strength deficiencies are evaluated in this thesis. The main
objectives are listed below:

1. Determine the effective bond strength to achieve yielding of NSM TiABs with hooked-
bonded anchorage and compare it to the assumed 1.0 ksi of average bond strength
mentioned in the current standard.

2. Determine the effective bond strength to achieve yielding of NSM TiABs with unhooked
straight-bonded anchorage and develop effective bond strength recommendations for
design.

3. Investigate the behavior of hooked-unbonded NSM TiABs and provide design

recommendations.

1.3 Research Implementation

This study is part of comprehensive research where the goal is to strengthen strength-deficient
RC bridges in Alabama. The overall research project includes 5 project-tasks. Task 1 — material-
level experimental studies, task 2 — member-level experimental studies, task 3 - analytical mode

development and verification, task 4 - preparation of strengthening guidelines and bid



documentation, and task 5 — preparation of final project report. Task 1 is the focus of this thesis.
The results from this thesis were taken under consideration when deciding embedment lengths of

the TiABs for task 2.

1.4 Research Methodology

This study was conducted to experimentally investigate the bond behavior of near surface
mounted Titanium-alloy bars used to strengthen concrete beams. Hooked-bonded, straight-
bonded, and hooked-unbonded mounting methods were observed on 15 different concrete
beams. The concrete beams were cast in Auburn, Alabama on November 16, 2021. The
specimens were pre-cracked prior to the installation of the TiABs. The strengthened specimens
were loaded until failure, which was defined as a 5% reduction in strength. The loading of the
concrete beam commenced from May to August of 2022. The displacement, reinforcing bar
strains, and curvature were recorded to evaluate the bond behavior. Conclusions were drawn
based on a comparison to a control beam that was not reinforced with NSM TiABs, a numerical
model that accounted for the additional TiAB, and the nominal capacities of the strengthened
concrete utilizing equations from the AASHTO Guide for Design and Construction of Near-

Surface Mounted Titanium-alloy Bars for Strengthening Concrete (AASHTO, 2020).

1.5 Thesis Organization
Chapter 2 provides a literature review of the use of NSM TiABs, with an emphasis on research

conducted at Oregon State University and University of Pittsburgh. Chapter 3 discusses a

strength-deficient bridge in Coleman, Alabama that is the potential candidate for the first bridge
in Alabama to be strengthened using NSM TiABs. Chapter 4 presents the specimen design and
test matrix to achieve the research objectives. Chapter 5 discusses the mechanical properties of

the materials used and the construction of the specimens. Chapter 6 includes the testing program



where the instrumentation and load protocol are outlined. Chapter 7 presents the specimen
preparation for bond strength testing including the pre-cracking of the specimens and the
installation of the NSM TiAB. Chapter 8 present the results of the strengthened beam tests of
each bond method and provides outcomes on effective bond strength. Chapter 9 includes the

conclusions of this study and recommendations for future research.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

The development of economic and reliable concrete strengthening techniques has gained
popularity in the last decades. This is motivated by the growing need to repair our current
bridges and infrastructure as mentioned in Chapter 1. This chapter discusses common concrete
strengthening techniques, titanium corrosive properties, research on the flexural performance of
NSM TiABs, research on the bond performance of NSM TiABs, NSM TiAB bond research
needs, failure modes of concrete with NSM reinforcement, and current standards regarding the

use of strengthening with TiABs.

2.2 NSM FRP

The most common method used to strengthen existing RC structures is the addition of fiber-
reinforced polymer (FRP) composite materials externally bonded using adhesives (e.g., epoxy).
The design method and the implementation alternatives in construction for FRP have
significantly advanced over the past two decades. ACI Committee 440 created a Guide for the
design and construction of externally bonded FRP systems for strengthening concrete structures
(ACI Committee 440, 2017). Carbon fiber reinforced polymers (CFRP) are a type of FRP that
are commonly used because of their high modulus, high strength, good creep resistance, high
corrosion resistance, and low unit weight (Subagia & Kim, 2014). There are four common
implementations for retrofitting and repair with FPR: (i) sheets (Nurbaiah et al., 2010) and (Choi
et al., 2022), (ii) laminates (Bertolotti, 2012) and (Hassan & Rizkalla, 2003), (iii) near-surface
mounted (NSM) bars (Al-Mahmoud et al., 2009) and (Nurbaiah et al., 2010), and (iv) hybrid

solutions of the aforementioned (Maheswaran et al., 2022) and Hadi et al., (2022).



2.3 NSM with CFRP

CFRP reinforcement, as mentioned in section 2.2 above, has a reasonably high modulus, high
strength, good creep resistance, high corrosion resistance, and low unit weight. It has become a
popular repair application for these reasons. Despite the advantages of having a high structural
performance to weight ratio, CFRPs are (i) brittle due to a lack of a mechanical yield plateau
(Subagia & Kim, 2014) (ii) as a fiber unable to form hooks for anchorage. Subagia and Kim
(2104) tested CFRP, basalt fiber-reinforced polymer (BFRP), and hybrid composites for tensile
strengths in a universal testing machine in accordance with ASTM D 638 (2022); the results are

seen in Figure 2.1.
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Figure 2.1 — Stress Strain Curve of CFRP and Other Fibers (Subagia and Kim, 2014)
Figure 2.1 demonstrates the tensile strength of CFRP can reach 689.7 MPa (100 ksi). The
maximum tensile strain for CFRP in this case is slightly above 1%. It has become an accepted
strengthening method because it is capable of reaching significant strengths. However, as

illustrated in the figure, CFRP does not have a yield plateau. This causes significant amounts of



energy to be stored in the CFRP as it undergoes strain with no inelastic deformation. The stored
energy is released upon rupture or potential debonding of the CFRP. The lack of yielding for
CFRP results in failures at the peak load without any warnings or post-peak displacement, which
is provided by conventional RC design that can be designed to fail in a tension-controlled failure
mode. Figure 2.2 displays laboratory test beams that were reinforced with different ratios of
CFRP (Bertolotti, 2012). The last two numbers in the specimen’s name indicate the ratio of
CFRP reinforcement. LS6F00 had a yield plateau, because it did not have any NSM CFRP strips

(i.e., is the control specimen) whereas the specimens with NSM-bonded CFRP failed at peak

load.
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Figure 2.2 — Load vs Deflection FRP Reinforced Bridge Girder (Bertolotti, 2012)

CFRP is available as sheets, laminates, and bars, therefore cannot be bent into hooks

capable of having high anchorage resistance. On the other hand, metal NSM reinforcement can



bend into forming such anchorages that can potentially provide shorter development lengths and

desirable debonding failures (Barker, 2014).

2.4 NSM with TiAB

Strengthening using NSM titanium-alloy bars has emerged as a feasible option to provide a
simple and economical solution over conventional alternatives such as CFRP because of its steel-
like stress strain behavior, see Figure 2.3, and ability to be bent to achieve additional hooked

anchors.
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Figure 2.3 — Stress Strain Curve of TiAB with 0.2% offset yield
Flexural strengthening with NSM TiABs has the potential to provide additional load
carrying capacity while maintaining the ductile behavior of RC members. TiAB reinforcement
has advantageous properties as a retrofit material due to its: (i) high nominal yield strength (120-
130 ksi) (ASTM B1009 2020), (ii) steel-like stress-strain response with a well-defined yield
point and significant ductility as displayed in Figure 2.3, (iii) robust corrosion resistance and

high durability to environmental exposure conditions (Bomberger et al., 1954), (iv) no galvanic
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induced corrosions with black steel (Platt and Harries, 2018), (v) high deformability to allow
bending of bars into mechanical anchors (Perryman Company, 2021), and (vi) cost-effectiveness
compared to other alternatives (Higgins et al., 2017). Higgins et al. (2017) reported an
application of NSM TiAB for the strengthening of a reinforced concrete bridge that was

completed at a 30% cost savings compared to alternative solutions (CFRP).

2.5 Corrosion Resistance of Titanium

Titanium as a material has proven to be incredibly resistant to marine environments as well as
galvanic corrosion (S. Platt & Harries, 2018). This makes it a great material for NSM
applications because it is placed close to the face of the concrete where reinforcement is more
susceptible to atmospheric conditions. The NSM of titanium requires it to be in close contact
with the existing reinforcing steel. If galvanic corrosion were to occur, then the state of the
existing reinforcing steel could become compromised making the resisting strength of the RC

lesser than before the titanium was introduced to the system.

2.5.1 Bomberger, Cambourelis, and Hutchinson (1954)

Bomberger, Cambourelis, and Hutchinson (1954) published Corrosion Properties of Titanium in
Marine Environments. Commercially produced cold-rolled titanium strips that were 6 x 1.5 x
1/32 or 1/16 inches were tested for titanium’s corrosion properties. The titanium was exposed to
industrial and rural atmospheres during the 1950’s for approximately five years and sea water up
to four and a half years. The conclusion was that the titanium appeared to be completely

unaffected by these exposure conditions.
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2.5.2 Platt and Harries (2018)

Platt and Harries (2018) published the Study of galvanic corrosion potential of NSM titanium
reinforcing bars. This study assessed the effects of coupling Ti-6Al-4V titanium-alloy and
ASTM A615 black steel in NSM applications. Sixty-two concrete prisms were tested, each
having a single embedded No.4 ASTM A615 black steel bar. A 0.5 in. diameter titanium bar,
CFRP, or 2205 stainless steel NSM bar was embedded along one side of the prism into NSM
slots. For two years the specimens were conditioned in a cyclic temperature and humidity
environment where half-cell potential and macro couple current were monitored. The conclusion
was that the presence of Ti-6Al-4V reinforcing bars in proximity or in electrical contact with

A615 steel reinforcing bars did not result in any change in the rate or nature of corrosion.

2.6 Flexural Strengthening Studies using NSM TiAB

Oregon State University provided a series of studies using NSM TiABs. These studies evaluated
both positive and negative flexural moment strengthening as well as factors such as freeze/thaw
and fatigue cycles. Their research, as well as a study from the University of Bath, are highlighted

in this section

2.6.1 Laura Barker (2014)

Barker (2014) conducted a study in 2014 on metal NSM techniques to strengthen bridge girders
with inadequate moment capacity due to poor rebar detailing. The objective of this study was to
develop methods for NSM metallic bars as a retrofit for old bridges with inadequate detailing
and develop a design guide. Seven inverted T-beams were tested and meant to simulate bridge
girders from the 1950’s with poorly detailed flexural steel. Two different metals were used as the
NSM reinforcement - titanium and stainless steel. Different detailing inadequacies were

simulated in the beams. The inadequacies were created by inducing a crack in the beam,

12



terminating a bar before development, or by leaving a gap between the longitudinal rebar at
midspan to simulate inadequate lap splicing. Figure 2.4 illustrates a 45° crack with terminating
reinforcing steel that was retrofitted with NSM TiAB. The beam in Figure 2.4 held 420.5 kips
and displaced 1.12 inches at failure while the unreinforced comparison held 358.9 kips and

displaced 0.98 inches at failures.

P2 P2
12 ft (3.66 m) (Oélﬁm) 12f(G66m)—————————
ol—l.S in. (38 mm) | 14 spe. @ 10 in. (254 mm) (76 mm)
| 3
42in. s
N
(1069 mm) . 6 in.
[‘ N . (152 mm)
t T =i
3in. . \_ N 50.3in. 261in.
(76 mm) ™ 27 spe. @ 6 in. (152 mm)—————— NSM titanium (1278 mm)__|(660 mm)"™

12.5 {t(3.81 m) 0-0
6.5 in. (165 mm) past support

Figure 2.4 — NSM TiAB Retrofitted Beam with Inadequate Detailing (- Moment) (Barker, 2014)

The test results were that the NSM retrofitted with metallurgic bars of stainless steel and
titanium-alloy led to 17% to 39% increase in flexural capacity, respectively, a higher overall
deformation capacity, and a greater distribution of cracking compared to the control specimens.
The failures of the control specimens were shifted from non-ductile diagonal-tension failures to
ductile flexural failures. Out of the two metallurgic bars, titanium-alloy bars had the high
ultimate strength and was deemed by the researchers as the most suitable metal for NSM

strengthening.
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2.6.2 Deanna Amneus (2014)

Another thesis from Oregon State University was on a similar project by Amneus (2014). This
thesis covered three more specimens (two TiAB and one stainless steel) that were retrofitted to
increase positive moment capacity of beams with flexural deficiency. These beams were the
same as the ones tested in Barker’s study but were not inverted so the positive moment capacity
could be tested. Figure 2.5 displays one of the beams that were retrofitted for positive moment

capacity.

129 t 20" 129"
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Figure 2.5 - NSM TiAB Retrofitted Beam with Inadequate Detailing (+ Moment) (Amneus, 2014)
Amneus (2014) tested these beams and analyzed the performance of the NSM reinforcing
bars. The results demonstrated that the NSM metallurgic bar reinforcement led to an increased
moment capacity of up to 44% and ductility increase of up to 174% compared to the baseline
specimen. The failures were shifted from non-ductile diagonal-tension failures to ductile flexural
failures. The stainless-steel specimen could increase the capacity as much as the titanium-alloy
but required twice the reinforcing area. Therefore titanium-alloy bars were deemed as a more

suitable option for NSM strengthening.
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2.6.3 Higgins, Amneus, and Barker (2015)

In the appendix of both Amneus and Barkers’ theses there includes a case study conducted by
Oregon State that successfully repaired a bridge in Mosier Oregon using NSM TiAB. This
research is summarized in the conference article by Higgins et al. (2015b).

A four — span bridge that over crosses -84 in Mosier, Oregon built in the 1950s was
identified during a biennial bridge inspection in 2013 to have large cracks (0.03 inches), see
Figure 2.6. The Oregon Department of Transportation conducted a test by sweeping truck
models over the span with the prescribed rating. It was determined that the demand at the critical

section was 219 k-ft. This was 46 k-ft above the AASHTO designed moment capacity.

i §
g Joes |
cesd 8 I pzuam

Figure 2.6 - Mosier Bridge with Critical Section circled (Higgins et al., 2015b)

Higgins et al. (2015b) tested three beams to evaluate the NSM TiAB repair application
experimentally before implementing it on the Mosier bridge. The beams were called Mosier 1,
Mosier 2, and Mosier 3, Mosier 1 was a replica of the bridge as it was without any strengthening,
Mosier 2 implements the NSM TiAB after failing the reinforcing steel anchorages, and Mosier 3
applies the TiAB with the steel anchorages fully intact. Figure 2.7 illustrates the location of the

added NSM TiAB reinforcement.
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Figure 2.7 - Mosier Girder and Cross Section with NSM TiAB (Higgins et al., 2015b)

The results proved that repairing the Mosier bridge with NSM TiAB would ensure that no
shoring or even weight restrictions would be necessary in the future. The experimental girders
held more than double the required 219 k-ft. Based on the researchers estimates, the Mosier
bridge was strengthened with NSM TiAB at a cost of 30% less than a CFRP alternative. Upon
completion of the strengthening of the bridge with NSM TiABs, the weight restrictions were
lifted. This process made the Mosier bridge the first bridge to ever be reinforced with NSM

titanium-alloy reinforcement.

2.6.4 Platt, Harries, and McCabe (2019)

Plat et al. (2019) conducted a study on flexural strengthening of RC slabs using NSM TiAB
method by intentionally damaging four slabs by cutting two of four #5 steel reinforcing bars,
which reduced the flexural capacity by 40%. The goal was to see if the capacity could be
restored by using NSM TiAB. Four slabs approximately six feet in length were tested/compared
to an undamaged control slab of the same length. Two slabs were reinforced with 72-inch
straight TiABs. One of the slabs with straight bars had one #5 TiAB and the other had four
straight #5 TiAB. Two slabs were reinforced with 16-inch hooked TiABs. One of the slabs with

hooked bars had one #5 TiAB and the other had four hooked #5 TiABs. The elevation view of
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the retrofits as well as the cuts made to the longitudinal rebar to damage the slab is shown in

Figure 2.8. The dimensions provided in Figure 2.8 are in millimeters.
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Figure 2.8 - Straight Bar (Top) and Hooked Bar (Bottom) NSM Retrofit (Platt et al., 2019)
These slabs were then tested under 3-point loading until failure and compared to the
control slab. The researchers concluded that NSM TiABs could be used for repairing the slabs.

The reinforced slabs exceeded the capacity of the original slab with the exception of the singular

hooked TiAB slab.

2.6.5 Eric Vavra (2016) — Fatigue/Freeze-Thaw

Vavra (2016) studied NSM TiAB performance during freeze-thaw cycles and simultaneous
fatigue cycles. The specimens tested for fatigue/freeze thaw identical to the T.45.Ld3(10) beam
tested by Amneus (2014) from Oregon State that can be seen in Figure 2.5 (named T.45.Ld3(10)
NSM.FTG/FT in this study). This beam was subject to 1,600,000 cycles to simulate a 50-year
service life using Miner’s rule with assumed concrete cracking occurred from an 80,000 1b semi-
truck. The cycles occurred at a rate of 1.2 Hz and were designed to take the internal
reinforcement to 20 ksi which was considered as the upper bound for maintaining long-life in

internal steel reinforcement. The mean load for these cycles was 80 kips in a 3-point loading test
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set up. Three pseudo static cycles were run from 3 kips to 210 kips at the beginning of the test
and at every 250,000 cycles. These tests occurred in an environmental chamber that
simultaneously underwent freeze/thaw cycles. The temperature range was from 45°F to 21°F
with a 30-minute ramp time between the two extreme temperatures and a 60-minute hold time at
the extreme temperatures. This was equivalent to 8 cycles a day (200 total cycles over 25 days).
Once a day, during the thaw portion of the cycle, the beam was wetted to ensure that there was
enough moisture present to penetrate the cracks and freeze.

After the fatigue and freeze thaw cycles were completed, the beam was moved to the
strong floor where it was failed monotonically in four-point bending. The results of the test are

shown in Table 2.1.

Table 2.1 - Results and Comparison of Fatigue and Freeze/Thaw Test (Vavra, 2016)

Applied Midspan | Failure
A% }
Load APP VoL VEXe Disp. Crack

pevg | BNE ) BRNT] O IRNE ) [ (deg)
299.5 149.8 3.1 152.9 1.14
T.45.Ld3(10) [1332] | [666] [14] [680] [29] 33
T.45.Ld3(10).Ti 3929 196.5 3.5 200 2.11 13

[1748] | [874] [16] [890] [54]

3955 | 197.8 3.6 2014 | 2.09
T.45.Ld(10). TLFT/FTG 33
(10).T1 [1759] | [880] [16] [896] [53]

This table displays that the fatigue and freeze/thaw cycles had negligible impacts on the
performance of the beam with the NSM TiABs. The applied load was 1% greater and the final
displacement was 1% less than an identical beam that did not undergo the fatigue and
freeze/thaw cycles. Compared to the beam without the NSM TiABs, the capacity was increased
by 32% and the midspan displacement by 83%. The results of Vavra’s study demonstrates NSM

using TiAB is negligibly affected by fatigue and freeze/thaw cycles.
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2.6.6 Eric Vavra (2016) — Hooked-Unbonded

The thesis by Vavra (2016) mentioned in Section 2.6.5 also tested NSM TiAB using a hooked-
unbonded mounting method. The hooked-unbonded method was tested using two identical
beams that had three #11 longitudinal bars as positive moment reinforcement in the stem of the
beam. Two of the three #11 bars were cut in the middle of the beam to create a weak region. Two
different methods of hooked-unbonded bars were observed in this study - epoxy anchors and
anchors using prestressing chucks. Both methods were prestressed using deflectors as shown in

Figure 2.9. The prestressing force in each bar ranged from 1.6 kips to 5.9 kips.

Figure 2.9 — Epoxy Anchors (top) and Prestressing Chuck Anchors (Bottom) (Vavra, 2016)

Response2000 software was used to determine the final load and displacement of an
unreinforced beam. Both specimens failed from concrete crushing in the compression zone. The

epoxied anchors exhibited slipping which resulted in softening and an overall lower capacity
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than compared to the beam with the prestressing chuck anchorage. The control specimen using
the software failed at 106.1 kips and 5.12 inches of displacement, the epoxy anchored specimen
failed at 171.3 kips (161% increase) and 4.76 inches of displacement, and the prestressing chuck
anchored specimen failed at 216.3 kips (204% increase) and 5.06 inches of displacement. The
results proved that flexural capacity can be increased using unbonded TiABs. Vavra (2016)
recommended that it be used as a temporary fix and not to be used as a long-term solution

because of the low stiffness of the system and large crack widths.

2.7 NSM TiAB Bond Strength Test

This section will review experimental studies regarding the bond stress created by NSM TiAB.
The theses by Barker (2014) and Amneus (2014) from Oregon State University mentioned in
previous sections also performed varying levels of bond studies and those tests will be mentioned

in this section.

2.7.1 Barker (2014) — Bond Test

Barker (2014) conducted a study on negative-moment member-level NSM TiAB flexural
strengthening- as discussed in Section 2.5.1. This study also conducted pull-out tests to evaluate
the strength of several titanium-epoxy interfaces. Five TiABs with different surface
deformations/treatments were tested. The surface deformation/treatments were surface blasted,
rough finish, as well as light turn, light turn blasted, and heavy turn. “Turn” indicated threading
along the bar to increase friction and bond performance. The pull-out test consisted of a 0.75 in.
diameter hole drilled 5 in. deep. The hole was filled halfway with epoxy and the bar was set
perpendicular to the concrete and allowed to cure for seven days. The pull-out test setup is

shown in Figure 2.10.
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Figure 2.10 - Pull-out test (Barker, 2014)

The light and heavy turn deformations performed best in the pull-out test. The bars with
blasted and rough surface deformations failed between 1.0 and 1.5 ksi of average bond stress and
the light turned, heavy turned, and light turned blasted failed above 4.5 ksi of average bond stress
calculate from Equation 2.1 Barker (2014).

_ Afsdb
Uovg = 4A1

Equation 2.1

where
Uavg= average bond stress
Af, = change in stress

d, = diameter of the bar

21



Al = change in length over which the stress was measured
Based on the pull-out tests and tensile tests the researchers determined that heavy-turns surface

deformation on TiABs provided the best performance.

2.7.2 Amneus (2014) — Bond Test

Amneus (2014) commenced member-level work in 2014 highlighted in section 2.6.2. The
member-level study reported an average bond strength of 1.2 ksi for TiABs in flexure. Amneus
also tested bond lengths of NSM TiABs at a smaller scale. The bond tests used an adapted
version of ASTM A944 (2010). Six 9 x 12 x 4 in. blocks were constructed with a 15/16” groove
cut into the top. Three 4 in. embedded #5 TiAB and three 12 in. embedded #5 TiAB were
epoxied into the groove of these blocks and pulled with a 110-kip actuator. The test

configuration can be seen in Figure 2.11.

4" or 12" Epox
‘ PVC Pipe | Embedmenf * /NSM Bar
No. 4 Closed—__ ! —; = — ~
Stirrup ™~ | f - ~(2) No. 4 Bars

Figure 2.11 - Modified ASTM A944 (2010) for Development Length (Amneus, 2014)

The 4 in. tests failed along the concrete-epoxy interface. The average bond stress was
2.091 ksi using Equation 2.1. The bars embedded 12 inches experienced failures at similar loads

as the 4 in. tests and the TiABs did not yield. The failure mode was a 37° plane in the concrete
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that was equal in depth to the concrete groove. The average bond stress experienced by the 12 in.
embedded bars before failure using Equation 2.5 was 0.802 ksi. The specimen design ended up
being the limiting factor of the test rather than the bond interfaces, limiting the researcher’s
conclusions regarding bond performance of a singular TiAB. However, the development length

for a # 5TiAB was determined to be greater than 4 inches.

2.7.3 Vavra (2016) — Bond Test

Vavra (2016) had performed bond stress tests for NSM TiAB called the inverted half-beam test.
This test was designed to exhibit slender flexural response under four-point loading with a 12 in.
constant moment region. The inverted half beams were 56 long, 14” tall, and 6” wide. Figure

2.12 displays the test configuration.

5/8 in. Hooked specimens \
Straight bar specimens ' \ 56"
(5/8 in. or 1/4 in. bar) \ ‘ \
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Figure 2.12 - Inverted Half Beam Bond Test Setup (Vavra, 2016)

Vavra tested straight-bonded bars using 4, 6, 8, and 12-inch embedment lengths. Each
embedment length was test three times for a total of 12 straight-bonded tests. Three hooked-
bonded bars were also tested with embedment lengths of 4, 6, and 8 inches and 90° hooks. #5
TiAB were chosen for these tests.

The straight-bonded bars experienced an average bond stress from 0.5 ksi to 0.6 ksi, also

calculated using Equation 2.1, before failing. The failure mechanism for the straight-bonded bars
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in this study were a wedge-shaped concrete failure plane from the embedded end of the bar to the
free face of the beam. The hooked bars exhibited similar results. The hook-bonded specimens
failed in bar pull-out and crushing of the concrete at the hook bearing area. The TiABs achieved
an average bar stress of 80 ksi (all three performed similarly) which equates to about 62% of the

130 ksi yield stress. The bond stress was not measured in the hooked specimens.

2.8 NSM FRP Bond Test
This section includes a study of NSM CFRP bond that was used as the basis for the bond study

of NSM TiABs commenced in this study.

2.8.1 Hassan and Rizkalla (2003)

A study of the development length of NSM CFRP was conducted by Hassan and Rizkalla (2003)
that used a small member-level test under three-point loading. The members were 106 inches
(2700 mm) long, 12 inches (300 mm) tall, and had a 6 in. (150 mm) web with a flange that was
12 inches (300 mm) wide and 2 inches (50 mm) deep. An 8 in. (200 mm) weak region existed in

the center of the beam. The beam side view and cross section are shown in Figure 2.13.
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Figure 2.13 - Test Specimen and Reinforcement (Hassan and Rizkalla, 2003)

There were nine specimens tested by Hassan and Rizkalla (2003) with varying
embedment lengths of NSM CFRP. The maximum stress achieved by each CFRP strip was
graphed versus the embedment lengths as shown in Figure 2.14. From the results collected, it
was concluded that a minimum embedment length of 850 mm created full composite interaction
and longer strips of embedded CFRP would not increase the load carrying capacity for the test

configuration.

25



' Full composite.
mechanism

'——

1
" Destressed, ! Bond development
"mechanism | mechanism

3

B6 B7 B8

w
<

R —————— "yl Y

Ultimate strain in CFRP strips (%)
o

08+
0.6 1
04 +
02+
0+ I B e
0 200 400 600 800 1000 1200
Bond length (mm)

Figure 2.14 - Ultimate Strain vs Bond Length (Hassan and Rizkalla, 2003)

2.9 TiAB Bond Research Needs

This literature review has discussed the overall effectiveness of NSM TiAB as a flexural
strengthening method. Understanding the development length of TiAB is necessary for adequate
implementation of the NSM TiAB strengthening method.

The AASHTO Guide provides an assumed average bond strength of 1.0 ksi for hook-
bonded anchorage cases. The expected average bond strength of 1.0 ksi is referenced from
ACI440.R2 regarding FRP (ACI Committee 440, 2017). This value was calibrated using the
maximum debonding strain for CFRP of 0.0117 in./in. because the concrete-epoxy interface is
typically the limiting factor in NSM reinforcing and not the ultimate strain (Amneus, 2014).
Amneus’s (2014) study reported an average bond strength of 1.2 ksi for TiABs in flexure,
congruent with the AASHTO Guide. The 1.0 ksi of average bond strength for TiABs with
hooked-bonded anchorage has been reported in a member-level study, but attempts at
determining the bond limits of an isolated TiAB with hooked-bonded and straight-bonded

anchorage have not been successful.
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Research determining the maximum effective bond strength of a singular TiAB that
yielded with hooked-bonded or straight-bonded anchorage has not been conducted. The ease of
installation and the increased strength observed in Vavra’s studies in 2016 prompt further
investigation of the hooked-unbonded anchorage method. Therefore, this research aims to use a
reconfigured version of the test conducted by Hassan (2003) to conduct tests that achieve
yielding. The embedment length will be incrementally changed in a 3-point loading set-up to
determine the effective bond strengths of TiABs with hooked-bonded and straight-bonded

anchorage methods as well as the performance of the hooked-unbonded anchorage method.

2.10 Failure Modes of NSM Reinforcement

Due to the limited TiAB NSM research, this section includes failure modes exhibited by NSM
FRP. Strengthened members can fail as a result of (i) debonding of the reinforcement , (ii) rupture of
the reinforcement, (iii) failure in the concrete, or any combination of these modes (Bertolotti, 2012).
FRP are unable to form anchors, but the OSU researchers observed anchorage failure of the NSM
TiAB (iv). Intermediate crack debonding, epoxy rupture, critical diagonal crack, and end debonding
are further classifications of the reinforcement debonding failure modes that are discussed in the

following sections.

2.10.1 Rupture of NSM Reinforcement

Rupture of the NSM reinforcement occurs whenever the strains of the NSM reinforcement

exceed its tensile strain capacity and the reinforcement ruptures.

2.10.2 Concrete Failure

If the strength of the concrete is low enough or if a large amount of NSM reinforcement is used,

the concrete can fail before any failure occurs in the NSM reinforcement. Concrete failure can
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occur due to concrete crushing in the compressive region of the member or due to shear failure

(Bertolotti, 2012).

2.10.3 Intermediate-Crack (IC) Debonding

Intermediate-Crack (IC) occurs when a flexural crack, typically at or near the maximum moment
region, induces high local interfacial shear stresses because of the geometric discontinuity
(Zhang et al., 2017). IC debonding can be further classified into either interfacial debonding or
cover separation. IC interfacial debonding can occur between the concrete-concrete interface or
more commonly the epoxy-concrete interface. IC cover separation debonding occurs when the
failure plane is along the depth of the cover region. The two different types of IC debonding can

be seen in Figure 2.15.
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Figure 2.15 - IC Debonding (Zhang et al., 2017)

2.10.4 Epoxy Rupture

Epoxy rupture is initiated by flexural cracks in the epoxy. More cracks propagate within the
epoxy and eventually a continuous failure plane is created, and the epoxy shatters. An example
of this failure was observed in a study of NSM CFRP rods conducted by Al-Mahmoud, et. al

(2009). The epoxy rupture failure in that study is shown in Figure 2.16.
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Figure 2.16 — Epoxy Rupture (Al-Mahmoud, et al. 2009)

2.10.5 Critical-Diagonal-Crack (CDC) Debonding

Critical-diagonal-crack (CDC) debonding is similar to IC interfacial debonding but occurs from a
diagonal shear crack (Coelho et al., 2015). When the crack reaches the NSM reinforcement, it
propagates along the length of the NSM system toward the closest extremity. This can be further

classified as either interfacial debonding or cover separation depending on the failure plane.

2.10.6 End Debonding

In this failure mode, the debonding of the NSM reinforcement starts from the terminus and
propagates to the mid-span of the beam. This failure mode is mainly due to the high interfacial
shear and normal stresses caused by the abrupt termination of the NSM reinforcement (Zhang et
al., 2017). It can also be further classified as end cover separation if the crack separates the NSM

reinforcement and cover from the core of the beam. Figure 2.17 displays end debonding.
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Figure 2.17 - End Debonding (Zhang et al., 2017)

2.10.7 Anchorage Slip

Anchorage slip of hooked reinforcement describes the process of the hook losing its seat and
deforming in the direction of the tensile forces. Under increased loading, crushing of the concrete
at the inner radius of the bend begins resulting in a loss of bond along the outer radius (Vavra,
2016). The concrete crushing and loss of bond cause the bar to slip in the direction of the tensile

force.

2.11 Current Standards for NSM Titanium-alloy Bars

There are two standards for NSM TiABs. The design standard is the AASHTO Guide for Design
and Construction of Near-Surface Mounted Titanium-alloy Bars for Strengthening Concrete
(AASHTO Guide) (AASHTO, 2020), and the material standard for TiAB is ASTM B-1009:
Standard Specification for Titanium-alloy Bars for Near Surface Mounts in Civil Structures

(2020).

2.11.1 AASHTO Guide (2020)

The AASHTO Guide (AASHTO, 2020) provides guidance on both shear and flexural
strengthening of RC members using NSM TiABs. The suggested installation method requires the

use of standard 90-degree hooks at both ends of the bars to provide adequate anchorage. A
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minimum concrete compressive strength of 3000 psi is required so the concrete substrate can
effectively transmit bond stresses along the length of the TiABs.

In accordance with the AASHTO Guide, the nominal flexural capacity (M,) for the case
in which both reinforcing steel and TiABs are yielding can be computed as indicated in Equation
2.2. This expression is based on assuming that the flexural tensile strength of the concrete is
negligible; the reinforcing steel and TiABs have idealized elastic-plastic behavior; there is no
relative slip between the concrete and steel or TiABs; and the use of the equivalent rectangular

concrete stress block (Whitney stress block).

M, = Aqfy (ds - %) + Ariag fyr; (dTi — %) Equation 2.2

where

Ay = the area of flexural tension steel reinforcement.

/= the minimum specified yield stress of steel.

ds = the distance from the extreme compression fiber to the centroid of the flexural steel.
Ari = the area of flexural tension TiAB.

ot = the environmental sensitivity factor for the bonding material (taken as 0.85 for routine
exposure environments and 1.00 for insensitive exposure environments).

7 = the minimum specified yield stress for TIAB.

dri = the distance from the extreme compression fiber to the centroid of the flexural TiABs.
[ic = the height of the rectangular stress block including the effects of the NSM TiAB,
determined from Equation 2.3.

Asfy +ATiaEfy*Ti

pl,. = 08577 b; Equation 2.3

where

f'. = the concrete compressive strength.
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by = the effective width of the compression block.

The nominal bond stress specified to determine the development length is calculated in
accordance with the AASHTO Guide. The development length (/i) of the TiABs with hooks
can be determined with Equation 2.4:

Ly = 2mi 2Bt Equation 2.4

4 T

where
Dr; = the diameter of TiAB.
U, = the average bond strength when the TiAB yields (taken as 1.0 ksi. for hooked-bonded
specimen).
ot = the environmental sensitivity factor (taken as 1.0 in this study due to the laboratory
conditions).

The average bond strength is the focus of this study for the hooked-bonded and straight-
bonded bars. The expected average bond strength of 1.0 ksi is referenced from ACI440.R2
(2017) regarding FRP. As discussed in section 2.9, this value was calibrated using the maximum
debonding strain for CFRP as the concrete-epoxy interface is typically the limiting factor in
NSM reinforcement (Amneus, 2014). Straight-bonded bars that do not have hooked anchorage
are not considered in the AASHTO guide and therefore do not have a design average bond
strength in AASHTO (2020).

For the design of NSM TiAB the AASHTO Guide provides a flexural resistance factor
(D»). This resistance factor depends on the strain distribution in the section when the extreme
concrete fiber reaches the assumed crushing strain of 0.003. When the strain in the extreme fiber

of the steel is 0.005 then the design is classified as ductile and @; is 0.9. @, is 0.75 when the

strain in the extreme fiber is below 0.002. Interpolation is used whenever the strain in the steel is
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in-between 0.002 and 0.005. Equations 2.5, 2.5-a, and 2.5-b represent the flexural resistance
factor.

D,Mn = Mu Equation 2.5

0.15(t—0.002)
0.003

if 0.005 > et > 0.002 then @, = 0.75 + Equation 2.5-a

if et <0.002then @, = 0.75 Equation 2.5-b
The AASHTO Guide provides hook diameter and overall tail length recommendations
based on the diameter of TiAB. This study follows the recommendations for the hooked-bonded

and hooked-unbonded specimens. These values are provided in Table 2.2.

Table 2.2 - Pin Diameters and Overall Tail lengths (obtained from AASHTO (2020))

Bar Designation Pin Diameter (in.) Overall Tail Length (in.)
#2 2.00 5
#3 2.75 5
#4 3.00 6
#5 3.75 6
#6 4.50 12

The AASHTO Guide also provides groove dimensions and spacing requirements. The
groove width and depth are required to be 1.5 times the D7;. The minimum clear groove spacing
must be twice the groove depth and the minimum edge distance must be four times the depth of
the groove. The required groove dimensions and spacing according to bar specifications can be

seen in Table 2.3.
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Table 2.3 - Groove Dimensions and Spacing Requirements (adapted from AASHTO, 2020)

B Blesmieiion Square Groove Minimum Clear Minimum Edge
Dimension (in.) Spacing (in.) Spacing (in.)
#2 3/8 3/4 1-1/2
#3 9/16 1-1/8 2-1/4
#4 3/4 1-1/2 3
#5 15/16 1-7/8 3-3/4
#6 1-1/8 2-1/4 4-172

2.11.2 ASTM B1009 (2022)

This specification covers titanium-alloy bars with surface deformations and 90-degree anchorage
hooks for use as near-surface mount reinforcement for flexural strengthening of concrete beams.
The titanium-alloy bars specified to be used in these applications are Ti-6Al-4V (Grade 5). This
alloy is mainly composed of titanium but also includes small amounts of other elements such as

aluminum and vanadium. The detailed chemical composition ranges are provided in Table 2.4.

Table 2.4 - Ti-6Al-4V Chemical Composition (obtained from ASTM Committee B10 2020)

Composition By Weight Percentage

Grade 5

Carbon (max) 0.080

Oxygen (max) 0.200

Nitrogen (max) 0.050

Hydrogen (max) 0.015

Iron (max) 0.400
Aluminum 5.500-6.750
Vanadium 3.500-4.500

Other Elements (max each) 0.100

Other Elements (max total) 0.400

Titanium Balance

Two material grades recognized for the titanium-alloy bars in ASTM B1009 (2022) are
class 120 and class 130. The minimum yield stress corresponds to 120 ksi and 130 ksi for each

class, respectively. The specification requires that all bars should achieve a minimum elongation

34



of 2 inches or 10% at break. Dimensions, weight, permissible variations, bending requirements,
ght, p greq

and other restrictions are also provided in ASTM B1009 (2022).
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CHAPTER 3: BRIDGE STRENGHTENING CANDIDATE

ALDOT Maintenance Bureau engineers identified a three-span, continuous reinforced-concrete
bridge built in 1962 to be a potential candidate for strengthening with NSM TiABs. The bridge
(NBI ID: 7755) is in Cullman, Alabama on US Route 278 (State Route 74) that is part of the

main street (3rd St.). The exact location is shown in Figure 3.1.
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Figure 3.1 - Location of Cullman Bridge (Google Maps 2021)

This bridge is an overpass over the South and North Alabama subdivision railroad line of
CSX Transportation. The bridge has been weight-restricted due to both positive and negative

flexural strength deficiencies for several different truck types, as shown in Figure 3.2.
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Figure 3.2 - Cullman Bridge and Posted Weight Limit Sign
Table 3.1 summarizes the locations with insufficient flexural strength for the Emergency
Vehicle (EV3) loading case obtained from the AASHTOWare Bridge Rating (BrR) software.
Load rating factors (LRF) calculated at these critical locations indicate flexural strength
deficiencies in the range of 20%, highlighted in Table 3.1: Span 1, section at 19 ft, LRF = 0.791
(positive moment in yellow), and section at 21.29 ft, LRF = 0.821 (negative moment in orange).
These critical locations coincide with reinforcement cutoff locations at the ends of the haunch

regions where the section depth parabolically decreases from 3°-0” to 1°’-8”, as shown in Figure

3.3.
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Table 3.1 - Locations with Flexural Strength Deficiencies Based on EV3 Load Case

Span 1
Operating Operating
Location Rating ]:‘a(;?:llg
(ft) Percent E:;l: Units  Capacity Dljlléd] LL Factor (Ton)
15.42 514 Flexure  Kip-ft 328.46 23.66 211.99 1.080 46.45
18.00 60.0  Flexure Kkip-ft  -163.77 8.68 -143.05 0.941 40.48
633 Flexure kipft 18531 121  178.72 34.01
21.00 70.0  Flexure Kkip-ft  -205.50 -16.26  -166.89 0.850 36.54
710  Flexure Kkip-ft  -205.50  -19.11  -169.21 35.32
21.49 71.6 Flexure Kip-ft -211.19 -21.04  -170.79 0.828 35.60
21.50 71.7 Flexure  Kip-ft -211.44 -21.15 -170.87 0.828 35.61
Span 2
10.83 258  Flexure Kkip-ft 185.31 7.08 154.41 0.877 37.73
11.00 26.2  Flexure Kip-ft 192.85 8.67 157.82 0.885 38.05
31.00 73.8  Flexure Kip-ft 192.85 6.93 153.20 0.923 39.69

Table 3.1 and Figure 3.3 confirmed that both positive and negative flexural strengthening
is required at the reinforcement cutoff locations in the two end spans (e.g., Section A-A in Figure
3.3). Since the bridge passes over the railroad line, there was also limited clearance and access to
perform any work under the bridge (positive moment strengthening). Therefore, this bridge was
selected as the representative case to demonstrate the use of NSM TiABs for the strengthening

method to address both negative- and positive-moment deficiencies.
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Figure 3.3 - Cullman Bridge Schematic with Critical Sections Highlighted

Other potential anchorage methods besides the hooked-bonded anchorage method
mentioned in the AASHTO Guide could be used to strengthen the Cullman bridge. The bridge
has a shallow 6-inch deck that could potentially not accommodate the required hook length.
Another characteristic of the bridge that discourages the use of hooks is potentially coinciding
with the existing reinforcement. For this reason, the experimental investigations also considered
straight-bonded bars. Straight-bonded bars require longer embedment lengths to achieve desired
performance but will minimize the possibility of colliding with the existing reinforcement. The
AASHTO Guide groove is required to be 3/4 inch thick for #4 TiAB and the clear cover of the
bridge in Cullman is 1 inch.

The railroad underneath the Cullman bridge poses additional challenges. The closure of

the railroad line for the strengthening work will be inconvenient from economical and traffic
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disruption standpoints. Therefore, using hooked-unbonded TiABs could be a viable option. This
anchorage method would significantly reduce the time to close the railroad line because it is not
necessary to cut a groove. Cutting the groove for NSM with TiAB is a lengthy process that
requires specialized saw and other equipment and generates a slurry. The unbonded anchorage, if
effective, could completely by-pass the groove cutting process and be an efficient method that is

quick and economical.
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CHAPTER 4: TEST MATRIX AND SPECIMEN DESIGN

4.1 Specimen Name Specification
Fifteen test specimens comprised of five hooked-bonded, five straight-bonded, four hooked-
unbonded, and one control specimen were tested in this study. The following naming

configuration was used.

where
R = (Rectangular) - Rectangular Beam.
T = (T — Beam) - T- Shaped Beam.*
H = (Hooked) — Hooked TiAB end anchorage method.
S = (Straight) - The TiAB has straight end anchorage.
B = (Bonded) - The TiAB is bonded to the concrete inside a groove along the length of the bar.
U = (Unbonded) - The TiAB is unbonded along the length of the bar.
lq = (development length) — TiAB development length based on 130 ksi yield stress.
*Represents Task 2 test specimens which are not discussed in this thesis.

For example, R.HB.40 represents a rectangular beam with hooked anchorages and
bonded along the length (hooked-bonded) with 40 inches of bonded length, which is twice the
tested development length because of the loading configuration used for the studies. Figure 4.1 is

a visual representation of R.HB.40.
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Figure 4.1 - R.HB.40 Drawing

4.2 Critical Test Parameters

The main objective of the hooked-bonded (HB) and straight-bonded (SB) tests were to determine
the effective bond strength that the epoxy-titanium-concrete interaction was capable of
sustaining through the yielding of the TiAB in the composite mechanism. Figure 2.14
demonstrates that as bonded length increases, the CFRP strain increases until the bond strength
of the NSM reinforcement equals or exceeds the bond demand.

To generate a similar curve as developed for CFRP reinforcement, the testing conducted
in this thesis used Equation 2.4 from the AASHTO Guide to back-calculate varying bonded (or
development) lengths based on corresponding assumed average bond strengths. The associated
average bond strength to the smallest bonded length that successfully yielded the titanium can be
considered the effective bond strength for the respective anchorage method.

The only variable to change for each anchorage method was the length of the TiAB. #4
bars were used for all tests making Dr; a constant at 0.5 inches, and f*,7; was initially assumed to
be 120 ksi for all bars. Later, the f/,7; was measured to be 131 ksi from testing (see Figure 5.4),

and the average bond strengths were revised accordingly.
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4.2.1 Hooked-Bonded TiAB Test Matrix

Based on the recommendations in the AASHTO Guide, 1.0 ksi was the assumed effective bond
strength for designing the hooked-bonded tests. This bond strength was associated with
achieving titanium yielding in the AASHTO Guide, which is highlighted in Table 4.1. An
assumed average bond strength of 1.0 ksi corresponds to 15 inches of development length for a
hooked-bonded TiAB with a 0.5 in. diameter. The three-point loading test setup used for this
study requires the TiAB to develop on both sides of the midspan load point. This results in the
overall bonded length being 30 inches from outside to outside of the hook, considering a 15-inch
development length from each side. With the 30-inch specimen established, two embedment
lengths longer than 30 in. and shorter than 30 in. were chosen to ensure that the behavior of NSM
TiAB with higher bond demands as well as lower bond demand could be evaluated. The assumed
average bond strengths were 0.50, 0.75, 1.00, 1.50, and 2.00 ksi corresponding to bonded lengths
of 60, 40, 30, 20, and 15 inches, respectively. Table 4.1 displays the hooked-bonded test matrix

and expected TiAB performance.

Table 4.1 - Hooked-Bonded TiAB Test Matrix

Specimen Name i) Bondgd Length Assumed Averag§ Expected TIAB
p d it (in.) Bond Strength (ksi) Performance
R.HB.15 7.5 15 2.00 Bond Failure
R.HB.20 10.0 20 1.50 Bond Failure
R.HB.30 15.0 30 1.00 Yield
R.HB.40 20.0 40 0.75 Yield
R.HB.60 30.0 60 0.50 Yield

The test matrix shown in Table 4.1, and the specimen design were based on the nominal
strength properties of the TIAB. The measured yield strength of the TiAB (f,r;) was 131 ksi for

the TiABs, as mentioned in Section 4.2. Since the specimen design and bonded lengths were
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determined prior to the measuring the TiAB yield strength, the assumed bond strenths were
revised based on the measured yield strength of the TiAB according to Equation 2.4 and
presented in Table 4.2. The remainder of the thesis will refer to the average bond strenths

calculated based on the measured f,7:

Table 4.2 - Hooked-Bonded TiAB Assumed Average Bond Strengths using Measured f;ri

Specimen Using Measured f,7i (ksi) Expected TiAB Performance
R.HB.15 2.18 Bond Failure
R.HB.20 1.64 Bond Failure
R.HB.30 1.09 Bond Failure
R.HB.40 0.82 Yield

R.HB.60 0.55 Yield

4.2.2 Straight-Bonded TiAB Test Matrix

A similar approach was taken for the straight-bonded specimen with the 0.5 ksi being the
assumed average bond strength to achieve the TiAB yielding. This was decided based on the
straight-bonded tests that Vavra (2016) conducted (discussed in Section 2.7.3). Equation 2.4 was
used to design specimens with bonded lengths based on various assumed average bond strengths.
For the straight-bonded bars, the assumed average bond strengths used were 0.31, 0.38, 0.50,
0.75, and 1.00 ksi which is associated with bonded lengths of 96, 80, 60, 40, and 30 inches

respectively. Table 4.3 displays the straight-bonded test matrix.

Table 4.3 — Straight-Bonded TiAB Test Matrix

. . Bonded Length Assumed Average

SRl WA l (in.) ) Bond Strength (ksi)
R.SB.30 15 30 1.00
R.SB.40 20 40 0.75
R.SB.60 30 60 0.50
R.SB.80 40 80 0.38
R.SB.96 48 96 0.31
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The values of the assumed bond strengths were obtained based on a nominal yield stress
of 120. A revised test matrix was developed for the bond stresses based on the measured TiAB
yield strength of 131 ksi. Table 4.4 presents the updated table with average bond strength based
on the measured value of the TiAB yielding. The remainder of the thesis refer to the average

bond strengths calculated based on the measured f,7:.

Table 4.4 - Straight-Bonded TiAB Assumed Average Bond Strengths using Measured f,7;

Specimen Using Measured f,7; (ksi)
R.SB.30 1.09
R.SB.40 0.82
R.SB.60 0.55
R.SB.80 0.41
R.SB.96 0.34

4.2.3 Hooked-Unbonded TiAB Test Matrix

The specimen design for the unbonded bars were different that Equation 2.4 was not used to
determine the lengths. Since the bars were not bonded along the length, the strain in the bar was
the same along the whole length until the hook region. That strain in the bar is dependent upon
the tension strain variation (moment diagram) in between the two anchor points. With a
triangular moment diagram associated with the simply supported three-point loading that was
used as the test set-up, the variation in the moment diagram in between the anchor point needed
to be accounted for when obtaining the TiAB stress. Figure 4.2 depicts the moment diagram for

the hooked-unbonded anchorage method.
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Figure 4.2 - Three-Point Test Moment Diagram
The effectiveness of the unbonded anchorage method diminishes with longer bar lengths,
therefore the bar lengths were aimed to be minimized for increased efficiency of the method. For
this reason, the test matrix had TiAB bars with hook distances ranging from 10, 30, 40, and 60-
inch lengths, also to observe the progression of performance as the length increased. The selected
hook distances also corresponded to bonded lengths used in the hooked-bonded and straight-
bonded test programs which allowed comparisons between the different anchorage methods. The

test matrix for the hooked-unbonded bars is presented in Table 4.5.
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Table 4.5 - Hooked-Unbonded TiAB Test Matrix

Specimen Name L(in.) 2L (in.)
R.HU.10 5 10
R.HU.30 15 30
R.HU.40 20 40
R.HU.60 30 60

4.3 Specimen Design

Fifteen specimens were tested in this study, including a control specimen (conventional RC
without strengthening). The specimens were 9 in. wide, 12 in. deep, and 10 ft long, with 6 in.
overhangs beyond the supports on either end. The beam specimens were simply supported with a
span of 9 ft and loaded using a three-point loading arrangement. The 9-foot span was chosen
because it was the shortest span that could encompass all practical ranges of bonded lengths

needed to be tested for the TiABs (i.c., 96 inches).

The specimen geometries were selected to minimize the possibility of shear failure
therefore a shear span-to-depth ratio of 4.5 was selected. The beam cross-section was designed
so that the shear strength contribution by the concrete (V) was sufficient to resist the expected
loading without the contributions from the stirrups, but shear reinforcement was still provided

with reasonably tight stirrup spacing.

The representative bridge in Cullman, Alabama (discussed in Chapter 3), was built in
1962 which had lower concrete design strengths than in typical construction nowadays. Thus, the
concrete properties developed for this study were specifically selected to represent this bridge
built in the 1960’s. Section 5.1.3 provides more details regarding the properties of the concrete.

The bridge in Cullman used Grade 40 reinforcing steel which is not readily available for

use in the construction market nowadays. All specimens were reinforced with six #4 ASTM
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A615 Grade 60 longitudinal bars located in three layers (one top layer and two bottom layers, as
shown in Figure 4.3). The specimens were built with an 8 in. long segment in the mid-span
region, where half of the longitudinal reinforcement (the second layer from the bottom) was
terminated with 180° hooks to create a weak region. This bar termination was to ensure that the
beam would fail in a predictable manner in the mid-span region as well as to simulate a beam
that required flexural strengthening. A similar three-point-loading test with a weak region in the
center of the beam was previously used by Hassan and Rizkalla (2003) to investigate the
effectiveness of NSM CFRP strips, as discussed in Section 2.8.1. The flexural reinforcement and

beam cross-sections are shown in Figure 4.3.
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Figure 4.3 - Beam Flexural Reinforcement and Cross Sections

For stirrups, #3 ASTM A615 Grade. 60 bars were used that were spaced 5 in. on center.
The stirrup spacing was arranged so that the hooks for the NSM TiAB would be positioned in the

center of the two stirrups. Figure 4.3 displays the elevation view and several cross-sections of the
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beam. Stirrups were not included in the elevation view of this figure to clearly indicate the

flexural reinforcement. The stirrup layout is presented in Figure 4.4.

5"

No. 3 Stirrups Spaced at 5"

Figure 4.4 - Stirrup Layout

The hook bend and tail geometries, groove size, and reinforcement spacing
complied with requirements presented in the AASHTO Guide. #4 TiABs were used in this study
which required a 3-inch bend diameter and the overall tail length to be 6 inches. The square groove
dimension was 0.75 inches for both hooked-bonded and straight-bonded TiAB installation. The
hooked-unbonded specimen did not require a groove because epoxy was not used to bond the
TiAB along the length. Two tensile steel reinforcement layers of two #4 longitudinal steel bars
were required to create the hinge in the middle of the beam. One layer was terminated near the
midspan of the beam the other layer was continuous to achieve the targeted strength of 10 kips. #3
bars were used for transverse reinforcement because the 5-inch spacing that would allow for the
hooked TiABs to be placed directly between two stirrups for all but R.HB.15. #4 TiABs were
chosen because the 3/4-inch square groove required by the AASHTO Guide would not interfere

with the internal reinforcing steel.
The predicted strengths of the beam (Ppr.« ) before failure using both the yield strain and
ultimate strain material measured properties can be seen in Table 4.6. The control specimen was
designed (R.CON) to resist approximately 10 kips and the strengthened members to double the

capacity to approximately 20 kips using the measured yield stresses. These values were determined
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using Equation 2.2. R.CON was expected to yield the steel at 9.1 kips based on Equation 4.1.
Figure 4.5 presents the moment-curvature response plot from a numerical fiber-model that
analyzed the strength based on the strengthened specimen’s cross-section and material properties.
The model assumed constant curvature through the cross-section and assumes strain compatibility
in the section. The response curve indicated concrete cracking at 100 kip-in (3.7 kips), the first
softening in the response due to steel yielding to occur at 350 kip-in (13 kips), and a second
softening due to TiAB yielding to occur at 530 kip-in (19.7 kips). The fiber model predicted the
maximum moment to be 552 kip-in (20.4 kips) and the maximum curvature to be 0.0027 in"! for

the strengthened members before concrete crushing.

Table 4.6 — Strength Predictions

Cross-Section Model Ma;t/zrlﬁlelsP[rjoslz Zrty Pprea (k)
Equation 2.2 Measured Yield 9.6
R.CON Numerical Fiber Model Measured Yield 10.7
Equation 2.2 Measured Ultimate 14.8
. Equation 2.2 Measured Yield 19.8
I\Slile:\gir?gl]s Numerical Fiber Model Measured Yield 20.4
Equation 2.2 Measured Ultimate 25.5
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Figure 4.5 — Strengthened Beam Moment vs Curvature using Fiber Model
The steel in R.CON was expected to yield at 246 k-in. (9.1 kips) based on Equation 4.1
which uses the same assumptions as Equation 2.2. As mentioned, the fiber model expected the
steel in strengthened model to yield at 350 kip-in (13 kips) and the titanium to yield at 530 kip-in

(19.7 kips). The yield resistance values (P,) shown in Table 4.7 were calculated using the

measured yield values.

Table 4.7 — Predicted Strengths at Reinforcement Yielding

Cross-Section Model Material Py (k)
R.CON Equation 4.1 Steel 9.6
Numerical Fiber
NSM TiAB Model Steel 198
Specimens Numerical Fiber TiAB 20.4
Model
M, = 2o o Equation 4.1
y n  (ds—Ccr) q )
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where

M,, = the moment (k-in.) when the steel yields.

n = the modulus of elasticity transformation coefficient for steel to concrete.

I = the cracked moment of inertia of a multi-material section transformed to one material and

neglecting the area of concrete in tension.

C., = depth of the Whitney stress block in a cracked beam.

4.3.1 Hooked-Bonded TiAB Specimens

The hooked-bonded TiAB specimens mounted the TiAB inside the groove and had hooks that

penetrated into the concrete substrate. Figure 4.6 depicts the elevation view of the hooked-bonded

specimens’ flexural reinforcement, the mid-span cross-section, and cross-section dimensions.
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Figure 4.6 - Hooked-Bonded Specimen Design
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R.HB.15 required a different stirrup spacing to accommodate the hooks of the 15-inch
TiAB embedment. The hook ends were placed 7.5 inches from the center on either side by
having the stirrups shifted over 2.5 inches. The spacing of 5 inches was kept the same as the
other specimens but allowing the 7.5 in hook for RHB.15 to be positioned in between two

stirrups. The stirrup layout for R.HB.15 is presented in Figure 4.7.

5"

Z\Io. 3 Stirrups Spaced at 5" with a stirrup at Midspan.

Figure 4.7 - R.HB.15 Stirrup Spacing

4.3.2 Straight-Bonded TiAB Specimens

The straight-bonded TiAB specimens had the TiAB bonded inside the groove and had straight end
anchorages. Figure 4.8 depicts the elevation view of the straight-bonded specimens’ flexural

reinforcement, the mid-span cross-section, and cross-section dimensions.
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Figure 4.8 — Straight-Bonded TiAB Specimen Design

4.3.3 Hooked-Unbonded TiAB Specimens

Hooked-unbonded TiAB specimens did not have a groove and the TiABs were flush with the
bottom face of the beam with penetrating hooks epoxied into the concrete. Figure 4.9 depicts the
elevation view of the hooked-unbonded specimens’ flexural reinforcement, the mid-span cross-

section, and cross-section dimensions.
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Figure 4.9 - Hooked-Unbonded TiAB Specimen Design

R.HU.60 was a unique specimen because it was tested in a flipped orientation resulting in

different concrete clear covers and reinforcement configuration. An illustration of the midspan

cross-section is shown in Figure 4.10. Due to the flipped orientation, the steel rebar in R.HU.60

had a structural depth of 10.38 inches rather than 9.88 inches. This was done because the beam

was repurposed from its original intention as another hooked-bonded TiAB specimen. The hook

bending diameter was also changed for R.HU.60 to mitigate the anchorage failure mode

observed in other specimens with the same anchorage method. A larger hook bending diameter

of 6 inches and tail length of 6 incehs was used for this specimen to increases the bearing area

against the concrete and to reduce the potential of anchorage slippage. The bending diameter for

all the other hooks was 3 inches with a consistent tail length of 6 inches, as mentioned in Section

2.10.1.
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Figure 4.10 — Normal Hooked-Unbonded (Left) and R.HU.60 (Right) Cross Sections
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CHAPTER 5: SPECIMEN MATERIALS AND FABRICATION

The experimental portion of this study started in August *21 and was completed in a year with
the following timeline outlining the major lab activities. The construction of the concrete
formwork started in the beginning of August and finished at the end of September *21. The steel
and TiAB arrived at the end of August and tensile test were conducted in September *21. The
reinforcing cages were built in October and placed inside the forms in early November 21. The
concrete was poured in mid-November *21. Testing of the beams started in June and was

completed in August *22.

5.1 Materials
Details regarding the material properties for the steel, TiABs, concrete, and epoxy are discussed
in this section. The values determined from testing using the applicable ASTM standards were

later used for theoretical analysis and calculations.

5.1.1 Steel Material Test

As discussed in the specimen design, Grade 60 reinforcing bars were used in this study. Uniaxial
tension tests were conducted to determine the yield stress, tensile strength, and elongation at
fracture of the steel rebars. The tests conformed to ASTM ES8 (2022) and were conducted in a
universal testing machine (UTM) as shown in Figure 5.1. The measurements were made using
both strain gauges and clip-in extensometers. To investigate the sensitivity of the strength due to
grinding the surface to attach strain gauges, three regular bars and three grounded bars were
tested in the UTM all from the same production run (mill certificates provided in Appendix B).
The testing indicated negligible difference in the behavior of grounded bars with the necking and

rupture even occurring outside the ground locations. The strength values measured during the
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test and the mill certified test report (MCTR) values can be seen in Table 5.1. Figure 5.2 shows a

typical stress-strain curve obtained from the tension tests.

Namile o2
P

Figure 5.1 — Reinforcing Steel Tensile Test
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Table 5.1— Reinforcing Rebar Tension Tests

Se Desmiitton Test Yield Stress Ultimate' Stress Elongation at
(ksi) (ksi) Fracture (%)
1 67 105 9
2 70 109 5
Regular 3 69 107 6
Average 69 107 7
1 65 104 16
2 68 106 8
Ground 3 70 108 10
Average 68 106 11
MCTR 1 74 107 12

Steel Reinforcement Stress versus Strain
120.00
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80.00

60.00

Stress (ksi)

40.00
20.00

0.00
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

Strain (in./in.)

Figure 5.2— Steel Reinforcement Measured Response

5.1.2 Titanium Material Test

The titanium-alloy bars used in this study were class 130 Ti-6Al-4V (Grade 5). The TiAB were

supplied by Perryman Company with an in-house classification of textured infrastructure bar.
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The surface pattern on the TiABs resembled threads on a threaded rod, and the peaks and valleys
of the threaded pattern were slightly rounded to minimize stress concentrations (Amneus, 2014).
The mill certification obtained from the manufacturer conformed to the requirements of ASTM
B1009-(2022). Tensile testing was performed in the laboratory to verify the reported material
properties and provide strength properties to be used for calculations and analysis. All the
titanium bars were rolled from the same production run (mill certification provided in Appendix
B), and tension tests were completed on samples taken from several bars. Figure 5.3 depicts a

TiAB bar prior to tension testing using the UTM.

Figure 5.3— TiAB Tensile Test
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These tests conformed to ASTM E8 (2022). Similar to the steel samples, three regular

bars and three ground bars were tested for a total of six bars. Despite being a negligible

difference for the steel, the TiABs had a noticeable decrease in performance because of the

surface grinding, specifically regarding the elongation at fracture. The measured yield stress,

tensile strength, and elongation at fracture obtained for the TiAB sample bars and the MCTR

values can be seen in Table 5.2. Figure 5.4 shows a typical stress-strain curve from the tension

testing of TiIAB and demonstration of how the yield stress was obtained.

Table 5.2— TiAB Material Property Averages

Bar Desienati Test Yield Stress Ultimate Stress | Elongation at
ar Lesignation ©s (ksi) (ksi) Fracture (%)
1 132 146 8
2 132 145 9
Regular 3 133 145 10
Average 132 145 9
1 133 143 7
2 130 143 5
Ground 3 131 144 5
Average 131 143 6
1 137 152 11
MCTR 2 136 154 13
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Figure 5.4— TiAB Measured Response
The tension test results highlighted the impact of the grinding process on the tensile
properties of the TiAB. The tensile test measured values reported in Table 5.2 were lower than

the MCTR values, therefore the measured values were used for all calculations and analysis.

5.1.3 Concrete Properties

The concrete used in the beam tests was intended to mimic the low strength concrete used in
older bridges; most bridges built around the 1960s and earlier could be potential candidates for
strengthening using this method. The Cullman bridge that is the focus of this study, was built in
1962 had a reported compressive strength of 4500 psi. The concrete core strengths are provided
in Appendix F. Concrete proportions, presented in Table 5.3, were prepared to specifically to

capture comparable strength to the Cullman bridge.
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Table 5.3 — Concrete Mixture Proportions

Item Value
Water Content (34 Gallons) 284  lbs/yd’?
Cement Content 535  lbs/yd?
Coarse Aggregate (SSD) 1,792 lbs/yd?
Fine Aggregate (SSD) 1,260  Ibs/yd?
Total Air Content (4%) 0.0  Ibs/yd?
Air Entrained Admixture (0.8 oz/cwt) | 4.3  oz/yd®
Water-to-Cement-Ratio 0.53

The 15 beam specimens tested in this study were cast at the same time from the same
ready-mixed concrete truck. A total of twelve 6”x12” cylinders were made to evaluate the
strength of the concrete as it matured. The cylinders were moist cured for seven days then
demolded and air cured. The same process was applied to the beam specimens. Three cylinders
were tested at 7, 28, 91, and 287 days in accordance with the ASTM C39-(2021) concrete
compressive strength testing standard. The 28 — day compressive strength was 4,380 psi which is
similar to the target strength of 4500 psi. Table 4.4 provides the 7, 28, 91, and 287 day strengths,
where the 287 days correlated with testing the last beam. Equation 4.1 from ACI 209R (1992)

was used to develop a predictive curve of the concrete strength.

f(6) = £:(28)  (——)

a+Bt
Equation 4.1
where
f-(t) = the concrete strength as a function of time.
¢ = time.
a =4.000 and 3.768 in the original ACI 209 and best-fit ACI 209 functions respectively.

B =0.850 and 0.857 in the original ACI 209 and best-fit ACI 209 functions respectively.
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f-(28) = the 28-day concrete compressive strength.
The values reported in Table 5.4 were used to generate a strengthening curve to
determine the strength gain over time using the ACI 209R (1992) recommendations. This

strength development plot and the points used to generate the curve are provided in Figure 5.5.

Table 5.4 — Concrete Strength Test Results

Age (days) Measured Strength (psi)
7 3140
28 4381
91 4990
287 4950
6000
91 Days 287 Days
5000

4000

Compressive Strength (psi)

3000
2000
@ Measured Strengths
1000 J---------—-m - =—Orginal ACI 209 Function
——Best-fit with ACI 209 Function
0

0 28 56 84 112 140 168 196 224 252 280 308 336 364

Concrete Age (days)

Figure 5.5— Compressive Strength Gain of Concrete over Time
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5.1.4 Epoxy Properties

The epoxy used to achieve bond between the TiAB and reinforced concrete member was Hilti’s
HIT-RE 500 V3 epoxy anchor. This epoxy is classified as an ultimate-performance injectable
epoxy mortar that is commonly used for rebar connections and heavy-duty anchoring. The fully
cured material properties can be seen in Table 5.5. At 72 degrees Fahrenheit it takes 7 hours to

achieve full cure. See Appendix D for HIT-RE 500 V3 material properties and cure times.

Table 5.5— Fully Cured Epoxy Properties Adapted from (Hilti, 2021)

HIT-RE 500 V3 Full Cure Properties
Bond Strength (psi) 1690
Compressive Strength (psi) 12000
Tensile Strength (psi) 7150
Elongation at Break (%) 1.1

5.2 Steel Reinforcement Cages

The reinforcing steel was obtained from a single batch from a local supplier. All bars, including
stirrups, were cut and bent by the local supplier and were ready upon delivery. The cages were
erected and tied together on wooden lifts as can be seen in Figure 5.6. Once cast, the beams
would need to be lifted and flipped several times for groove cutting, cracking, and for mounting
of the TiAB. Lifting hardware was placed on both sides of the beam for the purpose of handling
the beams, as shown in Figure 5.6. The hardware created a hole with an inverted thread pattern
and reinforcement around the hole. A bolt with a D-ring for crane attachment could then be

placed inside the hole with the threaded pattern.
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Figure 5.6— Rebar Cage (left) and Lifting Hardware (Right)

5.3 Concrete Placement

Formwork for the 15 specimens were constructed in the Advanced Structural Engineering Lab
(ASEL) at Auburn University. A timber frame was constructed on the ground with a 3/4-inch
plywood surface to serve as platform for all the forms. All 15 forms were rectangular in shape
and polyurethane sealed to provide a smooth surface for the faces of the beam. The seams and
corners were caulked with silicone to keep any concrete paste from exiting. Figure 5.7 shows a
picture of the completed formwork with the steel cages resting inside. On the far left of Figure
5.7, a wooden apparatus with handles can be seen on top of one of the forms. This was used as a
sliding funnel during casting. The forms were made to resist the hydrostatic forces of the wet
concrete. The beams were oriented right-side-up and 1.5-inch chairs were used to create the

proper cover between the bottom of the beam and the stirrups. Small holes were drilled in the
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bottom of the forms for the strain gauge wires to exit and then the holes were caulked
appropriately. On casting day, form-oil was used to lubricate the bottom and sides of the form to

ensure that the forms would be easy to remove after casting.

Figure 5.7— Concrete Forms and Sliding Funnel

The concrete was delivered in a single ready mixed concrete truck from a local supplier.
The beams and cylinders for material properties were all cast within a two-hour period. The
concrete’s slump, air content, unit weight, and fresh temperature were all tested to ensure that the

concrete was adequate. Those values are reported in Table 5.6.
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Table 5.6— Concrete Fresh Properties

Date and Fresh Properties
Placement Date 11/16/21
Slump (in.) 4.0
Total Air Content (%) 4.0
Unit Weight (pcf) 142.7
Fresh Concrete Temperature (°F) 71.0

The concrete truck was able to back straight into the high-bay area where the beams were
ready to be cast. Figure 5.8 shows the test cylinders being made for strength evaluation. The
sliding funnel mentioned in earlier in this seciton can be seen in Figure 5.9. This was to avoid
concrete spilling over the sides of the forms due to the narrow width of the beams. The concrete
was consolidated with a mechanical vibrator as can be seen in the far left of Figure 5.9. Excess
concrete was struck off using a 2 x 4 piece of dimensional lumber. A metal trowel was then used

to finish the concrete which can also be seen in Figure 5.9.

Figure 5.8— Test Cylinders for Strength Evaluation
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Figure 5.9— Concrete Casting, Vibrating, and Finishing
Once all the beams had been finished, they were covered with wet burlap and a plastic
sheet to keep the moisture in. The concrete was wet cured for 7 days with wetting every other
day to ensure that the burlap stayed wet, and a moist curing environment was maintained. Once
removed from the forms, the beams were kept inside the lab until full 28-day compressive
strength was achieved. Figure 5.10 shows all the beams after they had been finished and during

curing.

Figure 5.10 — Beams after Placement (Left) and During Curing (Right)
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CHAPTER 6: TESTING PROGRAM

6.1 Test Set Up

Three-point loading configuration was used in these tests to minimize specimen lengths. The beam was
simply supported with a roller on one side and a pin on the other with 6 inches of overhang beyond the
supports as illustrated in Figure 6.1 creating a 9-foot span. The beams were elevated to 4 feet from the
strong floor to conveniently observe the underside of the beam during testing, where the NSM TiABs
were mounted. An 82-kip actuator was used to load the specimens monotonically on a 4-inch-wide

bearing plate placed at the center of the beam.

\Steel Moment Frame

St Fl ;
Concrete Strong Floor Hydraulic Actuator.

C 1 Dl | L =|b
1 b

Reaction Block

Figure 6.1— Test Set Up for NSM TiAB Bond Test

The pin support was created using a steel cylinder cradled between two steel plates that
had a curve in them that matched the circumference of the cylinder. The roller support was
created on the other side by using a steel cylinder resting on a steel plate. The supports are shown

in Figure 6.2.
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Figure 6.2— Pin Support (left) and Roller Support (Right)

6.2 Instrumentation

Data was collected using internal and external sensors with GI.Bench software and Gantner
hardware as the data acquisition system and recorded at a rate of 2 hertz. Each reinforcing rebar
was instrumented with one strain gauge at the mid-span cross-section. The strains in the TiABs
were monitored during the tests with several strain gauges along the length. The strain gauges
were placed at the midspan (center) section and consistently spaced towards either side of the
bars. The first set was attached at 4 in. on either side of the center, and then spaced at 6 in. until
the end of the TiAB as shown in Figure 6.3. Linear position transducers (LPTs) were used to
measure the displacement at the center and in the shear span of the beam. Two 10 in. stroke
LPTs were attached at the center of the beam, and one 5 in. stroke LPT was attached in each
shear span. The average of the two LPTs at the center of the beam were used to record the
displacement of the specimens. The two LPTs in the shear span were used to confirm that the
single point loading resulted in symmetric beam deformation. Two inclinometers were mounted
to one side face of the specimen to measure the rotation at the cross sections 4 in. from the center

of the specimens. Figure 6.3 and Figure 6.4 show the instrumentation layout.
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Figure 6.3— Instrumentation Layout — Elevation View

——— |
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. Inclinometer

a LPTs
— Strain Gauge

Figure 6.4— Bottom View of Strain Gauges (Top) and LPTs (Bottom)

The curvature of the beams during the final loading was measured using the strain gauges
and inclinometer. The strain-based moment-curvature response was obtained by calculating the
curvature between the strain measurements on the top and bottom steel rebars at the midspan
using Equation 5.1. This method did not always produce a curve representative of the test in its

entirety because the data acquisition system was limited to 20,000 pe. For tests that exceeded
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20,000 pe in the tensile steel, the moment-curvature graphs were only partially reported.

Typically, the first softening of the beam could still be captured in these curves.

¢ =14 1000000 Equation 5.1

where
¢= Curvature (in™1).
C is the strain in the compression steel at midspan.
T is the strain in the tensile steel at midspan.
7.25 is the vertical distance between the two gauges in inches.
The equation is multiplied by 1000000 because the strain values were measured in microstrain
(ue).
The rotation-based moment-curvature response was obtained by calculating the average
curvature using the rotation measurements at 4 inches from the midspan on either side (8-inch

near the mid-span region) as calculated form Equation 5.2.

¢ = (imc.Rl+|imc.Pl) * —— Equation 5.2
8 180

where
¢= Curvature (in™1).
Inc.R is the inclinometer reading on the roller side in degrees.
Inc.P is the inclinometer reading on the pin side in degrees.
8 is the distance between the two inclinometers in inches.
The TiAB strain gauge spacing was modified for two specimens to prevent the edge
strain gauges from being near the end of the bar. The 30-inch bonded TiABs (i.e., R.HB.30 and

R.SB.30) had three strain gauges placed at 4 inches. For the hooked-unbonded bars, one gauge
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was placed at the center of the TiAB and one was placed at the quarter length on each side of the
TiAB for a total of three strain gauges due to the expectation of constant stress along the bar.

It was observed during the testing that the TiAB strain gauges for the bonded specimens
malfunctioned during testing. The strain gauge malfunctioning typically occurred around 6000
microstrains, which is prior to capturing the TiAB yielding and (yielding of the TiAB occurs
around 8500 microstrains). The strain gauges would adhere to the epoxy once the TiAB was
mounted into the groove. The epoxy has a lower tensile strength than the TiAB and whenever the
cracks formed the gauges would stop reporting values indicative of the TiAB. Figure 6.5 depicts

stain gauges attached to the epoxy rather than the TiAB post-test.

SR
o

Figure 6.5 — Strain Gauges and Epoxy Post-Test

6.3 Strain Gauge Installation
To give the strain gauges a smooth surface to adhere to, a 1.5-inch section of the bar surface

where a strain gauge was to be placed was smoothened using an angle grinding tool. CSM-3
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degreaser was used to remove any grease or oil from the smooth surface. The surface was then
wet-sanded with 220-grit sandpaper followed by 320-grit with a mild phosphoric-acid
conditioner. An ammonia-based neutralizer was then used to chemically neutralize the surface
and clean any contaminants. The strain gauge was then attached to the bar using a cyanoacrylate

adhesive. Figure 6.6 displays strain gauges attached to reinforcing bars.

Figure 6.6— Strain Gauge on Tension Steel

The strain gauges placed on the internal reinforcement had to withstand being covered by
concrete, so a polysulfide coating was used for protection. This coating also protected the strain
gauges from damage that might occur during concrete casting. A picture of the two strain gauges

with the polysulfide coating on them can be seen in Figure 6.7.
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Figure 6.7— Strain Gauges with Polysulfide Coating

The same process was used to apply the strain gauges to the TiAB. Instead of an angle
grinding tool, a bench grinder was used for convenience. The TiAB was not covered in coating

to not disrupt the bond with the epoxy. Figure 6.8 shows a TiAB with strain gauges attached.
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Figure 6.8— Strain Gauge attached to TiAB

6.4 Load Protocol

The specimens were pre-cracked to simulate in-service conditions, next the TiABs were installed
and then subjected to final loading. The final loading was a monotonic load that pushed the beam
to its capacity until it failed. The final load commenced in force control (1 kip/min) until the steel
yielded and then the loading switched to displacement control. The displacement control started
at 0.02 in/min and was increased to 0.05 in/min once the beam’s resistance plateaued. The
displacement-control loading is suitable for capturing the behavior in the plateau and post-peak
region of the beam response. During the force-controlled portion of the testing, the loading was
paused every 2 kips to mark cracks with a black permanent marker (pre-cracking cracks were
marked in red) until steel yielding (based on strain gauge readings). After steel yielding, cracks

were marked upon propagation until the failure of the beams.
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CHAPTER 7: PRE-CRACKING AND TIAB INSTALLATION

7.1 Pre-Cracking of the Specimens

NSM TiAB strengthening is an application targeted for bridges that are in service. To accurately
represent/simulate the in-service bridge condition, all the beam specimens were pre-cracked prior
to mounting the TiAB. The beams were taken to 85% of steel yielding (this equated to about
2,000 microstrains in the longitudinal steel which yields around 2,350 microstrains). Eighty-five
percent of yielding was chosen because the beams would be stressed beyond typical service load
conditions but remain in the linear-elastic region. This was done using the same monotonic
three-point loading configuration that was also used for the failure tests as shown in Figure 6.1.
The strains were monitored using the strain gauges that were attached to the tensile longitudinal
reinforcement at the center of the beams. The cracks were marked with red permanent markers to
distinguish from the failure load cycle, and crack widths were measured at 1-kip intervals. Figure
7.1 show the typical tensile strain and displacement variation plots during the cracking of the

beams prior to installing the TiAB.

Cracking - Tensile Strain vs Displacement - R.HU.10 Cracking - Load vs Displacement - R.HU.10

Tension 1
Tension 2

1
Actuator |

|

Load (kips)
w
Load (kips)
w

1 L 0 1 L L 1 L L 1 )
0 500 1000 1500 2000 2500 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Strain (Microstrains) Displacement (in.)

Figure 7.1—- Example Tensile Strain vs Displacement (Left) Load vs Displacement (Right)
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It has been consistently observed during the cracking process that the first crack would
appear around 3 kips near the midspan on either side of center where stirrups were located. This
crack was typically classified as a narrow (hairline) crack with a width of 0.003 inches. An
example of crack initiation in a beam can be seen in Figure 7.2. As the load increased, the crack
propagated towards the load point, and more cracks were initiated away from the center of the
beam. When the steel reached 2000 micro strains, usually between 5 to 6 kips, the largest crack
width for each beam varied from 0.008 inches to 0.012 inches. At the end of the pre-cracking
stage, there were numerous cracks under the load point and in the shear span, as shown in Figure

7.3.

Figure 7.2— Crack initiation during Pre-Cracking
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Figure 7.3— Typical Crack Pattern at end of Pre-Cracking

Upon completion of cracking there was residual strain in the longitudinal reinforcement
and permanent deformation of the beam. The strain gauges and LPTs had to be disconnected
from the data acquisition system after each beam’s cracking cycle to incorporate the next beam.
The residual strains ranged from 500-800 microstrain and the residual displacement were in the
range of 0.05 inches. The recorded residual strains and beam deformations obtained at the end of

the cracking cycles were manually added to the plots of the final (failure) loading cycles.

7.2 Preparing the TiAB for Installation

There were several steps that needed to be taken for NSM TiAB to be ready for mounting. These
steps included; (i) cutting to length, (ii) heating and bending appropriately to form the anchorage
hooks, (iii) grinding down the strain gauge locations, (iv) putting the wedges in place to keep the
TiAB from falling out of the groove, (v) attaching strain gauges along the bar length. The
straight-bonded bars were cut to the representative length directly, while the hooked bars (both

bonded and unbonded) had cut lengths that was calculated using the Bar Bending Work
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Instructions provided by the TiAB supplier, Perryman Company, to ensure that the TiAB were
the proper length once bent (Appendix C).

The bars cut and bent to desired lengths using the bending and cutting machine at ASEL.
For the hooked bars, the bar bending work instructions required that the bars be heated to
approximately 1200°F and then placed in the bar bending machine at that temperature. TiIAB
naturally turns blue when heated to 1200°F making this process convenient. An acetenyl-oxygen
torch with a rosebud tip was used to heat the TiAB. Figure 7.4 displays the TiAB being heated

and bent.

Figure 7.4 — TiAB Heating (Left) and Bending (Right)

To keep the bars in place inside the cut grooves, a rubber hose with an inside diameter of
0.5 inches and an outside diameter of 0.75 inches was cut into half-inch segments to act as
wedges. These wedges were slid onto the bar about every 18 inches to ensure the longest bar
could be kept in place. For some cases, a small layer of electrical tape was added on the outside

of the wedges for the TiAB to fit better with the walls of the groove.
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The last step to prepare the TiAB for installation was to add the strain gauges. The
process for attaching the strain gauges is outlined in Section 5.3. Figure 7.5 depicts one of the

wedges as well as two strain gauges attached on either side of the wedge.

Figure 7.5— TiAB with Wedge and Strain Gauges

7.3 Preparing the Concrete Specimen for NSM Strengthening

The concrete beams were prepared for NSM TiABs by; (i) cutting a 0.75 in. square groove in the
soffit of the beams, (ii) drilling holes and chiseling the concrete to accommodate the bend radius
of the hooked TiABs, (iii) low-pressure water blasting with abrasives for cleaning and achieving
optimal bond performance. The hooked-unbonded specimens only required drilling of the holes

and chiseling to accommodate the bending diameter due to not needing to be placed in a groove.
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Conversely, the straight-bonded specimens only required groove cutting because there were no
hooks to penetrate into the concrete.

Cutting the grooves into the beams was performed by concrete cutting professionals. As
mentioned, the groove was a 0.75-inch square groove based on the 0.5-inch bar diameter used in
this research, as prescribed by the AASHTO Guide. A single blade with 0.75-inch thickness was
acquired to ensure the proper groove width was maintained along the length as shown in Figure
7.6. For the cutting process, the beams were flipped to where the soffit of the beam was facing
up and put on heavy-duty sawhorses, as shown in Figure 7.7. All hooked-bonded and straight-
bonded beams were cut to a length of 104 inches which accounted for the full 96 in. length and
an additional 8 in. to accommodate for the tapering of the blade. Cutting all the beams to the
maximum length was convenient and provided flexibility in terms of revising the embedment

length in the test matrix, if deemed necessary.

Figure 7.6— Custom 0.75 in. wide blade and Corresponding Groove
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Figure 7.7— Track Saw Mounted on Beam

The holes that were drilled to incorporate the TiAB hooks were also 0.75 inches in
diameter to maintain continuity with the groove. The holes were drilled 6 inches deep using a
hammer drill, as shown in Figure 7.8. To incorporate the bend diameter of the hook, a jig was
made from plywood to guide the hammer drill out of the hole and bevel the concrete substrate at
the same radius as the TiAB hook. After the work with the hammer drill was finished, a hammer
and chisel were used to refine the bevel between the groove and the hole, as shown in Figure 7.9.
The hole and bevel radius were refined until the TiAB was in continuous contact with the

beveled concrete surface on both ends.

84



Figure 7.9— Chiseling to Refine Bevel
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The groove cutting and the drilling of the holes created slurry and dust/powder that left
debris inside the grooves. The walls of the grooves also had damaged concrete from the cutting
process. Therefore, the grooves were cleaned before the TiAB was mounted to the concrete using
low-pressure water blasting with abrasive, as prescribed in ACI 546R (2014). This method was
chosen because it is a precise method that selectively removes defective concrete and produces
minimal damage to remaining concrete. Low-pressure water blasting with abrasives shoots a
combination of water and masonry sand out of a nozzle at 4000 psi, as shown in Figure 7.10. The
result is a clean and porous surface suitable for good bonding without further damaging the

concrete surface, as Figure 7.11 shows a before and after sequence.

Figure 7.10— Low-Pressure Water Blasting with Abrasives
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Figure 7.11— Before (Left) and After (Right) Water Blasting with Abrasives

7.4 Near-Surface Mounting of the TiAB

This section discusses the specific process of mounting the TiAB to the beams. Appendix A
provides the specific installation procedure used in this study. This appendix includes guidance
for the installation process starting with the preparation of the concrete and TiABs as well as
guidance for the near-surface mounting of the TiABs. The TiABs were installed from the
underside of the beam to be representative of the worst practical strengthening case. A wooden
trowel fitted with a custom-made triangular tip to penetrate 2/3 of the groove volume was used to
push the epoxy into the corners of the groove. This ensured that the epoxy was adequately
packed in the corners and that there were no air bubbles to disrupt the bond, as shown in Figure
7.12. Once placed in the groove, a putty knife was used to consolidate the epoxy around the
TiAB and smooth the epoxy over the surface of the bars. Figure 7.13 shows a straight-bonded
bar after being completely installed into the beam. After the TiAB had been completely installed,
the beams were left to cure for at least 7 days, according to the epoxy manufacturer’s

documentation which is provided in Appendix D.
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Figure 7.13— Installed TiAB after Final Epoxy Lift
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CHAPTER 8: EXPERIMENTAL BEHAVIOUR, RESPONSE, AND DISCUSSION

This chapter presents the experimental behavior, response and post-test discussion from the
failure load application of the beam specimens strengthened with NSM TiABs. The beams failed
in various modes, including TiAB rupture, epoxy rupture, debonding, and anchorage slip, as each
failure mode described in Section 2.9. Upon data analysis, the failure of each specimen was
defined as a peak load reduction of 5%. The peak and failure displacements were considered as
the displacements that occurred at the peak and failure loads respectively. The predicted
AASHTO capacity using experimental values of the concrete, steel, and TiAB was used to
indicate when the TiAB yielded. The TiAB strain gauges that were not embedded in epoxy (i.e.,
the hooked-unbonded specimens) were capable of capturing TiAB in which case those values

were used for determining TiAB yielding.

8.1 Experimental Behavior and Responses

The following sections discuss the experimental responses of each beam. The load versus
displacement graphs are marked with “X” markers that indicate major milestones that occurred
during the test and associated pictures of the beams are provided for each test. Each section
discusses the failure mode attributed to each beam’s strength loss as well as the displacement,

rotation, and strain responses observed pre- and post-failure.

8.1.1 R.CON

This specimen was the control beam test that did not include any strengthening using TiAB and
was tested to provide the baseline performance to compare against the strengthened beams. The
specimen was pre-cracked as explained in Section 7.1 (initial loading cracks marked with red).

The load versus displacement graph is shown in Figure 8.1 and the pictures corresponding to the
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points on the plot are provided in Figure 8.2. The load-displacement response figure includes the
pre-crack load cycle and the initial displacement for the failure load cycle was shifted to match
the residual displacement from the earlier load cycle (plotted as R.CONcracking). As the applied
force increased, pre-cracks propagated, and existing crack extensions and new cracks were
marked in black. An almost linear response was observed at around an applied actuator load of 8
kips, where nonlinearity in the load-displacement behavior was observed beyond this load level.

Several flexural cracks were observed at this load level with almost constant spacing
between the cracks. The test was transitioned into displacement-controlled loading as the force
response entered a plateau behavior. The peak load occurred at 14.5 kips at a mid-span deflection
of 2.89 inches. The flexural cracks propagated toward the load point near the peak load and
widened extensively (in excess of 0.25 inches of crack width). Local concrete crushing was also
observed under the load point in the post-steel yielding response. In the post-peak portion of the
beam’s behavior, the load was mostly maintained, and the beam was eventually unloaded at 3.39
inches due to excessive damage in the specimen. The load never dropped below 5% but local
concrete crushing was observed under the load point and excessive tensile cracking in the beam
was observed, therefore concrete crushing/excessive tensile cracking is the designated failure
mode of the control beam. The load and displacement at failure were assigned to be the load and
displacement at unloading, which was 14.5 kips and 3.39 inches.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.3.
Similar to the displacement plots, the pre-crack load cycle is shown for the bottom reinforcing
bar, and the strains are initiated from the residual strain that resulted from the pre-cracking load
cycle. The bottom reinforcing rebars exceeded the steel yield strain of 2345 microstrain (pe) at

6.6 kips at the mid-span section. The bottom reinforcement strains (T1 and T2) exhibited a yield
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plateau response at around 9 kips. The difference between the initiation of rebar yielding and the
yield plateau response is credited to the formation of the plastic hinge at the midspan and the
load increase necessary to extend the yielded portion. The data acquisition system was capable of
recording strains up to 2% strain (20,000 pe), but the test continued beyond the force levels that
achieved this strain limit.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.4 and with an abbreviated x-axis in Figure 8.5. The
strain-based moment-curvature response (M-¢r.con sun1) and M-0r.con stn2) Was obtained by
calculating the curvature between the strain measurements on the top and bottom steel rebars at
the midspan. These curves are not representative of the full test due to the 20,000 pe limitation of
the data acquisition system. The responses indicated that a transition into non-linear response at
around 250 kip-in and 0.0005 in! of curvature, consistent with the load displacement behavior.
The beam softened from the yielding of the tensile steel. The peak moment for R.CON was 392
kip-in. The control beam was not instrumented with inclinometers, therefore a rotation-based

moment curvature representing the entire test was not plotted.
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Figure 8.2— R.CON Progression
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8.2 Hooked-Bonded Tests

This section discusses the experimental responses of the beams with hooked-bonded NSM TiAB.
8.2.1 R.HB.15

This specimen was strengthened with a 15-inch-long hooked-bonded TiAB (length measured

from outside-to-outside of the hooks). The specimen was pre-cracked as explained in Section 7.1

(initial loading cracks marked with red). The complete load versus displacement graph is shown

in Figure 8.6, and the pictures corresponding to the points on the plot are provided in Figure 8.7.

Similar to the control specimen, the load-displacement response figure includes the pre-crack

load cycle and the initial displacement for the failure load cycle was shifted to match the residual

displacement from the earlier load cycle (plotted as R.HB.15¢racking). As the applied load
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increased, pre-cracks widened and propagated, and existing crack extensions and new cracks
were marked in black. An almost linear response was observed up to an applied force of about 13
kips, where nonlinearity in the load-displacement behavior was observed beyond this force level.
The test was then transitioned into displacement-controlled loading. Similar to the control
specimen, flexural cracks were observed with almost constant spacing between the cracks.

In addition to the flexural cracks, tensile cracking was observed near the TiAB hook
anchorage zone. The peak load occurred at 15.5 kips at a mid-span deflection of 1.31 inches. The
cracks observed near the TiAB hook anchorage zone widened extensively and extended toward
the load point. Local concrete crushing was also observed under the load point in the post steel-
yielding response. After excessive cracking near the hook anchorage zone, the strength gradually
reduced to the force levels observed for the strength of the control beam (R.CON). In the post-
peak portion of the beam’s behavior, the load was mostly maintained, and the beam was
eventually unloaded due to excessive damage in the specimen.

The beam was unloaded when the force dropped to 13.8 kips at 4.21 inches of mid-span
displacement. The peak load observed for the test was marginally larger than the control
specimen (15.5 versus 14.5 kips) and was not near the calculated capacity that corresponded to
TiAB yielding (19.8 kips, as discussed in Section 3.3). Based on the failure definition of 5%
force drop from the peak load, the specimen had a failure force of 14.7 kips at 1.69 inches of
mid-span displacement. The observed failure mode was classified as hook debonding due to
excessive cracking in the hook anchorage zone. Figure 8.8 includes a post-test photo that
illustrates the anchorage zone failure.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.9.

The bottom reinforcing bar strains initiated from the residual strain that resulted from the pre-

97



cracking load cycle. The bottom reinforcing rebars exceeded the steel yield strain of 2345
microstrain (pe) at 8.9 kips at the mid-span section. The bottom reinforcement strains (T1 and
T2) exhibited a yield plateau response at around 13 kips. The difference between the initiation of
rebar yielding and the yield plateau response is credited to the formation of the plastic hinge at
the midspan and the load increase necessary to extend the yielding portion. The data acquisition
system was capable of recording strains up to 2% strain (20,000 pe), but the tests continued
beyond the force levels that achieved this strain limit. Several of the strain gauges on the TiIAB
malfunctioned prior to the test, and the ones that functioned in the test (strain gauges C, T1)
stopped reporting values at around 3000 pe. The reason for TiAB strain gauges malfunctioning
prior to the TiAB yielding was credited to the cracks that occurred in the epoxy as explained in
more detail in Section 6.2.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.10 and with an abbreviated x-axis in Figure 8.11. The
strain-based moment-curvature response (M-dr.uB.15 stm) Was obtained by calculating the
curvature between the strain measurements on the top and bottom steel rebars at the midspan.
These curves are not representative of the full test due to the 20,000 pe limitation. The rotation-
based moment-curvature response (M-¢r.uB-15 mnc) Was obtained by calculating the average
curvature using the rotation measurements at 4 inches from the midspan on either side (8-inch
central region) as mentioned in Section 6.2. The moment-curvature response indicates consistent
behavior with the one obtained from the 2D fiber model (M-¢@Fiber Model) mentioned in Section 3.3
until the yielding of the steel rebars and deviating from the prediction. The responses indicated

that a transition into non-linear response at around 350 kip-in and 0.001 in’! of curvature,
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consistent with the load displacement behavior. The peak moment of 418 kip-in was achieved at

0.004 in™! of curvature and the moment capacity gradually dropped with increasing curvature.
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Figure 8.8— R.HB.15 Post-Test
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8.2.2 R.HB.20

This specimen was strengthened with a 20-inch-long hooked-bonded TiAB (length measured
from outside-to-outside of the hooks). The specimen was pre-cracked as explained in Section 7.1
(initial loading cracks marked with red). The complete load versus displacement graph is shown
in Figure 8.12, and the pictures corresponding to the points on the plot are provided in Figure
8.13. As the applied load increased, pre-cracks widened and propagated, and existing crack
extensions and new cracks were marked in black. An almost linear response was observed up to
an applied force of about 13 kips, where nonlinearity in the load-displacement behavior became
more visible beyond this force level. Similar to the earlier specimens, flexural cracks were
observed at almost constant spacing between the cracks until the yielding of the steel rebars.

A considerably wide crack began to open and propagate towards the load point before
TiAB hook on the right side of the central portion of the beam. Local concrete crushing was also
observed under the load point in the post steel-yielding response. The peak load occurred at 16.7
kips at a mid-span deflection of 1.48 inches. The significant crack on the right side of the central
portion of the beam continued to widen and the load response gradually reduced as the beam
midspan continued to increase.

The peak load observed for the test was larger than the control specimen (16.7 versus
14.5 kips) but did not achieve the calculated strength that corresponds to the TiAB yielding (16.7
versus 19.8 kips). Based on the failure definition of 5% force drop from the peak load, the
specimen had a failure load of 15.9 kips at 2.04 inches of mid-span displacement. The observed
failure mode was classified as Intermediate Crack (IC) debonding, as Figure 8.14 illustrates the

epoxy-concrete interface failure propagating from the IC.
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The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.15.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 9.2 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 15 kips. The
difference between the initiation of rebar yielding and the yield plateau response is credited to
the formation of the plastic hinge at the midspan, and the load increase necessary to extend the
yielding portion. Several of the strain gauges on the TiAB malfunctioned prior to the test, and the
ones that functioned during the test (C, R1, P1, and P2) recorded values until about 4000 p.e.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.16 and with an abbreviated x-axis in Figure 8.17. The
moment-curvature response indicates consistent behavior with the one obtained from the 2D
fiber model (M-driver Model) up to high load levels. The responses indicated a transition into non-
linear response at around 350 kip-in and 0.001 in"! of curvature, consistent with the load-
displacement behavior. The peak moment of 451 kip-in was achieved at 0.003 in"! of curvature
and the moment capacity gradually dropped with increasing curvature until unloaded at 0.012 in°

Lof curvature.
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Figure 8.14— R.HB.20 Post-Test
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8.2.3 R.HB.30

This specimen was strengthened with a 30-inch-long hooked-bonded TiAB (length measured
from outside-to-outside of the hooks). The specimen was pre-cracked as explained in Section 7.1
(initial loading cracks marked with red). The complete load versus displacement graph is shown
in Figure 8.18, and the pictures corresponding to the points on the plot are provided in Figure
8.19. As the applied load increased, pre-cracks widened and propagated, and existing crack
extensions and new cracks were marked in black. An almost linear response was observed up to

an applied force of about 13 kips, where nonlinearity in the load-displacement behavior became
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more visible beyond this force level. Similar to the earlier specimens, flexural cracks were
observed at almost constant spacing between the cracks until the yielding of the steel rebars.

Four central cracks propagated towards the load point but with a maximum width of 0.03
inches at 21 kips. The peak load occurred at 21.9 kips at a mid-span deflection of 1.80 inches.
After the peak load, the cracks doubled in width from 0.03 inches just before the peak to 0.06
inches just after the peak at 21.7 kips. The two cracks in the central-right portion of the beam
representing the widest crack widths. The beam did not exhibit a plateau and the resistance
dropped till unloaded at 17.05 kips and 2.94 inches of midspan displacement.

The strength observed for the test was larger than the control specimen (21.9 versus 14.5
kips) and larger than the calculated strength that corresponding to the TiAB and steel rebar
yielding (21.9 versus 19.8 kips). Based on the failure definition of 5% force drop from the peak
load, the specimen had a failure load of 20.8 kips at 2.15 inches of mid-span displacement. The
observed failure mode was classified as IC debonding, as Figure 8.20 illustrates the epoxy-
concrete interface failure propagating from the iCs that were on the central-right portion of the
beam.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.21.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 9.4 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 13 kips. The
difference between the initiation of rebar yielding and the yield plateau response is credited to
the formation of the plastic hinge. Several of the strain gauges on the TiAB malfunctioned prior

to the test, and the ones that functioned during the test (C, R1, R2, R3, P1, P2, and P3) recorded
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values until about 5000-6000 pe, which could not capture the yielding of the TiAB that was
expected to occur around 8450 pe. The epoxy cracking was credited as the reason for TIAB
strain gauges malfunctioning as explained in Section 6.2.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.22 and with an abbreviated x-axis in Figure 8.23. The
moment-curvature response indicates consistent behavior with the one obtained from the 2D
fiber model (M-QFiber Model) Up to @ mid-span moment of 350 kip-in where the first softening
occurred in both the model and measured response. The response deviated from the 2D fiber
model response and indicated a gradually reducing slope (stiffness) until the peak moment, with
a second softening occurring at 0.0035 in!. The gradually reducing stiffness is credited to the
cracking occurring in the epoxy that might have caused slip of the TiAB and the second
softening is likely a result of the TiAB yielding. The peak moment of 591 kip-in was achieved at
0.005 in"! of curvature and the maximum curvature was recorded to be just beyond 0.08 in’!. The
curves quick descent after the peak indicates that even though the beam could achieve the
capacity associated with TiAB yielding, it was not able to undergo large deformations at the peak

load level.
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8.2.4 R.HB.40

This specimen was strengthened with a 40-inch-long hooked-bonded TiAB (length measured
from outside-to-outside of the hooks). The specimen was pre-cracked as explained in Section 7.1
(initial loading cracks marked with red). The complete load versus displacement graph is shown
in Figure 8.24, and the pictures corresponding to the points on the plot are provided in Figure
8.25. As the applied load increased, pre-cracks widened and propagated, and existing crack
extensions and new cracks were marked in black. An almost linear response was observed up to
an applied force of about 13 kips, where nonlinearity in the load-displacement behavior became
more visible beyond this force level. Similar to the earlier specimens, flexural cracks were

observed at almost constant spacing between the cracks until the yielding of the steel rebars.
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A large diagonal crack appeared in the central-left portion of the beam that initiated from
a flexural crack between 11 kps and the peak load. The peak load occurred at 23.3 kips at a mid-
span deflection of 2.01 inches. The load plateaued around 23 kips with increasing midspan
displacement. A horizontal crack initiated from a flexural crack close to the left hook and
propagated towards the diagonal crack. Local concrete crushing was also observed under the
load point in the post steel-yielding response. The beam began to gradually lose resistance and a
section of concrete from the diagonal crack fell at which point the beam was unloaded at 21.7
kips and 4.00 inches of midspan deflection.

The strength observed for the test was significantly larger than the control specimen (23.3
versus 14.5 kips) and exceeded the calculated strength that corresponded to the TiAB and steel
rebar yielding (23.3 versus 19.8 kips). Based on the failure definition of 5% force drop from the
peak load, the specimen had a failure load of 22.1 kips at 3.91 inches of mid-span displacement.
The observed failure mode was classified as critical diagonal crack (CDC) debonding, as Figure
8.26 illustrates the failed epoxy-concrete interface along the groove where a concrete portion fell
and wide cracks extended parallel the groove in both directions.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.27.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 9.0 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 14 kips The
difference between the initiation of rebar yielding and the yield plateau response is credited to
the formation of the plastic hinge. Several of the strain gauges on the TiAB malfunctioned prior

to the test, and the ones that functioned during the test (R1, R2, P1, P2, and P3) recorded values
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until about 4000 pe, which could not capture the yielding of the TiAB that was expected to occur
around 8450 pe. The epoxy cracking was credited as the reason for TiAB strain gauges
malfunctioning as explained in Section 6.2.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.28 and with an abbreviated x-axis in Figure 8.29. The
moment-curvature response indicates consistent behavior with the one obtained from the 2D
fiber model (M-¢Fiber Model) Up to @ mid-span moment of 400 kip-in. The response deviated from
the 2D fiber model response and indicated a gradually reducing slope (stiffness) until the peak
moment. The gradually reducing stiffness is credited to the cracking occurring in the epoxy that
might have caused slip of the TiAB. The peak moment of 629 kip-in was achieved at 0.006 in!
of curvature and the maximum curvature was recorded to be nearly 0.014 in’!. The curve
indicates a ductile response by sustaining the high force at large deformations, and also large

energy dissipation under the curve.
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Figure 8.26— R.HB.40 Post-Test
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8.2.5 R.HB.60

This specimen was strengthened with a 60-inch-long hooked-bonded TiAB (length measured
from outside-to-outside of the hooks). The specimen was pre-cracked as explained in Section 7.1
(initial loading cracks marked with red). The complete load versus displacement graph is shown
in Figure 8.30, and the pictures corresponding to the points on the plot are provided in Figure
8.31. As the applied load increased, pre-cracks widened and propagated, and existing crack
extensions and new cracks were marked in black. An almost linear response was observed up to
an applied force of about 13 kips, where nonlinearity in the load-displacement behavior became
more visible beyond this force level. Similar to the earlier specimens, flexural cracks were

observed at almost constant spacing between the cracks until the yielding of the steel rebars.
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The flexural crack in the central region of the beam widened to 0.06 inches at 21 kips
from 0.012 inches at 13 kips and propagated towards the load point. The peak load occurred at
24.2 kips at a mid-span deflection of 2.54 inches. Local concrete crushing was also observed
under the load point in the post steel-yielding response. The load plateaued around 24 kips with
increasing midspan displacement until the TiAB ruptured in the central portion of the beam at
23.6 kips and 4.65 inches of midspan displacement. The TiAB rupture occurred in a sudden
manner.

The strength observed for the test was significantly larger than the control specimen (24.2
versus 14.5 kips) and exceeded the calculated strength that corresponding to the TiAB and steel
rebar yielding (24.2 versus 19.8 kips). Based on the failure definition of 5% force drop from the
peak load, the specimen had a failure load of 23.6 kips at 4.65 inches of mid-span displacement.
The observed failure mode was classified as TiAB rupture, as Figure 8.32 illustrates the bar
rupture occurred near the midspan.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.33.
T2 and C1 malfunctioned for unknown reasons and did not report values for the R.HB.60 test.
The bottom reinforcing bar strain was offset from the origin as it initiated from the residual strain
that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the steel
yield strain of 2345 pe at 7.3 kips at the mid-span section. The bottom reinforcement strain (T1)
exhibited a yield plateau response at around 13 kips. The difference between the initiation of
rebar yielding and the yield plateau response is credited to the formation of the plastic hinge.
Several of the strain gauges on the TiAB malfunctioned prior to the test, and the ones that

functioned during the test (C, R1, R2, R3, R4, R5, P1, P2, P3, P4, and P5) recorded values until
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just under the excepted TiAB yield strain of 8450 pe. The epoxy cracking was credited as the
reason for TiAB strain gauges malfunctioning as explained in Section 6.2.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.34 and with an abbreviated x-axis in Figure 8.35. The
strain-based moment-curvature response could not be captured because the two working strain
gauges were on opposite sides of the beam. The rotation-based moment-curvature response was
obtained by calculating the average curvature using the rotation measurements at 4 inches from
the midspan on either side (8-inch central region) as mentioned in Section 6.2. The moment-
curvature response indicates consistent behavior with the one obtained from the 2D fiber model
(M-dFiber Modet) Up to a mid-span moment of 400 kip-in. The response deviated from the 2D fiber
model response around the peak moment level of control specimen capacity and indicated a
gradually reducing slope (stiffness) until the peak moment. The gradually reducing stiffness is
credited to the cracking occurring in the epoxy that might have caused slip of the TiAB. The
peak moment of 653 kip-in was achieved at 0.01 in"! of curvature and the maximum curvature
was recorded to be beyond 0.02 in!. The curve indicates a ductile response by sustaining the

high force at large deformations, and also large energy dissipation under the curve.
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Figure 8.31— R.HB.60 Progression
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8.3 Straight-Bonded Tests

This section discusses the experimental responses of the beams with straight-bonded NSM

TiAB.

8.3.1 R.SB.30

This specimen was strengthened with a 30-inch straight-bonded TiAB. The specimen was pre-
cracked as explained in Section 7.1 (initial loading cracks marked with red). The complete load
versus displacement graph is shown in Figure 8.36, and the pictures corresponding to the points
on the plot are provided in Figure 8.37. As the applied load increased, pre-cracks widened and
propagated, and existing crack extensions and new cracks were marked in black. An almost

linear response was observed up to an applied force of about 13 kips, where nonlinearity in the
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load-displacement behavior became more visible beyond this force level. After the steel yielded,
the actuator was in force-control and when the load exceeded the resistance capacity of the beam
the actuator head pushed the R.SB.30 for its full stroke and ruptured the bottom steel abruptly.
The peak load occurred at 14.8 kips and 0.47 inches of displacement before the large
deformation was induced by the actuator head.

The strength observed for the test was negligibly higher than the control specimen (14.8
versus 14.5 kips) and considerably lower than the calculated strength that corresponding to the
TiAB and steel rebar yielding (14.8 versus 19.8 kips). The specimen had a failure load of 14.8
kips at 0.47 inches of mid-span displacement. The observed failure mode was unclear due to not
switching to a slower load rate (displacement-controlled loading) before the specimen failure,
but the crack curving in from the outside of the TiAB as seen in Figure 8.38 suggest that the
failure mode could have been debonding of the bar ends.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.39.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 8.9 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 13 kips. The
difference between the initiation of rebar yielding and the yield plateau response is credited to
the formation of the plastic hinge at the midspan and the load increase necessary to extend the
yielding portion. Several of the strain gauges on the TiAB malfunctioned prior to the test, and the
ones that functioned during the test (R1, R2, R3, and P1) reached values of about 4000 pe before

the beam failed, and not reaching to the TiAB yield strain of 8450 pe.
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The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.40 and with an abbreviated x-axis in Figure 8.41. The
moment-curvature response indicates consistent behavior with the one obtained from the 2D
fiber model (M-¢Fiber Model) Up to @ mid-span moment of 400 kip-in at which point the failure
occurred. The peak moment of 400 kip-in was achieved at 0.001 in™! of curvature. The curve

indicates that the beam’s maximum capacity was nearly identical to the control specimen.
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Figure 8.38— R.SB.30 Post-Test
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8.3.2 R.SB.40

This specimen was strengthened with a 40-inch straight-bonded TiAB. The specimen was pre-
cracked as explained in Section 7.1 (initial loading cracks marked with red). The complete load
versus displacement graph is shown in Figure 8.42, and the pictures corresponding to the points
on the plot are provided in Figure 8.43. As the applied load increased, pre-cracks widened and
propagated, and existing crack extensions and new cracks were marked in black. An almost
linear response was observed up to an applied force of about 13 kips, where nonlinearity in the
load-displacement behavior became more visible beyond this force level. Similar to the earlier
specimens, flexural cracks were observed at almost constant spacing between the cracks until the

yielding of the steel rebars.
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At 14 kips the cracks were 0.02 inches wide, and the cracks continued to represent
flexural behavior. The peak load occurred at 18.3 kips at a mid-span deflection of 0.67 inches. A
diagonal crack formed in the left-central portion of the beam and the load dropped suddenly to
11 kips where the beam was then unloaded.

The strength observed for the test was larger than the control specimen (18.3 versus 14.5
kips) but lower than the calculated strength that corresponding to the TiAB and steel rebar
yielding (18.3 versus 19.8 kips). Based on the failure definition of 5% force drop from the peak
load, the specimen had a failure load of 17.4 kips at 0.68 inches of mid-span displacement. The
observed failure mode was classified as CDC debonding, as Figure 8.44 illustrates a wide
diagonal crack that extended to the end of the groove.

The strains measured in the steel reinforcing bars and TiAb are presented in Figure 8.45.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 9.6 kips at the mid-span section. The bottom
reinforcement strain T1 malfunctioned at 3000 pe and T2 exhibited a yield plateau response at
around 17 kips. The difference between the initiation of rebar yielding and the yield plateau
response is credited to the formation of the plastic hinge at the midspan and the load increase
necessary to extend the yielding portion. Several of the strain gauges on the TiAB malfunctioned
prior to the test, and the ones that functioned during the test (C, R1, and P2) recorded values until
about 6000 pe before the beam failed, shy of the 8450 pe TiAB yield strain. The epoxy cracking
was credited as the reason for TiAB strain gauges malfunctioning as explained in Section 6.2.

The moment-curvature responses obtained from the strain and beam rotation

measurements are provided in Figure 8.46 and with an abbreviated x-axis in Figure 8.47. The
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moment-curvature response indicates consistent behavior with the one obtained from the 2D
fiber model (M-¢Fiver Model) until the failure prior to reaching 500 kip-in. The peak moment of 494
kip-in was achieved at 0.001 in’!. The curve indicates that the beam failed in a sudden manner
with a brittle response.
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Figure 8.44— R.SB.40 Post-Test
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8.3.4 R.SB.60

This specimen was strengthened with a 60-inch straight-bonded TiAB. The specimen was pre-
cracked as explained in Section 7.1 (initial loading cracks marked with red). The complete load
versus displacement graph is shown Figure 8.48, and the pictures corresponding to the points on
the plot are provided Figure 8.49. As the applied load increased, pre-cracks widened and
propagated, and existing crack extensions and new cracks were marked in black. An almost
linear response was observed up to an applied force of about 13 kips, where nonlinearity in the
load-displacement behavior became more visible beyond this force level.

The cracks propagated towards the load point, the widest being 0.05 inches in width at 20
kips. The peak load occurred at 22.8 kips at a mid-span deflection of 1.33 inches which is when

the epoxy in the central portion of the beam fractured in a sudden manner.
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The strength observed for the test was significantly larger than the control specimen (22.8
versus 14.5 kips) and exceeded the calculated strength that corresponding to the TiAB and steel
rebar yielding (22.8 versus 19.8 kips). Based on the failure definition of 5% force drop from the
peak load, the specimen had a failure load of 22.7 kips at 1.33 inches of mid-span displacement.
The observed failure mode was classified as epoxy rupture, as Figure 8.50 illustrates fractured
pieces of epoxy and no rupture of the TiAB.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.51.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 9.8 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 13 kips. The
difference between the initiation of rebar yielding and the yield plateau response is credited to
the formation of the plastic hinge. Several of the strain gauges on the TiAB malfunctioned prior
to the test, and the ones that functioned during the test (P1 and P5) recorded values until about
4500 pe, which could not capture the yielding of the TiAB that was expected to occur around
8450 pe. The epoxy cracking was credited as the reason for TiAB strain gauges malfunctioning
as explained in Section 6.2.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.52 and with an abbreviated x-axis in Figure 8.53. The
moment-curvature response indicates consistent behavior with the one obtained from the 2D
fiber model (M-¢Fiber Model) Up to @ mid-span moment of 400 kip-in. The response deviated from
the 2D fiber model response and indicated a gradually reducing slope (stiffness) and then a

second softening before the peak moment. The gradually reducing stiffness is credited to the
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cracking occurring in the epoxy that might have caused slip of the TiAB and the further softened,
potentially due to the TiAB yielding. The peak moment of 616 kip-in was achieved at 0.0035 in’!
of curvature. The curve indicates a ductile response by sustaining the high force at large

deformations, and also large energy dissipation under the curve.
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Figure 8.50— R.SB.60 Post-Test
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8.3.5 R.SB.80

This specimen was strengthened with an 80-inch straight-bonded TiAB. The specimen was pre-
cracked as explained in Section 7.1 (initial loading cracks marked with red). The complete load
versus displacement graph is shown in Figure 8.54 and the pictures corresponding to the points
on the plot are provided in Figure 8.55. As the applied load increased, pre-cracks widened and
propagated, and existing crack extensions and new cracks were marked in black. An almost
linear response was observed up to an applied force of about 13 kips, where nonlinearity in the
load-displacement behavior became more visible beyond this force level.

Two major cracks on either side of the load point widened excessively for loads beyond
the steel rebar yielding. A diagonal crack was observed on the left side of the beam and local

concrete crushing was observed under the load point in the post steel-yielding response. The
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peak load occurred at 24.1 kips at a mid-span deflection of 2.31 inches. The load plateaued
around 24 kips with increasing midspan displacement until the TiAB ruptured at 23.4 kips and
3.11 inches of displacement. The rupture occurred in a sudden manner.

The strength observed for the test was significantly larger than the control specimen (24.1
versus 14.5 kips) and exceeded the calculated strength that corresponded to the TiAB and steel
rebar yielding (24.1 versus 19.8 kips). Based on the failure definition of 5% force drop from the
peak load, the specimen had a failure load of 23.4 kips at 3.11 inches of mid-span displacement.
The observed failure mode was classified as TiAB rupture, as Figure 8.56 illustrates the bar
rupture occurred near the midspan.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.57.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 8.8 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 13 kips. The
difference between the initiation of rebar yielding and the yield plateau response is credited to
the formation of the plastic hinge. Several of the strain gauges on the TiAB malfunctioned prior
to the test, and the ones that functioned during the test (R1, R2, R3, R4, RS, R6, P1, P2, P3, P5,
P6) recorded values until about 6000 pe, which could not capture the yielding of the TiAB that
was expected to occur around 8450 pe. The epoxy cracking was credited as the reason for TiAB
strain gauges malfunctioning as explained in Section 6.2.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.58 and with an abbreviated x-axis in Figure 8.59. The

moment-curvature response indicates consistent behavior with the one obtained from the 2D
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fiber model (M-¢Fiber Model) Up to @ mid-span moment of 400 kip-in. The response deviated from
the 2D fiber model response and indicated a gradually reducing slope (stiffness) until the peak
moment. The gradually reducing stiffness is credited to the cracking occurring in the epoxy that
might have caused slip of the TiAB. The peak moment of 650 kip-in was achieved at 0.008 in"!
of curvature and the maximum curvature was recorded to be beyond 0.01 in"!. The moment-
curvature response indicated a ductile response by sustaining the high force at large
deformations, and also large energy dissipation under the curve.
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Figure 8.54— R.SB.80 Load versus Displacement Response
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Figure 8.56— R.SB.80 Post-Test
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8.3.6 R.SB.96

This specimen was strengthened with an 96-inch straight-bonded TiAB. The specimen was pre-
cracked as explained in Section 7.1 (initial loading cracks marked with red). The complete load
versus displacement graph is shown in Figure 8.60, and the pictures corresponding to the points
on the plot are provided in Figure 8.61. As the applied load increased, pre-cracks widened and
propagated, and existing crack extensions and new cracks were marked in black. An almost
linear response was observed up to an applied force of about 13 kips, where nonlinearity in the
load-displacement behavior became more visible beyond this force level.

Flexural cracks widened and propagated towards the load point and two diagonal cracks
appeared on each side initiating from a flexural crack and propagated towards the center of the

beam. The peak load occurred at 23.6 kips at a mid-span deflection of 1.86 inches. Signs of local
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concrete crushing were visible at 23.6 kips. The load plateaued around the peak load with
increasing midspan displacement. A horizontal crack traveled along the length of the beam
starting on the left side. The central cracks severely widened in excess of 0.25 inches. The beams
failure occurred whenever the horizontal crack curved to the end of the TiAB and separated it
from the beam and the epoxy in the central area of the beam shattered simultaneously.

The strength observed for the test was significantly larger than the control specimen (23.6
versus 14.5 kips) and considerably larger than the calculated strength that corresponding to the
TiAB and steel rebar yielding (23.6 versus 19.8 kips). Based on the failure definition of 5% force
drop from the peak load, the specimen had a failure load of 23.4 kips at 4.65 inches of mid-span
displacement. The observed failure mode was classified as both end debonding and epoxy
rupture due to the seemingly simultaneous occurrence of the two. Figure 8.62 illustrates the
epoxy fragments in the central portion of the beam as well as the end section that separated from
the concrete beam.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.63.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 9.4 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 13 kips. The
difference between the initiation of rebar yielding and the yield plateau response is credited to
the formation of the plastic hinge. Several of the strain gauges on the TiAB malfunctioned prior
to the test, and the ones that functioned during the test (C, R4, R5, R7, P2, P3, P4, and P6)

recorded values until about 6000 pe, which could not capture the yielding of the TiAB that was
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expected to occur around 8450 pe. The epoxy cracking was credited as the reason for TIAB
strain gauges malfunctioning as explained in Section 6.2.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.64 and with an abbreviated x-axis in Figure 8.65. The
moment-curvature response indicates consistent behavior with the one obtained from the 2D
fiber model (M-¢Fiber Model) Up to @ mid-span moment of 400 kip-in. The response deviated from
the 2D fiber model response and indicated a gradually reducing slope (stiffness) until the peak
moment. The gradually reducing stiffness is credited to the cracking occurring in the epoxy and
concrete that would cause slip between the concrete substrate and epoxy and the TiAB. The peak
moment of 637 kip-in was achieved at 0.008 in"! of curvature and the maximum curvature was
recorded to be nearly 0.016 in"!. The moment-curvature response indicated a ductile response

with large energy dissipation under the curve.
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8.4 Hooked-Unbonded Tests

This section discusses the experimental responses of the beams with hooked-unbonded NSM
TiAB.

8.4.1 R.HU.10

This specimen was strengthened with a 10-inch hooked-unbonded TiAB. The specimen was pre-
cracked as explained in Section 7.1 (initial loading cracks marked with red). The complete load
versus displacement graph is shown in Figure 8.66, and the pictures corresponding to the points
on the plot are provided in Figure 8.67. As the applied load increased, pre-cracks widened and
propagated, and existing crack extensions and new cracks were marked in black. An almost

linear response was observed up to an applied force of about 11 kips, where nonlinearity in the
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load-displacement behaviour became more visible beyond this force level. Similar to the earlier
specimens, flexural cracks were observed at almost constant spacing between the cracks until the
yielding of the steel rebars. After yielding, cracks quickly formed outside the hooks and
propagated towards the load point.

The peak load occurred at 13.8 kips at a mid-span deflection of 2.29 inches. The load
response briefly descended after 11 kips and then rose again till it plateaued around the peak
load. There was excessive cracking across the hooks and the beam behaved similar to R.CON
after the load dip at 11 kips. The beam was eventually unloaded after it was clear that the TIAB
was not contributing to any strength gain at 13.2 kips and 4.05 inches of midspan deflection.

The strength observed for the test was marginally smaller than the control specimen (13.8
versus 14.5 kips) and significantly lower than the calculated strength that corresponding to the
TiAB and steel rebar yielding (13.8 versus 19.8 kips). Based on the failure definition of 5% force
drop from the peak load, the specimen had a failure load of 13.05 kips at 4.03 inches of mid-span
displacement. The observed failure mode was classified as hooked end debonding, as Figure 8.68
illustrates the cracks crossing the hooks and separating the section of concrete with the TiAB.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.69.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 7.3 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 12 kips. The
difference between the initiation of rebar yielding and the yield plateau response is credited to
the formation of the plastic hinge at the midspan and the load increase necessary to extend the

yielding portion. The data acquisition system was capable of recording strains up to 2% strain
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(20,000 pe), but the test continued beyond the force levels that achieved this strain limit. The
TiAB Strain gauges (C, R1, and P1) reached 2000 pe and did not reach the expected TiAB yield
strength of 8450 pe.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.70 and with an abbreviated x-axis in Figure 8.71. The
strain-based moment-curvature response was obtained by calculating the curvature between the
strain measurements on the top and bottom steel rebars at the midspan. The rotation-based
moment-curvature response was obtained by calculating the average curvature using the rotation
measurements at 4 inches from the midspan on either side (8-inch central region) as mentioned
in Section 6.2. The moment-curvature response indicates consistent behavior with the one
obtained from the 2D fiber model (M-¢Fiver Modet) Up to a mid-span moment of 300 kip-in. The
response deviated from the 2D fiber model response and indicated a gradually reducing slope
(stiffness) until the peak moment. The peak moment of 373 kip-in was achieved just before
0.012 in™! of curvature and the maximum curvature was recorded to be beyond 0.018 in"!. The
curve indicates the performance of the 10-inch hooked-unbonded TiAB did not increase the

strength of the beam.
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8.4.2 R.HU.30

This specimen was strengthened with a 30-inch hooked-unbonded TiAB. The specimen was pre-
cracked as explained in Section 7.1 (initial loading cracks marked with red). The complete load
versus displacement graph is shown in Figure 8.72, and the pictures corresponding to the points
on the plot are provided in Figure 8.73. In those figures the TiAB is not labeled as they were in
the other tests. As the applied load increased, pre-cracks widened and propagated, and existing
crack extensions and new cracks were marked in black. An almost linear response was observed
up to an applied force of about 12 kips, where nonlinearity in the load-displacement behavior
became more visible beyond this force level. Similar to the earlier specimens, flexural cracks
were observed at almost constant spacing between the cracks until the yielding of the steel
rebars.

After steel yielding the cracks propagated but maintained the nearly constant spacing. At
12 kips the largest crack width was 0.03 inches. The peak load occurred at 18.0 kips at a mid-
span deflection of 0.83 inches. A diagonal crack formed suddenly on the outside of the right
TiAB hook and the load dropped to 13 kips.

The strength observed for the test was larger than the control specimen (18.0 versus 14.5
kips) and lower than the calculated strength that corresponding to the TiAB and steel rebar
yielding (18.0 versus 19.8 kips). Based on the failure definition of 5% force drop from the peak
load, the specimen had a failure load of 17.5 kips at 0.85 inches of mid-span displacement. The
observed failure mode was classified as hooked end debonding, as Figure 8.74 illustrates the
crack starting outside the TiAB hook and then crossing over it.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.75.

The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
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strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 7.9 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 13 kips. The
difference between the initiation of rebar yielding and the yield plateau response is credited to
the formation of the plastic hinge at the midspan and the load increase necessary to extend the
yielding portion. The TiAB Strain gauges (C, R1, and P2) reached 6000 pe and did not reach the
expected TiAB yield strength of 8450 pe.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.76 and with an abbreviated x-axis in Figure 8.77. The
moment-curvature response indicates consistent behavior with the one obtained from the 2D
fiber model (M-¢Fiber Model) Up to @ mid-span moment of 320 kip-in. The response deviated from
the 2D fiber model response and indicated a softening that occurred potentially form the steel
yielding. The peak moment of 486 kip-in was achieved at 0.002 in! which was also the max
curvature. The moment-curvature response indicated sudden drop without much softening

indicates that the debonding occurred before the full capacity of the beam was achieved.
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8.4.3 R.HU.40

This specimen was strengthened with a 40-inch hooked-unbonded TiAB. The specimen was pre-
cracked as explained in Section 7.1 (initial loading cracks marked with red). The complete load
versus displacement graph is shown in Figure 8.78, and the pictures corresponding to the points
on the plot are provided in Figure 8.79. As the applied load increased, pre-cracks widened and
propagated, and existing crack extensions and new cracks were marked in black. An almost
linear response was observed up to an applied force of about 13 kips, where nonlinearity in the
load-displacement behavior became more visible beyond this force level. Similar to the earlier

specimens, flexural cracks were observed at almost constant spacing between the cracks until the

yielding of the steel rebars.
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After the initiation of steel yielding the cracks widened and propagated towards the load
point. The central crack was the widest. The peak load occurred at 22.9 kips at a mid-span
deflection of 1.44 inches. At the peak load the left-central crack was excessively wide and
hairline cracks around the left TiAB hook indicated signs of distress. The load gradually dropped
with increasing midspan displacement and eventually plateaued around 18 kips. The beam was
unloaded when the load dropped to 17.7 kips and 3.90 inches of displacement.

The strength observed for the test was significantly larger than the control specimen (22.9
versus 14.5 kips) and larger than the calculated strength that corresponding to the TiAB and steel
rebar yielding (22.9 versus 19.8 kips). Based on the failure definition of 5% force drop from the
peak load, the specimen had a failure load of 21.8 kips at 1.66 inches of mid-span displacement.
The observed failure mode was classified as anchorage slip, as Figure 8.80 illustrates the back of
the TiAB hook was separated from the concrete/epoxy and visible distress was observed in the
hook-bearing area of the concrete.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.81.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 7.7 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 11 kips. The
difference between the initiation of rebar yielding and the yield plateau response is credited to
the formation of the plastic hinge at the midspan and the load increase necessary to extend the
yielding portion. The TiAB Strain gauges (C, R1, and P2) reached 10000 pe which is beyond the

8450 pe expected TiAB yield strain.
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The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.82 and with an abbreviated x-axis in Figure 8.83. The
moment-curvature response indicates consistent behavior with the one obtained from the 2D
fiber model (M-¢Fiber Model) Up to @ mid-span moment of 300 kip-in. The response deviated from
the 2D fiber model response and indicated a softening that occurred potentially form the steel
yielding. The peak moment of 353 kip-in was achieved at 0.003 in"!. The max curvature was

captured to be 0.001 in™'.
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8.4.4 R.HU.60

This specimen was strengthened with a 60-inch hooked-unbonded TiAB that used a larger bend

diameter of 6-in. rather than 3-in. (the tail length remained a constant 6 inches as was provided in

the other specimens). R.HU.60 was also rotated 180 degrees providing a 1 in. clear cover rather

than 1.5 inches. The specimen was pre-cracked as explained in Section 7.1 (initial loading cracks

marked with red). The complete load versus displacement graph is shown in Figure 8.84, and the

pictures corresponding to the points on the plot are provided in Figure 8.85. As the applied load

increased, pre-cracks widened and propagated, and existing crack extensions and new cracks

were marked in black. An almost linear response was observed up to an applied force of about 11

kips, where nonlinearity in the load-displacement behavior became more visible beyond this
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force level. Similar to the earlier specimens, flexural cracks were observed at almost constant
spacing between the cracks until the yielding of the steel rebars.

After the initiation of steel yielding the cracks widened and propagated towards the load
point. The left-central crack was the widest. Diagonal cracks also formed near both hooks. The
peak load occurred at 23.1 kips at a mid-span deflection of 1.79 inches. The load suddenly
dropped to 17 kips without any noticeable change in the crack pattern on the sides of the beam.
The load drop might have been due to a sudden slip in the anchorage. The test continued and the
load leveled out close to 19 kips where it continued to displace until unloaded at 17.3 kips and a
midspan deflection of 1.83 inches.

The strength observed for the test was significantly larger than the control specimen (23.1
versus 14.5 kips) and larger than the calculated strength that corresponding to the TiAB and steel
rebar yielding (23.1 versus 19.8 kips). Based on the failure definition of 5% force drop from the
peak load, the specimen had a failure load of 22.8 kips at 1.83 inches of mid-span displacement.
The observed failure mode was classified as anchorage slip, as Figure 8.86, illustrates the 1- and
1/8-inch difference in the line on the beam and the line on the TiAB that started in the same
location.

The strains measured in the steel reinforcing bars and TiAB are presented in Figure 8.87.
The bottom reinforcing bar strains were offset from the origin as they initiated from the residual
strain that resulted from the pre-cracking load cycle. The bottom reinforcing rebars exceeded the
steel yield strain of 2345 microstrain (pe) at 7.0 kips at the mid-span section. The bottom
reinforcement strains (T1 and T2) exhibited a yield plateau response at around 11 kips. The
difference between the initiation of rebar yielding and the yield plateau response is credited to

the formation of the plastic hinge at the midspan and the load increase necessary to extend the
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yielding portion. The TiAB Strain gauges (C, R1, and P2) reached 8450 pe which is the expected
TiAB yield strain.

The moment-curvature responses obtained from the strain and beam rotation
measurements are provided in Figure 8.88 and with an abbreviated x-axis in Figure 8.89. The
moment-curvature response indicates consistent behavior with the one obtained from the 2D
fiber model (M-¢Fiber Model) Up to @ mid-span moment of 300 kip-in. The response deviated from
the 2D fiber model response and indicated a softening that occurred potentially form the steel
yielding. The peak moment of 623 kip-in was achieved at 0.004 in"!. The max curvature was

captured to be 0.008 in™!.
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8.5 Summary of Tested Specimens
Figure 8.90 illustrates the load versus displacement of all the specimens. This figure indicates the

consistent behavior before the initial softening for all beams.
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The hooked-bonded specimens that had a TiIAB development length of 15 in. (1.09 ksi of
bond strength) and longer (bond strength < 1.09 ksi) exhibited desirable responses by achieving
yielding and AASHTO’s nominal strength and sustaining large deformations at peak load levels
after the yielding of both steel and TiAB. After undergoing significant deformation beyond the
yielding of the bars, the specimens eventually failed with titanium or epoxy rupture, which were
sudden failure modes. Having the hooked ends significantly reduced the bonded length required
to achieve the yielding of the TiAB.

Similarly, the straight-bonded specimens that had a TiAB development length of 30 in.

(0.55 ksi of bond strength) and longer (bond strength < 0.55 ksi) exhibited desirable responses by
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achieving yielding and AASHTO’s nominal strength and sustaining large deformations at peak
load levels after the yielding of both steel and TiAB. The R.SB.80 failed due to TiAB rupture,
indicating that the straight-bonded anchorage method can be utilized to achieve the full-strength
from the TiAB, if sufficient embedment length is provided.

The hooked-unbonded specimens were capable of achieving the plastic capacities similar
to the bonded tests. R.HU.40 and R.HU.60 achieved the capacity calculated from Equation 2.2.
Despite being able to achieve high resistance, the loads were not sustained through large
displacements and indicated wide cracking that would be excessive for crack controlling limits.

R.HB.30, R.SB.60, R.HU.40, and R.HU.60 all exhibited TiAB yielding, but without a
post-peak plateau. R.HB.40, R.HB.60, R.SB.80. and R.SB.96 exhibited TiAB yielding with a
post-peak plateau. Equation 2.2 in the AASHTO Guide uses the yield stress when calculating the
strength contribution from titanium-alloy in tensions for nominal moment strength. Therfore, the
TiAB was considered to have yielded when the specimen achieved the strength predicted from
AASHTO. Figure 8.91 illustrates each anchorage methods’ peak load versus TiAB length and

Figure 8.92 depicts the displacement at failure for each beam where the TiAB yielded.
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These figures indicate that the bonded bars achieved larger deflections prior to failure

with increasing embedment length. The loads achieved during these tests exceeded the predicted
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strengths. Table 8.1 displays the predicted strengths, the strengths of the control specimen, and

the strengths of the beams that exceeded the AASHTO predicted capacity.

Table 8.1 — Strength Comparison to Control

Nominal Measured Strength
Beam Strength Based Strength (k) Increase from
on Eq. 2.2 (k) R.CON
R.CON 9.6 14.5 N/A
R.HB.30 19.8 21.9 7.4
R.HB.40 19.8 23.3 8.8
R.HB.60 19.8 24.2 9.7
R.SB.60 19.8 22.8 8.3
R.SB.80 19.8 24.1 9.6
R.SB.96 19.8 23.6 9.1
R.HU.40 19.8 22.9 8.4
R.HU.60 19.8 23.1 8.6

The measured strength of the control beam (R.CON) was 4.9 kips greater than the
nominal flexural strength calculated based only on yielding of the steel reinforcing bars and
assuming a rectangular stress block for concrete in compression. Similarly, R.HB.60 was the
specimen with the greatest flexural capacity after strengthening and achieved 4.4 kips greater
than the AASHTO prediction of yielding of both steel reinforcing bar and TiAB along with an
assumed rectangular stress block for concrete in compression.

The reason for the increased measured strengths from the calculated capacities is
uncertain but could have been due to support restraint (pin-pin type support versus pin-roller),
strut and tie action, or the concentrated load nature of the three-point loading test. Regardless, the
larger measured strengths than predicted values potentially discredit the AASHTO predicted
capacity as an indicator of TiAB yield. The strength increase due to the addition of the TiIAB was
calculated to be 10.2 kips. As shown in Table 7.1, this expected strength increase was consistent

with the increase in strength observed for the strengthened specimens from the control specimen.
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8.6 Hooked-Bonded Results

The hooked-bonded specimens had increasing peak loads and failure displacements as the
embedded/bonded length increased. This indicates better composite interaction and therefore
bond performance as the bonded length increased. R.HB.30, R.HB.40, and R.HB.60 achieved
yielding of the TiAB and exceeded the AASHTO nominal moment capacity. The predicted
capacities, peak and failure loads, peak and failure displacements, peak moments, and the
maximum curvatures observed for each specimen are presented in Table 8.2. The peak load

variation against the TiAB embedded length is plotted in Figure 8.91.

Table 8.2 - Hooked-Bonded Load and Displacements

AASHTO | Peak Deflection Load at | Deflection Peak | Maximum
Specimen | Capacity | Load . Failure | at Failure | Moment | Curvature
® | o |MPeakO] g (im) | (cin) | (i)
R.CON 9.6 14.47 2.89 14.40 3.39 391 -
R.HB.15 19.8 15.47 1.31 14.69 1.69 418 0.012
R.HB.20 19.8 16.69 1.48 15.85 2.04 451 0.012
R.HB.30 19.8 21.93 1.80 20.84 2.15 592 0.009
R.HB.40 19.8 23.26 2.01 22.10 3.91 628 0.014
R.HB.60 19.8 24.22 2.54 23.60 4.65 654 0.025

The AASHTO Guide uses 1.0 ksi of average bond strength to determine the minimum
length to yield TiABs (development length) for bonded TiAB with hooked anchorages. R.HB.30
was intended to represent approximately 1.0 ksi of average bond strength with a 15 in.
development length. Using Equation 2.4 and the measured TiAB yield strength obtained from
testing (131 ksi), R.HB.30 was associated with 1.09 ksi of average bond strength. Even at this
slightly higher average bond strength (shorted bonded length), the AASHTO calculated capacity
of the beam was exceeded which indicated yielding of the TiAB. This proves that the AASHTO

recommended effective bond strength of 1.0 ksi to reach the member capacity with TIAB
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yielding is conservative. However, the ductile response that makes NSM TiAB advantageous
over other strengthening methods (e.g., FRP strengthening) was better exhibited in the longer
embedment lengths that corresponded to lower assumed average bond stresses (la= 20
[R.HB.40], jt = 0.82 ksi and 1l¢= 30 [R.HB.60], it = 0.55 ksi). Table 8.3 provides the failure
mode, average bond strengths, development lengths using Equation 2.4, and the TiAB yielding
based on the tests results. R.HB.15 and R.HB.20did not reach to the AASHTO moment capacity,
and therefore the associated bond strengths of 2.18 and 1.64 ksi, respectively, were not achieved.
Figure 8.93 displays the load versus displacement response curves for the hooked-bonded TiAB

test specimens.

Table 8.3 — Summary of Hooked-Bonded TiAB Results

Siseimen il Misdk &fg‘g‘;‘i lggr(ﬁ% laGn) | TiAB Yield

R.HB.15 Excessive Damage 2.18* 7.5 No

R.HB.20 IC Debonding 1.64* 10.0 No

R.HB.30 IC debonding 1.09 15.0 Yes

R.HB.40 CDC Debonding 0.82 20.0 Yes

R.HB.60 TiAB Rupture 0.55 30.0 Yes
Note: * These values were not achieved.
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Figure 8.93 - Hooked-Bonded TiAB Load versus Displacement

8.7 Straight-Bonded Results

The straight-bonded specimens had increasing failure load and displacements as the embedded
length increased. R.SB.60, R.SB.80, and R.SB.96 achieved yielding of the TiAB by exceeding
the calculated AASHTO load capacity. The peak and failure loads and displacements are
presented in Table 8.4. The peak load variation against the TiAB embedded length is plotted in

Figure 8.91.
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Table 8.4 - Straight-Bonded Loads and Displacements

AASHTO | Peak Deflection Load at | Deflection Peak | Maximum

Specimen | Capacity | Load t;eZli ((i)n) Failure | at Failure | Moment | Curvature
k) W | ° (k) () | (kein) | (i)

R.CON 9.6 14.47 2.89 14.40 3.39 361 -

R.SB.30 19.8 14.77 0.47 14.77 0.47 399 0.001
R.SB.40 19.8 18.26 0.67 17.44 0.68 493 0.001
R.SB.60 19.8 22.84 1.33 22.73 1.33 617 0.003
R.SB.80 19.8 24.06 2.31 23.40 3.11 650 0.012
R.SB.96 19.8 23.60 1.86 23.40 4.65 637 0.016

Table 8.5 provides the failure mode, average bond strengths, development lengths using
Equation 2.4, and the TiAB yielding based on the tests results. As mentioned in Section 4.2.2,
0.5 ksi was expected to be the required bond strength to achieve yielding of the TiAB. R.SB.60
demonstrated that an average bond strength of 0.55 ksi for straight-bonded TiAB would reach
the nominal AASHTO flexural capacity given in Equation 2.2. This proves that 0.5 ksi can be
considered as a reasonable effective bond strength to reach the member capacity and yield the
TiAB. However, the ductile response that makes NSM TiAB advantageous over other
strengthening methods (e.g., FRP strengthening) was better exhibited in the longer embedment
lengths/lower bond strengths (4= 40 [R.SB.80], it = 0.41 ksi and l4=48 [R.SB.96], it =0.34
ksi). R.SB.30 and R.SB.40 did not achieve the expected capacity and therefore the associated
calculated bond strengths of 1.09 ksi and 0.82 ksi, respectively, were not achieved. Figure 8.94

displays the load versus displacement response curves for all the straight-bonded specimen.
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Table 8.5 - Straight-Bonded Yield Results

Assumed TiAB
Specimen Failure Mode Average Bond la (in.) Yield
Strength (ksi)
R.SB.30 Indeterminate 1.09* 15 No
R.SB.40 CDC Debonding 0.82* 20 No
R.SB.60 Epoxy Rupture 0.55 30 Yes
R.SB.80 TiAB Rupture 0.41 40 Yes
R.SB.96 Concrete Failure/Epoxy Shatter 0.34 48 Yes
Note: * These values were not achieved.
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Figure 8.94 - Straight-Bonded Load versus Displacement

8.8 Hooked-Unbonded Results
R.HU.40 and R.HU.60 achieved TiAB yielding and exceeded the AASHTO predicted capacity

of the beam. The peak and failure loads and displacements, maximum curvature, and yield of the
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TiAB are presented in Table 8.6. The peak load variation against the TiAB length is plotted in

Figure 8.91. The trend indicates that the longer lengths achieved greater capacity.

Table 8.6 - Hooked-Unbonded Loads and Displacements

AASHTO | Peak | Deflection e Deflection | Peak | Maximum .
. . at . TiAB
Specimen | Capacity | Load | at Peak Failure at Failure | Moment | Curvature Yield
® | & | (n T () | (kin) | (in)

R.CON 9.6 14.47 2.89 14.40 3.39 391 - N/A
R.HU.10 19.8 13.80 2.29 13.05 4.03 373 0.019 No
R.HU.30 19.8 17.96 0.83 17.49 0.85 485 0.003 No
R.HU.40 19.8 22.89 1.44 21.75 1.66 618 0.010 Yes
R.HU.60 19.8 23.06 1.79 22.81 1.83 623 0.008 Yes

It is also notable that R.HU.60 achieved about the same capacity with the longer length

and larger hook bend diameter of 4.5 inches compared to the standard 3-inch hooked bend

diameter of R.HU.40. The hooked unbonded specimens displayed larger cracks at lower

displacements than the bonded specimens and exhibited lower stiffness. This is concurrent with

the research observed by Eric Vavra (2016) discussed in Section 2.6.6. Figure 8.95 displays the

load versus displacement response curves for all the hooked-unbonded specimens.
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Figure 8.95 - Hooked-Unbonded Load versus Displacement

8.9 Ductility

Ductility is the ability of a structural member to sustain large inelastic deformations in
comparison with elastic deformation before collapse or significant loss in resistance according to
the definition provided by the Report on Fiber-Reinforced Polymer (FRP) Reinforcement for
Concrete Structures by ACI Committee 440 (2007) Figure 8.96 presents the ductility ratio
obtained by normalizing the failure displacement to the initiation of steel yielding for the
specimens that achieved the predicted AASHTO capacity. These ductility ratios do not properly
represent the true nature of the beams’ ductility since the TiIAB was in the elastic range during

the steel reinforcement initiated yielding and exhibited an ascending load-displacement response
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with a slightly softened response. Figure 8.97 depicts the ductility for the specimens that
achieved the predicted AASHTO capacity, by normalizing the failure displacement by the
displacement at which TiAB yielding was observed. The specimens that achieved the AASHTO

Guide expected capacity indicated ductility ratios in the range of 5.0.

Ductility Ratio (Displacement at Failure / Displacement at Steel Yield)
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Figure 8.96 — Ductility Ratios using Steel Yield
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Ductility Ratio (Displacement at Failure / Displacement at TiAB Yield)

6.0
53
52
5.0
43
40
]
= 35
(a7
230
=
2
A 22
2.0
1.7
1.4
1.3
1.0 I I
0.0
R.HB.30 R.HB.40 R.HB.60 R.HU.40 R.HU.60 R.SB.60 R.SB .80 R.SB.96

Specimen Name

Figure 8.97 - Ductility Ratios using TiAB Yield
The AASHTO Guide provides strain requirements in the extreme layer of tension steel
for the resistance factor used in flexural design, as mentioned in Section 2.11.1. The
requirements for a strength reduction factor (@) of 0.9 is obtained for a strain of 0.005 or greater
in the extreme layer of longitudinal steel. The longitudinal steel strain was greater than 0.005 for
all tests that achieved the predicted AASHTO capacity. Therefore, the design criteria in the

AASHTO Guide for a tension-controlled flexural failure was satisfied in these specimens.
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CHAPTER 9: SUMMARY AND CONCLUSIONS

9.1 Summary

The repair and strengthening of existing structures have become active research areas in civil
engineering with the objective of developing efficient means to extend the service life of bridges
to avoid the high cost of replacing transportation infrastructure. Several bridge
repair/strengthening methods, including NSM FRP, have been used to extend the service life of
aging bridges. The use of NSM TiABs has emerged as another strengthening method because of
titanium’s corrosive resistance and ductile stress-strain response. AASHTO created the Guide for
Design and Construction of Near-Surface Mounted Titanium-Alloy Bars for Strengthening
Concrete Structures released in 2020. This guide only designates an average bond strength value
(1.0 ksi) for NSM TiAB with hooked anchorages. Factors such as shallow decks, location of
original mild steel, and time of installation have led to the consideration of straight-bonded and
hooked-unbonded anchorage methods for NSM TiABs. This project investigated: (i) the
effective bond strength for bonded TiAB with hooked anchorage (hooked-bonded) to achieve
yielding and the assumed 1 ksi of bond strength, (ii) the effective bond strength for bonded TiAB
with no hooked anchorage at the bar ends (straight-bonded) to achieve yielding, and (iii) the
flexural behavior of TiAB that are unbonded along the length of the bar with hooked anchorage
(hooked-unbonded).

Fifteen test specimens, including one control, with varying TiAB strengthening anchorage
types and lengths were tested. There were three anchorage types that were used - five hooked-
bonded specimens, five straight-bonded specimens, and five hooked-unbonded specimens. The
reinforced concrete beams strengthened with different NSM methods had identical overall

geometries (length and cross-section), internal steel reinforcement layout (with the exception of

199



RHU.60 that was rotated 180°), and concrete. The test specimens were pre-cracked and then

strengthened with NSM TiABs and loaded until failure.

9.2 Hooked-Bonded Conclusions

Average bond strengths of 1.09 ksi, 0.82 ksi, and 0.55 ksi yielded a hooked-bonded #4 TiAB in a
NSM flexural bending application. The specimen that exhibited 1.09 ksi of average bond
strength achieved the expected strength expected from the AASHTO Guide’s nominal moment
equation adapted for the use of NSM TiAB. However, improved ductility was observed with
longer bonded lengths that represent a lower average bond strength such as 0.82 ksi. The
AASHTO Guide average bond strength recommendation of 1.0 ksi for hooked-bonded
anchorage method appears to be a reasonable effective bond strength designation based on the
testing conducted in this research, but large-scale testing is recommended to gain greater

confidence for use in design documents

9.3 Straight-Bonded Conclusions

Average bond strengths of 0.55 ksi, 0.41 ksi, and 0.34 ksi yielded a straight-bonded #4 TiABs in
a NSM flexural bending application. The specimen that exhibited the 0.55 ksi of average bond
strength achieved the expected strength expected from the AASHTO Guide’s nominal moment
equation adapted for the use of NSM TiAB for hooked-bonded anchorage. However, more
ductile behavior was observed in development lengths that represent a lower average bond
strength such as 0.41 ksi. 0.5 ksi for straight-bonded anchorage methods appears to be a
reasonable effective bond strength designation based on the testing conducted in this research,

but large-scale testing is recommended to gain greater confidence for use in design documents.
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9.4 Hooked-Unbonded Conclusions

Specimens mounted with hooked-unbonded TiAB achieved yielding and similar capacities as the
hooked-bonded and straight-bonded strengthening methods with larger crack widths and a lower
stiffness. The observed low stiffness and large crack widths supports Eriv Vavra’s (2016)

recommendations to use hooked-unbonded TiAB for temporary operations.

9.5 Remarks on Member Ductility

Two of the main advantages of using NSM TiAB as a near-surface-mounting option are the
steel-like stress versus strain behavior and the mechanical ability to form hooks. The
conventional definition of ductility considers inelastic deformations to start at the initiation of
steel yielding. However, for NSM TiAB applications, considering the inelastic deformations to
start after the TiAB yielding is a better reference point to quantify ductility. This is due to TiIAB
being in the elastic region when the steel reinforcement enters yielding, and the force capacity
increases significantly beyond this point. When measuring the ductility from TiAB yielding, the
specimens that achieved the AASHTO Guide expected capacity indicated ductility factors in the

range of 5.0, which is significantly higher than specimens strengthened using NSM-FRP.

9.6 Research Needs

To further investigate the effective bond stress and development length of NSM TiAB the
following research is needed (i) The performance of varying sizes of NSM TiABs (ii) The effects
of varying the details of the hooked anchorage (i.e., pin diameter and tail length) (iii) large-scale
tests that demonstrate full-scale bridge members with more dominant flexure behavior (iv) Asses
the effect of cyclic loads on NSM TiAB straight-bonded and hooked-unbonded strengthening

methods.
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APPENDIX A: FIELD INSTALLATION PROCEDURE

Based on the experience gained during laboratory testing regarding the Near Surface mounting

(NSM) of Titanium-alloy Bars (TiAB) as well as the current guidelines found in the AASHTO

Guide for Design and Construction of Near-Surface Mounted Titanium-alloy Bars for

Strengthening Concrete Structures (2020) the following field installation procedure has been

recommended:

A.1 — Hooked-Bonded Bars

1.

Cut grooves in the concrete using a wet track saw with a circular diamond blade. The
width and the depth of the groove must be at least 1.5 times the diameter of the TiIAB
used for strengthening. The minimum edge distance must be at least 6 times the diameter
of the TiAB and the minimum clear spacing between grooves must be at least 3 times the
diameter of the TiAB. The tolerance for these dimensions and clearance requirements
must fall within 1/4 in. If a single blade wide enough to create a groove to the
dimensions required, stacking blades is permitted.

Ensure that the slurry that is created from the wet-cutting can be sucked up using an
industrial wet-dry vacuum or has a designated run-off area that complies with the local
authority’s rules and regulations.

Confirm existing steel reinforcement will not be cut or damaged during the groove
cutting using non-destructive means such as a ground-penetrating radar.

Create the TiAB hooks using an industrial grade rebar cutter/bender and an acetylene-

oxygen torch by following the these (iv) steps. To create the desired results is typically an
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iterative process and using scrap metal for these iii steps is advised before moving on to

bending TiABs.

L.

ii.

1il.

Cut the TiAB using the industrial grade rebar cutting equipment. The cut
length can be determined using the following equation provided by the
TiAB supplier:

L=(W-D-2R) + (H-R-D/2)2 + R

Where:

L = Bar length prior to bending (Cut Length)

W = Straight Length (Outside to Outside of hook)

D = TiAB Diameter

H = Total Hook Length (the distance from the tip of the hook to the

tangent line that runs parallel to the main portion of the TiAB)

R = Mandrel radius
Heat the TiAB bend area using an acetylene-oxygen torch with a rosebud
torch tip to 1200°F. At 900°F it will turn a straw color and at 1200°F it
will turn a blue color. If a red tinge develops, the anneal temperature has
been exceeded and the bar should be disposed of and not used for
reinforced concrete strengthening.
While the TiAB is still hot (1200°F) place it in the bar bending machine
equipped with the mandrel radius matching the desired radius of the TiAB.

Be sure to make the hook at the other end in the same plane as the first
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hook. This can be accomplished by placing the already made hook on a
table the same height as the bar bending machine.

5. Use a hammer drill with the same size bit as the width of the groove to drill holes the
same depth as the total hook length. Since the bars will be resting in the groove, drilling
the holes the same depth as the total hook length will provide excess depth the diameter
of the TiAB.

6. The hooked TiAB will not be able to fit into the groove and hole without beveling the
concrete substrate to match the radius of the bar. This can be achieved with a hammer
and chisel. Periodically check to ensure that the bevel is the correct radius and that too
much concrete is not being taken off because the bearing area between the concrete and
the TiAB is critical for the positive behavior of the NSM reinforcement. If time and
resources allow it a jig can be created to guide the hammer drill out of the hole at the
same curvature as the radius of the TiAB. The bevel can then be refined using the
hammer and chisel.

7. The groove and holes can then be prepared and cleaned by using low-pressure water
blasting with adhesive. This can be done by using a 1500-5000 psi pressure washer with a
nozzle attachment that feeds sand (abrasive) into the high-pressure stream. Masonry sand
is a suitable abrasive. 5-7 passes or until the pores of the concrete are openly exposed is
adequate. A final pass with only the high-pressure water stream and no abrasives is
recommended to clear the groove and holes of any residual sand. After this step, wait to
continue with step 8 until the entirety of the groove is dry to the touch.

8. Find a rubber hose/tube with the outside diameter that is the same as the width of the

groove and an inside diameter the same as the diameter of the TiAB. Cut the hose/tube
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10.

11.

12.

into half-inch segments and slide them onto the TiAB to act as wedges. This is a good
method because it simultaneously keeps the TiAB from falling out and centers the TiIAB
inside of the groove. Place the wedges at whatever spacing will keep the TiAB from
falling out. Spacing them at 18 inches is typically sufficient. If extra friction is required,
increase the diameter of the wedge by wrapping it in electrical tape cut to the same width
as the wedge. Test to make sure the TiAB will stay before applying any epoxy.

If placing the epoxy in the groove on a hot day, keep the epoxy refrigerated at its lowest
allowed storage temperature (i.e., 41°F for Hilti Hit-RE-500 V3). This will keep the
viscosity of the epoxy high enough to stay inside the groove.

Before applying any TiABs place inch-long wooden blocks the same width and depth of
the groove two inches past the ends of the TiAB to give the epoxy a stopping point. If
they are sliding out, use tape to increase the thickness of the wooden blocks similarly to
what was done in step 8.

Start the first lift of epoxy application by completely filling the holes for the hooks.
Holding a rag around the end of the epoxy gun and against the concrete closes the hole
allowing the epoxy to completely fill it without any falling/dripping out.

The next step of the installation is to place the nipple of the epoxy gun at one of the stops
and start applying the first lift. The first lift of epoxy application is intended to fill the
groove two-thirds of the way. The epoxy must be consolidated, and air bubbles removed.
The best way to do this is to follow immediately behind the nipple of the epoxy gun with
a consolidating tool. A custom wooden trowel with a triangular prism that has the same
base width as the groove and height that is two-thirds of the groove depth has proven to

work effectively.
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13. After the first lift of epoxy, the TiABs are ready to be installed. Gently place the bars,
that have been properly fitted with wedges, into the groove applying even pressure along
the whole length of the bar. Continue to apply pressure until it is completely seated into
the center of the groove and holding on its own.

14. At this point the final lift of epoxy can be applied. Again, start by placing the nipple of
the epoxy gun at one of the stops and work towards the other end with the putty knife
immediately following. Once the rest of the TiAB is covered, use the putty knife to
smooth the surface of the epoxy and remove excess epoxy from the outside of the groove.

15. Steps 11- 14 should be completed within the working time of the epoxy. Depending on
the epoxy and outside temperature, this working time can vary anywhere from 10 minutes
to 2 hours. See the technical information describing the epoxy being used and plan
accordingly.

16. Allow the epoxy to achieve full cure according to the technical information provided
before re-opening the newly reinforced area. The full cure time can vary from 4 hours to

7 days based on the epoxy and ambient conditions.

A.2 — Straight-Bonded Bars

Follow steps from Section A.1 but skip steps 4-6 and 11.

A.3 — Hooked Bonded Bars

Follow steps from Section A.1 but skip steps 1,2,8,10,12 and 14.
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APPENDIX B MILL CERTIFIED TEST REPORTS

s,
PA e -|
Mill Certification R i
. e of 4380001667620
NUEEO= 01/13/2021 3630 Fourth Street
Flowood, MS 39232 US
601 939-1623
Fax: 601 936-6202
Sold To:  SABEL STEEL SERVICE INC Ship To:  SABEL STEEL SERVICES INC

704 LAFAYETTE ST

PO BOX 4747
MONTGOMERY, AL 36104 US

MONTGOMERY, AL 36103 US

Sales Order # | 37014179 - 9.1
Product # | 1053861
Lot # | 380001667620
Heat # | 3800016676

[ Customer PO | 06-2020-087
Product Group | Rebar
Grade | A615 Gr 60/AASHTO M31

Size | #3
BOL # | BOL-667443 Load # | 590440

Description gg(t))oa:;islmmm A615 Gr 60/AASHTO M31 40' 0" [480"] 2001- Customer Part #
Production Date | 12/18/2020 Qty Shipped LBS | 25265
Product Count . .

of Origz United States Qty Shipped EA ESO
Original ltem Original ltem
Description Number i

| rereby cenify ihat the material cescribed herein has been manuiactured in accordance with the specdications and siandards iisteg above and that it satishies those requirer =nts

Melt Country of Origin : United States Melting Date: 12/11/2020

Ci%)  Mn(%) P (%) 8 (%) Si(%)  Ni(%)  Cr{%)  Mo(%)  Cu(%) V(%)  Nb%)

0.39 0.82 0.011 0.026 0.210 0.10 0.10 0.03 0.25 0.029 0001
Gther Test Results
Yield (PSI) : 73400 Tensile (PSI) : 100000 Average Deformation Height (IN)  0.C21
Elongation in 8" (°c) : 18.8 Bend Test . Pass Weight Percent Variance (%) © -3 09

Comments:

Nucor Steel Jackson. Inc. is ISO 9001:2015, 14001:2015, and ABS certified. All manufacturing processes of the steel materals in this product.
including melting. have occurred within the United States. Mercury, in any form has not been used in the production or testin of this material
Manufactured in the US and complies with the Buy American Act. No weld repair was performed.

Lagd!
Page 1 of 1
Nolan Guess. Quality Supervisor
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Specficaton  ASTM B1009 Class 130 (2020)

Chemistry W% ASTM E 1447:
Metallographic Examination: ASTM E4OT:
Exchant: PER1 & PER2
Mechanical Properties Tenste
ASTM EMEN 2002-001:2005E Strength

Condilion ksi

As Shipped 1824
1504
Benda Tests acceptable.

Calculsted cross sectional area = 0.1899 in2
Tensile Modulus = 15.2 Msi

Tﬁ--mﬁuum”mnhwﬂmmm.ﬁﬂduﬂs

The material did not come In contact with Mercury or

Perryman company
213 Vandale Drive Houston, PA 15342 USA
phone: 724-746-9390 fax: 724-746.9392

Centified Test Report
Heat No: PVDT162 Pals: /2081
Melting Source: Perryman Company, USA Quantity: 389

Woark Order No: 159425

TIGAI4V 0,500" +/-0.001" Dia. Bridgeatioy X 15'-20" lengths
Stralght lengths - no hooks

Annealed 1400 F - 2 hours

Product:
Congdition;

Post p g Hydrog
Microstructure - Equiax alpha-beta
2% Yield Elongation
Strength 40

ksl %
1374 "
1359 13

H: 0007
ASTM E 407; Surface Contamination -

ARsched is & copy of he Ingot ¢ All testing perfe

red were pedformed by P C

m—num-muwmuWIMhhmamw mmrumumuwmwhm

wincut wrilien agproval. Made in USA.

Paget1oft

AD

Zachary S Dagan
Laboratory

Manager
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APPENDIX C: BAR BENDING WORK INSTRUCTIONS

Document Title: Bridge Bar Bending Work
| Corporate Address: :

X 213 Vandale Drive Instructions

| Houston, PA 15342 Document Number: B 9.5 WI

Revision Number: 1

| P:724.746.9390
Sl F:724.746 9392 Effective:
Pcrryman company Page: 1of7

1.0 Scope
1.1 This work instruction provides a guideline to bend the 90° anchorage hook on the
textured or untextured Bridgealloy™ bars.
1.2 This can also be used as a guideline for general bending of titanium bars.
1.3 It can be applicable for other angles.
2.0 References
2.1 PC-1200 Bridgealloy™ Materials Specification
2.2 CRSI Manual of Standard Practice
3.0 Definitions
3.1 Leg distance — Straight portion of anchorage hook.
3.2 Anchorage hook length — Leg length + mandrel radius + bar diameter or
measurement from end of hook to outside diameter of perpendicular portion of bar.

V A

Leg Length

Anchorage Hook Length

3.3 Hydraulic rebar bender — Portable machine used to quickly fabricate rebar on the job
or at the shop. The machine used at Perryman Company is FASTCUT FR-800 ReBar
Bender.

3.4 Mandrel — A cylindrical rod around which metal or other material is shaped. The
mandrels used at Perryman Company were manufactured in house from 304 stainless
steel. Mandrel diameter will be dependent on job requirement.

3.5 CRSI - Concrete Reinforcing Steel Institute

3.6 Bar size numbers — Rebar size numbering system measured in 1/8” increments. For
example, bar size 5 is equivalent to 5/8” diameter.

Uncontrolled Document When Printed Unless Superseded by a Controlled Copy Stamp
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. Document Title: Bridge Bar Bending Work
| Corporate Address: .

> 213 Vandale Drive Instructions

| Houston, PA 15342 Document Number: B 9.5 WI

N b 207469390 Revision Number: 1

s | R 724746930 Effective:
Perryman company Page: 2 of 7

4.0 Safety
4.1 Safety glasses.
4.2 Face shield.
4.3 Heat resistant gloves.
4.4 Ear protection.
4.5 Personal protective equipment on job site as required.
5.0 Responsibilities
5.1 Bar Mill operators will follow these work instructions.
5.2 Bar Mill supervisors will make sure operators follow these work instructions.
5.3 Site contractor and employees will follow these work instructions when bending on
site.
6.0 Procedure
6.1 Calculate cut length of straight bars using the following equation if both ends are
being bent: +
L=(W-D-2R) + (H-R-D/2)2 + nR

L = bar length prior to bending
W = Straight length

D = Bar diameter

H = Anchorage length

R = Mandrel radius

* W "
6.1.1 Cut bars to length.
6.2 Acquire a scrap bar equivalent in size to prime bars to set up prior to bending prime
bars.
6.2.1 Check bar for irregularities, such as cracks, prior to bending.
6.3 Set mandrel on hydraulic rebar bender to job required diameter.
6.4 Set bender for 90° with overbend (2°) to account for spring back.

Uncontrolled Document When Printed Unless Superseded by a Controlled Copy Stamp
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| Corporate Address:
213 Vandale Drive
Houston, PA 15342

P:724.746.9390
| F:724746.9392

Perryman company

Document Title: Bridge Bar Bending Work
Instructions

Document Number: B 9.5 WI

Revision Number: 1

Effective:

Page: 3 of 7

6.4.1 Measure angle after bending and adjust as necessary.
6.5 Measure leg distance from center of mandrel to bar stop. For set up of the bar stop,
subtract the radius of the bar from the leg length.

6.5.1 Example:

Diameter of bar = 0.625”

Leg length =3.5”

Stop position = 3.5 - 0.625/2 = 3.1875” from center of mandrel
See diagram below:

Stop Position

6.6 Turn on hydraulic rebar bending machine.

Stop/ Mark Position from
center mandrel:

Leg Length — Radius of Bar_-&

Center of
Mandrel

6.7 Define heating area on the bar starting 3” before the bend area and ending 3” past the

bend area.
6.8 Heat bar.

6.8.1 Use a propane/oxygen torch with rosebud torch tip. Use the hottest point
of the torch about 1”-1.5” from tip.

6.8.2 Proximity of torch heating needs to be close enough to the hydraulic rebar
bender for quick transfer.

6.8.3 The bar needs to be positioned on top of something fire resistant (such as a
metal vice) for ease of rotating and stabilizing.

6.8.4 Heat the bend area while rotating bar until the bar turns blue. For
example, a 0.625” diameter bar it should take approximately 1 minute 45

seconds.

Uncontrolled Document When Printed Unless Superseded by a Controlled Copy Stamp
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Document Title: Bridge Bar Bending Work
Corporate Address: .
213 Vandale Drive Instructions

Houston, PA 15342 Document Number: B 9.5 WI

P 794.746.9390 Revision Number: 1

F:724.746.9392 Effective.

Perryman company Page: 4 of 7

6.8.4.1 Straw or yellow color equates to approximately 900°F. Too cold

for bending. Continue to heat until blue.

6.8.4.2 Blue color equates to approximately 1200°F. This is the desired
color and temperature.

6.8.4.3 If the bar turns red hot, it indicates it is overheated. Contact
supervisor for disposition of bar if overheated.

6.8.4.4 If necessary, temperature sticks can be used to confirm
temperature.

Uncontrolled Document When Printed Unless Superseded by a Controlled Copy Stamp
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; Document Title: Bridge Bar Bending Work
Corporate Address: .

213 Vandale Drive Instructions

Houston, PA 15342 Document Number: B 9.5 WI

N . 124746.93% Revision Number: 1

: | F:724.746.9392 Effective:
Perryman company Page: 5 of 7

6.9 Immediately move bar to rebar bender and insert the bar to the stop or a designated
mark.

-
6.9.1 Bend bar immediately while hot.

6.9.2 If one end already has a hook, direction of bar and flatness will be critical.
Ensure that hook lays on flat surface while bending the other hooked end.

Uncontrolled Document When Printed Unless Superseded by a Controlled Copy Stamp
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Document Title: Bridge Bar Bending Work
| Corporate Address: .
213 Vandale Drive Instructions
Houston, PA 15342 Document Number: B 9.5 WI

P 794.746.9390 Revision Number: 1

= F: 724.746.9392 Effective:
Perryman company Page: 6 of 7

6.9.2.1 Flat surface can be any type of table that is on the same plane as
the rebar bender.
6.10 Bar can be water quenched for handling purposes.
6.10.1 This can be accomplished with a hose or bucket of water and will cool in
seconds once in contact with water.
6.11 Check the bend angle for perpendicularity and anchorage length.
6.11.1 Bend angle can be checked with machinist square.
6.11.2 Per CRSI Manual of Standard Practice, Angular Deviation — maximum +/-
2 ° or +/- 5 in./ft. but not less than %% in. on all 90° hooks and bends.
6.11.3 Anchorage hook length can be checked with tape measure.
6.11.4 Per CRSI Manual of Standard Practice, for bar sizes #3 through #11 (see
definitions), the dimensional tolerance for leg length = +/- 1”. Perryman
aims at +/- ¥4”. +

6.12 Make necessary adjustments and repeat with scrap bar. When all criteria
are met, begin bending prime bars.
6.13 If bars are textured on the bend, use a die grinder assembled with a 40 grit
flat wheel to remove the texture on inside diameter of the bend. +
6.13.1 Grind in longitudinal direction perpendicular to the transverse texture.
6.13.2 Removal amount is approximately 0.010”. +

Uncontrolled Document When Printed Unless Superseded by a Controlled Copy Stamp
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Document Title: Bridge Bar Bending Work
Corporate Address: .
213 Vandale Drive Instructions
Houston, PA 15342 Document Number: B 9.5 WI

P 724.746.9390 Revision Number: 1

e F: 724 746 9392 Effective:
Perryman company Page: 7 of 7

7.0 Revision History

REVISION DESCRIPTION OF CHANGE
0 Original
1 6.1 Added equation to calculate the straight lengths prior to
bending.

6.11 Added photo.
6.13 Changed tool for grinding bend ID and added photos.
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APPENDIX D: HILTI EPOXY CURE TIMES

Table 1 — Material properties of fully cured Hilti HIT-RE 500 V3

Bond Strength ASTM C882-13A!

2 day cure 10.8 MPa 1,560 psi
14 day cure 11.7 MPa 1,690 psi
Compressive Strength ASTM D695-10" 82.7 MPa 12,000 psi
Compressive Modulus ASTM D695-10' 2,600 MPa 0.38 x 108 psi
Tensile Strength 7 day ASTM D638-14 49.3 MPa 7,150 psi
Elongation at break ASTM D638-14 1.1% 1.1%
Heat Deflection Temperature ASTM D648-07 50°C 122°F
Absorption ASTM D570-98 0.18% 0.18%
Linear Coefficient of Shrinkage on Cure ASTM D2566-86 0.008 0.008

1 Minimum values obtained as the result of tests at 35°F, 50°F, 75°F and 110°F.
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APPENDIX E: EXAMPLE CALCULATIONS

As= 0.4 in?
Ari=0.2in?
br =9.0 in.
ds =99 in.
dri=11.61n.
£e=5000 psi
fy =68 ksi
fori =131 ksi
o = 1.0
_Asfy + ATiagfyr,
bre = 0.85f" by
Bic * Bic
M, = Asfy <dTi - %) + AriQefyr; <dTi - %)
M, x4
=08

Unstrengthened Beam Calculations:

_ (0.4 in.2) = (68 ksi) + (0 in.2) = (1.0) * (0 ksi)

Pic 0.85 * (5.0 ksi) * (9.0 in.)

ﬂlc =07

, _ 0.7 0.7
M, = 0.4 in.?x (68 ksi) (9.9 - 7) + 0.0 in.2* (1.0) * (131 ksi) * (0 in. —7)

M,, = 260 k-in

p _260k—in*4
no 108

Pn - 9.6 k
Strengthened Beam Calculations:

_ (0.4 in.2) = (68 ksi) + (0.2 in.2) = (1.0) * (131 ksi)

Bic 0.85 * (5.0 ksi) * (9.0 in.)

ﬁlC == 1.4
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1.4 1.4
M, = 0.4 in.?x (68 ksi) (9.9 - 7) + 0.2 in.2* (1.0) * (131 ksi) = (11.6 in. —7)

M, =536 k-in
p - 536 k —inx4
o 108
P,=19.8k
Example lati Calculations:
R.HB.30
fori =120 ksi
Dti= 0.5 in.
Uy, = 1.0 ksi
o @aEf;Ti
dTi 4 m
. (0.5in.) 1.0 = (120 ksi)
are = 4 (1.0 ksi)
ldTi =15 in.
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APPENDIX F: CULLMAN BRIDGE CONCRETE CORE STRENGTHS

Lab NO.

FGR-512-19

Project NO(S):

99-500-680-000-

401

Not Sure what this BMT-16. Rev.

is: 10/87

Date Received: 9/27/19

Date Tested: 10/2/19
Tested By: Weiss/Barker

Testing Engineer:

Steven Ingram

Corrected Length of

) Load @ . : )
Core Number Diameter Area g Comprqssw Compressw Core:

(In.) (in?) (Ib) e (psi) e psi (H/D Capped
Ratio) (in.)
1 2.988 7.012 34300 4890 4690 4471
2 2.986 7.003 28600 4080 3960 4.868
3 2.989 7.017 28700 4090 (2.00) 5.981
4 2.896 6.587 42000 6370 6050 3.976
5 2.987 7.007 33100 4720 4520 4.347
6 2.987 7.007 31700 4530 4390 4.308
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