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ABSTRACT
The applications of post tensioned concrete have increased and
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studies which have studied the behavior of retrofitted prestressed concrete
experimentally, with the major part of the studies focusing on retrofitted
reinforced concrete. This research study is initiated by a desire to more

fully investigate the response of it.
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There is no clear information regarding the applicability of the
provisions of the ACI 440.2R-17 Code to evaluate the capacity for
posttensioned beam strengthened with NSM FRP under flexural loading.
The code adopted the design procedure for prestressed beams strengthened
with laminates of FRP. The codes adopted Strain compatibility method to
determine the strain in the FRP reinforcement, the strain in the non
prestressed reinforcement and the strain change in prestressing

reinforcement.

Three finite element models were validated by literatures. The

FEM results showed a reasonable agreement with the tested beam results.

A parametric study was established on a T-sec beam with dimension of
700 mm web width, 1800mm overall height, thickness of flange 150 mm
and 1500mm flange width. The super length was simulating real-life
bridge beams with a value of 29.6m. The beam was simply supported and
loaded uniformly. A total no. of 31 finite element 3D models was
generated to accommodate all possible failure modes, FRP rupture,
Concrete cover separation and concrete crushing. several parameters were
accommodated such as percentage of prestressing steel (Wp), Concrete
compressive strength (f'.), the bond between strand and tendon and the
effect of beam continuity. Theses parameters established to investigate all
possible failure mode that can be occurred when strengthening/retrofitting
of posttension beam with NSM FRP. Finally, a methodology was done
between ACI 440.2R-08 code and the finite element results at predicted

equations for the ultimate failure load and the predicted failure mode.

Key Words: Posttensioned beam, NSM FRP & Reinforced concrete

Vil



Chapter 1 Introduction

TABLE OF CONTENTS

ACKNOWLEDGMENTS ... itteiiiittiiieeeieteeeieteessieressssersssssersssssssssssssssssssssssssssssnssssssnssssssnssesssnsssses VvV
ABSTRACT ... oitittteiiieiititeeeeieeettteseesssseesteeessssssssssssesssssssssssssssssasssssssssssssasssssssssssssssssssssssssssnnnssses Vi
TABLE OF CONTENTS ..ot ettttiiitttietieneietteneertenssertensestesssesssnssesssnssessssssesssnssesssnssesssnssesssnsseses Vil
LIST OF FIGURES ... .ot tttttirieiiitttteeieeetteeesessssesesesesssssssssessesssassssssssssssssssssssssssssssssssssssssssnnnnssnnns Xl
LIST OF TABLES ..ot ttttriiittriettteieteneertesssestenssestenssessssssessssssesssnssesssssssssssssessssssssensssssensssssannnne XV
1. CHAPTER 1 INTRODUCTION .....ciititittteeiieeeieeeeennssseesreesssssssssesssesssssssssesssssssssssssssssesssnnnes 1
Tl GENERAL ..ccooiiiititeeeee e e ettt e e e e e eeett et e e e e e e e aabaeeeeeeeesastaaaeaeesesastaaseaeesesassraaseeeeeeaasnranseeeeeesanres 1
1.2 OBJIECTIVES AND SCOPE ......cuuiiiiiiiiiiiiiee e e ettt e et ee et etaaeeeeesetaaabesessaetaaabseseeessranaseseressrannans 2
1.3 THESIS ORGANIZATION ......ouviiiieieieiiiireeeeeeeieaiitaeeeeeeeeaiistseseeeeeasaistssseesssesassssseesseesssssssseesesesnsses 2
2. CHAPTER 2 LITERATURE REVIEW ......ttiiiitieniennenienniertensertensessensessenssessenssesssnsseses 4
2.1 INTRODUCTION ..eeeiiieiiiiiutrieeeeeeeeiitreeeeeeeeesissseseeeesesassasseeseeesaasssssessesesasssssssseeessenasssssseessenssnssnsees 4
2.2  PRESTRESSED CONCRETE ......cottutuuiieiiiitttutiieeeeetetatisesetessusnesesesesssansesssessssmnesesessssmnseesseessses 4
2.2.1 PRETENSIONED CONCRETE........uuttttteeeeeieiititeeeeeeeseiiisreeseeeeeesaasssseessesssssssssessesssasssssssseesssessnses 4
222 BONDED AND UNBONDED POST-TENSIONED CONCRETE......ccccctttutiiieeeeeririiieeeeeeerssnneeeeeeeanns 5
223 PRINCIPLE OF PRE-STRESSING .....ccetttttttrteeeeeeeeeeeeeeereeeeeeseeeeesesesesessseeesesesssesessserermmsssmesssersmmsmn 6
2.2.4 BEHAVIOR OF PRESTRESSED CONCRETE BEAMS ..ottt ettt eeeeaaas 7
2.3 HISTORY OF FRP STRENGTHENING ........cccctuttttteeeeeiiiurereeeeeeeiiirsreeeeeeesesissseeseeessesssssssssesssesssnssssees 9
2.4 STRENGTHENING USING NSM FRP TECHNIQUE .....ccceoiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee 10
2.5 REINFORCED CONCRETE BEAMS STRENGTHENED WITH FRP .......ccccciviiiiiiiiiieeiiiiieeeee e 11
2.6  PRESTRESSED CONCRETE BEAMS STRENGTHENED WITH FRP .......cccooiiiiiiiiiiiiiiiiieee e, 17

2.7 REVIEW OF DESIGN GUIDE LINES FOR FRP STRENGTHENING USING ECP 208-2005 (THE USE
OF FIBER REINFORCED POLYMER IN THE CONSTRUCTION FIELDS). ................................................... 27
2.7.1 Flexural Strengthening of Rectangular Section Beams Using FRP............cccccoceevvveveneene. 27
2.7.1.1  Basic ASSUMPLIONS ........coooiiiiiiiiieiiieieerieeite ettt ettt st e st e b e st e e sbeesbeesneeebeesaneeane 27
2.7.1.2  FaIlUIe IMOAES ...ttt ettt e e e e e eetbe e e e e e eesabaaeeeeeessassaaeeeseessssssseeeenennnsnens 28
2.7.1.3  Flexural Ultimate Capacity Calculation ................ccccooceviriiininiininineeeceee e 28
2.8  SUMMARY AND CONCLUSIONS ....ceeiitieeeeiureressreeeesssreesasssesesssseesessseeesssssessssssessessssessssssssssseess 32
3. CHAPTER 3 FINITE ELEMENT PROGRAM .....cccciitttieritnnentennerrenneereesseerensssesessssesennnes 33
T B 1 1 05 64 1 (0) S 33
R N 3 7. N0 1 U1 ST PURROt 33
321 EICHIEHLS...........oeeeoeeeeeeeeee e eee ettt tae e e e e e ettt e e e e e e sttt a e e e e et e e e e e e aaes 34
3211 SOld EICIMENLS .......oooeviiiiiiiii ettt et e e et e e et e e e e te e e e eabe e e e ateeeeenteeeeraeeeanraaaaas 34
3.2.1.2  TrusS EICINENTS .......ooccuiiiiiiiiiiiiieciee ettt sttt e st e e s ta e e e sbaeessbee e sabeeesbaeeeantaaeeas 37
3.2.1.3 Elements Used in The Finite Element Models...............c.ccccooviiiiiiiiiniiiieniiieeciee e 38
3.2.2  MAteri@l MOAELS ..............oooooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieereeeeerieeeeseeeeeeesesssesesesssssssessssssssssseseees 38
3.2.2.1 Constitutive Concrete Material Model ..................ccoeeviiiiiiiiiiiiieceeie e 39
3.2.2.2 Modeling of Non Prestressed Reinforcement................ccooueiiniininiininiininieneecneneeene 46
3.2.2.3  ABAQUS/Standard AnalysiS..........ccccoviiiiniiiiiiiiiiiiiiiiicceee e 47
3.2.2.4 Bond Behavior Between Epoxy and Concrete Interface ...............cccoooveviniiiininininnnenen. 48
3.2.2.5 Bond Behavior Between Tendon and Concrete ................cccoueveeiiiieeiiieeciiee e eeeeee e 49
3.2.2.6 Prestressing force modeling................cccoceeviiiiiiiiniiiiiiiinii 50
4. CHAPTER 4 VALIDATION OF TH FINITE ELEMENT MODELS.......cccccevreevreeerrrreennnn. 51

VIII



Chapter 1

Introduction

4.1 Validation of Reinforced Concrete Beams Strengthened with NSM FRP Rod [A!-

Mahmoud et al. ,2010]
4.1.1  Description of FE Model

4.1.1.1 Uniaxial Behavior of Plain Concrete ..................cccociniiiiniiiiniie, 53
4.1.1.2 Uniaxial Behavior of Steel Reinforcement ................c.cccoeviiiiniiiiininiininccee 57
4.1.1.3 Uniaxial Behavior of FRP Bar ......................
4.1.1.4 Uniaxial Behavior of Epoxy adhesive
4.1.1.5 Mesh Configuration ............ccccoeiiiiiriiiiiiiiiii e e
4.1.1.6 Interaction between Concrete Beam and Interior Steel Reinforcement....................... 60
4.1.1.7 Interaction between Loading/Supporting plates and Concrete Beam ........................ 61
4.1.1.8 Interaction between Epoxy resin and FRP rod............cc.cccooeniiiiniininininicnineee, 62
4.1.1.9 Interaction between Concrete Beam and epoxy interfaces................cccoceeiniiiinnnnn. 62
4.1.1.10 Loading Application and Boundary Conditions..............cccccocereiviniininieninnincneenene. 64
4.1.2  Finite Element Model ReSUILS .................ooueeeeeeeeeeeeeeeeeveeeeeeeeeeeeeeeivieeeirevesvvvvesesesssesssseenns 66
4.1.2.1  Modes Of FAIIUTE............oooooiiiiiiiiiee ettt e e e e e e rar e e e e e e e s abeaeeeeeeeennnnes 66
4.1.2.2 Load-Deflection RelationShip .............cccoooeiiiiiiiiiiiiniiiiicceeee e 68
4.1.2.3 Summary and ConClUSION..........ccccueiviiiriiriieiiieee et esane e 69
4.2 Validation of Post-Tensioned Reinforced Concrete Beams [Mattock et al. ,1971] .......... 70
4.2.1 Modeling of RBI..........cciiiiiiiiiiiiii s 70
4.2.1.1. Description of FE Model...............c..cccooiiiiiniiiiiiii 71
4.2.1.1.1 Uniaxial Behavior of Plain Concrete .................cocceoiviiiininiininnincccieeee 71
4.2.1.1.2 Uniaxial behavior of Steel Reinforcement.................c.ccccerirniiniiiniinnieceeeee, 74
4.2.1.1.3 Uniaxial Behavior of Prestressing Steel................cccccocoviniiiiniininiiie, 74

4.2.1.1.4 Mesh Configuration

4.2.1.1.5 Interaction between Concrete Beam and Interior Steel Reinforcement............... 78

4.2.1.1.6 Interaction between Concrete Beam and Interior Prestressing Steel
REINFOICEMENL.........ccuiiiiiiiiiiiiie e sttt s ee s beeas

4.2.1.1.7 Interaction between Loading/Supporting plates and Concrete Beam

4.2.1.1.8 Prestressing force modeling .................cocoiiriiiiniininiiiineee e

4.2.1.1.9 Loading Application and Boundary Conditions..

4.2.2 Finite Element Model ReSUILS...............oooiiiiiiiiiiiiie e eeetree e e e e eerrreee e e eeennnees

4.2.2.1

Modes Of FAIIULE .............oooeiiiiiiic e ettt e ar e e e ra e e e areeeea

4.2.2.2 Load-Deflection RelationsShip ............cccooviiiiiiiiniiniiieecee e

4.2.3 Summary and COnCIUSION. .............coouiiiiiiiiiiiee e s
4.3  Validation of Post-Tensioned Continuous beam (CB1) [Mattock et al. (1971)] .............. 83
4.3.1 Description of FE MoOdel .............cocooiiiiiiiiieieeeteeeeteee e 83

4.3.1.1
4.3.1.2
4.3.1.3
43.14
4.3.15
4.3.1.6

Mesh Configuration ..............ccceeiiiiiiiiiiii e 83
Interaction between Concrete Beam and Interior Steel Reinforcement....................... 85
Interaction between Concrete Beam and Interior Prestressing Steel Reinforcement .85
Interaction between Loading/Supporting plates and Concrete Beam .......................... 86
Prestressing force modeling...............ccccooveriiniiiiiininiiininiiic 87
Loading Application and Boundary Conditions..............c.ccoceviiviiniiinininnininencennee, 87

4.3.2 Finite Element Model ReSULLS..............c.cooooiiiiiiiiiicie et

4.3.2.1
4.3.2.2

Modes of Failure
Load-Deflection Relationship

4.3.3 Summary and Conclusion..............ccocoooiiiiiiiii e

5.  CHAPTER 5 PARAMETRIC STUDY ...ccccceriiiiiiieiiisnininienineisinnisssnisniensiensseissssiessens

oI B 6 1 20) 060 1 (6) N

5.2 InveStigated BeAMIS.................cccueesueieseeesiiiesieesiieesieesitt sttt ste sttt
5.3 PARAMETRIC STUDY ..cootttiiieiiiiaiteenteeeittesieeesstessseeesseesanesesseesasessssaesssesesssesssesesssesssssessessseses
5.3.1 Description of FE Model ..ottt

5.3.1.1 Uniaxial Behavior of Plain Concrete

IX



Chapter 1 Introduction

5.3.1.2 Uniaxial Behavior of Steel Reinforcement...................c.ccooiiiiiiiiniin, 97
5.3.1.3 Uniaxial Behavior of Prestressing Steel..............ccccocoeviniiniininiininiiniceceeee 97
5.3.1.4 Mesh Configuration ..............ccoocoiiiiiiiiiiiiii s 98
5.3.1.5 Interaction between Concrete Beam and Interior Steel Reinforcement ........................ 100
5.3.1.6 Interaction between Epoxy resin and FRP rod interface..............cc.ccocevvniininnininnnnenns 101
5.3.1.7 Interaction between Concrete Beam and epoxy interfaces ...............ccccoooininiiniiinnns 101
5.3.1.8 Interaction between Concrete Beam and Interior Prestressing Steel Reinforcement. ...102
5.3.1.9 Interaction between Loading/Supporting plates and Concrete Beam .................c..c...... 103
5.3.1.10 Prestressing force modeling...................c.occooiiiiiiiiiii,
5.3.1.11 Loading Application and Boundary Conditions..
5.3.2 Results and DiSCUSSION ............ccciiiiiiiiiiiii
5.3.2.1. Behavior of The Strengthened Beam with Different of Percentage of Prestresseing
SEEEL W (P11t ee ettt sttt s ettt e st esbae st e e s bt e enbeesateesbeesabeenneesnbeesasesnne 105
5.3.2.1.1 Beams with percentage of prestressing steel Wp=0.1 ................cccceerninins 105
5.3.2.1.2 Beams with percentage of prestressed steel Wp=0.2..................cceceevinnnins 111
5.3.2.1.3 Beams with percentage of prestressing steel Wp=0.3 ................ccccooeerinnnnene 115
5.3.2.1.4 Beams with percentage of prestressed steel Wp=0.4..................ccoceevnnnnins 120
5.3.2.2 Behavior of the strengthened Beam with different of the concrete compressive
SEPENGth (FC') (P2) ..ttt et e b e sreene 124
5.3.2.2.1 Behavior of strengthened Beams B-STS6B-5T14 ............ccocoociniiiininiiniinnnnnn. 124
5.3.2.2.2 Behavior of strengthened Beam (B-ST56B-5T20) ..........cccccoceeviinirieninncnennnennen. 126
5.3.2.2.3 Behavior of strengthened Beam B-STS6B-5T24.............cccoovviiniiiiniiiniinnnn. 128
5.3.2.2.4 Behavior of strengthened Beams B-STS6B-5T28 ............cccocoviniiiinininiiinnnn. 129
5.3.2.3 Behavior of the Strengthened Beam with Un-bonded Tendons (P3) ...............cc....... 131
5.3.2.4 Behavior of the Strengthened posttension Continuous Beam with bonded Tendons 132
5.3.2.4.1 Finite Element Model Results ..............ccoceeiiimiiiniiiniiniecceeeeee e 132
53242 Modes of Failure ... 132
5.3.2.4.3 Load-Deflection Relationship.............ccocooviiniiiiiniiiiieeeeceecee e 134
5.3.2.4.4 Summary of Continuous FEM ReSults..............cccccoiriininiininnininenecneneeeee 135
5.4 SUMMARY OF PARAMETRIC STUDY ....coiiiiiiiiiiiiiiiiiiciie it 135
6. CHAPTER 6 COMPARISON WITH INTERNATIONAL CODES......cccoccveeiirriisissnnnnnns 139
6.1 INTRODUCTION
6.2 STRENGTHENING IN FLEXURAL OF PRESTRESSED CONCRETE BEAMS......c.ccccuteeeiireeenveeeesnreeens 139
0.2.1  BaSIC ASSUMPIIONS ..ottt sttt 139
6.2.2  Flexural Ultimate Capacity Calculation Method ...............cocoouevcuvenvuvenceinseencieeneeene. 139
6.2.3  Flexural Ultimate Moment Capacity COMPATISON.........ccceveeveeeseeeseeneeseeneerieesaeneenans 143
6.3 SUMMARY AND CONCLUSIONS .....ciitiiiiiiiiiieiti ittt s 144
7. CHAPTER 7 CONCLUSIONS AND RECOMMENDATION FUTURE WORKS.......... 146
7% N 0120001664 (0 PP 146
A O10) (@) 51813 () P UST 147
7.3  ADVICES TO STRUCTURAL ENGINEERS .....ccccctuttiiitieeesureeesirtreeesireesssssesessssessasssessssssssssssseeens 149
T4 FUTURE WORK ...ottiiiiiiiiiiiite ettt esttee e sttt e sttteessatteessasteeesbbaeesaabaeessasteessasseeesssbaeessssseeesasseeens 150
REFERENCES ...ttt nnsssses s sssse s s s ssssss e s s s ses s sssssse s s s sssssssnnnenes 151
APPENDIX A: ULTIMATE MOMENT CAPACITY PROCEDURE [ACIT 440.2R-0.8] ........... 155



