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SYMBOL

ft

yd
mi

in?
ftZ
yd?
ac

mi?

fl oz
gal
ft3
yd?®

SI (MODERN METRIC) CONVERSION FACTORS
APPROXIMATE CONVERSIONS TO SI UNITS

WHEN YOU KNOW MULTIPLY BY TO FIND

LENGTH

inches 254 millimeters

feet 0.305 meters

yards 0.914 meters

miles 1.61 kilometers

AREA

square inches 645.2 square millimeters

square feet 0.093 square meters

square yard 0.836 square meters

acres 0.405 hectares

square miles 2.59 square kilometers
VOLUME

fluid ounces 29.57 milliliters

gallons 3.785 liters

cubic feet 0.028 cubic meters

cubic yards 0.765 cubic meters

NOTE: volumes greater than 1000 L shall be shown in m?

0z

°F

kip

Ibf
Ibf/in?

ksi

MASS
ounces 28.35 grams
pounds 0.454 kilograms
short tons (2,000 Ib) 0.907 Megagrams
TEMPERATURE (exact degrees)
Fahrenheit 5(F-32)/9 or (F-32)/1.8 Celsius
FORCE and PRESSURE or STRESS
1,000 pound force 4.45 kilonewtons
pound force 4.45 newtons
pound force per square inch |6.89 kilopascals

kips force per square inch 6.89 Megapascals

SYMBOL

mm

km

g

kg

Mg (or "t")
°C

kN

kPa
MPa



TECHNICAL REPORT DOCUMENTATION PAGE

1. Report No. 2. Government Accession No. 3. Recipient's Catalog No.
4. Title and Subtitle 5. Report Date
May 2022

Flexural Capacity of Concrete Elements

6. Performing Organization Code

with Unbonded and Bonded Prestressing

8. Performing Organization Report No.

7. Author(s)

Gary R. Consolazio, H. R. Trey Hamilton, Seaska I. Pérez-Avilés 2022/P0071623-P0071624

9. Performing Organization Name and Address 10.  Work Unit No. (TRAIS)
University of Florida
Department of Civil and Coastal Engineering 11 Contract or Grant No.

365 Weil Hall, P.O. Box 116580

Gainesville, FL 32611-6580 BDV31-977-93

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address

Final Report
Florida Department of Transportation Jan 2018 — May 2022
Research Management Center
605 Suwannee Street, MS 30 14. Sponsoring Agency Code

Tallahassee, FL 32399-0450

15.  Supplementary Notes

16. Abstract

Prestressed concrete is widely used in bridge construction and is considered a cost-effective and efficient method of construction. However,
durability issues have arisen which have been attributed to poor grouting practice or material performance. To improve durability and facilitate replacement
of tendons, bridge construction projects in Florida may now incorporate flexible fillers in lieu of cementitious grout. These structures utilize concrete
components with a combination of unbonded tendons and bonded prestressing and/or mild steel reinforcement. Although this is a new design approach in
the United States, it has been widely used in European countries. However, the use of mixed reinforcement conditions (i.e., the simultaneous use of
unbonded and bonded prestressed reinforcement) in concrete members has structural implications.

The flexural behavior of prestressed beams is affected by the presence of unbonded tendons. In the present research, this parameter was
characterized by U/T, which is the ratio of unbonded tendon force to total tendon force at flexural capacity; this parameter varies between 0 for fully
unbonded sections to 1.0 for fully bonded sections. Strains in unbonded tendons are not compatible with adjacent concrete strains, which makes the strain
compatibility approach of capacity calculation non-applicable. In an unbonded tendon, stresses are dependent on the deformation of the entire member as
well as tendon geometry. At the ultimate section strength condition, stress for unbonded tendons is lower than for bonded tendons. Current design guidance
for prestressed concrete members with mixed reinforcement conditions is based on conservative underestimation of flexural capacity. A major component
of this study was therefore the development of improved guidelines for computing the flexural capacity of members with mixed reinforcement conditions.

Full-scale experimental tests were conducted on positive and negative bending specimens to investigate the flexural behavior of concrete beams
with mixed reinforcement conditions. Complementary nonlinear finite element analyses were also conducted. Finite element modeling and analysis
procedures were validated against the collected experimental data and then used to conduct parametric studies that encompassed greater variations of system
parameters than was feasible to investigate experimentally.

Results from this study revealed that the flexural capacity of concrete elements with mixed reinforcement is reduced as U/T increases. Based on
the collected experimental data and finite element results, an empirical method for computing the flexural strength of beams with mixed reinforcement and
a linear transition in resistance factor were proposed, which involved adjustments to current simplified provisions in AASHTO-LRFD (2020). Additionally,
this study found that bonded strand rupture occurred in full-scale laboratory specimens with U/T of 0.4 and 0.7. A new requirement for a minimum amount
of bonded prestressing reinforcement has been developed to reduce the possibility of strand rupture when ultimate strength is reached.

17. Key Words 18. Distribution Statement

Post-tensioned concrete, mixed reinforcement conditions,

. . No restrictions.
bonded reinforcement, unbonded reinforcement, flexure

19.  Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price

Unclassified Unclassified 482

Form DOT F 1700.7 (8-72). Reproduction of completed page authorized

iv




ACKNOWLEDGEMENTS

The authors thank the Florida Department of Transportation (FDOT) for providing the
funding that made this research possible. Additionally, the authors acknowledge the significant
contributions made by the staff of the FDOT Marcus H. Ansley Structures Research Center in
providing technical insights and suggestions, constructing the test setup, providing data
acquisition, and conducting the experimental tests. William Potter, Christina Freeman, Stephen
Eudy, Justin Robertson, Michael Waters, Paul Tighe, Miguel Ramirez, Ben Allen, and Sam
Adeniji were all exceptional participants in this research. At the FDOT State Materials Office, the
authors thank Richard DeLorenzo, Juan Coz Sanchez, and Andrew Pinkham for assistance in
conducting material tests.

The authors thank Dura-Stress Inc. for assistance in planning and fabricating the precast
concrete research specimens. Special thanks to John Jarrett, Eddy Wanthana, and Mike
McCullough. The authors would also like to thank manufacturers who donated materials and use
of equipment during this project. Special thanks to Sumiden Wire Products for donation of
prestressed concrete steel strand, and to Structural Technologies-VSL for donation of the use of
post-tensioning equipment.



EXECUTIVE SUMMARY

Prestressed concrete is widely used in bridge construction and is considered a cost-effective
and efficient method of construction. However, durability issues have arisen which have been
attributed to poor grouting practice or material performance. To improve durability and facilitate
replacement of tendons, bridge construction projects in Florida may now incorporate flexible
fillers in lieu of cementitious grout. These structures utilize concrete components with a
combination of unbonded tendons and bonded prestressing and/or mild steel reinforcement.
Although this is a new design approach in the United States, it has been widely used in European
countries. However, the use of mixed reinforcement conditions (i.e., the simultaneous use of
unbonded and bonded prestressed reinforcement) in concrete members has structural implications.

The flexural behavior of prestressed beams is affected by the presence of unbonded
tendons. In the present research, this parameter was characterized by U/T, which is the ratio of
unbonded tendon force to total tendon force at flexural capacity; this parameter varies between 0
for fully unbonded sections to 1.0 for fully bonded sections. Strains in unbonded tendons are not
compatible with adjacent concrete strains, which makes the strain compatibility approach of
capacity calculation non-applicable. In an unbonded tendon, stresses are dependent on the
deformation of the entire member as well as tendon geometry. At the ultimate section strength
condition, stress for unbonded tendons is lower than for bonded tendons. Current design guidance
for prestressed concrete members with mixed reinforcement conditions is based on conservative
underestimation of flexural capacity. A major component of this study was therefore the
development of improved guidelines for computing the flexural capacity of members with mixed
reinforcement conditions.

Full-scale experimental tests were conducted on positive and negative bending specimens
to investigate the flexural behavior of concrete beams with mixed reinforcement conditions.
Complementary nonlinear finite element analyses were also conducted. Finite element modeling
and analysis procedures were validated against the collected experimental data and then used to
conduct parametric studies that encompassed greater variations of system parameters than was
feasible to investigate experimentally.

Results from this study revealed that the flexural capacity of concrete elements with mixed
reinforcement is reduced as U/T increases. Based on the collected experimental data and finite
element results, an empirical method for computing the flexural strength of beams with mixed
reinforcement and a linear transition in resistance factor were proposed, which involved
adjustments to current simplified provisions in AASHTO-LRFD (2020). Additionally, this study
found that bonded strand rupture occurred in full-scale laboratory specimens with U/T of 0.4 and
0.7. A new requirement for a minimum amount of bonded prestressing reinforcement has been
developed to reduce the possibility of strand rupture when ultimate strength is reached.

Vi



TABLE OF CONTENTS

I D) YO N 01 1 20 2 RO i
SI (MODERN METRIC) CONVERSION FACTORS ...t i
TECHNICAL REPORT DOCUMENTATION PAGE ... v
ACKNOWLEDGEMENTS oottt e e s e s s s s s s bbb re e s e e s e s s s sabbbaeeesaeessssasbreees Y,
EXECUTIVE SUMMARY oottt s s st b e e s s s s s s s s sabbbaae e s e e e s s s sannrbres Vi
| ) A0 ) T 2 (€ 2 0 2 Xi
LIST OF TABLES ...ttt e e e s s s s bbb e e e e e e e s s ssb bbb e e e e e e eeesaans XXXI
CHAPTER 1 INtrodUCtION........cooeeiiiiiiiiieeeee e, 1
CHAPTER 2 LItEratUIE TEVIEW ...oiicvvvveieeieiiiiiiiiriieseseessssisbrseessesssssssbbbssesssesssssbsbssssssessssssstrresssses 2
2.1 Post-tenS1oNINg tENAOMNS ......eiveiiiiiiiieiie e 2
2.1.1 BONAEd tENAONS ....uuvriiiiiiiii ittt 3

2.1.2 Unbonded tENAONS .........cooovieiiieiiieieeeeeeeeeeeeeee e 4

P B 15, Q0121 B 1) 0 F: A4 (o ) O 5
2.2.1 Bonded teNdOnS .......oooviiiiiiiieeeeeeeeeee 5

R B oo s Ve [Te B 7<) 0 e Lo o IO 7

2.2.3 Mixed reinforcement CONAITIONS...........oevviiiiiiiiiiiiii e 9

2.3 Approaches to determine nominal flexural resiStance...........ovevvirviiiniiiienicie e 12
2.3.1 Bonded teNdOnS .......coooviiiiiiieeeeeeeeeeeee e 12

R I U501 o0 1 Ve [Te B 73 0T Lo o S J T 14

2.3.3 Mixed reinforcement CONAITIONS..........coviviiiiiiiiiiiiii e 19

2.4 Design specifications for tendon stress at nominal flexural resistance ............c.ccccceeneeene 21
2.4.1 AASHTO-LRFD 2020 .....coiiictttiiiiiee ettt ettt s e s s sisbr e e s s e s s s s saabrbeaee e s 21

2.4.2 FDOT Structures Manual .........c.veeeiiiiiiiiiiiiiiiiiec ettt sab e 22

R TN O K B T L 23

2.4.4 Canadian CodE......ccovuriiiiiiiiiiiiiiiiiei et e e e e st e e e s ab e as 24

R 1Y (e Yot Y [ TR 24

2.4.6 Australian Standard ..o 25

2.4.7 Japanese GUIACIINES. ........coveriiiiiieii e 26

2.5 Reliability of flexural resistance for elements with bonded and unbonded tendons......... 27

2.6 Finite element MOAEIING .......cccueiviiiiiiiiiiieieer e 29
CHAPTER 3 Research approach ........c.coiuiiiiiiiiiiiiiiii et 35
CHAPTER 4 Design of experimental StUAY ..........cccuroiiiiiiiiiiiiciieecsee e 36
o O 5315 (oY L0115 (o ) s OO ERRTRRPPI 36

4.2 SPECTMEN AESIZI ...ttt b et e e be e bt e n e b e nne e 37

vii



.3 TESE TTIALTIX +evvvvneeeeeeeeeeeee e e e e e e e e e eee e e e eeeeeeeee e e e eeseeeaeeeennnnaeseeeeeeennsnnanseeeeeeennnnnnaaseeeeeeennnns 41

CHAPTER 5 Experimental study on simply-supported precast beams...........cccoovvviiiviiiniiniennnnns 43
5.1 SPECIMEN CONSEIUCEION ...ttt ettt ettt ettt nb e b b nneenn e nns 43

5.2 TESE SEIUP vttt 55

5.3 INSEIUMENTATION ...ttt e e r e s e ne e s e e nre e nnr e 56

5.4 TSt PIOCEAUIE ...uviiiiieieiiiiee it 60

5.5 Experimental teSt TESUILS........eviviiiiiiiieiee e 60
CHAPTER 6 Experimental study on simply-supported cast-in-place beam..............ccoeovviiinennns 63
6.1 SPECIMEN CONSIIUCTION ... veeieeieeeiee et re e re e nnne e 63

6.2 TESE SEIUP 1..vviiieie ittt 64

6.3 INSEIUMENTATION ...ttt e e r e nsn e ne e e reennne e 65

6.4 TSt PIOCEAULIE ...uviviiieieiiie et 69

6.5 Experimental teSt TESUILS........eoiviiiiiiiieiece e 69
CHAPTER 7 Experimental study on negative bending precast beams ...........cccooevviiviiiniiiinnnnnns 71
7.1 SPECIMEN CONSIIUCTION ... .vviuveeieeeiee ettt e e r e nne e e e nreennr e 71

7.2 TEST SEIUP 1.ttt 80

7.3 INSEIUMENTATION ...ttt nne e e e r s e neennr e e nne e nnn e 81

7.4 TSt PIOCEAULE ...ttt n e 86

7.5 ExXperimental teSt TESUILS........eeiviiiiiiei e 86
CHAPTER 8 Finite element modeling ...........cccoiviiiiiiiiiiiiiiiiiecs e 88
8.1 TNITOAUCTION. ...ttt nne e 88

8.2 Numerical modeling ProCedUIES..........cuiuiiiiiiiiiiieiiii e 88

8.3 Validation of numerical model procedures.............cccooivriieriiiiieniinec e 99
8.3.1 Simply-supported precast beam SPECIMENS........ccuerverieiriiieiieiiieese e 99

8.3.1 Simply-supported cast-in-place beam specimens (SS-5) ......cocvvviiiiiiiiiiiieiiinnns 125

8.3.1 Negative bending precast beam SPECIMENS .........ccvveeiierriieiieiiienee e 131

8.4 Parametric STUAICS ........eivieriiiieiiieii ittt 150
8.4.1 Florida I-Beams (with parabolic PT tendons) .........ccccccvvviriiieiiiiin e 150

8.4.2 Florida I-Beams (with straight PT tendons) .........cccccvvvenieiiiieiiciiiceecseeee 164

8.4.3 AASHTO Type II beams (with straight PT tendons)...........cccocveiiiiiinciiiennnns 169

8.5 Summary of observations from parametric StuUAY..........ccoceriieriiiiiiieiiie e 174
CHAPTER 9 Proposed design approach for concrete elements with mixed reinforcement ....... 176
0.1 INELOAUCTION. ...ttt nb et e bt nneenne s 176

L A (5 Q0 -] W o Tod U T R PRPPR 176

0.3 RESISLANCE TACLOT ......viieeiieeic et r e nne s 179

9.4 Minimum bonded prestressing reinforCemMEent ............cocveviveeiiiiiienie e 181
CHAPTER 10 Summary and CONCIUSIONS .........oiviiieriiiiiiieiiice e 189



CHAPTER 11 Implementation of proposed design provisions..........c.cceeceereerrereeneenesieeneennens 191

11.1 Factored fleXural TESISTANCE .........cueeiuviiieeriei ettt 191

11.2 Minimum bonded prestressed reinforcement ............ccoovevvreerieiiieenieicseseeesee 192

11.3 EXample — FIB-O0........coiiiiei e 192

11.4 Concluding re€mMarks..........cocviriiiiieiiiee s 194
REFERENCES ... oo 196
APPENDIX A Fabrication draWings ...........cccucveereiriraiienieeseesre s snnes 201
APPENDIX B Instrumentation drawings ..........cccocuevuiiieiiiiiiiniisisessese e 244
APPENDIX C Experimental results: Simply-supported precast beam specimens..............c....... 307
APPENDIX D Experimental results: Simply-supported CIP beam specimen (SS-5)................. 336
APPENDIX E Experimental results: Negative bending precast beam specimens ...................... 344
APPENDIX F LS-DYNA cards for finite element modeling...........c.ccoovvviviiiiniiiiiniiiciicn 375
APPENDIX G Parametric study — Florida I-beams (parabolic PT tendons)...........cccccvcvernenen. 379
FIB72-SS-01: U/T =0.2; = 0; Point Load..........cccoeriiiiiiiiieiieieeeeee e 383
FIB72-SS-02: U/T =0.5; p=0; Point Load.........ccccccovviriiiiiiiiiiniieee e 384
FIB72-SS-03: U/T = 0.8; = 0; Point Load..........cccceriiiiiiiiiiiieieeeeee e 385
FIB72-SS-04: U/T =0.2; n=0; Tandem Load........c...cceviriiiiiiieee e 386
FIB72-SS-05: U/T =0.5; p=0; Tandem Load .........cocceeiiiiiiiiiiiieeeee e 387
FIB72-SS-06: U/T =0.8; = 0; Tandem Load........c...ccoririiiiiiieeeee e 388
FIB72-SS-07: U/T = 0.2; = 0; Uniform Load .........ccccoeviiriiiniiiiienieeeec e 389
FIB72-SS-08: U/T =0.5; = 0; Uniform Load ...........ccceoiriiiiinieeeee e 390
FIB72-SS-09: U/T = 0.8; i =0; Uniform Load ..........cccoeriiiiiiiiinienieeee e 391
FIB72-SS-10: U/T =0.5; p=0.14; Uniform Load .........ccccevvvrrriiiiiie e 392
FIB72-SS-11: U/T =0.5; n=0.3; Uniform Load ........ccccoceriiiniiiiiieee e 393
FIB72-NB-01: U/T =0.3; p=0; Point Load...........cccoeeriiiiiiiiiiiiiee e 396
FIB72-NB-02: U/T =0.6; = 0; Point Load...........cccccvrriiiiiiiiiiiiiiiniiie e 398
FIB72-NB-03: U/T = 0.8; u=0; Point Load.........cccceriiiiiiiiiiiiiiieeeeee e 400
FIB72-NB-04: U/T =0.3; p=0; Tandem Load.............cccvrriiiiriiiiniiniiee e 402
FIB72-NB-05: U/T = 0.6; = 0; Tandem Load.........cccoeiiiiiiiiiiiiienineeee e 404
FIB72-NB-06: U/T =0.8; n=0; Tandem Load............cccoerriiriiiiiiiiiiniiie e 406
FIB72-NB-07: U/T = 0.3; = 0; Uniform Load ..........ccoiiiiiiiiiiiiiieneeeee e 408
FIB72-NB-08: U/T =0.6; p=0; Uniform Load ..........cccccuvrriiiiiiiiiiiie e 410
FIB72-NB-09: U/T = 0.8; u = 0; Uniform Load ..........ccevveiiiiiiiiiiienieeeee e 412
FIB72-NB-10: U/T =0.6; = 0.14; Uniform Load ..........ccccovvrriiiiiiiniiiee e, 414
FIB72-NB-11: U/T = 0.6; u = 0.3; Uniform Load ..........cccceniiiniiiiiiinieeeee e 416
FIB72-NB-12: U/T =0.6; = 0.5; Uniform Load ..........ccccevivviiriiiiiiiniiee e, 418
APPENDIX H Parametric study — Florida I-beams (straight PT tendons)..........ccc.cceevvrivvrnennne 420



FIB72-SS-12: U/T = 0.95; 1= 0; Point Load........cccccovviiiiiiiieiie e 421

FIB72-SS-13: U/T = 0.90; n=0; Point Load.........ccccoviiiiiiiiieiiiieeeeesee e 422
FIB72-SS-14: U/T = 0.90; p=0; Tandem Load ..........cceoerriieririiieneeeesee e 423
FIB72-SS-15: U/T = 0.90; p = 0; Uniform Load ..........cccoviviiiiiiiiiiiici 424
FIB72-SS-16: U/T = 0.80; = 0; Point Load.........ccccovviiiiiiiieiie e 425
FIB72-SS-17: U/T = 0.80; p=0; Tandem Load ..........cceooerriiieniiiiieiie e 426
FIB72-SS-18: U/T =0.80; n = 0; Uniform Load ..........cccocevviiiiiiiiniiii e 427
FIB72-SS-19: U/T = 0.70; = 0; Point Load.........cccceeiiiiiiiiieiiiieeeeesee e 428
FIB72-SS-20: U/T =0.70; p=0; Tandem Load ...........cccocerriiiiniiiniii e 429
FIB72-SS-21: U/T = 0.70; p=0; Uniform Load .........ccccooiiiiiiiiiiieeeeeeeeee 430
FIB72-SS-22: U/T = 0.50; = 0; Point Load..........cccooveviiiiiiiiiiiiienee e 431
FIB72-SS-23: U/T = 0.35; u=0; Point Load.........ccceeiiiiiiiiieiiiiieeeeeee e 432
FIB72-SS-24: U/T =0.25; u=0; Point Load..........cccoceviiiiniiiiniiiiee e 433
FIB72-SS-25: U/T = 0.10; = 0; Point Load.........cccceoiiiiiiiiieiiiieeeeeee e 434
FIB72-SS-26: U/T = 0.00 (bonded); 1= 0; Point Load ..........ccovriiiiiiieic e 435
APPENDIX I Parametric study — AASHTO beams (straight PT tendons) ..........cccocevviiiniennnn 436
AASHTO-II-SS-1: U/T = 0.90; u=0; Point Load...........ccceoiviriiiiiieneese e 437
AASHTO-II-SS-2: U/T=0.90; n=0; Tandem Load........c..cccoeriiiiiiiiiiiiiiiieiicee 438
AASHTO-II-SS-3: U/T = 0.90; u=0; Uniform Load ..........ccceoorriiiiiiiiiicne e 439
AASHTO-II-SS-4: U/T = 0.80; u=0; Point Load.........ccccooviriiriiiiiiiieneeeeec 440
AASHTO-II-SS-5: U/T = 0.80; u=0; Tandem Load...........ccceevrriiirieiiieiinicieee 441
AASHTO-II-SS-6: U/T = 0.80; u=0; Uniform Load ..........cccevieiiiiiiiiiiiiesie 442
AASHTO-II-SS-7: U/T = 0.70; u=0; Point Load...........cccevirermiriiiieeeseee e 443
AASHTO-II-SS-8: U/T =0.70; p = 0; Tandem Load ...........ccooecviniiiiiiiniiiiiiien 444
AASHTO-II-SS-9: U/T = 0.70; u=0; Uniform Load .........ccceoovriiiriiiiiinicieee 445
AASHTO-II-SS-10: U/T =0.50; u=0; Point Load..........cccccovvrriiiiiiiniiee e, 446
AASHTO-II-SS-11: U/T =0.35; p=0; Point Load..........ccooueeniiniiiiiieeieee e 447
AASHTO-II-SS-12: U/T =0.25; = 0; Point Load..........ccccovvrviiiiiiiiiiiee e 448
AASHTO-II-SS-13: U/T =0.10; p=0; Point Load..........ccooveriiiiiiiniiienicee e 449



LIST OF FIGURES

Figure Page
Figure 2.1 Components of a typical post-tensioning tendon ...........ccocverriieriiieeiiiee e 2
Figure 2.2 Components of bonded tendons ............ccoiiiiiiiiiiiiieiie e 3

Figure 2.3 Cementitious grout: (a) inspection of a post-tensioned tendon (Vector Corrosion
Technologies, 2014) and sections of a dissected mock-up at (b) anchorage and (c) at

an intermediate location (DSI, 2000).......c.uuiiiiiiiiiiiiiie i 3
Figure 2.4 External tendons: (a) East Tsing Yi Viaduct, Hong Kong, (b) Gautrain Rapid Rail

Link, South Africa (VSL International Ltd., 2009) ........cccooiiiiiriiiiniie e 4
Figure 2.5 Comparison of (a) diabolo deviator and (b) deviator with curved pipe pre-bent to

1adius (FDOT, 2002)...c.ciiiiiiiiiiiieieee e 5
Figure 2.6 Load deflection curve of under-reinforced prestressed concrete beam with bonded

tendons (Naaman, 2012) .....cccvviiieiiieeeiee e 6
Figure 2.7 Variation of stress and strain of bonded prestressed tendon and concrete

with applied load (Naaman, 2012).......cccociiiiiiiiieeeec s 7
Figure 2.8 Crack opening in simply supported beam with unbonded tendon .............ccccvvviiiennnne 8
Figure 2.9 Theoretical bonded and unbonded behavior (Brenkus et al., 2017b)........cccccevvvernnnnn. 8
Figure 2.10 Crack distribution and plastic hinge region for beam specimens with bonded and

unbonded tendons: (a) IGS, (b) IWS, and (c) IWC (Brenkus et al., 2017b).........ccccccueeee 10
Figure 2.11 Stress increase in members with bonded and unbonded tendons: (a) IGS, (b)

IWS, and (c) IWC (Brenkus et al., 2017D) ....cccoveiiiiiieiiieieeceeee e 11
Figure 2.12 Concrete equivalent stress BloCK ..........ccoviiiiiiiiiiiiiiii e 13
Figure 2.13 Joint mechanism for unbonded tendons ............c.ccveiieriiiiic i 16
Figure 2.14 Tendon force versus curve length (MacGregor at al., 1989).........ccccceiiiiiiiiniiinn. 17
Figure 2.15 Unbonded diagram of (a) strain and force, and (b) joint opening.............ccccceecvvenennne 18
Figure 2.16 Moment-deflection response for testing specimens (MacGregor et al., 1989) .......... 20

Figure 2.17 FE model: (a) anchorage, (b) multi-strand tendon, (c) wire break, (d) birdcaging
(Abdullah et al., 2016; Brenkus et al., 2017@) .....cccovviiiiiiiiiiiieeiiie e 30

Figure 2.18 Representation of bond-link element (Vecchio et al., 2000)...........c.ceevrierienninnnn. 31

Xi



Figure 2.19 Modeling of unbonded post-tensioning system using;:
(a) spring system method, (b) contact formulation (Huang, 2012)..........cccoceeiirriiennnnnnn. 31

Figure 2.20 Finite element models: (a) unbonded model, (b) bonded model (Brenkus, 2016).....32

Figure 2.21 Modeling steps: (a) unbonded strands are stretched, (b) strands are bonded to
concrete followed by releasing of strand, and (c) external load application (Yapar et
Ly 2015) 1ottt 34

Figure 4.1 Beam configurations considered for design of experimental specimens:
(a) positive bending (Finley Engineering Group, 2008) and

(b) negative bending (Finley Engineering Group, 2015)......ccccocviiiiiiniiiieiiiicnicce 36
Figure 4.2 Modified AASHTO Type II girder: (a) cross-section with concrete deck;

(b) cast-in-place end BIOCK...........ocuiiiiiiiiiiic s 38
Figure 4.3 Reinforcement steel in concrete deck.........oovvviiiiiiiiiiiiiniiiie e 38
Figure 4.4 Cross-sectional view of cast-in-place SPeCImMen...........ccvevveieiiieiiniinieieceseee s 39

Figure 4.5 Typical FDOT profiles for tendons with flexible (‘F’) filler (FDOT Index 21801)
selected for experimental beam specimens: (a) Profile F1, (b) Profile F5, and
(C) PIOFILe F LT vttt 39

Figure 4.6 Parabolically draped tendon profile (F5) for precast simply-supported specimens
(O T0 SCALE) ... ettt 40

Figure 4.7 Double-harped tendon profile (F11) for cast-in-place simply-supported specimen
(O T0 SCALR) ... ettt ettt r e ne s 40

Figure 4.8 Parabolically draped tendon: (a) typical tendon profile F1; (b) profile
corresponding to negative bending region (not to SCale) .........c.coerevriiiiiciiieniine e 40

Figure 4.9 Cast-in-place beams showing span-to-depth ratios and moment diagrams:

(a) straddle bent cap and (b) cantileVer PIer CaP ........couerruieririiieiie et 42
Figure 5.1 Specimen orientation on prestressing bed: SS precast beams (not to scale)................ 43
Figure 5.2 Custom plywood bulkheads for SS precast beams............ccocevvieiiniiniieiiiienccee 44

Figure 5.3 Strand debonding at (a) the end of the beam and (b) midspan using PVC
sheathing (note: 1-ft length remained bonded) ..........cccceiiiiiiiiiiiiie 44

Figure 5.4 Pre-fabricated concrete pieces used to provide separation for prestressing strands.....44
Figure 5.5 Prestressing strands at live end and monostrand hydraulic jack .........ccccccooenieiiinnnn. 45

Figure 5.6 Prestressing strand jacking sequence for SS precast beams............ccoevviiiiiicininnne, 45

Xii



Figure 5.7 Duct installation: (a) insertion of ducts in bulkhead cutouts,

(b) adjustment of dUCt PTOTILE .....couvviiiiiiiii s 46
Figure 5.8 Rebar cage for SS SPecimen .......cccuoviiiiiiiiiiieiice e 46
Figure 5.9 Rebar cage and HDPE duct installation for (a) 70 ft and (b) 40 ft (before the ducts

were tied for final configuration of tendon profile).........cccccvviiiiiiiii 47
Figure 5.10 Lifting loops for tranSportation ...........cccevuiiieiiiiiiieiie s 47
Figure 5.11 Styrofoam glued to side form for top flange: (a) exterior, (b) interior, and

(c) front view of AASHTO Type II side fOrms ......ccccvviiiiiiiiiiiiiiieiiee e 48
Figure 5.12 (a) Concrete placing and (b) roughened top Surface ..........cccoovevvriniieiiiicniciecee 49
Figure 5.13 Mild steel reinforcement for concrete deck.........coovviiviiiiiiiiiiiiiei e 49
Figure 5.14 Concrete deck: (a) concrete placement, (b) vibration, and (c) finished surface......... 50
Figure 5.15 Detensioning pattern for SS SPeCIMENS........ccvvviiiiiiiiiniiiee e 51
Figure 5.16 Detensioning locations for SS specimens (identified with ‘X’ marks) ............c..coc.... 51

Figure 5.17 Detensioning of SS specimens at (a) east end of prestressing bed and
(b) between specimens SS-2 and SS-3.....coiiiiiii 52

Figure 5.18 Formation of crack on specimen SS-2 at a distance of 20 ft from west end
(NOTTR SIAC) ettt ettt b ettt e e e st e e ebe e e st e e nbe e eab e e nbeenneas 52

Figure 5.19 Formation of cracks on specimen SS-2 at a distance of 20 ft from west end
(a) south and (b) NOTth SIAES.......eeieiiiieiiieiee e 53

Figure 5.20 Installation of formwork for fabrication of end blocks for precast SS specimens .....53

Figure 5.21 Assembly of rebar cage for end blocks: (a) pre-bent mild steel bars;
(b) perspective view of rebar cage; (c) rebar cage and formwork for SS-3...........cccceee. 54

Figure 5.22 Fabrication of end blocks: (a) concrete placement; (b) end blocks (SS-3 and

SS-4) after removal of fOrmWOTrK..........coiiiiiiiie 54
Figure 5.23 Post-tensioning of precast SS SPECIMEN .........ccviviiiiiiiiiiiiciiee e 54
Figure 5.24 Flexural test setup: Beam specimens SS-1 and SS-2 ... 55
Figure 5.25 Flexural test setup: Beam specimens SS-3 and SS-4 .........cccceviiiiiiiiiicicnc, 55
Figure 5.26 Enerpac RR-40018 aCtUAtOr .........cvviiiiiiieiiiiiee e 55
Figure 5.27 Geokon hollow-core load cell installed at dead end of beam specimen SS-3............ 56

Xiii



Figure 5.28 Laser displacement transducers — SS precast specimens: (a) location of laser
displacement transducers, (b) typical transducers installed on a SS precast beam
specimen along the length of the beam and (c) at the load point, and (d) close-up
showing a laser displacement transducer and the surface to which the laser was
PTOJECTEA. .ttt 57

Figure 5.29 Vibrating wire gages installed in SS precast specimens: (a) close-up view of
gages attached to pretensioned strands and (b) view of gages and cables prior to

[o70) 1 Lo (e 1l 0] F et 11 1S 4 L TP 58
Figure 5.30 Location of 60-mm foil strain gages: SS precast SPECIMEnNS...........cccvevverververieneenn 59
Figure 5.31 Typical 60-mm foil strain gages installed on SS precast specimens...........c.cceevveenns 59
Figure 5.32 Location of fiber optic sensors: SS precast SPECIMENS.........covververerreeririreneenenieennes 60
Figure 5.33 Typical fiber optic sensors installed on SS precast specimens..........cccevvveerieeeiinenns 60
Figure 5.34 Load-displacement plots: (a) SS-1, (b) SS-2, (c) SS-3, and (d) SS-4 ......c.cccvevvrnnn. 62
Figure 6.1 Plywood formwork used in the fabrication of CIP specimen SS-5.........ccccccoviiiiiiinnnns 63
Figure 6.2 Rebar cage and HDPE duct installation for CIP beam specimen SS-5..........ccccoveenne. 63
Figure 6.3 Concrete placement: CIP beam specimen SS-5 .......ccovvvviiiiiiiiiniiiec e 64
Figure 6.4 Flexural test setup: Beam specimen SS-5 ..o 64
Figure 6.5 Geokon hollow-core load cell installed at dead end of beam specimen SS-5.............. 65

Figure 6.6 Laser displacement transducers — CIP beam specimen SS-5: (a) location of laser
displacement transducers, (b) transducers installed along the length of the beam and
(c) close-up showing a laser displacement transducer and the surface to which the

1aSET WaS PIOJECTEA .......viiieeiiieiee s 66
Figure 6.7 Location of 60-mm foil strain gages: CIP beam specimen SS-5...........ccccocvvveiinnnnn. 66
Figure 6.8 60-mm foil strain gages installed on CIP beam specimen SS-5..........ccccooviiiiiinnnnne 67
Figure 6.9 Location of fiber optic sensors: CIP beam specimen SS-5 .........ccccccvvvviiiiiniiniiinnnn. 67
Figure 6.10 Fiber optic sensors installed on CIP beam specimen SS-5.........cccccoviiiiiiniciiiennns 67
Figure 6.11 Location of 5-mm foil strain gages: CIP beam specimen SS-5...........ccccoovvieninnnnn. 68

Figure 6.12 Location of fiber optic sensors on longitudinal rebar: CIP beam specimen SS-5......68

Figure 6.13 Location of instrumentation on the longitudinal rib of rebar: (a) 5-mm foil strain
gage and (D) FOS ... e 68

Xiv



Figure 6.14 Instrumentation on mild steel bars: CIP beam specimen SS-5

(a) 5-mm foil strain gages and (b) FOS ........ooiiiiii e 69
Figure 6.15 Load-displacement plot: SS-5 ..o 70
Figure 7.1 Specimen orientation on prestressing bed: NB precast beams (not to scale)............... 71
Figure 7.2 Custom plywood bulkheads for NB precast beams............cccocviriiiiiiiiniiincieeene 72
Figure 7.3 Bulkheads and steel deflectors for prestressing strands: NB precast beams................. 72
Figure 7.4 Plywood bulkhead for prestressing strands on NB specimens...........cccccocvirvciieennnnne 73
Figure 7.5 Prestressing strand jacking sequence for NB precast beams...........cccoceviiiieiicnninnnn. 73

Figure 7.6 Rebar cage and HDPE duct installation for NB precast beams

(before the ducts were tied for final configuration of tendon profile)..........ccccevvvevinnnnne 73
Figure 7.7 Detensioning pattern for NB SPECIMENS.........ccoiiiiiiiiiieiiiiciieie e 74
Figure 7.8 Detensioning locations for NB specimens (identified with ‘X’ marks)..........ccccceeveenns 75

Figure 7.9 Detensioning of NB specimens: (a) strand cut on west end of prestressing bed,
(b) cut strands on specimen NB-3, and (c) strand cut between specimens NB-2 and

Figure 7.10 Formation of cracks on north side of specimen NB-1: (a) east and (b) west ends.....76

Figure 7.11 Close-up photos of concrete spalling on south side of specimen NB-3
starting at 12 ft 3 in. from west end: (a) marked cracks after detensioning of
pretensioned strands at precast plant; (b) 3-in. x 3-in. grid and red marks showing
‘hollow’ areas; (c) partial demolition on top flange showing pretensioned strand at
the end of debondiNg..........cccviiiiiiiiii 77

Figure 7.12 Top flange repair on beam specimen NB-3.........cccocoiiiiiiiiiiineec e 78

Figure 7.13 Installation of formwork for fabrication of end blocks for NB specimens:
(a) view of side forms at one end of beam specimen NB-3, (b) completed formwork
for end blocks for beam specimens NB-2 and NB-3 ..........ccccoiiiiiiiiiiiii 78

Figure 7.14 Rebar cage for end blocks — beam specimen NB-3: (a) perspective view of rebar
cage; (b) top view showing rebar cage and post-tensioning anchorage system ................ 79

Figure 7.15 Fabrication of end blocks: (a) concrete placement; (b) end blocks (NB-2 and

NB-3) after removal of formwork.........cccoooviiiiiiiii 79
Figure 7.16 Post-tensioning of NB SPECIMENS........ccviviiiiiiiiiiieiieie e 80
Figure 7.17 General flexural test setup: NB beam specimens...........cccoccevviiiiiniiiiinicnicincee, 80

XV



Figure 7.18 Geokon hollow-core load cell installed at dead end of beam specimen NB-1...........

Figure 7.19 Laser displacement transducers — NB precast specimens: (a) location of laser
displacement transducers, (b) typical transducers installed on a NB beam specimen
along the length of the beam and (c) at the loaded end, and (d) close-up showing a
laser displacement transducer and the surface to which the laser was projected...............

Figure 7.20 Vibrating wire gages installed in NB precast Specimens .........ccoccveevivveeiiienniiienninnnns
Figure 7.21 Location of 60-mm foil strain gages: NB precast SpeCimens............cecvvrververiennenne
Figure 7.22 Typical 60-mm foil strain gages installed on NB precast specimens............cccoevvenne
Figure 7.23 Location of fiber optic sensors: NB precast SpeCImMens. .........cuevvvrerrverrinveneennnnnnnns
Figure 7.24 Typical fiber optic sensors installed on NB precast Specimens .........cccoveveeviveeninnnns
Figure 7.25 Location of 5-mm foil strain gages: NB precast SpeCimens..........ccovvervvvververennnnn.
Figure 7.26 5-mm foil strain gages installed on NB precast Specimens.........ccccevvveeviieeeniinenninennns
Figure 7.27 Load-displacement plots: (a) NB-1, (b) NB-2, and (¢) NB-3........ccccoeiiiiinieniinnnn
Figure 8.1 Finite element model of FIB 72 girder depicting solid concrete elements...................
Figure 8.2 Damage index on a FIB segment under fleXure ............ccccovvviiiiiininniiciiiicniene e

Figure 8.3 Damage index as reported by the MAT CSCM material model
(adapted from MUItay, 2007).......cceeieeiiieeeereesee e

Figure 8.4 Mild steel reinforcing bars modeled in an AASHTO beam section using beam
elements coupled to the surrounding concrete elements............ccevvvriveneeiiieniennieeneenne

Figure 8.5 Mild steel reinforcement: (a) engineering stress as a function of engineering
strain and (b) true stress as function of effective plastic true strain..........c.ccceevereeerieeninnns

Figure 8.6 Prestressing force on individual pretensioned strands..........ccoccceevvveeiiiinniiiniiiesnieens
Figure 8.7 Elastic shortening on concrete beam due to prestressing of pretensioned strand.........

Figure 8.8 Specified prestressing force for pretensioned strand elements within transition
length: (a) pretensioned strands modeled in an AASHTO beam section using discrete
beam elements with different specified target prestressing force (using step
function); (b) plot showing linear and step functions for force in pretensioned strands ...

Figure 8.9 Material model for prestressing Steel ...........cvviieiiiiiiiiiiiiie e

Figure 8.10 Section-cut of beam showing nodal merging between a pretensioned strand and
surrounding concrete elements in the beam bottom flange ............ccocevvieiiiiiieiiiiicienns

XVi



Figure 8.11 (a) PT tendon passing through diabolo deviator; (b) idealized mechanism for PT
tendons passing through guidance elements before and after prestressing; (c) post-
tensioned concrete member with a diabolo deviator; (d) post-tensioned concrete
member with a parabolically draped tendon..........c.ccocveviiiiiiiii i 95

Figure 8.12 Modeling of external loads: (a) contact surfaces on concrete deck and load
block, concentrated load and (b) pressure load on top of concrete deck .........cccovvvernnnnns 97

Figure 8.13 Sketches of a portion of a SS beam showing: (a) debonded length on PreT
strands due to crack formation at midspan; (b) longer debonded length on PreT
strands due to erosion of surrounding bonded PreT strands in FE model; (c) use of
partial-depth rigid links to maintain appropriate strains in PreT strands..............cccevunenns 98

Figure 8.14 Rigid links defined on beam specimen SS-4: Beam cross-section showing
location of constrained nodes (with red triangles).........cccoeveiiiiniiii e 98

Figure 8.15 Nodes constrained by rigid links on beam specimen SS-4: Isometric view
showing CNRBs along the center of the beam ...........cccocviiiiiiiinii 99

Figure 8.16 Beam specimen SS-1 cross-section:
(a) sketch showing location of longitudinal reinforcement, (b) FE model...................... 100

Figure 8.17 Specimen SS-1: First observed cracks (marked in red) at P =74 kip.........ceevvenee. 101

Figure 8.18 Specimen SS-1 [not to scale]: FE model showing damage index
at different 10ad 16VeIS........couiiiiiii e 102

Figure 8.19 Specimen SS-1: FE model showing (a) initiation of ‘erosion’ (circled in red)
near midspan and (b) damage index at P = 128 Kip.........ccoovviiiiiiiiiiiiiiiicicee 103

Figure 8.20 Comparison of load-displacement curves obtained from experimental data and
FEA: Beam specimen SS-1.......ccciiiiiiiiiiiiiiiici s 104

Figure 8.21 Strain on top of concrete deck as a function of applied load — comparison
between experimental data and FEA: Beam specimen SS-1........cccccooiiiiiiiiiiicnininnn. 104

Figure 8.22 Stress in prestressing tendons as a function of applied load — comparison
between experimental data and FEA: Beam specimen SS-1........cccccooviiiiiiiiicninnnnn. 105

Figure 8.23 Displacement as a function of location along the length of beam specimen SS-1:
(a) experimental data and (b) FEA.........cooiiiiiii e 105

Figure 8.24 Curvature as a function of location along the length of beam specimen SS-1:
(a) experimental data and (b) FEA.........ccoiiiiiii e 106

Figure 8.25 Beam specimen SS-2 cross-section:
(a) sketch showing location of longitudinal reinforcement, (b) FE model...................... 107

Xvii



Figure 8.26 Specimen SS-2: First observed cracks (marked in red) at P =77 kip.........cervvenene. 107

Figure 8.27 Specimen SS-2 [not to scale]: FE model showing damage index
at different 10ad [EVEIS.........cooiiiiiiii 108

Figure 8.28 Specimen SS-2: FE model showing (a) initiation of ‘erosion’ (circled in red)
near midspan and (b) damage index at P = 134 Kip.....ccccoooeeiiiiiiiin i 109

Figure 8.29 Comparison of load-displacement curves obtained from experimental data and
FEA: Beam Specimen SS-2.........cciiiiiiiiiiiiiiiieieee e 110

Figure 8.30 Strain on top of concrete deck as a function of applied load — comparison
between experimental data and FEA: Beam specimen SS-2.......ccccovvviiiiiininiicninnennn 110

Figure 8.31 Stress in prestressing tendons as a function of applied load — comparison
between experimental data and FEA: Beam specimen SS-2.......ccccovvviieiiniiciiennneennn. 111

Figure 8.32 Displacement as a function of location along the length of beam specimen SS-2:

(a) experimental data and (b) FEA.......cociiiii e 111
Figure 8.33 Curvature as a function of location along the length of beam specimen SS-2:

(a) experimental data and (b) FEA.......c.coiii e 112
Figure 8.34 Beam specimen SS-3 cross-section:

(a) sketch showing location of longitudinal reinforcement, (b) FE model...................... 113
Figure 8.35 Specimen SS-3: First observed cracks (marked inred) at P=75Kip.....c...covernennn. 113
Figure 8.36 Specimen SS-3: FE model showing damage index at different load levels.............. 114

Figure 8.37 Specimen SS-3: FE model showing (a) initiation of ‘erosion’ (circled in red)
near midspan and (b) damage index at P = 138 Kip.......c.cceovriiiiiiiiiiiiiiciice 115

Figure 8.38 Comparison of load-displacement curves obtained from experimental data and
FEA: Beam specimen SS-3.........ccoiiiiiiiiiiiiiiiie e 116

Figure 8.39 Strain on top of concrete deck as a function of applied load — comparison
between experimental data and FEA: Beam specimen SS-3.........cccooviiiiiniiiiicninnenn, 116

Figure 8.40 Stress in prestressing tendons as a function of applied load — comparison
between experimental data and FEA: Beam specimen SS-3........cccccvviiiiiiniieniiiieennnn, 117

Figure 8.41 Displacement as a function of location along the length of beam specimen SS-3:
(a) experimental data and (b) FEA.........ccoiiiiiii e 117

Figure 8.42 Curvature as a function of location along the length of beam specimen SS-3:
(a) experimental data and (b) FEA.........ccoiiiiiii e 118

Xviii



Figure 8.43 Beam specimen SS-4 cross-section: (a) sketch showing location of longitudinal

reinforcement, (b) FE MOdel..........cccoiiiiiiiiiiiiii s 119
Figure 8.44 Specimen SS-4: First observed cracks (marked in red) at P =80 kip.........cccovvennee. 119
Figure 8.45 Specimen SS-4: FE model showing damage index at different load levels............. 120

Figure 8.46 Specimen SS-4: FE model showing (a) initiation of ‘erosion’ (circled in red)
near midspan and (b) damage index at P = 116 Kip.........cccoovvviiiiiiiiiiiiiicicc s 121

Figure 8.47 Comparison of load-displacement curves obtained from experimental data and
FEA: Beam SPeCimeEn SS-4.........coiiiiiiiiiiiiiie ittt 122

Figure 8.48 Strain on top of concrete deck as a function of applied load — comparison
between experimental data and FEA: Beam specimen SS-4.........ccccoocviviiiiiienniiecnnnn, 122

Figure 8.49 Specimen SS-4 — rupture of pretensioned strands on FE model: (a) model before
strand rupture, (b) model immediately after strand rupture, (¢) close-up showing
TUPTUTEd PTeT StrANAS ......cvoiviiiiiiiiicicsci s 123

Figure 8.50 Stress in prestressing tendons as a function of applied load — comparison
between experimental data and FEA: Beam specimen SS-4.........cccooviivviininiicninnnnne, 124

Figure 8.51 Displacement as a function of location along the length of beam specimen SS-4:

(a) experimental data and (b) FEA.......c.cooii e 124
Figure 8.52 Curvature as a function of location along the length of beam specimen SS-4:

(a) experimental data and (b) FEA.........coiiii e 125
Figure 8.53 Beam specimen SS-5 cross-section: (a) sketch showing location of longitudinal

reinforcement, (b) FE model..........ccooiiiiiiiii e 126
Figure 8.54 Specimen SS-5: First observed cracks (marked inred) at P =69 Kip .........ccccuene. 126
Figure 8.55 Specimen SS-5: FE model showing damage index at different load levels.............. 127

Figure 8.56 Specimen SS-5: FE model showing (a) initiation of ‘erosion’ (circled in red)
near midspan and (b) damage index at P = 126 Kip.........cccoovvviiiiiiiniiiiiiceeec 128

Figure 8.57 Comparison of load-displacement curves obtained from experimental data and
FEA: Beam SPeCimen SS-5.. ...ttt 129

Figure 8.58 Strain on top of beam as a function of applied load — comparison between
experimental data and FEA: Beam specimen SS-5 .......oococviiiiiiii e 129

Figure 8.59 Stress in post-tensioned tendon as a function of applied load — comparison
between experimental data and FEA: Beam specimen SS-5........cccccvviiiiiiiiiiniiiennnn, 130

XiX



Figure 8.60 Displacement as a function of location along the length of beam specimen SS-5:

(a) experimental data and (b) FEA ..o 130
Figure 8.61 Curvature as a function of location along the length of beam specimen SS-5:

(a) experimental data and (b) FEA.........cooiiii e 131
Figure 8.62 Beam specimen NB-1 cross-section: (a) sketch showing location of longitudinal

reinforcement, (b) FE mMOdel..........cccoiiiiiiiiiiiii e 132
Figure 8.63 Specimen NB-1: First observed cracks (marked in red) at P = 120 kip..........cc...... 132
Figure 8.64 Specimen NB-1: FE model showing damage index at different load levels............ 133

Figure 8.65 Specimen NB-1: FE model showing (a) initiation of ‘erosion’ (circled in red)
and (b) damage indeX at P = 228 KiP ...cooiiiiiiiiiiiiiiiicsiie i 134

Figure 8.66 Comparison of load-displacement curves obtained from experimental data and
FEA: Beam specimen NB-1. ... 135

Figure 8.67 Strain at bottom-center of beam as a function of applied load — comparison
between experimental data and FEA: Beam specimen NB-1........c.cccoccvviiiiiiiniiiennnn, 135

Figure 8.68 Stress in prestressing tendons as a function of applied load — comparison

between experimental data and FEA: Beam specimen NB-1...........cccoooiiiiiiiiicienn. 136
Figure 8.69 Displacement as a function of location along the length of beam specimen

NB-1: (a) experimental data and (b) FEA.........c.ooiiii e 137
Figure 8.70 Curvature as a function of location along the length of beam specimen NB-1:

(a) experimental data and (b) FEA ... 137
Figure 8.71 Beam specimen NB-2 cross-section: (a) sketch showing location of longitudinal

reinforcement, (b) FE model...........ccooiiiiii e 138
Figure 8.72 Specimen NB-2: First observed cracks (marked in red) at P = 136 kip................... 139
Figure 8.73 Specimen NB-2: FE model showing damage index at different load levels............ 140

Figure 8.74 Specimen NB-2: FE model showing (a) initiation of ‘erosion’ (circled in red)
and (b) damage index at P =219 Kip ...cccoiiiiiiiiie e 141

Figure 8.75 Comparison of load-displacement curves obtained from experimental data and
FEA: Beam specimen NB-2..........ccciiiiiiiiiiiiiiice e 141

Figure 8.76 Strain at bottom-center of beam as a function of applied load — comparison
between experimental data and FEA: Beam specimen NB-2..........cccccoovviiiniinicniinnnn. 142

Figure 8.77 Stress in prestressing tendons as a function of applied load — comparison
between experimental data and FEA: Beam specimen NB-2..........cccccovvviiiiinicnineennn. 142

XX



Figure 8.78 Displacement as a function of location along the length of beam specimen

NB-2: (a) experimental data and (b) FEA.........ccooiiiiiii e 143
Figure 8.79 Curvature as a function of location along the length of beam specimen NB-2:

(a) experimental data and (b) FEA.........cooiiii e 143
Figure 8.80 Beam specimen NB-3 cross-section: (a) sketch showing location of longitudinal

reinforcement, (b) FE mMOdel..........cccoiiiiiiiiiiiii e 144
Figure 8.81 Specimen NB-3: First observed cracks (marked in red) at P = 102 kip...........c...... 145
Figure 8.82 Specimen NB-3: FE model showing damage index at different load levels............ 146
Figure 8.83 Specimen NB-3: FE model showing (a) initiation of ‘erosion’ (circled in red)

and (b) damage indeX at P =200 KiP ....cooviiiiiiiiiiiiiiiiie i 147
Figure 8.84 Comparison of load-displacement curves obtained from experimental data and

FEA: Beam specimen NB-3........cooiiiiiiiiiii i 147
Figure 8.85 Strain at bottom-center of beam as a function of applied load — comparison

between experimental data and FEA: Beam specimen NB-3..........ccccccviiiiiiiiniiecnnen, 148
Figure 8.86 Stress in prestressing tendons as a function of applied load — comparison

between experimental data and FEA: Beam specimen NB-3...........cccoooiviiiiiniicinnnnn, 148
Figure 8.87 Displacement as a function of location along the length of beam specimen

NB-3: (a) experimental data and (b) FEA..........coooiiiiii e 149
Figure 8.88 Curvature as a function of location along the length of beam specimen NB-3:

(a) experimental data and (b) FEA ... 149
Figure 8.89 Cross-sectional dimensions: Modified FIB-72...........cccoceiiiiiiiiiiiiiciiee 150

Figure 8.90 Location of pretensioning and post-tensioning centroid in cross-section at
(a) midspan for positive and negative bending scenarios, and (b) at interior support
of continuous beam (negative bending). .........ccovvverviiiieriiii e 151

Figure 8.91 Contact surface definition between girder and (a) steel bed and (b) bearing
PLALES -t 152

Figure 8.92 Constructions stages for simply-supported beams: (a) application of gravity to
girder placed over prestressing bed, (b) pretensioning, (¢) post-tensioning, (d) girder
on bearing plates, addition of concrete deck and post-tensioning, (e) external loads .....152

Figure 8.93 Constructions stages for negative bending beams: (a) application of gravity to
beam segments placed over prestressing bed, (b) pretensioning, (c) addition of
splices and post-tensioning, (d) addition of concrete deck and post-tensioning, ()
EXEETNAL 10AAS ... 153

XXi



Figure 8.94 Loading cases on simply-supported (FIB-72) beam (not to scale)...........cc.cervennene. 154
Figure 8.95 Loading cases on negative bending (FIB-72) beam (not to scale) ..........cccocvervennen. 154
Figure 8.96 Definition of ‘damage length’ ..........ccoooriiiiiiiiii e 156

Figure 8.97 Axial force as a function of location, pretensioned strands: (a) simply-supported
beam subjected to concentrated load (U/L = 0.2), (b) simply-supported beam
subjected to uniformly distributed load (U/L = 0.2) ....cccoiiiiiiiiiiiiiiiieeeeeeeee 157

Figure 8.98 Simply-supported beam subjected to concentrated load at midspan with
U/T = 0.2 (FIB72-SS-01): (a) moment as a function of curvature, (b) curvature as a
fUNCHION OF TOCAtION ...ttt 157

Figure 8.99 Elevation view of damage progression at midspan section: (a) simply-supported
beam subjected to concentrated load (U/L = 0.2), (b) simply-supported beam
subjected to uniformly distributed load (U/L = 0.2) ...ccovvviiiiiiiiiiiiiieiie e 158

Figure 8.100 Axial force as a function of location, pretensioned strands: (a) negative
bending beam subjected to concentrated load (U/L = 0.8), (b) negative bending beam
subjected to uniformly distributed load (U/L = 0.8) ....c.ccooeriiiiiiiiiiiiiciieeeeeee 159

Figure 8.101 Elevation view of damage progression at midspan section: (a) negative bending
beam subjected to concentrated load (U/L = 0.8), (b) negative bending beam
subjected to uniformly distributed load (U/L =0.8) ....cccoovviiiiiiiiiieeeeec 160

Figure 8.102 Nominal bending moments at midspan by load type and unbonded
reinforcement ratio: (a) simply-supported beams with p = 0, (b) simply-supported
beams with varying friction (p) coefficients (UL, U/T = 0.5) cccccovvvviviiiiieiiieeeiieeie, 161

Figure 8.103 Damage lengths by load type and unbonded reinforcement ratio:
Simply-supported beams With [L=0 .........cccccciiiiiiiiiieiiir e 162

Figure 8.104 Nominal bending moments at midspan by load type and unbonded
reinforcement ratio: (a) negative bending beams with p = 0, (b) negative bending
beams with varying friction (p) coefficients (UL, U/T = 0.6) .....ccccooveniiriiineiiiieieee. 163

Figure 8.105 Damage lengths by load type and unbonded reinforcement ratio: Negative
bending beams With L= 0..........ccciiiiiiiiii s 163

Figure 8.106 Constructions stages for simply-supported beams: (a) application of gravity to
girder placed over prestressing bed, (b) pretensioning, (c) addition of end blocks and
post-tensioning, (d) external l0ads...........cocvviiiiiiiiiieiii 165

Figure 8.107 Loading cases on simply-supported (FIB-72, straight PT tendon) beam (not to
Y o721 (<) PRSP PR 165

xxii



Figure 8.108 Axial force as a function of location, pretensioned strands: Simply-supported
FIB-72 subjected to concentrated load (U/L = 0.70) .....cccooeeiiiiiiiiiiiienie e 166

Figure 8.109 Simply-supported FIB-72 subjected to concentrated load with U/L = 0.70
(FIB72-SS-19): (a) moment as a function of curvature, (b) curvature as a function of
a1 1 (o) s DO USSP UR TR OPR PP 167

Figure 8.110 Elevation view (not-to-scale) of damage progression at midspan section:
Simply-supported FIB-72 subjected to concentrated load (U/L = 0.70) .....ccccveevivrnnnnene 167

Figure 8.111 Nominal bending moments at midspan by load type and unbonded
reinforcement ratio: Mod. FIB-72 with straight tendons ............ccccovviiiiiiiniciiienns 168

Figure 8.112 Nominal bending moments at midspan by unbonded reinforcement ratio:
Mod. FIB-72 with straight tendons subjected to concentrated load at midspan (PL)......168

Figure 8.113 Damage lengths by load type and unbonded reinforcement ratio:
Mod. FIB-72 with straight tendons ..........cccueoiiiiiiiiiiciee e 168

Figure 8.114 Damage lengths by unbonded reinforcement ratio: Mod. FIB-72 with straight
tendons subjected to concentrated load at midspan (PL)........cccocceiiiiiiiiiiiiiiceee 169

Figure 8.115 Loading cases on simply-supported (AASHTO Type II, straight PT tendon)
DBeaM (MOt 10 SCAIL) ...ttt 170

Figure 8.116 Axial force as a function of location, pretensioned strands: Simply-supported
AASHTO Type II subjected to concentrated load (U/L = 0.70) .....cceevieriiiiiiniieneenne. 171

Figure 8.117 Simply-supported FIB-72 subjected to concentrated load with U/L =0.70
(AASHTO-II-SS-7): (a) moment as a function of curvature, (b) curvature as a
FUNCHION OF TOCAtION ...ttt 171

Figure 8.118 Elevation view (not-to-scale) of damage progression at midspan section:
Simply-supported AASHTO Type II subjected to concentrated load (U/L = 0.70)........ 172

Figure 8.119 Nominal bending moments at midspan by load type and unbonded
reinforcement ratio: Mod. AASHTO Type II with straight tendons ............ccccceevvirvennnn 173

Figure 8.120 Nominal bending moments at midspan by unbonded reinforcement ratio:
Mod. AASHTO Type II with straight tendons subjected to concentrated load at
MIASPAN (PL) ettt 173

Figure 8.121 Damage lengths by load type and unbonded reinforcement ratio: Mod.
AASHTO Type II with straight tendons ..........ccoviiiiiiiieiie e 173

Figure 8.122 Damage lengths by unbonded reinforcement ratio: Mod. AASHTO Type II
with straight tendons subjected to concentrated load at midspan (PL)...........cccoccveieennn. 174

xXiii



Figure 9.1 Ratio of experimental moment capacity (Mn,exp) Over moment capacity of
fully-bonded system (Mn,bonded, Obtained from validated FE models with fully-bonded
tendons) as a function Of U/T Tatio ......cccveiieiiiiiiiiiiesc e 176

Figure 9.2 Ratio of experimental moment capacity (Mn.exp) over calculated moment capacity
(Mn,cate) using current AASHTO-LRFD €quations .........ccceouieiiiiiiinieiiie e 177

Figure 9.3 Ratio of experimental moment capacity (Mn.exp) over calculated moment capacity
(Mn,cate) using current AASHTO-LRFD equations and proposed modifications as a
fUNCHION OFf U/T TALIO ...eeiieeeiieee e 179

Figure 9.4 Ratio of nominal moment capacity (from experimental data or FEA) over
predicted nominal capacity as a function of U/T ratio.......ccccvvvveiiiieiiiiensiien e, 180

Figure 9.5 Ratio Mn/Mn_calc over the mean value of Mn/Mn,calc for each set of beams as a
F R eTo1Te) 10 ) A A0 0 15 (o YT 181

Figure 9.6 Resistance factor as a function of U/T 1atio ..........ccccvvvviiieiiniiiieiicee e 181

Figure 9.7 Resultant section forces used in derivation of pb.min for beams with bonded
reinforcement consisting of prestressing strands .........ccoveveiieiiiiiini s 182

Figure 9.8 Resultant section forces used in derivation of pb.min for beams with bonded
reinforcement consisting of prestressing strands and mild steel bars: (a) assuming no
rupture of mild steel bars, (b) assuming rupture of both prestressing strands and mild

SEEEL DATS. ...ttt b et ne e 184
Figure 9.9 Ratio of bonded prestressing reinforcement at strand rupture as a function of U/T

ratio for varying concrete strengths (assuming fps,u = 0.80fPpuU)....cccevvvriiiiiciiiiennns 186
Figure 9.10 Minimum ratio of bonded prestressing reinforcement as a function of U/T ratio

for varying concrete strengths (assuming fps, u = 0.80fPpU) ..cccvvvviiiiiiiiiiiiiiee, 187
Figure 9.11 Normalized strain in pretensioned strands from experimental beam specimens as

@ TUNCHION OF Ppb/Ppb.mmin . .vveveesriiiieiiieii et 188
Figure 11.1 Resistance factor as a function of U/T ratio ........ccccvviiiiiiiiiiiiin 192
Figure 11.2 Cross-sectional dimensions: Modified FIB-96.............c.cccoovviiiiiiiiciiciie, 193

Figure 11.3 Design cases for FIB-96 (with deck) with f'c = 8.5 ksi: (a) required minimum
ratio of bonded prestressing reinforcement to prevent bonded strand rupture as a
function of U/T ratio and area of bonded prestressing reinforcement for beams; (b)
normalized nominal moment capacity as a function of U/T ratio and area of bonded
prestressing reinforcement for beams with a total (bonded + unbonded) of 68
PIESLIESSING STTANAS ...ttt ettt sb e r e e nneeannes 194

XXiV



Figure C.1 Beam specimen SS-1 at end of testing: (a) East side (fiber optic sensors) and

(b) West side (fOil Strain aZES) ......cooveerreiiieiiieiiesie et 307
Figure C.2 Beam specimen SS-1 crack pattern: east Side.........ccocovverieiiniiiieiiniciiee e 307
Figure C.3 Beam specimen SS-1 crack pattern: west Side .........ccoovvvviiiiiiiciiiiiee 307
Figure C.4 Beam specimen SS-1: applied force vs. displacement at load point ............ccccceenvee. 308
Figure C.5 Beam specimen SS-1 inside test frame..........ccocvvveiiiiiiiiiiiice 308

Figure C.6 Specimen SS-1: first observed cracks (marked in red) at P = 74 kip on east side.....310

Figure C.7 Specimen SS-1: stress in PT and PreT tendons as a function of applied load........... 310
Figure C.8 Specimen SS-1: concrete strain vs. applied load — top of deck .........cccovevviiiiininnnn. 311
Figure C.9 Specimen SS-1: concrete strain vs. location — top flange (FOS-1) ......ccoviiiiiennne 311

Figure C.10 Specimen SS-1: concrete strain vs. location — beam web: (a) FOS-2 and
(D) FOS-4 .ttt 312

Figure C.11 Specimen SS-1: concrete strain vs. location — bottom of beam (FOS-5, FOS-6,
and FOS-7): (a) location of first crack at P = 70 kip, (b) strain at different load levels..313

Figure C.12 Beam specimen SS-2 at end of testing: (a) East side (fiber optic sensors) and

(b) West side (fOil Strain agES) ......uuuvviiiiiieiiiiiiiiiee st steessieessree e s sbe e s sbeeesbee e 314
Figure C.13 Beam specimen SS-2 crack pattern: €ast Side..........cccevveririeiiiciinienienesesee 314
Figure C.14 Beam specimen SS-2 crack pattern: west Side ........oocvevrviiiiiiiiiiiniiiee e 314
Figure C.15 Beam specimen SS-2: applied force vs. displacement at load point ....................... 315
Figure C.16 Beam specimen SS-2 inside test frame..........cccvvveiiiieniiiii i 315

Figure C.17 Specimen SS-2: first observed cracks (marked in red) at P =77 kip on east side...317
Figure C.18 Specimen SS-2: stress in PT and PreT tendons as a function of applied load......... 317
Figure C.19 Specimen SS-2: concrete strain vs. applied load — top of deck.........cceoviiinnnnnnnn 318
Figure C.20 Specimen SS-2: concrete strain vs. location — top flange (FOS-1) .....ccccoviveiennn. 318

Figure C.21 Specimen SS-2: concrete strain vs. location — beam web: (a) FOS-2 and
(D) FOS-4 .ottt 319

Figure C.22 Specimen SS-2: concrete strain vs. location — bottom of beam (FOS-5 and
FOS-6): (a) location of first crack at P = 77 kip, (b) strain at different load levels......... 320

XXV



Figure C.23 Beam specimen SS-3 at end of testing: (a) East side (fiber optic sensors) and

(b) West side (fOil Strain agES) ......covveerriiiieiiieiiiesie et 321
Figure C.24 Beam specimen SS-3 crack pattern: €ast Side.........cooerveririiiieiinieniene e 321
Figure C.25 Beam specimen SS-3 crack pattern: West S1de ........cocevvveiiiiiiiciiiicnicceee 321
Figure C.26 Beam specimen SS-3: applied force vs. displacement at load point ...................... 322
Figure C.27 Beam specimen SS-3 inside test frame...........ccooveviiiiiiiiiiinic e 322

Figure C.28 Specimen SS-3: first observed crack (marked in red) at P = 75 kip on west side...324
Figure C.29 Specimen SS-3: stress in PT and PreT tendons as a function of applied load......... 324
Figure C.30 Specimen SS-3: concrete strain vs. applied load — top of deck ...........cccovvrvinnennn. 325
Figure C.31 Specimen SS-3: concrete strain vs. location — top flange (FOS-1) .......ccoevviiinnnne 325

Figure C.32 Specimen SS-3: concrete strain vs. location — beam web: (a) FOS-2 and
(D) FOS-4 .ttt 326

Figure C.33 Specimen SS-3: concrete strain vs. location — bottom of beam
(FOS-5 and FOS-6): (a) location of first crack at P = 85 kip, (b) strain at different

LOAA TEVEIS ..ttt ettt nn e 327
Figure C.34 Beam specimen SS-4 at end of testing: (a) East side (fiber optic sensors) and

(b) West side (fOil Strain SAZES) ......uevvirveriiiiiiieiieie et 328
Figure C.35 Beam specimen SS-4 crack pattern: east Side........ccoovvvvirviiiiiiiiiiin e 328
Figure C.36 Beam specimen SS-4 crack pattern: West S1de ........occevveririiiieiinienienecesee 328
Figure C.37 Beam specimen SS-4: applied force vs. displacement at load point ............cccceuee. 329
Figure C.38 Beam specimen SS-4 inside test frame............ccoocvviiiiiiiniiicicic e 330

Figure C.39 Specimen SS-4: first observed cracks (marked in red) at P = 80 kip on east side...331

Figure C.40 Specimen SS-4: Rupture of bonded pretensioned strands (a) View of west side
of the beam after partial demolition and (b) close-up view of PreT strands.................... 332

Figure C.41 Specimen SS-4: stress in PT and PreT tendons as a function of applied load......... 333
Figure C.42 Specimen SS-4: concrete strain vs. applied load — top of deck .........cccccovvriiinnnnnn. 333

Figure C.43 Specimen SS-4: concrete strain vs. location — top flange (FOS-1) .......ccoeevvrvennnne 333

XXVi



Figure C.44 Specimen SS-4: concrete strain vs. location — beam web: (a) FOS-2 and
(D) FOS4 ..t 334

Figure C.45 Specimen SS-4: concrete strain vs. location — bottom of beam (FOS-5 and
FOS-6): (a) location of first cracks at P = 81 kip, (b) strain at different load levels........ 335

Figure D.1 CIP beam specimen SS-5 at end of testing: (a) East side (fiber optic sensors) and

(b) West side (fOil Strain agES) ......ueivuriiiiiiieiiiieiiieesiee e siee e sbeeesnee e 336
Figure D.2 Beam specimen SS-5 crack pattern: €ast Side ........cccovverveiiniiiiiciinienicecee 336
Figure D.3 Beam specimen SS-5 crack pattern: west Side ......cccoovveeiiiiiiiiiiiiiie e 336
Figure D.4 Beam specimen SS-5: applied force vs. displacement at load point ................cc...... 337
Figure D.5 Beam specimen SS-5 inside test frame........ccoovvvviiiiiiiiiiiiiiin e 338

Figure D.6 Specimen SS-5: first observed crack (marked in red) at P = 69 kip on east side......339

Figure D.7 Specimen SS-5: stress in PT tendon as a function of applied load..............ccccvveneen. 339
Figure D.8 Specimen SS-5: strain in longitudinal mild steel bars vs. applied load: (a) Bar

O6L-4 and (D) Bar OL-1.......cooiiiiieiieie ettt 340
Figure D.9 Specimen SS-5: strain (FOS-7) in longitudinal mild steel bar (6L-3) vs. applied

LOAM. . e n e 340
Figure D.10 Specimen SS-5: concrete strain vs. applied load — top of beam............c.ccceereenne. 341

Figure D.11 Specimen SS-5: concrete strain vs location — top of beam, east side (FOS-1)........ 341

Figure D.12 Specimen SS-5: concrete strain vs. location — side of beam: (a) FOS-2 and
(D) FOS-4 .ottt 342

Figure D.13 Specimen SS-5: concrete strain vs. location — bottom of beam (FOS-5 and
FOS-6): (a) location of first cracks at P = 60 kip, (b) strain at different load levels........ 343

Figure E.1 Beam specimen NB-1 at end of testing: (a) East side (fiber optic sensors) and

(b) West side (foil Strain agES) ......cooverriiieerieiiiesee e 344
Figure E.2 Beam specimen NB-1 crack pattern: east Side..........cccccovvveiiiiiiniiiiiniciieniie e 344
Figure E.3 Beam specimen NB-1 crack pattern: west side..........cccoovreeniiniiiniciienc e 344
Figure E.4 Beam specimen NB-1: applied force vs. displacement at load point................c.c...... 345
Figure E.5 Beam specimen NB-1 inside test frame...........ccccccoviiiieiiinicee e 346
Figure E.6 Beam specimen NB-1 tie down: (a) South view and (b) East view..........cccocceevnrnnen. 347

XXVil



Figure E.7 Beam specimen NB-1: 10ad POINt .........ccoiiveiiiiiiiiiiiicieeieeseee e 347
Figure E.8 Specimen NB-1: first observed cracks (marked in red) at P = 120 kip on east side..348
Figure E.9 Specimen NB-1: observed cracks near center support: (a) East and (b) West sides .349
Figure E.10 Specimen NB-1: stress in PT and PreT tendons as a function of applied load........ 350

Figure E.11 Specimen NB-1: strain in longitudinal mild steel bars in deck vs. applied load:
(a) Bar 4A-3 and (b) Bar 4A-2.......oo o 350

Figure E.12 Specimen NB-1: concrete strain vs. applied load — bottom flange, center support.351

Figure E.13 Specimen NB-1: concrete strain vs. applied load — bottom of beam....................... 351
Figure E.14 Specimen NB-1: concrete strain vs. location — bottom of beam: (a) FOS-6 and

(D) FOS -7 et ettt bbbt re e 351
Figure E.15 Specimen NB-1: concrete strain vs. location — beam web: (a) FOS-3 and

(D) FO S-S bbbttt bbbttt re e 352
Figure E.16 Specimen NB-1: concrete strain vs. location — top flange (west side): FOS-2

(a) Location of first crack at P = 99 kip, (b) Strain at different load levels..................... 353
Figure E.17 Specimen NB-1: concrete strain vs. location — top flange (east side): FOS-1

(a) Location of first crack at P = 116 kip, (b) Strain at different load levels................... 354
Figure E.18 Beam specimen NB-2 during testing: (a) East side (fiber optic sensors) and

(b) West side (fOil Strain agES) ......uuuivvieiiiieiiiiieiiieesieeesieessiee s siree e e e sbeeesaee e 355
Figure E.19 Beam specimen NB-2 at end of testing: (a) East side and (b) West side................. 356
Figure E.20 Beam specimen NB-2 crack pattern — east side: (a) Before failure and (b) after

FATIUTE ..ttt b et e et e b e e bt e nr e 357
Figure E.21 Beam specimen NB-2 crack pattern — west side: (a) Before failure and (b) after

FATIUTE ..ttt b et e et e b e e bt e nr e 357
Figure E.22 Beam specimen NB-2: applied force vs. displacement at load point....................... 358
Figure E.23 Beam specimen NB-2 inside test frame and tie-dOWn..........cccoceeviviiiiniiinieennn 359

Figure E.24 Specimen NB-2: first observed cracks (marked in red) at P = 136 kip on east
] 16 USSP 360

Figure E.25 Specimen NB-2: stress in PT and PreT tendons as a function of applied load........ 360
Figure E.26 Specimen NB-2: strain in longitudinal mild steel bars in deck vs. applied load:

(a) Bar 4A-3 and (D) Bar 4A-2.......oo ot 361

XXVili



Figure E.27 Specimen NB-2: concrete strain vs. applied load — bottom of beam....................... 361

Figure E.28 Specimen NB-2: concrete strain vs. location — bottom of beam: (a) FOS-6 and

[0 T 3L 1 T OSSR 361
Figure E.29 Specimen NB-2: concrete strain vs. location — beam web: (a) FOS-3 and

[0 I8 30 1 T TSP 362
Figure E.30 Specimen NB-2: concrete strain vs. location — top flange (west side): FOS-2

(a) Location of first crack at P = 114 kip, (b) Strain at different load levels................... 363
Figure E.31 Specimen NB-2: concrete strain vs. location — top flange (east side): FOS-1

(a) Location of first crack at P = 123 kip, (b) Strain at different load levels................... 364
Figure E.32 Beam specimen NB-3 at end of testing: (a) East side (fiber optic sensors) and

(b) West side (fOoil Strain SAZES) .....ucvvirieriiiiiieriieie e 365
Figure E.33 Beam specimen NB-3 crack pattern: €ast Side..........cccvvvrviriiiiiiiienniiiee e 365
Figure E.34 Beam specimen NB-3 crack pattern: west side (repairs prior to test are shown in

TIGIE DIUE) ..ttt 365
Figure E.35 Beam specimen NB-3: applied force vs. displacement at load point....................... 366
Figure E.36 Beam specimen NB-3 inside test frame and tie-down..........cccceveveeiiieniiie e, 367

Figure E.37 Specimen NB-3: first observed cracks (marked in red) at P = 102 kip on east
3 16 [T T PRSP P RPPP 369

Figure E.38 Specimen NB-3: stress in PT and PreT tendons as a function of applied load........ 369

Figure E.39 Specimen NB-3: strain in longitudinal mild steel bars in deck vs. applied load:
(a) Bar 4A-3 and (b) Bar 4A-2.......oo i 370

Figure E.40 Specimen NB-3: concrete strain vs. applied load — bottom flange, center support.370
Figure E.41 Specimen NB-3: concrete strain vs. applied load — bottom of beam....................... 371

Figure E.42 Specimen NB-3: concrete strain vs. location — bottom of beam: (a) FOS-6 and
(D) FOS -7 s 371

Figure E.43 Specimen NB-3: concrete strain vs. location — beam web: (a) FOS-3 and
(D) FO S-S s 372

Figure E.44 Specimen NB-3: concrete strain vs. location — top flange (east side): FOS-1
(a) Location of first crack at P = 99 kip, (b) Strain at different load levels..................... 373

Figure E.45 Specimen NB-3: concrete strain vs. location — top flange (west side): FOS-2
(a) Location of first crack at P = 110 kip, (b) Strain at different load levels................... 374

XXIX



Figure G.1 Ratios of unbonded reinforcement for positive bending (parabolic PT tendon)
(a) Ua/Ta=0.2; (b) UA/TA=0.5; () UA/TA= 0.8 c.oeriiiiiiiiiiieecee e 380

Figure G.2 Ratios of unbonded reinforcement for negative bending (continuous beams)
(a) Ur/Tr=0.3; (b) Ur/Tr = 0.6; () UF/TF = 0.8...ceiiiiiiiiiiiiiiiie e 380

Figure G.3 Pretensioning strands numbering: (a) negative bending and (b) positive bending....381

Figure H.1 Ratios of unbonded reinforcement for positive bending (straight PT tendon)
(a) Ua/Ta = 0.95; (b) Ua/Ta = 0.90; (c) Ua/Ta =0.80, (d) Ua/Ta =0.70, (¢) Ua/Ta =
0.50, (f) Ua/Ta =0.35, (g) Ua/Ta =0.25, (h) Ua/Ta = 0.10, (i) Ua/Ta = 0 (bonded)
[unbonded PT tendons ShOWN 1N OTANZE].......ueeiueriiiriiiriiieiee ittt 420

Figure 1.1 Ratios of unbonded reinforcement for positive bending (straight PT tendon)

(a) Ua/Ta =0.9; (b) Ua/Ta = 0.80; (c) Ua/Ta =0.70, (d) Ua/Ta =0.70, (¢) Ua/Ta =
0.35, (f) Ua/Ta = 0.25, (g) Ua/Ta = 0.10 [unbonded PT tendons shown in orange]....... 436

XXX



LIST OF TABLES

Table Page
Table 2.1 Bonded and/or Unbonded tENAONS. .......ii i ee ettt e e e e e eee e e e e e s e e earrarreeeees 23
TADIE 2.2 TENSION STEESSES -..evevnneeeeeeee e et e e e et e e e et et e e e e et e e e e e e e eeee e e e eee et e e eeee e eeerenneeeeenaneeerennaeees 23

Table 2.3 Resistance factor for joints in segmental construction per the 2014

AASHTO-LRFD SpPecifiCatiOns .......cccveiieiiiiiiriieiisiiseesie e 28
Table 2.4 Statistical parameters of resistance for prestressed concrete (Nowak and Iatsko

0 () TSP R PSR 28
Table 2.5 Recommended values of resistance factor for prestressed concrete

(Nowak and [atsKO 2017).....cciiiiiiieiieie e 29
Table 4.1 Material PrOPETIES ....cciiuvieiirie it st siee st e et e b s e e b st e e e snb e e nnbeeennes 41
I o) (N T A 0 13 0 b QO OSSP PRTOPR PP 42
Table 5.1 Specimen fabrication timeline: SS precast beams .......cccovvvveiiiiiiiien e 43
Table 5.2 Concrete strengths prior detensioning of pretensioned strands: SS precast beams ....... 51
Table 5.3 Flexural capacity of precast simply-supported beams..........cocccevvvviiiiiiiiiienniiecsieeee 61
Table 7.1 Specimen fabrication timeline: NB precast beams...........cccocevvviiiicniiiiiicieccsec 71
Table 7.2 Concrete strengths prior detensioning of pretensioned strands: NB precast beams.......74
Table 7.3 Flexural capacity of precast negative bending beams ...........ccccevvueeririiiininiiieeniee e 86
Table 8.1 Beam specimen SS-1: Concrete compressive strengths at day of flexural test ........... 100

Table 8.2 Beam specimen SS-1: Comparison of capacity between experimental results and

Table 8.3 Beam specimen SS-2: Concrete compressive strengths at day of flexural test ........... 106

Table 8.4 Beam specimen SS-2: Comparison of capacity between experimental results and

Table 8.5 Beam specimen SS-3: Concrete compressive strengths at day of flexural test ........... 112

Table 8.6 Beam specimen SS-3: Comparison of capacity between experimental results and

XXXI



Table 8.8 Beam specimen SS-4: Comparison of capacity between experimental results and

Table 8.9 Beam specimen SS-5: Concrete compressive strengths at day of flexural test ........... 126

Table 8.10 Beam specimen SS-5: Comparison of capacity between experimental results and

Table 8.11 Beam specimen NB-1: Concrete compressive strengths at day of flexural test........ 131

Table 8.12 Beam specimen NB-1: Comparison of capacity between experimental results and

Table 8.13 Beam specimen NB-2: Concrete compressive strengths at day of flexural test........ 138

Table 8.14 Beam specimen NB-2: Comparison of capacity between experimental results and

Table 8.15 Beam specimen NB-3: Concrete compressive strengths at day of flexural test........ 144

Table 8.16 Beam specimen NB-3: Comparison of capacity between experimental results and

FE A ettt ne s 147
Table 8.17 Parametric study matrix — SS Florida [-Beams (parabolic PT tendon) ..................... 155
Table 8.18 Parametric study matrix — NB Florida I-Beams (parabolic PT tendon) .................... 155
Table 8.19 Parametric study matrix — SS Florida [-Beams (straight PT tendon) ...........c..cc...... 164
Table 8.20 Parametric study matrix — SS AASHTO Type Il Beams (straight PT tendon) ......... 170
Table 10.1 Flexural strength of experimental beam SPeCIMEnNS............ceevvervireerieresieeneenenn 14790
Table C.1 Beam specimen SS-1: KEY Parameters ......c.ueeiuueiiiueeiiiieiiiiessieesniiessiieesieessseessneeens 309
Table C.2 Beam specimen SS-1: compressive strength results .........ccoocvvveiiiiiniciieiiicsee 309
Table C.3 Beam specimen SS-2: KEY PAramETETS ......uuieivriiiiueriiieeiiiiiessiieessiressieessieessseesssneeens 316
Table C.4 Beam specimen SS-2: compressive strength results .........ccoovvveiiiiiiicniieiiiicseen 316
Table C.5 Beam specimen SS-3: KEY PaArameEters ......cuuieiureiiiureiiiieiiiiiessiieessiressieeesieessneessneeens 323
Table C.6 Beam specimen SS-3: compressive strength results .........ccocvvveiiiiinicniieiiiciec 323
Table C.7 Beam specimen SS-4: KEY ParameETers ......c.uieiuriiiiueeiiieeiiiiessiieessiressieeesieessseessneeans 329
Table C.8 Beam specimen SS-4: compressive strength results .........cocvvveiieiiiienieniiciee 330

XXXIii



Table D.1 Beam specimen SS-5: KEY Parameters..........ccveivererrerieniniesiesieeresee e 337

Table D.2 Beam specimen SS-5: compressive strength results..........cccveviiiiiiiiiiiiniennn, 337
Table E.1 Beam specimen NB-1: Key parameters ..........ccoovverververeeniniieniesieeresee e 346
Table E.2 Beam specimen NB-1: compressive strength results ...........cccocveiiiiiiniiiiininniennn, 346
Table E.3 Beam specimen NB-2: Key parameters ..........ccccoervrrrienierrieneenneesee e 359
Table E.4 Beam specimen NB-2: compressive strength results ...........cccoceviiiiiiiiiiiiiiniennn, 359
Table E.5 Beam specimen NB-3: Key parameters .........ccccoervrrmienieereenieneenee e 367
Table E.6 Beam specimen NB-3: compressive strength results ...........cccooeviiiiniiiiininniennn, 367
Table G.1 Ratios of unbonded reinforcement: SS FIB-72 (parabolic PT tendon)...................... 379
Table G.2 Ratios of unbonded reinforcement: NB FIB-72 (parabolic PT tendon) ..................... 379

XXXl



CHAPTER 1
INTRODUCTION

Prestressed concrete is widely used as a cost-effective and efficient method of bridge
construction and offers a number of unique advantages over other systems. Prestressed concrete
may be either pretensioned, post-tensioned, or both. Pretensioned concrete requires the stressing
of prestressing strands prior to placement of concrete and is typically facilitated by constructing in
a fixed location, where abutments have been constructed, to hold the pretensioning force. Precast,
prestressed concrete bridge girders are commonly constructed using this method. Post-tensioned
concrete is constructed by first casting concrete in place with anchorages and embedded ducts that
hold bundles of individual strands; such an assembly is denoted as a post-tensioning (PT) tendon.
PT tendons are stressed after the concrete strength has reached a level at which it can effectively
resist the prestressing forces. Multi-strand post-tensioning tendons have typically been the primary
method of prestressing long-span spliced-girder and box-girder bridges in Florida.

Post-tensioning tendons may be either bonded or unbonded. To be considered bonded, a
tendon duct must be cast into the concrete and cementitious grout must be injected into the duct.
The hardened grout provides bond transfer and corrosion protection to the prestressing steel. In
contrast, in an unbonded tendon, bond transfer between the tendon and the surrounding material
does not occur. Unbonded tendons have historically been used in single-strand post-tensioning
tendons primarily used in building construction. In recent years, however, this approach has been
applied to multi-strand tendons in which a flexible filler, in lieu of grout, is injected into the duct
of the post-tensioning tendon. The filler provides corrosion protection for the prestressing strands,
but does not provide bond, which results in a reduction in moment strength in the section. An
advantage of an unbonded tendon is that it is more easily replaced than its bonded counterpart.
Additionally, bonded tendons must be cast into a surrounding concrete element whereas this is not
a requirement for unbonded tendons.

In recent years, durability issues have arisen in bonded construction due to poor grouting
practice or poor material performance. These issues have prompted the Florida Department of
Transportation (FDOT) to move toward the use of unbonded tendons with flexible fillers in lieu
of cementitious grout to improve tendon durability and to facilitate possible future replacement of
damaged or corroded tendons, having concrete components with mixed reinforcement conditions.
The ‘mixed conditions’ concept refers to the use of a combination of unbonded tendons with
bonded prestress and/or mild steel reinforcement.

The use of unbonded tendons with flexible fillers is not a wholly new idea; they have been
in regular use in the nuclear industry for many years and have more recently been used in
post-tensioning tendons for bridges in Europe. However, the decision to use flexible filler has
structural implications, thus motivating a reevaluation of the current AASHTO LRFD Bridge
Design Specifications (AASHTO, 2020) for post-tensioned structures with unbonded tendons and
mixed reinforcement conditions. Research conducted by Brenkus (2016) suggested the use of
mixed reinforcement conditions results in members with lower ductility and ultimate flexural
strength when compared to fully-bonded members. Furthermore, experimental tests indicated
potential for bonded strand rupture on beams with mixed reinforcement conditions (Brenkus et al.
2017a).

The study described in this report focused on evaluating the flexural behavior of prestressed
concrete beams with bonded and unbonded tendons, with particular emphasis on determining how
mixed conditions influence post-tensioned system behavior. Guidelines for design and analysis of
concrete members with mixed reinforcement conditions were developed based on results obtained
from experimental tests of full-scale beam specimens and parametric studies conducted using finite
element analyses (FEA).



CHAPTER 2
LITERATURE REVIEW

The following sections summarize a review of related literature for the present study. The
literature review was conducted with a focus on the flexural behavior of post-tensioned systems
with a combination of bonded and unbonded tendons.

2.1 Post-tensioning tendons

Post-tensioning tendons typically consist of single or bundled seven-wire prestressing
strands (Figure 2.1). Less commonly, tendons may be composed of bars or bundled wire.
Post-tensioning tendons are used extensively in segmental and I-girder bridge construction. To
house the post-tensioning tendons, ducts are placed in the concrete during casting. When the
concrete surrounding the duct has reached the specified strength, prestressing strands are pushed
or pulled through these ducts and are anchored to the concrete at each end of the tendon.

Duct Prestressing steel

Filler material

Figure 2.1 Components of a typical post-tensioning tendon

Structural members can be prestressed utilizing either bonded or unbonded tendons,
combinations of bonded and unbonded prestress, or with mild reinforcement and unbonded
tendons. Each prestressing approach can be categorized based on the contact of the tendon with
the surrounding concrete. After installation and stressing of the tendon, the space in the duct is
typically injected with a filler material, either flexible filler (unbonded) or cementitious grout
(bonded).

Although cementitious grout is the most common filler used in the United States,
inspections have revealed corrosion and durability issues that have motivated the transition to
flexible fillers. The latter option provides an alternative to cementitious grout in unbonded tendons
but is not capable of transferring force from the tendon to the surrounding concrete through bond
stresses. Currently, there is limited experience using flexible fillers in the United States and the
only flexible fillers currently approved by FDOT are microcrystalline petroleum-based waxes
(Cox, 2017). These waxes are heated until they liquefy and are then injected to fill the
post-tensioning tendon duct.

Wax fillers possess hydrophobic and metal adhering properties (PTI, 2015) which serve to
protect the prestressing tendons from exposure to water. Additionally, one of the main advantages
of flexible filler is that its use makes it easier to replace tendons, should the need arise. Use of
flexible filler also allows tendons to be re-stressed later during the service life of a bridge structure
(PTI, 2015). While there is not currently a national standard specification for these materials, and
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their use in bridge construction is not typical in the United States, grease has previously been used
in nuclear containment structures (PTI, 2015). However, outside the US, the use of flexible fillers
in bridge applications has been increasing since the 1970s, most notably in France (Brenkus et al.,
2018).

2.1.1 Bonded tendons

Bonded PT tendons are injected with cementitious grout, which, ideally, provides both
bond and corrosion protection to the prestressing steel (Figures 2.2 and 2.3). To be considered
bonded, the tendon must be cast inside the concrete element. Hence, this situation is also classified
as an internal tendon. These two conditions ensure that bond transfer occurs between the
prestressing steel and the surrounding concrete section. Tendons surrounded by cementitious grout
but placed outside the concrete cross-section are known as external tendons and are considered
unbonded.

Prestressing steel

Concrete section .
Cementitious grout

Figure 2.3 Cementitious grout: (a) inspection of a post-tensioned tendon (Vector Corrosion
Technologies, 2014) and sections of a dissected mock-up at (b) anchorage and (c) at an
intermediate location (DSI, 2000)
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2.1.2 Unbonded tendons

Some unbonded tendons make use of non-cementitious materials that provide protection
against corrosion without bond. In general, three non-cementitious pliable filler materials can be
used for corrosion protection: petroleum wax, grease, and gel. Currently, FDOT allows the use of
petroleum wax, but not grease or gel. An unbonded tendon is not bonded with the concrete
cross-section at any location, but instead imparts prestressing force to the concrete over the tendon
profile or at deviators and anchorages.

Internal tendons

Prestressing tendons located within the concrete cross-section are known as internal
tendons. These are placed inside ducts cast within the concrete elements. In the U.S., internal
unbonded tendons are found primarily in building construction. For instance, individually sheathed
prestressing strands are widely used in post-tensioned flat slabs.

External tendons

Tendons placed outside of the concrete section are known as external tendons (Figure 2.4).
In recent years, the use of unbonded external tendons in bridge repair and maintenance has
increased, particularly for segmental box girders bridges (Brenkus et al., 2017a). External tendons
are most commonly placed inside segmental box girders and impart prestressing at anchor points
and transverse forces at deviation saddles (hereinafter referred to as deviators). External tendons
combine characteristics of both bonded and unbonded tendons. In the U.S., external tendons are
typically enclosed in a high-density polyethylene (HDPE) duct and injected with high-performance
cementitious grout. At deviators, however, embedded steel pipes are used to facilitate the transfer
of force between the tendon and concrete as the tendon angle changes. In lieu of steel pipes, FDOT
also allows the use of diabolo deviators, which improve the replaceability of the tendons. Diabolos
are openings formed in the deviator that flare open at the ends allowing the tendons to enter or exit
the deviator over a range of angles in plan view and elevation. However, as depicted in Figure 2.5,
diabolos are structurally different from individual pre-bent pipes that bear evenly over a uniform
radius and the actual contact length in diabolos varies depending on the minimum radius of the
flare (FDOT, 2002).

(b)

Figure 2.4 External tendons: (a) East Tsing Yi Viaduct, Hong Kong, (b) Gautrain Rapid Rail
Link, South Africa (VSL International Ltd., 2009)
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Figure 2.5 Comparison of (a) diabolo deviator and (b) deviator with curved pipe pre-bent to
radius (FDOT, 2002)

2.2 Flexural behavior

This section addresses the flexural behavior for different conditions of prestressing in
concrete members. This includes bonded tendons, unbonded tendons, and the combination of both
bonded and unbonded tendons as well as the use of mild reinforcement in members with
prestressing steel. Generally, design specifications recommend the use of strain compatibility
analyses for members with bonded reinforcement (prestressed or non-prestressed). However, this
approach is not valid for members with unbonded tendons. Therefore, empirical methods have
typically been used by design specifications to allow computation of the stress in unbonded
tendons at nominal flexural resistance.

2.2.1 Bonded tendons

The stress in a bonded tendon at ultimate flexural resistance can be evaluated through basic
principles. The fundamental assumption that the prestressing steel is perfectly bonded to the
concrete is a prerequisite for this approach and allows the flexural resistance to be computed at a
chosen section. When tendons are fully bonded, tendon strains are the same as the concrete section
strains at corresponding locations.

When the stress on the tension side of the prestressed concrete member exceeds the tensile
strength of the concrete, the section will crack. As the applied load is increased, stress increases
markedly in the bonded steel near the crack. If the section is tension-controlled, then the tendon
will yield. Nominal resistance is signaled by either the concrete in the compression zone reaching
the maximum useable compressive strain, or prestressing steel reaching the rupture strain. Steel
rupture is not a typical failure mode and would occur only in sections with small amounts of
prestressing steel.

If the section is compression-controlled, then the concrete will reach the maximum useable
compressive strain signaling that the nominal resistance has been reached. Section behavior
beyond nominal resistance depends on the ductility of the section. Under-reinforced sections
typically have more displacement capacity than over-reinforced sections; they are able to undergo
continued deformation while maintaining a majority of the peak strength. Selected details relating
to the flexural behavior of bonded prestressed concrete members are presented in Figure 2.6
(Naaman, 2012). Additionally, Figure 2.7 illustrates how stresses and strains in the bonded
prestressed tendon and concrete vary with applied load.
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Figure 2.6 Load deflection curve of under-reinforced prestressed concrete beam with bonded

tendons (Naaman, 2012)

As the relationship between the strain of concrete at the extreme compressive fiber and the

strain of reinforcing steel at ultimate flexural capacity determines the type of failure for the section,
one of the following flexural behaviors at ultimate could be expected depending on the amount of
reinforcing steel used in the section:

If the amount of reinforcement is small enough relative to the area of concrete
(reinforcement ratio) such that the steel yields before the extreme compression fiber on
the concrete reaches ultimate strain (ec = 0.003), the section is considered under-
reinforced. Under-reinforced beams present a ductile behavior and such sections are
defined as “tension-controlled”. This type of behavior is recommended and can be
observed in bonded tendons.

A balanced strain condition in the section is achieved when the reinforcement ratio in the
section allows the steel to reach yielding simultaneously when the concrete in the
extreme compressive fiber reaches the ultimate strain.

If the reinforcement ratio is large enough that the strain in the concrete extreme
compressive fiber reaches the ultimate condition before yielding of the reinforcing steel,
the section is considered over-reinforced and is typically defined as “compression-
controlled”.
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Figure 2.7 Variation of stress and strain of bonded prestressed tendon and concrete
with applied load (Naaman, 2012)

2.2.2 Unbonded tendons

For unbonded tendons, strain in the steel and strain in the adjacent concrete develop
independently. Figure 2.8 shows a simply supported beam with a single unbonded tendon. As load
is increased, the flexural tension in the bottom of the beam eventually exceeds the precompression
and tensile strength of the concrete, typically resulting in a single crack at midspan. Prior to
cracking, the stress along the length of the tendon is nearly constant. After cracking, a mechanism
forms in which the crack width continues to grow as further displacement is imposed. Strain caused
by the crack opening is distributed over the full length of the tendon. Though cracks may be
relatively wide (compared with those seen in bonded members), the resulting increase in overall
tendon force is comparatively small, which results in a modest increase in load following cracking
(Figure 2.9). This difference results in higher ultimate flexural resistances at smaller deflections
for bonded tendon members versus larger crack opening and lower ultimate strength for unbonded
tendon members (Gerber and Burns, 1971). For unbonded tendons, tendon stress at ultimate
section flexural capacity is most likely to remain below yielding. To obtain unbonded flexural
resistance equal to that of an identically sized section using a bonded tendon system, additional
unbonded tendons or mild steel (or both) are necessary.
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Figure 2.8 Crack opening in simply supported beam with unbonded tendon
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Figure 2.9 Theoretical bonded and unbonded behavior (Brenkus et al., 2017b)

Since unbonded tendons transfer stress only at anchorages and deviation points,
consideration must be given to tendon profile, load pattern, friction, and member geometry. The
tendon stress, in other words, is dependent on the deformation of the entire member and
assumptions concerning friction and tendon contact within the member.

The behaviors of internal and external unbonded tendons are conceptually similar to each
other. The principal difference between both configurations relates to the deflected shape of the
beam and the tendon. Internal unbonded tendons are forced to deflect in the same manner as the
concrete beam within which the tendon is embedded. In contrast, the deflected shape of external
unbonded tendons is restricted only at the deviator locations (Alkhairi and Naaman, 1993). It is
important to note that external tendons are not necessarily completely unbonded since they may
be bonded at the deviators. In externally prestressed members, the profile of the external tendon
and that of the deformed beam may differ, consequently there may be a reduction of effective
depth of reinforcement (Gauvreau, 1993). In contrast to systems that use unbonded internal
prestressed tendons, second-order effects influence the flexural resistance of externally prestressed



members and become particularly significant when no deviators are used in the critical region of
the member (Harajli et al., 2002).

2.2.3 Mixed reinforcement conditions

Though much research has been done on members with either bonded or unbonded
tendons, members with mixtures of bonded and unbonded tendons have received comparatively
less consideration in the literature or in experimental testing. Structural components containing
both bonded and unbonded tendons have not yet been adequately addressed by code writing
bodies, nor has a model for determining the ultimate strength of sections with mixed reinforcement
been adopted.

Structural components with bonded and unbonded tendons

In concrete sections reinforced with mixed bonded and unbonded tendons, full bond is
assumed between bonded tendons and surrounding concrete and the ultimate stress in the bonded
tendons are calculated using section analysis. However, analysis based on overall deformation of
the structural system is required to determine the ultimate stress in unbonded tendons
(Roberts-Wollmann et al., 2005).

Compared to bonded tendons, the average stress in prestressing steel at the time for which
the nominal resistance of the structural component is required (fps) is smaller in unbonded tendons.
As a result, to resist the same moment, the required area of steel will be larger in components with
mixed reinforcement. In addition, the stresses in the unbonded tendons are most likely to remain
below yield while the bonded tendons exceed yield (Naaman, 2012). This can be clearly seen in
the load-deflection curve depicted in Figure 2.9 as the unbonded curve falls below the bonded one.

Seismic (cyclic) tests by Megally et al. (2001) conducted on precast segmental bridge
superstructures with different post-tensioning systems (internal, external, and mixed) showed
greater moment strength with internal bonded tendons versus those with either external tendons or
those with a mixture of external and internal tendons. Internal tendons were grouted, but external
tendons were left ungrouted to observe behavior during testing, to protect strain gages, and to
inspect for wire failures; the tested specimens could, consequently, be considered fully unbonded.
The specimen with unbonded external tendons exhibited increased ductility relative to the
specimen with internal, fully bonded tendons. However, Megally et al. (2001) suggested that a
combination of internal bonded tendons and external tendons should not be used in high seismic
areas as the combination neither improves the strength, nor the ductility when compared to
members with only bonded internal tendons.

Brenkus et al. (2017b) conducted experiments on prestressed concrete beams with
pretensioned and post-tensioned tendons (bonded and unbonded). The post-tensioned tendon of
one of the beams was fully bonded to serve as a control specimen (IGS); this was subjected to
ultimate flexural testing using a three-point bending setup. Initially, the specimen developed a
flexural crack near midspan. However, as loading progressed, cracks were noted to be uniformly
distributed beneath the load point as shown in Figure 2.10a. The specimen exhibited ductile failure
with the strand yielding prior to deck crushing. Figure 2.11a presents the stress increase in the fully
bonded specimen. In the same study, Brenkus et al. (2017b) computed the flexural resistance of
the grouted member in accordance with the AASHTO-LRFD (AASHTO, 2016) provisions for
bonded tendons. The experimentally determined specimen strength was found to slightly exceed
the flexural resistance calculated using AASHTO-LRFD by approximately 5%.

Brenkus et al. (2017b) also performed experiments on beams with unbonded post-
tensioned tendons. One of the specimens (IWS) was loaded using a three-point bending setup while
the other (IWC) was tested in four-point bending (constant moment). The specimens initially
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developed a flexural crack near midspan, but as loading progressed the specimens exhibited a
behavior more typical of unbonded beams: fewer cracks developed overall, and those cracks
opened widely as the loading progressed (2.10 b and c). The strain of the bonded reinforcement
was concentrated near the primary crack leading to strand rupture when ultimate flexural section
resistance was reached. The relatively limited crack distribution is attributed to the low levels of
bonded reinforcement. Beams with unbonded tendons mixed with lightly bonded pretensioned
steel were found to exhibit lower ductility and flexural resistance when compared to fully bonded
members. Figure 2.11 (b and c) shows the increase of stress in both specimens. When tested under
a single point load, the specimen reached the maximum load before the tendon stress reached yield
strength. Conversely, the beam under constant moment developed a wider distribution of cracks.
The constant moment region was found to create a longer hinge length than a single concentrated
load and the tendon in that specimen yielded. It was found that the hinge length, which affects the
rotational capacity of the hinge, has implications for the flexural behavior and deflection of
members with mixed tendons. Under mixed conditions, the hinge length was less than that
assumed in the formulation of the unbonded tendon stress equation given in AASHTO-LRFD
(Equation 5.7.3.1.2-1 in AASHTO, 2016; Equation 5.6.3.1.2-1 in AASHTO, 2020), especially for
members with low quantities of bonded prestressing steel. Erroneous overestimation of the plastic
hinge length could lead to a lower estimate of the unbonded tendon stress in calculations of
nominal flexural resistance.
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Figure 2.10 Crack distribution and plastic hinge region for beam specimens with bonded and
unbonded tendons: (a) IGS, (b) IWS, and (c) IWC (Brenkus et al., 2017b)
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Figure 2.11 Stress increase in members with bonded and unbonded tendons: (a) IGS, (b) IWS,
and (c) IWC (Brenkus et al., 2017b)

Structural components with prestressed and mild reinforcing steel

Mild steel (bonded) bars are typically added to prestressed concrete, composed mainly of
unbonded tendons, to improve both cracking behavior and reserve capacity—defined as the ability
to carry load after concrete failure, also referred to as primary failure. This approach has been
evaluated by several researchers. Gerber and Burns (1971) observed that sections with bonded
tendons have an increased maximum reserve capacity when compared to sections with only
unbonded tendons. Harajli et al. 2002 conducted experimental testing of specimens with external
unbonded tendons and mild reinforcement. Improved crack distribution was observed with an
increase in the area of mild steel reinforcement. Using higher ratios of mild steel also resulted in
an improved spread of plasticity. The mild reinforcement of all the test specimens yielded before
flexural failure was reached, and all failures were ductile in nature. Conversely, increasing the area
of external unbonded tendons lead to a reduction in ultimate load carrying capacity, due to cracks
being relatively more concentrated.

In 1971, Mattock et al. also conducted a comparative study of grouted and unbonded
(ungrouted) post-tensioned concrete beams, with the primary aim of investigating the effect of
varying the amount of non-prestressed bonded reinforcement (in the form of prestressing steel). In
addition to the presence (or lack) of bond, other variables in the study included span type
(simple-span and continuous) and cross-section (rectangular and T-shape). It was found that
unbonded post-tensioned beams with the minimum recommended non-prestressed bonded
reinforcement had serviceability characteristics, strength, and ductility equal to—or better than—
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those of comparable bonded PT beams. One of the intents of the study was to confirm the
effectiveness of using prestressing strand as auxiliary bonded reinforcement, thus unbonded
tendons were combined with bonded strands that were not prestressed (Mattock et al., 1971).

2.3 Approaches to determine nominal flexural resistance

This section outlines empirical design approaches to evaluate ultimate flexural resistance
of prestressed concrete beam elements with bonded, unbonded, and mixed reinforcement
conditions.

2.3.1 Bonded tendons

For a given prestressed beam (with bonded tendons) of known material properties, cross
sectional dimensions, and area of reinforcement, the nominal flexural resistance of the section may
be determined using strain compatibility. Two basic assumptions are made: (1) there is a perfect
bond between the reinforcing steel and the surrounding concrete, and (2) plane sections remain
plane. In addition to these, equilibrium of forces must be satisfied. When computing the resistance
of sections with mild steel reinforcement using strain compatibility, the stress-strain relationship
is assumed elastic-perfectly plastic. The reinforcement stress remains constant at the yield stress
for under-reinforced sections, which simplifies the calculation to a closed-form equation. For
materials with nonlinear post-yield behavior, however, the use of strain compatibility requires
iteration. As part of the strain compatibility approach, the cumulative strain in the reinforcement
due to prestressing, self-weight, and external loads is computed using the geometric relationships
within the strain profile.

The concrete stress-strain relationship is typically represented by an equivalent rectangular
stress block (Figure 2.12) while the stress-strain curve for the prestressing tendons can be obtained
from Equations 2.1 and 2.2.

fos = Epéps if Eps < Epy (2.1)

0.04 .
Jos = fou = o 25507 1T eps > Eny (2.2)

Where:

fps = stress in prestressing steel

E,, = modulus of elasticity of prestressing steel (28,500 ksi)
&ps = total strain in prestressing steel

&py = Yyield strain of prestressing steel (0.0086 in/in)

fpu = ultimate tensile strength of prestressing steel (270 ksi)

Strain in the prestressing steel can be decomposed into three components: effective strain
in the tendon after losses (g,.), decompression strain (g4), and flexural strain (gf) caused by

applied load. Therefore, the total strain in the tendon is determined as presented in Equations 2.3
to 2.6.
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Figure 2.12 Concrete equivalent stress block
Eps = Epe T Eq4 + & (2.3)
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Epe = :_p (2.4)
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(2.5)

& = Ecy (E) (2.6)

Cc

Where:

fpe = effective prestress in tendon (after all losses)

P, = effective prestress force

A, = area of prestressing steel

E. = modulus of elasticity of concrete

e = eccentricity of prestressing tendon

I, = gross moment of inertia of concrete section

€. = concrete strain at nominal resistance (0.003)

d,, = distance from the compression face to the centroid of prestressed reinforcement

¢ = distance from the compression face to the cracked section centroid

The forces in each component are then calculated using constitutive relationships
(Equations 2.7 and 2.8). Equating the tensile and compressive forces to satisfy equilibrium, the
stress in the prestressing steel can be calculated using Equation 2.9.

T = Ayfos (2.7)
C = 0.85f/ba (2.8)
13



__0.85f/ba

fos = 225 (2.9)
_ Aplps
"~ 0.85f/b (2.10)
¢ 2.11
c=— ,
B (2.11)

Where:

b = width of compression zone

a = depth of equivalent rectangular stress block

B, = characteristic value of equivalent rectangular stress block (Article 5.6.2.2; AASHTO, 2020)

B, = 0.85 for f < 4ksi (2.12)

B, = 0.65 for f > 8ksi (2.13)

By = 0.85 — 0.05(f, — 4) for 4ksi < f! < 8ksi (2.14)

Finally, the nominal flexural resistance can be obtained through the use of Equation 2.15.
My, = Ayfys (dy —5) (2.15)

2.3.2 Unbonded tendons

Numerous models of varying levels of complexity have been proposed for estimating
tendon stress at the ultimate strength condition of members with unbonded tendons, as reviewed
by Naaman and Alkhairi (1991a), Roberts-Wollmann et al. (2005), and by Harajli (2006).
A recommendation for the calculation of ultimate stresses in unbonded prestressing tendons was
made by ACI Subcommittee 423 in 2002 (Naaman et al., 2002) and was proposed as a modification
for the ACI Code. A further modification/clarification regarding continuous members was
proposed by Harajli (2012). For a comprehensive review of the numerous equations in use for the
prediction of fps at nominal flexural resistance for members with unbonded tendons, the reader is
referred to Naaman and Alkhairi (1991b) and Algam et al. (2020).

To compute the flexural resistance of a beam, the magnitude and position of the resultant
concrete compressive force must be known along with the magnitude of the force resultants in the
other reinforcement present. Equations have been proposed to predict the maximum tensile stress
in unbonded tendons. Harajli (2006) evaluated the proposed equations and found that they differ
in the way they account for the main parameters that affect the stress at ultimate. The increase in
the tendon stress induced by loading (4fps) is influenced by the use of a linear elastic relationship
between the stress and strain of the tendon, and the difficulty of quantifying both the plastic region
length and the concrete compression strain at ultimate. One of the most important factors that
makes the evaluation of stresses in unbonded tendons challenging is that it must be done at the
member level rather than at the section level. The problem becomes more complex for multi-span
members since the stress at ultimate becomes dependent on the collapse mechanism and the
number of developed plastic regions.
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Internal unbonded tendons

Naaman and Alkhairi (1991b) proposed that Equation 2.16 be used for unbonded internal
tendons. This equation is based on deflection compatibility analysis which is then reduced to a
section compatibility analysis using 2,, and was derived assuming the tendon does not reach
yielding.

d
fos = fpe + QuEpcu (- 1)2—: <094 f,, (2.16)

Where:

E,, = modulus elasticity of prestressed reinforcement.

eq, = Tailure strain of concrete in compression = 0.003

0, = strain reduction factor

L, = sum of lengths of spans loaded with live load and containing tendons (L if one span is loaded)

L, = total length of tendons between anchors

The strain reduction factor at ultimate reflects the ratio of average strain increase in the
unbonded tendon to the strain increase in the equivalent bonded tendon at the section of maximum
moment and depends on the type of loading and the span-to-depth ratio, where:

_ 54. . . . .
w =T for uniform or third point loading (2.17)

0, = L%‘p; for one point midspan loading (2.18)

For design purposes, the numerators in Equations 2.17 and 2.18 are reduced to 3.0 and 1.5,
respectively. This equation was adopted in the first draft of the AASHTO-LRFD
(AASHTO, 1994). Although Equation 2.16 was later removed from the AASHTO code, the main
advantage was that it accounts for the continuity of members, load conditions, and span-to-depth
ratio. Also, it takes into consideration the presence of mild steel reinforcement and the bonded
prestressed tendons.

Algam et al. (2020) created a database using experimental data. This database was then
used to test the accuracy of existing equations to predict fps. Algam et al. (2020) proposed an
equation (2.19) for ,, that takes into account the span-to-depth ratio and type of loading.

_(dps—h/2 18
Ay =a ( 0.25dps) (,u + L/dps) (2.19)

For code implementation purposes, Algam et al. (2020) proposed the coefficients:

a = 0.05, u = 0.10 for one-point midspan loading
a = 0.09, u = 0.80 for uniform or third point loading

The stress in prestressing steel can be obtained using Equation 2.16. However, Algam et al. (2020)
proposed an upper bound of 0.86 fpy and lower bound as shown in Equation 2.20.

fos = foe + 0.30f,, @pe (2.20)
N
pe = Py (2.21)
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External tendons

MacGregor et al. (1989) developed an equation for determining the prestressing steel stress
at ultimate flexural capacity based on experimental work. In their approach, strength design of
members with unbonded tendons is based on the effective length of the tendons between deviators.
The developed equation also included a factor developed by Tam and Pannell (1976) and
incorporated the maximum allowable concrete strain allowed by ACI 318 (ACI, 2019).
Roberts-Wollmann et al. (2005) confirmed this approach and proposed equations with further
verification using more recently collected experimental data. Figure 2.13 shows the failure
mechanism and geometry for unbonded tendons at ultimate.

Plastic hinge

Figure 2.13 Joint mechanism for unbonded tendons

Maximum tendon elongation dj (and thereby tendons stress) is related to the ultimate
curvature (related to the crushing strength of the concrete), length of plastic hinge, and the depth
of the tendon in the system. A derivation of tendon stress follows.

From the rigid body displacement in Figure 2.13, tendon elongation dj is

4A
6 = ZZp (2.22)
where Zp is the distance from the compressive force resultant to prestressing tendons; [ is the

length of the tendon segment, and A is the vertical displacement at the joint.
From mechanism geometry (Figure 2.13), the angle of joint opening 6; can be described:
4A
0; = m (2.23)
Assuming the tendon behaves in elastic-plastic manner, the decompression moment Mg
and the plastic moment capacity of the tendon M are defined:

My = ApsfoeZ, (2.24)
M = AysfonZy (2.25)

where Aps is the area of the prestressing steel, fpe is the steel stress corresponding to decompression
of the section, and fpp is the steel stress corresponding to plasticization of tendon.

Incorporating plastic hinge behavior, the change in tendon force at a plastic hinge is shown
in Figure 2.14 (MacGregor et al., 1989). Equation 2.26 describes ATj, the difference in the tendon
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force between decompression and plasticization. Equation 2.27 describes Te, the force in the
tendon at decompression (also the effective tendon force due to prestressing of the tendon).

Figure 2.14 Tendon force versus curve length (MacGregor at al., 1989)

AT = M-Mg

] Zp

(2.26)

T, = Apsfpe (2.27)

Assuming small deflection for conditions where the tendon force exceeds that required for
decompression, from Figure 2.14 the tendon elongation can be written:

_ Alei
5= (2:28)
Equating Equations 2.22 and 2.28:
Alei _ ﬂ
AsEy 15 Zy (2.29)
Replacing ATj from Equation 2.26 and rearranging:
_ lils _
" 4ApsEpZ? (M — Mqa) (2.30)

Incorporating Equations 2.25 and 2.24, the vertical deflection is written:

= 4;,1521, (for = foe) (2.31)

Virlogeux considered concentrated rotations to be distributed over a plastic hinge length
equal to twice the distance from the resultant compressive force to the center of passive
reinforcement in the tension side of the segment (Virlogeux, 1983; Figure 2.15); this corresponds
to a diffusion of the compressive force by 45 degree angles. The curvature is assumed to be
constant over the hinge length. Ultimate curvature is determined by limiting the maximum
concrete compressive strain to the concrete crushing strain. The elongation at the plastic hinge on
can be expressed in terms of maximum curvature gm, the distance between the compressive force
resultant and prestressing tendons Zp, and the distance to the passive segment reinforcement Zs.

A
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Figure 2.15 Unbonded diagram of (a) strain and force, and (b) joint opening

Calculating the tendon elongation along the hinge portion:

Zg
8= [%5 bmZy(0) (Zﬁ) dx (2.32)
Assuming constant eccentricity along the hinge length, therefore Zp(x)=constant.
2¢mz Zs
op = a k fo (x) 0x = PpZpZs (2.33)
From the rigid body plastic mechanism, the limiting mid-span deflection shall be
Am — ¢m4Zsls (234)
Combining Equations 2.31 and 2.34:
¢stls — lils
i @(fpp - fpe) (2.35)

Therefore, the steel stress corresponding to plasticization of tendon:

SmZsEpZy

fpp = fpe + I (2.36)
Where the maximum curvature:

EcmtEsm
oy = Senem (2.37)

Where &cm is the concrete strain and esm is the strain in prestressing steel. The strain in the
steel is much greater than the strain in the concrete and hence Equation 2.37 can be simplified:

Esm
Pm ="~ (2.38)
Substituting Equation 2.38 into Equation 2.36, and assuming ds=Zs:
EsmEpZ
foo = foe + = (2:39)
From the strain diagram Figure 2.15 (a):
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Esm = Zom (ds — C) (2.40)

Cy
The tendon stress equation then reduces to
Z ds_Cu
fop = fpe T ﬁfcmEp L (2.41)

Tam and Pannell (1976) modified Equation 2.41 and presented an equation based on
maximum concrete compressive strain and the neutral axis depth, assuming the tendons have
yielded. The equation is given by

fps = fpe + Ve, Ep l_l (2.42)

where dp is depth of prestressing steel, ¢y is the neutral axis depth considering the tendons have
yielded. Considering w=10.5 (found experimentally by Tam and Pannell, 1976), &..=0.003
(limiting concrete compressive strain), Ep is the modulus of elasticity of prestressing steel
(28,000 ksi):

dy—C
fos = fpe + 8822 (2.43)

2.3.3 Mixed reinforcement conditions

Components with bonded and unbonded tendons

Although limited, experimental investigations incorporating the use of prestressed concrete
members with both bonded and unbonded tendons have typically been conducted as a counterpoint
to the primary condition under investigation.

MacGregor et al. (1989) conducted flexural testing of quarter-scale, precast segmental
concrete box girder continuous span specimens to assess flexural resistance in specimens with
external tendons and in specimens with mixed internal and external tendons (MacGregor et al.,
1989; Roberts-Wollmann et al. 2005). Based on this work, a prediction equation was developed
for estimating tendon stresses at ultimate in members with only unbonded tendons. This prediction
equation was later adopted into the AASHTO Guide Specification for the Design and Construction
of Segmental Concrete Bridges (AASHTO, 2014a) and into the AASHTO-LRFD Bridge Design
Specifications (AASHTO, 2014b; Roberts-Wollmann et al., 2005).

MacGregor et al. (1989) compared the moment-deflection response for three tested girders
versus the theoretical response of a girder with only internal tendons, as shown in Figure 2.16.
Prior to cracking, the stiffness of each system was comparable; after cracking, the behavior differed
as the stiffness changed. The differences in stiffness, however, were slight until the specimens
neared the ultimate strength. A section with both external and internal tendons had marginally
greater flexural resistance and increased ductility compared to the specimens with only external
tendons. For sections with external tendons only, the ultimate moment strength of the section with
unbonded (greased) external tendons was slightly less than that of the section with only bonded
external tendons. MacGregor noted that members with both external and internal tendons did not
offer significant improvements to either ultimate strength or deflection.

Gauvreau (1993) proposed a model for the rational calculation of tendon stress at ultimate
for components with bonded reinforcement, unbonded tendons, or both, based on a truss model
with explicit consideration of the angle of inclination of the internal concrete compression chords.
The approach relates the global structural deformations (used to calculate the elongation of the
unbonded prestressing steel) to the strain state corresponding to the internal forces in the truss at
any given section. The proposed method was compared with experimental load tests of eight
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simply-supported concrete girders. The rational approach from Gauvreau has not been
incorporated into code bodies.

800 1
ey e P
B
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|~ "; : % EXTEANAL
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200 + ONS
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Notes:

Midspan Moment = dead load moment + applied load moment
Measured midspan deflection = deflection due to applied load only

- —# —= Monolithic, bonded internal tendons (theoretical)

—@— Segmental, external tendons, dry joints, cement grouted ducts
~—ij— Segmental, external tendons, dry joints, grease-injected ducts
~——— Segmental, mixed tendons, dry joints, cement grouted ducts

Figure 2.16 Moment-deflection response for testing specimens (MacGregor et al., 1989)

Components with prestressed and mild reinforcing steel

Gerber and Burns (1971) recommended the use of supplementary reinforcement to increase
the maximum reserve capacity of unbonded systems, as well as to control cracking.
Burns and Hemakom (1985) recommended a minimum percentage of mild reinforcement; this
recommendation has since been incorporated into ACI 318 (ACI, 2019). It was found that
providing the minimum bonded reinforcement helps to achieve an adequate performance of the
member and to control the widths and spacing of cracks due to overload, shrinkage and/or
temperature.

In the case of having both unbonded and mild steel reinforcement in the section, the

moment arm (dp - %) can be evaluated using force equilibrium after fps is evaluated using the

proposed design equations. The arm is then used to evaluate the flexural resistance at ultimate.
Several recent investigations have provided models or inspection techniques for predicting
tendon stress at ultimate for cases with non-prestressed reinforcing (mild) steel and unbonded
tendons, a condition which is similar to the one considered in the present study. For example,
Ozkul et al. (2008) presented a rational approach for predicting unbonded tendon stress,
considering cases with non-prestressed reinforcing steel (mild) with unbonded tendons. The
methodology proposed by Ozkul et al. (2008) considers both the beam and the tendon as a truss-
beam system, which allows for the use of equilibrium and compatibility equations, and the law of
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conservation of energy. The described model can be used to calculate the stress in an unbonded
tendon, including when bonded tendons are present.

2.4 Design specifications for tendon stress at nominal flexural resistance

In the United States, post-tensioning systems have been used with either bonded or
unbonded tendons for decades. However, for future construction projects, the FDOT intends to use
concrete components with a mixture of unbonded tendons and bonded prestress and/or mild steel
reinforcement. A provision for components with bonded and unbonded tendons was recently added
to the AASHTO-LRFD Bridge Design Specifications (AASHTO, 2014b). In spite of this, the
mixed design situation has not yet been common in practice and has not been investigated in depth.

This section presents a review of the current code or standard provisions regarding the use
of bonded and unbonded tendons and, particularly, mixed conditions. Both the AASHTO-LRFD
Bridge Design Specifications and ACI 318-14 were considered. The review also encompassed
provisions available in countries other than the United States where the use of mixed tendons has
been increasing significantly during the past decades. These included the Canadian Code, the
Eurocode, the Australian Standard, and Japanese Guidelines.

2.4.1 AASHTO-LRFD 2020

The AASHTO-LRFD Bridge Design Specifications (AASHTO, 2020) include separate
provisions for members with bonded prestressing, with unbonded tendons, or with mixed bonded
and unbonded tendons. For members with bonded tendons, tendon stress is estimated when the
effective prestressing is at least 0.5fpu using the provisions from Article 5.6.3.1.1:

fos = fou [1 =1 ()] (2.44)

k=2 [1.04 - j}’—y] (2.45)

pu

where fpu is the specified tensile strength of prestressing steel (ksi) and fpy is the yield strength of
the prestressing steel (ksi).

However, the strain compatibility approach may be used when more precise calculations
are required (Article 5.6.3.2.5; AASHTO, 2020).

The current AASHTO-LRFD design provisions (AASHTO, 2020) for unbonded tendons
are based on equations developed by MacGregor et al. (1989). For members with unbonded
tendons, AASHTO-LRFD design guidance considers the global deformation of the flexural
member, assuming the formation of a single hinge (Article 5.6.3.1.2; AASHTO, 2020). The
derivation of the design equation for flexural resistance of members with unbonded tendons
considers the global displacement of the member but does not consider bonded reinforcement
(AASHTO, 2020). Equation 2.43 was modified into 2.46 and presented by MacGregor et al.
(1989). The latter provides the tendon stress at ultimate strength for an unbonded tendon.

fos = fye +900 (2=5) (2.46)

le

where fpe is the effective stress in the prestressing steel at the section under consideration after all
losses (ksi); dp is the depth of the prestressing strand (in.); c is the distance from extreme
compression fiber to the neutral axis assuming the tendon prestressing steel has yielded (in.); and
L, is the effective tendon length (in.), which is given by Equation 2.47:
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L
N5 (2.47)

2

L, =

1+

where [; is the length of tendon between anchorages, and Ns is the number of plastic hinges at
supports (in an assumed failure mechanism) that are crossed by a tendon.

The mixed condition of components with both bonded and unbonded tendons is treated
only briefly in the current AASHTO-LRFD code (AASHTO, 2020), without expressly described
justification. Section 5.6.3.1.3 states that either a “simplified” or a “detailed” approach may be
undertaken by the designer to assess the unbonded and bonded steel stress. The guidance given for
the detailed analysis consists of a statement that the designer “consider both the strain
compatibility of the bonded strand and the global displacement compatibility between bonded
sections of the unbonded tendon when considering the stress in the unbonded tendon”. Bonded
sections of unbonded tendons may be anchorage points and any bonded section, such as deviators.
A second provision allows for a “conservative” simplified estimation with the following method:
1) estimate the strength contribution from the unbonded tendon as the effective prestress after
losses fpe, and 2) determine the force in the combined tendons by replacing the term Apsfpu in
Equations 5.6.3.1.1-3 and 5.6.3.1.1-4 with ApsbfputApsufpe.

Parsons Brinckerhoff (2015) evaluated the stress in unbonded tendons at ultimate limit
state comparing code provisions to non-linear finite element analyses and recommended the use
of AASHTO-LRFD equations as they take into account the mode of failure of the overall system.
However, for beams with both bonded and unbonded tendons, Parsons Brinckerhoff (2015) made
use of Afpsu # 0 in calculations for the depth of the neutral axis (c) and moment capacity (Mn)
instead of just using fps = fpe as specified by AASHTO-LRFD.

2.4.2 FDOT Structures Manual

As part of the FDOT Structures Manual (FDOT Topic No. 625-020-018), the Structures
Design Guidelines (SDG, 2021) provide technical design criteria, engineering standards, and
guidelines for structures designed for the Florida Department of Transportation. SDG (2021) also
includes additions or modifications to the requirements of the AASHTO LRFD Bridge Design
Specifications.

General requirements for post-tensioned structures are comprised in Sections 1.11 and 4.5
of the SDG (2021). Meanwhile, Sections 4.6, 4.7, and 4.8 include provisions specific to segmental
box girders, pretensioned and post-tensioned I-Beams and U-Girders respectively. Elements of
post-tensioned superstructures are required to comply with minimum dimensions in accordance
with SDG Table 4.5.1-1. Per SDG 1.11.1 B, all tendons that utilize flexible filler shall be designed
and detailed to be unbonded, fully replaceable, meet anchorage clearance requirements (as
specified in SDG Table 1.11.1-1), and have clearance at the anchorages for jacking and tendon
replacement operations (SDG Table 1.11.1-2). SDG (2021) does not allow strand couplers
(described in Article 5.4.5 of AASHTO, 2020) and strand anchorages to be cast into concrete
structures. In addition, dry joints are not allowed. Instead, SDG (2021) provides alternative
methods for the design and detailing of joints between precast elements.

Provision of corrosion protection is required by AASHTO (2020). Furthermore, SDG
(2021) specifies several strategies to protect post-tensioned structures against corrosion. These
strategies include: (1) completely sealed ducts and permanent anchorage caps, (2) ducts and
anchorage caps completely filled with approved filler, (3) multi-level anchorage system, (4)
watertight bridges, and (5) multiple tendon paths. Multiple levels of protection are required for the
tendons as well as for the anchorages. The use of external tendons is not permitted in I-beam or
girder superstructures except for repair or retrofit scenarios.
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The FDOT provides design values for post-tensioned members, which includes concrete
strengths, steel grades, and wobble and friction coefficients. These guidelines also contain
specifications for design and detailing of ducts and tendons. All tendons other than those listed in
Table 2.1 shall be designed to be unbonded and incorporate the use of flexible filler. The unbonded
post-tensioning ultimate average stress (fps), shall be calculated using the equations from Article
5.6.3.1.2 (AASHTO, 2020) along with Figure 1.11.5-1 (SDG, 2021). The external tendon
unsupported length shall be limited to 100 ft or hangers shall be provided to restrain the tendon
laterally and vertically.

Table 2.1 Bonded and/or unbonded tendons

Tendon Type

Internal strand tendons:

e Top slab cantilever longitudinal tendons in segmental box girders

. . Bonded

e Top slab transverse tendons in segmental box girders

e Tendons that are draped 2’-0” or less in post-tensioned slab type superstructures
Other: Bonded or

e Straight strand or parallel wire tendons other than continuity tendons in U-beams and girders Unbonded

e Bartendons

A minimum number of tendons shall be satisfied for post-tensioned superstructure
elements as specified in SDG Table 4.5.2-1. The tendons shall be designed in such a way that
unbonded tendons can be removed and replaced one at a time using the Service | load combination
(Table 3.4.1-1; AASHTO, 2020) with the live load placed only in the striped lanes. The tension
stresses shall be limited as specified in Table 2.2 (Section 4.5.2; SDG, 2021).

Table 2.2 Tension stresses

Concrete elements Tension stress limit (ksi)
Precast superstructure elements with match cast joints 0.0948,/f!
All other concrete superstructure elements 0.19,/f;

In the absence of more information, as per the Structures Design Bulletin 17-08 (SDB;
FDOT 2017), Section 4.7 and 4.8 of the SDG (2021) specifies the use of strain compatibility to
determine section capacities utilizing bonded and unbonded post-tensioning tendons, mild
reinforcing steel, and pretensioning strands for pretensioned/post-tensioned I-Beams and U-
Girders.

2.4.3 ACI 318-19

The ACI 318-19 (ACI, 2019) does not provide specific guidance for mixed conditions of
reinforcement. It does, however, provide equations for the tendon stress in members with
unbonded tendons. These equations were developed with building members in mind, not bridge
members, and are empirical. Equation 2.48 gives the prestressing steel stress for members with
span-to-depth ratios less than 35 and is based on experimental tests by Mattock et al. (1971).
Equation 2.49 gives the prestressing steel stress for members with span-to-depth ratios greater than
35 and is based on tests conducted by Mojtahedi and Gamble (1978).

— fre

fps = fse +10000 + Toop, (2.48)
fre

fps = fse + 10000 + 3000, (2.49)
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In the above, f;, is the effective stress in prestressed reinforcement after losses, /% is the specified
28-day concrete strength and pp is the steel reinforcement ratio (area of prestressing steel to the
effective area of the concrete).

In lieu of strain compatibility, ACI 318-19 allows the use of Equation 2.50 to evaluate f,;:

_ Y, fou d fy ’ .
fps - fpu {1 _3_11, ’Op;;c’-i_d_pf_c’(p -p )]}1 fse > O-Sfpu (2-50)

where f,,, is the ultimate strength of the prestressing steel, p, is the reinforcement ratio of the
prestressing steel and d is the distance from extreme compression fiber to centroid of tensile force
in nonprestressed steel.

If compression steel is used, then:

fp_u if_y —n) >
Py 7 + a1l (p—p') =017 (2.51)
d’ < 0.15d, (2.52)
where:
¥p = 0.28 for f,,,, = 0.90f,,, (2.53)
¥p = 0.40 for 0.85f,, < f,, < 0.90f,, (2.54)
Yp = 0.55 for 0.80f,, < fp, < 0.85f, (2.55)
and
_ Aps
Po = pu- (2.56)
As
ps =1 (2.57)
p' = ;‘_d (2.58)

2.4.4 Canadian Code

The Canadian Highway Bridge Design Code (CSA-S6-14 2014) does not provide specific
guidance for mixed conditions of reinforcement. It does, however, state that the effective prestress
(of the post-tensioning tendon) be conservatively used as the unbonded tendon stress at ultimate,
unless a detailed analysis is used to determine tendon stress, considering global member
deformation.

2.4.5 Eurocode

The Structural Eurocodes are reference design codes divided into packages for each of the
main materials: concrete, steel, composite concrete and steel, timber, masonry and aluminum. The
Eurocode 2, Design of concrete structures, applies to the design of buildings and other civil
engineering works in plain, reinforced, and prestressed concrete using either normal or light weight
aggregates. Eurocode 2 is further divided into three parts: Part 1-1: General rules and rules for
buildings (EN 1992-1-1:2004), Part 1-2: General rules — Structural fire design (EN 1992-1-
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2:2004), Part 2: Concrete bridges - Design and detailing rules (EN 1992-2:2005), and Part 4:
Liquid retaining and containment structures (EN 1992-3:2006).

Although the Eurocode provides guidance for the design of both internal and external
prestressing systems, it does not include provisions for mixed conditions of reinforcement.

The Eurocode suggests the use of the partial factor (y) method. Partial factors are values
that provide an acceptable level of reliability; these are selected assuming that an appropriate level
of workmanship and of quality applies. Part 1-1 of the Eurocode 2 (EN 1992-1-1:2004, 2004)
states that the design value of the prestressing force should be determined by Equation 2.59.

Pq,t(x) = ¥p P (X) (2.59)

Where the mean value of prestress force, P, .(x), should be determined with respect to the
prestressing method, and y,, is the partial factor for actions associated with prestressing. Prestress
is considered to be favorable in most situations. Hence, a value of y,, f,,, should be used for the
ultimate limit state verification. However, when using external tendons, an increase of the value
of prestress can be unfavorable and y;, ., rq, Should instead be used. Recommended values of
Yp.fav @Nd ¥p unrav are 1.0 and 1.3 respectively, but values for each country may be found on their
National Annex.

Part 1-1 includes additional considerations for prestress in structural analysis. It is specified
that external tendons may be assumed to be straight between deviators. The use of this type of
tendons can give rise to second order moments. Primary and secondary effects of prestressing
should be applied before considering any redistribution of forces and moments when performing
a linear analysis. In plastic and non-linear analyses, secondary effects may be treated as additional
plastic rotations. A non-linear analysis should be used when the stress increase in external tendons
is calculated using the deformation state of the overall member (EN 1992-2:2005, 2005).

2.4.6 Australian Standard

The Australian Standard for Bridge Design (AS 5100.5-2004), also known as the Bridge
Code, includes individual provisions for bonded or unbonded prestressing reinforcement.
However, no guidance is provided for concrete members with mixed reinforcement conditions.

Similar to the AASHTO-LRFD provisions, the Australian Standard (AS 5100.5-2004,
2004) states that the minimum effective prestress in bonded tendons be at least half of the tensile
strength of the tendons (0.5f,). The maximum stress in bonded tendons at the ultimate limit state

(0p,) May be calculated using Equations 2.60 to 2.63.

kiky
opu = fp (1 -22) (2.60)
y =[0.85—-0.007(f', — 28)]; 0.65 <y < 0.85 (2.61)
k, = 0.4;or
: (2.62)
k, = 0.28if f,,/f, = 0.9
ky = befdlpflc [Apefp + (Ast = Asc)fsy] (2.63)

where:

fpy = Yyield strength of the tendons
fsy = yield strength of mild steel
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b, = effective width of a compression face or flange of a member
d,, = distance from the extreme compressive fiber of the concrete to the centroid of the tendons

Ay = cross-sectional area of the tendons in the zone that will be in tension under ultimate load
conditions
A, = cross-sectional area of reinforcement in the tensile zone
Ag. = cross-sectional area of compressive reinforcement

For unbonded tendons, the stress at the ultimate limit state shall be determined using
Equation 2.64.

dpkyd
Opy = Oper + 6200 + ’2 (2.64)
pe
Where g, . is the effective stress in the tendon and k,,d is the neutral axis depth.
e, d = ApfoytUsemAsdfsy =085y bbw)ds el ¢ T coction
u 0.85yby f', (2.65)

kod .

k,d = -2 for a rectangular section
0.85y

where A, is the cross-sectional area of prestressing steel, dy is the thickness of the compression

flange, b is the width of the cross-section, and b,, is the width of the web.

The effective length of the tendons, L., can be calculated as:

Lpa (2.66)

Lpe = o2

where L,, is the length of the tendons and n, is the number of support hinges crossed by the
tendon.

2.4.7 Japanese Guidelines

The Japanese Standard Specifications for Concrete Structures (JSCE, 2007) classifies
prestressed concrete structures into two categories: prestressed concrete (PC) and prestressed and
reinforced concrete (PRC) structures. PC structures do not permit cracking in serviceability-related
conditions and are structurally designed to control the ‘edge stress’ (extreme fiber stress) in
concrete by inducing prestress. PRC structures permit cracking in serviceability-related conditions
and are structurally designed to control crack width by utilizing deformed mild steel bars and
introducing prestress.

According to the Japanese guidelines, the prestressing force on the cross-section, P(x),
shall be calculated using Equation 2.67.

P(x) = P; — [AP;(x) + AP:(x)] (2.67)

Where:
P; = initial prestress force at the tensioning end of the tendon
AP;(x) = loss of prestressing force immediately after prestressing
AP;(x) = time dependent variation of prestressing force

When calculating the loss in the prestressing force, one must consider the prestressing
method as well as the tendon type (bonded, unbonded, external). Stresses in the concrete and the
tendon under variable load should be considered in addition to those calculated under permanent
loads (JSCE, 2007). Stresses are calculated considering the effects of relaxation of the tendon,
creep and shrinkage of the concrete, and restraint due to mild steel bars.
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The specifications provide equations that describe the decrease over time in tensile stress
in the prestressing tendons. These equations can be applied to concrete members that use only
internal tendons (both PC and PRC structures, Section 15.4.2). Moreover, if unbonded or external
tendons are used, the strain variation at the centroid of the tendons due to deformation of the
concrete member can be calculated and then one can determine the decrease over time in tensile
stress from the average strain. When only external tendons are used, the decrease in tensile stress
may be calculated in accordance to Section 15.3 of the Standard Specifications (JSCE, 2007).
However, if unbonded and/or external tendons are used in conjunction with internal tendons, the
decrease in the tensile stress may be calculated using the methods provided in Section 15.4.2 for
the reasons listed below:

e Calculation by theoretical method would be very complex and laborious

e Under normal service conditions, the deformation of a member is very small and,
consequently, the influence of strain variations at the tendon location is thought to be
small

e The decrease in the tensile stress in external tendons due to creep and shrinkage of
concrete is smaller than when internal tendons are used

2.5 Reliability of flexural resistance for elements with bonded and unbonded tendons

The resistance factor (¢) is a statistically based value that accounts for the variability of
material properties, structural dimensions and workmanship, and uncertainties in the prediction of
resistance. Article 5.5.4.2 (AASHTO, 2020) is dedicated to resistance factors. For
tension-controlled prestressed concrete sections with bonded strand or tendons (as specified in
Avrticle 5.4.3.3), the resistance factor is to be taken as 1.00. Meanwhile, for concrete sections with
unbonded strand or tendons, the resistance factor is to be taken as 0.9. Article 5.5.4.2 (AASHTO,
2020) specifies that the resistance factor for concrete sections where the post-tensioning is a
combination of bonded and unbonded tendons shall be based on the bonding conditions of the
tendons that provides the majority of the prestressing force at the section. For prestressed members
where the net tensile strain in the extreme tension steel at nominal resistance () is between the
compression-controlled strain limit () and tension-controlled strain limit (&), the resistance
factor may be obtained by the linear interpolation as described by Equation 2.68.

0.25(g¢—¢&¢p)

Etl—&cl

0.75 < ¢ = 0.75 + <1.0 (2.68)

The previous AASHTO-LRFD Specifications (AASHTO, 2014b) addressed segmental
construction in Article 5.5.4.2.2. It was stated that the resistance factors for the strength limit state
shall be taken as provided in Table 5.5.4.2.2-1 (Table 2.3 in this report) according to the degree of
bonding of the post-tensioning. The maximum value for the resistance factor was based on
observations from limited test data. This provision was not, however, preserved in the current
AASHTO-LRFD Specifications (AASHTO, 2020). Instead, a resistance factor for the unbonded
condition was included in Article 5.5.4.2.

Nowak and latsko (2017) revised the original calibration presented in the 1999 National
Cooperative Highway Research report 368, Calibration of LRFD Bridge Design Code. The load
and resistance factors were recalculated for selected representative bridge components as
resistance and load coordinates of the design point for the Strength I limit state. The strength limit
state considers the stability or yielding of any element to resist the specified statistically significant
load combinations to be experienced during the design life. Particularly, Strength I limit state
considers basic load combinations related to the normal vehicular use of a bridge without wind.
The original calibration considered a design life of 75 years for the Strength I limit state.
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The statistical parameters used in the calibration of the resistance factor are a bias factor
(4) and a coefficient of variation (COV). According to Nowak and latsko (2017), the statistical
parameters have been reduced as presented in Table 2.4 based on a considerable amount of
research that has been conducted since the original calibration. Although they estimated the mean
load-carrying capacity of bridge girders to be 5% to 10% higher than was indicated by the original
calibration, the reliability analysis was conducted using the original parameters. It was stated that
additional analyses are necessary in order to develop updated statistical parameters for resistance.

Table 2.3 Resistance factor for joints in segmental construction
per the 2014 AASHTO-LRFD Specifications
¢f ¢v

Flexure Shear

Normal Weight Concrete

Fully Bonded Tendons 0.95 0.90

Unbonded or Partially Bonded Tendons 0.90 0.85
Sand-Lightweight Concrete

Fully Bonded Tendons 0.90 0.70

Unbonded or Partially Bonded Tendons 0.85 0.65

Table 2.4 Statistical parameters of resistance for prestressed concrete
(Nowak and latsko, 2017)

Source Moment
A Ccov
1999 NCHRP Report 368 1.05 0.075
New database 1.04 0.015

After obtaining the reliability indices (B) for the same cases considered on the original
calibration, Nowak and latsko (2017) calculated the parameters of the design point using
Equations 2.69 and 2.70.

. Ba?
R" =g = JiRz (2.69)
O-R+0'Q
, Bog
Q" = po +— (2.70)

oh+0s

2

Where R* and Q* are the coordinates of the design points for the resistance (R) and load (Q)
respectively; ur and u, are the mean values of R and Q; and o and g, are the standard deviations
of Q and R when Q and R are normal random variables. The resistance factor was then calculated
using Equation 2.71.

__ AgR’
T ur

¢ (2.71)

where Ay is the bias factor of R.

The recommended resistance factors corresponding to the coordinates of the design point
were about 10% to 15% lower than the values recommended by the current AASHTO-LRFD Code
(Nowak and latsko, 2017). Table 2.5 compares the resistance factors in current specifications with
the calculated and recommended values for flexure. However, these suggested values are
applicable for bonded tendons; no recommendations were provided for unbonded tendons.
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Table 2.5 Recommended values of resistance factor for prestressed concrete
(Nowak and latsko, 2017)

Resistance factor in current Calculated resistance Recommended
Material AASHTO LRFD .
e factor ¢ resistance factor ¢
specifications ¢
Steel 1.00 0.85 0.90
Prestressed concrete 1.00 0.85 0.90
Reinforced concrete 0.90 0.75 0.80

2.6 Finite element modeling

Experimental testing of prestressed concrete systems requires a significant investment of
resources and time. Computational tools such as finite element (FE) models can produce detailed
and accurate results in a less expensive way. The finite element modeling of prestressed concrete
members typically requires representation of the bond condition between the concrete and the
prestressing steel. Bonded tendons can be modeled using the strain compatibility between the
tendons and the surrounding concrete. However, unbonded tendons require additional
considerations. This section focuses on previous research studies that used finite element models
and analyses to represent prestressed concrete beams with either bonded or unbonded tendons, or
both. Several modeling approaches and assumptions are presented, including materials, element
types, and bond between reinforcement and concrete.

A nonlinear finite element procedure was proposed by Kang and Scordelis (1980) to
analyze prestressed concrete frames with bonded or unbonded tendons taking into account material
and geometric nonlinearities. Also considered were the load and temperature history; creep,
shrinkage, and aging of the concrete; and relaxation of the prestress. Bonded prestressed tendons
were assumed to have perfect bond with the concrete, but the strain of the unbonded prestressing
tendons was determined by the deformed geometry of the tendons. The simulations were in good
agreement with results from previous experiments. Other researchers such as Van Greunen and
Scordelis (1983), EI-Mezaini and Citipitioglu (1991), and Nikolic and Mihanovic (1997) have also
presented formulations and models capable of analyzing prestressed members with bonded and/or
unbonded systems.

A series of finite element models for a post-tensioning strand and anchorage assembly were
developed as depicted in Figure 2.17 (Abdullah et al., 2016; Brenkus et al., 2017a). These were
conducted to support the development of a wire break location algorithm. A finite element model
was prepared and calibrated using experimental results to estimate friction coefficients at the
wedge-anchor head, anchor head-spacer plate, and spacer plate-end plate interfaces. A challenge
when modeling the interaction between the wires composing a strand was to account for contact
nonlinearities. The selection of appropriate contact parameters for post-tensioning anchorage
interfaces is discussed by Brenkus et al. (2017a) and the mathematical formulations can be found
in Johnson (1987). The contact condition at the interfaces was treated with a penalty method using
Coulomb friction model while a master-slave approach was implemented for contact detection.
The method used by Abdullah et al. (2016) only considered the variation of strains in the axial
direction at the external surface of the anchor head. However, the model was capable of detecting
and locating wire breakage with a limited number of strain monitoring locations.

Nikolic and Mihanovic (1997) performed finite element analyses for post-tensioned
structures embedding the reinforcement into the concrete with perfect bonding. The simulation
procedures typically consisted in three phases: (1) application of dead load, (2) prestressing, and
(3) addition of remaining dead load and live load. Vecchio et al. (2006) modeled post-tensioned
concrete beams with unbonded tendons, considering friction effects. The bond stress model was
used to represent frictional shear stresses acting on unbonded tendons. Link elements consisting
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of orthogonal springs (Figure 2.18) were defined between the unbonded tendon and the concrete
to represent bond slip and bond stresses, and normal displacements. While a tangential spring was
defined to describe the frictional stresses, the normal spring was assumed infinitely stiff such that
no relative normal displacements were permitted. The analyses carried out by Vecchio et al. (2006)
consisted in two phases: (1) application of a temperature field to the anchorage system and (2)
application of an external load. Although the research was focused on shear strength, results from
previous flexural tests were also considered. The finite element analyses and predicted crack
patterns were in good agreement with previous test observations.
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Figure 2.17 FE model: (a) anchorage, (b) multi-strand tendon, (c) wire break, (d) birdcaging
(Abdullah et al., 2016; Brenkus et al., 2017a)
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node i connected to truss elements (tendons)

node j connected to solid elements (concrete)

Figure 2.18 Representation of bond-link element (Vecchio et al. 2006)

Two modeling schemes were proposed by Huang (2012) for a post-tensioned concrete
structure with bonded and unbonded tendons. The first consisted of the spring system method
while the second incorporated a direct contact formulation. The anchorage system was simplified
through the use of nodal constraints. The spring system was modeled as presented in
Figure 2.19 (a) and the results for different amounts of springs were then compared to results of
specimens tested by Foutch et al. (1990). Huang (2012) determined that neither the quantity nor
length of springs influenced the results significantly. However, the length was limited by the
concrete cover for the tendon. Although this method provided good estimates, it only models
perfectly unbonded tendons which yields to a uniformly distributed strain field for the tendon.
However, contact formulations allow the definition of different contact constitutive models
(Figure 2.19b). The assumption of a frictionless tangential behavior of contact allowed the tendon
to slip at the prestressing stage. A subsequent change in friction ensured perfect bond between the
tendon and the sheathing after prestressing.

Anchorage
system

unbonded tendon . ol
SPRINGA element . . real PT system
| Multi Points Constraints
|
tendon end node consirained witn
neighbouring concrete nodes
tendon (contact with inner face of sheathing)
MPC _
/ virtual tendon (embedded into concrete) cu?;?r;ims cathing (embedded in to concrete)
4—* SPRINGA element rotates under deformation

§ rotation direction

Figure 2.19 Modeling of unbonded post-tensioning system using:
(a) spring system method, (b) contact formulation (Huang 2012)

Later, Brenkus (2016) developed a finite element model for a beam specimen with mixed
conditions of bonded and unbonded tendons (Figure 2.20a). An additional model only including
bonded tendons was developed for comparison (Figure 2.20b). The modeling of the contact
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conditions of the post-tensioned tendons was approached in two ways as described by Huang
(2012). However, although previous investigations made use of solid elements to describe the
concrete sections, Brenkus (2016) simplified the geometry of the model and used beam elements
to represent the concrete. An I-shaped beam was represented by building up rectangular beam
‘layer’ elements; the beam layers were connected to each other by rigid body tie multiple point
constraints. The prestressing tendons were represented by truss elements and the unbonded post-
tensioning tendon was composed of a “real tendon” and a “virtual tendon”. The real tendon was
used in order to introduce the post-tensioning force at the anchorages. The virtual tendon was
included only to transfer the post-tensioning load to the beam and enforce global displacement
compatibility. As described by Brenkus (2016), the “real tendon™ represented the prestressing

strands while the “virtual tendon” represented the plastic duct.
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Figure 2.20 Finite element models: (a) unbonded model, (b) bonded model (Brenkus, 2016)

Some of the assumptions considered by Brenkus (2016) were: (1) effective prestress force
was prescribed, (2) the condition that plane sections remain plane is applicable to bonded tendons
but not to unbonded tendons, (3) perfect bond existed between bonded steel and surrounding
concrete, (4) pre- and post-tensioning definitions introduced a prestrain to the prestressed parts,
and (5) unbonded components were free to slide along the beam length, but followed the global
deformation of the beam. The analyses were conducted using four steps:

e Step 1 — Girder self-weight was defined
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e Step 2 — Deck was added

e Step 3 — Post-tensioning was applied (introduced as a thermal change to the “real
tendon”)

e Step 4 — Displacement was applied

The developed finite element models were validated using test data from experiments also
conducted by Brenkus (2016). In general, it was found that the finite element models were in good
agreement with the test data with regard to ultimate moment strength, rate of tendon stress increase,
and tendon stress at ultimate. However, girder displacements were under-predicted by the finite
element models.

Ayoub and Filippou (2010) developed a nonlinear model for pretensioned prestressed
concrete girders implementing a mixed formulation where both forces and deformations were
approximated within the element. The model consisted of three components: (1) a beam-column
element, (2) a truss element, and (3) a bond element. The first two components were intended to
describe the behavior of the concrete and prestressing tendons, respectively. The last component
described the transfer of stresses between the prestressing tendons and concrete. Although the
authors used experimental data to demonstrate the accuracy and efficiency of their model, Yapar
et al. (2015) states that this study includes assumptions that may have questionable validity. For
instance, the 1-D representation of the tendons ignores the Hoyer effect and the model does not
adequately account for cracking and tension stiffening effects. Yapar et al. (2015) argued that
results from prior finite element analyses were not reliable in the critical regions. For better
prediction of the state of stress and the nature of damage in the critical regions of pretensioned
concrete beams, Yapar et al. (2015) focused on determining the state of stress in the end-zone of
beams.

Separately, Arab et al. (2011) and Okumus et al. (2012) used the Concrete Damaged
Plasticity (CDP) in the commercial software Abaqus to model the interaction between the
prestressing strands and concrete. While Arab et al. (2011) assumed strain compatibility at the
steel and concrete interface (which does not allow for slippage due to bond failure), Okumus et al.
(2012) ignored the presence of prestressing strands and applied the prestressing force directly to
the concrete. According to Yapar et al. 2015, however, both made “unreasonable” assumptions
that resulted in models failing to simulate the real behavior.

Yapar et al. (2015) took advantage of symmetry and modeled half of the beam length;
strands and reinforcement were modeled using equivalent a rectangular cross section, but stirrups
were ignored. Modeling was carried out in three steps (Figure 2.21):

e Step 1 — Initial prestressing of strands before pouring of concrete

e Step 2 — Mutual transfer of forces through the interface
e Step 3 — External loads (service condition)

The behavior of concrete was represented using a Plasticity-Damage (PD) model. The main
mechanisms involved in transferring forces were identified as adhesion, friction, and mechanical
interlock action. All rebar and prestressing strands were modeled with 3-D solid elements and the
constitutive properties were represented by nonlinear elasto-plastic material models. The bond
between concrete and the prestressing strands was modeled using hard contact normal behavior
coupled with friction-governed tangential behavior, cohesive behavior, and damage behavior.
Modeling results were compared to data from experimental studies showing good agreement up to
the collapse load. In addition to this, the structures presented by Ayoub and Filippou (2010), Arab
et al. (2011), and Okumus et al. (2012) were simulated using the proposed finite element model
showing excellent agreement with the relevant experimental data.
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Parsons Brinckerhoff (2015) evaluated the stress in unbonded tendons at ultimate limit
state comparing non-linear finite element analyses to experimental data and provisions from
AASHTO-LRFD, ACI-318, proposed modifications by Harajli (2012), and the Canadian Code.
Non-linear finite element analyses were performed using Brigade Plus software, which includes
an integrated Abaqus solver and non-linear concrete damage plasticity material from Simulia. Four
of the seven beam cases considered were experimentally tested. Good agreement was found
between the analytical and empirical results while the AASHTO-LRFD and Harajli equations
seemed best suited to accurately predict tendon stress at ultimate.

(b)

‘l
I"\-i

(©)
Figure 2.21 Modeling steps: (a) unbonded strands are stretched, (b) strands are bonded to
concrete followed by releasing of strand, and (c) external load application (Yapar et al., 2015)
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CHAPTER 3
RESEARCH APPROACH

This research project focused on the flexural strength behavior of prestressed concrete
elements with a combination of bonded and unbonded reinforcement, with particular emphasis on
determining how mixed conditions influence post-tensioned system behavior. The primary
objective of this research was to develop analysis procedures that can be used to determine the
flexural design capacity of beams with mixed reinforcement. The efforts towards accomplishing
this goal were divided into two components:

1. Experimental study of flexural strength behavior, which included experimental tests on
full-scale prestressed concrete beam specimens.

2. Numerical parametric studies consisting of finite element modeling of full-scale
prestressed concrete beams with varying ratios of unbonded reinforcement.

Prior to performing the experimental study, a literature review was conducted and beam
specimens were designed based on typical characteristics of representative bridges located in
Florida. Finite element analyses simulating certain types of beams with similar characteristics
(e.g. span-to-depth ratio, unbonded reinforcement ratio, and sectional stresses) to representative
bridges were used to plan experimental tests. As explained later in Chapter 4, for practical reasons
it was not feasible to test full-scale Florida I-beams (FIBs). Instead, an AASHTO section still
available from precast producers was selected for the experimental tests.

Experimental test data were utilized to validate numerical modeling techniques. Then,
those modeling techniques were used to further analyze a series of FIBs and investigate appropriate
design processes. Proposed analysis procedures for determining the flexural design capacity of
prestressed concrete elements with mixed bonded and unbonded reinforcement were based on a
combination of experimental testing, and subsequent numerical parametric studies, conducted
using validated numerical modeling techniques and classical methods like sectional analyses.
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CHAPTER 4
DESIGN OF EXPERIMENTAL STUDY

4.1 Introduction

Experimental beam specimens were designed based on typical characteristics of
representative bridges located in Florida. Bridge projects that were reviewed included State
Road 55 (US 19/US 98) in Citrus County, the Gateway Expressway in Pinellas County, and the
Wonderwood Connector in Duval County. These bridges were evaluated in terms of span-to-depth
ratio, unbonded reinforcement ratio, and sectional stresses. Two types of beams were selected for
the experimental study: (1) precast I-shape sections intended to simulate spliced girders and (2) a
cast-in-place (CIP) specimen intended to simulate straddle bent arrangements. The experimental
test plan included both configurations: positive and negative bending moment scenarios. As shown
in Figure 4.1, simply-supported beams were considered to evaluate positive bending while
continuous beams were considered to evaluate negative bending moments over the interior
support. With the exception of straddle bents, representative bridges had typical parabolic
PT tendon profiles with low points at midspan and high points at the supports. The post-tensioned
tendons in straddle bent arrangements typically consisted of tendons with a double-harped profile.
Stresses at the bottom of the beam section and the top of the precast concrete section were
estimated for each of the representative bridges. Computed bottom-of-beam stresses were used to
guide the design of simply-supported (SS) specimens tested in this study. Similarly, computed
top-of-precast stresses were used to guide the design of negative bending (NB) specimens.

-—.—-\\‘ | E
— Jl - Simple-span beam
—_— (positive bending)

Figure 4.1 Beam configurations considered for design of experimental specimens:
(@) positive bending (Finley Engineering Group, 2008) and
(b) negative bending (Finley Engineering Group, 2015)
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Additionally, a preliminary parametric study conducted using finite element analyses
indicated that moment capacities were generally not sensitive to friction coefficients for the range
of values that would be reasonably expected in design. Therefore, for purposes of experimental
testing, the unbonded tendons in the beam specimens were not injected with flexible fillers but
were left empty during testing. Preliminary parametric study results also indicated that the flexural
behavior and capacity of prestressed concrete beams with mixed bonded and unbonded
reinforcement are sensitive to the relative amounts of each reinforcement that is present in the
system. Hence, U/T (ratio of unbonded reinforcement to total reinforcement) was established as a
principal parameter of the experimental study. All beam specimens were tested in flexure, applying
a concentrated static load.

4.2 Specimen design

This section describes the design of three types of experimental beam specimens. The first
two types are precast concrete I-shaped sections that were intended to simulate spliced girder
arrangements in positive and negative bending. These beams have parabolically draped unbonded
post-tensioned tendon(s) along with bonded pretensioned strands. In addition, a custom
cast-in-place specimen with a double-harped unbonded post-tensioned tendon and mild steel
bonded reinforcement was used to simulate a straddle bent arrangement under positive bending.
The principal parameter of the experimental study was the ratio of unbonded reinforcement to total
reinforcement (U/T). For purposes of experimental testing, the unbonded tendons in the specimens
were not injected with flexible fillers nor grout.

Specimen cross-section

Concrete I-girder bridges in Florida typically consist of Florida I-beams, Florida Bulb Tees,
or AASHTO beam sections. However, the Florida I-beams and the AASHTO Type Il beam are
the FDOT standard prestressed concrete I-shaped beams and will be used in the design of all new
bridges and bridge widenings in Florida (SDG, 2021).

Span-to-depth ratios from representative bridges were used to determine the length of beam
specimens according to the height of the section. For instance, for a span-to depth ratio of 25, an
FIB-72 will have a span length of 150 ft whereas an FIB-36 or AASHTO Type Il will have a span
length of 75 ft. Due to limitations of space in the FDOT Structures Research Center, the design
span length was restricted to 95 ft. In addition to that, the capacity of the load actuator used for
experimental tests and the amount of pretensioned strands and post-tensioned tendons that could
be fitted in the cross-section played an important role when choosing the specimen cross-section.

Initially, different FIB sections were considered for the design of the experimental
specimens (e.g. FIB-36, FIB-45, and FIB-54). It was determined to use a beam section with a
height no greater than 45in. so that span-to-depth ratios would be relevant to those from
representative bridges while not exceeding a length of 95 ft. The use of AASHTO Type Il sections
would allow the fabrication of more beam specimens due to fabrication costs. AASHTO Type Il
sections satisfy the design characteristics from the representative bridges and finite element
analyses demonstrated that these type of beams result in similar flexural behavior to FIBs.

The chosen precast cross-section, shown in Figure 4.2a, was a modified AASHTO shape
using the side forms of an AASHTO Type Il with the bottom form of an AASHTO Type Ill. The
typical AASHTO Type 1l section had to be modified in order to fit HDPE ducts for internal
post-tensioned tendons. When using multi-strand tendons, the cross-sectional area of the duct shall
be at least 2.5 times the area of the post-tensioning steel, but maximum dimensions shall not exceed
the limits specified by SDG (2021). In order to accommodate a maximum of 12 PT strands (0.6-in.
diameter) per tendon, 3-in. diameter HDPE DR-17 ducts (outer diameter = 3.5 in.) were used. The
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width of the web was widened to 10 in. to comply with the minimum concrete cover. However,
the top flange conserved the original dimensions from a typical AASHTO Type Il section, which
caused some problems later discussed in Section 7.1 during fabrication of NB specimens.

Rectangular cast-in-place end blocks (Figure 4.2b) accommodated post-tensioning
anchorage hardware and additional reinforcement. Strut-and tie calculations were performed to
check the adequacy of transverse and through-thickness mild steel reinforcement in the end blocks.

All precast beam specimens were topped with an 8-in. thick concrete slab to simulate the
bridge deck. The amount and spacing of deck steel was selected in accordance to AASHTO-LRFD
Avrticles 5.10.3 and 5.10.6 (AASHTO, 2020); details are shown in Figure 4.3.
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Figure 4.2 Modified AASHTO Type Il girder:
(a) cross-section with concrete deck; (b) cast-in-place end block
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Figure 4.3 Reinforcement steel in concrete deck

A cast-in-place specimen was chosen to represent a straddle bent arrangement. Straddle
bent arrangements from representative bridges generally consisted on rectangular sections with
38



smaller span-to-depth ratios than spliced I-girders. The experimental CIP beam section was
selected using a span-to-depth ratio of 15. The chosen section is a rectangular cross-section
(20 in. x 24 in.) as depicted in Figure 4.4 and accommodates one post-tensioned tendon within a
3-in. diameter HDPE DR-17 duct.

[ 1!_8" -—

2'_0"

!
Figure 4.4 Cross-sectional view of cast-in-place specimen

PT tendon profile

PT tendon profiles commonly used in FDOT bridge structures were considered for the
fabrication of experimental beam specimens. Typical internal post-tensioned tendon profiles from
FDOT standard detail sheets (FDOT Index 21801) were selected according to the specimen type
and arrangement (Figure 4.5).
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Figure 4.5 Typical FDOT profiles for tendons with flexible (‘F’) filler (FDOT Index 21801;
FDOT 2016) selected for experimental beam specimens: (a) Profile F1, (b) Profile F5, and
(c) Profile F11
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For positive bending (simply-supported) specimens, two different tendon profiles were
used. First, PT tendon profile F5 (FDOT Index 21801) was selected for the precast
simply-supported specimens (Figure 4.6). Profile F5 is a parabolically draped profile for tendons
with flexible fillers. This tendon profile has a low point at midspan, where a concentrated load was
applied during experimental testing. In addition, as shown in Figure 4.7, PT tendon profile F11
was selected for the straddle bent cast-in-place specimen. Although the CIP specimen was also
subjected to a concentrated load at midspan, a double-harped tendon profile was used conforming
to existing CIP straddle bents evaluated for the design of experimental beam specimens.

Figure 4.6 Parabolically draped tendon profile (F5) for precast simply-supported specimens
(not to scale)

Figure 4.7 Double-harped tendon profile (F11) for cast-in-place simply-supported specimen
(not to scale)

Post-tensioned tendons in negative bending specimens followed the parabolically draped
profile F1 depicted in Figure 4.8a. Negative bending specimens were designed to represent the
portion corresponding to the negative moment region (enclosed in orange). The inflection points
of the PT tendon were located near the ends of the beam (Figure 4.8b) such that the bending
moments at the supports were nearly zero.

- -
— —— ~— g

(b)

Figure 4.8 Parabolically draped tendon: (a) typical tendon profile F1; (b) profile corresponding to
negative bending region (not to scale)

Specified material properties

The specified material properties corresponding to concrete, pretensioned strands,
post-tensioned strands and ducts, and mild steel reinforcement are listed in Table 4.1.
Experimental test matrix is further discussed in Section 4.3.

The design of precast or prestressed elements that are part of the superstructure generally
requires the use of Class IV, V, or VI concrete (SDG, 2021). The minimum 28-day compressive
strength required for Class IV, V, and VI are 5.5, 6.5, and 8.5 ksi respectively. However, the
compressive strength for cast-in-place components range from 5 to 6.5 ksi. It was determined to
use a specified concrete strength of 8.5 ksi for all precast beam specimens and deck while a 6.5 ksi
strength was specified for the CIP specimen and most of the end blocks for precast beams. End

40



blocks for beam specimens NB-2 and NB-3 (see Table 4.2) were specified a strength of 8.5 ksi
due to higher stresses from the post-tensioned tendons.

Prestressing steel (bonded and unbonded) consisted of ASTM A416, Grade 270,
low-relaxation, seven-wire prestressing strands as specified in the SDG (2021). Ducts used for
post-tensioned tendons can be made of either plastic or steel. However, the use of plastic ducts is
recommended over steel for durability purposes. Post-tensioned systems injected with grout shall
use corrugated polypropylene plastic material, but those injected with flexible fillers shall use
smooth wall polyethylene ducts (SDG, 2021). Fabrication of experimental beam specimens will
include the use of HDPE DR-17 ducts.

Table 4.1 Material properties

Material/Element Properties
Precast beams Concrete strength at transfer, f°¢ = 6 ksi
Concrete strength at 28 days, f°c = 8.5 ksi
Concrete deck Concrete strength at 28 days, f°c = 8.5 ksi
End blocks e  Specimens SS-1, SS-2, SS-3, SS-4, and NB-1:

Concrete strength at 28 days, f°c = 6.5 ksi
e  Specimens NB-2 and NB-3:

Concrete strength at 28 days, f’c = 8.5 ksi
Cast-in-place specimen Concrete strength at 28 days, /°c = 6.5 ksi
Pretensioned strands e 0.6-in. diameter, seven wire lo-lax strands

Area (per strand) = 0.217 in?

Modulus of elasticity = 28,500 ksi

Ultimate strength, fou = 270 ksi
e (0.375-in. diameter, seven wire lo-lax strands

Area (per strand) = 0.085 in?

Modulus of elasticity = 28,500 ksi

Ultimate strength, fou = 270 ksi
Post-tensioned strands 0.6-in. diameter, seven wire lo-lax strands
Area (per strand) = 0.217 in?

Modulus of elasticity = 28,500 ksi
Ultimate strength, fou = 270 ksi
Post-tensioned duct HDPE 3-in. DR-17

Mild steel reinforcement Diameter: varies

Modulus of elasticity = 29,000 ksi
Yield stress, f, = 60 ksi

4.3 Test matrix

The parameters shown in the test matrix in Table 4.2 were developed to explore varying
span-to-depth (L/D) ratios and U/T ratios, which were found to have significant effect on flexural
behavior in the analytical study. The ratios of unbonded reinforcement were evaluated in terms of
reinforcement area (Ua/Ta) and axial force (Ur/Tr). The ratio Ua/Ta was calculated as the area of
post-tensioning reinforcement divided by the total area of longitudinal reinforcement (i.e.,
pretensioned strands, post-tensioned tendons, and mild steel reinforcement). Conversely, the ratio
Ur/Tr was calculated using forces that corresponded to the ‘ultimate strength’ of each material.
An ultimate prestressing stress (fpu) of 270 ksi was used for both pretensioned and post-tensioned
strands (without consideration of prestress losses). A stress equal to 60 ksi (fy), which is the value
used in nominal moment calculations, was used to calculate the forces in the mild steel
reinforcement. Note that the ratio of unbonded reinforcement only includes reinforcement in the
tension side of the beam. The unbonded reinforcement ratios presented in Table 4.2 correspond to
Ur/TF.

The test matrix included simply-supported (SS) and negative bending (NB) specimens. For
each SS specimen, the span length refers to the distance between supports. The span length
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reported for each NB specimen is the distance between the supports of the ideal spliced continuous
girder. Since only the negative region is being considered, the distance between the actual supports
of each NB specimen is the distance between the inflection points of the PT tendon. Different
span-to-depth ratios were selected to represent typical ratios found in spliced girders and/or
straddle bents of actual bridges constructed in Florida. Representative span-to-depth ratios varied
from 12 to 35. A CIP straddle bent specimen was included in the test matrix to address elements
with lower span-to-depth ratios. As shown in Figure 4.9, the proposed CIP test specimen can be
considered to represent both a straddle bent cap at L/D = 15 and a cantilever hammer head pier
cap at L/D =7.5. The ratios of unbonded reinforcement to total reinforcement were selected to
replicate the ratios in existing bridge girders and straddle bents given the associated areas of mild
steel, pretensioning strands, and post-tensioning tendons.

Table 4.2 Test matrix

Span No. No. PT

cross - Length Specimen |\ /5 |y | preT PT tendon
Section Bending

Specimen

(ft) Length (ft) Strands | Strands | profile
Modified

SS-1 AASHTO Positive 75 76 25 0.4 10 6 F5
Type Il

Modified
SS-2 AASHTO Positive 75 76 25 0.6 8 10 F5
Type Il

Modified
SS-3 AASHTO Positive 45 46 15 0.4 6 4 F5
Type Il

Modified
SS-4 AASHTO Positive 45 46 15 0.6 4 6 F5
Type Il

CIP ..
SS-5 20 x 24” Positive 30 31 15 0.9 -- 12 F11

Modified
NB-1 AASHTO Negative 60 33 20 0.5 12 12 Fi
Type Il

Modified
NB-2 AASHTO Negative 60 33 20 0.6 10 18 F1
Type Il

Modified
NB-3 AASHTO Negative 60 33 20 0.7 6 22 F1
Type Il

L,/D=L,/2D=15/2=175

 L-L2

Flexural moment

Flexural moment

(@) (b)

Figure 4.9 Cast-in-place beams showing span-to-depth ratios and moment diagrams:
(a) straddle bent cap and (b) cantilever pier cap
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CHAPTER 5
EXPERIMENTAL STUDY ON SIMPLY-SUPPORTED PRECAST BEAMS

5.1 Specimen construction

Two 70-ft long beams and two 40-ft long beams were constructed as simply-supported
specimens. These beam specimens consisted of modified AASHTO Type Il sections and an 8-in.
concrete deck (Figure 4.2a). As discussed in Section 4.2, the side forms of an AASHTO Type Il
girder were used, but AASHTO Type Il bottom liners were installed on the bed. Specimen
orientation on the prestressing bed is shown in Figure 5.1. The modified AASHTO shape was cast
first and the deck was cast next (before strand detensioning) in the same prestressing bed; Table 5.1
presents the fabrication timeline.

Dead Live
end end
East SS-1 M SS-2 H’ SS-3 = SS-4 ‘— West

[

Figure 5.1 Specimen orientation on prestressing bed: SS precast beams (not to scale)

Table 5.1 Specimen fabrication timeline: SS precast beams

. . Concrete Placement .
Specimen | Strands tensioned Mod. AASHTO section | Concrete deck Detensioned
SS-1 Jan. 21, 2020 Jan. 23, 2020 Jan. 27, 2020 | Jan. 30, 2020
SS-2 Jan. 21, 2020 Jan. 23, 2020 Jan. 28, 2020 | Jan. 30, 2020
SS-3 Jan. 21, 2020 Jan. 23, 2020 Jan. 27, 2020 | Jan. 30, 2020
SS-4 Jan. 21, 2020 Jan. 23, 2020 Jan. 28, 2020 | Jan. 30, 2020

As depicted in Figure 5.2, custom plywood bulkheads were used to accommodate the
pretensioned strands and post-tensioning ducts while also allowing an increase of the web width
to 10 in. The bulkheads also included shear keys for the future construction of end blocks for PT
anchorage systems. Strands were individually inserted from the dead end through the bulkheads
and the live end. Some of the strands were debonded as specified on fabrication drawings
(Appendix A) and shown in Figure 5.3. PVC sheathing was used to debond the prestressing
strands, leaving 1 ft of strand to be bonded at midspan. The sheathing was secured at the desired
location using duct tape after the prestressing strands were tensioned.

Pre-fabricated concrete pieces (Figure 5.4a) were used in SS specimens to prevent sag of
the bottom prestressing strands while providing appropriate separation between strand layers. As
shown in Figure 5.4Db, these concrete pieces were placed on the liner as well as between strands at
one and two thirds of the precast beam length. Note that the concrete type used for the concrete
pieces is the same (Class VI) as specified for the beam specimens.

Prestressing strands were tensioned using a monostrand hydraulic jack (Figure 5.5). For
SS specimens, the bottom prestressing consisted of 0.6-in. diameter strands tensioned to a target
force of 45.25 kip, within a tolerance of £ 2.5%. Additionally, two 3/8-in. diameter strands were
placed on the top of the section to tie the transverse mild steel reinforcement and were pretensioned
to a target force of 10 kip. Prestressing strands for SS specimens were tensioned following the
pattern presented in Figure 5.6.
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Figure 5.2 Custom plywood bulkheads for SS precast beams

(b)

Figure 5.3 Strand debonding at (a) the end of the beam and (b) midspan using PVVC sheathing
(note: 1-ft length remained bonded)

Figure 5.4 Pre-fabricated concrete pieces used to provide separation for prestressing strands
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12 11
710 98
316 514

Figure 5.6 Prestressing strand jacking sequence for SS precast beams

Following the tensioning of prestressing strands, 3-in. diameter, DR 17 smooth HDPE
ducts were installed for future post-tensioning of the beam specimens. As shown in Figure 5.7a,
HDPE ducts were inserted in the bulkhead cutouts at specific elevations corresponding to the PT
tendon profile. The ducts were secured in place using tie wires (Figure 5.7b).

Pre-bent mild steel bars were used to assemble rebar cages for the beams as depicted in
Figure 5.8 and specified in fabrication drawings (Appendix A). Figure 5.9 shows the rebar cages
and HDPE ducts in place for the 70-ft and 40-ft long SS precast specimens. Figure 5.10 depicts
lifting loops (consisting of four “%-in. diameter strands) installed at the end of each beam for
transportation.
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Figure 5.7 Duct installation: (a) insertion of ducts in bulkhead cutouts,
(b) adjustment of duct profile

Figure 5.8 Rebar cage for SS specimen
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(b)

Figure 5.9 Rebar cage and HDPE duct installation for (a) 70 ft and (b) 40 ft
(before the ducts were tied for final configuration of tendon profile)

Figure 5.10 Lifting loops for transportation
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AASHTO Type Il forms were placed on the bed around the rebar cages using a mobile
gantry crane. Since the precast beam specimens consisted of modified AASHTO Type Il beams,
custom cut pieces of Styrofoam were glued to the surface of the side forms to create the desired
cross-section (Figure 5.11). The side forms of AASHTO Type Il beams were used along with
AASHTO Type I liners, which produced a 22-in. bottom flange, 10-in. web, and 16-in. top
flange. However, the top flange was specified to have the typical width of an AASHTO Type Il
girder. The side forms were adjusted to produce a 14-in. top flange.

Figure 5.11 Styrofoam glued to side form for top flange: (a) exterior, (b) interior, and (c) front
view of AASHTO Type Il side forms
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Concrete was placed in separate stages for the modified AASHTO Type Il shape and
concrete deck. Class VI (8500 psi) concrete mixes were prepared at a batch plant on-site for all
beam specimens. Concrete cylinders were taken from each batch to conduct strength tests
(performed by plant quality control team) for detensioning and experimental testing.

Once the Styrofoam was installed on the side forms, the modified AASHTO shape was
cast as depicted in Figure 5.12a and the top surface was given a trowel finish (Figure 5.12b). After
each concrete placement, the girders were covered with a tarp. A day after, the AASHTO Type Il
forms were removed and reusable plywood formwork was installed on the girders for the
placement of the concrete deck. After placing concrete for the modified AASHTO shape,
longitudinal and transverse mild steel reinforcement was installed for construction of the concrete
deck (Figure 5.13). Figure 5.14 depicts concrete placement of the deck. As shown in Figure 5.14c,
the deck was given a smooth finished surface.

@ (b)
Figure 5.12 (a) Concrete placing and (b) roughened top surface

|

Figure 5.13 Mild steel reinforcement for concrete deck
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Figure 5.14 Concrete deck: (a) concrete placement, (b) vibration, and (c) finished surface

The concrete strength for release was specified as 6000 psi for all beam specimens,
including both the modified AASHTO shape and the concrete deck. Field cured concrete cylinders
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were tested by the quality control team from the precast plant a day after concrete placement and
before detensioning. The concrete strengths from these tests are summarized in Table 5.2.

Table 5.2 Concrete strengths prior detensioning of pretensioned strands: SS precast beams

Concrete Placement Date cast Date tested Concrete strength (psi)
Jan. 24, 2020 4,720
#1: Mod. Type Il section (SS) Jan. 23,2020 | Jan. 27, 2020 8,650
Jan. 27, 2020 8,540
Jan. 28, 2020 4,400
#2: Deck (SS-1 & SS-3) Jan. 27,2020 | Jan. 29, 2020 6,370
Jan. 29, 2020 6,440
Jan. 29, 2020 3,830
#3: Deck (SS-2 & SS-4) Jan. 28, 2020 | Jan. 30, 2020 6,130
Jan. 30, 2020 6,180

The pretensioned strands were cut following the sequence shown in Figure 5.15 using
acetylene torches at the locations depicted in Figure 5.16. Figure 5.17a depicts the strands being
cut at one of the ends of the prestressing bed while Figure 5.17b shows the detensioning between
specimens.

2[1]
12 11
8110 9(7
1416 513

Figure 5.15 Detensioning pattern for SS specimens

Eastl‘ SS-1 X SS-2 *‘ SS-3 x SS-4 m West

[ ]

X
X

Figure 5.16 Detensioning locations for SS specimens (identified with ‘X’ marks)
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(a) (b)

Figure 5.17 Detensioning of SS specimens at (a) east end of prestressing bed and
(b) between specimens SS-2 and SS-3

Following detensioning, all beams were inspected before moving them from the
prestressing bed and no cracks were found. However, later, when conducting additional visual
inspections of the beams in the storage location, cracks were found in specimens SS-1 and SS-2.
Vertical cracks were found on specimen SS-2 at a distance of 20 ft (approximately 30% of the
beam length) from the west end on both sides of the beam (Figures 5.18 and 5.19). On both sides,
the cracks extended from the interface between the deck and the top flange approximately 21 in.
down to the beam web as shown in Figure 5.19 (cracks indicated with black marker). Although
these cracks were not noted during the initial inspection, they could be attributed to shrinkage of
the concrete in the AASHTO section (first concrete pour) and the concrete deck (second pour)
preventing the cracks from closing. Crack widths measured on both sides of the beam did not
exceed 0.25 mm (0.01 in.).

Figure 5.18 Formation of crack on specimen SS-2 at a distance of 20 ft from west end
(north side)
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Figure 5.19 Formation of cracks on specimen SS-2 at a distance of 20 ft from west end
(@) south and (b) north sides

The precast beams were transported to the FDOT Structures Research Center, where
concrete end blocks were fabricated. Custom plywood formwork (Figure 5.20) was used. Since
most of the end blocks had the same dimensions, some formwork was reused. Pre-bent mild steel
bars as shown in Figure 5.21a were used to assemble rebar cages conforming to the fabrication
drawings included in Appendix A. Figures 5.21b and 5.21c show rebar cages for beam specimens
SS-1and SS-3. As listed in Table 4.1, the specified concrete strength for end blocks for the precast
SS specimens was 6500 psi. Figure 5.22 shows end blocks during concrete placement and after
formwork was removed. Concrete cylinders were collected from each concrete batch and tested at
28 days. Beams were post-tensioned after the end blocks reached the specified compressive
concrete strength. Post-tensioned strands were prestressed to a target of 0.75f,, using a

Figure 5.20 Installation of formwork for fabrication of end blocks for precast SS specimens
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@ ()
Figure 5.21 Assembly of rebar cage for end blocks: (a) pre-bent mild steel bars; (b) perspective
view of rebar cage; (c) rebar cage and formwork for SS-3

@ | (b)
Figure 5.22 Fabrication of end blocks: (a) concrete placement; (b) end blocks (SS-3 and SS-4)
after removal of formwork

Figure 5.23 Post-tensioning of precast SS specimen
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5.2 Test setup

Simply-supported precast beam specimens were tested in three-point bending as depicted
in Figures 5.24 and 5.25. The beams were supported by a pair of steel 1-beams (W14x370) and
steel-reinforced neoprene bearing pads (24 in. x 10 in. x 2% in.). A concentrated load was applied
at midspan using an Enerpac RR-40018 actuator (Figure 5.26). For detailed dimensions see
Appendix B.

Load

v
Actuato
ik Steel plate - 20" x 10 x 27
AéBearing pad -20”x 10" x 27

T Bearing pad - 24” x 10" x 2 1/4*’7i
»
>

Steel I-beam - W14x370

75°-0"
(not to scale)

Elevation View End View

Figure 5.24 Flexural test setup: Beam specimens SS-1 and SS-2

Load

v
Actuator
T Steel plate - 20” x 10” x 2”
éBearing pad - 20" x 10" x 2”

Bearing pad - 24” x 10” x 2 I/4”ﬂ
Steel I-beam - W14x370
»
>

¥ H

450"
(not to scale)

Elevation View End View

Figure 5.25 Flexural test setup: Beam specimens SS-3 and SS-4

Figure 5.26 Enerpac RR-40018 actuator
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5.3 Instrumentation

Instrumentation on simply-supported precast beam specimens included displacement
gages, strain gages, and load cells. Data were gathered from the instrumentation during two key
phases: stressing of post-tensioned tendons, and load-testing.

Load cells

The axial force in the post-tensioned tendons was directly measured using 850-kip Geokon
hollow-core load cells. As shown in Figure 5.27, the load cells were located at the dead end of the
beams with the PT tendon(s) passing through them.

Figure 5.27 Geokon hollow-core load cell installed at dead end of beam specimen SS-3

Displacement transducers

Vertical displacements were monitored through the use of laser displacement transducers
(LTS-300-200). Parametric studies conducted using numerical simulation indicated that the length
of the plastic hinge region in beams subjected to concentrated loads at midspan was limited to less
than 30% of the overall length of the beam. Therefore, laser displacement transducers were
distributed along the middle 40% of the length of the specimens. Additional laser displacement
transducers were also positioned near the span ends. Figure 5.28a shows the general distribution
of laser displacement transducers along the length of SS precast beam specimens (see Appendix B
for specific locations).
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Figure 5.28 Laser displacement transducers — SS precast specimens: (a) location of laser
displacement transducers, (b) typical transducers installed on a SS precast beam specimen along
the length of the beam and (c) at the load point, and (d) close-up showing a laser displacement
transducer and the surface to which the laser was projected

Strain gages

Vibrating wire (VW) strain gages (Geokon Model 4200) were installed during fabrication
of specimens at the precast plant. These gages were installed to determine prestress losses and,
therefore, effective prestress forces in the pretensioned strands. As shown in Figure 5.29a,
VW gages were positioned by attaching them to the prestressing strands using plastic zip ties. Two
VW gages were installed at midspan in the bottom layer of prestressing strands (Figure 5.29Db).
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(b)
Figure 5.29 Vibrating wire gages installed in SS precast specimens: (a) close-up view of gages
attached to pretensioned strands and (b) view of gages and cables prior to concrete placement

Concrete strains were measured using two different approaches. The first technique
consisted of the use of 60-mm foil-type strain gages (Kyowa Model KC-60-120-A1-11) attached
to the concrete surface. As depicted in Figure 5.30, foil-type strain gages were located along the
middle 30% of the beam on both top and bottom of the specimen. Additional foil-type strain gages
were placed on one side of the web to monitor concrete strain at different elevations near the center
of the beam. Detailed location information for foil strain gages is presented in Appendix B.
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XL Elevation View I
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Figure 5.30 Location of 60-mm foil strain gages: SS precast specimens

e

Figure 5.31 Typical 60-mm foil strain gages installed on SS precast specimens

In addition to foil strain gages, fiber optic sensors (FOS) were also installed to allow the
monitoring of distributed concrete surface strains. Placing FOS at different elevations on the beam
specimen allowed for the calculation of beam curvature and deflection at the point in time that the
measured data indicated crack formation. For SS specimens, individual FOS were placed on one
side (lateral face) of the concrete deck to capture compressive strains while tensile strains were
monitored on the bottom of the specimen. Since the formation and propagation of cracks were
expected to occur in the bottom center of the beam, two FOS were bonded to the bottom concrete
surface to prevent or minimize data loss in case there was breakage of the FOS. Additional FOS
were placed on the web to monitor distributed concrete strains at different elevations. Figure 5.32
show the general location of FOS on SS precast beams; see Appendix B for specific locations and
dimensions.
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Bottom View

Figure 5.32 Location of fiber optic sensors: SS precast specimens

Figure 5.33 Typical fiber optic sensors installed on SS precast specimens

5.4 Test procedure

Following completion of construction and installation of instrumentation, the beam
specimens were moved into the loading frame for testing. Specimens were tested incrementally by
applying load at a rate of 0.25 kip/sec at midspan. Loading was paused (held constant) periodically
at specified load levels to inspect the beam, mark cracks, and take readings from VW strain gages.
Once load exceeded levels that were deemed safe for marking cracks, loading was continued until
the test was terminated. Tests were terminated when either compressive failure occurred,
compressive concrete strains were larger than 0.003, a maximum predicted load was exceeded, or
bonded pretensioned strands rupture.

5.5 Experimental test results

This section presents a summary of the results obtained from experimental tests conducted
on precast simply-supported beams with different amounts of unbonded and bonded prestressed
reinforcement. Detailed test results, including photographs, sketches of crack patterns, and plots
of selected data from instrumentation, are provided in Appendix C.

A summary of the nominal load capacity (Pn, load at which concrete strain ec = 0.003) and
maximum load (Pmax) is presented in Table5.3. Figure 5.34 shows a comparison of
load-displacement plots for all four precast simply-supported beam specimens. Beam specimens
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with greater span-to-depth ratios exhibited more flexibility than those with lower span-to-depth
ratios. Beam specimens with the same total amount of reinforcement (SS-3 and SS-4)
demonstrated that higher unbonded ratios (U/T) result in a reduction in capacity. On all beam
specimens, cracks were initially observed at midspan on the bottom flange and eventually
propagated for approximately 20% to 30% of the beam length. The stress in the PT tendons
remained constant until pretensioned strands started yielding. The PT stresses did not exceed
0.8 fpu On any of the experimental specimens. Contrary to the PT tendons, pretensioned strands
exhibited a significant increase in stress as load was applied and exceeded 0.9 fpu. Beam specimen
SS-4 presented rupture of all four bonded pretensioned strands (Figure C.40).

Table 5.3 Flexural capacity of precast simply-supported beams

. Applied load (ki Max. load Rupture of

Beam specimen | U/T | L/D pgt &= 0.00(3 P (Pmax, Kip) Pre'FIJ' strand
SS-1 04 | 25 119.6 122.0 No
SS-2 06 | 25 128.6 131.4 No
SS-3 04 | 15 132.7 135.8 No
SS-4 06 | 15 124.0 126.8 Yes
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Figure 5.34 Load-displacement plots: (a) SS-1, (b) SS-2, (c) SS-3, and (d) SS-4
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CHAPTER 6
EXPERIMENTAL STUDY ON SIMPLY-SUPPORTED CAST-IN-PLACE BEAM

6.1 Specimen construction

A 31-ft long cast-in-place beam was constructed as a simply-supported specimen.
CIP beam specimen SS-5 was fabricated at the FDOT Structures Research Center in Tallahassee,
FL. This beam specimen consisted of a rectangular concrete section (Figure 4.4). Custom plywood
formwork was used for the fabrication of this beam specimen as shown in Figure 6.1. Pre-bent
mild steel bars were used to assemble rebar cages for the beams as depicted in Figure 6.2a and
specified in fabrication drawings (Appendix A). As shown in Figure 6.2b, 3-in. diameter, DR 17
smooth HDPE duct was installed for future post-tensioning of the beam specimen. The HDPE duct
was secured in place at specific elevations corresponding to the PT tendon profile.

= PSS,

Figure 6.2 Rebar cage and HDPE duct installation for CIP beam specimen SS-5
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Contrary to SS precast beam specimens, the CIP beam specimen SS-5 was fabricated in a
single concrete pour and did not include a concrete deck. Concrete cylinders were taken from each
batch to conduct strength tests for experimental testing. Figure 6.3 depicts concrete placement for
specimen SS-5. After 28 days, prestressing strands were inserted into the HDPE duct and CIP
specimen SS-5 was post-tensioned using a multi-strand jack.

Figure 6.3 Concrete placement: CIP beam specimen SS-5

6.2 Test setup

CIP beam specimen SS-5 was subjected to a static concentrated load applied at midspan
(Figure 6.4). The beam was supported by a pair of steel I-beams (W14x370) and steel-reinforced
neoprene bearing pads (24 in. x 10 in. x 2% in.). Load was applied using an Enerpac RR-40018
actuator (Figure 5.26). For detailed dimensions see Appendix B.

Load
v
Actuator
T Steel plate - 20” x 10” x 27
éBearing pad -20”x 107 x 27

_I_ Bearing pad - 24” x 10” x 2 1/4”7T

Steel I-beam - W14x370
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30, 2 O”
(not to scale)

Elevation View End View

Figure 6.4 Flexural test setup: Beam specimen SS-5
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6.3 Instrumentation

Instrumentation on CIP beam specimen SS-5 included displacement gages, strain gages,
and load cells. Data were gathered from the instrumentation during two key phases: stressing of
post-tensioned tendons, and load-testing.

Load cells

The axial force in post-tensioned tendons was directly measured using an 850-kip Geokon
hollow-core load cell. As shown in Figure 6.5, the load cell was located at the dead end of the
beams with the PT tendon passing through it.

Figure 6.5 Geokon hollow-core load cell installed at dead end of beam specimen SS-5

Displacement transducers

Vertical displacements were monitored through the use of laser displacement transducers
(LTS-300-200) distributed along the middle 40% of the length of the specimen, and which were
located near the span ends. Figure 6.6a shows the distribution of laser displacement transducers
along the length of CIP beam specimen SS-5 (see Appendix B for specific locations).

65



D1 D5 D6 D7 D8 8431 D9 D10DI11 D12 D2

Figure 6.6 Laser displacement transducers — CIP beam specimen SS-5: (a) location of laser
displacement transducers, (b) transducers installed along the length of the beam and (c) close-up
showing a laser displacement transducer and the surface to which the laser was projected

Strain gages

Concrete strains were measured using 60-mm foil-type strain gages and fiber optic sensors
attached to the concrete surface. As depicted in Figure 6.7, 60-mm foil-type strain gages (Kyowa
Model KC-60-120-A1-11) were located along the middle 30% of the beam on both top and bottom
of the specimen. Additional foil-type strain gages were placed on one side of the web to monitor
concrete strain at different elevations near the center of the beam. Specific details about the
location of foil strain gages are presented in Appendix B.

Top View

Elevation View

111
i
':
I —

Bottom View

Figure 6.7 Location of 60-mm foil strain gages: CIP beam specimen SS-5
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Figure 6.8 60-mm foil strain gages installed on CIP beam specimen SS-5

Along with foil strain gages, fiber optic sensors (FOS) were installed to allow the
monitoring of distributed concrete surface strains. FOS were placed on the bottom and on one side
of the beam web to monitor tensile and compressive concrete strain. Figure 6.9 shows the location
of FOS on specimen SS-5; see Appendix B for specific locations and dimensions.

Start  End
o ———=a

Elevation View

o—=a
——@

Bottom View

Figure 6.9 Location of fiber optic sensors: CIP beam specimen SS-5

|

Figure 6.10 Fiber optic sensors installed on CIP beam specimen SS-5

To provide an additional means of estimating the plastic hinge length for the CIP beam,
5-mm foil-type strain gages (Kyowa Model KFGS-5-120-C1-11) were attached to mild steel
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longitudinal reinforcing bars. The steel strains were monitored in the bottom longitudinal bars of
specimen SS-5 at different locations along the length of the beam as shown in
Figures 6.11 and 6.14. Fiber optic sensors were also installed in some of the longitudinal bars on
the bottom of the beam as shown in Figure 6.12. The longitudinal rib of the bar was sanded with
an 80 grit sanding disc on an angle grinder and cleaned with alcohol thoroughly. Then, the fiber
was glued to the bar (Figures 6.13 b and 6.14 b) with M-bond 200 adhesive and catalyst.

)E ______________ e E\

Elevation View

Bottom View
Figure 6.11 Location of 5-mm foil strain gages: CIP beam specimen SS-5
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Figure 6.12 Location of fiber optic sensors on longitudinal rebar: CIP beam specimen SS-5
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Figure 6.13 Location of instrumentation on the longitudinal rib of rebar: (a) 5-mm foil strain
gage and (b) FOS
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(0
Figure 6.14 Instrumentation on mild steel bars: CIP beam specimen SS-5
(@) 5-mm foil strain gages and (b) FOS

6.4 Test procedure

Following completion of construction and installation of instrumentation, beam specimen
SS-5 was moved into the loading frame for testing. The beam was tested incrementally by applying
load at a rate of 0.25 kip/sec at midspan. Loading was paused (held constant) periodically at
specified load levels to inspect the beam and mark cracks. Once the load exceeded levels that were
deemed safe for marking cracks, loading was continued until the test was terminated. The test was
terminated after compressive failure occurred.

6.5 Experimental test results

This section presents a summary of results obtained from the experimental test conducted
on beam specimen SS-5. Detailed test results, including photographs, sketches of crack patterns,
and plots of selected data from instrumentation, are provided in Appendix D.

The CIP beam specimen indicated a nominal load capacity (Pn, load at which concrete
strain ¢ = 0.003) of 126.6 kip and maximum load (Pmax) of 135.0 kip. Figure 6.15 shows the
experimental load-displacement curve. Rebar strain data indicated bar yielding at an applied load
of approximately 85 kip (Figure D.8), but stresses in the PT tendon remained below 0.8 fpu
(Figure D.7) for the entire duration of the test.

Cracks were initially observed at midspan near the bottom of the beam and eventually
propagated for approximately 35% of the beam length. Specimen SS-5 exhibited compressive
failure with crushing of the concrete on top of the beam at midspan.
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Figure 6.15 Load-displacement plot: SS-5
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CHAPTER 7
EXPERIMENTAL STUDY ON NEGATIVE BENDING PRECAST BEAMS

7.1 Specimen construction

Three 27-ft-long beams were constructed as negative bending specimens. These beam
specimens consisted of modified AASHTO Type Il sections and an 8-in.-thick concrete deck
(Figure 4.2a). Similar to SS precast specimens, the side forms of an AASHTO Type Il girder and
AASHTO Type Il bottom liners were used. Specimen orientation on the prestressing bed is shown
in Figure 7.1. The modified AASHTO shape was cast first and the deck was cast afterwards in the
same prestressing bed; Table 7.1 presents the fabrication timeline.

Dead Live
end ) ~end
East NB-1 H NB-2 +H NB-3 —F West

Figure 7.1 Specimen orientation on prestressing bed: NB precast beams (not to scale)

Table 7.1 Specimen fabrication timeline: NB precast beams

. : Concrete Placement :
Specimen | Strands tensioned Mod. AASHTO section | Concrete deck Detensioned
NB-1 Jan. 31, 2020 Feb. 4, 2020 Feb. 5,2020 | Feb. 6, 2020
NB-2 Jan. 31, 2020 Feb. 4, 2020 Feb. 5,2020 | Feb. 6, 2020
NB-3 Jan. 31, 2020 Feb. 4, 2020 Feb. 5, 2020 | Feb. 6, 2020

Custom plywood bulkheads (Figure 7.2) were used to accommodate the pretensioned
strands and post-tensioning ducts while also allowing an increase of the web width to 10 in. Strands
were individually inserted from the dead end through the bulkheads and the live end. Some of the
strands were debonded as specified on fabrication drawings (Appendix A) using PVC sheathing,
but 1 ft of strand was left to be bonded at the center of the beams.

Prestressing strands were tensioned using a monostrand hydraulic jack (Figure 5.5). Note
that an atypical strand layout was used for NB specimens. Therefore, it was necessary to add
deflectors at the ends of the prestressing bed. Custom-made steel sawhorses were placed before
the bulkheads for specimen NB-1 (Figure 7.3a) and after the bulkheads of specimen NB-3
(Figure 7.3b). In addition to the steel deflectors, plywood bulkheads (as shown in Figure 7.4) were
used to provide the proper separation between prestressing strands. The prestressing strands were
sloped from the deflectors to the dead and live ends. All prestressing strands in NB specimens
consisted of 0.6-in. diameter strands tensioned to a target force of 43.75 kip within a tolerance
of £ 2.5%, following the tensioning pattern shown in Figure 7.5.

Following the tensioning of prestressing strands, 3-in. diameter, DR 17 smooth HDPE
ducts were installed for future post-tensioning of the beam specimens. The HDPE ducts were
inserted in the bulkhead cutouts at specific elevations corresponding to the PT tendon profile and
secured in place using tie wires.

Pre-bent mild steel bars were used to assemble rebar cages for the beams as specified in
fabrication drawings (Appendix A). Figure 7.6 shows the rebar cages and HDPE ducts in place for
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the NB precast specimens. Lifting loops (consisting of four ¥2-in. diameter strands) were installed
at the end of each beam for transportation.

2 ™

Figure 7.3 Bulkheads and steel deflectors for prestressing strands: NB precast beams
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Figure 7.5 Prestressing strand jacking sequence for NB precast beams

= == ST

Figure 7.6 Rebar cage and HDPE duct installation for NB precast beams
(before the ducts were tied for final configuration of tendon profile)
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Along with AASHTO Type Il liners, AASHTO Type Il forms were placed on the bed
around the rebar cages and custom cut pieces of Styrofoam were glued to the surface of the side
forms to create the desired cross-section (Figure 5.11).

Concrete was placed in separate stages for the modified AASHTO Type Il shape and the
concrete deck. Class VI (8500 psi) concrete mixes prepared at an on-site batch plant were used for
all NB beam specimens. Concrete cylinders were taken from each batch to conduct strength tests
(performed by plant quality control team) for detensioning and experimental testing.

Similar to SS precast beams, the top surface of NB beams was given a trowel finish
(Figure 5.12b) for future cast of the concrete deck. Once the AASHTO Type Il forms were
removed, reusable plywood formwork and longitudinal and transverse mild steel reinforcement
were installed for construction of the concrete deck.

The concrete strength for release was specified as 6000 psi for all beam specimens,
including both the modified AASHTO shape and the concrete deck. Field cured concrete cylinders
were tested by the quality control team from the precast plant a day after concrete placement and
before detensioning. The concrete strengths from these tests are summarized in Table 7.2.

Table 7.2 Concrete strengths prior detensioning of pretensioned strands: NB precast beams

Concrete Placement Date cast Date tested Concrete strength (psi)
Feb. 5, 2020 5,440
#1: Mod. Type Il section (NB) | Feb. 4,2020 | Feb. 6, 2020 6,780
Feb. 6, 2020 7,020
Feb. 6, 2020 5,430
#2: Deck (NB) Feb. 5,2020 | Feb. 6, 2020 6,040
Feb. 6, 2020 6,360

The pretensioned strands were cut following the sequence shown in Figure 7.7 using
acetylene torches. Due to the unconventional strand layout, NB specimens were detensioned by
cutting the strands in two phases: (1) east and west ends of prestressing bed and (2) between
specimens NB-1 and NB-2 and between specimens NB-2 and NB-3 (as depicted in Figure 7.8).
Figure 7.9 shows the strands being cut at one of the ends of the prestressing bed and between beam
specimens.

1[3[5]6]4[2
7191112108

13 14

Figure 7.7 Detensioning pattern for NB specimens
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Figure 7.8 Detensioning locations for NB specimens (identified with ‘X’ marks)

X

Figure 7.9 Detensioning of NB specimens: (a) strand cut on west end of prestressing bed,
(b) cut strands on specimen NB-3, and (c) strand cut between specimens NB-2 and NB-3

A visual inspection was conducted following the detensioning of NB specimens.
End-region inclined cracks were found in the top flange at the ends of specimens NB-1 and NB-2
as shown in Figure 7.10. Specimen NB-3 did not present this type of cracks, but concrete spalling
occurred on the south side of the beam (Figure 7.11a) starting at approximately 12 ft from the west
end and extending for about 5 ft, which was near the midspan region. Note that although some of
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the top pretensioned strands were designed as ‘debonded’, they were still bonded for a distance of
1 ft at midspan. The concrete spalling in this region was attributed to the fact that rapid (dynamic)
elastic shortening (from detensioning) of the debonded strands was halted by just 1 ft of bonded
length. As discussed in Section 4.2, the width of the web was increased to fit HDPE ducts for
internal PT tendons, but the top flange conserved the original dimensions from a typical AASHTO
Type Il section although pretensioned strands were located in the top flange. The concrete clear
cover at the location of the top pretensioned strands was only 1% in, which contributed to the
occurrence of spalling in that area. The concrete was sounded with a hammer to determine areas
of delamination and areas producing a ‘hollow’ sound were marked with a red crayon as shown in
Figure 7.11b. Although the cracks extend for the entire height of the top flange, partial demolition
on the top flange of the beam later confirmed there were no through cracks. As shown in
Figure 7.11c, one spall coincided with the end of debonding of the pretensioned strands. Concrete
spalling was attributed to the local impact from strand release. The affected area was repaired at
the FDOT Structures Research Center using Fast Patch 2 (APL no. 930-011-003), which is an
FDOT approved product for concrete repair on predominately vertical surfaces (Figure 7.12).

The precast beams were transported to the FDOT Structures Research Center, where
concrete end blocks were fabricated. Figure 7.13 shows part of the formwork used for fabrication
of the end blocks. Rebar cages (Figure 7.14) were assembled using pre-bent mild steel bars
conforming to the fabrication drawings included in Appendix A. As listed in Table 4.1, the
specified concrete strength for end blocks NB-1 was 6500 psi while the specified concrete strength
for end blocks NB-2 and NB-3 was 8500 psi since the latter beams have two post-tensioned
tendons and required higher concrete strength per strut-and-tie calculations. Figure 7.15 shows the
end blocks during concrete placement and after formwork was removed. Concrete cylinders were
collected from each concrete batch and tested at 28 days. Beams were post-tensioned after the end
blocks reached the specified compressive concrete strength. Post-tensioned strands were
prestressed to a target of 0.75f,,, using a multi-strand jack as shown in Figure 7.16.

(b)

Figure 7.10 Formation of cracks on north side of specimen NB-1: (a) east and (b) west ends
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Figure 7.11 Close-up photos of concrete spalling on south side of specimen NB-3
starting at 12 ft 3 in. from west end: (a) marked cracks after detensioning of pretensioned strands
at precast plant; (b) 3-in. x 3-in. grid and red marks showing ‘hollow’ areas; (c) partial
demolition on top flange showing pretensioned strand at the end of debonding
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Figure 7.12 Top flange repair on beam specimen NB-3

Figure 7.13 Installation of formwork for fabrication of end blocks for NB specimens: (a) view of
side forms at one end of beam specimen NB-3, (b) completed formwork for end blocks for beam
specimens NB-2 and NB-3
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(b)

Figure 7.14 Rebar cage for end blocks — beam specimen NB-3: (a) perspective view of rebar
cage; (b) top view showing rebar cage and post-tensioning anchorage system

Figure 7.15 Fabrication of end blocks: (a) concrete placement; (b) end blocks (NB-2 and NB-3)
after removal of formwork
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Figure 7.16 Post-tensioning of NB specimens

7.2 Test setup

Negative bending specimens were subjected to a static concentrated load applied at one
end of the beam (Figure 7.17) such that a negative moment was generated over the interior support.
The beams were supported by steel load blocks (height = 24 in., plan area = 18 in. x 48 in.). At the
other end (opposite from the load point) the beam was tied down to the laboratory strong floor
using a frame consisting of W16x100 (R33) and C12x30 (R14) spreader beams and 1.5 in.
diameter high strength threaded bars. Load was applied using an Enerpac RR-40018 actuator
(Figure 5.26). For detailed dimensions see Appendix B.

'Q—b_1 l_7ll

Tie down R14(C12:30 (x2) Eneer‘;:d

RR-40018

| | Steel plate - 20" x 10" x 2"
R33 (W16x100) Bearing pad - 20" x 10" x 2"~

|
LC | 0 I |
o T

—rBearing pad - 24" x 10" x 2 }"

. —T—Steel Load blocks——— |
Ll a1 n | 491N 45O
1£-U 1o-U

303" L
T 150"

16'-6"

&

330"

Figure 7.17 General flexural test setup: NB beam specimens
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7.3 Instrumentation

Instrumentation on negative bending precast beam specimens included displacement
gages, strain gages, and load cells. Data were gathered from the instrumentation during two key
phases: during stressing of post-tensioned tendons and during load-testing.

Load cells

The axial force in post-tensioned tendons was directly measured using 850-kip Geokon
hollow-core load cells. As shown in Figure 7.18, the load cells were located at the dead end of the
beams with the PT tendon(s) passing through them.

Figure 7.18 Geokon hollow-core load cell installed at dead end of beam specimen NB-1

Displacement transducers

Vertical displacements were monitored through the use of laser displacement transducers
distributed along the middle 40% of the length of the specimens. Additional laser displacement
transducers were also positioned near the span ends. Figure 7.19a shows the general distribution
of laser displacement transducers along the length of NB precast beam specimens (see Appendix B
for specific locations).
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Figure 7.19 Laser displacement transducers — NB precast specimens: (a) location of laser
displacement transducers, (b) typical transducers installed on a NB beam specimen along the
length of the beam and (c) at the loaded end, and (d) close-up showing a laser displacement
transducer and the surface to which the laser was projected
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Strain gages

Vibrating wire (VW) strain gages (Geokon Model 4200) were installed during fabrication
of specimens at the precast plant. These gages were installed to determine prestress losses and,
therefore, effective prestress forces in the pretensioned strands. As shown in Figure 7.20,
VW gages were installed at the center of the beams midspan in the bottom and top layers of
prestressing strands.

Figure 7.20 Vibrating wire gages installed in NB precast specimens

Concrete strains were measured using 60-mm foil-type strain gages and fiber optic sensors
attached to the concrete surface. As depicted in Figure 7.21, 60-mm foil-type strain gages (Kyowa
Model KC-60-120-A1-11) were located along the middle 30% of the beam on both top and bottom
of the specimen. Additional foil-type strain gages were placed on one side of the web to monitor
concrete strain at different elevations near the center of the beam. Detailed location information
for the foil strain gages is presented in Appendix B.

Bottom View

Figure 7.21 Location of 60-mm foil strain gages: NB precast specimens
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Figure 7.22 Typical 60-mm foil strain gages installed on NB precast specimens

Along with traditional strain gages, fiber optic sensors (FOS) were installed to allow the
monitoring of distributed concrete surface strains. Placing FOS at different elevations on the beam
specimen allowed for the calculation of beam curvature and deflection at the point in time that the
measured data indicate crack formation. For NB specimens, FOS were placed on the web surface
and near the top and bottom of the beam to monitor both tensile and compressive concrete strains.
Figure 7.23 show the general location of FOS on NB precast beams; see Appendix B for specific
locations and dimensions.

Start  End
@ ———=a

Elevation Views
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Bottom View

Figure 7.23 Location of fiber optic sensors: NB precast specimens
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Figure 7.24 Typical fiber optic sensors installed on NB precast specimens

To provide an additional means of estimating the plastic hinge length for the NB
specimens, 5-mm foil-type strain gages (Kyowa Model KFGS-5-120-C1-11) were attached to mild
steel longitudinal reinforcing bars. Steel strains were monitored in the top bars of the NB
specimens at different longitudinal locations as shown in Figures 7.25 and 7.26.

Top View

L L

Elevation View

Figure 7.25 Location of 5-mm foil strain gages: NB precast specimens

RS

Figure 7.26 5-mm foil strain gages installed on NB precast specimens
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7.4 Test procedure

Following completion of construction and installation of instrumentation, the beam
specimens were moved into the loading frame for testing. Specimens were tested incrementally by
applying load at a rate of 0.25 kip/sec at one end of the beams. Loading was paused (held constant)
periodically at specified load levels to inspect the beam, mark cracks, and take readings from VW
strain gages. Once load exceeded levels that were deemed safe for marking cracks, loading was
continued until the test was terminated. Tests were terminated when either compressive failure
occurred, compressive concrete strains were larger than 0.003, or a maximum predicted load was
exceeded.

7.5 Experimental test results

This section presents a summary of the results obtained from experimental tests conducted
on negative bending precast beams with different amounts of unbonded and bonded prestressed
reinforcement. Detailed test results, including photographs, sketches of crack patterns, and plots
of selected data from instrumentation, are provided in Appendix E.

A summary of the nominal load capacity (Pn, load at which concrete strain ec = 0.003) and
maximum load (Pmax) IS presented in Table 7.3. Figure 7.27 shows a comparison of
load-displacement plots for all three negative bending beam specimens. All three NB specimens
exhibited similar flexibility. Similar to simply-supported beams, NB beam specimens with the
same total amount of reinforcement (NB-2 and NB-3) demonstrated that higher unbonded ratios
(U/T) result in a reduction in capacity. On all beam specimens, cracks were initially observed near
the middle of the beam on the concrete deck. As load was applied, cracks on specimen NB-1
propagated for approximately 60% of the beam length while cracks on specimens NB-2 and NB-3
propagated for approximately 30% of the beam length. The stress in the PT tendons remained
almost constant during most of the loading test. PT stresses remained below 0.75 fpu on all of the
NB specimens. Contrary to the PT tendons, pretensioned strands exhibited a significant increase
in stress as load was applied. Beam specimen NB-2 exhibited sudden compression failure in the
bottom flange (Figure E.19).

Table 7.3 Flexural capacity of precast negative bending beams

. Applied load (ki Max. load Rupture of

Beam specimen | U/T | L/D pgt &= 0.00(3 P (Pmax, Kip) Pre'FIJ' strand
NB-1 05| 20 220.0 223.4 No
NB-2 0.6 | 20 207.0 222.9 No
NB-3 0.7 | 20 186.1 191.2 No
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Figure 7.27 Load-displacement plots: (a) NB-1, (b) NB-2, and (c) NB-3
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CHAPTER 8
FINITE ELEMENT MODELING

8.1 Introduction

This chapter discusses the techniques used to model full-scale prestressed concrete beams
with mixed reinforcement using LS-DYNA (Section 8.2). Finite element analyses simulating the
experimental beam specimens described in Chapter 4 were validated using experimental data
(Section 8.3). Using validated numerical modeling techniques, a series of numerical parametric
studies were conducted for different beam sections varying the boundary conditions, reinforcement
ratios, loading types, and friction coefficients. Section 8.4.1 presents a parametric study conducted
on simply-supported and continuous (negative bending) beams consisting of FIBs of different
cross-sectional dimensions with parabolic PT tendon profiles. Section 8.4.2 presents a parametric
study on FIB-72 beams with straight PT tendon profiles while Section 8.4.3 discusses a parametric
study on AASHTO Type Il beams with straight PT tendon profiles. Finite element models were
used to evaluate moment capacity, beam curvature, stresses in pretensioned and post-tensioned
strands, strain in the concrete surface as well as in mild steel reinforcement bars and prestressing
strands, strand rupture, and concrete damage. Results and trends observed from parametric studies
are summarized in Section 8.5. Results from finite element models were used to expand the
knowledge regarding the behavior of prestressed concrete beams with mixed reinforcement that
was obtained from experimental tests.

8.2 Numerical modeling procedures

Analytical models were developed and analyzed using LS-DYNA (R11.0.0; LSTC, 2018).
This finite element software package has all the analysis features required to represent the
constituents of the prestressed concrete beams investigated in this study. The main constituents
and analytical features that need to be considered when modeling prestressed concrete beams are
listed below. These are discussed in more detail in the following subsections.
Concrete
Mild steel reinforcing bars
Pretensioned tendons
Post-tensioned tendons
Construction stages
Loads
Constraints

Material models (properties and stress-strain curves) that are provided in the following subsections
correspond to the target design material strengths for each component (e.g., 8.5 ksi concrete for
precast girders, 60 ksi for steel rebar, 270 ksi for steel strand). These material models were used
in all parametric simulations that were performed in this study. However, in Section 8.3, validation
models will be also presented, where finite element results are compared to results obtained from
the physical tests that were described in the previous chapters. Material models used in the
validation simulations were of the same general form as those presented in the following
subsections; however, the specific strength values (e.g., f¢, E,, f,,) were adjusted to reflect the
laboratory measured values of material strengths for components used in the physical tests.
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Concrete

All concrete constituents were modeled using 8-node three-dimensional (3D) solid brick
elements (Figure 8.1). Generally, to represent concrete it is necessary to specify a compressive
strength and other material properties such as the modulus of elasticity, Poisson’s ratio, and mass
density. However, it is also important to address the nonlinearities of the material in order to
represent tensile cracking or compressive crushing. The LS-DYNA concrete material model
MAT cscM (the ‘continuous surface cap model’) was selected to model the nonlinearities of the
concrete. This material model has been shown to be applicable in static and moderate-speed
dynamic (e.g. vehicle or vessel impact) scenarios, and includes modeling of both nonlinear
deformation and failure (Murray, 2007). A useful feature of the maT cscm model is that damage
can be visualized with color contours of ‘damage index’ (Figure 8.2). The damage index parameter
ranges from O (undamaged; shown as blue) to 1 (fully damaged; shown as red). As depicted in
Figure 8.3, before an element reaches maximum strength, all the residual capacity of the material
is still available and no damage has occurred (Han and Consolazio, 2018). Therefore, the damage
index is equal to 0. Once an element reaches and exceeds maximum strength, damage starts to
accumulate. The damage index reaches a value of 1 when no further residual capacity is available.
Another feature of this material model that is useful is that it allows for the deletion of elements
(referred to as ‘erosion’ of elements) once the damage index exceeds 0.99 and the maximum
principal strain exceeds a value equal to Erope-1. ERODE IS a user defined value; all the analyses
discussed within this report used a value of eropr equal to 1.05.

Since the terminal ends of each beam model were not areas of interest in the numerical
simulations—in terms of damage and flexural strength—these areas were modeled using a simpler
elastic material model (vaT_rrasTIC in LS-DYNA). Using the elastic modeling approach allowed
each beam to be analyzed without undergoing localized damage due to high stress concentrations
at the post-tensioning anchorage locations. It is important to note that neither the maT cscm
concrete material model nor the vaT rrasTICc model represented the steel reinforcement; steel
reinforcing bars were instead modeled separately.

Concrete constituents were modeled with target design properties. The following
compressive strengths were specified for concrete elements: 8.5 ksi for precast concrete sections,
6.5 ksi for cast-in-place concrete, and 4.5 ksi for deck slabs. Appendix F provides details of the

Figure 8.1 Finite element model of FIB 72 girder depicting solid concrete elements
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Figure 8.2 Damage index on a FIB segment under flexure
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Figure 8.3 Damage index as reported by the vaT cscum material model
(adapted from Murray, 2007)

Mild Steel

Each mild steel reinforcing bar was explicitly meshed using a collection of beam elements
that were separate from, but coupled to, the surrounding concrete solid elements (i.e., steel rebar
was not represented using a ‘smeared’ approach) as depicted in Figure 8.4. The material behavior
of the reinforcing bars was represented using the material model MAT PIECEWISE LINEAR -
pLASTICITY, Which models elastic, plastic, and strain-hardening behaviors. For models that were
used in parametric studies, the material properties of mild steel were those corresponding to ASTM
A615 Grade 60 reinforcing bars. Figure 8.5a shows an engineering stress (force/original area)
versus engineering strain (elongation/original length) curve. Figure 8.5b shows the true stress
(force/current area) versus effective plastic true strain (plastic elongation/current length) curve.
The data shown in Figure 8.5b, together with parameters such as elastic modulus (E) and Poisson’s
ratio (v), constitute the data that are specified in the MAT PIECEWISE LINEAR PLASTICITY
material model (Appendix F). Note that the effective plastic strain values are equivalent to the
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residual (i.e., plastic) true strains that would remain after unloading elastically from a given
deformation level. To represent the bond between the deformed steel reinforcing bars and the
surrounding concrete, degree-of-freedom (e.g. displacement) coupling constraints were
automatically-generated using the coNsTRAINED BEAM IN sorIb command (LSTC 2018).

Figure 8.4 Mild steel reinforcing bars modeled in an AASHTO beam section using beam
elements coupled to the surrounding concrete elements
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Figure 8.5 Mild steel reinforcement: (a) engineering stress as a function of engineering strain and
(b) true stress as function of effective plastic true strain
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Pretensioned tendons (honded prestressing)

When a concrete member is pretensioned, the tendon is stressed prior to placement of
concrete. After the concrete hardens, the individual pretensioned strands are cut, thus allowing
transfer of the prestress force to the concrete. A pretensioned tendon is composed of one or more
prestressing steel elements (i.e. seven-wire strands). In the finite element models, bonded
pretensioning strands were modeled with a specialized type of beam element called a ‘discrete
beam element’. In this type of element formulation, the shape of the element cross-section is not
explicitly identified. Instead, element stiffness is described by a material model and resultant
cross-sectional properties (area and moment of inertia). The area of each discrete beam element
was defined as the area of individual strands.

In a discrete beam element, material behavior can be nonlinear in form, and element failure
criteria (based on ultimate force and/or strain) can be specified. Axial pretensioning of discrete
beam elements is achieved by direct specification of the target prestress level (thus avoiding the
need to resort to numerical procedures such as the application of artificial ‘temperature changes’).
The element pretensioning process increases the prestress force linearly over a chosen duration of
time (Figure 8.6); automatically tracks total material strain (including the pre-strain); and accounts
for elastic shortening of the concrete girder (Figure 8.7). Prestressing forces were applied to all the
discrete beam elements representing the pretensioned strands. Since this approach represents the
‘perfect bond’ condition, transition length effects at each end of each pretensioned strand were
modeled by increasing (step increments) the prestress force over the elements that fell within the
transition length (Figure 8.8). Since the pretensioned strands were bonded with the surrounding
concrete, once external loads were applied to the girder model, element force levels varied within
the beam elements.

50

N w B
o o o

Prestressing Force (kip)

=
o

0 0.2 04 0.6 0.8 1
Time (s)

Figure 8.6 Prestressing force on individual pretensioned strands
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Figure 8.7 Elastic shortening on concrete beam due to prestressing of pretensioned strand
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Figure 8.8 Specified prestressing force for pretensioned strand elements within transition length:
(a) pretensioned strands modeled in an AASHTO beam section using discrete beam elements
with different specified target prestressing force (using step function); (b) plot showing linear

and step functions for force in pretensioned strands

Material behavior of grade 270 bonded prestressing strands was described in the form of a
stress-strain curve (Figure 8.9) and was based on ASTM A416. Appendix F provides details of the
cards used in LS-DYNA to define material model vaT caBLE DISCRETE BEAM. TO represent bond
between the prestressing strands and the surrounding concrete, strain compatibility was imposed
by nodal merging between the discrete beam strand elements and the surrounding solid concrete
elements (Figure 8.10). However, in cases where the discrete beam nodes and the solid concrete
nodes did not coincide, modeling bond between strand and concrete was achieved using
degree-of-freedom coupling constraints. These constraints were automatically-generated using the
LS-DYNA CONSTRAINED BEAM IN SOLID cOommand.
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Figure 8.9 Material model for prestressing steel

AL

Figure 8.10 Section-cut of beam showing nodal merging between a pretensioned strand and
surrounding concrete elements in the beam bottom flange

Post-tensioned tendons (unbonded prestressing)

Post-tensioning tendons consist of one or more prestressing steel elements (i.e. seven-wire
strands) placed in ducts within the concrete. PT tendons were modeled using discrete beam
elements such that the beam elements had an area equivalent to the total area of the tendon. Axial
prestressing forces associated with post-tensioning are applied to the ends of the hardened concrete
beam, at either jacking locations or anchorage locations. PT tendons can be classified as either
bonded or unbonded. When the PT tendon is located outside the concrete section or injected with
flexible fillers, it is considered to be unbonded. All PT tendons in this parametric study were
modeled as unbonded prestressing.

For the PT tendons, slip and friction between the tendon and duct were represented using
guidance elements (i.e. ‘beam pulley’ elements in LS-DYNA) as depicted in Figure 8.11. These
elements model perpendicular force transfer from unbonded tendons to either PT ducts or
deviators, while simultaneously permitting continuous longitudinal sliding. Essentially, the
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guidance elements enforce the geometry of the slide-path along which unbonded PT tendons may
move. Figure 8.11a depicts a post-tensioning duct passing through a diabolo deviator, which serves
as a guidance element for the PT tendon. Friction forces are a function of the curvature of the
tendon profile, and friction losses occur when there is a change in angle of the tendon. The
frictional model follows the belt friction equation P — dP < Pe*%, where p is the friction
coefficient and o is the wrap angle. The differential friction loss can be expressed as dP = uPda.
Figure 8.11b presents the idealized mechanism for PT tendons passing through guidance elements.
In the finite element models, post-tensioned tendons were prestressed only from one end (the
jacking was simulated from one end) of the girder. The tendons were anchored at the other end
and were able to slide with unsymmetrical movement. While Figure 8.11c shows a prestressed
concrete beam with a PT tendon passing through a diabolo, Figure 8.11d presents a parabolically-
draped tendon. To represent the proper geometry of a post-tensioned tendon with a parabolic drape,
it was necessary to place guidance elements along the entire length of the beam. Note that, contrary
to the bonded pretensioned strands, during beam flexure, the axial force along the unbonded post-
tensioned tendons remained approximately constant along the length. For cases in which friction
was taken as zero, the axial force remained constant along the entire beam length.

P li— @« — _~PdP
\ Duct

Guidance element

(@)

Jacking Guidance element Anchor
end P T ~__— end
Qe
P\§0de
Discrete beam elements
(b)
Guidance elements
PT tendon peei
()
P Guidance elements "
\\Q\\"‘Q;““” . _— o
PT tendon %o & B o7

(d)

Figure 8.11 (a) PT tendon passing through diabolo deviator; (b) idealized mechanism for PT
tendons passing through guidance elements before and after prestressing; (c) post-tensioned
concrete member with a diabolo deviator; (d) post-tensioned concrete member with a

parabolically draped tendon
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Construction Stages

In addition to the physical constituents previously discussed, it was also necessary to
represent ‘construction stages’ in the model. A construction stage in an LS-DYNA finite element
model represents a specific structural configuration. Whenever a significant change in structural
configuration occurs, e.g., the casting of girder splices or the introduction of the bridge deck, then
a new construction stage is initialized. Stress and strain data from each construction stage are
carried forward to initialize the pre-existing elements in the next stage. For example, a construction
stage representing deck casting carries forward all prior stress and strain data for the pretensioned
girder elements (strands, tendons, concrete), but the newly created concrete deck elements are
initialized as stress free (until subsequent loading is applied). Sequencing of pretensioning,
post-tensioning, gravity, and external load application was also modeled using construction stages.
Construction stages represented in the finite element models included:

e Precast concrete segments

o Application of gravity

o Prestressing of bonded pretensioned strands
Addition of splices or deviators (if applicable)
Addition of end blocks (if applicable)
Post-tensioning of unbonded tendons
Addition of concrete deck (if applicable)
Application of external load

When using the LS-DYNA construction stage feature, a ‘set’ (collection) of one or more
elements can be introduced into the model (e.g., splice elements) at a specified time in the analysis.
Conversely, a set of elements can also be removed from the model (e.g., casting bed elements) at
a specified time. Both types of construction stage changes (element introductions, element
removals) were used in modeling both simply-supported single span beams and continuous beams.

Loads

A primary focus of this study was to investigate the parameters that affect the flexural
behavior and capacity of prestressed concrete beams. Since loading type (concentrated or
distributed) influences the distribution of bending moment in the beam and influences the extent
of the plastic hinge region, multiple loading scenarios were considered. Previous research
(Kheyroddin and Naderpour, 2007) has addressed the effect of loading type on reinforced concrete
beam flexural behavior. In that study, the plastic hinge rotation (angle) increased as the loading
type went from a midspan concentrated load, to a third-point loading. The plastic hinge rotation
was a maximum for the case of uniform load. It was also noted that the effect of loading type on
the plastic rotation capacity of heavily reinforced beams was not as significant as for lightly
reinforced beams.

The finite element parametric study reported in the following sections considered three
distinct loading conditions: a single concentrated load at midspan; dual concentrated loads
(referred to as a widely spaced ‘tandem’ load); and uniformly distributed load. For the concentrated
loading conditions (midspan load and tandem load), each load was applied using a load block
under ‘displacement control’. Rectangular blocks were placed adjacent to top of the girder
simulating the approximate contact area (but not the stiffness) of a tire. A prescribed vertical
displacement was applied to the load block, and contact detection was defined between the block
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(Figure 8.12a) and the concrete deck to transmit and quantify the applied load. In contrast,
uniformly distributed loading conditions were produced by applying an increasing pressure
(i.e., ‘load control’) to top of the concrete deck (Figure 8.12b).

i L
(a) (b)

Figure 8.12 Modeling of external loads: (a) contact surfaces on concrete deck and load block,
concentrated load and (b) pressure load on top of concrete deck

Constraints

When a crack forms physically, local debonding of strand occurs. When modeling a
prestressed concrete beam using the material model vat cscuy, deletion of concrete elements
(referred to as ‘erosion’) occurs once the damage index exceeds 0.99 as previously discussed. In
the FE model, with erosion representing crack formation, the length of strand debonding can be 2,
3, or more element lengths. Therefore, erosion could lead to a much larger length of strand to
become unbonded in the FE model than in real life (see Figure 8.13). To address this, rigid links
(inthe form of CONSTRATINED NODAL RIGID BODY, CNRB)Wwere added, at each longitudinal position
along the mesh, to prevent formation of inappropriately long lengths of strand debonding. Rigid
links included nodes corresponding to pretensioned strands, rebar, and concrete elements outside
the area presenting erosion (Figure 8.14). Rigid links were defined at the center of the beam along
one quarter of the beam length as shown in Figure 8.15.
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Figure 8.13 Sketches of a portion of a SS beam showing: (a) debonded length on PreT strands
due to crack formation at midspan; (b) longer debonded length on PreT strands due to erosion of
surrounding bonded PreT strands in FE model; (c) use of partial-depth rigid links to maintain
appropriate strains in PreT strands
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Figure 8.14 Rigid links defined on beam specimen SS-4: Beam cross-section showing location of
constrained nodes (with red triangles)
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Figure 8.15 Nodes constrained by rigid links on beam specimen SS-4: Isometric view showing
cnNrBS along the center of the beam

8.3 Validation of numerical model procedures

Upon completion of experimental tests on full-scale prestressed beam specimens, finite
element analyses (FEA) were conducted using parameters corresponding to the actual material
properties and prestressing forces present on the experimental specimens. These are referred to as
validation models. The following experimental results were used to validate the FEA models:

e Load-displacement

e Load-strain in concrete
e Stress in post-tensioned tendon
e Maximum load

e Rupture of bonded prestressing strands (if applicable)

A comparison between FEA results and experimental data for each of the experimental
beam specimens is presented in the following subsections.

8.3.1 Simply-supported precast beam specimens

A total of four precast beams were tested in positive bending: two 76-ft long beams (SS-1
and SS-2) and two 46-ft long beams (SS-3 and SS-4). These beam specimens consisted of modified
AASHTO Type Il sections (70 ft and 40 ft long, respectively) with an 8-in. thick concrete deck
and 3-ft long rectangular cast-in-place concrete end blocks. All specimens had different amounts
of pretensioned (PreT, bonded) and post-tensioned (PT, unbonded) prestressing reinforcement.
Pretensioned tendons located in the bottom of the beam consisted of 0.6-in. diameter strands while
pretensioned tendons located on the top of the beam consisted of 0.375-in. diameter strands. All
post-tensioned tendons consisted of 0.6-in. diameter strands.

Beam specimen SS-1

Beam specimen SS-1 is a 76-ft long beam with a span length (distance from centerline of
bearing to centerline of bearing) of 75 ft and span-to-depth ratio of 25. As shown in Figure 8.16,
prestressing reinforcement consisted of 1 post-tensioned tendon (equivalent to 6 post-tensioned
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strands), 10 pretensioned strands located in the bottom, and 2 pretensioned strands located in the
top, which resulted in an unbonded reinforcement ratio (U/T) of 0.4. The U/T ratio was defined as
the amount of unbonded reinforcement divided by the total amount of reinforcement in terms of

Apsufpu . ) _
force: U/T = PP , Where A, is the area of unbonded prestressing, 4, is the
/ ApsufputApsbfputasfy psu p g pshb

area of bonded prestressing, and A, is the area of bonded mild steel bars. Note that the
reinforcement ratio only includes reinforcement on the tension side of the beam. All six
post-tensioned strands were modeled as a single tendon. The concrete compressive strengths used
in the validation model were input in units of ksi and were based in the average concrete
compressive strengths at the day of the test (Table 8.1). The specified pretensioned force used in
the validation model was based on the vibrating wire gage readings after pretensioning (to be
consistent with construction stages included in the model), while the specified post-tensioned force
was based on the load cell reading after post-tensioning and prior to loading.

Table 8.1 Beam specimen SS-1: Concrete compressive strengths at day of flexural test

Description

Specified Compressive
Strength (psi)

Avg. Compressive
Strength (psi)

Precast girder 8,500 13,404
Deck 8,500 13,713
End blocks 8,500 10,035
#5 @ 12"
/ / #5 @ 8"
¥/ , !
y. X_1* T
\
\#4 @ 6" N
0.375-in. diam. !
PreT strands
0.6-in. diam. PT tendon
PreT strands
®
(a) ()

Figure 8.16 Beam specimen SS-1 cross-section:
(a) sketch showing location of longitudinal reinforcement, (b) FE model

During the experimental test, the first visible cracks on specimen SS-1 were identified at a
load of 74 kip on the east side of the beam (Figure 8.17). Although the material model (MaT cscwm)
used to model the nonlinearities of concrete in the validation model does not produce visual
cracking of the material, damage can be visualized with color contours of ‘damage index’ as
discussed in Section 8.2. Figure 8.18 shows the damage index at different load levels. As seen in

100



Figure 8.18a, damage started accumulating near midspan on the bottom of the beam. As previously
noted, when using vaT cscu to model concrete, once an element reaches maximum capacity (no
residual strength), element deletion (‘erosion’) occurs. At the point of initiation of erosion, the use
of sectional constraints (rigid links) on the bonded pretensioned strands becomes particularly
relevant. As depicted in Figure 8.19, the validation model for SS-1 began exhibiting erosion at a
load P = 128 kip.

Figure 8.17 Specimen SS-1: First observed cracks (marked in red) at P = 74 kip
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(a) P = 83 kip

(b) P = 94 kip

(c) P = 103 kip

(d) P = 113 kip

|

(e) P = 117 kip

(f) P = 120 kip

(g) P = 122 kip

(h) P = 124 kip (cc = 0.003)

(i) P = 130 kip

(1) Pmax = 135 kip (strand rupture)

____ I Damage Index |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 8.18 Specimen SS-1 [not to scale]: FE model showing damage index
at different load levels
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Figure 8.19 Specimen SS-1: FE model showing (a) initiation of ‘erosion’ (circled in red) near
midspan and (b) damage index at P = 128 kip

Table 8.2 presents a comparison of the nominal load (at ec = 0.003) and maximum load
values obtained from experimental data and FEA. The validation model presented good agreement
with the experimental data in terms of both load and displacement up until the concrete reached a
compressive strain of 0.003 at an applied load of 124.4 kip (<10% higher than the experimental
load). Afterwards, the validation model presented more flexibility than the experimental specimen
but the maximum load (Pmax) was 135.4 kip, which was just 11% higher than the experimental
load. As shown in Figure 8.20, the validation model presents good overall agreement with the

experimental load-displacement curve. Figure 8.21 shows the strain on top of the concrete deck,
obtained from both FEA and experimental data.

Table 8.2 Beam specimen SS-1: Comparison of capacity between experimental results and FEA

Applied load Displacement Max. Load Displacement
(kip) at &c=0.003 | (in.) at &c=0.003 (Pmax, Kip) (in.) at Pmax
Experimental data 119.6 8.3 122.0 9.8
FEA 124.4 9.5 135.4 13.9
Difference 4% 15% 11% 41%

Figure 8.22 shows the stress in prestressing tendons as a function of applied load. The axial
force in the post-tensioned tendon was monitored during the experimental test though a load cell
at the dead end. The stress in the PT tendon indicated by the validation model was in good
agreement with the experimental data as depicted in Figure 8.22 (blue and black traces).
Additionally, vibrating wire (VW) gages were used to determine the pretensioned strand force (and
losses) during: stressing of pretensioned strands (at the precast plant); post-tensioning of the test
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specimen (at the lab); and during loading. Figure 8.22 shows the experimental stress in PreT
strands with solid circles. Regarding the validation model, axial forces in PreT strands were
obtained at different locations along the length of the beam at different load levels. The finite
element model indicated that PreT strands located in the bottom layer presented higher axial forces
and the maximum force in PreT strands occurred at midspan. Both the experimental data and
validation model exhibited a significant increase in the pretensioned stress as load was applied.
However, none of the PreT strands presented rupture.
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Figure 8.20 Comparison of load-displacement curves obtained from experimental data and FEA.:
Beam specimen SS-1
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Figure 8.21 Strain on top of concrete deck as a function of applied load — comparison between
experimental data and FEA: Beam specimen SS-1
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Figure 8.22 Stress in prestressing tendons as a function of applied load — comparison between
experimental data and FEA: Beam specimen SS-1

The deflected shape of the beam and curvature computed from the FE model are compared
to the corresponding experimental beam data in Figures 8.23 and 8.24. Deflection and curvature
data for load levels at which concrete strains were approximately ec = 0.003 are indicated with
bold lines, and data for higher load levels are indicated with dashed lines. The FE model indicated
a higher maximum load, however, both the FEA and experimental data were generally in good

agreement.
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Figure 8.23 Displacement as a function of location along the length of beam specimen SS-1:
(a) experimental data and (b) FEA
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Figure 8.24 Curvature as a function of location along the length of beam specimen SS-1:
(a) experimental data and (b) FEA

Beam specimen SS-2

Beam specimen SS-2 is a 76-ft long beam with a span length of 75 ft and span-to-depth
ratio of 25. As shown in Figure 8.25, prestressing reinforcement consisted of 1 post-tensioned
tendon (equivalent to 10 post-tensioned strands), 8 pretensioned strands located in the bottom, and
2 pretensioned strands located in the top, which resulted in an unbonded reinforcement ratio (U/T)
of 0.6. The concrete compressive strengths used in the validation model were input in units of ksi
and were based in the average concrete compressive strengths at the day of the test (Table 8.3).
However, due to limitations in the maT cscm material model, the maximum compressive strength
that was permitted to be specified was 13.8 ksi. Therefore, a compressive strength of 13.8 ksi was
used to approximate the concrete deck instead of using the experimental value of 14.4 ksi. The
specified pretensioned force used in the validation model was based on the vibrating wire gage
readings after pretensioning (to be consistent with construction stages included in the model),
while the specified post-tensioned force was based on the load cell reading after post-tensioning
and prior to loading.

Table 8.3 Beam specimen SS-2: Concrete compressive strengths at day of flexural test

Description Specified Compr_essive Avg. Compresgive
Strength (psi) Strength (psi)
Precast girder 8,500 13,190
Deck 8,500 14,362
End blocks 8,500 10,035
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Figure 8.25 Beam specimen SS-2 cross-section:
(a) sketch showing location of longitudinal reinforcement, (b) FE model

During the experimental test, the first visible cracks on specimen SS-2 were identified at a
load of 77 kip on the east side of the beam (Figure 8.26). Figure 8.27 shows the damage index at
different load levels. As seen in Figure 8.27a, damage started accumulating near midspan on the
bottom of the beam. As depicted in Figure 8.28, the validation model for SS-2 began exhibiting

erosion at a load P = 134 kip.

Figure 8.26 Specimen SS-2: First observed cracks (marked in red) at P = 77 kip
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(a) P = 88 kip

(b) P =99 kip

(c) P =109 kip

(d) P = 113 kip

(e) P = 117 kip

I

(f) P =121 kip

|

(g) P =122 kip

(h) P =128 kip

(i) P = 131 kip (ec = 0.003)

(j) Pmax = 139 klp
. Damage Index _—

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 8.27 Specimen SS-2 [not to scale]: FE model showing damage index
at different load levels

108



____ I Damage Index ~Im

0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1.0
(b)
Figure 8.28 Specimen SS-2: FE model showing (a) initiation of ‘erosion’ (circled in red) near
midspan and (b) damage index at P = 134 kip

Table 8.4 presents a comparison of the nominal load (at &c = 0.003) and maximum load
values obtained from experimental data and FEA. The validation model reached a compressive
concrete strain of 0.003 at an applied load of 131.1 kip (<2% higher than the experimental load)
and the maximum load (Pmax) was 138.9 kip (<6% higher than the experimental load). Similar to
specimen SS-1, the validation model for beam specimen SS-2 resulted in slightly more flexibility
of the beam after the compressive concrete strain exceeded 0.003 compared to the experimental
data. As shown in Figure 8.29, the validation model presents good overall agreement with the
experimental load-displacement curve. Figure 8.30 shows the strain on top of the concrete deck,
obtained from both FEA and experimental data.

Table 8.4 Beam specimen SS-2: Comparison of capacity between experimental results and FEA

Applied load Displacement Max. Load Displacement
(kip) at &=0.003 | (in.) at &=0.003 (Pmax, Kip) (in.) at Pmax
Experimental data 128.6 8.2 131.4 9.7
FEA 131.1 8.5 138.9 11.9
Difference 2% 3% 6% 23%

Figure 8.31 shows the stress in prestressing tendons as a function of applied load. The stress
in the PT tendon indicated by the validation model presented good agreement with the
experimental data as depicted in Figure 8.31. Regarding PreT strands, the stresses obtained from
both the validation model and experimental data (VW gages) exhibited a significant increase
towards the end of loading. No strands ruptured during the experimental test. Although the PreT
stress indicated by the FE model exceeds fpu = 270 ksi, no strands ruptured at or before Pmax. Note

109



that the material model used to simulate the prestressing strands was specified to rupture at
epreT = 0.05 (fereT = 282 ksi) based on tensile tests performed on a series of prestressing strand
samples.
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Figure 8.29 Comparison of load-displacement curves obtained from experimental data and FEA.:
Beam specimen SS-2
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Figure 8.30 Strain on top of concrete deck as a function of applied load — comparison between
experimental data and FEA: Beam specimen SS-2
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Figure 8.31 Stress in prestressing tendons as a function of applied load — comparison between
experimental data and FEA: Beam specimen SS-2

The deflected shape of the beam and curvature computed from the FE model are compared
to the corresponding experimental beam data in Figures 8.32 and 8.33. Deflection and curvature
data for load levels at which concrete strains were approximately ec = 0.003 are indicated with
bold lines, and data for higher load levels are indicated with dashed lines. The FE model indicated
a higher maximum load and more flexibility. However, both the FEA and experimental data were
generally in good agreement up to about &c = 0.003.
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Figure 8.32 Displacement as a function of location along the length of beam specimen SS-2:
(a) experimental data and (b) FEA
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Figure 8.33 Curvature as a function of location along the length of beam specimen SS-2:
(a) experimental data and (b) FEA

Beam specimen SS-3

Beam specimen SS-3 is a 46-ft long beam with a span length (distance from centerline of
bearing to centerline of bearing) of 45 ft and span-to-depth ratio of 15. As shown in Figure 8.34,
prestressing reinforcement consisted of 1 post-tensioned tendon (equivalent to 4 post-tensioned
strands), 6 pretensioned strands located in the bottom, and 2 pretensioned strands located in the
top, which resulted in an unbonded reinforcement ratio (U/T) of 0.4. The concrete compressive
strengths used in the validation model were based in the average concrete compressive strengths
at the day of the test (Table 8.5). The specified pretensioned force used in the validation model
was based on the vibrating wire gage readings after pretensioning (to be consistent with
construction stages included in the model), while the specified post-tensioned force was based on
the load cell reading after post-tensioning and prior to loading.

Table 8.5 Beam specimen SS-3: Concrete compressive strengths at day of flexural test

Description Specified Compr_essive Avg. Compres§ive
Strength (psi) Strength (psi)
Precast girder 8,500 13,578
Deck 8,500 13,132
End blocks 6,500 10,992
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Figure 8.34 Beam specimen SS-3 cross-section:
(a) sketch showing location of longitudinal reinforcement, (b) FE model

The first visible cracks on specimen SS-3 during the experimental test were identified at a
load of 75 Kip on the west side of the beam (Figure 8.35). Figure 8.36 shows the damage index at
different load levels. Atan applied load P = 96 kip, the validation model presented a damage index
of approximately 0.1 near midspan on the bottom of the beam (Figure 8.36a). The validation model
for SS-3 began exhibiting erosion at a load P = 138 kip as shown in Figure 8.37.
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i

"

& — \ 5

Figure 8.35 Specimen SS-3: First observed cracks (marked in red) at P = 75 kip
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Figure 8.36 Specimen SS-3: FE model showing damage index at different load levels
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Figure 8.37 Specimen SS-3: FE model showing (a) initiation of ‘erosion’ (circled in red) near
midspan and (b) damage index at P = 138 kip

Table 8.6 presents a comparison of the nominal load (at ec = 0.003) and maximum load
values obtained from experimental data and FEA. The validation model reached a compressive
concrete strain of 0.003 at an applied load (Pn) of 140.4 kip (<6% higher than the experimental
load) and indicated a maximum load (Pmax) of 143.5 kip (<6% higher than the experimental load).
It is important to note that, once the compressive concrete strain reached 0.003, the applied load
per FEA oscillated around 140 kip until all six pretensioned strands experienced rupture at a load
P =143.5 kip. As shown in Figure 8.38, the validation model presents good agreement with the
experimental load-displacement curve. Experimental beam specimen SS-3 did not present strand
rupture. Loading was halted shortly after the concrete deck reached &c = 0.003. Figure 8.39 shows
the strain on top of the concrete deck, obtained from both FEA and experimental data. The
experimental specimen could have experienced strand rupture at a higher applied load.

Table 8.6 Beam specimen SS-3: Comparison of capacity between experimental results and FEA

Applied load Displacement Max. Load Displacement
(kip) at &c=0.003 | (in.) at &=0.003 (Pmax, Kip) (in.) at Pmax
Experimental data 132.7 3.9 135.8 4.7
FEA 140.4 4.3 143.5 5.2
Difference 6% 9% 6% 9%

115




175

Experimental O  &=0.003: Experimental
FEA O  £=0.003: FEA

150

125

100

-
ul

Applied Load (kip)

a1
o

N
a1

0

0 0.5 1 15 2 25 3 35 4 45 5 55
Displacement (in)

Figure 8.38 Comparison of load-displacement curves obtained from experimental data and FEA:
Beam specimen SS-3
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Figure 8.39 Strain on top of concrete deck as a function of applied load — comparison between
experimental data and FEA: Beam specimen SS-3

Figure 8.40 shows the stress in prestressing tendons as a function of applied load. Vibrating
wire gages were used to determine the pretensioned strand force (and losses) during: stressing of
pretensioned strands (at the precast plant); post-tensioning of the test specimen (at the lab); and
during loading. However, as shown in Figure 8.40, readings from VW gages remained almost
constant during loading. Contrary to the experimental data, the validation model exhibited a
significant increase in the pretensioned stress as load was applied. All six PreT strands ruptured in
the validation model at a stress higher than 270 ksi because the material model used to simulate
the prestressing strands was specified to rupture at epret = 0.05 (fereT = 282 ksi) based on tensile
tests performed on a series of prestressing strand samples. The stress in post-tensioned tendons
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indicated by the validation model presented good agreement with the experimental data as depicted
in Figure 8.40.
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Figure 8.40 Stress in prestressing tendons as a function of applied load — comparison between
experimental data and FEA: Beam specimen SS-3

The deflected shape of the beam and curvature computed from the FE model are compared
to the experimental beam data in Figures 8.41 and 8.42. Deflection and curvature data for load
levels at which concrete strains were approximately &c = 0.003 are indicated with bold lines, and
data for higher load levels are indicated with dashed lines. Although the FE model indicated a
higher maximum load than the experimental specimen, both the FEA and experimental data were
generally in good agreement.
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Figure 8.41 Displacement as a function of location along the length of beam specimen SS-3:
(a) experimental data and (b) FEA
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Figure 8.42 Curvature as a function of location along the length of beam specimen SS-3:
(a) experimental data and (b) FEA

Beam specimen SS-4

Beam specimen SS-4 is a 46-ft long beam with a span length of 45 ft and span-to-depth
ratio of 15. As shown in Figure 8.43, prestressing reinforcement consisted of 1 post-tensioned
tendon (equivalent to 6 post-tensioned strands), 4 pretensioned strands located in the bottom, and
2 pretensioned strands located in the top, which resulted in an unbonded reinforcement ratio (U/T)
of 0.6. The concrete compressive strengths used in the validation model were input in units of ksi
and were based in the average concrete compressive strengths at the day of the test (Table 8.7).
However, due to limitations in the maT cscm material model, the maximum compressive strength
that was permitted to be specified was 13.8 ksi. Therefore, a compressive strength of 13.8 ksi was
used to approximate the concrete deck instead of using the experimental value of 14.4 ksi. The
specified pretensioned force used in the validation model was based on the vibrating wire gage
readings after pretensioning (to be consistent with construction stages included in the model),
while the specified post-tensioned force was based on the load cell reading after post-tensioning
and prior to loading.

Table 8.7 Beam specimen SS-4: Concrete compressive strengths at day of flexural test

Description Specified Compr_essive Avg. Compres§ive
Strength (psi) Strength (psi)
Precast girder 8,500 12,990
Deck 8,500 14,362
End blocks 6,500 11,167
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(a) sketch showing location of longitudinal reinforcement, (b) FE model

During the experimental test, the first visible cracks on specimen SS-4 were identified at a
load of 80 kip on the east side of the beam (Figure 8.44). Figure 8.45 shows the damage index at
different load levels. As seen in Figure 8.45a, damage started accumulating (damage index = 0.1)
near midspan on the bottom of the beam at an applied load P = 77 Kip. At the point of initiation of
erosion, the use of sectional constraints (rigid links) on the bonded pretensioned strands becomes
particularly relevant. As depicted in Figure 8.46, the validation model for SS-4 started began

exhibiting at a load P = 116 Kip.

Figure 8.44 Specimen SS-4: First observed cracks (marked in red) at P = 80 kip
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Figure 8.43 Beam specimen SS-4 cross-section:
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Figure 8.45 Specimen SS-4: FE model showing damage index at different load levels
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Figure 8.46 Specimen SS-4: FE model showing (a) initiation of ‘erosion’ (circled in red) near
midspan and (b) damage index at P = 116 Kkip

Table 8.8 presents a comparison of the nominal load (at ec = 0.003) and maximum load
values obtained from experimental data and FEA. The validation model reached a compressive
concrete strain of 0.003 at an applied load of 125.1 kip (<1% higher than the experimental load)
and indicated a maximum load (Pmax) of 131.6 Kip (<4% higher than the experimental load). As
shown in Figure 8.47, the validation model presents good agreement with the experimental
load-displacement curve. Figure 8.48 shows the strain on top of the concrete deck, obtained from
both FEA and experimental data.

Table 8.8 Beam specimen SS-4: Comparison of capacity between experimental results and FEA

Applied load Displacement Max. Load Displacement
(kip) at &c=0.003 | (in.) at &=0.003 (Pmax, Kip) (in.) at Pmax
Experimental data 124.0 4.1 126.8 4.8
FEA 125.1 4.1 131.6 4.8
Difference 1% 1% 4% -1%
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Figure 8.47 Comparison of load-displacement curves obtained from experimental data and FEA:
Beam specimen SS-4
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Figure 8.48 Strain on top of concrete deck as a function of applied load — comparison between
experimental data and FEA: Beam specimen SS-4

During the experimental test four consecutive noises, presumably from the rupture of
pretensioned strands, were heard followed by a drop in the load-displacement curve. Partial
demolition conducted on specimen SS-4 following the load test confirmed the rupture of all four
bonded pretensioned strands as shown in Figure C.40. Note that there were a total of ten
pretensioned strands, but six of them were ‘debonded’. Debonded strands (only bonded for a
distance of 1 ft at midspan) were included in the precast beam specimen for purposes of fabricating
all SS precast beams in the same prestressing bed at the precast plant, and therefore did not
contribute to flexural capacity and were not included in the validation model. The validation model
exhibited rupture of all four pretensioned strands in the bottom of the beam (Figure 8.49) at
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Pmax = 131.6 kip. Vibrating wire gages were used to determine the pretensioned strand force (and
losses) during: stressing of pretensioned strands (at the precast plant); post-tensioning of the test
specimen (at the lab); and during loading. However, readings from VW gages remained almost
constant during loading. Contrary to the experimental data, the validation model exhibited a
significant increase in the pretensioned stress as load was applied, which is consistent with the
experimental strand rupture. Note that PreT strands in the model ruptured at a stress higher than
270 ksi because the material model used to simulate the prestressing strands was specified to
rupture at epret = 0.05 (frret = 282 ksi) based on tensile tests performed on a series of prestressing
strand samples. The stress in post-tensioned tendons indicated by the validation model presented
good agreement with the experimental data as depicted in Figure 8.50.

(@)

(b)

(©)

Figure 8.49 Specimen SS-4 — rupture of pretensioned strands on FE model:
(a) model before strand rupture, (b) model immediately after strand rupture,
(c) close-up showing ruptured PreT strands
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Figure 8.50 Stress in prestressing tendons as a function of applied load — comparison between

The deflected shape of the beam and curvature computed from the FE model are compared
to the experimental beam data in Figures 8.51 and 8.52. Deflection and curvature data for load
levels at which concrete strains were approximately &c = 0.003 are indicated with bold lines, and
data for higher load levels are indicated with dashed lines. Both the FEA and experimental data
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Figure 8.51 Displacement as a function of location along the length of beam specimen SS-4:
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Figure 8.52 Curvature as a function of location along the length of beam specimen SS-4:
(a) experimental data and (b) FEA

8.3.1 Simply-supported cast-in-place beam specimens (SS-5)

A 31-ft long cast-in-place simply-supported beam was tested in positive bending. This
beam specimen consisted of a rectangular concrete section (20 in. x 24 in.) with a span length
(distance from centerline of bearing to centerline of bearing) of 30 ft and span-to-depth ratio of 15.
As shown in Figure 8.53, the bonded reinforcement consisted of 4 No. 6 mild steel bars while the
unbonded reinforcement consisted of 1 post-tensioned tendon (equivalent to 12 0.6-in. diameter
strands), which resulted in an unbonded reinforcement ratio (U/T) of 0.9. The concrete
compressive strengths used in the validation model were input in units of ksi and were based in
the average concrete compressive strengths at the day of the test (Table 8.9). The specified
post-tensioned force was based on the load cell reading after post-tensioning and prior to loading.

It is important to note that all precast beam specimens were fabricated using a class VI
concrete, but cast-in-place (CIP) beam specimen SS-5 was fabricated using a class V concrete.
Taking into consideration that specimen SS-5 experimentally exhibited compressive failure and
significant concrete crushing, while also having a lower concrete compressive strength (than the
precast beams) and no bonded pretensioned strands, this beam was modeled using a modified
version of the maT cscm material model. When using MaT cscw, parameters can be modified in
order to input the desired material properties. The shape of the softening portion of the stress-strain
curve (Figure 8.3) is sensitive to parameters o (ductile shape softening parameter) and pmod
(pressure softening parameter). The modified vaT cscm material model used for beam specimen
SS-5 uses parameters b = 1000 (instead of the default value of 100) and pmod = 10 (instead of the
default value of 0).
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Figure 8.53 Beam specimen SS-5 cross-section:
(a) sketch showing location of longitudinal reinforcement, (b) FE model

Table 8.9 Beam specimen SS-5: Concrete compressive strengths at day of flexural test

Descriotion Specified Compressive | Avg. Compressive
P Strength (psi) Strength (psi)
CIP beam 6,500 8,401

During the experimental test, the first visible cracks on specimen SS-5 were identified at a
load of 69 kip on the east side of the beam (Figure 8.54). Figure 8.55 shows the damage index at
different load levels. At an applied load P = 65 kip, damage started accumulating (damage index
= 0.1) in the validation model near midspan on the bottom of the beam (Figure 8.55a). The
validation model for SS-5 began exhibiting erosion at a load P = 126 kip as depicted in Figure 8.56.

Figure 8.54 Specimen SS-5: First observed cracks (marked in red) at P = 69 kip

126



(a) P =65 kip

(b) P = 71 kip

(c) P=78kip

(d) P = 89 kip

(e) P=101kip

(f) P = 112 kip

(g) P = 122 kip (ec = 0.003)

(h) P = 132 kip

(i) P = 136 kip

(_I) Pmax = 143 klp
Damage Index - In

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
Figure 8.55 Specimen SS-5: FE model showing damage index at different load levels
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Figure 8.56 Specimen SS-5: FE model showing (a) initiation of ‘erosion’ (circled in red) near
midspan and (b) damage index at P = 126 kip

Table 8.10 presents a comparison of the nominal load (at &c = 0.003) and maximum load
values obtained from experimental data and FEA. The validation model presented good agreement
with the experimental data in terms of both load and displacement up until the concrete reached a
compressive strain of 0.003 at an applied load of 122.3 kip (<4% lower than the experimental
load). Beyond this point, the FE model indicated a maximum load (Pmax) of 142.6 kip (<6% higher
than the experimental load). The validation model became more flexible than the experimental
specimen after the compressive concrete strain reached 0.003 (Figure 8.57). Figure 8.58 presents
the strain on top of the beam, obtained from both FEA and experimental data.

Table 8.10 Beam specimen SS-5: Comparison of capacity between experimental results and FEA

Applied load Displacement Max. Load Displacement
(kip) at £=0.003 | (in.) at &c=0.003 (Pmax, Kip) (in.) at Pmax
Experimental data 126.6 2.8 135.0 3.6
FEA 122.3 2.3 142.6 6.7
Difference -3% -17% 6% 83%
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Figure 8.57 Comparison of load-displacement curves obtained from experimental data and FEA.:
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Figure 8.58 Strain on top of beam as a function of applied load — comparison between
experimental data and FEA: Beam specimen SS-5

The axial force in the post-tensioned tendon was monitored during the experimental test
though a load cell at the dead end. As depicted in Figure 8.22, the stress in the PT tendon resulting
from the validation model presented good agreement with the experimental data.

The deflected shape of the beam and curvature computed from the FE model are compared
to the experimental beam data in Figures 8.60 and 8.61. Deflection and curvature data for load
levels at which concrete strains were approximately €c = 0.003 are indicated with bold lines, and
data for higher load levels are indicated with dashed lines. In a similar way to the previously
discussed precast simply-supported beams, the experimental specimen was slightly more flexible
than the validation model.
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Figure 8.59 Stress in post-tensioned tendon as a function of applied load — comparison between
experimental data and FEA: Beam specimen SS-5

P=80kip 100 kip 120kip  125kip  130kip  135kip  142kip
0.0 0.0
05 -05
-1.0 -1.0
-15 -15
2.0 2.0
= 25 = -25
2 -30 £ -3.0
£ £ 35
5 35 5 2
2 40 g 40
a -45 a -45 - -
5.0 -5.0 \ /
55 55 O
-6.0 -6.0 v
6.5 -6.5
7.0 7.0
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Location (in) Location (in)
(a) (b)

Figure 8.60 Displacement as a function of location along the length of beam specimen SS-5:
(a) experimental data and (b) FEA
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Figure 8.61 Curvature as a function of location along the length of beam specimen SS-5:
(a) experimental data and (b) FEA
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8.3.1 Negative bending precast beam specimens

A total of three precast beams were tested in negative bending: NB-1, NB-2, and NB-3.
These beam specimens consisted of modified AASHTO Type Il sections (27 ft long) with an 8-in.
thick concrete deck and 3-ft long rectangular cast-in-place concrete end blocks. All specimens had
different amounts of pretensioned (PreT, bonded) and post-tensioned (PT, unbonded) prestressing
reinforcement. All pretensioned and post-tensioned tendons consisted of 0.6-in. diameter strands.

Beam specimen NB-1

Beam specimen NB-1 is a 33-ft long beam with a span-to-depth ratio of 20. As shown in
Figure 8.62, prestressing reinforcement consisted of 1 post-tensioned tendon (equivalent to 12
post-tensioned strands), 12 pretensioned strands located in the top, and 2 pretensioned strands
located in the bottom, which resulted in an unbonded reinforcement ratio (U/T) of 0.5. The
concrete compressive strengths used in the validation model were based in the average concrete
compressive strengths at the day of the test (Table 8.11). The specified pretensioned force used in
the validation model was based on the vibrating wire gage readings after pretensioning (to be
consistent with construction stages included in the model), while the specified post-tensioned force
was based on the load cell reading after post-tensioning and prior to loading.

Table 8.11 Beam specimen NB-1: Concrete compressive strengths at day of flexural test

Specified Compressive

Avg. Compressive

Description Strength (psi) Strength (psi)
Precast girder 8,500 12,537
Deck 8,500 12,537
End blocks 6,500 10,992
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Figure 8.62 Beam specimen NB-1 cross-section:
(a) sketch showing location of longitudinal reinforcement, (b) FE model

The first visible cracks on specimen NB-1 during the experimental test were identified at
a load of 120 kip on the east side of the beam (Figure 8.63). Figure 8.64 shows the damage index
at different load levels. At an applied load P = 134 kip, damage started accumulating (damage
index = 0.1) at the center of the beam on top of the concrete deck (Figure 8.64a). The validation
model for NB-1 began exhibiting erosion at a load P = 228 kip as shown in Figure 8.65.

Figure 8.63 Specimen NB-1: First observed cracks (marked in red) at P = 120 Kip
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(a) P=134 kip
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Figure 8.64 Specimen NB-1: FE model showing damage index at different load levels
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Figure 8.65 Specimen NB-1: FE model showing (a) initiation of ‘erosion’ (circled in red) and
(b) damage index at P = 228 kip

Table 8.12 presents a comparison of the nominal load (at &c = 0.003) and maximum load
values obtained from experimental data and FEA. As shown in Figure 8.66, the validation model
presents good overall agreement with the experimental load-displacement curve. The validation
model reached a compressive strain of 0.003 at an applied load of 210.1 kip (approximately 5%
lower than the experimental load). Note that foil strain gages were located along the web of the
beam and on the sides of the bottom flange at the middle support. However, for specimen NB-1,
no strain gages were placed on the bottom of the beam at the middle support. Therefore, the strains
at the bottom of the beam were determined by extrapolation (Figure 8.67, dashed line). The
extrapolated strains present good agreement with the FEA data up until a strain of 0.0025, when
the FEA strains start increasing at a higher rate. The maximum load (Pmax) was 229.2 kip, which
was approximately 3% higher than the experimental maximum load. However, note that the
experimental test was terminated shortly after the strains in the bottom flange at the center support
exceeded 0.003. Hence, the experimental Pmax Value corresponds to the maximum load recorded
before the beam was unloaded.
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Table 8.12 Beam specimen NB-1: Comparison of capacity between

experimental results and FEA

Applied load Displacement Max. Load Displacement
(kip) at &c=0.003 | (in.) at &:=0.003 (Pmax, Kip) (in.) at Pmax
Experimental data 220.0 3.4 223.4 3.7
FEA 210.1 2.1 229.2 4.7
Difference -5% -39% 3% 27%
300
275 Experimental O  £:=0.003: Experimental
FEA £:=0.003: FEA
250
225
2 200
5 175
3 150
3 125
£ 100
75
50
25
0

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8

Displacement (in)

Figure 8.66 Comparison of load-displacement curves obtained from experimental data and FEA:
Beam specimen NB-1
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Figure 8.67 Strain at bottom-center of beam as a function of applied load — comparison between
experimental data and FEA: Beam specimen NB-1
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Figure 8.68 shows the stress in prestressing tendons as a function of applied load. The axial
force in the post-tensioned tendon was monitored during the experimental test though a load cell
at the dead end. The stress in the PT tendon indicated by the validation model presented good
agreement with the experimental data as depicted in Figure 8.68. Additionally, vibrating wire
(VW) gages were used to determine the pretensioned strand force (and losses) during stressing of
pretensioned strands (at the precast plant), post-tensioning of the test specimen (at the lab), and
during loading. Figure 8.68 shows the experimental stress in PreT strands with solid circles.
Regarding the validation model, axial forces in PreT strands were obtained at different locations
along the length of the beam at different load levels. The finite element model indicated that PreT
strands located in the top layer presented higher axial forces, and the maximum force in PreT
strands occurred at the midspan of the beam. Both the experimental data and validation model
exhibited a significant increase in the pretensioned stress as load was applied. However, none of
the PreT strands presented rupture on neither FEA nor experimental test. Although the PreT stress
exceeded fpu = 270 ksi, no strands ruptured at or before Pmax in either the validation model or the
experimental test. Note that the material model used to simulate the prestressing strands was
specified to rupture at epret = 0.075 (frret = 287 ksi) based on tensile tests performed on a series of
prestressing strand samples.
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Figure 8.68 Stress in prestressing tendons as a function of applied load — comparison between
experimental data and FEA: Beam specimen NB-1

The deflected shape of the beam and curvature computed from the FE model are compared
to the experimental beam data in Figures 8.69 and 8.70. Deflection and curvature data for load
levels at which concrete strains were approximately ec = 0.003 are indicated with bold lines, and
data for higher load levels are indicated with dashed lines. It can be observed that the validation
model was slightly more flexible than the experimental specimen.
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Figure 8.69 Displacement as a function of location along the length of beam specimen NB-1:
(a) experimental data and (b) FEA
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Figure 8.70 Curvature as a function of location along the length of beam specimen NB-1:
(a) experimental data and (b) FEA
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Beam specimen NB-2

Beam specimen NB-2 is a 33-ft long beam with a span-to-depth ratio of 20. As shown in
Figure 8.71, prestressing reinforcement consisted of 2 post-tensioned tendons (equivalent to 9
post-tensioned strands each), 10 pretensioned strands located in the top, and 2 pretensioned strands
located in the bottom, which resulted in an unbonded reinforcement ratio (U/T) of 0.6. The
concrete compressive strengths used in the validation model were based in the average concrete
compressive strengths at the day of the test (Table 8.13). The specified pretensioned force used in
the validation model was based on the vibrating wire gage readings after pretensioning (to be
consistent with construction stages included in the model), while the specified post-tensioned force
was based on the load cell reading after post-tensioning and prior to loading.
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Figure 8.71 Beam specimen NB-2 cross-section:
(a) sketch showing location of longitudinal reinforcement, (b) FE model

Table 8.13 Beam specimen NB-2: Concrete compressive strengths at day of flexural test

Description

Specified Compressive
Strength (psi)

Avg. Compressive
Strength (psi)

Precast girder 8,500 12,537
Deck 8,500 12,537
End blocks 8,500 11,223

The first visible cracks on specimen NB-2 during the experimental test were identified at
a load of 136 kip on the east side of the beam (Figure 8.72). Figure 8.73 shows the damage index
at different load levels. At an applied load P = 135 kip, damage started accumulating (damage
index = 0.1) at the center of the beam on top of the concrete deck (Figure 8.73a). The validation
model for NB-2 began exhibiting erosion at a load P = 219 kip as shown in Figure 8.74.
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Figure 8.72 Specimen NB-2: First observed cracks (marked in red) at P = 136 kip

Table 8.14 presents a comparison of the nominal load (at ec = 0.003) and maximum load
values obtained from experimental data and FEA. As shown in Figure 8.75, the validation model
presented very good agreement with the experimental data in terms of load. The validation model
indicated a maximum load (Pmax) of 218.9 kip, which was less than 2% lower than the experimental
maximum load. However, the displacement at Pmax Was approximately 12% higher than the
experimental value. The experimental test on specimen NB-2 terminated with complete
compression failure of the bottom flange at a load of 222.9 kip. It was evident that the compressive
strains exceeded 0.003, but foil strain gages installed at midspan were damaged prior to
P = 150 kip. In order to validate the finite element model, data from strain gages on the bottom of
the beam near the middle support, as a function of applied load, were compared to the strains
obtained from FEA at their corresponding location (Figure 8.76); the results showed very good
agreement. Figure 8.76 also shows the strain in the bottom flange at midspan obtained from FEA.
The validation model reached a compressive concrete strain of 0.003 at an applied load of
207.0 kip. Based on the agreement of the experimental strains on the bottom of the beam (near the
middle support) with the FEA data, it was estimated that the strain on the bottom surface of the
beam (at the middle support) reached 0.003 at a load of 207.0 kip and a deflection of 2.42 in.

Table 8.14 Beam specimen NB-2: Comparison of capacity between
experimental results and FEA

Applied load Displacement Max. Load Displacement
(kip) at &=0.003 | (in.) at &=0.003 (Pmax, Kip) (in.) at Pmax
Experimental data 207.0* 2.4* 222.9 3.5
FEA 207.0 1.9 218.9 3.9
Difference -- -20% -2% 12%

*Estimate based on FE model and strain gages adjacent to middle support

Figure 8.77 shows the stress in prestressing tendons as a function of applied load. The stress
in the PT tendons indicated by the validation model was in good agreement with the experimental
data as depicted in Figure 8.77. Additionally, the experimental data and validation model exhibited
a significant increase in the pretensioned stress as load was applied. However, none of the PreT
strands in the FE model presented rupture.
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Figure 8.73 Specimen NB-2: FE model showing damage index at different load levels
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Figure 8.74 Specimen NB-2: FE model showing (a) initiation of ‘erosion’ (circled in red) and
(b) damage index at P = 219 kip
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Figure 8.75 Comparison of load-displacement curves obtained from experimental data and FEA:
Beam specimen NB-2
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Figure 8.76 Strain at bottom-center of beam as a function of applied load — comparison between
experimental data and FEA: Beam specimen NB-2
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Figure 8.77 Stress in prestressing tendons as a function of applied load — comparison between
experimental data and FEA: Beam specimen NB-2

The deflected shape of the beam and curvature computed from the FE model are compared
to the experimental beam data in Figures 8.78 and 8.79. Deflection and curvature data for load
levels at which concrete strains were approximately €c = 0.003 are indicated with bold lines, and
data for higher load levels are indicated with dashed lines. The FEA and experimental data
presented good overall agreement.
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Figure 8.78 Displacement as a function of location along the length of beam specimen NB-2:
(a) experimental data and (b) FEA
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Figure 8.79 Curvature as a function of location along the length of beam specimen NB-2:
(a) experimental data and (b) FEA
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Beam specimen NB-3

Beam specimen NB-3 is a 33-ft long beam with a span-to-depth ratio of 20. As shown in
Figure 8.80, prestressing reinforcement consisted of 2 post-tensioned tendons (equivalent to 11
strands each), 6 pretensioned strands located in the top, and 2 pretensioned strands located in the
bottom, which resulted in an unbonded reinforcement ratio (U/T) of 0.7. The concrete compressive
strengths used in the validation model were based in the average concrete compressive strengths
at the day of the test (Table 8.15). The specified pretensioned force used in the validation model
was based on the vibrating wire gage readings after pretensioning (to be consistent with
construction stages included in the model), while the specified post-tensioned force was based on
the load cell reading after post-tensioning and prior to loading.
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Figure 8.80 Beam specimen NB-3 cross-section:
(a) sketch showing location of longitudinal reinforcement, (b) FE model

Table 8.15 Beam specimen NB-3: Concrete compressive strengths at day of flexural test

Description

Specified Compressive
Strength (psi)

Avg. Compressive
Strength (psi)

Precast girder 8,500 12,537
Deck 8,500 12,537
End blocks 8,500 11,223

The first visible cracks on specimen NB-3 during the experimental test were identified at
a load of 102 kip on the east side of the beam (Figure 8.81). Figure 8.82 shows the damage index
at different load levels. At an applied load P = 125 kip, damage started accumulating (damage
index = 0.1) at the center of the beam on top of the concrete deck (Figure 8.82a). The validation
model for NB-3 began exhibiting erosion at a load P = 206 kip as shown in Figure 8.83.
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Figure 8.81 Specimen NB-3: First observed cracks (marked in red) at P = 102 kip

Table 8.16 presents a comparison of the nominal load (at ec = 0.003) and maximum load
values obtained from experimental data and FEA. As shown in Figure 8.84, the validation model
presents very good agreement with the experimental load-displacement curve. The validation
model reached a compressive strain of 0.003 at an applied load of 195.6 kip (<5% higher than
experimental load). Similar to beam specimen NB-1, foil strain gages were installed on the sides
of the bottom flange, allowing determination of strains at the bottom surface of the beam through
extrapolation (Figure 8.85, dashed line).For safety reasons, the experimental test was terminated
shortly after audible indications of strand movement in the unbonded PT tendons because the
prestressing tendons in beam specimen NB-3 were composed of mostly unbonded strands.
Although the strain gages on sides of the bottom flange did not reach a strain of 0.003,
experimental data were in good agreement with the FEA data over the range for which
experimental data were available. The experimental strain curve facilitated estimation of a strain
of 0.003 on the bottom of the beam at a load of 186.1 kip. The maximum load (Pmax) was 207.0 kip
which was approximately 8% higher than the maximum load recorded before the experimental
specimen was unloaded.

Figure 8.86 shows the stress in prestressing tendons as a function of applied load. The stress
in the PT tendons indicated by the validation model presented very good agreement with the
experimental data as depicted in Figure 8.86. Additionally, vibrating wire (VW) gages were used
to determine the pretensioned strand force (and losses) during stressing of pretensioned strands (at
the precast plant), post-tensioning of the test specimen (at the lab), and during loading. Although
the validation model exhibited a significant increase in the pretensioned stress, none of the PreT
strands presented rupture on either the FEA or the experimental test. Note that the material model
used to simulate the prestressing strands was specified to rupture at epret = 0.075 (fprer = 287 ksi)
based on tensile tests performed on a series of prestressing strand samples.

The deflected shape of the beam and curvature computed from the FE model are compared
to the experimental beam data in Figures 8.87 and 8.88. Deflection and curvature data for load
levels at which concrete strains were approximately &c = 0.003 are indicated with bold lines, and
data for higher load levels are indicated with dashed lines. It can be observed that the FE model
was slightly more flexible than the experimental specimen. However, both the FEA and
experimental data were generally in good agreement up to &c = 0.003.
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Figure 8.82 Specimen NB-3: FE model showing damage index at different load levels
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Figure 8.83 Specimen NB-3: FE model showing (a) initiation of ‘erosion’ (circled in red) and
(b) damage index at P = 206 kip

Table 8.16 Beam specimen NB-3: Comparison of capacity between
experimental results and FEA

Applied load Displacement Max. Load Displacement
(kip) at £=0.003 | (in.) at &c=0.003 (Pmax, Kip) (in.) at Pmax
Experimental data 186.1 2.0 191.2 2.3
FEA 195.6 2.0 207.0 3.9
Difference 5% 0% 8% 68%
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Figure 8.84 Comparison of load-displacement curves obtained from experimental data and FEA:
Beam specimen NB-3
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Figure 8.85 Strain at bottom-center of beam as a function of applied load — comparison between
experimental data and FEA: Beam specimen NB-3

300 1.1
T !
o
- 250 ST 09 -
g B " “_Q
< 225 _e | 08 2
3 200 B R 5
EeREaLY S ————
5 5] N T 07 3
S = e e — i 06 £
‘B (2]
g 150 05 2
g 125 C 8
o o
£ 100 04 £
g = 03 8
& 0.2 »
50 Experimental: PT1 (bot) — =— FEA: PT1 (bot) foy :
25 Exper!mental: PT2 (top) —=--— FEA:PT2 (top) ------ fou 01
® ©® Experimental: PreT (top) —===-— FEA: PreT (top)
0 0
0 25 50 75 100 125 150 175 200 225

Applied Load (kip)

Figure 8.86 Stress in prestressing tendons as a function of applied load — comparison between
experimental data and FEA: Beam specimen NB-3
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Figure 8.87 Displacement as a function of location along the length of beam specimen NB-3:
(a) experimental data and (b) FEA
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Figure 8.88 Curvature as a function of location along the length of beam specimen NB-3:
(a) experimental data and (b) FEA
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8.4 Parametric studies

Using the modeling methods described and validated above, a series of parametric finite
element studies were conducted by analyzing AASHTO beams and Florida I-beams (FIBs) varying
the boundary conditions, reinforcement ratios, loading types, and friction coefficients.

8.4.1 Florida I-Beams (with parabolic PT tendons)

Scope of parametric study

In the FIB cases investigated, the girder cross-section was based on a FIB-72 girder. The
typical FIB section width was increased to produce a 9-in. thick web (to accommodate the internal
post-tensioning tendons) and a slab was added to the top of the beam to represent a concrete deck.
Figure 8.89 shows the cross-sectional dimensions for a modified FIB-72.

In regard to beam boundary conditions, two cases were considered: simply-supported (SS)
beams and continuous beams (negative bending, NB). Simply-supported beams were modeled
with parabolic PT tendons (FDOT profile F5, as shown in Figure 4.6). The continuous beam model
included parabolic PT tendons (FDOT profile F1, as shown in Figure 4.8a) and was composed of
three precast beam segments and two splices.
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Figure 8.89 Cross-sectional dimensions: Modified FIB-72

Varying ratios of unbonded reinforcement to total reinforcement (U/T) were considered as
specified in Appendix G (Tables G.1and G.2). The ratios of unbonded reinforcement were
evaluated in terms of reinforcement area (Ua/Ta) and axial force (Ur/TF). The ratio Ua/Ta was
calculated as the area of post-tensioning reinforcement divided by the total area of longitudinal
reinforcement (i.e., pretensioned strands, PT tendons, and mild steel reinforcement in the concrete
deck). Conversely, the ratio Ur/Tr was calculated using forces that corresponded to the ‘ultimate
strength’ of each material. An ultimate prestressing stress (fou) of 270 ksi was used for both
pretensioned and post-tensioned strands (without consideration of prestress losses). A stress equal
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to 60 ksi (fy), which is the value used in nominal moment calculations, was used to calculate the
forces in the mild steel reinforcement. Due to the use of both prestressing and mild steel as
longitudinal reinforcement in continuous beams, the unbonded reinforcement ratio (U/T) for
continuous beams discussed in this report refers to the ratio in terms of axial force (Ur/TF).

Some beams were designed to have multiple PT tendons, but the centroid of the PT tendons
for all beams was maintained the same. Therefore, all PT tendons were grouped into a single PT
tendon centroid (Figure 8.90). The same profile of PT centroid eccentricity was used for all beam
cases (i.e., regardless of the ratio of unbonded and bonded prestressing). Although PT tendons are
composed of several individual strands, for purposes of this study each tendon was assigned a
cross-sectional area and prestressing force that represented all strands contained within the
‘aggregated tendon’. The longitudinal reinforcement distribution for positive and negative bending
is depicted in Appendix G.
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Figure 8.90 Location of pretensioning and post-tensioning centroid in cross-section at
(a) midspan for positive and negative bending scenarios, and (b) at interior support of continuous
beam (negative bending).

Regarding staging, one PT tendon (Model PT1) was prestressed before the addition of the
concrete deck, and a second (Model PT2) was prestressed after the deck became structurally
effective. Concrete beam segments (solid elements) were placed on top of a steel bed (thin layer
of solid elements) intended to simulate a prestressing bed and gravity was applied. Boundary
conditions were applied to the bottom surface of the steel bed to prevent movement. Solid elements
in the concrete girder interacted with solid elements in the steel bed through contact surface
definitions (Figure 8.91a). After gravity was applied, the pretensioning strands were prestressed
thus causing the beam to camber upward. Next, one-half of the total unbonded post-tensioned
tendons were prestressed (Model PT1). The steel bed was then replaced by a pair of much smaller
steel plates (loosely referred to as ‘bearing plates’) which were located at the ends of the beam
(Figure 8.91b). The concrete deck was then introduced at the top surface of the girder top flange.
The bearing plates were fixed in space to prevent movement and contact surfaces were defined
between the girder and the pads. Subsequently, the second-half of the post-tensioned tendons
(Model PT2) were prestressed. Finally, external loads were applied. Figure 8.92 illustrates the
construction stages that were used in defining simply-supported single span beam models.
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(b)

Figure 8.91 Contact surface definition between girder and (a) steel bed and (b) bearing plates

o Pretensioned strands

Prestressing bed”™
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__________________________________ sl W ———
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'\Bcuring plate
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Figure 8.92 Constructions stages for simply-supported beams: (a) application of gravity to girder

placed over prestressing bed, (b) pretensioning, (c) post-tensioning, (d) girder on bearing plates,
addition of concrete deck and post-tensioning, (e) external loads
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Multiple span continuous beam models (Figure 8.93) were composed of three (3)
individual beam segments that were joined together (using construction staging) by two (2) splices.
Bearing plates were introduced into the model immediately following pretensioning of the
individual beam segments. To follow a realistic construction sequence, splices with confinement
stirrup reinforcement were then introduced in the model. During this stage, splices were supported
on steel plates, and the first-half of the total unbonded post-tensioning force was applied. Next, the
concrete deck was added on top of the girder. The second-half of post-tensioning reinforcement
was then introduced into the model and prestressed. Finally, external loads were applied.

Pretensioned strands
x

. Concrete splices

Concrete deck

Figure 8.93 Constructions stages for negative bending beams: (a) application of gravity to beam
segments placed over prestressing bed, (b) pretensioning, (c) addition of splices and
post-tensioning, (d) addition of concrete deck and post-tensioning, (e) external loads

Three loading cases were considered to evaluate the influence of load configuration on the
generation and location of plastic hinges: a concentrated load at midspan, a wide ‘tandem’ of two
concentrated loads, and a uniformly distributed load (Figures 8.94 and 8.95). The friction
coefficient (i) between the PT tendons and the ‘virtual’ PT duct (modeled using LS-DYNA ‘beam
pulley’ elements) was set to u=0.0 for most models. However, to evaluate the influence of friction
on the flexural strength of prestressed concrete beams with mixed reinforcement conditions,
additional cases were analyzed. Friction between a post-tensioned tendon and the surrounding duct
produces losses during the stressing operation (ACI, 2016). Practice has shown that friction losses
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can vary from case to case. Although certain values are recommended for design (e.g. PT1 2016),
investigation of extreme values can provide bounds on the maximum expected influence of
friction. For greased and wrapped tendons, the recommended range for design extends from
approximately 0.05 to 0.15, but a friction coefficient equal to 0.07 is suggested (PTI, 2016). FDOT
specifies a friction coefficient of 0.14 for wire or strand tendons (FDOT, 2018). In the parametric
study, selected cases of simply-supported and negative bending beams were analyzed with friction
coefficients of 0.14 (i.e., the FDOT specified value), and extreme values either 0.3 (SS) or 0.5
(NB). Tables 8.17 and 8.18 presents the complete matrix of FIBs with parabolic PT tendons that
were included in the parametric study.
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Figure 8.94 Loading cases on simply-supported (FIB-72) beam (not to scale)

150’ 150’
75! 73!

Y Y Y Y Y Y YYYYYYYYYYYYy oy

¥

53

Figure 8.95 Loading cases on negative bending (FIB-72) beam (not to scale)
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Table 8.17 Parametric study matrix — SS Florida I-Beams (parabolic PT tendon)

e (psi) Reinforcement
Length | Span-to-Depth P Ratio (U/T) Friction .
Model (ft) Ratio Beam Coeff, | L-0ading
. Deck +M ’
section
FIB72-SS-01 150 25 8,500 | 4,500 0.2 0.00 PL
FIB72-SS-02 150 25 8,500 | 4,500 0.5 0.00 PL
FIB72-SS-03 150 25 8,500 | 4,500 0.8 0.00 PL
FIB72-SS-04 150 25 8,500 | 4,500 0.2 0.00 TL
FIB72-SS-05 150 25 8,500 | 4,500 0.5 0.00 TL
FIB72-SS-06 150 25 8,500 | 4,500 0.8 0.00 TL
FIB72-SS-07 150 25 8,500 | 4,500 0.2 0.00 UL
FIB72-SS-08 150 25 8,500 | 4,500 0.5 0.00 UL
FIB72-SS-09 150 25 8,500 | 4,500 0.8 0.00 UL
FIB72-SS-10 150 25 8,500 | 4,500 0.5 0.14 uL
FIB72-SS-11 150 25 8,500 | 4,500 0.5 0.30 uL

U/T = Ue/TE = ratio of unbonded force to total force
PL = Point load, TL = Tandem load, UL = Uniform load

Table 8.18 Parametric study matrix — NB Florida I-Beams (parabolic PT tendon)

Model Length Span—to—_Depth Be;; (psi) Reinforcement Ratio (U/T) Friction Loading
(ft) Ratio . Deck +M -M Coeff.
section
FIB72-NB-01 300 25 8,500 | 4,500 0.2 0.3 0.00 PL
FIB72-NB-02 300 25 8,500 | 4,500 0.5 0.6 0.00 PL
FIB72-NB-03 300 25 8,500 | 4,500 0.8 0.8 0.00 PL
FIB72-NB-04 300 25 8,500 | 4,500 0.2 0.3 0.00 TL
FIB72-NB-05 300 25 8,500 | 4,500 0.5 0.6 0.00 TL
FIB72-NB-06 300 25 8,500 | 4,500 0.8 0.8 0.00 TL
FIB72-NB-07 300 25 8,500 | 4,500 0.2 0.3 0.00 UL
FIB72-NB-08 300 25 8,500 | 4,500 0.5 0.6 0.00 UL
FIB72-NB-09 300 25 8,500 | 4,500 0.8 0.8 0.00 UL
FIB72-NB-10 300 25 8,500 | 4,500 0.5 0.6 0.14 UL
FIB72-NB-11 | 300 25 8,500 | 4,500 0.5 0.6 0.30 uL
FIB72-NB-12 | 300 25 8,500 | 4,500 0.5 0.6 0.50 uL

U/T = UL/Te = ratio of unbonded force to total force
PL = Point load, TL = Tandem load, UL = Uniform load

Results: Simply-supported beams

Two representative simply-supported beam cases were selected for detailed discussion in
this section: a simply-supported beam subjected to concentrated load at midspan (FIB72-SS-01,
Table 8.17) and a simply-supported beam subjected to a uniformly distributed load (FIB72-SS-07,
Table 8.17). However, results for all cases investigated are presented, in graphical form, in
Appendix G. Summarized numerical results (e.g., computed nominal flexural capacities, damage
lengths, etc.) for all cases, along with observations and discussions of data trends, are included at

the end of this section.

Models FIB72-SS-01 and FIB72-SS-03 consisted of 150-ft long simply-supported beams
with an unbonded reinforcement ratio (U/T) of 0.2. These beams contained 49 individual bonded
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pretensioned strands and two unbonded post-tensioned tendons (where each tendon contained six
0.6-in. diameter strands). All pretensioned strands were prestressed to a target force equal to
43.9 kips (202.5 ksi) while the target force during post-tensioning was defined as 263.7 kips
(202.5 ksi).

Prestressing forces on both the pretensioned strands and PT tendons were evaluated for
each analysis. The yield stress of the prestressing strands is specified as 243 ksi (ASTM A416),
therefore the yield force for each strand (0.6 in. diameter, 0.217 in? cross-sectional area) was set
equal to 52.7 kips. Initially, the formation of plastic hinges was defined as the condition where the
axial force in the pretensioned strands exceeded the specified yield force. Hence, plastic hinge
length was estimated as the length over which the axial force in the pretensioned strands was higher
than the yield force. However, it was observed that concrete damage extended beyond the yield
force threshold. Concrete damage is consistent with the abrupt change in slope in axial force in
pretensioned strands. Therefore, a parameter denoted ‘damage length’ was defined as the length
over which the axial force in the pretensioned strands presented nonlinear behavior. In other words,
damage length was measured between the points where the axial force vs. location curve presented
a change in slope as depicted in Figure 8.96.

1.2
1.0 e a— < .
Change in slope Change in slope
4 5

2 08— Damage Length % -
~ Linear function Linear function
§ (left end to center) (right end to center)
S 0.6
[
=
»
< 04

0.2

0.0

0 01 02 03 04 05 06 07 08 09 1
Location / Span Length

Figure 8.96 Definition of ‘damage length’

Figure 8.97 depicts axial forces in pretensioned strands as a function of location along the
length of simply-supported beams. The axial forces are presented for different load levels during
the analysis. Note that the load levels were selected to provide a qualitative graphical
representation of the concrete damage region; these levels do not, however, necessarily represent
equal increments of load. Data at the start of the analysis (i.e., pretensioning) are shown in light
gray transitioning to black towards the end of the analysis. The last (i.e., black) trace plotted in
each figure corresponds to the load level at which at the flexural moment capacity was reached.
During both concentrated (Figure 8.97a) and uniform (Figure 8.97b) load application, the
maximum pretensioned axial force was achieved with a value of 57.9 kips (266.8 ksi). The bonded
reinforcement exhibited a significant increase in axial force near midspan for both models.
However, the two models exhibited different damage lengths. For the concentrated load condition,
the nonlinear portion of the axial force curve extended for 450 in.; which was defined as the
damage length. It can be observed that the damage length corresponding to uniform loading is
longer; it was determined to be approximately 780 in.

For all models, the axial forces in both of the PT tendons remained almost constant with
respect to longitudinal location, remaining well below the corresponding total yield force. Since
the PT tendons were modeled as unbonded and the friction coefficient was zero for most cases, as
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expected, the axial forces were equally distributed along the whole length of the tendons, despite
formation of a plastic hinge zone.
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Figure 8.97 Axial force as a function of location, pretensioned strands:
(@) simply-supported beam subjected to concentrated load (U/L = 0.2),
(b) simply-supported beam subjected to uniformly distributed load (U/L = 0.2)

To assess the flexural capacity of the beams, not only was the applied force checked, but
also bending moments were evaluated at midspan. As depicted in Figure 8.98a, the maximum
moments (shown with a blue x marker) were compared to the nominal moments (moments
corresponding to € = 0.003 in/in; shown with an orange * marker). The maximum moments were
in good agreement with the nominal moment, which is the value used in design equations. Beam
curvatures (Figure 8.98b) were computed for each load level and longitudinal positions spaced
every 6 in. along the beams. For purposes of plotting moment-curvature relationships, curvature
was taken as the average curvature within the damage length. As depicted in Figure 8.98b, there
was a sharp increase in curvature values near midspan towards the end of the analysis. The extent
of this increase was determined to be approximately the same as the damage length previously
identified through axial force in the pretensioned strands along the length of the beam. Fluctuations
in curvature values were consistent with damage bands observed on the beam (Figure 8.99).
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Figure 8.98 Simply-supported beam subjected to concentrated load at midspan with U/T = 0.2
(FIB72-SS-01): (a) moment as a function of curvature, (b) curvature as a function of location
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The flexural behavior of each prestressed concrete beams is presented through renderings
showing the concrete damage index (recall Figure 8.3). Figure 8.99 depicts renderings of damage
in the middle section of the beam. These figures are not to scale—to aid in visual interpretation of
results along the entire length of the beam, the vertical scale has been exaggerated. The damage
contours represent the ratio of damage experienced by the beam. As the damage index approaches
a value of 1, the specimen is reaching ‘failure’. These renderings illustrate the progression of
damage as the beams are loaded until failure. Damage can be observed in the bottom of the beams,
near midspan. It is noted that damage is distributed along a longer area for the uniform load case.
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Figure 8.99 Elevation view of damage progression at midspan section:
(a) simply-supported beam subjected to concentrated load (U/L = 0.2),
(b) simply-supported beam subjected to uniformly distributed load (U/L = 0.2)

Results: Negative bending beams

Two negative bending beams were selected as representative cases for detailed discussion:
a negative bending beam subjected to a concentrated loading at midspan (FIB72-NB-03,
Table 8.18) and a beam subjected to a uniformly distributed load (FIB72-NB-09, Table 8.18). This
section will focus on the flexural behavior of the center segment over the interior support and
results for all cases investigated are presented, in graphical form, in Appendix G.

Finite element models FIB72-NB-03 and FIB72-NB-09 consisted of three precast beam
segments that were joined together with concrete splices (for a total length of 300 ft) and
subsequently post-tensioned. These beams had an unbonded reinforcement ratio (U/T) of 0.8 in
the middle segment. Bonded reinforcement consisted of mild steel in the concrete deck and 4
pretensioned strands in the top of the beam. Unbonded reinforcement consisted of two PT tendons,
each consisting of 24 0.6-in. diameter unbonded strands.
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Figure 8.100 depicts axial forces in the top pretensioned strands as a function of location
along the length of the middle segment (which spanned over the interior support) of negative
bending beams. During concentrated loading (Figure 8.100a), the maximum pretensioned axial
force was achieved with a value of 57.9 kips (266.8 ksi). Meanwhile, during uniform load
application (Figure 8.100b), the top pretensioned strands reached a maximum axial force of
58.0 kips (267.3 ksi). A significant increase in axial force was observed in the bonded strands near
the interior support. The damage length for negative moment at the interior support corresponding
to the concentrated load case was determined to be 336 in. while the damage length for the uniform
load case was determined to be 276 in. (18% shorter than concentrated load case). After formation
of the interior support plastic hinge, additional positive moment hinges formed in the end beam
segments under the concentrated load application points. These secondary positive moment hinges
presented shorter damage lengths.
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Figure 8.100 Axial force as a function of location, pretensioned strands:
(a) negative bending beam subjected to concentrated load (U/L = 0.8),
(b) negative bending beam subjected to uniformly distributed load (U/L = 0.8)

Figure 8.101 depicts renderings of concrete damage in the beams. Note that these figures
are not to scale—to aid in visualization, the vertical scale is exaggerated. Selected load levels are
presented to illustrate the progression of damage as the beam is loaded to failure. As previously
noted, the primary negative moment plastic hinge developed at the interior support, and secondary
positive moment hinges formed under the concentrated loads at midspan. The damage renderings
at the point of nominal negative moment were visually consistent with the damage length that was
computed from the axial force data corresponding to the pretensioned strands in the top flange of
the beam.
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Figure 8.101 Elevation view of damage progression at midspan section:
(a) negative bending beam subjected to concentrated load (U/L = 0.8),
(b) negative bending beam subjected to uniformly distributed load (U/L = 0.8)

Observed trends

Discussions of trends observed in the results obtained for all analysis cases listed in
Tables 8.17 and 8.18 are presented below.

Simply-supported beams

The simply-supported beams were analyzed for a total of 11 different cases (see
Table 8.17). The main parameters that were varied were the ratio of unbonded reinforcement (U/T)
and the load type. However, cases with varying friction coefficients were also considered. The
main interest of these analyses was the flexural behavior of the beams, specifically the nominal
moment capacity under different scenarios. Moments for cases with varying U/T ratios and varying
load types are plotted in Figure 8.102a. It was found that the moment capacity did not vary
significantly due to the load type. In spite of the different load types, the differences between the
moments in beams with the same unbonded reinforcement ratio (U/T), but different loading types,
were less than 5%. In contrast, the moment capacity was affected by the ratio of unbonded
reinforcement. As shown in Figure 8.102a for all three load cases, the moment capacities decreased
as the unbonded reinforcement ratio increased. Within the same load type, the moment capacity
decreased approximately linearly with respect to the ratio of unbonded reinforcement.

Beyond variations in reinforcement ratio and load type, the friction coefficients employed
for the post-tensioning were also varied for two additional models. Frictional variations were
introduced to produce models with u=0.14 and u=0.30 so that the influence of friction (on flexural
capacity) could be investigated. The maximum and ‘nominal’ moments were essentially the same
for all three levels of friction. The nominal moments for different friction coefficients are presented
in Figure 8.102b.
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Figure 8.102 Nominal bending moments at midspan by load type and unbonded reinforcement
ratio: (a) simply-supported beams with p =0,
(b) simply-supported beams with varying friction (u) coefficients (UL, U/T = 0.5)

The damage length was also evaluated for the different types of loading and ratios of
unbonded reinforcement as well as for varying friction coefficients. The lengths reported herein
were determined from axial force data from the pretensioned strands. These lengths were
analogous to the distance over which the curvature increased significantly as well as to the beam
length that experienced a concrete damage index greater than 50%. As depicted in Figure 8.103,
contrary to the moment capacity, the hinge length was influenced by both the load type and the
unbonded reinforcement ratio. It was observed that the beams with the highest levels of unbonded
reinforcement (U/T=0.8) consistently exhibited the lowest damage lengths, regardless of load type.
Beams with U/T=0.2 and U/T=0.5 had similar damage lengths to each other. For example, under
a concentrated load at midspan, the damage length of a beam with U/T=0.2 was only 10% longer
than for a beam with U/T=0.5. Likewise, under tandem and uniform loads, the beams with U/T=0.2
resulted in longer damage lengths than the beams with U/T=0.5. Regarding the type of loading,
the damage length increased as the loading went from a concentrated load at midspan (point load)
to a tandem load, and eventually to a uniformly distributed load. The tandem loading resulted in
lengths significantly longer than the point load. Differences between the values obtained for the
distributed and tandem loads, however, were less than approximately 20%. Note that damage
lengths in beams subjected to uniform loading were at least 80% longer than damage lengths
determined from beams under a concentrated load at midspan.
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Figure 8.103 Damage lengths by load type and unbonded reinforcement ratio:
Simply-supported beams with p =0

Negative bending beams

Negative bending beams were analyzed for a total of 12 different cases (see Table 8.18),
including variations in loading type, ratio of unbonded reinforcement, and friction between the
post-tensioning and the PT ducts. As the coefficient of friction was not found to have a strong
influence on ultimate flexural strength, most of the beams were modeled with a zero friction
condition. However, a typical friction level (u=0.14) and two elevated friction levels (u=0.3 and
u=0.5) were also considered in the modeling of negative bending beams. The main interest of these
analyses was the flexural behavior of the beams, specifically the nominal negative moment at the
interior support under different scenarios. Figure 8.104a shows that the moment capacity did not
vary significantly due to the load type. For example, differences between the moment capacities
of beams with the same unbonded reinforcement ratio were less than 5%. Moment capacity was
affected by the ratio of unbonded reinforcement. For all three load cases, the moment capacity
increased as the unbonded reinforcement ratio increased. Within the same load type, the moment
capacity increased approximately linearly with a growing ratio of unbonded reinforcement.
Figure 8.104b depict the moment capacities computed for negative bending beams with an
unbonded ratio of 0.6, but with different coefficients of friction. Using Model FIB72-NB-08 as a
baseline, modified models were used to study the influence that friction had on flexural behavior.
Maximum and ‘nominal’ moments were approximately the same for all four friction levels,
indicating that moment capacity was not sensitive to friction coefficient.
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Figure 8.104 Nominal bending moments at midspan by load type and unbonded reinforcement
ratio: (a) negative bending beams with =0,
(b) negative bending beams with varying friction (n) coefficients (UL, U/T = 0.6)

Damage lengths were also evaluated for the different types of loading, different ratios of
unbonded reinforcement, and varying friction coefficients. The lengths reported herein were
determined from pretensioned strand axial forces at the top of the beam over the interior support.
These lengths were analogous to the distance over which the curvature increased significantly, as
well as to the beam length that experienced a concrete damage index greater than 50%. As depicted
in Figure 8.105, damage lengths exhibited a general downward trend with respect to increasing
ratios of unbonded reinforcement.
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Figure 8.105 Damage lengths by load type and unbonded reinforcement ratio:
Negative bending beams with u =0

Contrary to the trends observed for simply-supported beams, nominal moment capacities
for the negative bending beams increased with an increasing U/T ratios. However, higher ratios of
unbonded reinforcement resulted in less system ductility—again, in contrast to trends observed for
simply-supported beams. The general trends of increasing capacity and decreasing ductility, as
U/T increased, were generally observed among all the negative bending beam models regardless
of loading type.
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8.4.2 Florida I-Beams (with straight PT tendons)

Scope of parametric study

Finite element models of modified FIBs were analyzed with straight PT tendon profiles to
allow isolation of the effects of U/T ratios and load types on the flexural behavior of beams with
mixed reinforcement. All models in this section consisted of simply-supported modified FIB-72
girders (Figure 8.89) with a span length of 150 ft (span-to-depth ratio = 25). The compressive
concrete strength of the FIB section was defined as 8500 psi while the compressive strength of the
concrete deck was defined as 4500 psi. Table 8.19 presents the matrix of FIBs with straight PT
tendons that were included in the parametric study.

Table 8.19 Parametric study matrix — SS Florida I-Beams (straight PT tendon)

Model Reinforcement Ratio (U/T) Loading
FIB72-SS-12 0.95 PL
FIB72-SS-13 0.90 PL
FIB72-SS-14 0.90 TL
FIB72-SS-15 0.90 UL
FIB72-SS-16 0.80 PL
FIB72-SS-17 0.80 TL
FIB72-SS-18 0.80 UL
FIB72-SS-19 0.70 PL
FIB72-SS-20 0.70 TL
FIB72-SS-21 0.70 UL
FIB72-SS-22 0.50 PL
FIB72-SS-23 0.35 PL
FIB72-SS-24 0.25 PL
FIB72-SS-25 0.10 PL
FIB72-SS-26 0 (bonded) PL

PL = Point load, TL = Tandem load, UL = Uniform load

Varying ratios of unbonded reinforcement to total reinforcement (U/T) were considered as
listed in Table 8.19; strand layouts are presented in Appendix H. The total amount of PT strands
was divided into two PT tendons; each tendon was assigned a cross-sectional area and prestressing
force that represented all strands contained within the ‘aggregated tendon’.

Figure 8.106 illustrates the construction stages that were used in defining the single span
beam models with straight tendons. Concrete beam segments (solid elements) corresponding to
the FIB section and concrete deck were placed on top of a steel bed (thin layer of solid elements)
and gravity was applied. Boundary conditions were applied to the bottom surface of the steel bed
to prevent movement. Solid elements in the concrete girder interacted with solid elements in the
steel bed through contact surface definitions (Figure 8.91a). After gravity was applied, the
pretensioning strands were prestressed thus causing the beam to camber upward. Next, concrete
end blocks were added to both ends of the beam and both PT tendons were prestressed
simultaneously. The steel bed was then replaced by displacement constraints along a set of nodes
at a distance of 6 in. from the ends of the beam. Subsequently, external loads were applied.
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Figure 8.106 Constructions stages for simply-supported beams: (a) application of gravity to

girder placed over prestressing bed, (b) pretensioning, (c) addition of end blocks and
post-tensioning, (d) external loads

Loading cases considered: a concentrated load at midspan (PL), a wide ‘tandem’ of two
concentrated loads (third-point loading, TL), and a uniformly distributed load (UL) (Figure 8.107).
The friction coefficient (i) between the PT tendons and the ‘virtual’ PT duct was set to p=0.0 for
all models.
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Figure 8.107 Loading cases on simply-supported (FIB-72, straight PT tendon) beam (not to
scale)
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Results

A representative beam case was selected for detailed discussion in this section: a beam
subjected to concentrated load at midspan with a U/T ratio of 0.70 (FIB72-SS-19, Table 8.19).
Results for all cases listed in Table 8.19 are presented, in graphical form, in Appendix H.
Summarized numerical results (e.g., computed nominal flexural capacities, damage lengths, etc.)
for all cases, along with observations and discussions of data trends, are included at the end of this
section.

Model FIB72-SS-19 contained 18 individual bonded pretensioned strands and two
unbonded post-tensioned tendons (where each tendon contained 21 0.6-in. diameter strands). All
pretensioned strands were prestressed to a target force equal to 37.43 kips (172.5 ksi) while the
target force during post-tensioning was defined as 786.1 kips (172.5 ksi), assuming a lump
prestress loss of 30 ksi for both pretensioned and post-tensioned tendons.

Prestressing forces on both the pretensioned strands and PT tendons were evaluated for
each analysis. Figure 8.108 depicts axial forces on pretensioned strands as a function of location
along the length of simply-supported beams. The axial forces are presented for different load levels
during the analysis. Data at the start of the analysis (i.e., pretensioning) are shown in light gray
transitioning to black towards the end of the analysis. The bonded reinforcement exhibited a
significant increase in axial force near midspan. The reported damage length was based on the
axial force data from pretensioned strands in the bottom layer. The axial forces in both of the PT
tendons remained almost constant with respect to longitudinal location, remaining well below the
corresponding total yield force. The axial forces were equally distributed along the whole length
of the tendons, despite formation of a plastic hinge zone.
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Figure 8.108 Axial force as a function of location, pretensioned strands:
Simply-supported FIB-72 subjected to concentrated load (U/L = 0.70)

Bending moments were evaluated at midspan in a similar way as discussed in Section 8.4.1.
Figure 8.109a depicts a moment-curvature plot where maximum and nominal moments have been
identified in blue and orange. Beam curvatures were computed for each load level and
Figure 8.109b presents a sharp increase in curvature near midspan towards the end of the analysis.
Renderings of concrete damage index are shown in Figure 8.110. In despite of different PT tendon
profiles, results from FIB girders with straight PT tendons were consistent to those from FIB
girders with parabolic PT tendons.
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Figure 8.109 Simply-supported FIB-72 subjected to concentrated load with U/L = 0.70
(FIB72-SS-19): (a) moment as a function of curvature, (b) curvature as a function of location
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Figure 8.110 Elevation view (not-to-scale) of damage progression at midspan section:
Simply-supported FIB-72 subjected to concentrated load (U/L = 0.70)

Observed trends

The main parameters that were varied for the beam cases listed in Table 8.19 were the ratio
of unbonded reinforcement (U/T) and the load type. Moments for beam cases with varying U/T
ratios and varying load types are plotted in Figure 8.111. In contrast to FIB girders with parabolic
PT tendons, FIBs with straight PT tendons and load type PL resulted in lower moment capacities
than beams subjected to load types TL and UL. On the other hand, results from models subjected
to load types TL and UL did not show significant variations in moment capacity due to load type.

As shown in Figure 8.112, the moment capacity was affected by the ratio of unbonded
reinforcement. Moment capacities decreased as the unbonded reinforcement ratio increased.
Within the same load type, the moment capacity decreased approximately linearly with respect to
the ratio of unbonded reinforcement.

The damage length was evaluated for the different types of loading and ratios of unbonded
reinforcement. As in previous sections, damage lengths were determined from axial force data
corresponding to the pretensioned strands. As shown in Figure 8.113, the damage length was
significantly influenced by both the load type and the unbonded reinforcement ratio. The longest
damage lengths were found on beams subjected to tandem loads (TL), followed by beams under a
uniformly distributed load. Beams subjected to a single concentrated load at midspan resulted in
shorter damage lengths. As depicted in Figure 8.114, damage lengths presented a general
downward trend with respect to increasing ratios of unbonded reinforcement.
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Figure 8.111 Nominal bending moments at midspan by load type and unbonded
reinforcement ratio: Mod. FIB-72 with straight tendons
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Figure 8.112 Nominal bending moments at midspan by unbonded reinforcement ratio:
Mod. FIB-72 with straight tendons subjected to concentrated load at midspan (PL)
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Figure 8.113 Damage lengths by load type and unbonded reinforcement ratio:
Mod. FIB-72 with straight tendons
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Figure 8.114 Damage lengths by unbonded reinforcement ratio:
Mod. FIB-72 with straight tendons subjected to concentrated load at midspan (PL)

8.4.3 AASHTO Type Il beams (with straight PT tendons)

Scope of parametric study

All models in this section consisted of simply-supported modified AASHTO Type Il
girders (Figure 4.2) with a span length of 75ft (span-to-depth ratio =25) and unbonded
reinforcement consisting of straight PT tendons. The compressive concrete strength of the
AASHTO beam section was defined as 8500 psi while the compressive strength of the concrete
deck was defined as 4500 psi. Table 8.20 presents the complete matrix of AASHTO beams with
straight PT tendons that were included in the parametric study.

Varying ratios of unbonded reinforcement to total reinforcement (U/T) were considered as
listed in Table 8.20; strand layouts are presented in Appendix I. The total amount of PT strands
was divided into two PT tendons; each tendon was assigned a cross-sectional area and prestressing
force that represented all strands contained within the ‘aggregated tendon’.

Construction stages for AASHTO beams with straight PT tendons were defined in a similar
way as discussed in Section 8.4.2 for FIB girders with straight PT tendons. Concrete beam
segments (solid elements) corresponding to the AASHTO beam section and concrete deck were
placed on top of a steel bed and gravity was applied. Boundary conditions were applied to the
bottom surface of the steel bed to prevent movement. Solid elements in the concrete girder
interacted with solid elements in the steel bed through contact surface definitions. After gravity
was applied, the pretensioning strands were prestressed thus causing the beam to camber upward.
Next, concrete end blocks were added to both ends of the beam and both PT tendons were
prestressed simultaneously. The steel bed was then replaced by displacement constraints along a
set of nodes at a distance of 6 in. from the ends of the beam. Subsequently, external loads were
applied. Figure 8.106 illustrates the construction stages that were used in defining the single span
beam models with straight tendons.

Loading cases included: a concentrated load at midspan (PL), a wide ‘tandem’ of two
concentrated loads (third-point loading, TL), and a uniformly distributed load (UL) (Figure 8.115).
The friction coefficient (i) between the PT tendons and the ‘virtual’ PT duct was set to u=0.0 for
all models.
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Model Reinforcement Ratio (U/T) Loading
AASHTO-I1-SS-1 0.90 PL
AASHTO-II-SS-2 0.90 TL
AASHTO-II-SS-3 0.90 UL
AASHTO-II-SS-4 0.80 PL
AASHTO-II-SS-5 0.80 TL
AASHTO-I1-SS-6 0.80 UL
AASHTO-II-SS-7 0.70 PL
AASHTO-I1-SS-8 0.70 TL
AASHTO-I1-SS-9 0.70 UL
AASHTO-II-SS-10 0.50 PL
AASHTO-II-SS-11 0.35 PL
AASHTO-II-SS-12 0.25 PL
AASHTO-II-SS-13 0.10 PL

PL = Point load, TL = Tandem load, UL = Uniform load
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Figure 8.115 Loading cases on simply-supported (AASHTO Type I, straight PT tendon) beam

Table 8.20 Parametric study matrix — SS AASHTO Type Il Beams (straight PT tendon)

A representative beam case was selected for detailed discussion in this section: a beam
subjected to concentrated load at midspan with a U/T ratio of 0.70 (AASHTO-11-SS-7, Table 8.20).
Results for all cases listed in Table 8.20 are presented, in graphical form, in Appendix I.
Summarized numerical results (e.g., computed nominal flexural capacities, damage lengths, etc.)
for all cases, along with observations and discussions of data trends, are included at the end of this

Model AASHTO-I1-SS-7 contained 6 individual bonded pretensioned strands and two
unbonded post-tensioned tendons (where each tendon contained 7 0.6-in. diameter strands). All
pretensioned strands were prestressed to a target force equal to 37.43 kips (172.5 ksi) while the
target force during post-tensioning was defined as 262.0 kips (172.5 ksi), assuming a lump
prestress loss of 30 ksi for both pretensioned and post-tensioned tendons.
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Prestressing forces on pretensioned strands and PT tendons were evaluated for each
analysis. Figure 8.116 depicts axial forces on pretensioned strands as a function of location along
the length of simply-supported beams.
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Figure 8.116 Axial force as a function of location, pretensioned strands:
Simply-supported AASHTO Type Il subjected to concentrated load (U/L = 0.70)

Bending moments and curvature were evaluated at midspan as discussed in Section 8.4.1.
A moment-curvature plot is depicted in Figure 8.117a while Figure 8.117b shows curvature along
the length of the beam. Figure 8.118 depicts renderings of concrete damage index in the middle

section of the beam.
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Figure 8.117 Simply-supported FIB-72 subjected to concentrated load with U/L = 0.70
(AASHTO-II-SS-7): (a) moment as a function of curvature, (b) curvature as a function of

location
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Figure 8.118 Elevation view (not-to-scale) of damage progression at midspan section:
Simply-supported AASHTO Type Il subjected to concentrated load (U/L = 0.70)

Observed trends

The main parameters that were varied for the beam cases listed in Table 8.20 were the ratio
of unbonded reinforcement (U/T) and the load type. Moments for AASHTO beam cases with
varying U/T ratios and varying load types are plotted in Figure 8.119.

Similar to FIB girders, AASHTO beams with straight PT tendons did not present
significant variations in moment capacities due to load type. Moment capacities of AASHTO
beams with straight tendons were significantly lower than those of FIB girders presented in
Sections 8.4.1 and 8.4.2 due to differences in cross-section dimensions, amounts of reinforcement,
and span lengths. However, the overall trends were the same.

As shown in Figure 8.120, the moment capacity was affected by the ratio of unbonded
reinforcement. Moment capacities decreased as the unbonded reinforcement ratio increased.
Within the same load type, the moment capacity decreased approximately linearly with respect to
the ratio of unbonded reinforcement.

The damage length was evaluated for the different types of loading and ratios of unbonded
reinforcement and also presented similar trends to those observed on FIB girders. As shown in
Figure 8.121, the damage length was significantly influenced by both the load type and the
unbonded reinforcement ratio. The longest damage lengths were found on beams subjected to
tandem loads (TL), followed by beams under a uniformly distributed load. Beams subjected to a
single concentrated load at midspan resulted in shorter damage lengths. As depicted in
Figure 8.122, damage lengths presented a general downward trend with respect to increasing ratios
of unbonded reinforcement.
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Figure 8.119 Nominal bending moments at midspan by load type and unbonded
reinforcement ratio: Mod. AASHTO Type Il with straight tendons
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Figure 8.120 Nominal bending moments at midspan by unbonded reinforcement ratio:
Mod. AASHTO Type Il with straight tendons subjected to concentrated load at midspan (PL)
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Figure 8.121 Damage lengths by load type and unbonded reinforcement ratio:
Mod. AASHTO Type Il with straight tendons
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Figure 8.122 Damage lengths by unbonded reinforcement ratio:
Mod. AASHTO Type Il with straight tendons subjected to concentrated load at midspan (PL)

8.5 Summary of observations from parametric study

The scope of the parametric study discussed in Section 8.4 was limited to evaluate the
flexural behavior and capacity of a series of beams to identify factors that might significantly affect
the flexural capacities of prestressed concrete beams with mixed unbonded and bonded
reinforcement. To achieve this goal, various ratios (0.0 < U/T < 1.0) of unbonded (U) to total
(T = unbonded + bonded) reinforcement were investigated.

The parametric study included an investigation into the sensitivity of flexural capacity to
various system parameters, including: the ratio (U/T) of unbonded reinforcement to total
reinforcement; friction between unbonded reinforcement and post-tensioning (PT) duct; loading
type (concentrated loading vs. uniform loading); and beam configuration (supply-supported with
positive moment vs. continuous span with negative moment). It is important to note that both the
pretensioned strands and the mild steel reinforcement in the concrete deck were considered as
bonded reinforcement for purposes of calculating the ratio (U/T) of unbonded to total
reinforcement. Damage lengths were computed, both in positive and negative moment regions,
using multiple approaches (force data from prestressing strands; elevated section curvature;
concrete damage index) that produced generally consistent results.

The following observations were made:

e The flexural behavior and capacity of prestressed concrete beams with mixed
bonded reinforcement (prestress and/or mild) and unbonded reinforcement is
affected by the amount of unbonded reinforcement that is present in the system.

e Moment capacities of prestressed concrete beams were generally not sensitive to
friction coefficients for the range of values that would be reasonably expected in
design.

e Moment capacities were found to be sensitive to the U/T ratio. In general, finite
element analysis demonstrated that increasing the unbonded reinforcement ratios
in concrete elements with mixed reinforcement conditions resulted in lower
ultimate flexural strength.

e For simply-supported beams subjected to positive moment, the flexural capacity
consistently decreased as the ratio of unbonded reinforcement (U/T) increased.
However, for continuous FIB girders subjected to negative moment the relationship
between flexural capacity and U/T was more varied. It is important to note that NB
beams evaluated in the parametric study consisted of FIB-72 girders with a concrete
deck considerably wider (8 ft) than the experimental specimens. Hence, it is
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believed that mild steel reinforcement in the deck provided some crack control and
enhanced the flexural behavior of the FIB girders considered in the parametric
study.

For both simply-supported beams in positive flexure and continuous beams in
negative flexure, damage lengths decreased with increasing unbonded
reinforcement (U/T).

It is considered that the mild steel reinforcement in the deck of NB beams provided
crack control and enhanced the flexural behavior of NB FIB girders.

175



CHAPTER 9
PROPOSED DESIGN APPROACH FOR CONCRETE ELEMENTS WITH MIXED
REINFORCEMENT

9.1 Introduction

Using results from the experimental and analytical investigations presented in previous
chapters, an approach to design concrete elements in flexure with a combination of unbonded and
bonded reinforcement is proposed. This study considered different types of beams with varying
amounts (and ratios) of unbonded and bonded reinforcement, tendon profiles, span-to-depth ratios,
concrete strengths, and loading conditions. Therefore, the equations proposed in this report are
developed to be applicable to flexural elements with variations found in a wide range of projects.

9.2 Flexural capacity

The nominal moment capacity of prestressed concrete beams is affected by the degree of
unbonded reinforcement present in the system. Past studies published in the literature have
demonstrated that the use of mixed reinforcement conditions results in lower ultimate flexural
strength when compared to fully-bonded members with the same total amount of steel
reinforcement. In the present study, it was not feasible to construct and test fully-bonded ‘control’
specimens for the purpose of comparing to the mixed-reinforcement beams that were the primary
focus of the investigation. Constructing fully-bonded and mixed-reinforcement beams would have
required twice as many experimental specimens which was not practical. Instead, the mixed-
reinforcement finite element models that were validated against the collected experimental data
were converted into fully-bonded models. The fully-bonded models then served as computational
surrogates for fully-bonded test beams. Data obtained from the fully-bonded surrogate finite
element models were utilized as the best available prediction for Mnponded (U/T=0).
Figure 9.1 shows the ratio of experimental moment capacity for beams with mixed bonded and
unbonded reinforcement (Mnexp) Over the moment capacity for the corresponding beam assuming
all tendons were fully-bonded (Mn,bonded, U/T=0). Figure 9.1 agrees with the literature in that a
reduction in nominal moment capacity is associated with increasing U/T ratios.
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Figure 9.1 Ratio of experimental moment capacity (Mnexp) Over moment capacity of
fully-bonded system (Mn bonded, Obtained from validated FE models with fully-bonded tendons) as
a function of U/T ratio
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When calculating the nominal moment capacity of components with both bonded and
unbonded tendons, the simplified analysis approach presented in AASHTO-LRFD
(AASHTO, 2020) Sections 5.6.3.1.3b and 5.6.3.2, specifies that the stress in unbonded tendons
may be conservatively taken as the effective stress in the prestressing steel after losses, fpe. This
approach is conservative in the sense that the increase in unbonded tendon stress that occurs during
flexural deformation (which would increase section capacity) is ignored. For mixed conditions,
AASHTO further indicates that the stress in the bonded tendons shall be computed by replacing
the term Apsfou with Apsbfpu+Apsufee in AASHTO Equations 5.6.3.1.1-3 and 5.6.3.1.1-4. This
simplified approach was found to be conservative but inaccurate for predicting the flexural
resistance of concrete members with both bonded and unbonded tendons as depicted in Figure 9.2.
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Figure 9.2 Ratio of experimental moment capacity (Mn.exp) Over calculated moment capacity
(Mhn,carc) using current AASHTO-LRFD equations

Modifications to the simplified AASHTO-LRFD (AASHTO, 2020) approach are therefore
proposed here to better predict the flexural capacity of concrete members with mixed
reinforcement conditions. The allowable omission of the increase in stress in unbonded tendons,
Afpsu, results in an overly conservative approximation of the flexural capacity. Instead, it is
recommended to incorporate the increase in stress in unbonded tendons into AASHTO Equations
5.6.3.1.2-3and 5.6.3.1.2-4 from the AASHTO (2020). This modification is shown in Equation 9-1
for T-section behavior and Equation 9-2 for rectangular section behavior.

c= Apsbfpu + Apsufps,u + Asfs - A’sfs, - 0-85/[c’(b - bw)hf

u 9-1
asfeBiby + I (Apsy ) oD

c= Apsbfpu + Apsufps,u + Asfs - A;f:s"

u 9-2
anfefub -+ k(s 1) &2

dpy — ¢
fps,u = fpe + Afpsu = fpe +900 < ] ) < fpy (9-3)

e
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Apsh = area of bonded prestressing reinforcement (in.?)
Apsy = area of unbonded prestressing reinforcement (in.?)
Ag = area of bonded non-prestressed reinforcement in tension (in.?)
A = area of bonded non-prestressed reinforcement in compression (in.?)
fou = specified tensile strength of prestressing reinforcement (ksi)
fps.b = average stress in bonded prestressing steel (ksi)
(Equation 5.6.3.1.1-1, AASHTO, 2020)
fosu = average stress in unbonded prestressing steel (ksi)
(Equation 5.6.3.1.2-1, AASHTO, 2020)
fre = effective stress in prestressing steel after losses (ksi)
foy = vyield strength of prestressing steel (ksi)
fs = stress in non-prestressed reinforcement in tension (ksi)
fs = stress in non-prestressed reinforcement in compression (ksi)
f! = specified compressive strength of concrete (ksi)
dpp = distance from extreme compression fiber to the centroid of the bonded
prestressing force (in.)
dpy = distance from extreme compression fiber to the centroid of the unbonded
prestressing force (in.)
a, = stress block factor specified in Article 5.6.2.2 (AASHTO, 2020)
B = stress block factor specified in Article 5.6.2.2 (AASHTO, 2020)
b = width of the compression face of the member (in.)
b, = web width (in.)
hs = compression flange depth (in.)
k = reduction factor for calculation of £,
(Equation 5.6.3.1.1-2, AASHTO, 2020)
l, = effective tendon length (in.) (Equation 5.6.3.1.2-2, AASHTO, 2020)

Since there are two equations with two unknowns (¢ and Afpsu) for each type of section
behavior, Equations 9-1 or 9-2 (depending on the type of section behavior) need to be
simultaneously solved with Equation 9-3 to achieve a closed-form solution. Alternatively, multiple
iterations may be performed to satisfy the equations.

Once solved, the nominal flexural resistance may be calculated using Equation 9-4 for
T-section behavior or Equation 9-5 for rectangular section behavior.

My = Aps,pfpsip (dp,b - g) + Apsufpsu (dp,u - %) + Agfy (ds - g)

a

a hf (9-4)
—Af's (s =3) + aufi(b = by (5 - 7)
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M;, = Aps,bfps,b (dp'b B %) + Aps,ufps,u (dp’u - %) * ASfy (ds - %) (9'5)

- A’sf,s (d,s - %)

The proposed modified equations result in more efficient (economical) designs while still
maintaining conservatism. In Figure 9.3, a comparison is provided between section capacities
computed using the simplified AASHTO approach of ignoring PT force increase, and the proposed
approach of including PT force increase.
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Figure 9.3 Ratio of experimental moment capacity (Mn.exp) Over calculated moment capacity
(Mn,caic) using current AASHTO-LRFD equations and proposed modifications as a function of
U/T ratio

9.3 Resistance factor

AASHTO (2020) specifies the resistance factor for tension-controlled prestressed concrete
sections as: ¢ = 1.00 for bonded systems and ¢ = 0.90 for fully unbonded systems. For mixed
unbonded and bonded conditions, AASHTO states that selection of ¢ shall be based on the bonding
condition of the tendons providing the majority of the prestressing force at the section. As noted
by Mast (1992), one of the primary purposes of using a resistance factor (¢) in structural design is
to allow for inaccuracies in capacity calculations.

As U/T varies from O=fully-bonded to 1=fully-unbonded, beam flexural behavior
transitions from section-level behavior to member-level behavior. Flexural capacities associated
with member-level behavior (at larger U/T) are affected by a larger number of structural
parameters (and variabilities) than are capacities associated with section-level behavior. As such,
capacities associated with larger U/T possess greater prediction error than those associated with
sectional analysis at smaller U/T. As previously discussed, for beams containing unbonded
tendons, consideration must be given to the tendon lengths, hinge lengths, and member geometry
since unbonded tendons transfer stress only at anchorages and deviation points. The use of
simplified code equations fails to capture all of these considerations accurately.

To assess the level of variability that exists in capacity prediction, the proposed capacity
equations (discussed in the previous section) are compared to experimental data and to results from
parametric finite element analyses. The goal is to assess the level of variability that occurs over a
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range of different conditions (e.g. beam shapes, span-to-depth ratios, concrete strengths, and U/T
ratios).

Figure 9.4 shows the ratio of nominal moment capacity (from experimental data and
parametric FE simulations) to the moment capacity computed using the proposed modified
equations (Mhnarc). In addition, for each data set (experimental beam specimens, FE parametric
study of modified AASHTO beams, and FE parametric study of modified Florida I-beams), the
mean value is also presented. Within each of the three data sets, the computed capacities are all
conservative, but indicate no clear correlation to U/T. As U/T increases, the benchmark section
capacities (either experimental data or FE simulation) are variously under or over predicted with
an error level that increases.
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Figure 9.4 Ratio of nominal moment capacity (from experimental data or FEA) over predicted
nominal capacity as a function of U/T ratio

To allow the relative variabilities in capacity prediction error for all three data sets to be
visualized more consistently, the ratios from Figure 9.4 are normalized relative to the respective
mean values and are replotted in Figure 9.5. Evident from Figure 9.5 is the fact that for sections
with predominantly bonded reinforcement (U/T<0.5), there is low variability in capacity
prediction error. However, for beams with predominantly unbonded reinforcement (U/T>0.5), the
variability in capacity prediction error increases approximately linearly from U/T=0.5 to U/T=1.0
(fully-unbonded). Based on these results, it is proposed to maintain the AASHTO value of ¢=1.00
for 0<U/T<0.5, then to linearly transition ¢ from ¢ = 1.00 at U/T=0.5 to ¢ = 0.9 at U/T=1.0 (see
Figure 9.6). This approach incorporates the experimental and analytical findings from the present
study, while also maintaining the established AASHTO ¢ factors at the fully-bonded (U/T=0) and
fully-unbonded (U/T=1) boundaries. In the range 0.5<U/T<1, implementation of the proposed
variation of ¢ would provide improved design efficiency relative to the current AASHTO
provisions.
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Figure 9.5 Ratio Mn/Mn caic over the mean value of Mn/Mn caic for each set of beams as a function
of U/T ratio
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Figure 9.6 Resistance factor as a function of U/T ratio
9.4 Minimum bonded prestressing reinforcement

In general, the experimental and analytical results obtained in this study, for beams with
prestressed reinforcement consisting of mixed bonded and unbonded tendons, indicated a greater
increase in bonded strand stress than that which would occur in beams with the same amount of
prestressing but in a fully-bonded condition (U/T = 0). As a consequence of this relative increase
in stress, some of the beams tested in the experimental study resulted in undesirable rupture of
bonded strands. In order to avoid (i.e. prevent) strand rupture, it is proposed that a minimum
amount of bonded prestressing reinforcement be required in design. Different materials used for
prestressing reinforcement (e.g. carbon steel, high strength stainless steel, and CFRP) were
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considered in the development of a minimum bonded prestressing reinforcement ratio (ppb) for
prestressed concrete beams.

Initially, a bonded prestressing reinforcement ratio for fully-bonded beams (U/T = 0) was
determined directly from mechanics using the relationship between strains and the sum of forces
in a beam section, as shown in Figure 9.7. Equation 9-6 was used to calculate the depth to the
neutral axis (c), where cu is the ultimate compressive strain in concrete (0.003), &ps is the specified
minimum elongation of the material at rupture, and dpb is the depth to the centroid of the bonded
prestressing reinforcement. Substituting Equation 9-6 into Equation 9-7 and solving for
Aps/(bdyp), ppo is obtained from Equation 9-8 for fully-bonded tendons. Note that b is the width
of the compression face of the member. The bonded reinforcement ratio at which strand rupture
occurs in beams with fully-bonded tendons can be defined using the simplified Equation 9-9. It is
important to note that the compressive strength of concrete used in the calculation of ppb,rupture IS
the strength corresponding to the concrete in the compression zone. If the compression zone
extends into a concrete section with a different compressive strength (e.g. from deck concrete into
precast girder concrete), it is recommended to use the higher compressive strength of concrete for
a conservative computation of ppb,rupture.

£e,=0.003

C=uo,f" ba=0,f"p;bc

dob

Tps = Apsbfps = Apsbfpu
—»

€ps

Figure 9.7 Resultant section forces used in derivation of pbmin for beams with bonded
reinforcement consisting of prestressing strands

Ecu
=— d -
T ey P (9-6)
alf’cﬁlbc = Apsbfpu (9'7)
A arf' B < € )
psb 1) cP1 cu
_ = = 9-8
pb,rupture (fully—bonded) bdpb fpu Eeu + gps ( )
Pb,rupture (fully—bonded) = Yai 7 = (9-9)
pu
Ecu
y= (o (6-10)
(gcu + 8p5>

Where:
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f! = specified compressive strength of concrete in the compression zone (ksi)

fou = specified tensile strength of prestressing reinforcement (ksi)

& = failure strain of concrete in compression (in./in.) = 0.003

gps = strain in prestressing reinforcement; specified minimum elongation of the
material at rupture (&, in./in.)

a, = stress block factor specified in Article 5.6.2.2 (AASHTO, 2020)

B = stress block factor specified in Article 5.6.2.2 (AASHTO, 2020)

Similarly, a formulation for the amount of bonded prestressing reinforcement required to
avoid bonded strand rupture in beams with mixed reinforcement conditions was derived from
mechanics as presented in Equations 9-11 through 9-25. The ratio of bonded prestressing
reinforcement is defined by Equation 9-11, where A, is the area of bonded prestressing, b is the
width of the compression face of the member, and d,,, is the depth to the centroid of the bonded
prestressing reinforcement. From similar triangles (Figure 9.8a), d,,;, is directly proportional to ¢
(Equation 9-13). Therefore, p,, at rupture can be expressed as a function of ¢ as presented in
Equation 9-14.

A
psb

=— 9-11

Ecu
y= (o (6-12)

(gcu + gp5>
c=(—2 Va, =yd, >d, = (9-13)
Ecu T Eps P P P Y
YApsp

Ppbrupture = bi‘s (9'14)
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Figure 9.8 Resultant section forces used in derivation of pbmin for beams with bonded
reinforcement consisting of prestressing strands and mild steel bars: (a) assuming no rupture of
mild steel bars, (b) assuming rupture of both prestressing strands and mild steel bars

Substituting Equation 9-15 into Equation 9-14, Equation 9-17 is obtained for p,, at
rupture. Note that the average stress in the unbonded tendon can be estimated using Equation 9-16.

_ Apsvfou + Apfufps.u + Asfy (9-15)
asf¢ Bib

dpy — ¢
Frsu = foe + Mosu = foe + 900( z ) < foy (9-16)
e

yApsb alfclﬁlb
Ppb, = 9-17
pbrupture b Apsbfpu + Apsufps,u + Asfy ( )

The ratio of unbonded reinforcement is calculated in terms of force (e.9. F,y = Apsufpu)
as shown in Equation 9-18. Therefore, the area of unbonded reinforcement can be expressed as a
function of the area of bonded reinforcement and U/T ratio (Equation 9-19).

g — Apsufpu —1_ Apsbfpu + Asfy (9-18)
T Apsufpu + Apsbfpu + Asfy Apsufpu + Apsbfpu + Asfy
f v
Apey = <Apsb + Asf—y> - (9-19)
pu 1-— T

Replacing 4,4, by Equation 9-19 in Equation 9-17:
Apsb

Ppb,rupture = Y %1 ,Blfc,
(9-20)

U
f —_—
Apsbfpu + (Apsb + As fy ) T U fps,u + Asfy
pu 1
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Ppb,rupture = Y1 P1f¢ Ao (1 _ %) + (Aps,, + A ;;—u %) fosu + Asfy ( ?) (9-21)
Ppb,rupture = Y“l/ﬁj} U Bt gcl _ %) 7 7 o~ (9-22)
s (1-7) # (4 + 4:72) (7) B+ 4.7 (1 7)
: a1l
ﬁf’}( ) (}"’2< Deaf-af® O
U
Ppbrupture = Y1 P1 ffp, U f At (1 - i) U _f (9-24)
A (1 Gl (l )) A g (1 Gl ))

Finally, the ratio of bonded prestressing reinforcement at rupture for beams with mixed
bonded and unbonded reinforcement, where the bonded reinforcement consists of prestressing
strands and mild steel bars is calculated using Equation 9-25.

[ U
f Apsb | 1-7F

1
u s, u |
f Apr * AS fpu ll ( f]‘epu )J

Ppb,rupture = yalﬁl (9-25)

Where:

Apsp = area of bonded prestressing reinforcement (in.?)

A, = area of bonded non-prestressed reinforcement in tension (in.?)
fou = specified tensile strength of prestressing reinforcement (ksi)
fosu = average stress in unbonded prestressing steel (ksi)

(Equation 5.6.3.1.2-1, AASHTO, 2020)

fy = vyield strength of non-prestressed reinforcement (ksi)

f! = specified compressive strength of concrete (ksi)

a, = stress block factor specified in Article 5.6.2.2 (AASHTO, 2020)

By = stress block factor specified in Article 5.6.2.2 (AASHTO, 2020)

It is intended to avoid rupture in bonded prestressing strands and mild steel bars, but for
both to occur, the distance from the extreme concrete compression fiber to the rebar has to be
significantly larger than the distance to the bonded prestressing strands. When the elongation at
rupture for Grade 270 prestressing strands is taken as epu = 0.035 and the elongation at rupture for
mild steel bars is taken as esu = 0.09, it was determined by solving similar triangles that the distance
d, is equal to 2.45 times the distance d,,,. Rupture of mild steel bars is unlikely to occur since they
have a much higher ultimate elongation than prestressing strands. Therefore, no requirement for
minimum bonded non-prestressed reinforcement (e.g. mild steel bars) is proposed. However, as
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depicted in Figure 9.8(b), when non-prestressed reinforcement bars are present in a section, it is

recommended to satisfy dg < (m) dpp, Where ds is the distance from extreme compression

Eputécu
fiber to the centroid of the non-prestressed reinforcement, dpb is the distance to the bonded
prestressing strands, &, is the specified minimum elongation of the non-prestressed reinforcement
at rupture, and &,,, is the specified minimum elongation of the prestressed reinforcement at rupture.

For prestressed concrete beams with mixed bonded and unbonded reinforcement, where
the bonded reinforcement consists of prestressing strands only, the ratio of bonded prestressing
reinforcement at rupture is calculated with the simplified Equation 9-26. Figure 9.9 shows the ratio
of bonded prestressing reinforcement at rupture as a function of U/T ratio for varying compressive
concrete strengths.

U

f' l-7 9-26
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Figure 9.9 Ratio of bonded prestressing reinforcement at strand rupture as a function of U/T ratio
for varying concrete strengths (assuming f,s,, = 0.80f,,,)

The purpose of requiring a minimum ratio of bonded reinforcement is to guarantee the
failure mechanism is concrete crushing instead of bonded strand rupture. In order to prevent strand
rupture, an amount of bonded reinforcement exceeding the threshold established in Figure 9.9
needs to be provided. As discussed in the derivation of Equation 9-25, the amount of bonded
reinforcement required to prevent bonded strand rupture is dependent on the material properties of
concrete and prestressed reinforcement. Therefore, it is important to take into account the
variabilities associated with the properties of the materials used (e.g. uncertainties in strength,
failure strain of concrete in compression, and failure strain [elongation] of prestressed strands). To
account for these material variabilities, it is proposed to incorporate the use of the resistance factor
into the calculation of ppbmin as presented in Equation 9-27 (for beams including non-prestressed
bonded reinforcement) and Equation 9-28 (for beams with bonded reinforcement consisting of
prestressing reinforcement only). Over the full range 0<U/T<1, the resistance factor is
conservatively taken as ¢=0.9 (which corresponds to U/T=1.0). Figure 9.10 shows the proposed
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minimum ratio of bonded prestressing reinforcement as a function of U/T ratio for varying
compressive concrete strengths.

LR A 1-7
S
Pomin = =Y Py F—— 7 7 (9-27)
¢ Toug o wa vl Uy~ losn
psb Sfpu T fpu
Rl 1-f |
c T
= a -
Pb,min ¢V 1B1— fpu | L g( - fps,u)l (9-28)
i Sy |
0.0020
f'c=8.5ksi
0.0018 fc=6.5 ksi
f'c=4.5ksi
0.0016
0.0014
_ 0.0012
g 0.0010
Q
0.0008
0.0006
0.0004
0.0002
0.0000
00 01 02 03 04 05 06 07 08 09 10
u/iT

Figure 9.10 Minimum ratio of bonded prestressing reinforcement as a function of U/T ratio for
varying concrete strengths (assuming f,s,, = 0.80f,,)

Figure 9.11 shows the strain in pretensioned strands from experimental beam specimens
normalized by the specified maximum strand elongation (epre1/0.035 > 1 indicates bonded strand
rupture) as a function of the ratio of provided bonded prestressing reinforcement (ppb) to minimum
bonded prestressing reinforcement (ppb,min). As shown in Figure 9.11, beam specimens SS-3 and
SS-4 did not satisfy the proposed ratio of minimum bonded reinforcement and calculations
indicated strand rupture, which is in agreement with experimental and analytical results. Bonded
strand rupture occurred during experimental testing of beam specimen SS-4. Bonded strand rupture
was also exhibited by the validation finite element model of beam SS-4. Strand rupture did not
occur during testing of experimental specimen SS-3 because, due to safety concerns, loading was
halted shortly after the concrete deck reached ec = 0.003. However, the corresponding validation
finite element model of SS-3 did exhibit rupture of all bonded strands. Note that tensile tests
performed on samples of the experimental prestressing strand indicated an average maximum
elongation of 0.05. However, for design purposes, the maximum elongation in pretensioned
strands was taken as the design value of 0.035 in the calculation of minimum bonded reinforcement
and normalized strain in PreT strands. As depicted in Figure 9.11, ‘modified’ beams SS-3 and
SS-4 that included additional bonded strands (satisfying ppbmin) Would not have exhibited bonded
strand rupture.
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epret / 0.035 > 1 indicates strand rupture
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Figure 9.11 Normalized strain in pretensioned strands from experimental beam specimens as a
function of ppb/ppb,min
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CHAPTER 10
SUMMARY AND CONCLUSIONS

In the present study, full-scale prestressed concrete beams were evaluated using
experimental and analytical techniques. This study focused on evaluating the flexural behavior of
prestressed concrete elements with a combination of unbonded tendons with bonded prestress
and/or mild steel reinforcement, with a particular emphasis on determining how mixed conditions
influence post-tensioned system behavior. The goal of this study was to develop guidelines for
design and analysis of concrete members with mixed reinforcement conditions.

Experimental tests were conducted on a series of simply-supported and negative bending
beam specimens with different combinations of both bonded and unbonded reinforcement. The
main parameter varied in the study was the ratio of unbonded reinforcement to total amount of
reinforcement (U/T). However, other parameters such as concrete strength, span-to-depth ratio,
and boundary conditions were considered during experimental testing. The experimental
evaluation consisted of a total of eight beam specimens: four simply-supported precast modified
AASHTO Type Il beams, one simply-supported cast-in-place (20 in. x 24 in.) beam, and three
negative bending precast modified AASHTO Type Il beams. Simply-supported beams were tested
in three-point bending while negative bending specimens were subjected to a concentrated load
applied at one end of the beam such that a negative moment was generated at the interior support.

Following the experimental testing, validation models corresponding to each of the
experimental beam specimens were analyzed using finite element simulation and LS-DYNA. The
validation models utilized parameter values that corresponded to the actual material properties and
prestressing forces present on the experimental specimens. Comparisons between FEA results and
experimental data included load-displacement data, concrete strains, nominal load, maximum load,
stresses in bonded pretensioned strands and unbonded post-tensioned tendons, and rupture of
prestressing strands. All validation models were capable of representing nonlinear behavior and
produced results that were in good agreement with the experimental data. The models were capable
of exhibiting strand rupture where such rupture occurred experimentally, and indicated nominal
capacities that were within a 10% margin of error for all experimental specimens tested.

To evaluate a wider range of the parameters than was possible in the experimental study,
parametric finite element studies were conducted. Parametric studies considered AASHTO beams
and Florida I-beams with varying boundary conditions, reinforcement ratios, PT tendon profile,
loading types, and friction coefficients. Based on the collected experimental data and results from
finite element parametric studies, flexural design provisions for prestressed concrete elements with
a combination of bonded and bonded reinforcement were developed.

The following conclusions and recommendation are made:

e It was confirmed through experimental testing and finite element analysis that increasing
the unbonded reinforcement ratios in concrete beams with mixed reinforcement
conditions results in lower ultimate flexural strength. This result is summarized in
Table 10.1 where nominal flexural capacities for experimental beams with mixed
conditions are normalized by nominal moment capacities of corresponding beams where
all tendons are assumed to be fully-bonded.
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Table 10.1 Flexural strength of experimental beam specimens

Test Specimen u/T M experimental / M bonded
SS-1 0.4 0.92
SS-2 0.6 0.90
SS-3 0.4 0.94
SS-4 0.6 0.91
SS-5 0.9 0.89
NB-1 0.5 1.01
NB-2 0.6 0.96
NB-2 0.7 0.90

A method for computing the flexural strength of beams with mixed reinforcement has
been proposed. The new proposed approach involves modifications to current provisions
from AASHTO-LRFD (AASHTO, 2020) and yield flexural capacities that are more
accurate, yet remain conservative relative to benchmark data (experimental tests, and
nonlinear finite element analyses).

Variability in the accuracy of design-equation flexural capacities was found to be
minimal when U/T < 0.5 but increased significantly when U/T > 0.5. Consequently, for
prestressed beams with mixed reinforcement conditions in the range 0.5<U/T<1,
implementation of a linear transition of resistance factor (¢) from ¢$=1.0 at U/T=0.5 to
¢=0.9 at U/T=1.0 is proposed.

Experimental tests and finite element analyses indicated the potential for undesirable
bonded strand rupture in beams with inadequate bonded prestressed reinforcement. To
prevent strand rupture, a new design provision requiring a minimum amount of bonded
prestressing strand has been developed and is proposed for implementation.
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CHAPTER 11
IMPLEMENTATION OF PROPOSED DESIGN PROVISIONS

Bridge construction projects in Florida are now incorporating the use of flexible fillers to
improve durability and facilitate replacement of damaged or corroded tendons. Although
AASHTO-LRFD design specifications (AASHTO, 2020) include separate provisions for flexural
design of bonded and unbonded systems, they do not provide a specific approach for prestressed
concrete members that contain both bonded and unbonded tendons (mixed reinforcement). This
study, which combined full-scale experimental work with extensive analytical modeling, focused
on evaluation of the current AASHTO approach and possible development of guidelines for design
and analysis of prestressed members containing mixed reinforcement.

Using AASHTO (2020) design provisions to compute flexural capacity of members with
mixed reinforcement provided conservative results when compared to both experimental and
analytical flexural strengths determined as part of this study; in some cases, however, the
AASHTO results could be viewed as overly conservative.

11.1 Factored flexural resistance

The factored flexural resistance (M,.) is computed as the product of the nominal moment
resistance (M,,) and the specified resistance factor (¢). To calculate M,,, the change in the unbonded
tendon stress must either be determined by detailed analysis (AASHTO-LRFD 5.6.3.1.3a) or
estimated using the approximate analysis provisions of AASHTO-LRFD 5.6.3.1.3b where the
increase in stress of the unbonded tendon at the nominal moment resistance is ignored. The present
study found that detailed analysis is a valid option and would typically require advanced analysis
techniques to ensure that such a model accurately represents the design conditions.

The present study also found that modifications to the approximate method can be made
by incorporating the increase in stress in unbonded tendons into AASHTO-LRFD Equations
5.6.3.1.2-3 and 5.6.3.1.2-4 using Equation 9-1 for T-section behavior and Equation 9-2 for
rectangular section behavior. Equation 9-1 and Equation 9-2 are used to determine the depth of the
neutral axis (c), which enables computation of M,,.

AASHTO (2020) 5.5.4.2 specifies resistance factors for fully-bonded systems (¢=1.0) and
fully-unbonded systems (¢$=0.9) and indicates that for mixed unbonded and bonded conditions ¢ is
to be based on the bonding condition of the tendons providing the majority of the prestressing
force.

Although no reliability analysis was performed, numerical simulations that were conducted
in this study indicated that the variability in capacity prediction error increased approximately
linearly for beams with predominantly unbonded reinforcement (U/T>0.5). One proposed
approach (shown graphically in Figure 11.1) is to maintain the established AASHTO ¢ factors at
the fully-bonded (U/T=0, $=1.0) and fully-unbonded (U/T=1, $=0.9) boundaries and use a step
function to adjust ¢ at U/T = 0.5. Given the increase in variability when U/T is greater than 0.5, an
alternate approach is to vary the resistance factor linearly when U/T is between 0.5 and 1.0. Since
the transition point of U/T = 0.5 was chosen without the benefit of a reliability analysis, some
engineering judgment will be required if the current provisions are adjusted.
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Figure 11.1 Resistance factor as a function of U/T ratio
11.2 Minimum bonded prestressed reinforcement

In addition to modifications to the current AASHTO-LRFD specifications for flexural
resistance, it is proposed that a minimum amount of bonded prestressing reinforcement be required
in design to prevent bonded strand rupture. AASHTO-LRFD 5.6.3.3 (AASHTO, 2020) specifies
that, for noncompression-controlled flexural components, the amount of prestressed and
nonprestressed tensile reinforcement must be adequate to develop M,, greater than (or equal to) the
lesser of the cracking moment (M,,.) and 1.33 times the factored moment required by the applicable
load combination. The current minimum reinforcement provisions, which include both bonded and
unbonded reinforcement, are intended to reduce the probability of brittle failure by providing
flexural capacity greater than the cracking moment, but does not take into consideration the strain
and potential rupture of bonded prestressing strands. Therefore, it is proposed that the minimum
ratio of bonded prestressing reinforcement (ppbmin) for beams with mixed bonded and unbonded
reinforcement, where the bonded reinforcement may consist of prestressing strands and mild steel
bars, is calculated using Equation 9-27. A simplified formulation (Equation 9-28) could be used
for beams where the bonded reinforcement consists of prestressing strands only (i.e. no mild steel
longitudinal bars). Note that no requirement for bonded non-prestressed reinforcement (i.e. mild
steel bars) is proposed since rupture of non-prestressed reinforcement is unlikely to occur due to
much higher ultimate elongations than prestressing strands. Additionally, at U/T=1, which refers
to fully-unbonded members (beams with no bonded reinforcement), there is no bonded
reinforcement requirement.

11.3 Example — FIB-96

Application of the revised provisions is illustrated using the FIB-96 girders shown in
Figure 11.2. The provided amounts of bonded and unbonded reinforcement were varied in this
section to demonstrate the change in moment strength and minimum bonded prestressing
reinforcement with varying U/T ratios. All cases consisted of the same cross-section (FIB-96 with
deck), a span length of 175ft, d,, = dy,, and a compressive concrete strength of 8.5 ksi.
Prestressing reinforcement consisted of Grade 270 strands.
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Figure 11.2 Cross-sectional dimensions: Modified FIB-96

Figure 11.3 (a) shows the required minimum ratio of bonded prestressing reinforcement
for varying U/T ratios. The purpose of this minimum reinforcement is to minimize the possibility
of a bonded strand rupture before moment capacity is reached; consequently, it is envisioned that
this provision would apply to bonded prestressing reinforcement only and not deformed mild
reinforcement. As indicated in Figure 11.3 (a), no bonded prestressing reinforcement is required
in fully-unbonded beams (U/T=1). Conversely, a fully-bonded FIB-96 (U/T=0) would require an
area of 14.6 in? of bonded prestressing reinforcement to minimize the possibility of strand rupture,
which is equivalent to approximately 68 prestressing strands (0.6-in. diameter). The minimum
bonded reinforcement required to prevent bonded strand rupture is significantly higher than the
amount of reinforcement required to satisfy M,, > M, (AASHTO-LRFD 5.6.3.3); in the case of a
fully-bonded condition, the proposed requirement is nearly four times that of the current LRFD
requirement. Hence, it is recommended that design implications be evaluated prior to
implementation of the ppbmin Minimum reinforcement requirement.

Figure 11.3 (b) presents the nominal moment capacity (normalized by the nominal moment
capacity of a corresponding fully-bonded beam) for varying U/T ratios, while maintaining the
same total amount of strands (bonded + unbonded) in all cases. For illustrative purposes, the total
amount of prestressing strands was selected to be 68 (minimum amount required for a fully-bonded
beam). Figure 11.3 (b) shows that increasing U/T ratios result in a reduction in nominal moment
capacity when compared to fully-bonded members with the same total amount of steel
reinforcement as previously discussed. Furthermore, it is important to consider that a greater
amount of total reinforcement would be required as the U/T ratio increases in order to both
maintain the same nominal moment capacity (relative to a fully-bonded beam) and prevent bonded
strand rupture.
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Figure 11.3 Design cases for FIB-96 (with deck) with f'c = 8.5 ksi: (a) required minimum ratio of
bonded prestressing reinforcement to prevent bonded strand rupture as a function of U/T ratio
and area of bonded prestressing reinforcement for beams; (b) normalized nominal moment
capacity as a function of U/T ratio and area of bonded prestressing reinforcement for beams with

a total (bonded + unbonded) of 68 prestressing strands

11.4 Concluding remarks

Based on the collected data from experimental work and finite element modeling, flexural

design provisions for prestressed concrete elements containing mixed reinforcement were
developed. Implementation of these provisions should consider the following:

Using AASHTO (2020) design provisions to compute flexural capacity of members with
mixed reinforcement provided conservative results when compared to both experimental
and finite element flexural strengths determined as part of this study; in some cases,
however, the AASHTO results could be viewed as overly conservative and empirical
design provisions were developed based on the results of this research.

The proposed design provisions include the use of the current LRFD ¢ factors for
fully-bonded (U/T=0, ¢=1.0) and fully-unbonded (U/T=1, $=0.9) boundaries and use a
step function to adjust ¢ at U/T = 0.5. The transition point of U/T = 0.5 was chosen
without the benefit of a reliability analysis. Consequently, some engineering judgment
will be required if the proposed provisions are implemented.

For low U/T, the minimum bonded prestressing reinforcement (ppb,min) required to
prevent bonded strand rupture is significantly higher than the amount of reinforcement
required to satisfy M,. > M., (AASHTO-LRFD 5.6.3.3). The derivation of ppb,min
theoretically applies over the full range of U/T. The present study, however, focused
primarily on the evaluation of beam cases with an intermediate range of U/T ratios (e.g.
U/T = 0.4 to 0.7), which is where strand rupture was observed in laboratory testing. An
extended parametric study of design scenarios is recommended to further evaluate the
implications of a minimum bonded prestressing reinforcement requirement, and to ensure
that the ppb,min requirement may be suitably applied.
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The ppbmin requirement developed in this research is intended to apply to nominal
moment strength under full service-load conditions. Bonded prestressing strands provided
for other reasons such as fabrication or transportation purposes can be ignored when
computing the minimum bonded prestressing reinforcement requirement.

If present, mild steel reinforcement will reduce ppbmin and reduce the area of bonded
prestressed reinforcement required to prevent strand rupture. No minimum amount of
mild steel reinforcement, however, is required.
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APPENDIX A
Fabrication drawings

Fabrication drawings for the experimental beam specimens (precast beams, end blocks,
and cast-in-place beam) are provided in the following pages.
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General Notes:

Materials

Precast section (SS-1, SS-2, SS-3, SS-4, NB-1, NB-2, NB-3):
Concrete shall be FDOT class VI
f'c (28 day) = 8500 psi
fci (release) = 6000 ksi

End blocks for beam specimens SS-1, SS-2, SS-3, SS-4, NB-1:

Concrete shall be FDOT class V
f'c (28 day) = 6500 psi

End blocks for beam specimens NB-2 and NB-3:
Concrete shall be FDOT class VI
f'c (28 day) = 8500 psi

Beam specimen SS-5 (CIP):
Concrete shall be FDOT class V
f'c (28 day) = 6500 psi

Mild reinforcement shall be ASTM A615 grade 60 (fy 60 ksi)
Prestressing strand shall be ASTM A416 270 ksi Lo-Lax

Fabricator shall provide data sheets from concrete, strand, and
rebar suppliers.

Fabricator shall provide report of strand stressing.

Fabricator shall provide material samples to UF/FDOT as follows:

(8) 4" dia x 8" cylinders from each concrete batch:

(4) cylinders cure with girder, (4) lab cure

(3) 36" pieces of prestressing strands free from sand, dust, etc.
Samples taken directly off of reel.

(3) 36" pieces of each size/batch of rebar.

Prelensioned stands }
Beam [Foreelstand (p)] Posttensioned tendons
Specimen No. No.  |Jacking force
fidk Top | tendons | stands (kip)
SS-1 10 [45.25) 2000 | 1 6 2640
§5-2 8 [45.25] 2[10] 1 10 4390
$8-3 6[45.25) 2[10] 1 4 176.0
SS4 4 [45.25] 2[10) 1 (] 2640
SS-5 ~ - 1 12 5210
NB-1 2[43.75] 1214375) | 1 12 5210
| 18
NB-2 2[43.75) 10[43.79] . 2 (9fendon) 3950
' 22
NB-3 2[43.75] 6 [43.75) _ 2 ({1endon) 4830

Research Instrumentation

UF/FDOT will provide and install research instrumentation in

each of the concrete girders in coordination with the fabricator.

Internal instrumentation will mounted to prestressing strands
and rebar prior to casting concrete.

plans. These pieces shall be provided to UF for installation of
instrumentation prior to placement of the pieces in the girder.

UF/FDOT will record data before and after release of
prestressing. Data will also be recorded during lifting, storing,
and shipping of girders.

Other

Specimens SS-1, SS-2, SS-3, SS-4, NB-1, NB-2, NB-3 with
concrete decks were fabricated at a precast plant. Specimen
SS-5 and all end blocks will be fabricated at the FDOT
Structures Research Center in Tallahassee, FL.

Fabricator will transport girders from the fabrication facility to:

FDOT Structures Research Center

2007 East Paul Dirac Drive

Tallahassee, FL 32310

Delivery time to be coordinated with FDOT.

Unless otherwise noted, fabrication of girders shall follow
typical procedures and practices for FDOT bridge girders.

HDPE ducts shall be sealed after installation.
Cover beams with heavy tarp during curing.
Roughen top of beams prior cast of deck.

Inspections will be provided by on-site FDOT personal and
by UF.

No patch-work or finishing is required.

Flexural capacity of concrete elements

FDOT Research

with unbonded and bonded prestressing

BDV31-977-93
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Ef
D A See sheet 11 for details on shear keys (Sections A-A and B-B)
~Spacing Bars '4K' 2%" See sheet 31 for end block details (Sections D-D and E-E)

(4K 25 @3 =30 [6}/2" 4K (125p) @3 = 30"
- : 4K (205p) @ 6" = 100" 4K (205p) @ 6" = 10-0"
Spacing '5Z' 33/8"

cip i v qn cp

end block A rLISZ (3sp)@3 —943 RS1,q RS2,q RS3,7 RS4 Rss,-l RS6,7 RS7, Construction Joint end block
ya RS8 | RS9 |RS10 | RS11|RS12 |RS13 | RS14 [

4n z —_————

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93
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Lz \
'3D' (7 sp) @ 6" = 3-6" cLpucty 3D'(7sp) @6"=3-6"
‘3D (4sp) @ 3" = 10" CL Duct 2 ‘3D (4sp) @ 3" = 10"

: \any oL/ R=182"-6" .
-Spacing Bars '3D 2%3 HDPE ducts shall be sealed after installation 2}/8 -

27'-0" overall length
22 S -
Elevation: NB-2
Flanges not shown for clarity

47 (4) total 20
'4B' (4) total 3'6" 6" 6"3 ) ) )
All reinforcement sizes and locations
'58'@ 12" T, and quantities are typical each end
55'@ 8" __8 unless noted otherwise
57 Construction Joint L = "
. o 370D See sheet 17 for information on
” 25" Cover 38" 10" 2-0 HDPE Duct 1 prestressing and detensioning
any g 330D 5
@ i 14'% 15 HDPEDuct? ragyy °7 See sheet 24 for information on rebar
| 4 / . \ ::6 schedule for precast components
" Chamfer Y R See sheet 38 for information on rebar
2" Cover typical at sides 9y schedule for end blocks
(Typical unless noted) 1-10"

NB-2 cross-section = Modified
AASHTO Type Il

Cross Section A - A Cross Section B - B Cross Section C-C
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D A C B See sheet 11 for details on shear keys (Sections A-A and B-B)
~Spacing Bars ‘4K’ 2%" See sheet 32 for end block details (Sections D-D and E-E)
|-'4Kl (12sp) @ 3" =3-0" [6}/2" '4K' (12 sp) @ 3" = 3-0" 2%"
| ; 4K (20 5p) @ 6" = 100" 4K (205p) @ 6" = 100" -
~Spacing '5Z' 33/8"
cp - e cp
52'(3sp) @3"=9 /
end block . RS1,q RS2,q RS3,7 RS4!q'RS57 RS6,q RS7, : f end block
\ ~ *’LI /B RSt | Rss |RS10 | Rst1| RS12 | RS13 | RSt [ Constructon Joit
un Z

with unbonded and bonded prestressing
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BDV31-977-93

FDOT Research

V1- -V2 \
3D'(7sp) @ 6" = 3-6" CLpuct1 '3D'(7sp) @ 6" =3-6"
'3D' (4sp) @ 3"=1-0" CL Duct 2 3D (4sp) @ 3"=1-0"
: . " R=182"-6" .
-Spacing Bars '3D 2%3 HDPE ducts shall be sealed after installation 2%3 -
27-0" overall length
D A C B
L= L ~—! ~—!

Elevation: NB-3
Flanges not shown for clarity

4A' (4) total 2
4B’ (4) total 36 6 63

|'"|"‘|'—| All reinforcement sizes and locations

'5S'@ 12" and quantities are typical each end
= i @ ' 8"
55'@8 _r
Construction Joint 1.0 o

unless noted otherwise
2}/2“ Cover

310
20" HDPE Duct 1

See sheet 18 for information on

38" 10" prestressing and detensioning

2-5

schedule for precast components

" ! 3% om 2.5 S—
I HDPE Duct 2 110" See sheet 25 for information on rebar
l g ..

vl (;hamfe( See sheet 39 for information on rebar
2" Cover typical at sides schedule for end blocks
(Typical unless noted)
NB-3 cross-section = Modified
AASHTO Type Il
Cross Section A - A Cross Section B - B Cross Section C-C »
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Cross Sections A-A and B-B
(Refer to sheet 6)
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5@2"=10" ﬂ 5"

poeer
[

g
o -
(2) 0.375" diam.
~— 10" 270 ksi 'LO LAX'
Pull each strand to 10,000 Ibs
(10) 0.6" diam.
270 ksi 'LO LAX'
Pull each strand to 43,000 Ibs
o )
2@2"=4" — oo
—_ o o
e —

L1 1
g [T g 1[5 |
R
Strand Pattern & Pretensioning
Girder SS-1

6] 6]

Detensioning Sequence

Shielding Legend

o None required

© Debonded 34'-6" from ends of beam

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Girder SS-1

70'-0" (Bonded)

Elevation view

(not to scale)
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202 =4" — &o

3 —]
L1 L]
| 5..J| P |u5“ |
2" 2"

Strand Pattern & Pretensioning

(2) 0.375" diam.
270 ksi 'LO LAX'
Pull each strand to 10,000 Ibs

(8) 0.6" diam.

270 ksi 'LO LAX'

Pull each strand to 43,000 Ibs

(2) 0.6" diam.

270 ksi 'LO LAX' [7]
debonded 34'-6" from ends of beam

EEIEY

Detensioning Sequence

Girder SS-2

Shielding Legend

o None required

© Debonded 34'-6" from ends of beam

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Girder SS-2

I Debonded strands shielded for 34'-6" I I

Bonded for 1'-0

Elevation view
(not to scale)

Debonded strands shielded for 34'-6" I
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(2) 0.375" diam.
270 ksi 'LO LAX'
Pull each strand to 10,000 Ibs

(6) 0.6" diam.

270 ksi 'LO LAX'

Pull each strand to 43,000 Ibs

(4) 0.6" diam.

270 ksi 'LO LAX'

debonded 19'-6" from ends of beam

Strand Pattern & Pretensioning

Girder SS-3

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Shielding Legend
o None required
© Debonded 19'-6" from ends of beam
6] 6]
[ ]5] [5]]
[2]3] 3[7]

Detensioning Sequence

Girder SS-3

40-0" I

I Debonded strands shielded for 19'-6"

I I Debonded strands shielded for 19'-6" I
Bonded for 1'-0

Elevation view
(not to scale)
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g
z :
) Shielding Legend
(2) 0.375" diam.
~— 10" 270 ksi 'LO LAX' ’
N
Pull each strand to 10,000 Ibs o None required
© Debonded 19'-6" from ends of beam
(4) 0.6 diam.
270 ksi 'LO LAX'
Pull each strand to 43,000 Ibs
6) 0.6" diam.
—+ ® (606" dam. | O [
2@2" =4" — & o 270 ksi 'LO LAX 5] Ba
e © o 0 debonded 19'-6" from ends of beam [2]3] [3]7]
L1 L
| 5..J| g | \15.. |
o o
Strand Pattern & Pretensioning Detensioning Sequence
Girder SS-4 Girder SS-4
Bonded for 1'-0
I Debonded strands shielded for 19'-6" I I Debonded strands shielded for 19'-6" I

I 400" I
Elevation view
(not to scale)
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|
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[

g"
2@2"=4" ©o0o0o0o0o0
o 0 o
(12) 0.6" diam.
~— 10" 270 ksi 'LO LAX'
Pull each strand to 43,000 Ibs
2@2'=4" — (2) 0.6" diam.
g ° 270 ksi 'LO LAX'
Pull each strand to 43,000 Ibs

L1 L
I 5"J| g I\I\S-- I
2" 2
Strand Pattern & Pretensioning
Girder NB-1

[4]5]6[6]5]4]

Detensioning Sequence

Shielding Legend

o None required

© Debonded 13-0" from ends of beam

with unbonded and bonded prestressing
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BDV31-977-93
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Girder NB-1

27'-0" (Bonded)

Elevation view

(not to scale)
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2@2"=4"

f—

©0 o0 o0 o o
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— o

Ijﬁﬂl ’ Iﬂi'..l

(10) 0.6" diam.

270 ksi 'LO LAX'

Pull each strand to 43,000 Ibs
(2) 0.6" diam.

270 ksi 'LO LAX'

debonded 13'-0" from ends of beam

(2) 0.6" diam.
270 ksi 'LO LAX'
Pull each strand to 43,000 Ibs

Strand Pattern & Pretensioning

Girder NB-2

Debonded strands shielded for 13-0"

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

[ [s]e[e]s]]
Shielding Legend
o None required
© Debonded 13-0" from ends of beam

Detensioning Sequence
Girder NB-2

Bonded for 1'-0

I I Debonded strands shielded for 13'-0" I

270" I

Elevation view

(not to scale)
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2@2'=4" Qooo (6) 0.6" diam.
Qo 0® 270 ksi 'LO LAX'
Pull each strand to 43,000 Ibs
- 10" (6) 0.6" diam.
270 ksi 'LO LAX'
debonded 13'-0" from ends of beam

2@2'=4" — (2) 0.6" diam.
- ° 270 ksi 'LO LAX'

Pull each strand to 43,000 Ibs
L1 L
| 5,,J| g" I\ls.. |
2" 2"

Strand Pattern & Pretensioning
Girder NB-3

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93
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[ [2]3]3]2] ]
L[ Tefe]o]]
Shielding Legend
o None required
© Debonded 13-0" from ends of beam

Detensioning Sequence

Girder NB-3

Bonded for 1'-0

| Debonded strands shielded for 13'-0"

I I Debonded strands shielded for 13'-0" I

270" i

Elevation view
(not to scale)
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&
I«——|__
— 5"
4 o/ 2 A
4A 75-8" & 9 £ £z 9 & 32"
4B 69-0" & Yy Wy A 27
T Svanh s s
55 18"
3 " 3 " — 1
QR T o] = =
4A, 4B, 4L, 58 3D Pair 4K 5Z
(4) %" diam. 270 ksi strands x12'-0"
/ w/ 27" x 2-6" steel pipe @ top
(typ each end)
End 1 End ﬂ 90.0° Bar Bendi
: ar Bending
Bill of fal: 55-1 CLJ*W’ﬁz‘l 77777 A
Piece | Size Qty. | Length | Notes 90.0° k #3 Bars: bend around 13" diam. pin
4A H4 4
“am | m 4 Plan View
A | m E / #4 Bars: bend around 2" diam. pin
55 H5 173
3D #3 48
aK " 152 End 1 End 2 #5 Bars: bend around 2 3" diam. pin
52 H5 8
= u | > All dims are out-to-out
90.0 , p — Dunnage for storage
¥ ' and shipping
Elevation Handling & Dunnage
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4A 75'-8"
4B 699"
4L 5-8"
58 1-8"
4A, 4B, 4L, 58
Bill of material; 55-2
Piece Size Qty. Length Notes
LL) #4 4 75'-8"
48 #a 4 69'-9"
4L #a 8 5'-8"
55 #5 173 1'-8"
Elr] #3 48 3-37/8"
4K #4 152 3-8"
52 #5 8 4-31/2"

3D Pair

End 1 End % 90.0°

alf@d—H— ]
90.0° "

Plan View

End 1 End 2

%00° [ i

Elevation

Ell
X

w/ 25" x 2'-6" steel pipe @ top

27

/ (4) % diam. 270 ksi strands x12'-0"

(typ each end)

| 20"
I typ. T

Dunnage for storage
and shipping

Handling & Dunnage

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Bar Bending

#3 Bars: bend around 13" diam. pin
#4 Bars: bend around 2" diam. pin
#5 Bars: bend around 2 3" diam. pin

All dims are out-to-out
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4A
4B
4L
5S

458"

39-9"

5.g"

18"

4A, 4B, 4L, 58

Bill of material: 55-3

Piece Size Qty. Length | Notes
an #4 4 458" |

aB # 4 399" |

a #4 8 5"

55 #5 98 18 |

gl 43 48 3-37/8" |

aK #4 92 3-8

52 45 g 4-31/2" |

End 1

3D Pair

End 2] 900°

oL~ @aR)— R

90.0°
‘,

End 1

Plan View

End 2

w0

Elevation

Egll
)

27

(4) %" diam. 270 ksi strands x12'-0"

/ w/ 23" x 2-6" steel pipe @ top
(typ each end)

| 20"
I typ. ]

Dunnage for storage
and shipping

Handling & Dunnage

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Bar Bending

#3 Bars: bend around 13" diam. pin
#4 Bars: bend around 2" diam. pin
#5 Bars: bend around 2 3" diam. pin

All dims are out-to-out
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3}/4";::[

4A 45'-8"
4B 39-9"
4L 5-8"
58 1-8"
4A, 4B, 4L, 5S
Bill of material: 55-4
Piece Size | Qty. Length Notes
4A Ha | 4 45°-8"
48 | wa | 4 [ 390 ]
—a [ w8 [
55 #5 98
in #3 | 48
aK L) 92
52 #5 | 8

&
W

7% o8

9"

T e

3D Pair

End 1 End ﬂ 90.0°

CL - {@aR)— b ——— R

End 1 End 2

%00° [~ i

Elevation

ERll
~

27

(4) %" diam. 270 ksi strands x12'-0"

/ w/ 23" x 2-6" steel pipe @ top
(typ each end)

| 20"
I typ. I

Dunnage for storage
and shipping

Handling & Dunnage

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Bar Bending

#3 Bars: bend around 1 3" diam. pin
#4 Bars: bend around 2" diam. pin
#5 Bars: bend around 2 " diam. pin

All dims are out-to-out
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4A 32-8"
4B 269"
4L 58"
58 1-8"
4A, 4B, 4L, 5S
Bill of material: NB-1
Piece Size Qty. Length Notes
48, #a 4 45'-8"
48 4 4 399"
4L #4 2 5-8"
55 #5 67 1-8"
3D #3 48 3-37/8"
4K H4 66 3-8"
52 H5 8 4-31/2"

="

T e

3D Pair

End 1 End % 90.0°

oL~ @aRy— - ——— R

90.0°
k

Plan View

End 1

%00° [~ i

End 2

Elevation

Egll
~

2.7

(4) %" diam. 270 ksi strands x12'-0"

w/ 23" x 2-6" steel pipe @ top
(typ each end)

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

| 20"
I typ T

Handling & Dunnage

Dunnage for storage
and shipping

Bar Bending

#3 Bars: bend around 13" diam. pin
#4 Bars: bend around 2" diam. pin
#5 Bars: bend around 2 3" diam. pin

All dims are out-to-out
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4A 32-8"
4B 269"
4L 5-8"
58 1-8"
4A, 4B, 4L, 58
Bill of material: NB-2
Piece | Size Qty. | Length | Notes
4A #4 4 | 458" |
4B 4 4 399" |
4L #4 4 5'-8"
55 #5 67 | 18 |
3D #3 48 [3-37/8" |
4K 4 66 3'-8"
52 #5 8 4-31/2" |

T

T e

3D Pair

End 1 End % 90.0°

oLl — ek —-— —-—-— -

90.0°
1_,

Plan View
End 1 End 2
o - Z
{
Elevation

BN

/

27

(4) %" diam. 270 ksi strands x12'-0"

w/ 23" x 26" steel pipe @ top
(typ each end)

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

| 20"
I typ. I

Handling & Dunnage

Dunnage for storage
and shipping

Bar Bending

#3 Bars: bend around 1 3" diam. pin
#4 Bars: bend around 2" diam. pin
#5 Bars: bend around 23" diam. pin

All dims are out-to-out
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4A 32-8"
4B 269"
4L 5-8"
58 1-8"
4A, 4B, 4L, 58
Bill of material: NB-3
Piece Size Qty. Length Notes
an "4 4 45'-8"
4B Ha 4 39'-9"
aL #a 4 5'-8"
55 H5 67 1'-8"
ED) #3 48 3-37/8"
aK "4 =3 3'-8"
52 #5 8 4'-3 1/2"

=T

T

R

T

3D Pair

End2] 90.0°

e

End 2

%00° |

Elevation

BN

wi 23" x 26" steel pipe @ top

2.7

/ (4) %" diam. 270 ksi strands x12'-0"

(typ each end)

| 20"
I typ. I

Dunnage for storage
and shipping

Handling & Dunnage

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Bar Bending

#3 Bars: bend around 1 3" diam. pin
#4 Bars: bend around 2" diam. pin
#5 Bars: bend around 23" diam. pin

All dims are out-to-out
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Section D - D

(Refer to sheet 2)

Post-tensioned tendons:

1 PT tendon - (6) 0.6" diam. strands

Jacking force = 0.8 f,,, = 281.2 kip

. (3sp) @ 4"=1-0"
(2sp)@6'=1-0 ~ s Spacing Bars '5H'
l—Precast section

LOULLL
Z >

4
2" Cover:r 4N 5H \—'5|:'\— AM'

2" Cover

Section E - E
(Refer to sheet 2)

Strand pattern and wedge plate orientation
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2" Cover——~|— '
2" Cover 1 AN /—'4N' r '5F'—Precast section
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T 1 —— Y
/ i
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2" Cover 4 ! 3. |
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38"

Section D - D
(Refer to sheet 3)

Post-tensioned tendons:

1 PT tendon - (10) 0.6" diam. strands

Jacking force = 0.8 f,,, = 468.7 kip

. (3sp) @ 4"=1-0"
(2sp@6"=1-0 g/~ Spacing Bars SH
l—Precast section

L

AR ua
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. Ty an- T
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2" Cover

Section E - E
(Refer to sheet 3)

Strand pattern and wedge plate orientation
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2" Cover ——~|— .
2" Coverl r AN r 'AN' r '5F'I—Precast section
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4L T 6"
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Post-tensioned tendons:

1 PT tendon - (12) 0.6" diam. strands

Jacking force = 0.8 f,, = 562.5 kip
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Section D - D
(Refer to sheet 7)

Post-tensioned tendons:

2 PT tendons - (18) 0.6" diam. strands
(9) strands / tendon

Jacking force = 0.8 f,, = 421.8 kip
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Specimen NB-2: Details for CIP End Blocks

Design Drawings
Sheet 31 0f 42
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(12) strands / tendon
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Section E - E
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Specimen NB-3: Details for CIP End Blocks

Design Drawings
Sheet 32 of 42




€6-1/6-TENAG A Y v

Buissaisald papuog pue papuoqun yum ¥.89'102'/8L ¢y 40 €€ 193YS
S1UBWa[S 81810U09 J0 Aloedes feunxsl4 ||| Buliaaulbug easeo) pue |IA1D Jo 1dag (Sx1001q pua) a|NPays Jegay :1-SS Uawidads A Y v
yoJeasay 10a4 epLIo|4 Jo ANsIanlun sBuimelq ubisag

| 5 |
® _
5 I|
= " w0
1 &
&
B o o
© S = =y
o E 2 £
= 8 E &
S .© S
£ =] E
ETE Siew
i N N
g & 2 2 B 3
© )
: o 3 3 3 o
© = = = <
L < < S <
w e} e} e} o
== o= =
13 @ @ @ @
= o o o <
= =) .. .. ..
® S [ o (2 2
= 3 3 3 s E
B - om o o k=l
© © ™ < %] =
" oM + * + <
o
S

| Notes

Length
24"
36"
37"
9-11"

2-8"

i
5Tl p— PR

16
16
12
14

Bill of material: 55-1
Qty

Size
#
#4
#5
#

Piece
EL
4N

5F
5H
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5

1-6"

a1

L T

5F Pair

i T l"HI
19"
5 6"
4N
__Bill of material: 55-2 .
Piece Size Qty. Length Notes
4amM #a 16 2'-4"
4N i 16 3"
5F H5 12 3-7"
56 A5 £ b i ol
5H H5 14 9'-11"

6" 3-4"

Bar Bending

#3 Bars: bend around 1 4" diam. pin
#4 Bars: bend around 2" diam. pin
#5 Bars: bend around 2 4" diam. pin

All dims are out-to-out

14

34"

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93
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Specimen SS-2: Rebar Schedule (end blocks)

Design Drawings
Sheet 34 of 42




with unbonded and bonded prestressing
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fed
o >
5
. 6" 34
_I‘ 28" 15—
re 1-2" 1-2"
| s'IF It |
15"
4M 4N 5F Pair 5H
Bar Bending
Billof material: S5.3 #3 Bars: bend around 13" diam. pin
“Piece | size | Quy. | Length | Notes
s 44 ae 4 #4 Bars: bend around 2" diam. pin
aN #a 16 3-6"
_SF #5 | 12 3-7"
SH #5 1 9-11" #5 Bars: bend around 2 3" diam. pin

All dims are out-to-out
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Specimen SS-3: Rebar Schedule (end blocks)

Design Drawings
Sheet 35 of 42
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with unbonded and bonded prestressing
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[5] [52]
= S5e8
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e 6" 3I-4" E %
28" 15
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1-2" 1-2" s
6" RS 2
] 15" 2
5 & &
. 8
4N 5F Pair SH 2
g8
S8
L ©
S X
=F
593
> 85N
E85%
o0~
)
Bar Bending 8
o)
=}
5
. In g: H -
PR T T #3 Bars: bend around 1 5" diam. pin P
_Piece Size Qty. Length Notes 133
Al Lo 6| 24 #4 Bars: bend around 2" diam. pin 5
an | wa | 16 | 36" | @
SF H5 12 3.7" g
SH #5 14 9-11" #5 Bars: bend around 2 % diam. pin 0w &
E3q
) =33
All dims are out-to-out S c o
o oo
c EQ
2°c o
a2
[N N)
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with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

|—-11" ~ |——1'-4" -
6" 34" 34"
1-6" "
1-2" 1.9
i J_|_|E lj_rL N |
4N 5F Pair 5G 5H

Bar Bending
Bill of material: NB-1 #3 Bars: bend around 1 3" diam. pin
Piece Size ity Length Notes
aMm #4 16 24" i .
aN 4 16 3.6" #4 Bars: bend around 2" diam. pin
SF #5 12 3-r"
5G #5 6 91" [ .
5H 5 14 | g1 #5 Bars: bend around 2 3" diam. pin
All dims are out-to-out
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Specimen NB-1: Rebar Schedule (end blocks)

Design Drawings
Sheet 37 0f 42




5

a1

146"

-
T JT

5

28"

(L A

15"
5F Pair 5G
Bar Bending
Bill of material: N8-2 #3 Bars: bend around 13" diam. pin
Piece Size Qty. Length Notes
4M #a 12 2-4" . .
4N #4 12 3-6" #4 Bars: bend around 2" diam. pin
5F #5 32 3-7"
5G #5 6 9-1" [ .
5H #5 14 9.11" #5 Bars: bend around 2 3" diam. pin

All dims are out-to-out

|__

14"
8§

with unbonded and bonded prestressing
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Specimen NB-2: Rebar Schedule (end blocks)

Design Drawings
Sheet 38 of 42
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R
5
H 6" 34" 344"
_l_ g '|_,— 15" ’ﬁ
1-6" '
1-2" 12"
. TL T | |
15"
am 4N 5F Pair 5G 5H
Bar Bending
Bill of material: N8-3 #3 Bars: bend around 13" diam. pin
Piece Size Qty. Length Notes
4M Ha 12 2-4" | . .
4N #4 12 36" | #4 Bars: bend around 2" diam. pin
5F #5 32 3-7"
5G #5 6 9-1" Tu g .
5H #5 14 g-11" #5 Bars: bend around 2 3" diam. pin
All dims are out-to-out
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Specimen NB-3: Rebar Schedule (end blocks)

Design Drawings
Sheet 39 of 42
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See sheet 41 for end block details (Sections D-D and E-E)

B

3-0"—

Spacir|g Bars '3K' 3"

End block (see details onl Sheet 41)<]
ySheet

o
o
AL
1\
O
3
O
oL

2" Cover
(Typical unless noted)

Cross Section A - A

310"

(7sp) @ 3"=1-9"

‘3K (7sp) @ 3"=1-9" 3"
]-'——I-—|—'3K' 20 sp) @ 6" = 10" 0”—']-'-[|—'3K 20 sp) @ 6" = 10" 0"—"—1—"-»End block

—3.0"—]

see details on Sheet 41)

]

T

|

LT

RbLJ Rs2] Rsarsad
RS8 RS9 RSL0 RSLL

Trss, Lrso, LRe7, el oua
RS12 RS13 RY14 HDPE duct shall be sealed after installation

—31" 250" 3-1"—
10-7" 10-0" 10-7"
31-2"
D A c B
Elevation: SS-5
; 9..
2%"
_F 1
3t oD
20 o o
3 } HDPE Duct
11 3
e LW o 2k
Py 7
@4k = 1‘-1}/2"

Cross Section B - B

with unbonded and bonded prestressing
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Cross Section C - C

All reinforcement sizes and locations
and quantities are typical each end
unless noted otherwise

See sheet 42 for information on rebar
schedule

SS-5 cross-section = 20" x 24"
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Specimen SS-5 (CIP Beam)

Design Drawings
Sheet 40 of 42




ECI 6-12

F—1-8'—

Section D - D
(Refer to sheet 40)

Post-tensioned tendons:

1 PT tendon - (12) 0.6" diam. strands

Jacking force = 0.8 f,, = 562.5 kip

e (Bsp) @4"=1-0"
(2sp) @6"=1-0 :| /- Spacing Bars '5Q

o coverd || 4N 5Q T 5y
2" Cover

Section E - E
(Refer to sheet 40)

Strand pattern and wedge plate orientation

; >

3-0"
2" Cover —
2" Coverl ‘I_'EQ'—\ /—'53' '4L'Tl

L.
L
I
_'_ — ——— N3¢
2" CoverJ | Lup Ly g1 —’|
31—
Section F - F
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T 1
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B |
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Endblock Dimensions
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Specimen SS-5: Details for End Blocks

Design Drawings
Sheet 41 0f 42




6L
4L

30-8"

5.g"

4L, 6L

1205
<

18"

28"

6"

_L 1-2 . 1-2
= =
4P 5J Pair

10+
.
1-8"

J il

o]

3K Pair

Bil of material: S5-5

Piece | Size

Naotes

with unbonded and bonded prestressing
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ty. I.Engtl%
aL [} 4 5'-8"
6L 6 4 308"
4N (L] 12 36"
ap 4 12 22"
3K 3 114 5'-4"
3Q 85 14 9
5 s 16 3'-5"
Bar Bending

#3 Bars: bend around 13" diam. pin

#4 Bars: bend around 2" diam. pin

#5 Bars: bend around 2 3" diam. pin

All dims are out-to-out
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APPENDIX B
Instrumentation drawings

Instrumentation drawings for the experimental beam specimens are provided on the
following pages.
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General Notes:

Materials

Precast section (SS-1, SS-2, SS-3, SS-4, NB-1, NB-2,
NB-3):

Concrete shall be FDOT class VI

f'c (28 day) = 8500 psi

fci (release) = 6000 ksi

End blocks for beam specimens SS-3, SS-4, NB-1:
Concrete shall be FDOT class V
f'c (28 day) = 6500 psi

End blocks for beam specimens SS-1, SS-2, NB-2, NB-3:
Concrete shall be FDOT class VI
f'c (28 day) = 8500 psi

Beam specimen SS-5 (CIP):
Concrete shall be FDOT class V
f'c (28 day) = 6500 psi

Mild reinforcement shall be ASTM A615 grade 60 (fy 60 ksi)
Prestressing strand shall be ASTM A416 270 ksi Lo-Lax

Fabricator shall provide data sheets from concrete, strand,
and rebar suppliers.
Fabricator shall provide report of strand stressing.

Fabricator shall provide material samples to UF/FDOT as
follows:

(4) 4" dia x 8" cylinders from each concrete batch

(3) 36" pieces of prestressing strands free from sand, dust,
etc. Samples taken directly off of reel.

(3) 36" pieces of each size/batch of rebar.

Schedule

Precast specimens were fabricated by end of Feb. 2020.

Research Instrumentation

UF/FDOT will provide and install research instrumentation in

each of the concrete girders in coordination with the fabricator.

Internal instrumentation will mounted to prestressing strands
and rebar prior to casting concrete.

UF/FDOT will record data before and after release of
prestressing. Data will also be recorded during lifting, storing,
and shipping of girders.

Other

Fabricator will transport girders from the fabrication facility to:
FDOT Structures Research Center

2007 East Paul Dirac Drive

Tallahassee, FL 32310

Delivery time to be coordinated with FDOT.

Unless otherwise noted, fabrication of girders shall follow
typical procedures and practices for FDOT bridge girders.

Cover beams with heavy tarp during curing.

Roughen top of beams after casting to ensure adequate bond
with deck.

Inspections will be provided by on-site FDOT personal and
by UF.

No patch-work or finishing is required.

These plans assume that all girders will be fabricated at the
same time on the same stressing bed. Strand and sheilding
patterns may change if girders are constructed at different
times and/or on different beds. Fabricator shall coordinate
these details with UF prior to fabrication.

Flexural capacity of concrete elements

FDOT Research

with unbonded and bonded prestressing

BDV31-977-93

Dept. of Civil and Coastal Engineering

University of Florida
787.201.6874
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Top View
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Specimen SS-1: Fiber-optic sensors

Sheet 4 of 62

Scale: 3/16"=1"
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Specimen SS-3: Fiber-optic sensors
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Specimen SS-3: Vibrating wire gages
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Task 3: Experimental Test Plan
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Specimen SS-3: Instrumentation Coordinates
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Specimen SS-4: Displacement gages

Task 3: Experimental Test Plan
Sheet 23 of 62

Scale: 1/4"=1"




17'-0" 6@2 =12-0" 17-0" |
.10 |
e T N T e o
Co i
SI- SZ-E S3-E S4-E 86-E S7-E 88-E
5 Tog ?\/iew : :
&oad
89-’+ 812-’_ 515-’_ 518-’_ 521-’_
e S10° ¢ 81377 S167T S19T e [
T T —— s Asgfgﬂis&fi,Asz s
17-075" t 49" 2 0"'1'2 0"1-—4 0"——[
o B
EIev;'—.\tion V;iew (West)
e e T Rfe
!
S241 S25° S26- S27- S28° S29-°  S30 ‘
17-1" 6@2=12-0" 17-1" |
Bottom View
Key:
I [ ] Laser displacement transducer (D)
_— 60-mm concrete strain gage (S)
- 5-mm rebar strain gage (RS)
BN Vibrating wire strain gage (V)
L' Fiber optic sensor (FOS)
Cross Section B - B B 350«ip Geokon load cell (LC)
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Specimen SS-4: Foil-type strain gages on concrete surface

Task 3: Experimental Test Plan
Sheet 24 of 62

Scale: 1/4"=1"
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Top View
R
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- 12!_0"
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Bottom View
Load
Key:
I L] Laser displacement transducer (D)
FOS1
4 _— 60-mm concrete strain gage (S)
FOS2
T - |
2@ 8 = 14— FOS3 5-mm rebar strain gage (RS)
FOS4 BN Vibrating wire strain gage (V)
4":I O *
— @ Fiberoptic sensor (FOS)
FOS6 m m FOS5
9"+ 9"+ . ]
Cross Section B - B 850-kip Geokon load cell (LC)
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Specimen SS-4: Fiber-optic sensors

Task 3: Experimental Test Plan
Sheet 25 of 62

Scale: 1/4"=1"
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Key:

Laser displacement transducer (D)
60-mm concrete strain gage (S)
5-mm rebar strain gage (RS)
Vibrating wire strain gage (V)
Fiber optic sensor (FOS)

850-kip Geokon load cell (LC)
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Specimen SS-4: Vibrating wire gages

Task 3: Experimental Test Plan
Sheet 26 of 62

Scale: 1/4"=1"
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23-0"

Enerpac
RR-40018

Steel plate - 20" x 10" x 2"
Bearing pad - 20" x 10" x 2"

crm— |

: Bearing pad - 24" x 10" x 2 3"
: Steel I-beam - W14x370

Bearing pad - 24" x 10" x 23"
Steel I-beam - W14x370

22'-6"

226" i

Load

Cross Section B - B

Bottom View

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Key:

I [ ] Laser displacement transducer (D)

_— 60-mm concrete strain gage (S)

- 5-mm rebar strain gage (RS)
EXXX Vibrating wire strain gage (V)
L. Fiber optic sensor (FOS)

B 850-«ip Geokon load cell (LC)
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Task 3: Experimental Test Plan
Specimen SS-4: Test setup

Sheet 28 of 62
Scale: 1/4"=1"
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with unbonded and bonded prestressing
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Instrument| X (in.) Y (in.) Z(in.) |Orientation Instrument| X (in.) Y (in.) Z(in.) |Orientation Instrument! Start End
s1 348 0 a4 X D1 6 0 44 z | x{in) ¥ (in.) Z(in.) X (in.) ¥ (in.) Z (in.)
s2 324 0 44 X D2 546 0 44 Z _FOS1 | 20375 | -12 | 43 | 34725 | -12 | 43
s3 300 0 44 X D3 276 -14.5 44 z FOS2 254,75 -7 32 296.75 -7 32
s4 276 6 44 X D4 276 14.5 44 z __FOs3 | 254.75 -5 24 | 29.75 5 | 24
S5 276 -6 44 X D5 156 0 44 z FOS4 254.75 -5 16 296.75 -5 16
6 252 0 a4 X D6 186 0 44 z FOS5 | 202 -2 0 279 -2 0
57 228 0 44 X D7 216 0 44 z FOS6 | 349 2 0 273 2 0
s8 204 0 44 X D8 246 0 a4 z
9 347.5 7 32 X 2L} 306 0 4 Z Instrument| X(in.) Y (in.) Z(in.) |Orientation| Strand
510 347.5 5 24 X D10 336 0 44 4 Vi 276 4 3 X b
s11 347.5 5 16 X D11 366 0 a4 yd V2 376 2 3 X 1
512 299.5 7 32 X D12 396 0 44 z
513 299.5 5 24 X LC1 0 0 23 X
514 299.5 5 16 X
515 275.5 7 32 X
516 275.5 5 24 X
S17 275.5 5 16 X
518 251.5 7 32 X
519 251.5 5 24 X
S20 251.5 5 16 X
s21 203.5 7 32 X
522 203.5 5 24 X
523 203.5 5 16 X Key:
524 348 0 0 X
525 324 0 0 X D  Laser displacement transducer
526 300 0 0 X
s27 276 0 0 X )
ey 355 3 5 5 S 60-mm concrete strain gage
529 228 0 0 X .
30 204 0 0 X RS  5-mm rebar strain gage
\% Vibrating wire strain gage
FOS Fiber optic sensor
v LC  850-kip Geokon load cell
Cross Section B - B
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Specimen SS-4: Instrumentation Coordinates

Task 3: Experimental Test Plan
Sheet 29 of 62
Scale: 1/4"=1"
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Elevation View (East)

Botiom View
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Mot U
D4 L D3
O

Cross Section B - B

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93
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Key:

Laser displacement transducer (D)
60-mm concrete strain gage (S)
5-mm rebar strain gage (RS)
Vibrating wire strain gage (V)
Fiber optic sensor (FOS)

850-kip Geokon load cell (LC)
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Specimen SS-5: Displacement gages

Task 3: Experimental Test Plan
Sheet 30 of 62

Scale: 1/4"=1"
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%Tog Vlew
L
_ Load
F E EEE = E
e —— o 10=  S13=S16=S19=  : S)= ———
| B a1 ate e
7 11._03/ " l 3._§0" l l 3._;0.._!
5 S R@18'=30"
EDNE

Elevafion V;iew (;Wesjt)

rlO"

n

S244 S25- S26- S27- S28- S29- S30
111" 6@ 18"= 9-0" 111"

Load

SR s

S4 ———55
T/
5
S15— = 7
S16— .
17— 7
O 3/
S27 —-8/8
[l

10"

Cross Section B - B

Bottom View

Key:

Laser displacement transducer (D)
60-mm concrete strain gage (S)
5-mm rebar strain gage (RS)
Vibrating wire strain gage (V)
Fiber optic sensor (FOS)

850-kip Geokon load cell (LC)
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Specimen SS-5: Foil-type strain gages on concrete surface

Task 3: Experimental Test Plan
Sheet 31 0f 62

Scale: 1/4"=1"




Ti)g View

&.oad
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R
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. S, Sl S, S, Sl S

‘ RSB-Il RS9JR810J /Rill l-RSlZI-RSl3}-RSl4
114" - - 114"

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

2@18"= 3'-0"J 1‘-3"J l1'-3" {2 @ 18"=3-0"
Bottom View
Load Key:
|
| |
RS11— L, —RS4
N o R

- -
9 F—r—l 41"3%1' ¥y +—o

Cross Section B - B

Laser displacement transducer (D)
60-mm concrete strain gage (S)
5-mm rebar strain gage (RS)
Vibrating wire strain gage (V)
Fiber optic sensor (FOS)

850-kip Geokon load cell (LC)
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Specimen SS-5: Foil-type strain gages on mild steel bars

Sheet 32 of 62

Task 3: Experimental Test Plan
Scale:1/4"=1'




'i'og Viev§/
143y 259" 143"
11'-6%" &oad 11-6"
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'F*‘f‘—— \\\\\\\ Dﬁé—;FOSB-{iiififii ////////// T
: ~ DAQ-FOS4 ! g
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Elevation View: (East) '
| 117" 43" | '
I—4'-1%" 11-8Y)"

Load
1“ ¢

L =— FOS1
2@5"=10"— =——FOS2
. = FOS3
% o F—Fost

8y
FOS6 = FOS5

Cross Section B - B

Bottom View

Flexural capacity of concrete elements
with unbonded and bonded prestressing

Key:

Laser displacement transducer (D)
60-mm concrete strain gage (S)
5-mm rebar strain gage (RS)
Vibrating wire strain gage (V)
Fiber optic sensor (FOS)

850-kip Geokon load cell (LC)
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Load

-

S8 —‘H: FO$7

-

Cross Section B - B

Top View
s "B
DAQ! &.oad

111" : 9-0" : 111"

Elevation View (East)

| FOS instrumentation providfed by FDOT Structures Lab}

Bottom View

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Key:
I L Laser displacement transducer (D)
- 60-mm concrete strain gage (S)
- 5-mm rebar strain gage (RS)
B2 Vibrating wire strain gage (V)

— @ Fiberoptic sensor (FOS)

B 850-kip Geokon load cell (LC)
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Specimen SS-5: Additional fiber-optic sensors on rebar

Task 3: Experimental Test Plan
Sheet 34 of 62

Scale: 1/4"=1"
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Strand pattern and wedge plate orientation
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| 310"

Top View
,_~
B
15'-6" !
Load
Enerpac Steel plate - 20" x 10" x 2"
RR-40018 Bearing pad - 20" x 10" x 2"
Bearing pad - 32" x 10" x 2 3" B Bearing pad - 32" x 10" x 2 &
Steel I-beam - W14x370 i—— Steel I-beam - W14x370
15-0" | 15-0"
30|_0|l
310"

Elevation View (East)

Bottom View

Load

Cross Section B - B

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Key:
I L Laser displacement transducer (D)
_— 60-mm concrete strain gage (S)
- 5-mm rebar strain gage (RS)
B Vibrating wire strain gage (V)

—@ Fiberoptic sensor (FOS)

B 850-kip Geokon load cell (LC)
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Task 3: Experimental Test Plan
Specimen SS-5: Test setup

Sheet 36 of 62
Scale: 1/4"=1"




Elevation View (East)

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Instrument| X (in.) Y (in.) Z(in.) |Orientation Instrument| X (in.) Y (in.) Z(in.) |Orientation Bar Start End
Instrument = T = = = = -

S1 240 0 24 X RS1 135 -6.75 3 X 6L-4 X(in) | ¥(in) Z(in.) X (in.) Y (in.) Z (in.)
s2 222 0 24 X RS2 153 -6.75 3 X 6L-4 FOS1 13825 | -10 23 234 -10 23
s3 204 0 24 X RS3 171 -6.75 3 X 6L-4 FOS2 171.25 | -10 18 201.25 -10 18
s4 186 6 24 X RS4 186 -6.75 3 X 6L-4 FOS3 171.25 -10 13 201.25 -10 13
55 186 -6 24 X RSS5 201 -6.75 3 X 6L-4 FOS4 171.25 -10 8.5 201.25 -10 8.5
56 168 0 24 % RS6 219 -6.75 3 X 6L-4 FOS5 138 -5.5 0 189 -5.5 0
s7 150 0 24 X RS7 237 -6.75 3 X 6L-4 FOS6 232.75 5.5 0 183 5.5 0
S8 132 0 24 X RS8 135 6.75 3 X 6L-1 FOS7 132 | -2.25 3 240 -2.25 3
59 239.75 10 17.75 X RS9 153 6.75 3 X 6L-1 FOS8 132 | 2.25 3 240 2.25 3
510 239.75 10 13 X RS10 171 6.75 3 X 6L-1
s11 239.75 10 8 X RS11 186 6.75 3 X 6L-1
512 203.75 10 18.25 X RS12 201 6.75 3 X 6L-1
513 | 20375 | 10 | 13.25 X RS13 219 6.75 3 X 6L-1
s14 203.75 10 8 X RS14 237 6.75 3 X 6L-1
515 185.75 10 18.125 X
516 185.75 10 13125 X Instrument| X (in.) Y (in.) Z(in.) |Orientation
s17 185.75 10 8.375 X D1 6 0 22 <
518 167.75 10 18.25 X D2 366 0 24 7
519 167.75 10 13.25 X D3 186 145 21 Z
520 167.75 10 8 X D4 186 145 24 z
521 131.75 10 17.5 X D5 126 0 24 5
522 131.75 10 13 X D6 126 0 24 -
523 131.75 10 7.875 X 07 126 0 24 z Load Key:
524 240 0 0 X D8 166 0 24 z
=23 202 9 o > D9 206 o 24 Z D Laser displacement transducer
526 204 0 L X D10 226 0 24 z
2;; 122 3 g ; D11 246 0 24 g S 60-mm concrete strain gage

D12 266 0 24 z
529 150 0 0 X
530 132 0 0 X el 0 0 i % RS  5-mm rebar strain gage

\% Vibrating wire strain gage

FOS Fiber optic sensor
SfieL-g 633 H

LC  850-kip Geokon load cell

Cross SectionB - B
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Specimen SS-5: Instrumentation Coordinates

Task 3: Experimental Test Plan
Sheet 37 0f 62

Scale: 1/4"=1"
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—1-10"

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Laser displacement transducer (D)
60-mm concrete strain gage (S)
5-mm rebar strain gage (RS)

Vibrating wire strain gage (V)

Fiber optic sensor (FOS)

12-1" 6 @ 18" =9-0"— 12-1" |
sl s2! s3l sal 5! g6l 7
A ' ?Top_) ;View§ - :
B §K"2@18"i3'05'
ELoaci ; -3 0..
: 317'-"
T 213_” TS16% ‘Og """"" ———
510 51375167 5197 522
A 530 A
Eflevatfion \,{iew (:Wes:i)
$231 524J $251 $261 '527J 528
11-11" J |. 11-11"
2@18"=3-0"1  Bottom View -2 @ 18"=3-0"
10" | 10" Key:
|e
S4
_L .
S14
e -
S15 ~2@8 =1-4"
S16 [ioaezezezezen(|
Ca !
S30 _szg_JE
. "
Cross Section A- A .

850-kip Geokon load cell (LC)
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Specimen NB-1: Foil-type strain gages on concrete surface

Task 3: Experimental Test Plan
Sheet 39 of 62

Scale: 1/4"=1"
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Cross Section A - A

Bottom View

FDOT Research

Flexural capacity of concrete elements

with unbonded and bonded prestressing

BDV31-977-93

Key:

Laser displacement transducer (D)
60-mm concrete strain gage (S)
5-mm rebar strain gage (RS)
Vibrating wire strain gage (V)
Fiber optic sensor (FOS)

850-kip Geokon load cell (LC)
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Specimen NB-1: Foil-type strain gages on mild steel bars

Sheet 40 of 62

Scale: 1/4"=1"




with unbonded and bonded prestressing

Flexural capacity of concrete elements
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FDOT Research

12._9% " 40. ; 3.9" ; 127"
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R DAQ - FOS4 iy T R B
DAQ - FOS5? Pl
: ; Key:
: : : I ® Laser displacement transducer (D)
15'-3" | 2!_6|l | 15'-3" | .
LA — 60-mm concrete strain gage (S)
¢ Elevation View (East) : :
- 5-mm rebar strain gage (RS)
125" i T 125" -
5 DAQ - FOS6~, | 0 30T DAQ - FOS7 > I 9 B \/ibrating wire strain gage (V)
+77W?7777777777777f777ﬁ”ﬁ”f777f 777777777777777777 7-{ *—. Fiber optic sensor (FOS)
] 2I_2II | .
Bottom View . 850-kip Geokon load cell (LC)
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Specimen NB-1: Fiber-optic sensors

Task 3: Experimental Test Plan
Sheet 41 of 62

Scale: 1/4"=1"




V3
Cross Section A - A

Bottom View

Cross Section C-C Cross Section D - D

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research

Key:

Laser displacement transducer (D)
60-mm concrete strain gage (S)
5-mm rebar strain gage (RS)
Vibrating wire strain gage (V)
Fiber optic sensor (FOS)

850-kip Geokon load cell (LC)
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Specimen NB-1: Vibrating wire gages

Task 3: Experimental Test Plan
Sheet 42 of 62

Scale: 1/4"=1"
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Section E - E
(Refer to sheet 38)

Post-tensioned tendons:

1 PT tendon - (12) 0.6" diam. strands

Jacking force = 0.8 f,, = 562.5 kip

Strand pattern and wedge plate orientation
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T
1-10/5" Y
%% 1-4%
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| 3"1" |
113" |
T
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-

30—

Endblock Dimensions

I—Precast section

with unbonded and bonded prestressing

Flexural capacity of concrete elements
BDV31-977-93

FDOT Research
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Specimen NB-1: Load cell assembly

Task 3: Experimental Test Plan
Sheet 43 of 62

Scale: 1/2"=1"




with unbonded and bonded prestressing

Flexural capacity of concrete elements
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Top View B
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|/_ ( (2) Enerpac
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R
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Load
Key:
I (] Laser displacement transducer (D)
l__,____,__J _— 60-mm concrete strain gage (S)
I I
{ )
‘I If - 5-mm rebar strain gage (RS)
NeoN
: : X Vibrating wire strain gage (V)
// \\ *
— @ Fiberoptic sensor (FOS)

Cross Section B - B

850-kip Geokon load cell (LC)
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Task 3: Experimental Test Plan
Specimen NB-1: Test setup

Sheet 44 of 62
Scale: 1/4"=1"




with unbonded and bonded prestressing

Flexural capacity of concrete elements
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LA

Instrument| X (in.) Y (in.) Z(in.) |Orientation Instrument| X(in.) | Y (in.) Z(in.) |Orientation Bar R aRE Start End
s1 252 0 a4 X RS1 144 | -3 41.125 X 4A-3 X (in.) ¥ (in.) Z(in.) X (in.) ¥ (in.) Z(in.)
52 234 0 44 X RS2 162 | -3 41.125 X 4A-3 FOS1 150 -12 43 201 -12 43
s3 216 0 a4 X RS3 180 | -3 41.125 X 4A-3 FOS2 150 12 42 195 12 42
54 198 0 44 X RS4 198 | -3 41.125 X 4A-3 FOS3 183 -7 32 213 -7 32
S5 180 0 44 X RS5 216 | -3 41.125 X 4A-3 FOS4 183 -5 24 213 -5 24
56 162 0 44 X RS6 234 | -3 41.125 X 4A-3 FOS5 183 -5 16 213 -5 16
s7 144 0 44 X RS7 252 | -3 41.125 X 4A-3 FOS6 149 -2 0 185 -2 0
s8 252 7 32 X RS8 144 | 3 41.125 X 4A-2 FOS7 247 -2 0 211 -2 0
59 252 5 24 X RS9 162 | 3 41.125 X 4A-2 FOS8 243.25 12 43 195.25 12 43
510 252 5 16 X RS10 180 | 3 41.125 X aA-2
511 216 7. 32 X RS11 198 I 3 41125 X A2 Instrument| X({in.) | Y (in.) Z(in.) |Orientation| Strand
512 216 5 24 X R512 216 | 3 41.125 X an-2 V1 18 | -1 34 X 12
513 216 5 16 X RS13 234 | 3 41.125 X 4A-2 V2 200 | 1 34 X 11
514 198 7 32 X RS14 252 | 3 41.125 X 4A-2 V3 198 | -4 3 X 2
515 198 5 24 X
516 198 5 16 X Instrument| X (in.) Y (in.) Z(in.) |Orientation
517 180 7 32 X - = = a z
514 180 > 24 X D2 378 | 125 a4 z
519 180 2 16 X D3 378 12.5 a4 z
520 144 7 32 X DA S0a 5 A 7
521 144 5 24 X 05 118 ) a4 7
522 144 5 16 X O I35 5 a z
523 253 0 0 X D7 158 0 44 z WA sR2 4R3 4Aa4 Key;
524 235 0 0 X D& 178 0 a4 z A5 ke aA7  4hs
523 217 9 v X D9 218 0 44 z D Laser displacement transducer
212 179 g g i D10 238 0 44 z
s;z’s 12; 5 p = D11 258 0 44 Z S 60-mm concrete strain gage
529 198 -11 15 X 012 278 0 a z
<30 198 11 is X Lc1 0 0 22.125 X RS  5-mm rebar strain gage

Cross Section A- A

\ Vibrating wire strain gage
FOS Fiber optic sensor

LC  850-kip Geokon load cell
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Specimen NB-1: Instrumentation Coordinates

Task 3: Experimental Test Plan
Sheet 45 of 62
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Specimen NB-2: Foil-type strain gages on concrete surface
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Specimen NB-2: Foil-type strain gages on mild steel bars
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Specimen NB-2: Vibrating wire gages

Task 3: Experimental Test Plan
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Specimen NB-2: Load cell assembly
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Key:
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Instrument | X (in.) ¥ (in.) Z(in.) |Orientation Instrument| X (in.) ¥ (in.) Z(in.) |Orientation| Bar —— Start End
S1 144 0 44 X RS1 144 -3 41,125 X 4A-3 X(in) | ¥(in) | Z(in.) X (in.) Y(in) | Z(in)
S2 162 0 44 X RS2 162 -3 41,125 X 4A-3 FOS1 149.5 -12 43 200.5 -12 43
s3 180 0 44 X RS3 180 -3 41.125 X 4A-3 FOs2 149.5 12 43 200.5 12 43
s4 198 0 44 X RS4 198 -3 41.125 X 4A-3 FOS3 183 -7 32 213.125 -7 32
S5 216 0 44 X RS5 216 -3 41,125 X 4A-3 FOs4 183 -5 24 213125 -5 24
6 234 0 44 X RS6 234 -3 41.125 X 4A-3 FOS5 183 -5 16 213.125 -5 16
S7 252 0 44 X RS7 252 -3 41.125 X 4A-3 FOsS6 148.5 -2 0 184 -2 0
58 252 7 31 X RS8 144 3 41.125 X 4A-2 FOs7 246 -2 0 210.25 -2 0
59 252 5 23 X RS9 162 3 41.125 X 4A-2
510 252 5 16 X RS10 180 3 41.125 X 4A-2 Instrument| X (in.) Y (in.) Z(in.) |Orientation| Strand
s11 215.75 7 31 X RS11 198 3 41.125 X 4A-2 T vi | 186 1 | 3a | x | 10
512 215.75 5 23 X R512 216 3 41.125 X 4A-2 V2 210 1 34 X 9
513 215.75 5 16 X R513 234 3 41.125 X A4A-2 V3 198 -4 3 ¥ 2
514 197.75 7 31 X RS14 252 3 41.125 X 4A-2
515 197.75 5 23 X
:ig ig;;z i ;: i Instrument| X (in.) Y (in.) Z(in.) |Orientation
- D1 30 0 44 z
518 |ABgS L S 23 . D2 377.75 | -12375 | 44 z
o > 10 X D3 377.75 | 12375 | 44 :
520 143.625 7 31 X = = = 3 =
521 143.625 5 23 X B 355 5 7 3
522 143.625 5 16 X — o . 0 3
gii i:: g g i D7 178 1 44 z Key:
D8 198 -1 44 z
giz i;g g g ; D9 218 o1 24 z D Laser displacement transducer
e B s i g DlU 233 D 44 Z
:;; iij g g i D11 258 0 44 pd S 60-mm concrete strain gage
D12 278 0 44 z
Lc1 0 0 13.5 X RS  5-mm rebar strain gage
Lc2 0 0 28.875 X

Cross Section A - A

Vv Vibrating wire strain gage

FOS Fiber optic sensor

LC  850-kip Geokon load cell
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Specimen NB-2: Instrumentation Coordinates

Task 3: Experimental Test Plan
Sheet 53 of 62
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Specimen NB-3: Displacement gages

Task 3: Experimental Test Plan
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Specimen NB-3: Foil-type strain gages on mild steel bars

Task 3: Experimental Test Plan
Sheet 56 of 62

Scale: 1/4"=1"
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Specimen NB-3: Fiber-optic sensors
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Specimen NB-3: Vibrating wire gages

Task 3: Experimental Test Plan
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Specimen NB-3: Load cell assembly
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LA

Instrument| X (in.) Y (in.) 2 (in.) |Orientation Instrument| X (in.) Y (in.) Z(in.) |Orientation Bar — Start End
s1 252 0 44 X RS1 144 -3 41.125 X 4A-3 X(in.) | Y(in.) Z(in.) X (in.) Y (in.) Z(in.)
s2 234 0 44 X RS2 162 -3 41.125 X 4A-3 FOS1 | 149.625 -12 43 200.625 -12 43
s3 216 0 44 X RS3 180 -3 41.125 X 4A-3 FOS2 200.5 12 43 149.5 12 43
54 198 0 44 X RS4 198 -3 41.125 X 4A-3 FOS3 183 =2 33.25 213 = 33.25
S5 180 0 a4 X RSS 216 -3 41.125 X aA-3 FOs4 183 -5 24 213 -5 24
56 162 0 44 X RS6 234 -3 41.125 X 4A-3 FOS5 183 -5 15.25 213 -5 15.25
s7 144 0 44 X RS7 252 -3 41.125 X 4A-3 FOS6 148.75 -2 0 184.75 -2 0
s8 251.75 7 315 X RS8 144 3 41.125 X 4A-2 FOS7 247.5 -2 0 213 -2 0
59 251.75 -5 21.75 X RS9 162 3 41.125 X 4A-2
510 251.75 -5 13 X R510 180 3 41.125 X 4A-2 Instrument | X (in.) ¥ (in.) Z(in.) |Orientation| Strand
511 218.25 -7 31.5 X RS11 198 i 41.125 X aA-2 V1 186 -1 34 X 7
512 218.25 -5 21.75 X RS12 216 3 41.125 X 4A-2 V2 210 1 34 X 6
513 218.25 -5 13 X RS13 234 3 41.125 X 4A-2 v3 198 -4 3 X 2
514 197.75 -7 315 X RS14 252 3 41.125 X 4A-2
515 197.75 5 21.75 X
516 197.75 -5 13 X Instrument| X (in.) Y (in.) Z (in.) |Orientation
517 179.75 -7 315 X D1 205 0 4 z
518 179.75 -5 21.75 X% D2 3775 125 vy -
519 179.75 -5 13 X 03 3775 125 2 z
$20 142.5 -7 315 X D4 198 0 a4 z
521 142.5 -5 21.75 X 05 18 0 Yy -
522 142.5 -5 13 X D6 138 0 22 z
s23 253.75 0 0 X D7 158 0 44 Zz A1 aR2 A3 aR4 Key:
524 238 0 0 X D8 178 0 a4 Z ks ahe  4h7  4ks
52 Lt g 0 X D9 218 0 a4 z i5ed D  Laser displacement transducer
526 178.5 0 0 X b0 | 238 0 W 7 50
':i; iif:: g g : D11 258 b 44 < S  60-mm concrete strain gage
529 198.25 -11 1.75 X Ifclf 2? ﬁ :; i
530 198.25 1 175 X o o u e - RS  5-mm rebar strain gage

\ Vibrating wire strain gage

FOS Fiber optic sensor

LC  850-kip Geokon load cell

Cross Section A- A
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APPENDIX C
Experimental results: Simply-supported precast beam specimens

Beam Specimen SS-1

Summary

(b)

Figure C.1 Beam specimen SS-1 at end of testing: (a) East side (fiber optic sensors) and (b) West
side (foil strain gages)

»

= ’ ! -
. [ }KXTMFNM ------------------------ ;

3007 3247 348 3727 3967 4207 444> 468" 4927 516 540 564" 588 6127

A
v

Figure C.2 Beam specimen SS-1 crack pattern: east side

44> I I
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6127 5887 5647 540” 5167 4927 468 444 420 396 372" 348” 324 300~

Y

A

Figure C.3 Beam specimen SS-1 crack pattern: west side
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Figure C.4 Beam specimen SS-1: applied force vs. displacement at load point

Specimen Details

The cross-section of beam specimen SS-1 corresponds to a modified AASHTO Type Il
beam with a web width of 10 in. The girder section was topped with an 8-in. thick concrete deck
and rectangular cast-in-place endblocks were added to accommodate post-tensioning anchorage
hardware and additional reinforcement. Figure C.5 shows the beam inside the load frame. Key
parameters are listed in Table C.1. Concrete cylinders were tested to determine the compressive

strength at the time of testing as shown in Table C.2.

Figure C.5 Beam specimen SS-1 inside test frame
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Table C.1 Beam specimen SS-1: key parameters

Cross Specimen No. PreT No. PreT No. PT Longitudinal
Section Length L/D uiT Strands Strands PT tendon  mild steel bars
(ft) (bottom) (top) Strands  profile (deck)
Modified
AASHTO 76 25 0.4 10 2 6 F5 8 #4
Type Il
Table C.2 Beam specimen SS-1: compressive strength results
Test age Compressive Specified
Description Cast date Test date (da s% Strenpth (psi) Compressive
Y 9IRS strength (psi)
2020-01-24 1 4,720
. 2020-01-27 4 8,595
Precast girder 2020-01-23 2020-02-20 28 10698 8,500
2021-12-06 683 13,404
2020-01-28 1 4,400
2020-01-29 2 6,405
Deck 2020-01-27 2020-02-24 28 10,464 8,500
2021-09-30 612 13,713
2021-11-19 14 9,563
End blocks 2021-11-05 2021-12-03 28 10,035 8,500

Test Procedure

Specimen SS-1 was loaded at a rate of 0.25 kip/sec. Load was held at 25, 49, 69, 74, 87,
99, 120, and 122 kip. This allowed for the beam to be inspected, cracks marked, and VW strain
gage readings taken. The first visible cracks were identified and marked at a load of 74 kip
(Figure C.6). Fiber optic sensors located on the bottom of the beam recorded the first cracks
along the centerline of the beam section at P = 70 Kkip as depicted in Figure C.11. Cracks were
marked during loading up until 87 kip, which is 70% of the predicted nominal capacity. Audible
indications of damage were heard emanating from concrete in the top of the deck (near midspan,
west side). Loading was stopped shortly thereafter at P = 122 kip. The beam was then unloaded,

cracks were marked, and final VW strain gage readings were taken.
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Figure C.6 Specimen SS-1.: first observed cracks (marked in red) at P = 74 kip on east side

Detailed Test Results
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Figure C.7 Specimen SS-1: stress in PT and PreT tendons as a function of applied load
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Figure C.8 Specimen SS-1: concrete strain vs. applied load — top of deck
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Figure C.9 Specimen SS-1: concrete strain vs. location — top flange (FOS-1)
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Figure C.10 Specimen SS-1: concrete strain vs. location — beam web: (a) FOS-2 and (b) FOS-4
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Figure C.11 Specimen SS-1: concrete strain vs. location — bottom of beam (FOS-5, FOS-6,
and FOS-7): (a) location of first crack at P = 70 kip, (b) strain at different load levels
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Beam Specimen SS-2

Summary

(b)

Figure C.12 Beam specimen SS-2 at end of testing: (a) East side (fiber optic sensors) and
(b) West side (foil strain gages)
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Figure C.13 Beam specimen SS-2 crack pattern: east side
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Figure C.14 Beam specimen SS-2 crack pattern: west side
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Figure C.15 Beam specimen SS-2: applied force vs. displacement at load point

Specimen Details

The cross-section of beam specimen SS-2 corresponds to a modified AASHTO Type Il
beam with a web width of 10 in. The girder section was topped with an 8-in. thick concrete deck
and rectangular cast-in-place endblocks were added to accommodate post-tensioning anchorage
hardware and additional reinforcement. Figure C.16 shows the beam inside the load frame. Key
parameters are listed in Table C.3. Concrete cylinders were tested to determine the compressive

strength at the time of testing as shown in Table C.4.

Figure C.16 Beam specimen SS-2 inside test frame
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Table C.3 Beam specimen SS-2: key parameters

Cross Specimen No. PreT No. PreT No. PT L_ongitudinal
Section Length L/D uiT Strands Strands PT tendpn mild steel bars
(ft) (bottom) (top) Strands  profile (deck)
Modified
AASHTO 76 25 0.6 8 2 10 F5 8 #4
Type Il
Table C.4 Beam specimen SS-2: compressive strength results
. Test age Compressive Specmeq
Description Cast date Test date (days) Strength (psi) Compressive
Strength (psi)
2020-01-24 1 4,720
2020-01-27 4 8,595
. 2020-02-20 28 10,698
Precast girder 2020-01-23 2021-09-30 616 13578 8,500
2021-12-06 683 13,222
2021-12-15 692 12,380
2020-01-29 1 3,830
2020-01-30 2 6,155
Deck 2020-01-28 2020-02-25 28 10 247 8,500
2021-10-08 619 14,362
2021-11-19 14 9,563
End blocks 2021-11-05 2021-12-03 28 10,035 8,500
2021-12-06 40 9,856

Test Procedure

Specimen SS-2 was loaded at a rate of 0.25 kip/sec. Load was held at 26, 51, 73, 77, 90,
103, and 128 kip. This allowed for the beam to be inspected, cracks marked, and VW strain gage
readings taken. The first visible cracks were identified and marked at a load of 77 kip
(Figure C.17). As depicted in Figure C.22, fiber optic sensors located on the bottom of the beam
recorded the first cracks along the centerline of the beam section. Cracks were marked during
loading up until 103 Kkip, which is 80% of the predicted nominal capacity. The concrete in the top
of the concrete deck (near midspan, west side) started crushing and loading was stopped at
P =131 kip. The beam was then unloaded, cracks were marked, and final VW strain gage

readings were taken.

316



Figure C.17 Specimen SS-2: first observed cracks (marked in red) at P = 77 Kip on east side

Detailed Test Results
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Figure C.18 Specimen SS-2: stress in PT and PreT tendons as a function of applied load
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Figure C.19 Specimen SS-2: concrete strain vs. applied load — top of deck
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Figure C.20 Specimen SS-2: concrete strain vs. location — top flange (FOS-1)
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Figure C.21 Specimen SS-2: concrete strain vs. location — beam web: (a) FOS-2 and (b) FOS-4
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Figure C.22 Specimen SS-2: concrete strain vs. location — bottom of beam (FOS-5 and FOS-6):
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Beam Specimen SS-3

Summary

Figure C.23 Beam specimen SS-3 at end of testing: (a) East side (fiber optic sensors) and
(b) West side (foil strain gages)
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Figure C.24 Beam specimen SS-3 crack pattern: east side
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Figure C.25 Beam specimen SS-3 crack pattern: west side
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Figure C.26 Beam specimen SS-3: applied force vs. displacement at load point

Specimen Details

The cross-section of beam specimen SS-3 corresponds to a modified AASHTO Type Il
beam with a web width of 10 in. The girder section was topped with an 8-in. thick concrete deck
and rectangular cast-in-place endblocks were added to accommodate post-tensioning anchorage
hardware and additional reinforcement. Figure C.27 shows the beam inside the load frame. Key
parameters are listed in Table C.5. Concrete cylinders were tested to determine the compressive

strength at the time of testing as shown in Table C.6.

it =

Figure C.27 Beam specimen SS-3 inside test frame
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Table C.5 Beam specimen SS-3: key parameters

Cross Specimen No. PreT No. PreT No. PT Longitudinal
Section Length L/D uiT Strands Strands PT tendon  mild steel bars
(ft) (bottom) (top) Strands  profile (deck)
Modified
AASHTO 46 15 04 6 2 4 F5 8 #4
Type Il
Table C.6 Beam specimen SS-3: compressive strength results
Test age Compressive Specified
Description Cast date Test date (days) Strength (psi) Compressive
Y 9IRS strength (psi)
2020-01-24 1 4,720
. 2020-01-27 4 8,595
Precast girder 2020-01-23 2020-02-20 28 10698 8,500
2021-09-30 616 13,578
2020-01-28 1 4,400
2020-01-29 2 6,405
Deck 2020-01-27 2020-02-24 28 10,464 8,500
2021-09-30 612 13,132
2021-09-13 38 10,285
End blocks 2021-08-06 2021-09-20 15 10,992 6,500

Test Procedure

Specimen SS-3 was loaded at a rate of 0.25 kip/sec. Load was held at 32, 51, 75, 88, 101,
126, and 129 kip. This allowed for the beam to be inspected, cracks marked, and VW strain gage
readings taken. The first visible crack was identified and marked at a load of 75 Kkip on the west
side of the beam (Figure C.28). Fiber optic sensors located on the bottom of the beam recorded
the first cracks along the centerline of the beam section at P = 85 kip as depicted in Figure C.33.
Cracks were marked during loading up until 88 kip, which is 70% of the predicted nominal
capacity. Audible indications of damage were heard emanating from concrete in the top of the
deck (near midspan, east side). Loading was stopped shortly thereafter when at P = 136 kip,
which exceeded the predicted maximum load, and when compressive concrete strain ec > 0.003.
The beam was then unloaded, cracks were marked, and final VW strain gage readings were

taken.
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Figure C.28 Specimen SS-3: first observed crack (marked in red) at P = 75 Kip on west side

Detailed Test Results
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Figure C.29 Specimen SS-3: stress in PT and PreT tendons as a function of applied load
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Figure C.30 Specimen SS-3: concrete strain vs. applied load — top of deck
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Figure C.31 Specimen SS-3: concrete strain vs. location — top flange (FOS-1)
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Figure C.32 Specimen SS-3: concrete strain vs. location — beam web: (a) FOS-2 and (b) FOS-4

326



P=75kip 80kip 110kip  114kip  120kip  130Kkip 135 kip

12000

11000

10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

0 oA e iR S T IR S R PNTEEN st

Strain (microstrain)

-1000
200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350
Location (in)

(a)

12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000
ol
-1000

200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350
Location (in)

(b)
Figure C.33 Specimen SS-3: concrete strain vs. location — bottom of beam (FOS-5 and FOS-6):
(a) location of first crack at P = 85 kip, (b) strain at different load levels
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Beam Specimen SS-4

Summary

e (
Figure C.34 Beam specimen SS-4 at end of testing: (a) East side (fiber optic sensors) and
(b) West side (foil strain gages)
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Figure C.37 Beam specimen SS-4: applied force vs. displacement at load point

Specimen Details

The cross-section of beam specimen SS-4 corresponds to a modified AASHTO Type Il
beam with a web width of 10 in. The girder section was topped with an 8-in. thick concrete deck
and rectangular cast-in-place endblocks were added to accommodate post-tensioning anchorage
hardware and additional reinforcement. Figure C.38 shows the beam inside the load frame. Key
parameters are listed in Table C.7. Concrete cylinders were tested to determine the compressive

strength at the time of testing as shown in Table C.8.

Table C.7 Beam specimen SS-4: key parameters

Cross Specimen No. PreT No. PreT No. PT L.ongitudinal
Section Length L/D uiT Strands Strands PT tendon  mild steel bars
(ft) (bottom) (top) Strands  profile (deck)
Modified
AASHTO 46 15 0.6 4 2 6 F5 8 #4
Type Il
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Table C.8 Beam specimen SS-4: compressive strength results

Test age Compressive Specified

Description Cast date Test date - Compressive
(days) Strength (psi) Strength (psi)
2020-01-24 1 4,720
2020-01-27 4 8,595
Precast girder 2020-01-23 2020-02-20 28 10,698 8,500
2021-09-30 616 13,859
2021-10-08 624 12,120
2020-01-29 1 3,830
2020-01-30 2 6,155
Deck 2020-01-28 2020-02-25 28 10,247 8,500
2021-10-08 619 14,362
2021-09-13 38 10,285
End blocks 2021-08-06 2021-09-20 45 10,992 6,500
2021-10-08 63 11,167

Test Procedure

Specimen SS-4 was loaded at a rate of 0.25 kip/sec. Load was held at 46, 58, 69, 80, 92,
and 115 Kip. This allowed for the beam to be inspected, cracks marked, and VW strain gage
readings taken. The first visible cracks were identified and marked at a load of 80 Kkip on the east
side of the beam (Figure C.39). Fiber optic sensors located on the bottom of the beam recorded
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the first cracks along the centerline of the beam section at P = 81 Kip as depicted in Figure C.45.
Cracks were marked during loading up until 92 kip, which is 80% of the predicted nominal
capacity. Foil strain gages on the top of the beam exceeded &c = 0.003 at P = 124 kip and audible
indications of crushing were heard around P = 126 kip. Afterward, concrete in the top of the deck
at the load point started crushing. Clearly audible indications of strand ruptures were then heard
and a drop in the load-displacement curve was observed. A maximum load of P = 127 kip was
recorded. The beam was then unloaded, cracks were marked, and final VW strain gage readings
were taken. Partial demolition was conducted afterwards, which confirmed the rupture of all four
bonded pretensioned strands as shown in Figure C.40. Note that there were a total of ten

pretensioned strands, but six of them were ‘debonded’.

Figure C.39 Specimen SS-4: first observed cracks (marked in red) at P = 80 Kip on east side
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(b)
Figure C.40 Specimen SS-4: Rupture of bonded pretensioned strands (a) View of west side of the
beam after partial demolition and (b) close-up view of PreT strands

332



Detailed Test Results
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Figure C.41 Specimen SS-4: stress in PT and PreT tendons as a function of applied load

0
-500
-1000
-1500
-2000
-2500
-3000
-3500
-4000
-4500
-5000

Concrete strain (microstrain)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Applied Load (kip)

Figure C.42 Specimen SS-4: concrete strain vs. applied load — top of deck
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Figure C.43 Specimen SS-4: concrete strain vs. location — top flange (FOS-1)
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Figure C.44 Specimen SS-4: concrete strain vs. location — beam web: (a) FOS-2 and (b) FOS-4
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Figure C.45 Specimen SS-4: concrete strain vs. location — bottom of beam (FOS-5 and FOS-6):
(@) location of first cracks at P = 81 kip, (b) strain at different load levels
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APPENDIX D
Experimental results: Simply-supported beam specimen (SS-5)

Summary

(b)

Figure D.1 CIP beam specimen SS-5 at end of testing: (a) East side (fiber optic sensors) and
(b) West side (foil strain gages)
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Figure D.2 Beam specimen SS-5 crack pattern: east side
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Figure D.3 Beam specimen SS-5 crack pattern: west side
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Figure D.4 Beam specimen SS-5: applied force vs. displacement at load point

Specimen Details

Cast-in-place beam specimen SS-5 consisted of a rectangular concrete section
(20in. x 24 in.). The purpose of this specimen was to investigate the flexural behavior of a beam
simulating a straddle bent arrangement. Figure D.5 shows the beam inside the load frame. Key
parameters are listed in Table D.1. Concrete cylinders were tested to determine the compressive

strength at the time of testing as shown in Table D.2.

Table D.1 Beam specimen SS-5: key parameters

. Specimen No. PT . Longitudinal mild
Cross Section Length (ft) L/D UIT Strands PT tendon profile steel bars (deck)
CIP 20” x 24~ 31 15 0.9 12 F11 4 #6

Table D.2 Beam specimen SS-5: compressive strength results

Test age Compressive Specifieq
Cast date Test date (days) Strength (psi) Compressive
Strength (psi)
2021-10-11 19 7,777
2021-09-22 2021-10-15 23 8,132 6,500
2021-10-20 28 8,401
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Figure D.5 Beam specimen SS-5 inside test frame

Test Procedure

Specimen SS-5 was loaded at a rate of 0.25 kip/sec. Load was held at 41, 46, 69, 81,
and 93 kip. This allowed for the beam to be inspected and cracks marked. The first visible cracks
were identified and marked at a load of 69 kip on the east side of the beam (Figure D.6). Fiber
optic sensors located on the bottom of the beam recorded the first cracks along the centerline of
the beam section at P = 60 kip as depicted in Figure D.13. Cracks were marked during loading up
until 93 kip, which is 80% of the predicted nominal capacity. The concrete in the top of the beam
(near midspan) started crushing and a drop in the load-displacement curve was observed. A
maximum load of P = 135 kip was recorded. The beam was then unloaded and cracks were
marked. As depicted in Figures D.8 and D.9, rebar strain data (from both foil strain gages and

fiber optic sensors) indicated bar yielding.
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Figure D.6 Specimen SS-5: first observed crack (marked in red) at P = 69 kip on east side

Detailed Test Results
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Figure D.7 Specimen SS-5: stress in PT tendon as a function of applied load
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Figure D.8 Specimen SS-5: strain in longitudinal mild steel bars vs. applied load: (a) Bar 6L-4
and (b) Bar 6L-1
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Figure D.9 Specimen SS-5: strain (FOS-7) in longitudinal mild steel bar (6L-3) vs. applied load

340



0
-500
-1000
-1500
-2000
-2500
-3000
-3500
-4000 #
-4500
-5000

484
TTT T TT
's8/57's6'55'53/52's1

Concrete strain (microstrain)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Applied Load (kip)

Figure D.10 Specimen SS-5: concrete strain vs. applied load — top of beam
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Figure D.11 Specimen SS-5: concrete strain vs location — top of beam, east side (FOS-1)
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Figure D.12 Specimen SS-5: concrete strain vs. location — side of beam:
(@) FOS-2 and (b) FOS-4
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Figure D.13 Specimen SS-5: concrete strain vs. location — bottom of beam (FOS-5 and FOS-6):
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APPENDIX E
Experimental results: Negative bending precast beam specimens

Beam Specimen NB-1

Summary

2 = - | pe——

Figure E.1 Beam specimen NB-1 at end of testing: (a) East side (fiber optic sensors) and

(b) West side (foil strain gages)

n

s
- N = e
" N\~ ~
o =X_ =

0" 8" 36" 48" 60" 727 84”7 96™ 108 1207 1327 144 156 168" 180™ 1927 204 216™ 228" 240™ 252" 264™ 276 288" 300" 312" 324" 336 348” 360" 378" 396"

Figure E.2 Beam specimen NB-1 crack pattern: east side
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Figure E.3 Beam specimen NB-1 crack pattern: west side
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Figure E.4 Beam specimen NB-1: applied force vs. displacement at load point

Specimen Details

The cross-section of beam specimen NB-1 corresponds to a modified AASHTO Type Il
beam with a web width of 10 in. The girder section was topped with an 8-in. thick concrete deck
and rectangular cast-in-place endblocks were added to accommodate post-tensioning anchorage
hardware and additional reinforcement. Figure E.5 shows the beam inside the load frame while
Figures E.6 and E.7 show the tie down and load point, respectively. Key parameters are listed in
Table E.1. Concrete cylinders were tested to determine the compressive strength at the time of
testing as shown in Table E.2. Note that some of the cylinders tested at the FDOT Structures
Research Center presented significantly lower strengths than cylinders from the same concrete
batch previously tested at the precast plant. Additional cylinders were tested at the University of
Florida resulting in higher compressive strengths as expected. The problem with the previous
FDOT cylinder tests was determined to be related to the use of an excessively worn grinding
disk. Concrete cylinders tested after replacing the grinding disk resulted in the expected

compressive strengths.
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Table E.1 Beam specimen NB-1: key parameters

Cross Specimen No. PreT No. PreT No. PT L_ongitudinal
Section Length L/D UIT Strands Strands PT tend_on mild steel bars
(ft) (bottom) (top) Strands  profile (deck)
Modified
AASHTO 33 20 0.5 2 12 12 F1 8 #4
Type Il
Table E.2 Beam specimen NB-1: compressive strength results
- Test age Compressive Specifie_d
Description Cast date Test date (days) Strength (psi) Compressive
Strength (psi)
2020-02-05 1 5,442
2020-02-06 2 6,899
Precast girder 2020-01-23 2020-03-30 28 10,562 8,500
2021-09-02 576 *8,411
2021-09-13 587 **12,537
2020-02-06 1 5,432
Deck 2020-01-27 2020-03-04 28 10,431 8,500
2021-09-02 575 *9,013
2021-09-13 38 10,285
End blocks 2021-11-05 2021-09-20 45 10,992 6,500

*Cylinders tested at the FDOT Structures Research Center presented significantly lower strengths than those
previously tested at the precast plant. It was later determined the disk used to grind the cylinders was worn down.
Concrete cylinders tested after replacing the grinding disk resulted in the expected compressive strengths.
**Additional cylinders were tested at the University of Florida, resulting in higher strengths.

= e o~~~ L

Figure E.5 Beam specimen NB-1 inside test frame
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(a) (b)

Figure E.7 Beam specimen NB-1: load point

Test Procedure

Specimen NB-1 was loaded at a rate of 0.25 kip/sec. Load was held at 80, 92, 120, 140,

160, 200, and 209 kip. This allowed for the beam to be inspected, cracks marked, and VW strain
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gage readings taken. The first visible cracks were identified and marked at a load of 120 kip
(Figure E.8). However, as shown in Figures E.16 and E.17, the first cracks were recorded by
fiber optic sensors at P = 99 kip on the west side and P = 116 kip on the east side of the beam.
For safety reasons, cracks were only marked during loading up until 140 kip, which is 70% of
the predicted nominal capacity. Loading was stopped once the strains in the bottom flange at the
center support exceeded 0.003 in compression. The beam was then unloaded, cracks were
marked, and final VW strain gage readings were taken. Figure E.9 shows cracks on the bottom
flange near the middle support. Load, displacement, and strains were measured continuously

during testing.

Figure E.8 Specimen NB-1: first observed cracks (marked in red) at P = 120 kip on east side
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(b)

Figure E.9 Specimen NB-1: observed cracks near center support: (a) East and (b) West sides
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Detailed Test Results

300 1.1

275 | e F—— 1
_ 250 09 .
£ 225 =
< . o 08 2

S 200 °

5 175‘ 't Al o,  — 07 §
2 Aa 06 2
2 150 2
g 05 =
g 125 2
o o
< 100 oy 04 ¢
w
g s | fpu 03 &
&H o

50 ® @ PreT (top) 0.2

25 A A PreT (bottom) 01

0 0

0 25 50 75 100 125 150 175 200 225 250
Applied Load (kip)

Figure E.10 Specimen NB-1: stress in PT and PreT tendons as a function of applied load
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Figure E.11 Specimen NB-1: strain in longitudinal mild steel bars in deck vs. applied load:
(a) Bar 4A-3 and (b) Bar 4A-2
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Figure E.12 Specimen NB-1: concrete strain vs. applied load — bottom flange, center support
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Figure E.13 Specimen NB-1: concrete strain vs. applied load — bottom of beam
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Figure E.14 Specimen NB-1: concrete strain vs. location — bottom of beam: (a) FOS-6 and
(b) FOS-7
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Figure E.15 Specimen NB-1: concrete strain vs. location — beam web: (a) FOS-3 and (b) FOS-5

352



P = 80 kip 180kip 190kip  200kip  210kip 220 kip

12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

Strain (microstrain)

-1000
150 155 160 165 170 175 180 185 190 195 200
Location (in)

(a)

12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000 | - -
0 = e N~ g S N
-1000

150 155 160 165 170 175 180 185 190 195 200
Location (in)

(b)
Figure E.16 Specimen NB-1: concrete strain vs. location — top flange (west side): FOS-2
(a) Location of first crack at P = 99 kip, (b) Strain at different load levels
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Figure E.17 Specimen NB-1: concrete strain vs. location — top flange (east side): FOS-1
(@) Location of first crack at P = 116 kip, (b) Strain at different load levels
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Beam Specimen NB-2

Summary

(b)
Figure E.18 Beam specimen NB-2 during testing: (a) East side (fiber optic sensors) and (b) West
side (foil strain gages)
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(b)
Figure E.19 Beam specimen NB-2 at end of testing: (a) East side and (b) West side
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Figure E.20 Beam specimen NB-2 crack pattern — east side: (a) Before failure and (b) after
failure
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Figure E.21 Beam specimen NB-2 crack pattern — west side: (a) Before failure and (b) after
failure
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Figure E.22 Beam specimen NB-2: applied force vs. displacement at load point

Specimen Details

The cross-section of beam specimen NB-2 corresponds to a modified AASHTO Type Il
beam with a web width of 10 in. The girder section was topped with an 8-in. thick concrete deck
and rectangular cast-in-place endblocks were added to accommodate post-tensioning anchorage
hardware and additional reinforcement. Figure E.23 shows the beam inside the load frame and tie
down. Key parameters are listed in Table E.3. Concrete cylinders were tested to determine the
compressive strength at the time of testing as shown in Table E.4. Note that some of the
cylinders tested at the FDOT Structures Research Center presented significantly lower strengths
than cylinders from the same concrete batch previously tested at the precast plant. Additional
cylinders were tested at the University of Florida resulting in higher compressive strengths as
expected. The problem with the previous FDOT cylinder tests was determined to be related to
the use of an excessively worn grinding disk. Concrete cylinders tested after replacing the

grinding disk resulted in the expected compressive strengths.
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Table E.3 Beam specimen NB-2: key parameters

Cross Specimen No. PreT No. PreT No. PT L.ongitudinal
Section Length L/D UIT Strands Strands PT tend_on mild steel bars
(ft) (bottom) (top) Strands  profile (deck)
Modified
AASHTO 33 20 0.6 2 10 18 F1 8 #4
Type Il
Table E.4 Beam specimen NB-2: compressive strength results
o Test age Compressive Specnflegl
Description Cast date Test date (days) Strength (psi) Compressive
Strength (psi)
2020-02-05 1 5,442
2020-02-06 2 6,899
Precast girder 2020-01-23 2020-03-30 28 10,562 8,500
2021-09-02 576 * 8,735
2021-09-13 587 ** 12,537
2020-02-06 1 5,432
Deck 2020-01-27 2020-03-04 28 10,431 8,500
2021-09-02 575 * 9,013
2021-08-11 28 * 7,628
End blocks 2021-07-14 2021-09-02 50 * 6,791 8,500
2021-09-13 61 ** 11,223

*Cylinders tested at the FDOT Structures Research Center presented significantly lower strengths than those
previously tested at the precast plant. It was later determined the disk used to grind the cylinders was worn down.
Concrete cylinders tested after replacing the grinding disk resulted in the expected compressive strengths.
**Additional cylinders were tested at the University of Florida, resulting in higher strengths.

Test Procedure

Specimen NB-2 was loaded at a rate of 0.25 kip/sec. Load was held at 136, 145, 172,

181, and 189 kip. This allowed for the beam to be inspected, cracks marked, and VW strain gage
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readings taken. The first visible cracks were identified and marked at a load of 136 Kip

(Figure E.24). However, as shown in Figures E.30 and E.31, the first cracks were recorded by
fiber optic sensors at P = 114 kip on the west side and P = 123 kip on the east side of the beam.
Loading was stopped following compression failure in the bottom flange at P = 223 kip. After
that, final VW strain gage readings were taken. Load, displacement, and strains were measured

continuously during testing.

Figure E.24 Specimen NB-2: first observed cracks (marked in red) at P = 136 Kkip on east side

Detailed Test Results
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Figure E.25 Specimen NB-2: stress in PT and PreT tendons as a function of applied load
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Figure E.26 Specimen NB-2: strain in longitudinal mild steel bars in deck vs. applied load:
(a) Bar 4A-3 and (b) Bar 4A-2
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Figure E.27 Specimen NB-2: concrete strain vs. applied load — bottom of beam
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Figure E.28 Specimen NB-2: concrete strain vs. location — bottom of beam: (a) FOS-6 and
(b) FOS-7
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Figure E.29 Specimen NB-2: concrete strain vs. location — beam web: (a) FOS-3 and (b) FOS-5
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Figure E.30 Specimen NB-2: concrete strain vs. location — top flange (west side): FOS-2
(@) Location of first crack at P = 114 kip, (b) Strain at different load levels
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Figure E.31 Specimen NB-2: concrete strain vs. location — top flange (east side): FOS-1
(a) Location of first crack at P = 123 kip, (b) Strain at different load levels
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Beam Specimen NB-3

Summary

(b)

Figure E.32 Beam specimen NB-3 at end of testing: (a) East side (fiber optic sensors) and
(b) West side (foil strain gages)
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Figure E.33 Beam specimen NB-3 crack pattern: east side
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Figure E.34 Beam specimen NB-3 crack pattern: west side (repairs prior to test are shown in
light blue)
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Figure E.35 Beam specimen NB-3: applied force vs. displacement at load point

Specimen Details

The cross-section of beam specimen NB-3 corresponds to a modified AASHTO Type Il
beam with a web width of 10 in. The girder section was topped with an 8-in. thick concrete deck
and rectangular cast-in-place endblocks were added to accommodate post-tensioning anchorage
hardware and additional reinforcement. Figure E.36 shows the beam inside the load frame and tie
down. Key parameters are listed in Table E.5. Concrete cylinders were tested to determine the
compressive strength at the time of testing as shown in Table E.6. Note that some of the
cylinders tested at the FDOT Structures Research Center presented significantly lower strengths
than cylinders from the same concrete batch previously tested at the precast plant. Additional
cylinders were tested at the University of Florida resulting in higher compressive strengths as
expected. The problem with the previous FDOT cylinder tests was determined to be related to
the use of an excessively worn grinding disk. Concrete cylinders tested after replacing the

grinding disk resulted in the expected compressive strengths.
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Table E.5 Beam specimen NB-3: key parameters

Cross Specimen No. PreT No. PreT No. PT L_ongitudinal
Section Length L/D UIT Strands Strands PT tendpn mild steel bars
(ft) (bottom) (top) Strands  profile (deck)
Modified
AASHTO 33 20 0.7 2 6 22 F1 8 #4
Type Il
Table E.6 Beam specimen NB-3: compressive strength results
- Test age Compressive Specifieq
Description Cast date Test date (days) Strength (psi) Compressive
Strength (psi)
2020-02-05 1 5,442
2020-02-06 2 6,899
. 2020-03-30 28 10,562
Precast girder 2020-02-04 2021-09-02 576 * 8735 8,500
2021-09-10 584 * 10,649
2021-09-13 587 ** 12,537
2020-02-06 1 5,432
Deck 2020-02-05 2020-03-04 28 10,431 8,500
2021-09-02 575 * 0,013
2021-08-11 28 * 7,628
End blocks 2021-07-14 2021-09-02 50 * 6,791 8,500
2021-09-13 61 ** 11,223

*Cylinders tested at the FDOT Structures Research Center presented significantly lower strengths than those
previously tested at the precast plant. It was later determined the disk used to grind the cylinders was worn down.
Concrete cylinders tested after replacing the grinding disk resulted in the expected compressive strengths.
**Additional cylinders were tested at the University of Florida, resulting in higher strengths.

i St o

Figure E.36 Beam specimen NB-3 inside test frame and tie-down
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Specimen NB-3 presented spalling on the west side of the beam near the midspan region
after detensioning pretensioned strands at the precast plant. Note that although some of the top
pretensioned strands were designed as ‘debonded’, they were still bonded for a distance of 1 ft at
midspan. The concrete spalling in this region was attributed to the fact that rapid (dynamic)
elastic shortening (from detensioning) of the debonded strands was halted by just 1 ft of bonded
length. Prior to post-tensioning of the unbonded tendons, the concrete was sounded with a
hammer to determine the extent of areas of delamination. Although the cracks extended for the
entire height of the beam top flange, partial demolition on the top flange later revealed that the
cracks did not extend through the width of the flange, but instead extended less than 1.5 inches
into the flange. Concrete spalling was attributed to the local impact from strand release. The
affected area was repaired at the FDOT Structures Research Center using Fast Patch 2 (APL no.
930-011-003), which is an FDOT approved product for concrete repair on predominately vertical
surfaces (Figure E.32 B). During testing, no perceptible effect of the repair was evident in the
observed flexural behavior of specimen NB-3.

Test Procedure

Specimen NB-3 was loaded at a rate of 0.25 kip/sec. Load was held at 68, 79, 102,
and 136 kip. This allowed for the beam to be inspected, cracks marked, and VW strain gage
readings taken. The first visible cracks were identified and marked at a load of 102 kip
(Figure E.37). However, as shown in Figures E.44 and E.45, the first cracks were recorded by
fiber optic sensors at P = 97 kip on the east side and P = 110 kip on the west side of the beam.
Cracks were marked during loading up until 136 kip, which is 80% of the predicted nominal
capacity. Audible indications of strand movement in the unbonded post-tensioned tendons were
heard at P = 160 and 170 kip. Since the prestressing tendons in beam specimen NB-3 were

composed of mostly unbonded strands, for safety reasons, loading was stopped at P = 191 kip
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after exceeding the predicted maximum load. The beam was then unloaded, cracks were marked,

and final VW strain gage readings were taken.

Figure E.37 Specimen NB-3: first observed cracks (marked in red) at P = 102 Kkip on east side

Detailed test results
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Figure E.38 Specimen NB-3: stress in PT and PreT tendons as a function of applied load
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Figure E.39 Specimen NB-3: strain in longitudinal mild steel bars in deck vs. applied load:
(a) Bar 4A-3 and (b) Bar 4A-2
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Figure E.40 Specimen NB-3: concrete strain vs. applied load — bottom flange, center support
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Figure E.41 Specimen NB-3: concrete strain vs. applied load — bottom of beam
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Figure E.42 Specimen NB-3: concrete strain vs. location — bottom of beam: (a) FOS-6 and
(b) FOS-7
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Figure E.43 Specimen NB-3: concrete strain vs. location — beam web: (a) FOS-3 and (b) FOS-5
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Figure E.44 Specimen NB-3: concrete strain vs. location — top flange (east side): FOS-1
(a) Location of first crack at P = 99 kip, (b) Strain at different load levels
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Figure E.45 Specimen NB-3: concrete strain vs. location — top flange (west side): FOS-2
(a) Location of first crack at P = 110 kip, (b) Strain at different load levels
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APPENDIX F
LS-DYNA cards for finite element modeling

Examples of material cards used in the LS-DYNA finite element models are documented
in this appendix. Note that all finite element models analyses in this study employed units of kip,
in., and seconds.

Concrete

Material card for maT cscm with parameters corresponding to f'c = 12.5 ksi:

*MAT CSCM
mid ro nplot incre irate erode recov itretrc
1 2.24E-7 1 0 0 1.05 0 0
pred
0.0
g k alpha theta lamda beta nh ch
2363.0 2588.0 1.833 0.5151 1.524 0.133 1.0 0
alphal thetal lamdal betal alpha2 theta2 lamda2 beta2
0.7473 -1.060E-2 0.17 -0.3246 0.66 -1.308E-2 0.16 -0.3246
r xd w dl d2
5.0 20.84 0.05 1.724E-3 1.66E-5
b gfc d gft gfs pwrc pwrt pmod
100.0 0.07223 0.1 7.223E-4 7.223E-4 5.0 1.0 0
etalc nc etalt nt overc overt srate repow
9.893E-4 0.78 1.645E-4 0.48 12.31 12.31 1.0 1.0

Material card for vaT ELASTIC with parameters corresponding to f’c = 10.0 ksi:

*MAT ELASTIC

mid ro e PTr da db not used
3 2.24E-7 6368 0.2 0 0 0
Mild steel

Material behavior of mild steel reinforcing bars was represented using the material model
MAT PIECEWISE LINEAR PLASTICITY. When a ‘load curve’ (1css) is defined in the card for
MAT PIECEWISE LINEAR PLASTICITY, it is taken as the true stress versus effective plastic true

strain curve and parameters eps1-eps8 and esl-es8 are ignored.

*MAT PIECEWISE LINEAR PLASTICITY

mid ro e pPr sigy etan fail Tdel
101 7.34E-7 29000 0.33 69.375 0 0.11 0

c P lcss lesr vp lcf

40.5 5.0 101 0 0 0
epsl eps2 eps3 eps4 eps5 eps6 eps’7 eps8
0 0 0 0 0 0 0 0
esl es2 es3 es4 es5 es6 es’7 es8
0 0 0 0 0 0 0 0
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*DEFINE CURVE TITLE
lcid sidr
101 0
al
.0000
.0100
.0200
.0300
.0400
.0500
.0600
.0700
.0800
.0900
.1000
.1100

[eNeoNeoNoNeoNoNolNoNolNoNolo)

69.
72.
82.
93.
100.
106.
111.
114.
117.
119.
120.
121.

sfa

ol
3750
0000
2000
0000
5750
3000
0000
7500
2500
2500
5000
0000

sfo

offa

Prestressing strands

offo

0

dattyp
0

lcint
12

Prestressing strands were represented using the material model MAT CABLE DISCRETE

BEAM. Prestressing of discrete beam elements is achieved by direct specification of the target

prestress force level (£0). Transition length effects at each end of each pretensioned strand were

modeled by increasing (step increments) the prestress force over the elements that fell within the

transition length (Figure 8.8).

Material cards for a pretensioned strand with a target prestressing force of 44.42 kip:

Frrer = 44.42 kip

*MAT CABLE DISCRETE BEAM

mid ro
220 7.344E-7
output tstart
1 0.55

Ferer = O Kip (transition)
*MAT CABLE DISCRETE BEAM

mid ro
221 7.344E-7
output tstart
1 0.55

Fprer = 7.40 Kip (transition)
*MAT CABLE DISCRETE BEAM

mid ro
222 7.344E-7
output tstart
1 0.55

Fprer = 14.81 kip (transition)

*MAT CABLE DISCRETE BEAM

mid ro
223 7.344E-7
output tstart
1 0.55

e

28500
fraclO

e

28500
fraclO

0

e

28500
fraclO

0

28500
fraclO

lcid
202
mxeps
.051755

lcid
202
mxeps
.051755

lcid
202
mxeps
.051755

lcid
202
mxeps
.051755
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f0
44 .42
mxfrc
500

f0
0.0
mxfrc
500

f0
7.40
mxfrc
500

f0
14.81
mxfrc
500

tmaxf0
0.85

tmaxf0
0.85

tmaxf0
0.85

tmaxf0
0.85

tramp
0.30

tramp
0.30

tramp
0.30

tramp
0.30

iread

iread

iread

iread



Ferer = 22.21 kip (transition)

*MAT CABLE DISCRETE BEAM

mid
224
output
1

ro e
7.344E-7 28500
tstart fraclO
0.55 0

Ferer = 29.61 kip (transition)

*MAT CABLE DISCRETE BEAM

mid
225
output
1

ro e
7.344E-7 28500
tstart fraclO
0.55 0

Ferer = 37.02 kip (transition)

*MAT CABLE DISCRETE BEAM

mid
226
output
1

ro e
7.344E-7 28500
tstart fraclO
0.55 0

lcid

202
mxeps
0.051755

lcid

202
mxeps
0.051755

lcid

202
mxeps
0.051755

f0
22.21
mxfrc
500

f0
29.01
mxfrc
500

f0
37.02
mxfrc
500

tmaxf0
0.85

tmaxf0
0.85

tmaxf0
0.85

tramp
0.30

tramp
0.30

tramp
0.30

iread

iread

iread

PT tendons were modeled using discrete beam elements such that the beam elements had

an area equivalent to the total area of the tendon. Therefore, a prestressing force equivalent to the

total force in the post-tensioned tendon before loading was applied to one end of the tendon.

Material cards for post-tensioned tendons:

Live end

*MAT CABLE DISCRETE BEAM

mid
301
output
1

All other

ro e
7.344E-7 28500
tstart fraclO
1.1 0

*MAT CABLE DISCRETE BEAM

mid
300
output
1

ro e
7.344E-7 28500
Tstart fraclO
0.0 0

lcid

202
mxeps
0.051755

lcid

202
mxeps
0.051755
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£0
228.7
mxfrc
5000

f0
0.0
mxfrc
5000

tmaxf0
1.4

tmaxf0
0.0

tramp
0.3

tramp
0.0

iread

iread



*DEFINE CURVE TITLE

lcid
202

ocNeoNoBoloNololololololololNeoNoNoNololNoNoNolololNoNoNolololNoNoNolololNoNoNoNoNoNoNoNo)

sidr
0
al

.000000
.001126
.001443
.001792
.002167
.002558
.002964
.003378
.003805
.004235
.004670
.005112
.005556
.005997
.006447
.006894
.007345
.007798
.008244
.008693
.009154
.009622
.011156
.014119
.016809
.019498
.022185
.024874
.027562
.030250
.032938
.035626
.038315
.041002
.043690
.046378
.049066
.051755
.054443
.057131
.058632

30.

40.

51.

62.

73.

85.

97.
110.
123.
136.
148.
160.
174.
186.
199.
211.
223.
233.
242.
247.
252.
258.
263.
264.
265.
267.
269.
270.
272.
274.
276.
277.
278.
280.
280.
281.
282.
282.
283.
283.

sfa
1
ol

.000000

994500
518206
238058
075074
243702
968798
714231
503787
133338
094192
709346
997563
153619
944135
529991
638709
322855
518521
062472
910699
614366
800233
888046
838081
826120
190341
019432
858862
632303
420036
010631
445306
837140
012476
944563
734406
386162
850396
155538
074023

sfo
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offa

offo
0

dattyp
0

lcint
41



APPENDIX G

Parametric study — Florida I-beams (parabolic PT tendons)

Table G.1 Ratios of unbonded reinforcement: SS FIB-72 (parabolic PT tendon)

Qty 49 (.6 strands) 30 (.6 strands) 13 (.6 strands)
Bonded PreT Area 10.6 in? 6.5 in? 2.8in?
Total force 2870.9 kip 1757.7 kip 761.7 kip
PT-tendons 1 (12 strands) 82L (11(273;[?;nd(jss)) 4 (12 strands)
Model PT1 1 (6 strands) 1 (15 strands) 1 (24 strands)
Unbonded Model PT2 1 (6 strands) 1 (16 strands) 1 (24 strands)
PT Qty 12 (.6 strands) 31 (.6 strands) 48 (.6 strands)
Area 2.6 in? 6.7 in? 10.4 in?
Total force 703.1 kip 1816.3 kip 2812.3 kip
Ua/Ta 0.20 0.51 0.79
Ur/Tr 0.20 0.51 0.79

Table G.2 Ratios of unbonded reinforceme

nt: NB FIB-72 (parabolic PT tendon)

Qty #A@12" & #5@6" #@12" & #5@6" #A@12" & #5@6"

Mild steel Area 6.56 in? 6.56 in? 6.56 in?
Total force 393.6 kip 393.6 kip 393.6 kip

Qty 24 (.6 strands) 14 (.6 strands) 4 (.6 strands)
Bonded PreT Area 5.208 in? 3.038 in? 0.868 in?
Total force 1406.16 kip 820.26 kip 234.36 kip

PT-tendons 1 (12 strands) 82L (11(275;[:?::;5)) 4 (12 strands)

Model PT1 1 (6 strands) 1 (15 strands) 1 (24 strands)

Unbonded Model PT2 1 (6 strands) 1 (16 strands) 1 (24 strands)

PT Qty 12 (.6 strands) 31 (.6 strands) 48 (.6 strands)
Area 2.604 in? 6.727 in? 10.416 in?
Total force 703.1 kip 1816.3 kip 2812.3 kip
Ua/Ta 0.18 0.41 0.58
Ue/Te 0.28 0.60 0.82

Ua/Ta = ratio of unbonded reinforcement area to total reinforcement area

Ur/Tr = ratio of unbonded force to total force
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(a) (b) (c)
Figure G.1 Ratios of unbonded reinforcement for positive bending (parabolic PT tendon)
(@) Ua/Ta=0.2; (b) UA/TA=0.5; (c) UA/TA=0.8

(@) (b) (©)

Figure G.2 Ratios of unbonded reinforcement for negative bending (continuous beams)
(@) UF/TF=0.3; (b) UK/ T =0.6; (c) UF/TE=0.8
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Figure G.3 Pretensioning strands numbering: (a) negative bending and (b) positive bending
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Below is a description of the results from simply-supported beam models:

Location (in) Location (in) re (rad/in)

Model No. Axial Force vs. Location on l_ Curvature vs. Location l_ Moment vs. Curvature

: L — 0 ——————
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b 1S -0.0002 ) .
L3 LI | 1€ 15000 '
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X . = i i H
S o 3 L2 !
P02 \ 1Y .0,0008 © 1T 5000 |
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Renderings showing
v damage index at different t
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FIB72-SS-01: U/T = 0.2; p = 0; Point Load
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FIB72-SS-02: U/T = 0.5; p = 0; Point Load

25000
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— 20000
2 £ -0.0002 =
3 g £ 15000
S < -0.0004 <
£ E g
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< 3 s
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FIB72-SS-03: U/T = 0.8; p = 0; Point Load
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FIB72-SS-04: U/T =0.2; p = 0; Tandem Load
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FIB72-SS-05: U/T =0.5; p = 0; Tandem Load
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FIB72-SS-06: U/T =0.8; p = 0; Tandem Load
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FIB72-SS-07: U/T = 0.2; p = 0; Uniform Load
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FIB72-SS-08: U/T = 0.5; p = 0; Uniform Load
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FIB72-SS-09: U/T = 0.8; p = 0; Uniform Load
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FIB72-SS-10: U/T = 0.5; p = 0.14; Uniform Load
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FIB72-SS-11: U/T = 0.5; p = 0.3; Uniform Load
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Below is a description of the results from continuous beam models:
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FIB72-NB-01: U/T = 0.3; p = 0; Point Load
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Top View

____ I Damage Index | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

397



Axial Force /Fy
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FIB72-NB-02: U/T = 0.6; p = 0; Point Load
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Axial Force /Fy

Moment (kip-ft)

FIB72-NB-03: U/T = 0.8; pn = 0; Point Load
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Axial Force /Fy

Moment (kip-ft)

FIB72-NB-04: U/T = 0.3; p = 0; Tandem Load
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FIB72-NB-05: U/T = 0.6; p = 0; Tandem Load
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Moment (kip-ft)

1.2

FIB72-NB-06: U/T = 0.8; p = 0; Tandem Load
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Axial Force /Fy
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FIB72-NB-07: U/T = 0.3; p = 0; Uniform Load
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Axial Force /Fy

Moment (kip-ft)

FIB72-NB-08: U/T = 0.6; p = 0; Uniform Load
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Axial Force /Fy
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FIB72-NB-09: U/T = 0.8; p = 0; Uniform Load
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Axial Force /Fy

Moment (kip-ft)

FIB72-NB-10: U/T = 0.6; p = 0.14; Uniform Load
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Axial Force /Fy
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FIB72-NB-11: U/T = 0.6; p = 0.3; Uniform Load
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APPENDIX H
Parametric study — Florida I-beams (straight PT tendons)

(d) (e) ()

nnnnnnnnnnnnn
eeeeeeeeeee

(9) (h) (i)

Figure H.1 Ratios of unbonded reinforcement for positive bending (straight PT tendon)
(@) UA/Ta = 0.95; (b) Ua/Ta = 0.90; (c) Ua/Ta =0.80, (d) Ua/Ta =0.70, () UA/Ta = 0.50,
(f) Ua/Ta =0.35, (g) Ua/Ta =0.25, (h) Ua/Ta =0.10, (i) Ua/Ta =0 (bonded)
[unbonded PT tendons shown in orange]
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FIB72-SS-12: U/T = 0.95; p = 0; Point Load
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Axial Force / Fy

FIB72-SS-13: U/T = 0.90; p = 0; Point Load

25000
0 Fﬂ_‘ A l_'
— 20000
= -0.0002 =)
E =y
= .0.0004 = 15000
04 S -0.0006 £ 10000
3 )
0.2 -0.0008 5000
0 -0.001 0
0 300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800 -20E-5 20E-5 6.0E-5 10E-4 1l4E-4
Location (in) Location (in) Curvature (rad/in)

Elevation View

Damage Index | ]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

422



Axial Force / Fy

c o 9o 9 =
o M M o © P,

FIB72-SS-14: U/T = 0.90; p = 0; Tandem Load
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FIB72-SS-15: U/T = 0.90; p = 0; Uniform Load

0 300 600 900 1200 1500 1800

Location (in)

Curvature (rad/in)

A

-0.0002

-0.0004

-0.0006

-0.0008

-0.001

300

600 900

Moment (kip-ft)

1200 1500 1800
Location (in)

Elevation View

25000

20000

15000

10000

5000

0

-2.0E-5

2.0E-5 6.0E-5 1.0E-4

Curvature (rad/in)

1.4E-4

Damage Index

0.4

0.5

424

0.6

0.7

~1Im

0.8

0.9

1.0



Axial Force / Fy

©c o 9o @9 =
o N M O 0 L, N

FIB72-SS-16: U/T = 0.80; p = 0; Point Load
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FIB72-SS-17: U/T = 0.80; pn = 0; Tandem Load
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FIB72-SS-18: U/T = 0.80; p = 0; Uniform Load
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FIB72-SS-19: U/T =0.70; p = 0; Point Load
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FIB72-SS-20: U/T =0.70; p = 0; Tandem Load
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FIB72-SS-21: U/T =0.70; p = 0; Uniform Load
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FIB72-SS-22: U/T = 0.50; p = 0; Point Load
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FIB72-SS-23: U/T = 0.35; p = 0; Point Load
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FIB72-SS-24: U/T = 0.25; p = 0; Point Load
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FIB72-SS-25: U/T = 0.10; p = 0; Point Load
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FIB72-SS-26: U/T = 0.00 (bonded); p = 0; Point Load
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APPENDIX |
Parametric study — AASHTO beams (straight PT tendons)

(a) (b) (©)
(d) (€) (f)
(9)

Figure 1.1 Ratios of unbonded reinforcement for positive bending (straight PT tendon)
(@) Ua/Ta =0.9; (b) Ua/Ta =0.80; (c) Ua/Ta =0.70, (d) Ua/Ta=0.70, (e) Ua/Ta =0.35,
(f) Ua/Ta =0.25, (g) Ua/Ta = 0.10 [unbonded PT tendons shown in orange]

436



Axial Force / Fy

AASHTO-11-SS-1: U/T = 0.90; pn = 0; Point Load
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Axial Force / Fy

AASHTO-I11-SS-2: U/T = 0.90; p = 0; Tandem Load
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AASHTO-11-SS-3: U/T =0.90; p = 0; Uniform Load
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AASHTO-11-SS-4: U/T = 0.80; pn = 0; Point Load
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Axial Force / Fy

AASHTO-I11-SS-5: U/T = 0.80; p = 0; Tandem Load
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AASHTO-11-SS-6: U/T = 0.80; p = 0; Uniform Load
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AASHTO-I11-SS-7: U/T =0.70; pn = 0; Point Load
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AASHTO-I11-SS-8: U/T =0.70; p = 0; Tandem Load
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Axial Force / Fy

AASHTO-I11-SS-9: U/T = 0.70; p = 0; Uniform Load
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AASHTO-11-SS-10: U/T = 0.50; p = 0; Point Load
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AASHTO-I11-SS-11: U/T = 0.35; p = 0; Point Load

1.2

o o o 9
o v M o o B

o

200

400 600
Location (in)

800

1000

Curvature (rad/in)

-0.0002
-0.0004
-0.0006
-0.0008

-0.001

200

400

Location (in)

600

Elevation View

800

1000

Moment (kip-ft)

3500

3000
2500
2000
1500
1000
500
0

-2.0E-5

4.0E-5 1.0E-4
Curvature (rad/in)

1.6E-4

Damage Index

0.4

0.5

447

0.6

0.7

0.8

0.9

1.0




Axial Force / Fy

AASHTO-11-SS-12: U/T = 0.25; p = 0; Point Load
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AASHTO-11-SS-13: U/T = 0.10; p = 0; Point Load
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