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EXECUTIVE SUMMARY

The Harkers Island Bridge replacement project provided North Carolina with its first bridge in which all
primary loadcarrying components use internal fiseinforced polymer (FRP) reinforcement. Located in
a harsh coastal environment, the new 3;2d6ng structure replaces two deteriorated speestressed
coredslab, conventionally reinforced concrete bridges that had experienced sigrifioasion since

their construction in the 1970%0 support NCDOT in evaluating this technology and guidingréut
applications, this companion research program documentedis&ruction of the bridge, characterized
the mechanical properties and variability of the CFRP and GFRP reinforcement used, evaluated
constructability at full bridge scale, and developed practical recommendations for quality
assurance/quality control (QAC), detailing, and future code development.

The bridge employs 0.6 in. sevaiire carbon FRP (CFRP) prestressing strands in piles and Horida
Beam(FIB) girders, CFRP spirals as transverse reinforcement in piles, and glass FRP (GFRP) bars as
nonprestressed reinforcement in pile caps, pier columns, girders, and deck. Throughout construction
(September 2020 December 2023), the research team attgmdenthly progress meetings and

conducted more than 20 site and plant visits, documenting constructability challenges and swidtions
photographin@ll major stages: trestle construction, pile driving, substructure and superstructure work,
and opening. Additional visits following completion focused on salvaging prestressed piles from the
demolished bridge for future testing and observing earfeimie performance of the new bridge.

A significant component of the project was an extensive matesgtihg program. For CFRP strands,
tension tests were performed on a large, prajeate dataset of 0.6 in. strands sampled from 73
production lots. Because direct gripping of CFRP stramdst feasible due to their low transverse

strength and braided geometry, specimens were prepared with steel pipe end anchors filled with
expansive grout and tested in accordance with ASTM D7205, with anchor lengths modified to
accommodate the constraimfisthe universal tensile machine (UTM) used. Axial strains were measured
with an extensometer up to approximately 50% of the expected rupture load to establish reliable stress
strain curves and calculate tensile modulus.

The results show that the CFRP strands exhibited high tensile strength with low variability. All lots
exceeded the projectdéds minimum guar aroptuedadoft ensi | e
approximately 83 kips. The mean tensile modulus was 22,400 ksi, abovaitiienum 21,000 ksi

required by the speci al provisions, although some
guaranteed modulus of 21,800 ksi. This discrepanc
the progct, but it highlights that reported tensile modulus values are sensitive to the method used to

calculate the modulus, particularly the choice of strain range, treatment of machine compliance, and
assumptions about the effective crgse ¢ t i 0 n a Wwire £FR® atrarfdowith PET wraps. A

consistent, standardized procedure for determining modulus will be essential to ensure that values

reported by manufacturers, laboratories, and owners are comparable and suitable for use in design
specifications.

To assess the performance of CFRP transverse reinforcement, 0.28sinandiCFRP spirals used in the
piles were tested at their bend locations following an adapted version of ASTM D7914 (due to the
geometry of the spirals used in the project). Thes@simonstrated a substantial reduction in bend
strength relative to straight companion samples, with average bend strengthth&traight bar

rupture strengthThe data also revealed considerable scatter and sensitivity to specimen geometry and
alignment, reinforcing the need for besttength test methods that are both practical and representative.
The project highlights the advantages eshaped bend test configurations, similar to those adopted in
CSA S807, which are more easily matched to prodngieometries and are under active consideration
by the ASTM D3010 Committee.



Tension tests were also conducted on GFRP bars sampled from straight ledd-péhd Gshaped bars
used in the project. All tested bars met the terstilength requirements of ASTM D7957, confirming the
adequacy of the GFRP reinforcement at the nadtievel. However, QA/QC efforts were limited by how
materials were supplied and labeled: not all lots were delivered to the lab, some bundles waggeadis
or lacked traceable lot identifiers, and no dedicated-banspecimens were provided, so onguaset of
the GFRP lots in the bridge could be directly tied to test data.

Using large datasets on CFRP strands and spirals, statistical tools were applied to determine appropriate
replicate counts for projettvel QA/QC. Given the relatively low variability observed, the analysis
indicates that the replicate counts requiredinxyent standards may be higher than necessary for
acceptance testing in a single project, particularly when external laboratories perform tests. The report
therefore recommends prioritizing tensile tests of CFRP strands and GFRP bars, astdelngptiol tets

for CFRP spirals and bent GFRP bars, while relying on pregluaification programs (such as the

AASHTO Product Evaluation & Audit Solutions program, supported by the FRP Institute) and prior
durability research for secondary and durability properties

Field observations during pile and girder production and erection revealed several constructability issues
that informed design and detailing recommendations. Early production stages exhibitediend

cracking in CFRPprestressed piles and FIB girdeaiributed to transfelength and bursting effects at
relatively low concrete strengths, as well as to incomplete confinement of the outer strands. These issues
were mitigated by delaying detensioning and field cutting to allow higher concrete sgaimgdnd by

revising confinement details to enclose all bottom strands. Lifting loops also emerged as a critical
chall enge: NCDOT6s preference for eliminating con
ferrous options, but schedule constraidtisnately required the use of stainlesteel strand bundles as a
pragmatic interim solution, highlighting the need for dedicated research chd&de# lifting systems and
clearer guidance on acceptable interim practices. Contractors also reportedyharallenges with

GFRP bars (splintering and itching), manufacturing limitations on-t&ngeometries, and recurring

issues with bar tagging and unit conventions, all of which informed practical recommendations on PPE,
bar coatings, standardized shaa®] documentation.

Looking ahead, the report outlines an experimental program to test threediall54 in. deep FIB girders

in shear, each providing two tests (one per end), covering different combinations of CFRP versus steel
prestressing, GFRP versus steel stirrupgugtispacing, and GFRP bar manufacturer. Unlike many
academic studies that intentionally exclude beam ends from the test region to isolate shear behavior, the
planned tests will maintain realistic support locations and reinforcement details closely aditdpine

Harkers Island bridge, thereby providing a complementary dataset to ongoing research efforts that have
examined shear behavior in FipRestressed members from a more academic, idealized perspEcéve.
findings from this research task will be presented in a separate ogperthe girders are tested

The report concludes with recommendations for NCDOT on prigeet QA/QC protocols, sampling

and replicate counts, detailing of end regions and lifting loops, improved tagging and handling practices,
and next steps for implementation and training. Takgether, the Harkers Island Bridge and its
companion research program demonstrate th&tR# reinforced, prestressed concrete bridges are
technically feasible and constructible within standard schedules, while also revealing where codes,
specificationsand acceptance procedures must evolve to make such projects routine, efficient, and
widely adoptable.

Vi



TABLE OF CONTENTS

Chapter 1. INTRODUGCTION ..oiiiiiiiiiiiiiiiiiiee e e s et e e e e e st e e e e e e s smmme e e e e e e s s snsnsaaeeaaeeeessmmmeeeeeseanns 1
I = = o (o | 0T T PR 1
1.2  Coastal Bridge Deterioration in North Carolina...............ooioiviimemiiiiiiiiieee e 2
1.3 FiberReinforced Polymer Reinforcement for Coastal Bridges..............ccc oo ceeciiivvnnnnns 2
1.4  Harkers Island Bridge Replacement ProJECE. .........c.uceiiiiimmmniiiiiieieeee e e e 3

R St R o (0] =T ot A O 0] | (= PSR PPEPPPPR PP 3
1.4.2 New Bridge Configuration and Use Of FRP............cccocvii e 4
1.5 Research Project Objectives and SCOPE...........uuviiiiiiiieeneee e 5
1.6  Organization Of the REPOIL........coviiiiiiieieee et e e aeeeas 6

Chapter 2. FRP MATERIAL TESTING PROGRAM ....ooiiiiiiiiiiicieeett ettt 8
2.1 Purpose and Scope of the Tension Testing Program...............cccovveeeviiiiiiiiiiieeeseeee e 8
2.2  FRP Products Used in the Harkers ISland Bridge............ccuviviiieeeieeiiieeeeeiieeeee e 10

2.2.1 CFRP SevetWire Prestressing Strands..............ooooiiiiiieeeiicc e 10
2.2.2 CFRP Spirals for Pile CoNfiINn@mMENT...........cooiiiiiiiiiieeeiiiieiee e e 11
2.2.3 GFRP Bars for Passive ReiNfOrCemMEeNL. ..........cuuueeiiiiiimmniiiiiiieieeee e seeees e 12
2.3 Tension Tests on CFRP Sevfire Prestressing Strands..........ccoovvevvviieemiiinieeeeeeeeennnne 12
2.3.1 Lots and Sampling Strat€0V........uueuueerimiiiiiiiiree e eeeeeeeeeee e e e e e e e e e s eeesererrrrr 12
2.3.2  Specimen Preparation and End ANCNOLAgEe..........ccoeviiiiiiicemniiiiiiiieee e 13
2.3.3  Test Setup and ProCEAULE. ........uuuuuiiiiiiiieeee e e e eeee e s 15
2.3.14  RESUILS. ..o ittt e e e e e e e eaaaeeeean 17
2.4 Tension TeStS ON GFRP BalS.......u i eieeeee et et eee e saeeess s s s as e s aa e e e n e e e e e e s smes 21
2.4.1 Bar Sizes, Lots, and Available Straight Specimens..............ccoe oo i 21
2.4.2  Specimen Preparation and End ANCNROIAgE..........ccooviiiiiiicmniiiiiiecccee e 22
2.4.3 Test Setup and ProCEAULE. .........uuuuiiiiiiiimee e eeee e s 22
R = 1 U | 23
Chapter 3. EXPERIMENTAL INVESTIGATION OF BEND LOCATIONS IN CFRP SPIRALS
................................................................................................................................ 25
170 M [ 11 oo [WTox 1 To] g =T g Lo IS oo ] o 1= P 25
3.2 GFRP Bent Bars: Project Limitations and Future WOrK..........cccooeeiiiiiccceiiiiiiiienieeee, 25
3.3  Experimental Program for CFRP Spiral Bend TeSIS...........uuiiiiiiiiicceeiiiiiiiiiieeeee e 27
3.3.1  Specimen Selection and TeSt MALIX...........uuuuuriruuriimmmee e eeaeeeaeeeae e e e e e e e eeeeeeeeeeenenes 27
TR T = =T =Y (U o PP U PP PO PPTPPTPPPPTRPPPPNY 27
3.3.3  ReSUItS @Nd DISCUSSION. ... ..ciiiiiiiiie ittt reee e e e e e e e eeeaaaaeaaaeaaaesaaansnne 28
Chapter 4. STATISTICAL EVALUATION OF MATERIAL PROPERTIES AND SAMPLE
S 74 =1 RSOSSN 30

Vii



v R | 01 o o [8 Tox 1o g =T (o IR o] o T 30

4.2 Statistical MEthOGS...........uueiiiiiiee e e e e 30
o R =1 S €T 0] U o PP 31
4.2.2 Sample Size Estimation ProCedULe.............uuuviiiiiiieei e 31

4.3  RESUIS AN DiSCUSSION. ... ..uuuueuitiiiiiintiiimmme e e e e eeeeeeeeeeeeeeeeeeeseeeen s s e e s e s ammeeeeeeeeees 33
4.3.1  CFRP SITANAS.....uuiiiiiiiiiiiiiiiiiieeeii et e st nesss e e e e e e e e e s s bbb e sannsseeeeeaeeeeaanns 33
4.3.2  CFRP SPITAIS. ..ottt e 39

Chapter 5. FULL -SCALE SHEAR TESTS OF CFRRPRESTRESSED FIB GIRDERS........... 44

5.1  Motivation and CONTEXL........c.uuuiiiiiiieeeiiiime e ettt ee e e e e e e s s smmee e s s eee e e e e e e s s smmne e s s aannes 44
5.1.1  Evolution of the Experimental Plan.............cccooiiiimmmiiiiiieeieeeeeeeee L A4

5.2 Research ObjectiVeS and SCOPE........uuuuuuiuuiiiiiiimee e e e et eeeere e ann 45

5.3 Specimen Design and TeSt MatrDX.........cooovivrriiiiieeeieieeeeee e ceesrreee e e e nneeeen . A0
5.3.1  Girder Geometry and PreStreSSING.........uuuuuiiiiiiiiiimreeeeeeeeeeeeaeeeeeeeeeessesenseennsannna.s 46
5.3.2  Shear Span and Support CoONAItIONS. ..........cooviiiiirimmmiiiiiiiieeeee e eesiirrieesinreeeeeeeee . A0
5.3.3  Test Matrix and Variables...........ccuuiiiiiiiiiimniiiiiiieee e seee e 47

5.4  Loading and Instrumentation (Planned)...........coouiiiiiiiimemiiiieee e 49

Chapter 6. SUMMARY OF FINDINGS AND CONCLUSIONS ......ooiiiiiiiiiiiiiiiiiieesiiieeeeee e 50

6.1 Key MateriatLevel FINAINGS. ......cooiiiiiiiiiiiiic et 50

6.2 Key Structural and Constructability FINdiNgS.........covvvvviiiiiiice e, 51

6.3 Limitations and FULUIE WOEK ..........uuuuuiiiiiiiimr et ceres s a e e e e e e e e e e e s 51

Chapter 7. RECOMMENDATIONS, IMPLEMENTATION, AND TECHNOLOGY
TRANSFER oottt eeeet et e e e e e e e et e ettt emat e e e e e e e e e e bt ar e et e e e e eaaaraaee e s 53

7.1 QA/QC and Material Testing RecOmMmMENdatiONS.........ccoeeiiieiiiiiccreeeeeeeeeeeeeeeeeeeeeeeeeeeee s 53
7.1.1  Number of RepliCates Per LQOL...........uuuiiiiiiiiiiiiiieee e eeee e e ee e eeeeteeenenr e 53
7.1.2  Sampling and Lot TraceabiliLy.............ooouuiiiiiiieeeeeeeee e 55

7.2  Design and Detailing RecommendatiQnS..............uvvviiiiiiee e eeeeeeeee e ceeerivieeeneennnes 55
7.2.1 EndRegion Detailing for CFRIPrestressed Members.............ccccvviiiiieeciiiiienns 55
7.2.2  Lifting Loops and Handling Details..............coooooi e 56
7.2.3 Transverse Reinforcement and Stirrup SPacing...........ooocvvvmiieemiieeeeeeeeee e 56
7.2.4  Detailing Simplicity and Standardization................c..oooviieeeiiiiiiiiiicecceee e 56

7.3 CONSIIUCLION PraCliCOS.......uuutiiiiiiiieeeesiicee e ettt e e e e e e e e e s reees sttt e e e e e e e e e s snsnnesennseeeeees 56
7.3.1  Field Handling and WOrker Safely............uuuuiiiiiiiiiiee i rmmee e 56

7.4  Technology Transfer, Publications, and Recognition..............coovviiiecciiiiiiiiiiiiiieiieiiies 57
7.4.1 Intended Users and Internal Implementation............ccccooviiieemniiiiiiieieeeee e eeeenne 57
7.4.2  Publications and Ongoing Technical Dissemination...............couuueiieeiiieeiieeneeeeenn. 57
7.4.3 Outreach, Awards, and Future Technology Transfer..........cccevvveiiicee e, 58

7.5 Future ReSearch NEEdS....... ... e e 58

viii



REFERENGCES...... oo it mmme et erens e e e e e e e e e e eeeerneeensennnn s 60

APPENDICES ......ciiitiiie ittt s ieees et sttt e e e ettt e e smne st be e e e e as b be e e e e ans e s enant e e e esbb e e e e e anbeeeaeeansnnnreeeens 65
Appendix A, LITERATURE REVIEW .....ocoiiiie e seeeeet et ennnne e 66
N S Yoo o L= PR 66
A.2. Design Codes and Guidelines for FRBinforced and FRPrestressed Concrete.............. 66
A.2.1 Early Design Recommendations and Guide DOCUMENLS..........uvvuueiiiiimmmnerereeeennnn 66
A.2.2 AASHTO Guide Specifications for FRP Bridge COMpoNents............c.cceevvrriicennnnnne 67
A.2.3 ACI 440.11 and the Move to Mandatory Code Language............cceeevveeeeamereeennnnnnnd 67
A.2.4  Limitations and Implications for Bridge DeSign.............uuuuiiiiiiiieeeeeeeeeieeeeeeeeeeeeee 67
A.3. National Research Programs on CorrodR@sistant Reinforcement........................ceee 68
A.3.1 NCHRP Project 1-B71 Design of Concrete Bridge Beams Prestressed with CFRP
021 (=1 1 TP PP 68
A.3.2 NCHRP Project 12207 Stainless Steel Prestressing Strands..................ccooeeennnl 69
A.3.3 NCHRP Project 12217 FRP Auxiliary Reinforcement for Concrete Bridge Girder$9
A.3.4  Other National and Stateevel CoNntribULIONS.........ccoiiiiiiiiiiiiiieeeieee e 70
A.4. Material Standards and Acceptance Testing for FRP Reinforcement..................ccceeue... 71
A.4.1  Standards for GFRP Bars and Associated Test Methods............ccccevieeeeeieinniines 71
A.4.2 CFRP Prestressing Strands and Bent CFRP Elements.........ccccccevveeeeeeviieiiieeeeenn. 71
A.4.3 QA/QC Frameworks, Lot Definition, and Testing Demand............cccccvvvvieeeneeeeeennn. 72
A.4.4  Relevance to the Harkers Island Project............oovvveiiiiieee e, 73
A.5. Field Performance and Durability of FHEeinforced Bridges..........cccccvviiiviiiieeniirieeeneenn. 73
A.5.1 FRPReinforced Decks and Partial Applications............cccccvvviiccseeeeeeeeeeeieeeeeeeeenn 3
A.5.2 All-FRP or FRFPrestressed Bridges and Instrumented Case Studies................... 15
A.6. Prior NCDOT Research on FRP and Coastal Bridges...............ceeiceeeivvvvvvvvvvvvvvnnnennnn D
A.6.1  Deterioration of Coastal Prestressed CeBéah Bridges..........ccccccevvviiiiiiieemiiiiiineennn. 75
A.6.2 CFRPRPrestressed Cored Slabs with GFRP StirtUpPS......ccoceieviiiiii i, 76
A.6.3 Mechanically Fastened FRP Retrofit for Deteriorated Prestressed Beams............ 77
A.6.4  Durability of CFRP Strands for PrestreSsing........ccovvvvvvviivieeeii e, 77
A.6.5 Synthesis and Relevance to the Harkers Island Bridge...........cccccooiiiccceeiiiiiiiiinnnnn. 78
A.7. Summary and ldentified Research NEeds...........cccciiiiiiie e, 78
A.7.1 Research Questions Addressed in ThiS REPOIL........c.covvviiiiiieemiiii e 78
Appendix B. HARKERS ISLAND BRIDGE DESCRIPTION ..o eeeeeme e 80
B.1. Project BaCKgrOUNG..........u it 80
B.1.1  Existing Bridges and Need for Replacement.............ccuuviiiieemiiieeneee e 80

B1l2 Selection of Har ker sFRRReinfarced Bridge.....t..h.e...f8l r st NC
B13 Role of the Harkers |Isl and..Br..dg.e.....nm82NCDOT?®
B.2. New Bridge Layout and Structural SySteml...........oouuiiiiiiicceeii e eereee e 82



B.2.1 Overall Geometry and AlIgNMENL..........ooiiiiiiiiiiieeeiee e 83

B.2.2  Superstructure ConfiguIation............eeevrieiiieiiemers e e e e e e e e 83
B.2.3  Substructure and FOUNAtIONS...........cooiiiiiiii e e e 84
B.2.4 Roadway Cross Section and Functional Featutes...........cccvvvvvvieeeiieiiieiiiiieeeeeeeeenn, 86
B.3. FRP Passive and Prestressing ReinforCement............ooooo i eeeee e 86
B.3.1 Selection and Roles of FRP MaterialS...........cccciiiiiiiieenniiiiiiiiceee e 87
B.3.2  Precast, Prestressed COMPONENLS. .......uuu it ee e et eeeeeeeeeeeeareee s ae e a e e e e e e eeas 87
B.3.3  Castin-Place Substructure and DeCK..........cccooiiiiiiiiiccciiiiieeeeeeeeeeeeeeen e 89
B.3.4  Minimization of Steel and Detailing Simplifications...........ccccooeiiiiiiiccceiieeeieeeeeeee, Q0
B.3.5 Design Philosophy and Target PerformancCe............ooooiiimmmriiiiieiiece e eiiieeeans 91
B.4. Project Delivery, Timeline, and Stakeholders...............cooo e 91
B.4.1  Project Delivery Approach and Overall Schedule...............cccciiimmmiiiiiiieis 91
B.4.2 Construction Timeline and Major Milestones.............oooo e e 91
B.4.3 Key Stakeholders and ROIES...........uuiiiiiiiiiiice e 94
B.5. Practical Challenges and Lessons Learned in FRP Implementation................ccecee...... 95
B.5.1 Coordination of FRP Procurement and Manufacturing Limitations......................... 95
B.5.2  Prestressing OPEratiOonsS.........cccooiiiiiiiii e rmmme e e e e e e e e e e e e e e e eaeeraanene s 96
B.5.3  Lifting loops and handling of FRPrestressed girders:..........cccceevviiiiieeenninviieeneenn. 96

(2 ST T =3 To = To [0 0 I o3 - Tod (] o R 98
B.5.5 Handling and Installation of GFRP Bars in the Field............cccccccooiicciiiniiiinnnnn. 101
B.5.6  Contractor Perspective and Cost Considerations...............uuvveiiccceeeeeiieeeieeeieeeeenn, 101
Appendix C.  CONSTRUCTION PHOTO DOCUMENTATION ....ouiiiiiieeeiiiiiiiievceeiieeeee e 103
C.1. Purpose, Scope, and Field DOCUMENTALION. ..........uuurrririiiinrreeeeeeeeeeeeeeeaeeeeeeeesseeseenennnnes 103
C.2. Existing Bridges and Site ConditionS............cooooi oo mrne e 104
C.3. Temporary Works and Sit€ LOQISHICS........ccuuurrriiiiieiieaee e e rmme e 105
C.4. Pile Fabrication and INStallation...............oociuiiiiieeeiiiieee e 107
C.4.1 Fabrication of CFRAPrestressed PileS...........cuuvviiiiiiiiiii e 107
C.4.2 Detensioning, Lifting, and StOrage................oooiiiiiieeeiiiiicccccccee e 108
C.4.3 Field Installation and DIiViINg..........ccoeiiiiiiiiiiiimeeiiiie e ssieeeesseeser e e e e aaees 109
C.5. Substructure Construction: Pile Caps and Bents..............ooooiiieeeiiiiicieccec e 111
C.5.1 GFRP ReiNfOrCemMENt CAgES. ... .ciiiiiiiiiiiiiiiiieeetier et eee e e e e e eeeesee e e e e e e e e nnneeeees 111
(O 1[I G- T 1 112
C.5.3 Pier Columns and Bent Caps........cuuuuriiiiiiiiiiaee et rmmme e 113
C.5.4 Retaining Walls and Approach Protection.............cooooiiiiiiceciiiiieeeeeeee e 114
C.6.  Superstructure CONSIIUCHON. ........coviiiiiieeiieeieee et enennees 115
C.6.1 Fabrication of FIB GIrderS.........ccoeeeiii e rmmmr e e e e e 115



(O T0Z A €11 (o [ g = {=Tox 10 ] o NPT 116

C.6.3 Deck Reinforcement and Concrete PlaCement..............evvviiiieeeeeeeeiiiiiiiiieeeeee e 117
C.7. OPENING CEIEIMOMNY. ...ceiiiiiiiiiiiiitieeeeieerseeeeaeeeaasaasbbe e e e e esaereeeeeeeeaaaaannnsrseeesammmreeeeeeeesaanns 119
C.8. PostCompletion VISitS (2024)........ccco oo mmme e e e e e e e e e e e e e e 120
C.8.1 Salvaged Piles from Bridge NO. Z73...........ooiiiiiiiiiiiie e 120
C.8.2 Observations of the New Bridge in SEerviCe............cvvvvvvviivieeeiiiii e, 122
Appendix D. SUPPLEMENTARY AREA AND WATER ABSORPTION TESTS ON 0.6 in.
CFRP STRANDS. ... ettt et eeer sttt a e e e e e s e eee s eseaeeeeeaaeeaaasssssannnssseseeaeaeeeesssnssssssannns 124
[ 20 IS oo o LI T T I @ ][ o 1)Y= 124
D.2. Test Methods and Specimen PreparatiQn..............ccvuvvimeeiiiieeeeeee e eeeeeereeee e 124
D.2.1 CrossSectional Area by Displacement (ASTM D792)........vuvviiiiiiiiccneeeeeeeeeeenn, 124
D.2.2  Water ADSOIPLON TESES.....ciiiiiiiiiiiiiiii it ieeer e e e e e s s e e eeer e e e e e e e e s e e e e e eemes 125
D.3. SUMMArY Of RESUILS.......coiiiiiiiiiiiiiiieie e eeeet e e e e e e e e e 127
D.3.1 Influence of PET Wrap on Measured ArBa............cccuuuvrriiieeeiieeeee e 127
D.3.2 Influence of PET Wrap on Water AbsSorption...............c.coooeieeeeinviivivnieiininiees 128
D.4. Implications for QA/QC and Statistical Evaluatian.................covvvvieeeeiiieiiiieeiiee e 130
D.4.1 Practical Constraints for Projecevel Area and WateAbsorption Testing................ 130
D.4.2 Observations for Future CFRP Standards............cccceeiiiiceeeiiiiiiiiiiiiee e ssieeee e 130
Appendix E.  RATIONALE FOR USING TENSILE MODULUS IN SAMPLE SIZE
DETERMINATION  L.oeiitiiiiiiiie ettt ieeess ettt e e e e e s st enes s e e e e e e e e e s ansebe s e e emnt s et e e aeeeeeeennnnreeeees 132
I = 7= Tod (o [ £ 18 [ [0 APPSO P PO PPPPPPPPPPT 132
E.1.1 Measured CroSSECIONAl GrEa..........ccciuuuiiiiiiiieeeeeee e e e e et e e e eet e e e e e 132
E.1.2 Guaranteed tensile Strengthl..........ccoooiiiiomi e 133
N o o [ 113 o] o SR T U 133
Appendix F. PREPARATION OF FRP TENSION TESTS.....ccii i eeveeee e 135
F.1.  PUIPOSE QN SCOPE....ccoiiiiiiiiiiie it ceet ettt e e eeet et e e e e e e et e e e e emmr e e e e e e e e annes 135
F.2. CFRP Strand SPECIMENS.........cooiiiiiiieieieeeeeeeee e eee e e e e e e s e e e e e e e s emmr e e eeessaaesraerersbrrannneaeeeas 135
F.2.1 General Concept and MaterialS...........ccouiiiiiiiimmmiiiiiiieieee e 135
F.2.2 Recommended Preparation ProCceduUre.............cooiiiiiieeeiiiiic e 135
F.2.3  Early FaAlUre MOUES........ooiiiiiiiiiiiet ettt ee e 138
F.3. GFRP Bar SPECIMENS.....ccuiiiiiiiiiiiiiiiiiimree e e e e e eeeeeeeeaaeeeee e e e s teesaa s ae s s smmmeeeeeeeeees 139
F.3.1  General APPrOACK. .......coii ittt ieeee et et e e e e e e enere e es 139
F.3.2  Preparation Notes Specific to0 GFRP BarS............uuiiiiiiiiieeeeeeeeeeeeeeeeeees 139
F.3.3  Gripping and Grip Pressure for GFRP Bars...............cco oo e eeeevivvvviieveeeee 140
F.4. Practical Recommendations and CheckIst...............oooiiiieeeiii e 140
Appendix G.  SUPPLEMENTARY BEND TESTS ON CFRP SPIRALS.............ccccc v, 142
LT I O V=] V1 142

Xi



G.2. Experimental Program and Specimen GraUPS..........cooeiiiiriiieeciiinnii o 142

G.3. Test Configuration and Practical Challenges...........ccuvuiiiiiiccceiieeiieeieceeee e, 144
G.4. Experimental Results for CFRP SPIralS..........ccoiiiiiiiiimeeiiiiieeeceeee e 145
G.5. Implications for Bend Radius and Test Methods................oo oo, 146
Appendix H.  STATISTICAL TABLES ....co oottt rmmne s e e e e e 147
H.1. Standard Normal Distribution Tabl&dgken from DevOrE27]).......cccceeveeiiiiiiieiiiiiemeeeeeeeee, 147
H.2. Student T Distribution TableT@ken from DeVOrf27]) ........ccooviiiiiiiiimiiiiieeneeeeee e 149

Xii



Figure 1. Corroded steetinforced concrete structural elements.............cccooevvvieeeeieeeeeeee, 1
Figure 2. Reinforcement bar tyPeS.......cooo i iiiieeeeeeeee e e 2
Figure 3. ProjeCt I0CAtIQN..........cooiiiiii e ee e aeer e 3
Figure 4. The first bridge connecting Harkers Island, built in 1941..........c.ccccccveeeeeeee 4
Figure 5. Bridge [aYOUL.........ccooi i e eeeee e 4
Figure 6. CFRP SeveWire Prestressing Strands.............ccooooiiiimmmnnnesiiiiiiniineeeeeeeeeins 11
Figure 7. Singlevire CFRP SPIFalS.........covuiiiiiiiiii i errs e e e e e e e e 11
Figure 8. Anchor and clear lengths as per ASTM D7205..........ccccoiiiiiiiicceiiiiiiiee e 13
Figure 9. Tension test Preparation............coovvviiiiiiieeee e 14
Figure 10. Types of Universal Tensile Machings............cccccovviiieeeii e 14
Figure 11. CFRP Strand tENSION tSL........uuuuiiiiiiiiiii et 15
Figure 12. Stresstrain response for CFRP strands tested in tensian............ccccoceeeeveeee. 18
Figure 13. Data dispersion for the rupture force of 0.6 in. CFRP strands....................... 18
Figure 14. Data dispersion for the tensile modulus of 0.6 in. CFRP strands................... 19
Figure 15. Preparation of GFRP bars for tension teSIS..........uuiiiiiiiiieeciiiiiiiiieeeeeeeee e 22
Figure 16. GFRP bars after faillure..........cooooiriiiiieeee e 23
Figure 17. Data dispersion for the tensile modulus of GFRP.bats...............ccoeeeeeeeen. 24
Figure 18. Strength at bend locations test setup configuration..............ccccoeceevvvvvennnnnnnnn. 26
Figure 19. Bent bar teSt preparation..................iiiiicceeieiiiiiciis s serrsss e e e e e e e e e eees 27
Figure 20. Bent bar teSt SEILIP.........oii i eeee e e e e e 28
Figure 21. Loaddisplacement curves for CFRP spirals at bend locations....................... 29
Figure 22. Standard normal distribution (Taken from [27])........ccooorriiiiiiiirn, 31
Figure 23. Data dispersion for tensile modulus in theTTERIeS...........ccoovciiiiieeiiicce i 34
Figure 24. Data distribution in the NCSIUSEIES.............ooovevriiiiiiimreeeeeeee e eeeeaens 36
Figure 25. Data distribution in the TRSEIES...........uuuiiiiiiii e aeeera s 36
Figure 26. Boxplot graph representatiQn...................uuuiicccriieeeeiiiiiiee e e s 36
Figure 27. Data symmet.r.y..and..out.l.i.er.s.06.37 dent i
Figure 28. Student t distribution (Taken from [27]).......ccoorrriiiiiiiie e, 40
Figure 29. Data dispersion in the NCBUBEIIES........ccooviiiiiiiiireee e 41
Figure 30. Data distribution in the NCEBJSEIES........ccviiiiiiiiiiiiiii e 41
Figure 31. Data symmetry -Bsedes.o.u.t.l..er.s.0.42 dent i
Figure 32. 54 iN. FIB CrOSSECHON. .. ..uuuiiiei i i e e e e e ee e eeeei s e et mnme e e e e 46
Figure 33. Test setup SChemMatiC VIBW...........ooiiiiiiiiiieie e a7
Figure 34. Variation of fearwith the spacing of Stirrups..........oooooiiiiiiiiiiie e, 48
Figure 35. Variation of thenB/Pshearratio with the spacing of Stirrups..........cccceeveeiieieeeeens 49

LIST OF FIGURES

Xiii



LIST OF TABLES

Table 1. Physical and mechanical property requirements for CFRP materials................. 9
Table 2. FRP material Properties.........oovveieiiieiiiiimmee ettt ees e e e e e e e e e e eaaaan 10
Table 3. Descriptive parameters for the CFRP strands tested to rupture..................c..... 19
Table 4. Descriptive parameters for the modulus of elasticity of CFRP strands............. 19
Table 5. Test matrix for GFRP DAIS.........cooiiiiiiiiieeee e 21
Table 6. Descriptive parameters for the modulus of elasticity of GFRP..bars.................. 24
Table 7. Available dataSetS.........ccc.uuiiiiiiiii e 31
Table 8. Standard normal percentiles and critical values................ccccccvcccevveeeeiiiiiiiciinnn. 33
Table 9. Descriptive parameters for the NCBENd TRT S€rieS........cccceevevvviiiviiiiiieneeeeee, 34

Table 10. Sample size estimation b=a8%)ed370n 0. 6
Table 11. Sample size estimation &%5%).ed38n 0.6

Table 12. TStudent percentiles and critical ValUes............coooiviiiiieeeciiiiiiieeee e eeeeeeeeeeeeen 40
Table 13. Descriptive parameters for the NCBIZEresS. ........cevviiiiiiieiiiiirieeeeieeeeee e, 41
Table 14. Sample size estimation be&%®.d420n 0. 2
Table 15. Test matrix fOr FIB QIrdEIS.........uuuuuiiiiiiiiiii et a7
Table 16. NOMINal CAPACILIES. ... .ciiii i e eeeei e eeme e e smmmenees 48
Table 17. Recommended QC requirements for 0.6 in. CFRP strands..............cccceeee..... 54
Table 18. Recommended QC requirements for GFRR.bars...........ccccoeoivevvvviiiviiceenn, 55

Xiv



Chapter 1. INTRODUCTION

1.1 Background

Bridges are essential components of modern transportation networks. They connect communities, support
regional and national economies, and provide access to education, healthcare, and emergency services.
Their performance and reliability directly affectcsl equity, resilience, and loftgrm economic

development.

In coastal and marine environments, reinforced and prestressed concrete bridges are particularly
vulnerable to deterioratiofseeFigurel). Conventional systems rely on internal steel reinforcement,

either passive mild steel or higitrength prestressing strands, which are susceptible to corrosion when
exposed to chlorides. Once corrosion initiates, the «essonal area and mechanicaberties of the

steel are progressively reduced, leading to cracking, spalling, loss of prestress, and ultimately a reduction
in structural capacity and service life.

Experience in coastal North Caroli(MC) indicates that steegkinforced concrete bridges can require
major repairs or complete replacement after only a few decades in seigmiicantly shorter than the
current75-year design life expected for new bridge construction. Field investigations and laboratory
testing of deteriorated prestressed cored slabghhavehistoricallybeenamongthe primary structural
systemaused inNCO s b r i d g davesdoauraentediextensve corrosion of strands andps)
widespread patching and delamination, and uncertainties imdtindsfor bridges that had been in
service for less than 40 years. This recurring pattern has prothptdbbrth Carolina Department of
Transportation|CDOT) to explore more durable alternatives for both new construction and
rehabilitation of existing structures.

|

9
{ Ii
Figurel. Corroded steefeinforced concrete structural elements
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1.2 Coastal Bridge Deterioration in North Carolina

Prestressed cored slab bridges have been widely usigisince the late 1960s for spans of
approximately 4070 ft. Many of these structurese incoastal regionswvhere exposure to saltwatédal
fluctuations,and airborne chloridescceleratethe deterioration of internal steel reinforcement. Research
sponsored by NCDOT on two corsthb bridges in Carteret Coun(®ridge Na 50035 and 150039
documented severe corrosion of bottom prestressing staaddstirrups, accompanied by spalling, rust
staining, and delamination of the concrete cgtgr

Complementary research on replacement opstudiedcored slabs prestressed with carbon fiber
reinforced polymer (CFRP) strands and reinforced with glassifideforced polymer (GFRP) stirrups as
adirect, corrosiorfree substitutefor traditional steeprestressed unif]. Full-scale testing showed that,
when properly detailed and manufactured, these-feitfforcedcored slabs satisfy NCDOT

serviceability criteria and achieve flexural and shear capacities comparable to or greater than those of
steel control specimens.

In parallel, NCDOT has investigated mechanically fastened FRPHIRF) systems to restore the
structural capacity of deteriorated prestressed concrete beams in existing [Blidgkeese systems use
prestressed FRP plates bolted to the concrete girder stems to provide external flexural and shear
strengtheningtherebyallowing damaged membersgafelyremainin servicewhile replacement projects
are planned and implemented.

Collectively, these research efforts have highlighted both the vulnerability of traditionalestéetced
systems in aggressive coastal environments and the potential dfdsR& solution®ither as internal
reinforcement in new construction or as external strengthening systems for existing, bviggedde
more durable infrastructurefdliC6 s coast al communiti es.

1.3 Fiber-Reinforced Polymer Reinforcement for Coastal Bridges

FRP composites combine high tensile strength, low weight, and corrosion resistance, making them
appealing alternatives to steel reinforcement in environments where durability is a primary concern. FRP
products can be manufactured in forms similar to caiwesl ferrousbasedeinforcing bars and

prestressing strandseeFigure?2), allowingthe use of established concrete design practices while
overcoming the longerm durability limitations osteel.

e ANxAgee/AATByYs .Bvs zgxxa .Bvs zg|EAAgA e Age
zgxxa xi| AE - AE - AE z g BAA . B.b. zgEAA

Figure2. Reinforcemenbar types
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In the United State@JS), FRP has been used extensivelytf@repair and strengthening of existing
structures since the 1970s. Its use as the primary internal reinforcement in new bridges, however, has
expanded more gradually. Early demonstration prgjsatsh as the first entirely FRRinforced bridge

in Michigan[4], constructedn 2001, provided critical performance data and informed the development of
design guidelines by organizations such as ACl and AASHTO. To date, several state DOTs have
successfully implemented FREinforced decks, girders, and piles, particularly in regions where
corrosion has led to repeated maintenance interventions.

Wi thin North Carolina, NCDOTb6s transition to FRP
planned. Initial efforts included using GFRP bars in selected bridge decks to compare their performance
against adjacent stemdinforced decks under similar exqawe condition$5]. Subsequent NCDOT

funded research programs examined (i) the performance of prestressed cored slabs with CFRP strands and
GFRP stirrups as direct replacements for steieiforcedcored slabs, (ii) the application of MRP

systems to retrofit deteriorated prestressed concoegsl slabs and-€hannebeams, and (iii) the

durability of CFRP strands, including creep, bond, and environmental exposure effects.

The positive outcomes from these studasnbined with the growing body of national and international
experienceleveloped over recent years, created a foundation of confidence that enabled NCDOT to
pursue the design and construction of a fully FBiRforced prestressed concrete bridge at a scale that
had not previously been attempted in thHe

1.4 Harkers Island Bridge Replacement Project

1.4.1 Project Context

Harkers Island is situated in Carteret Couitgrth Carolina, within the Cape Lookout National Seashore
(Figure3). The island, home to approximately 1,200 permanent residents, depends heavily on fishing,
boat building, tourism, and related industries. Consequently, reliable bridge access is essential for the
communitybés dail y-beingf e and economic well

The Straits

PROJECT
LOCATION

West
Mouth

VICINITY MAP

Figure3. Projectiocation

The island was originally connected to the mainlantimytimber bridges constructed in 19¢@igure

4). These structures were later replaced by two concrete briBigege No. 73 (Earl C. Davis Memorial
Bridge) and Bridge No. 9@&onstructed with steel prestressed cored slabs supyrtedagonal

prestressed concrete piles. Over decades of service, both bridges experienced extensive corrosion of
internal reinforcement, leading to spalling, cracking, load postings, and frequent partial closures despite
repeated repair interventions.
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Figure4. The firstbridge connectingdarkers Islandbuilt in 1941

By the early 2010s, inspection findings and loating issues at these and other coastal bridges clearly
showed that a lorterm replacement plan was needBderefore NCDOT initiated the Harkers Island
Bridge replacement project to create a robust;fmaintenance connection that could reliably serve the
community for many decades without the severe deterioration obsereadier structures.

1.4.2 New Bridge Configuration and Use of FRP

The new Harkers Island Bridge is a@8&an, 3,200 flong fixedspan structure with a vertical
navigational clearance of 45 {Figureb). It was delivered as a desigid-build project with an estimated
construction cost of $60 million. The new bridge eliminates maintenance issues associated with the
previous steel swing span and provides a wider, safer crossing for vehicles.

BEGIN TIP PROJECT B-4863
peped EXIST. BRIDGE 96
RHEOC 000 EXIST. BRIDGE 73 END TIP PROJECT B-4863
3.1 ~L- POT Sta.55+05.00 |}
\\ O q
/ AL == ‘ g
P THE STRAITS '\
it S ———
10 CAPE LOOKOUT DRIVE y END BRIDGE~t————
=== BEON sR0GE st Stes0rS00 | 005 70
\
NEW HARKERS ISLAND BRIDGE ?

(a) Horizontd profile

o : \ T s b
VA A TN 1 \ /WMM
> \ x
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(b) Vertical profile

Figure5. Bridge layout
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All major structural components of the new bridge are reinforced or prestressed with FRP naaterials
follows:

9 Precast, prestressed pilesquareconcrete piles prestressed with sewere CFRP strands and
confined with CFRP spirals.

9 Precast, prestressed girdersFlorida Fbeam (FIB) girders prestressed with CFRP strands and
transversely reinforced with GFRP bars and stirrups.

1 Castin-place substructure and superstructure elementile caps, columns, and deck
reinforced exclusively with GFRP bars.

Approximately 975,000 linear faf CFRP prestressing strand and a similar quantity of GFRP

reinforcement were used in the project, makirtgdtlongest bridge in tHdSto rely on FRP as the

primary source of reinforcement for all major structural eleméuastruction began in September 2021

and was completed in December 2023, approximately ten months ahead of the original schedule, despite
an annuakix-month annual moratorium on-imater work. The projecthereforerepresents not only a
significanttechnological milestone for NCDOT but also a demonstration of the constructability and
schedule feasibility of largecale FRReinforced bridge projects.

1.5 Research Project Objectives and Scope

Recognizing the unique opportunity presented by the Harkers Island Bejglgeemenproject, NCDOT
sponsored a compani oHarkarsdstandaBridgenReglaceongnt: Elateridl i t | ed 0
Characterizati on a n(desearchrPmrd NaN2208) te’be cohduatethat Nartle o
Carolina State UniversitfNCSU). The overarching goal of this research is to document and evaluate the
performance of FRP materials and FRihforced structural systems used in the project, and to develop
practical recommendations for future FRP bridge projedidmand beyond.

The research program was organized into seven primary tasks: literature felbwobservation and
documentation; material characterization; instrumentation and monitoring; analytical modelisgalkell
testing; and thdevelopment of recommendations. Within this framework, specific objectives include:

1. Synthesize relevant literature and prior research on FRP reinforcement in bridges, with emphasis
on durability, structural performance, and code provisions applicable to coastal infrastructure.

2. Document the design and construction of the Harkers Island Bridge, including key structural
details, FRP material specifications, construction sequencing, and issues encountered during
fabrication and erection.

3. Characterize the mechanical properties of the FRP matesiadkin the project through an
extensive series of tension and bkat tests on CFRP strands, CFRP spirals, and GFRP bars, and
perform statistical analyses to determine appropriate design values and the optimal number of
replicate tests for quality contro

4. Investigate the performance of FR&inforced members at critical locations, including the
strength reduction at bent regions of spirals and stirrups, and the behavioisoéfalFIB
girders in shear, accounting for size effects and-Epdeific failuremodes.

5. Develop analytical and numerical modilsnterpret experimental observations, study cracking
behavior in FRFprestressed piles amgitders, andvaluate design provisions for FR&inforced
bridge components.

6. Formulate recommendations and implementation guidelorddCDOT and other agencies
regarding FRP material acceptance criteria, quabiytrol testing protocols, detailing of FRP
reinforcement, and shear and flexural design of F&fforced girders and piles, informed by
both the Harkers Island experience gmior NCDOT projects.
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1.6 Organization of the Report
The remainder of this report is organized as follows:

Chapter2: FRP MaterialTesting Program

Describes the CFRP straraisd GFRP bars used in the project, outlines the acceptance testing protocols
suggestetby NCDOT, and presents the material test results.

Chapter3: Experimental Investigation of BdrLocations in CFRBpirals

Summarizes the laboratory program on CFRP spirals, focusing effeékts of bend diameter, surface
treatment, and test configuratiomplications for desigare also discussed

Chapterd: Statistical Evaluation of Material Properti@sd Sample Sizes

Presents the statistical analyses performed on the tension arokbéest data to establish representative
design values and to determine efficient testing strategies for future projects.

Chapters: Full-Scale Shear Testd CFRP-PrestresseHIB Girders

Presents the planned largeale tests on FIBirders together with analytical and numerical models
developed to interpret and extend the experimental results.

Chapter6: Summaryof Findings andConclusions

Summarizes the main outcomes of the research, discusses limitations, identifies areas for future work, and
highlights the broader implications of the Harkers Island Bridge project for the adoption of FRP
technology in coastal bridge infrastructure.

Chapter7: Recommendationsmplementation, and Technology Transfer

Consolidates findings from the previous chapters into practical guidance for NCDOT and other agencies
contemplating the use of FRP reinforcement in new bridge construction or rehabilitation projects.

Tablel7 andTable18 summarize recommended special provisions for 0.6 in. CFRP strands and GFRP
bars respectively

Appendices AH:

In addition to thesevenchapters, a set efightappendices providescomprehensive literature review,
project description, construction highlights, as wek@gporting experimental details, data, and visual
documentation that complement the main text:

1 Appendix Ai Literature ReviewSummarizes national and international experience with- FRP
reinforced and prestressed concrete bridges, with particular emphasis on past case studies,
durability, flexural and shear behavior, and acceptance testing of FRP malteaials reviews
key findings from previous NCDOT projects on deteriorated cored slabs,-BfeRfPessed cored
slabs, MFFRP retrofits, and CFRP strand durability and material tests.

6
Harkers Island Bridge Replacement: Material Characterization and Structural Performance
Last (pdated 0r03/31/202%6 Principallnvestigator Rudolf Seracino, PhD



1 AppendixB i Harkers Island Bridge DescriptioRrovides a detailed description of the project
characteristics, structural system, material specifications, and construction sequence for the new
bridge, including observations from site visits and field documentation.

1 AppendixCi ConstructiorPhoto DocumentatiorChronological photographic record of key
construction stages, from existing conditions and trestle construction through piles, substructure,
superstructure, and opening, including pomthpletion visits.

1 AppendixD i Supplementary Area and Water Absorption Tests on 0.6 in. CEFRP _Strands
Summary of measured cressctional area and watabsorption tests on 0.6 in. CFRP strands,
illustrating the influence of PET wrap removal and highlighting why these tests are not practical
as routine projedevel QC.

T AppendixEi Rationale for Usind ensile Modulus in Sample Size Determinatiddditional
explanation of why tensile modulus, rather than measured area or tensile strength, was selected as
the primary basis for the statistical sampling and number of replicates recommeGtegter 4

1 AppendixFi Preparation of FRP Tension Tedbetailed procedures, photographs, and notes on
specimen preparation, anchorage, and early premature failure modes for CFRP strands (and
selected GFRP bars), expanding on the sumprasentedn Chapter 2

1 AppendixGi Supplementardend Tests o€ FRP SpiralsResults from additional beisar tests
on CFRP spirals with different bend radii and surface treatments, providing further context for the
findings inChapter 3

1 AppendixH i Statistical TablesTabulated Zvalues for the normal distribution and other
statistical parameters used in the sampling and confidatex@al calculations itChapter 4
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Chapter 2. FRP MATERIAL TESTING PROGRAM

2.1 Purpose and Scope of th@ensionTesting Program

The Harkers Island Bridge relies solely on FRP reinforcement for its main structural components: CFRP
strands for prestressing, CFRP spirals for confinement in piles, and GFRP bars for passive reinforcement
in girders, substructure elements, and déctkhis contextevaluatinghe materialpropertiesof CFRP

and GFRP products usadthe projecis key.

However, given the breadth of potential FRP material properties to be assessed (e.g., tensile strength,
modulusof elasticity bond, creep, relaxation, glass transition temperature, fiber content, etc.), it is neither
realistic nor necessary to measure every property for every production lot on a single project. Many of

these properties have already been extensively studredional and international research progr§bhs

[71, [8], [9], [10], [11], [12], and aréncorporated into design provisions adopted by NG|, AASHTO

[14], [15], and CSA16], [17]. Therefore, the material testing framewaork for this project focuses on

properties that directly control structural design and can be measured consistently on-bypmjaect

basisFor compl eteness, the materi al properties inclu
products used in Harkers Island are liste@aiblel.

Sincetensile properties govern the design strength used in flexural and shear checks and directly
influence serviceability behavior, this chapter focuses on the tetestingprogram implemented as part
of the Harkers Island research projddte objectives are twofold:

1. Atthe project levelit functions as a qualitpssurance and qualitontrol (QA/QC) tool,
providing an independenerification of the tensile strength and stiffness of the CFRP s&iren
prestressing strands and GFRP reinforcing bars delivered to the bridge, and to assess whether
their behavior is consistent with manufacturer certifications and applicable produtzrsig

2. At the research level, it generates a sufficiently large dataset of tension test results across multiple
production lots to support the statistical evaluations presenteldapter 4and to inform practical
recommendations for future FRP bridge projects.

No QA/QCtension tests were performed on straight segments QR spiral used for pile

confinement, because the project specifications did not retipgirmanufactureto supply companion

straight samplemadein the same process and lots as the spifal€ompare the straight and bent

behavior of the spiral product, the research team
QA/QC. Some additional straight spiral samples were later supplied for future research, but those

specimens do n@orrespond to the specific lots used in the Harkers Island phey aragherefore not

treated as projedevel QA/QC data in this report.

For each product tested in tension, this chapter describes the lot definition, sampling strategy, specimen
preparation (including end anchorage and, where applicable, removal of protective wraps), test setup, and

key measured quantities such as ultimatsite strength and modulus. In addition, auxiliary

measurements, suchascrsse ct i onal area by Archimedesd principl
CFRP strand specimens, are documented to illustrate both the consistency of the material anct#he practi

limits of what can reasonably be incorporated into prdgatl QA/QC. Due to space constraints, the

latter is included irAppendix D
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Tablel. Physical and mechanical property requirements for CFRP materials

Test . Specimens
No. Property Test Method Requirement per Lot
1 Fiber Mass Content ASTM D2584 or ASTM D3171 O 70% 10
ShortTerm Moisture ASTM D570, Procedure 7.1, o o
2 Absorption 24 hours immersion at 122°F O 0.25% 10
3 Long-Term Moisture ASTM D570, Procedure 7.4; S 1. 0w 10
Absorption immersion to full saturation at 122° ' 0
Glass Transition ASTM D7028 (DMA) or ASTM O 230AF (D
4 Temperature (Tg) E1356 (DSC; Tm)/ASTM D3418 O 212AF 3
P g (DSC; Tmg) (E1356/D3418)
Identify the resin system
Total Enthalpy of used for each strand size
5 | Polymerization ASTM E2160 and report the average val -
(Resin) of threereplicates for each
system
- 0
6 Degree of Cure ASTM E2160 o .9 5 % of 3
polymerization enthalpy
Within -5% to +10% of
Measured Cross ) . :
7 ; nominal values listed in
Sectional Area
Table 2
Guaranteed Tensile . .
8 Strength ASTM D7205 O Value 1 st 10
9 | Tensile Modulus O 21,000
ASTM D7705, 3 months test
Alkali Resistance dur'c_mon at 1401 5°F. Ap_ply Tensile stre
10 . sustained tensile stress to induce 5
with Load . . 70% of UTS
3000 microstrain, followed by a
tensile test per ASTM D7205
ASTM D7337, 3month test . .
duration at laboratory conditions Equivalent sustained load
Creep Rupture . . 1T 0 75% UTS AN
11 Strenath Apply a sustained tensile load strenath ref 3
9 equivalent to 75% UTS, followed b U'Igs

tensile test per ASTM D7205
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Bentbar and spiral bend behavior, including the pregpecific tests on CFRP spirals and the limitations
of existing benbar test methods for GFRP stirrups, are treated separatehapter 3The combined
datasets fron€hapter ZandChapter 3along with manufacturer tension data where appropriate, form the
basis for the statistical evaluation of mechanical properties antkttebopment of acceptance criteria
presented ilChapter 4

2.2 FRP Products Used in the Harkers Island Bridge

The tiree mairFRPproductsreinforcing the Harkers Island Bridge are summarized below, and their
material properties atistedin Table2.

1 0.6 in.,sevenwire CFRPprestressing strands for prestressing in piles and FIB girders.
1 0.28in., singlewire CFRP spirals for confinement in prestressed piles.
1 GFRP bars for all passive reinforcement in girders, substructure elements, and deck.

Table2. FRP material properties

ERP Bar Nominal Nominal Minimum Guaranteed

Material Designation Diameter Area Ultimate T_ensile Force (kI'Esi)
No. (in) (in? (kip)
3 0.375 0.11 13.2
4 0.500 0.20 21.6
GFRP 5 0.625 0.31 29.1 6,500
6 0.750 0.44 40.9
8 1.000 0.79 66.8
CERP 7-wi_re strand 0.600 0.179* 66.2** 21,800
Uni-strand 0.280 0.05* 13.1 23,200
* Oncethe PET wrap has been removed

*x Current value reported by manufacturer.tAétime of thebridgedesign, it was 60.7 kip.

2.2.1 CFRP SevenWire Prestressing Strands

The primary prestressing reinforcement for the Harkers Island Bridge consists ofdienieter seven
wire CFRP strands manufactured by Tokyo Rope U8¢&ated in Canton, MichigaiThese strands are
used as direct replacements for conventional steel prestressing strands in:

1 24 in. square precast piles, and
1 54,72,and 78 in. FIB girders.

The strands are composed of higghength carbon fibers embedded in a polymer matrix and are supplied
in continuous coil¢seeFigure6a). Theyinclude a surface treatment and wrapping system (PET wrap)
intended to protect the strand and improve handling during fabrication and prestressing operations. The
PET wrap is shown iRigure6b. In the precast plant, these CFRP strands were stressed using
conventional multistrand jacks with appropriate hardware and splice connectors, as discussed in
Appendix B and shown ifrigure A- 19. The tension tests performed in this project provide an
independent check of the tensile strength and stiffness of the strands delivered to Harkers Island, while
Archimedesbased area measurements and water absorption tests were carried out on & subset o
specimens to evaluate the consistency of these material properties and to compare them with
manufacturer data (ség@pendix D.
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(a) Coils of CFRP strands (b) PET wrap in CFRP products

Figure6. CFRP SeveiWire Prestressing Strands
2.2.2 CFRP Spirals for Pile Confinement

Confinement in the 24 in. square piles is provided by CFRP spirals formea @@ in.,singlewire
CFRP strand. The spirals are fioemed witha specifichendradiusand are installed in the pile forms
prior to castingas depicted ifrigure7a. These spirals are critical for both pile drivability and structural
performance under axial load, bending, and shearust be noted that theebd radius at cornefsee
Figure7b) significantlyinfluences the strength at bends and is therefdwey test to bperformed on
spiral segments.

(a) CFRP spirals before casting (b) Closeup view of the spiral bend
Figure7. Sngle-wire CFRP spirals

From a material perspective, it would be desirable to characterize both the tensile behavior of companion
straight portions of the spiral strand and the strength at bends, where stress concentrations are highest.
However, for the Harkers Island projecte tbpecifications did not require Tokyo Rope USA to provide
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additional straight spiral samples manufactursithg the same process and from the datseas the
spirals supplied for the piles. As a result, no prejectl tension testawere performed on straight 0.28 in.
singlewire strands

2.2.3 GFRP Bars for Passive Reinforcement

Al l passive internal r-in-platd etements amd in the triansvetseh e br i dge 6
reinforcement of the FIB girders consists of GFRP bars supplied by Owens Coased irConcord,

NC. The GFRPbars must be compliamtith ASTM D7957[18], which specifiesninimum tensile and

bendstrength requirementalong with associated test methdus,product qualificationWithin the

bridge, GFRP bars are used in the following roles:

9 FIB girders (stirrups and secondary bars),
9 Pile caps, columns, and bent caps (longitudinal and transverse reinforcement), and
91 Deck slab fhats ofreinforcement).

For projectlevel tension testing, an additional practical constraint arose: the specifications did not require
the manufacturer to provide dedicated stralggnt specimens produceding the same process and from

the samdots as the stirrups and bent bars used in the bridge. In practice, the reseataézed
adequatestraight specimens only because certaink, or U-shaped GFRP bars delivered for the project
had straight legng enougtio be cut into straight specimens for tension tests.

Whil e this ff enalledterssionretestgy SERMA barsrreprésenting the actual production
lots, it also highlights a limitation and a lesson for future projédtdessspecifications explicitly require
extra straight and bent samples from each lot, prégeed tension and bend testing may not be feasible
or representative.

The GFRP tension tests described in Se@idprovide measured tensile strengths, temaibelulus, and
failure modes for these straight portiomae bend behavior of GFRP stirrups themselves was not
evaluated at the project level; the reasons for this and the implications for quality control and test
standardsre discussed i@hapter 3

2.3 Tension Tests on CFRP SeveWire Prestressing Strands

This section describes the experimental program used to characterize the tensile behavior of the CFRP
strands supplied to the project.

2.3.1 Lots and Sampling Strategy

CFRP strands were delivered to the precast plant in multiple production lots, each accompanied by
manufacturer certificatiorthat report theominal area, guaranteed tensile strength tamsilemodulus.

For projectl e v e | QA/ QC, NCDOT and the research team defi
production identifiers and shipment information.

From each lot used on the project, a sedixyf7 ft. long,strand specimensasselected for tensile testing.

Sampling was carried out on randomBlected lengths from fudlize coils or cut lengths intended for

production, ensuring the tested specimens wapresentative of the materigdedin piles and girders. In

addition to thesix specimens delivered to NCSU, three companion 7 ft. long specimens from each lot

were delivered to NCDOTO6s Material s amgdneddedst s Uni
This report focuses ohe results obtained from the six specimpeassiottested at NGU only.
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2.3.2 Specimen Preparation and End Anchorage

Directly gripping CFRP prestressing strands in a testing machimpiactical due to their low transverse
strengthand the intertwined sevesire geometry. Unlike steel, which is isotropic and can tolerate high
localized clamping pressures, CFRP strands are highly anisotropic: threpasteand stiff along the

fiber direction but relatively weak perpendicular to it. Direct mechanical gripping concentrates transverse
stresses in the outer wires and crushes the matrix, damages the fibers, and indecelpateharing

among the wires, leading to premature, nonrepresentative failures.

Several alternative anchorage systems have been proposed in the literature for CFRR.8}rands
including specialized wedggpe anchors and proprietary mechanical grips designed to distribute stress
more uniformly. For this project, the research team followed the anchorage procedure recommended in
ASTM D7205[20], using steel pipe end anchors filled with expansive grout to develop the strand
capacity in tensionlhe detailed specimen preparation procedure, including the sequence of cutting, pipe
installation, grouting, and curing, is providedAppendix Ftogether with observations from early
unsuccessfurial specimens. Nonetheless, typical stages of the specimen preparation are illustrated in
Figure9.

A practicalhurdleis that the anchor ardeargaugeengths currently recommended in ASTM D7205

[20] (Figure8) were developed with older universal testing machines in mind, many of which allowed
significantly long specimens to pass through a hollow frame. For exaai®,5 CFRP bar, which has a
diameter similar t@ 0.6 in. CFRP strand, implies an anchor lerfg#) of 30 in. at each en@0 in. of

anchor length in totafollowing ASTM guidance. Besides clear lengtiiL) equal to the larger of 15 in.

or 40 times the effective bar diameter. For a 0.6 in. strand, this corresponds to 24 in., resulting in a total
specimen lengtllLt) of 84 in. (7 ft.).

11 Y elq@BIRIG 11 Y 2iq@GRIG

Figure8. Anchor and clear lengths as per ASTM D7205

This requirement motivated the sampling of 7 ft. long strand specimens for Harkers Island. However, the
universal testing machine (UTM) available at the Constructed Facilities Laboratory @e(L0a),

where the experimental tests for this project were conducted, could only accommodate approximately 53
in. long specimens in the configuration required for 0.6 in. strands. This constraint is likely shared by
many modern machines that lack a long gihssugh opening beneath the grips.

Moreover, in older testing frames, the grips were located near the top of the anchor, and the specimen
could extend freely through the frantégure10c), making long anchors less problematic. In contrast, the
current machine grips the specimen near the bottom of the anchor, over a limited lengthibgne. (

10b). The remaining portion of the anchor relies entirely on bond and friction between the strand and the
grout to transmit the tensile force. This introduces multiple interfaces that may influence the measured
response.

13
Harkers Island Bridge Replacement: Material Characterization and Structural Performance
Last (pdated 0r03/31/202%6 Principallnvestigator Rudolf Seracino, PhD



(a) Steel pipes (b) Centering plastic cap
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(c) Expansive grout (d) Aligned strands (e) Alignment fixture

Figure9. Tension test preparation
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Figurel0. Types of Universal Tensile Machines
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Because of these geometric limitations, the project team could not fully adhere to the anchor and gauge
lengthsspecified in ASTM D720%20]. After a series of trial tests, an anchor length of 18 in. per end was
adopted as a practical compromise fitawithin the test frameapacity andonsistently allowed the
specimens to readtrand tensile rupturevith failures occurring away from the grips and generally near

mid-height of the free length.

Strictly speaking, this means that the clear gauge length did not meet the-e8diMmended value for

all specimens. However, as long as failures occurred in the central portion of the specimen and not within
the anchors, the test results were considexgglr e sent ati ve of the strandos
A systematic study of the interaction between anchor length, gauge length, machine geometry, and failure
mode for CFRP strands is beyond the scope of this reftillf theexperience gaineldere suggests that

existing ASTM provisions may need to be revisited and updatbdtter reflect the constraints of modern

test framesand to facilitate routine projetgvel testing.

These practical considerations have direct implications for quality control: the combination dfligabut

pipe anchors, long preparation times, and maeleingth constraints places an upper bound on the

number of strand specimens that can realistitadlyested per latithin a reasonable timeframe&his

issue is revisited i€hapter 4where recommended test numbers and strategies for future FRP bridge
projects are discussebhe test setup configuration used to test the CFRP strands, as well as a strand right
after failure is shown inFigure1l.

,ﬁl | ||!'W

‘*A\‘
|

N =
JUNE 9 2022 \
LOT 6
SPECIMEN &

(a) Tension test setup

LOT 9

8.2

SPECIMEN §

=
B

(b) CFRP strandested taupture (e) Brittle failure

Figurell CFRP strand tension test

2.3.3 Test Setup and Procedure

Tension tests were conducted i8GD-kip servecontrolledUTM, allowing themto reach the ultimate
ruptureload of0.6 in.CFRP strandé32.3kip on average The general test configuration included:
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End supporaind gripping

The steel pipe anchors at each end of the specimen were mechamipaky in thdJTM using

contoured grips with an indentation matching the round geometry of the steel pipe. This configuration
provided line contadlong the pipe circumference and helped maintain axial alignment, thereby
minimizing unintended bending withthe gauge length.ateral grip pressure is critical for preventing

slip at the interface between the steel pipe and the grips. For this project, the grip pressure was set to
3,500 psj selected based on the expected maximum tensile load in the CFRP strandsraomibtbric
loading conditionsThis pressure was sufficient to avoid slip without deforming the pipe or inducing
localized damage that could affect the behavior in the free length.

Gauge length and instrumentation:

A clear gauge length of 16 to 18 in. was defined between the two pipe anchors. Axial deformation was
measuredvith a 2 in. gaugdength clipon extensometer attached directly to the strand within this clear
region. The extensometer was used to obtain the isttegs response in the initial linear rangeabling
accurate determination of the tensile modulus.

For safety and to avoid damaging the extensometer, it could not be left in place until failure. Consistent

with the guidance in ASTM D72020] for FRP bars, which recommends evaluating modulus over a

strain rangef 0.0020.006, or up to 50% of the ultimate strain for materials that fail below 0.012, the
extensometer was removed well before rupture. For the CFRP strands used in this project, the expected
tensile strain at failure waspproximateh2 % ( 0. 02, or 20, 000 eU). Accordi
typically removed when the specimen reached approximately 50% of the expected breaking load (40 kips

for an anticipated ultimate load ©80 kips), corresponding to a strain approximatelyl 0, 000 ¢ U.

This procedure provided a sufficiently large strain interval to compute a reliable modulus of elasticity
while minimizing risk to the operator and to the extensomategnsitive anttagile device. After the
extensometer was removed, loading continued under machine displacement, with global displacement
used only to track the remaining portion of the test.

Loading protocol:

All tests were conducted under monotonic tension in accordance with the general requirements of ASTM
D7205[20]. The standard recommends settingtést speed to produce failure within 1 to 10 minutes

from the start of |l oading, using either a nearly
crosshead speed equal freélengthwhénlstrainicamteokis not vailaldepSincei me n 6
theUTM used in this projedacked strain contrph displacemertontrolled protocol was adopted. Based

on the minimum clear gauge lengthe crosshead speed was set to 0.15 in./min (0.01 x 15 in.), consistent

with the ASTM D720920] recommendatianAt this loading rate, CFRP strand specimens ruptured in
tensionwithin the I 10-minute window specified by the standard

Nonetheless, not all CFRP strand specimens were tested to rupture. Because the material behaves in a
brittle manner, tensile failure is sudden and violent, sending debris and fibers outward from the fracture
zone(seeFigurell). Therefore, ésting to rupture required additional safety measures, including

installing a protective enclosure around the specimen, clearing personnel from the immediate area as the
load approached failure, atltbroughly cleaning ugebris after each test. These steps significantly
increased the totéésttime per specimen, with fullupture tests takinground45 minutes from setup to
posttest cleanup. Given the number of strands to be tested, it was not realistic to load every specimen to
failure, particularly since the project specificatisaquired only demonstrating that the minimum

guaranteed tensile strength was exceeded, not measuring the ultimate capgaeity sfrand.
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To balance safetgcheduling, and project requirements, the typical approach was to load only a subset of
specimens per lot (two strands whenever possible) to faildemsionto document ultimate strengtim
contrastthe remaining specimens were loaded monotonically beyond the minimum guaranteed tensile
strength of 60.7 kips specified in the NCDOT special provisions for 0.6 in. CFRP strands. Once this force
level had been exceeded without signs of anchorage sliherahomalies, the specimen was unloaded

and removed from the machine. In this way, the tests satisfied the acceptance criteria in the specifications
while limiting the number of fulfupture events required.

Consequentlythese are the properties thahbe obtained from a tension test:

1 Maximum tensile loadrecorded (rupture force, if achieved)

9 Modulus of elasticity (slope of the stre$strain response)

1 Tensile strength(obtained by dividing the maximum load by the nominal ceesgional area of
the stranil

2.3.4 Results

A total of 326 CFRP strands from 73 different production lots were tested between March 2022 and July
2024.All the specimens tested sustainedds exceeding0.7kips. Thus, all CFRP strand lots used on

the project met the minimum tensile strength requirement in the NCDOT special provisietatter

shows the consistency of material propertis. subsequent analysis, a filtered dataset of 290 specimens

from 52 lots was retained. The remaining tests were excluded for at least one of the following; ig@as

no strain data were recorded, (ii) the specimen faiittiin the anchorage due to a preparation issue, or

(i) the specimen was damaged locally during transportation or preparBtieantiretensiontest

dat aset , including specimens with incomplete info
Tests Unit in July 2024 for their records.

2.3.4.1 Stres$ Strain Behavior

The CFRP strands exhibited an expected lhad@stic response throughout loading. A representative
stresgstrain curve for a single specimen is showfRigurel2a. The initial sag in the curve at lower

strains corresponds to seating of the strand in the anchors and grips, and engagement of the seven wires as
they twist and straighterponloadng. Beyond this seating stage, the response is essentially linear until

the extensometer is removed, as discussed in S&c8dh

To illustrate the overall consistency of the mateRaure12b overlays the stresstrain curves for the

290 specimens for which strain data were available. The curves cluster closely, indicating relatively small
stiffness variability and confirminiinear-elastic behavior. The few curves that extend to higher stress

and strain levels correspond to specimens in which the extensometer was left in place longer, closer to
ultimate.

As noted in Sectio.3.3 the extensometer was not left in place until rupture for safety reasons and to

protect the instrument. Moreover, for the modulus calculation, a strain interval of60000 00 ¢ U wa's
used. The underlying rati onalnmately3% ofthadxpedted, 000 ¢ U
rupture strain (& 0.02 or 20,000 eU0U) for the 0.6
the order of 40 kips, which is comparable to the jacking force applied during prestressing operations in

piles and giders. Therefore, this strain range provides a meaningful basis for estimating the modulus of
elasticity in the stress range relevant to prestressing while remaining within the safe operating range for

the extensometer.
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Figurel2. Stressstrain response for CFRP strands tested in tension

2.3.4.2 Tensile Rupture Load

A total of 95 strands were tested to ruptusi of them failed in a brittle manner. The average rupture

force was 82.3 kips, with a standard deviation of 2.6 kips. Other descriptive statistics are summarized in
Table3 and a plot showing the distribution of rupture loads is shovigare 13, where the solid

horizontal line indicatethe mean value. The manufacturer does not openly report the average rupture
force, which isusual Instead, the minimum guaranteed value is given. The average rupturexoeeels

the projecto6s gua rAso b emrdon praclice ig tsetlie méah midus thieg s
standard deviations as a lower bound for strength; in this case, this corresponds to 74.4 kips and is shown
asa dashed line. At any rate, a prestressing jacking force of around 40 kips appears to be a safe lower
limit.
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Figure13. Data dispersion for the rupture force of 0.6 in. CFRP strands
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Table3. Descriptive parameters for tltFRPstrands tested to rupture

Parameter n ° Min Max Mode Median Range S

Rupture force 95 82.3 755 89.9 84.0 82.4 14.4 2.6

2.3.4.3 Modulus of Elasticity

The modulus of elasticifyO, was calculated for each specimen with valid strain data using the strain
interval bet ween 6,000 and 10,000 €U desd2]j bed ab
which recommends evaluating modulus over a strain range in the lower portion of thetsaiessurve,

provided that the strain does not excaadestimated 50% of the ultimate stralihis range also avoids

theinitial seating effectswhich may lead to unrepresentative conclusibiséng this procedure, the mean

modulus of elasticity for the filtered dataset of 290 strands22ak24 ksi, with a standard deviation of

807 ksi. A distribution of modulus values is showtrigure14, anda summary of the most common

descriptive statistics igresentedn Table4.
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Figurel4. Data dispersion for the tensile modulus of 0.6 in. CFRP strands
Table4. Descriptive parameters ftine modulus of elasticity &8FRP strands

Parameter n ° Min Max Mode Median Range S

Tensile Modulus 290 22,424 20,322 25,749 22,446 22,381 5,427 807
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The minimum guaranteed modulus required by the NCDOT special provisions is 21,00énks, not

all specimensnet this requirement; however, the average for each lot exceeded the threshold, resulting in

t he mat er i aCGoldverselgtbecramtaciurecrepors elastianodulus of 21,800 ksi in its

technical datasheefdotted line inFigure14), whichmight appeainconsistent with the experimental

data obtaineéh this work. The lattecouldraise concerns about the appropriatdulusto use. If the

common practicef mean minus three standard deviations were to be used, the guaranteed modulus based
on the collected data would bpproximately20,000 ksi (dashed line Figure14). Nonetheless, since

the tensile modulus is typically used to gauge th
prestressing operations, setting that lower bound might be detrimental since forces higher than expected
could be introduced. Also, it should be noted that the modulus of elasticity has direct implications for
serviceability checks, as deflections may be overestimated with a lower mdadhitdiscrepancyn the

minimum guaranteed values of the modulus of elasticity warrants attefitiese are thkindsof aspects
thatmaybe overlooked whestandards or specifications are defined, but they become important in

practice wherQA/QC policies must be implemented on largeale projects.

It is essentiato recognize, though, that the measured modulus is not purely a material proipetigst

configuration also influences s discussed earlier, the modulus in this project was evaluated over a

strain interval of 6,0000 0, 000 ¢ U, which is consistent with ASTN
5,000 U window s oofjegtedslatae itwas oBsersed that thenhighehtlee strain range,

the higher the modulusiowevere x ceeding a strain of 10,000 U woul
strain levelsin addition, the UTM used here employs fregating heads, which can slightly reduce the

apparent stiffness of the specimen compared with older machines that constrain rotation more. In frames

with more constrained head rotation, the same CFRP strand yreghsomewhat higheralues of

tensile modulus

A systematic comparison of CFRP strand stiffness measured in different test framearyiitty lengths

of anchoragand heagdotation conditionsas well as the assessment of multiple strain ramgbsyond

the scope of this project. However, the experience gained here suggests that machine compliance and
rotation should be explicitly considered when interpreting modulus datdesetbping future

standardized procedures for FRP, especially CFRP strands tigareimtertwined wiresln other words,

pat of the observed discrepancy betwesmnufactureguaranteedaluesand the experimental results
obtained herenaybe attributable to differences in tdetme behavior and moduheglculation

conventions, rather than to variabilitytime materiahlone. This reinforces the need for statistically based
acceptance criteria that are grounded in realistic testing conditions, as discussed fQttlapitén 4

2.3.4.4 Tensile Strength Versus CreSectional Area

Strictly speaking, tensile strength is defined as the ratio of ultimate |dhd tmosssectional area of the

strand. For CFRP strands, however, the aseal should correspond to the effective area after PET

wrapping is removed, as the PET wrappiags not contribute to strength or stiffness. Measurements of

the area of CFRP samples, with and without PET wrap, are presented in Adpshilixt should be

noted that determining the effective area in a project setting is nontrivial, as it requires removing the PET

wrap and measurinigs volume by displacement throughr c hi medesd principle or s
This process is timeonsuming and may be impractical to implement on a large number of specimens as

part of routine QA/QC.

Moreover, for specimens intentionally unloaded once they exceed 60.7 kips, reporting tensile strength
would be misleading, as the recorded value corresponds only to the stress at the unloading point, not to
the actual strength at failuréo assessompliance with the NCDOT special provisions, which specify a
minimum guaranteed tensile load rather than a minimum stress, the project team primarily used the
measured maximum load and thanufacturereported nominal area
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2.4 Tension Tests on GFRP Bars

Sincethe project specifications did not require the supplier to provide dedicated sbaigtamples from
each production lot, the GFRIpecimens fotension testsvere obtained fronbent barsfrom which
sufficiently long straight segments could be. dttis section describes the resulting test program, the
practical constraints imposed by bar geometry, and the main observations relevant to later statistical
analysis and future qualigontrol recommendations.

2.4.1 Bar Sizes, Lots, and Available Straight Specimens

GFRP bars were suppliedfive differentdiametergseeTable2). Each bar size was produced in
multiple lots, and the supplier provided documentation demonstrating compliance with ASTM D7957
[18] at the product leveSince most lots corresponded to bent bars, arekina straight bars were
explicitly manufacturedor QA/QC, the only viable optiofor projectlevel tension testing/as to cut
specimens from the straight legs of U-, or Gshaped barsampledatthe precast plant arid the field.
However, not all bar sizes and lots could be tested in tensions@abes with straight legs long enough
to satisfy boththe minimum clear lengtaf 40 d, andthe 18 in.anchorage length at each eswild be
used.The number of lots and specimens tested per bar diameter is summaifiabteh

Compared with the CFRP strand program, the GFRP sampling process was less complete. Not all GFRP
lots used on the project were sent to NCSU for testing, and several bars arrived at the lab without lot
identification tags. From a QA/QC standpoint, this tzddraceability issues: only 36 out of 59 GFRP

lots could be confidently identified and associated with test specimens. In total, 50 GFRP bar specimens
were tested and could be correlated with specific project lots. Additional bars (primarily No. Wédvars)

also tested, but since they could not be linked to a particular lot, their results were used only in global
statistical summaries, not in {by-lot evaluations. All GFRP test results were compiled and shared with
NCDOT6s Material gly2z82dd Tests Unit in J

Table5. Test matrix for GFRP bars

Material Diameter Lots tested Specimens Tested
No. 3 4 7
No. 4 2 2
GFRP No. 5 29 40
No. 6 0 0
No. 8 1 1
B 36 50

This sampling strategy, while practicali ven t he pr phigelights & deardimitat®rt andean n t s
important lesson for future FRP bridge projetitprojectlevel tension and bend testingeexpected to

inform lot-by-lot acceptance, specifications should (i) explicitly require the supplier to provide additional
straight and bent samples from each lot with geometries tailored to standard test methods, and (ii) enforce
lot traceability so thagvery tested bar can be unambiguously linked to its production lot.
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2.4.2 Specimen Preparation and End Anchorage

The GFRP bar specimens were prepared as straight segtypicly cut from the legs of bent bars
(Figure15). When selecting cut locations, care was takeavoad regions near bends or hootsereby
ensuring that the clear gauge length fully represesttadhhtbar behaviar

End anchorage was provided using steel pipe anchors filled with expansivérigare 15d), following
the same general approach used for the CFRP stiautdsdapted to each GFRP bar diaméike
detailed proceduréncludingpipe dimensions, preparation, grout placement, and gusipgovided in
Appendix £

(c) Straight

(d) GFRP bar specimens ready to test

Figurel15. Preparation of GFRP bars for tension tests

2.4.3 Test Setupand Procedure

Tension tests on GFRP bars were conducted in the YaiMeused for the CFRP strands. The test setup
was broadly similar:
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End support and gripping:

The steel pipe anchors were held in contoured grips that matched the pipe curvature, ensuring adequate
friction and axial alignment while minimizing bending in the gauge length. The grip pressure was selected
to prevent slip at the anchigrip interface wihout deforming the pipd-urther details are presented in
Appendix £

Gauge length and strain measurement:

As with the strand testan extensometer with a 2 in. gauge length was used over the clear gauge length to
capture axial deformation in this region. Once mtite,extensometer was used only over the initial

portion of the loading history to determine the modulus of elasticity. It was rerbetecetfailure to

protect the instrument from the sudden, brittle ruptdir@ FRP bars.

Loading protocol:

Tests were performed under displacement control in monotonic tension, with a crosshead speed selected
in accordance with ASTM D72(20] to ensure specimen failure occurkeithin the recommended 1
10-minutewindow. Out of the 50 bars tested, only 5 bars were tested up to ruptuMo. 5 bars, and 1

7 No. 8 bar.

2.4.4 Results

A total of 50 GFRP bars from 36 different production lots were tested between June 2023 and July 2024.
All the specimens tested sustained loads exce¢deminimum guaranteed tensile forces shown in

Table2, which vary based on bar diamet€hus, allthe tested GFRP béots used on the project met the
minimum tensile strength requirement in the NCDOT special provisidtisugh not every lot used in

the project could be tested, these results demonsteatonsistency dBFRP bamaterial properties.

2.4.4.1 Tensile Rupture Load

The GFRP bar tests exhibited the expected liestic behavior throughout loading. When loaded to
failure, bars fractured in a brittle manner within the gauge length, characterized by fiber shétiguireg (
16). For the No. 5 and No. 8 bars tested up to faillme average rupture forces were 44.7 and 95 kips,
respectively, which are 1.54 and 1.42 timesrthesspectiveminimumguaranteed forces.

Figurel6. GFRP bars after failure
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2.4.4.2 Modulus of Elasticity

The modulus of elasticity), was calculated using the same procedure as for the CFRP strands, but with a
strain interval of 1,006 , 000 e U, as r ec o mi28]rSiheethe BRRP BaBsadlasD7 2 0 5
passive reinforcement, the strains they are expected to experience are much lower. Therefore, the range
stipulated in ASTM D720%520] is a good fitUsing this procedure, the mean modulus of elasticitytfer

56 tested GFRP bars (including six extra specimens for which the lot identification was unavailable) was
8,096 ksjwith a standard deviation f237ksi. It must be noted that the stiffness definedEoes not

depend on bar diameter. Thus, the modulus of elasticity should remain coflseantost critical

statistical descriptive parameters for these results are preseiiaolé®, whereas the data dispersion is
shown inFigurel7. The standard deviation for these results is relatively high, indicating significant
dispersionHowever all specimens exceeded the minimum threshold of 6,500 ksi indicated in the special
provisions.

Table6. Descriptive parameters ftlie modulus of elasticity €dBFRPbars

Parameter n ° Min Max Mode Median Range S

Tensile Modulus 56 8,096 6,531 11,300 8,766 7,627 4,769 1,237

12000
16)
%\11000 o
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= e '
S 9000 Mmoo ° o ° X A No.4
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W 8000 |m @ No.5
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Figurel7. Data dispersion for the tensile modulus of GFRP bars

2.4.4.3 Tensile Strength Versus CreSsctional Area

For GFRP bars, the relationship between tensile strength andsecigmalreais less critical than for

the 0.6 in. CFRP strands discussed in Se@i8t.4 TheGFRPbars have a solid, nominally circular

cross section, so their area can be determined reliably from the effective diameter using simple caliper
measurementsiowever, since most specimens were unloaded once they exceeded the minimum
guaranteed tensile load, reporting tensile strengths would also be misleading, as the recorded value
corresponds only to the stress at the unloading point, not the actual satefagitire. Once again, the
nominal areas and minimum guaranteed tensile load, rathemihanumstress, have been used to

assess compliance.
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Chapter 3. EXPERIMENTAL INVESTIGATION OF BEND
LOCATIONS IN CFRP SPIRALS

3.1 Introduction and Scope

As described iAppendix B the 24 in. square piles used in the Harkers Island Bridge rely on CFRP
spirals to provide transverse confinement, contribute to shear strength, and support drivability during
installation. In these members, the spiral is hot merely a secondary detaisien central role in

maintaining concrete integrity under driving stresses, service loads, and ultimate demands. Because the
spiral follows the perimeter of the pile cressction, its bends at the corners become ngporatsof

stress concentration and potential weakness

For FRP reinforcement, this issue is crucial. Unlike steel, which is ductile and can tolerate localized
yielding at bends, FRP composites are brittle and anisotropic. Fibers are aligned primarily along the bar or
wire axis, and any change in direction,ls@as a bend, introduces fiber misalignment and local stress
concentrations. As a result, the strength at bends may be significantly lowdratafrstraight

segments, and this reduction must be understood and accounted for in both design and guallity con

This chapter focuses on the experimental evaluation of bend behavior for the 0.28 in. CFRP spiral used in
the Harkers Island piles. The objectives are to:

Quantify the strength at the spiral bends for the specific product and geometry used in the project.
Compare the measured bend strength to available strgiightension data to estimate a bend
strength ratio.

9 Assess whether the spiral detailing adopted in the piles is consistent with expected performance
and with the assumptions implicit in current design provisions.

1
1

It is also important to emphasize the scope and limitations of this chapter:

The experimental program covers only the CFRP spiral product.

No projectlevel bend tests were performed on GFRP stirrups or bent bars, geenetry and
specification constraints, as explained in Sec8i@h

9 The results presented here focus on one spiral product and one nominal bend radius, tailored to
the Harkers Island pile details.

)l
)l

3.2 GFRP Bent Bars: Project Limitations and Future Work

Although GFRP bara/ereused extensively in the Harkers Island Bridge projectlevel bend tests were
performed on GFRP bent bars or stirrups as part of this research program. Tiisinkaslueto a
combination of geometric constraints and specificgpimvisionsthat limitedthe scope of testing that
could be conductedsing available standards and specimens.

The GFRP reinforcement for the bridge was supplied in prejgetific shapess{raight,L-, U-,and G
shapedarg designed to meet the detailing requirementsHergirders and substructure. The project
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specifications required that these products be qualified under ASTM X85 Which includes both
tensile and bendtrength requiremesitHowever, the special provisions did not require the manufacturer
to fabricate additional bars with geometries tailored to the-bestdconfiguration prescribed in ASTM
D7914[21] (Figure183q).

As a resultall GFRP shapes delivered to the project exhibited bent regions and leg lengths that were not
compatible with the ASTM D791R1] test setupEven when straight legs were long enough to cut

tension specimensig presented i@hapter 2, the remaining geometry did not permit constructing
specimens that met the dimensional requirements for bend teétirggtra companiobent bars were
manufacturedor QA/QC bend tests, so there was no straightforward way to generate a representative,
standarecompliant bendest matrix for the GFRBarsused in the bridge.

From an acceptance standpoimipn discussion witthe Steering and Implementation Commitieevas
concluded thaprojectlevel QA/QC efforts would focus on tension tests of straight segments cut from
delivered shapes (where geometry allowed), as descriliglabipter 2to verify tensile strength and

stiffness for the lots used in Harkers Isla8thce there is a governing standard for GFRP bars (ASTM
D7957[18])), it was assumed that if bars met the tensile strength requirements, they would also meet the
bend strength requirements, as the standard requires a certain bend radius and strength retention for bent
portions.

Looking ahead, there is a clear opportunity to improve both testing practice and specifications
Alternative bendest configurationsjotablythe L-shaped test adopted in CSA S§07] (Figure18b),

are more easily adapted to projespecific geometries. As long as sufficient straight length is available
beyond the bend,-Ehaped specimens can often be prepared from actual stirrups and hefhdars
ASTM D30.10 Committee is actively considering similar modifications, moving away from the more
restrictive configuration of ASTM D791j21] toward an Lshaped setup thatore readily accommodates
bar shapes typically useddonstruction practice.

ﬁTensi on Fo

Steel T e

Debonding{ T

(a) ASTM D7914 configuration (b) CSA S807 configuration

Figure18. Strength at bend locations test setup configuration

For future FRP bridge projects where projlestel bend testing is desired, specifications should:

1 Require the manufacturer to provide additional bent samples from each lot, with geometries
suitable for standardized bend tests gUL-shaped, as appropriate); and

1 Ensure that lot traceability is maintained so that bend test results can be meaningfully linked to
the material installed in the bridge.
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In summary, this chapter focuses on the CFRP spiral bent behavior because it was the only FRP product
for which a practical, projegelevant bend test program could be implemented within the constraints of
the Harkers Island project. Thehavior of GFRP bent bars remains an important topic for future work,

and lessons learned from the CFRP spiral program directly inf@mesign and specification of future

testing

3.3 Experimental Program for CFRP Spiral Bend Tests

3.3.1 Specimen Selection and Test Matrix

The CFRP spiral used in the 24 in. square piles was supplied as continuous coils from the manufacturer.
To generate test specimens, full spiral coils were unwound and cut into segments containing a single
representative lap. Each specimen included a thayet region and two straight legs of sufficient length

to transfer load between the two concrete blocks without premature failure away from the corner. Since
this test was not part of the special provisions for CFRP spirals, only one specimen pardst2@dots,

was prepared to obtain a representative sample. All spirals had a 0.28 in. diameter armddiusnd
bardiameterratio (r/d) of 2.2 which is lower than the minimum r/d ratio of 3.0 specified by ASTM
D7957[18] for GFRP bars.

3.3.2 Test setup

The specimens were prepared by embedding the straight portionsG§Riespiralsn concrete blocks

to replicate the conditions experienced in a reinforced concrete mé@rdpare 19a). The straight

portions of one side of the spirals were debonded on the continuous end to ensure that failure would occur
at one of the bends on that siffég{ire19). Specifically, the straight portion was covered with plastic
sheathing, typically used to debond prestressing strands, and secured with silicone and duct tape. This
configuration successfully prevented the concrete from adhering to the FRP migiguia@19c shows a

typical specimen before casting, where a steel wire mesh or carbon grid prevents the concrete blocks from
prematurely cracking or splitting.

(a) Test concept (b) Debonded spiral (right) (c) Carbon grid

Figurel9. Bent bar test preparation

This setup is consistent with the requirements of ASTM DT21and issimilar to the B.5 test method
stated in the ACI PR@40.312 Guide[22]. The concrete block dimensions wa@minally24 x 7 x 6
in. The concrete had a target compressive strength of 35 MPa, which was ordered from a local supplier.
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The two concrete blocks were then monotonically pushed apart using a hydraulic jack actioned by a hand
pump until one of the FRP bent legs failed. Due to geometric constraints, two hydraulic jacks connected
in parallelwere usedo apply the tensile load, reducing potential eccentricifiesadditional hydraulic

jack was connected in paraligith a load cell to record force values in real tifbereforethe bein

strength measured by ASTM D79[4L], "Q [ksi], can be estimated by Eq. 1, whépds the rupture load

[kip], andA is the FRP nominal crossectional arefin.?]. Further, the strength reduction factor due to an
FRP bendg, can be estimated through Eq. 2, wh&reis the ultimate strength of the straight portion of

the FRP bar. This nomenclature is consistent with former publications on thif2@jpi@4].

a 9
) (1)
-

o @)

Additionally, the concrete block containing the debongledion of the bar was supported on rollers to
minimize friction and permitree movement. In contrast, steel profiles support the other block. Steel
plates, steel tubes, and rubber pads were used to @nepes,even load applicatiomTwo extensometers
and two strain gauges were used to record axial strains on the CFRP spiral legs. Also, two LDTs were
attached to each side of the blocks to monitor their relative displacement. The loading rate was set to
ensure a failure within 10 minutess recommendday ASTM D7914[21]. A typical test setupefore

and after failure is shown figure20.

(a) Concrete blocks cast (b) Instrumentation (c) Failure mode

Figure20. Bent bar test setup

3.3.3 Results and Discussion

The CFRP spirals exhibited a mean rupture force of 6.5 kip, with a standard deviation of 1.1 kip, and a
coefficient of variation (COV) of 17%An apparent rupture in the bent portion of the spirals characterized
the failure modeFor eactspecimertested, only one of the two spiral legs failed. This behavior was
expected due to the variable bend quality and inherent eccentricities within the test setup. In other words,
predicting which leg would fail from the outset was not feasible. As the stmibsthlegs were

monitored throughout the test, it was observed that the leg with slightly higher strains consistently
ruptured, as expected. Nonethel¢iss,strains on each leg remained relatively ¢losdcating proper
alignmentFigure21 presents the loadisplacement experimental curves.
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Displacement vs Load Force - Microstrain Response

Load (lbs)

0 005 0.1 015 02 025 03 0.35 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Displacement (in) MicroStrains

(@) (b)
Figure21. Loaddisplacement curves for CFRP spirals at bend locations

The rupture values obtained indicate that the mean ultimate bend strength is approximately 41% of the
ultimate tensile strength of a straight companion CFRP specimen from the same lot, tested to rupture by
the manufacturen accordance withSTM D7205[20]. This reduction percentage aligns with findings

from other research efforf24], [25]. Moreover, considering the small bend diameter (r/d = 2.2), a
capacity of 41% of the ultimate tensile strength might not hendasirable outcome. Historically, Eq. 3
presented by JSC26] has been used as a referencestimate the strength ob&ntFRP bar based on

its bend radius and bar diameter. Applying Eq. é&experimentalesults of this project yields an exact
correlation with the experimental findings.( | ... P).

[
T8t % @ T (3)
However, the recently released ACI CODE 4422113] references ASTM D795[18], which specifies

a minimum r/dof 3.0 for GFRP bargsed in FRARC design. This ratio is notably higher than the one
usedfor the CFRP spiraldAlternatively, ACI CODE 440.1:22[13] allows the use of experimental data

to determine the guaranteed tensile strength at the bend as the mean ultimate strength minus three
standard deviations. If this latter approach is applied, the guaranteed bend strength sugtested by
experimental data would be or8y3 kip, which corresponds to 21% of a straight compapianr t i on 6 s
ultimate tensile strength.

This lower boundnay hinder the widespread adoption of CFRP as an alternagieo and transverse
reinforcement. Therefor@, second phase of bent bar tegs conducted 00.28 in. CFRP spiral®

investigate whether increasing the bend diameter to at least the current minimum criteria stated by ASTM
D7957 [18] for GFRP bars would significantly improve the strength at the bend. Additionally, this data

will contribute to the development of a carbaiented standard currently being undertaken by the ASTM
D30.10 Committee on Composite Materialhe results of this examination are presentefigpendix G
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Chapter 4. STATISTICAL EVALUATION OF MATERIAL
PROPERTIES AND SAMPLE SIZES

4.1 Introduction and Scope

As documented in earlier chapters, corrosion of conventional steel reinforcement remains one of the most
critical durability challenges for coastal bridge infrastructure. FRREerials offer a viable alternative,
particularly in highly aggressive environments, but their widespread implementation depends not only on
design provisions and codes, but also on practical, efficient acceptance and QA/QC procedures at the
project level Material testing programs must therefore be calibrtedliably confirm thequality of

FRP products without imposing unnecessary aarstisruption to construction.

The Harkers Island Bridge represents a landmark project as the first fullyeifRé&rced bridge in North
Carolina. However, the project relied on special provisions similar to those used by other DOTs along the
U.S. East Coast, many of which were adajtech steeloriented specifications and early FRP guidance.

As a result, somprescribed tests and sample sizes may not fully alignthe actual behavior and

variability of FRP materials. At the same time, most existing product standards focus on G$RRda

there is still no ASTM standard explicitly dedicated to CFRP bars or strands, which can hinder the
broader adoption of CFRP as a primary prestressing material.

Within this context, this chapter uses the Harkers Island material database to develop a statistical
framework for CFRP acceptance testing. The analysis focuses on two key CFRP products used in the
bridge:(1) 0.6 in. severwire CFRP prestressing strands, used in piles and girders, tested in tension; and
(2) 0.28 in. unistrand CFRP spirals, used as transverse reinforcement in the driven piles, tested at their
bent regions.

For both products, the chapter examines the distribution of measured profteztiakiateiow many
replicate tests are realistically needed to (i) validate material quality and design assumptions with an
acceptable confidence level, and (ii) support the development of future-§pgeRBic standards.

In summary, the goal of this chapter is to translate the Harkers Island test results into practical guidance
on sample sizes and acceptance criteria for CFRP strands and spirals. The findings are intended to inform
DOTs, manufacturers, designers, and esetsias they prepare contractual documents f&RH

reinforced structures, and to help bridge the gap between design, construction, and inspection by
suggesting a more efficient, statistically grounded QA/QC protocol.

4.2 Statistical Methods

The following section summarizes ttata collected and the foundational theory underlying the statistical
approachFirst, theorigins of the available datasets are discussed in deted. Then, fundamental
equations and key concepts are introduced. Lastly, an alternative method to estimate an appropriate
sample size is presented.

30
Harkers Island Bridge Replacement: Material Characterization and Structural Performance
Last (pdated 0r03/31/202%6 Principallnvestigator Rudolf Seracino, PhD



4.2.1 Test Groups

In this chapter, three distinct types of datasets are used. Two of them are associated with tension tests on
0.6 in. CFRP strands according to ASTM D72P3] (seeChapter 2 The remaining dataset was

obtained by testing the bent portion of 0.28 in. CFRP spirals as per ASTM [@191deeChapter 3.

Therefore, aldata used in this document are experimeMakeover because all experiments were

conducted under the same conditions, the data points are expecteddedesndent and identically

distributed {id). The latter characteristic makes it reasonable to assume that all sathfubew a

standard normal distributiotNf with meang, and standard deviatiof, shown inFigure22, and
numericallyexpressed in Eqg4J. It is worth mentioning that the assumption of normality was further
validated before proceeding with the calculations.

Shaded area = ®(z)

4 :;7( Standard normal (z) curve
g k- (2)

AN

Il
1
0 Z

Figure22. Standard normal distribution (Taken fr¢&7])

The three datasets under study are summariz€dtle7. Two datasets (NCST and NCSUB) were
experimentally collecteds part of this workin contrast, théhird dataset (TH') was obtained from
manufactureinternal QA/QC tests conducted 0.6 in. CFRP strands from January 2022 through
February 2023. Additionally, although appropriate comparisons betweenNG8d TRT data are
presented later in this repotite datasets were treated separately, resultidigferent sample estimates

Table7. Available datasets

Dataset Material Number of tests ASTM Standard
NCSUT 290
0.6 in. CFRP Strand ASTM D7205
TR-T 1260
NCSUB 0.28 in. CFRP Spiral 19 ASTM D7914

4.2.2 Sample Size Estimation Procedure

Equations 4) to (11) summarize the calculations required to estimate an appropriate samfeisiber

of test replicates), based osecificconfidence interval and margin of error, and the data collected
following a normal distribution. Firlt, Egs. 4) to (7) define the key parameters to determine from each

of the available datasets. The hat symbol refers to the best estimate of the parameter based on the data

collected (e.g., is the estimator for the population standard deviation, which is the sample standard
deviation,s).

O B X QUEQ R, (4)

and
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Once the estimated parameters have been determined, a confidenceanhtspatified confidence

level can be defined usinfyscoresfrom a normal distribution. Th&-scoresare providedn Appendix H
Forexample,@ mpu | P confidence interval for the megag of a normal population when the value
of G0 is knowm.is given by Eq. (

‘HU®; O—= 8
ISR (8)
and
0 &) 3= 9
ISR )

Where® ; is a factor linked to the confidence level (CL) adopted.( 90%, 95%, 99%, etc.), akd
corresponds to the margin of error associated thighCL. Further, iE is given as an absolute value, Eq.
(9) could be used directly to obtain the required sample size as shown kDE&dwever, the margin of
error is typically expressed as a percentaghn that case, it is necessary to rewrite By bl

normalizing the standard deviation with respect to the sample meany ij af. Then, the sample size
can be estimated by E4.1).

oA
or
60 w
¢ 6, O 1y

One more time, the main difference between EQ). énd Eq. {1) is that the former uses an absolute,
numerical valueQ, for the margin of error, whereas the latter expresses it as a percé€hi#ge,report
will primarily use Eq.11) to estimate the sample sizes éaich dataset. It can be noted that Ed) (
makes it easier to calculate the sample size for different valm}é§ o&nd'Q Henceresults will be
tabulatel for each case.

To summarize, this work employed conventional statistical techniques to analyze the data obtained. First,
descriptive statistics were used to show the data dispersion and the most representative statistical
parametersThe data were assessed for normality to determine whether conventional inferential
procedures were appropridte this project. To that end, histograms and box plots (also known as box
andwhisker plots) were elaborated.
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Finally, sample sizes for each parameter of interest were estinratedthe assumption nbrmality.

Given the large amount of data collected, the analyses were conducted on Microsoft Excel. However, the
use of automated functions was limited to the extent possible to ensure accurate application of statistical
principles. The latter was thimary reason not to adoptore advanced statistical software at this stage.

On a separate note, the minimum guaranteed strength of a material is typically defined as the mean minus
three standard deviations of the experimental results, which setsarvativéower bound. By adopting

this criterion, it is expecteithat at least 99.7% of the experimental values will be covatad is a valid
approach, as obtaining large amounts of data may not always be feasible, which increases uncertainty in
the results. However, when a lesser degree of certainty is desired, or at ledsetaesmaller multiplier

may be used. Th@ ; values for different CLs are depictedTiable8, which are consistent with ASTM
E122[28].

Table8. Standard normal percentiles and critical values

Percentiles (%)

90 95 99 99.7
U (tail 0.1 0.05 0.01 0.003
4| 1.64 1.96 2.56 3.0

4.3 Results and Discussion

This section is divided into two parts, each focusing on a different material under study: 0.6 in. CFRP
strands and 0.28 in. CFRP spirals. For each subsection, the data distribution and descriptive parameters
are first presented. Wherecessary, specific details about experimental procedures eraflatztion

methods are also included. Next, the assumption of normaityexamined. Finally, a sample size

estimate was calculated for each dataset. Additionally, detailed discussion and coamcani{zanyeadh

set of data and results.

4.3.1 CFRP Strands

As mentioned earlier, there are two datasets related to this material:-IN@8WTRT. The first dataset,
NCSU-T, comprises material characterization tests conductdet&FL at NCSU as part of the Harkers
Island Bridge projectA detailed review of this dataset was presente@hapter 2

On the other hand, the TRdataset was collected directly bgklyo Ropeas part of their internal

QA/QC campaign. This dataset comprisgZ60 strands from 252 different lots, tested between January
2022 and February 2023. Notably, the number of lots and specimens testad/bR@peis much

higher because it encompasses all the material produced by the manufacturer during that period.
Additionally, a key difference between the two datasets is that i, TdR specimens were tested to
failure, whereas ilNCSU-T, only 95 of 290 strands were tested to failure

Not testing all NCSUT data entries to rupture is due to three main reasons: (i) safety measures in the lab,

which is a shared academic space used by several students, faculty, and staff; (ii) the large amount of

debris generated upon failure, which coaffict the normal function of the UTM pressurized hoses and

grips; and (iii) exceeding the minimum guaranteed tensile strength of 60.7 kips was enough to validate
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each specimen according to gpecial provisios, so most strands were unloaded after surpassing this

value to speed up the testing procé&stably, the firsttworeasonser t ai n t o t he materi a
underscoring another challengetlie use oFRP technology. lall cases, two strands per lot were tested

to rupture whenever possible.

It should be noted that the 0.6 in. CFRP strands were tested in tanatmordance witASTM D7205

[20]. These tests determine three key parameters: (i) measuredectiesal area, (ii) guaranteed tensile
strength, and (iii) tensile modulus. While a sample size can be estimated based on the results for each
parameter, this work primarily focuses on teedile modulus, which has been identified as the most
sensitive and inconsistent among the three outcomes of ASTM PZ@PT his also makes the tensile
modulus the mostritical parameter to evaluate before validating afotther explanation on why the

other two parametebtainedrom ASTM D7205[20] were not used to estimate the sample size are
summaized inAppendix E

4.3.1.1 Data Distribution and Descriptive Parameters

Figure23 depicsthe dispersion afesults for the modulus of elasticity fraime TRT datasetThe
dispersion for the NCST dataset was previously shownHigurel4. In both cases, the mean value is
represented by a solid line behind the data points. Notablf¥Rkevalues are less scattered, indicating
lower standard deviatiomable9 summarizes the most representative descriptive parameters for each
dataset.

Table9. Descriptive parameters for the NCSuand TRT series

Dataset n ° Min Max Mode Median Range S

NCSU-T 290 22,424 20,322 25,749 22,446 22,381 5,427 807

TR-T 1,260 22,159 21,430 23,289 22,467 22,158 1,858 234
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21500
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Figure23. Data dispersioffor tensile modulugn the TRT series

34
Harkers Island Bridge Replacement: Material Characterization and Structural Performance
Last (pdated 0r03/31/202%6 Principallnvestigator Rudolf Seracino, PhD



The two datasets are consistent with each other. For example, the N@8bh is just 1.2% higher than

TRT0s, and both datasets have similar modes, whict
the number of data entries between the twieseThis indicates that the matengder study is

sufficiently consistentor its descriptive parameters to converge even with smaller samples. Additionally,
thesimilarity between the mean and median (0.2% and 0.005% relative diffefenbSSUT andTR-

T, respectivelyindicates that the datae symmetrically distributed. The only concern isshlestantially

higher standard deviation in NCSIT) which is consistent with laroaderange, including more extreme

minimum and maximum values. The high standard deviation of NC8WI be further discussed in the

following sections.

4.3.1.2 Normality Assessment

Before estimating the sample size using the method described in Sk2t@mvhich assumesormality,

it is crucialto verify whether this assumption is reasonabigure24 andFigure25 show the histograms
obtained for the NCST and TRT series, respectively. NCSUwas divided into 1&quatwidth
classeseach measuring 430 ksi. Due to the larger number of datapoin® weR divided into 25
classes, each 76 ksi widk smallerclass widthmoreaccuratelycaptureghe data distribution of the
1,260 specimens comprising the-TRlataset.

The two histograms show a clear normal distribution with a single peak. Additionally, they both appear
slightly skewed to the left (more points on the right side, toward the upper tail). The latter is expected, as
manufacturers tend to overshoot the sttierd their products rather than fall short, thereby justifying

more values beyond the mean. Nonetheless, this skewness is not sufficiently pronounced to distort the
graph or disrupt its symmetry. This is also expected, given the consistency betweeartlzmdmedian
values for both groups (sdable9).

In addition to the histograms shown above, boxplots were also created for each dataset. These boxplots
(also called bosandwhisker plots) are an excellent resource for identifying outliers and assessing the
symmetry of normally distributed dateigure26 shows a conceptual boxplot, where the box indicates the
range between the first and third quartie @nd0 o, respectively). This range encompasses 50% of the
data collected. An intermediate line inside the box represents the median. The lines extending out of the
central box (whiskers) define the minimum and maximum valuépasp®00 ¥nd0c pd'00,Y
respectively’O0 i¥ the interquartile range, obtained by finding the length of the bdxas0 p. Any

value beyond these whiskers is considered an outlier. Additionally, the symmetry of a dataset is indicated
by the even distribution of lines and boxes on both sides of the graph.

Figure27illustrates the boxplots for boththe NCSUand TRT seri es. An fAx0 inside
the mean value. These bardwhisker plots visually summarize the descriptive statistics discussed

earlier. For example, NCSU displays more dispersed datadicated by a thicker box and longer

whiskers that cover a wider range. It is also clear that NCHds more data points beyond the median

value, with boxes that differ slightly in size. However, both datasets display good symmetry and a

correlation betwen their mean and median values. Therefore, it is reasonable to assume normality in both
datasets and proceed with sample size estimation. Interestingly, both datasets show almost the same
number of outliers below and above the median. In this work, theeata have been processedsas

however, some extreme outliers may warrant further investigation in future work.
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4.3.1.3 Sample Size Estimation

Once the normality assumption has been confirmed] Egan be used to estimate the sangite for

various confidence levels (CLs). It should be noted that the selected CL will be expreségd aalae.

The margin of errorg, was maintained at 5%. This is standard practice and enables examination of how
choosing a different Clthe most influential parameter in determiningaaple size, affects the results.

The exact sample size calculated was rounded up to the nearest higherTatelgd) summarizes the
values obtained. The COVs for the NGSlnd TRT series were 3.6% and 1.1%, respectively.

Tablelo.Sampl e si ze estimation based eB%0.6 in. CF
NCSU-T TR-T
CL (%) = "ftugont  CHo-4n ftudont P-4
90 1.64 1.39 2 0.12 1
95 1.96 1.99 2 0.17 1
99 2.56 3.39 4 0.29 1
99.7 3.00 4.66 5 0.40 1
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The estimated sample sizes differ significantly across datd$esswas expected given the much lower
standard deviation of the TR series, which, in turn, éelsto fewer replicates. The latter occurs because
the data are so consistent that the mean can be estimated even with a few tests, and the CL does not
increase the sample size. This behavior suggests that thenTdan is essentiallgqual tathe population
mean By contrast, the NCST data are significantly more dispersed, as evidenced by a higher standard
deviation and coefficient of variation, necessitatinorereplicates to achieve the same CL.

On the other hand, it isotable that the dataset is highly consistaiith(minimal variatiof). Therefore,

since every specimen in the TIRseries was tested to failure, the ultimate strength was also analyzed for
comparison. For completeness, the 95 specimens tested to failure inN@&@ also examined. After
conducting the same process as whth modulus of elasticity, the sample size estimations based on
ultimate strength are presentedliiable11.

TablellLSampl e size estimation based &5%)0. 6 in.
NCSU-T TR-T
CL (%) ) "dtadomt B 4r Cfedont TP o- 4
90 1.64 1.11 2 1.47 2
95 1.96 1.59 2 2.11 3
99 2.56 2.71 3 3.59 4
99.7 3.00 3.72 4 4.93 5

Interestingly, the dispersion of ultimate strength obtained from NT®&Jower than that for TR,
resulting in a smaller sample size. The latter seems reasonable gigemattex number of data points in
NCSUT, but it contradicts the observed tensile modulus dispersion, in WRiéhwas much more
consistent despite having more data points. Nonetheless, the most notable observafiabl&tnis

that the sample sizes are consistent across datasets and, more importantly, align with thebametlilus
sample sizes for NCSU previously shown iTablel10. The latter may suggest a misleading estimate of
sample size whenusingTR6s modul es.

It has beemoted that the modulus of elasticity is a sensitive parameter whosedegleieds on other
variablesand criteriaBased on the results obtained, it is suspected that the modulus of elasticitf in TR
was calculated from displacements directly reported by the testing machine, rather than from the actual
strains developed in the specimen as the tensile load wasdadjiie would explain the perfect

consistency in its valuegiith the sample sizes held constaatoss different CLs. Of courséjq is just

an assumption, and verification is needed. Further insights are proviGedter 6

To establish recommended minimum sampling requirements, the sample sizes detesmy&RT,

based on the tensile modulus as the parameter of analgsisow disregarded. Consequently, the
conservative number of replicates should be 2, 3, 4, and 5 for CLs of 90, 95, 99, and 99.7%, respectively.
Any of these sample sizes would significantly improve upon the specifications for the Harkers Island
bridge, which requiredup to10 replicates. Notably, the number of replicates could be halvedsétren

the hghest level of confidence
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Furthermore, it is crucial to note that increasing the CL, particularly beyond the 90% CL range, does not
necessarily enhance the accuracy of the results. Following the law of large numbers, a higher CL will
increase the number of replicates required ergutee that the average fatifo that broadeconfidence
interval associated with a higher CL. Moreover, given the bell shape of a normal distribution, which
flattens out near its tails on each side @Begire22), a significant increase in replicates will be required

as the CL approaches 100%, which may not even be statistically attainable. ASTI2&8¥2#rs to

this issue by denominating a 99.7% CL as practical certainty. The latter justieg the mean minus

three standard deviations (i.e., 99.7% CL) as the minimum guaranteed value, given the lack of more
extensive data

Based on thes@reliminary results, the suggested sampling campaign and QA/QC protocol for an
FRP-reinforced project would be:

i.  Randomly select five specimens from each lot to achieve a 99.7% confidence level in the material
collected.

ii.  Testtwo specimens per lot in tension according to ASTM D7205 up to the minimum guaranteed
tensile strength while recording strains at least until reaching 50% of the expected ultimate
(rupture) capacity. Spot check the diameter of each specimen testedrdinth it does not
exceed the maximum diameter specified in thecg&l provisionsand/or applicable ASTM
standard.

iii. Calculate the modulus of elasticity using the nominal area and confirm that the average for each
lot exceeds theninimum guaranteeténsile moduluspecified by thepecial provisions

iv.  Inthe unlikely event of naoompliance, test one more specimen of the same lot until the average
of all tested specimens exceedsniinimum guaranteetkénsile modulusequired by thepecial
provisions No more tharfive specimens per lot should be tested. If the stiffness requirement is
not met after testinfjve specimens, the lot should be rejected.

v. If any of the specimens tested fail before reaching the minimum guaranteed tensile strength, the
lot should be rejected once it has been verified that the premature failure did not occur due to a
preparation issue (i.e., pipe crushing, anchor slippageippidy damaged specimen).

4.3.2 CFRP Spirals

Due to reduced strength at the bent portion, it is especially notable that the strength at the bend locations
tested in accordance with ASTM D79p4] was not included in the special provisions. This test should

be of utmost importance when bends are present in FRP bars, since the strength of a straight portion may
not control the acceptance criteria.

Therefore, as part of the material characterization, 20 spirals with the same geometry (18 x 18 in.) as
those used in the square piles were testedGbapter Jor test details). One spiral was excluded due to
issues with the Data Acquisition System (DAQ), resulting in 19 data points for analysis in this section.
Each tested spiral belonged to a different lot. Additionally, the CFRP spiralshiesd aadiugo-bar
diameter(r/d) ratio of 2.2. This ratio is considered the most critical parameter affecting strength reduction
due to bendf29]. However, it is lower than the minimum r/d ratio required for GFRP bars according to
ASTM D7957[18]. It is important to note that there is currently no ASTM standard specifically
addressing CFRP.

On a separate note, unlike the ASTM D723 tension test describgaeviously where the tensile

modulus (stiffness) is measured, the ASTM D7P1Y test does not include this parameter. Instead, the
focus is solely on strength at the bend location. Therefore, the ultimate (rupture) strength at the bend will
be used as the criterion to determine an appropriate sample size. isldatdset was hamékde NCSU

B series.
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All tested spirals exhibited the same failure mode, characterized by a clear rupture in the bent section of
the spirals within the concrete blocks. For each specimen tested, only one of the two spiral legs failed,
maintainingdata consistencyt is also noteworthy that the manufacturer did not provide a value for

strength reduction in their datasheets. This reduction is typically expressed as a percentage of the ultimate
strength of a similar straight specimen tested in tension.

Since the NCSLB dataset contains only 19 entries, a normal distribution is no longer appropriate.

Il nst ead, -distributiom grevidds & suitaffle alternative. AliBtribution is a slight variation of a

normal distributiorand is more appropriafer smaller samples, typically fewer than 40. The

methodology and calculation process remain the same as those outlh@ditut the Zscore values

will differ because the areas under Thdistribution curvechanggFigure28). In this case, the-Zcore is

replaced by asy; score, where represents the degrees of freedom (takenBs andUis a factor

related to the sel ect edistribubon tabledsencluded iAppendeHand A st ude
the corresponding values for NCS®Jare provided imablel12. It should be noted that the factors listed

in Table12 are higher than those Trable8, primarily because the uncertainty is greatéh fewer data.
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Figure28. Student t distribution (Taken frofa7])

Tablel2 T-Student percentiles and critical values

Percentiles (%)

90 95 99 99.7
O (tail 0.1 0.05 0.01 0.003
<hi 1.734 2.101 2.878 3.610

4.3.2.1 Data Distribution and Descriptive Parameters

Figure29 shows the dispersion of the results obtained for ultimate strength. Once again, the mean value is
represented by a solid lin€able13 summarizes the most representative descriptive parameters for the
NCSU-B dataset. It is interesting to see such a difference between the maximum and minimum values.
Nonetheless, the mean appeaasonably close to the median, which is a postiigne overall. Moreover,

the mean ultimate strength of the bgpitals turns out to be 41% of the average ultimate strength of a
straight portion(15.9 kips).
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Figure29. Data dispersion in the NCSB series

Tablel13. Descriptive parameters for the NCHkeries

Dataset n ) Min Max Mode Median Range S

NCSUB 19 6.56 3.6 8.1 7.3 6.7 4.5 1.09

4.3.2.2 Normality Assessment

A histogram for the NCSAB series is shown iRigure30. A constant class width of 1.4 kips was used.

The data is slightly skewed to the right (with more values on the lower tail). However, given the limited
number of data points, it is reasonable to assume the data follows a normal distribution undert adStiden
T-distribution. The Tdistribution already accounts foeduced data, allowing the sample size estimate to
proceed
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Figure30. Data distribution in the NCSB series
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Furthermore, a boxplot was created and is showigare31. The boxplot indicates good symmetry both
within the box and along the whiskers. Notably, there is only one outlier on the lower end. This outlier
may also warrant further investigation. Nevertheless, all data were included in this work. It can also be
observed that the mean does po#ciselymatch the median, which is slightly higher. Both the reduced
data and the outlier influence this difference. In any casejiatiibution is a suitable fit for the data and
will be used next.
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4.3.2.3 Sample Size Estimation

The sample size was estimated using E#). fy substitutingk,; with the «;; score listed ifTable12.

The margin of error was maintained at 5% and the exact sample size calculated was rounded up to the
nearest higher integefable14 summarizes the values obtained. The COV for the NB3Jdries was

16.6%, which is quite concerning and likely the main reasothé&darge sample size estimate.

Tablel4. Sampl e size estimation based oe5%). 28 in. C
NCSU-B
CL (%) <) “fiudont R4
90 1.734 333 34
95 2.101 489 49
99 2.878 91.7 92
99.7 3.610 144.3 145

The sample size estimation presentediable14 does not represent a realistic scenario. Testing the bent

portion of FRP materials according to ASTM D7924] is already timeconsuming, making it

essentially impossible to test such a large number of specimens per lot. However, validating this

parameter igritical, necessitatinguitable alternatives. First, it would be ideal to have more data to verify
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whether these results are consistent with others. Nonetheless, as part of additionaleseridd in
Appendix G, more specimens have been tested,sandar results(average and standard deviation) have
been obtained. Then, the options are reduced to two:

® The CFRP spirals evaluated are not being produced with the same quality, hence their results
vary so much among them that setting a lower bound would almost be unrealistic due to the
excessive variation.

(i) The ASTM D791421] test incorporates so many uncertainties and misalignments that it is not
areliableoption. Several authors have encountered this problem with thj23sf24], and
some hag proposed an alternative test method ihatireadyincluded in the CSA S807:19
specificationg17], [30]. They have reporteldwer COVsranging from 3.8% to 7.2%.

Alternatively, instead of using conventional approadbesstimatesample size, which are primarily

based on the mean and standard deviation as initial parameters (required for a normal distribution), a
more complex statistical process could be implemented. The primary gibootstrapping, where the
standard deviation plays a lesser ralaq the focus is on the median and normally distributed data
Throughout this reporthe data for tension tests of strands and-bantests of CFRP spirals are
corsistent at the central location, as indicated by symmetricabdxvhisker plots This consistency

could be used to analyze how the sample size estimate wafiggre work

Therefore given the resultfor the CFRP spirals, neither a sampling protocol nor QA/QC guidelines will

be recommended at this time, as it is impractical to determine an appropriate procedure based solely on
these resultsAdditionally, given the current uncertainty and potential issues associated with CFRP bends,
their use as stirrups and transverse reinforcement is not recommended until clear manufacturing
requirements and testing procedures are established.
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Chapter 5. FULL -SCALE SHEAR TESTS OF CFRP-
PRESTRESSED FIB GIRDERS

5.1 Motivation and Context

As discussed idppendix A the research community has invested substantial ®ifidotunderstanding

the behavior of concrete bridge girders prestressed with CFRP strands, most notably through NCHRP
Project 1297 [8], which focused on flexural behavior and prestretsted issues, and the ongoing
NCHRP Project 12221, which targets the role of FRP auxiliary reinforcement (transverse, skin,
confinementetc.)in CFRRprestressed girders. Together, these projects are expestgdas the
technical basis for future AASHTO provisions goverratig-RP-reinforcedprestressed concrete bridge
beams.

However, severajaps remain, particulargroundshear behavior in large, realistic bridge girders that are
both prestressed with CFRP and transversely reinforced with GFRP stirrups:

1 Many existing experimental programs use relatively small or moderate girder depths and shorter
spans, which may not fully capture size effects that are relevant for modern bridge structures.

9 Test setups often overhang the specimen beyond the support to intentionally exclude the
influence of transfer lengths and enghe reinforcement, creating a clean academic shear
problem but noan entirelyrealistic representation of-gervice conditions.

1 There are relatively few tests oishhapedsuch as akIB-type) girders prestressed with CFRP
and reinforced witlGFRP stirrups that are detailed and built using the same materials and
practices used in actual bridges.

The Harkers Island Bridge provides a unique opportunity to address part of this gap. The 54 in. FIB
girders used in the bridge are prestressed with CFRP strands and reinforced with GFRP stirrups, and they
represent the most common girder depth used iprifject. Testing fullscale girders with the same
crosssection, prestressing layout, and (in one case) the same stirrup configuration as the Harkers Island
design creates a direct link between experimental data and field practice.

5.1.1 Evolution of the Experimental Plan

A full -scale testing component wiagluded in the Harkers Island research proposal from the outset.
However, the specific specimens and test configuration were not defined from the very begarijng
in construction, the first set of 54 in. FIB girders produced for the bridge exhibited extensiegjiemd
cracking and spalling after detensioningsulting in their rejectiarAt that time, the research team
considered transporting thegieders tothe CFL at NCSUor testing.

Neverthelessseveral practical and technical considerations led to a different strategy:

i The affected girders were approximately 100 ft long, which would have required oversized load
permits, police escorts, and lifting capacities beyond the existing cranes at the CFL.

1 The research questions associated with those specific girders were not yet well defined; testing
them without a clear focus riskatsesting time and resources in tsatmeaningfuldata
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As the literature review and project experience matltdecame clear that the most impactful role for
thefull-scale research component of this proyectild be to complementot duplicate, the ongoing

work of NCHRP 12121 0n theevaluation of shear behavior of-&lRR-reinforced girders, emphasizing
the role and contribution of GFRP stirru@énce NCHRP 1221 constitutes a comprehensive study of
several variables (e.g., shear reinforcement ratio, pretension viepsisn, type of FRP reinforcement
shear span to depth ratio, and prestressing levelprbijisct focuses on a targeted shear testing program
onthreedeep FRPprestressed FIB girders that are:

1 Closer in scale and detailing to actual Harkers Island girders; and
1 Tested under realistic support conditions, without overhanging the ends to isolate the shear span
from end reinforcement.

5.2 Research Objectives and Scope
The planned experimental program on 54 in. FIB girdersdesigned to address the following questions:

1. Shear capacity and conservatism of current design provisions
1 How do the measured shear capacities of deep, qiFeressed, GFRieinforcedFIB girders
compare with predictions from existing shear design approachesefésting steebriented
codestruss analogy, Mdified Compression Field Theory (MCFbBased methods)?
2. Influence of transverse reinforcement ratio and spacing
1 How does increasing stirrup spacing (and thus reducing transverse reinforcement ratio) affect the
shear behavior and failure mode of CFRstressed FIB girders?
1 Whatis a realistic upper bound on stirrup spacing for this type of girder, considering both
strength and crack control?
3. Effect of GFRP stirrup manufacturer and surface characteristics
9 For a fixed stirrup spacing and overall geometry, do different GFRP stirrup products (surface
treatment, manufacturer) result in meaningfully different shear behavior?
4. Comparison with steekinforced control girders
9 How does the shear response of afF&Preinforced FIB girder compare with an otherwise
similar steelprestressed, stegtinforcedcontrol girder?
1 To what extent do differences in stirrup stiffnesbond affect shear strength and crack patterns?
5. Realistic boundary conditions and size effects
1 How do deeprsections (54 in.) with supports located near the girder ends rigtdsentativie
behave in shear, compared with the smaller, overhung girders commonly used in prior research?

The scope of this chapter is limited to the planned experimental program and analytical framework. At the
time of writing,the designand production at CPS Wilmington haveen completedrhe GFRP bars and
stirrups were donated by Mateenbar (formerly known as Owens Corning) an8adSSimilarly, the

CFRP strands were donated by Tokyo Rope USA .prbéuction of the three 50 ft. long, 54 in. FIB

CFRP prestressed girdeomk place from Fefh3-18. The results, data analysis, and design
recommendations emerging from the FIB girder tests will be documented in aclotypaniorreport

During production, the two top strands ruptured because of a shift in the steel bulkhead template, which
delayed the original schedule as the strands were removed and construction restarted from scratch. The
latter highlight s iclhppsesreasafeyrhazard, pasticularty fot consteistiens s, wh
workers during prestressing operations. Given that a similar eeentred during pile production for the

Harkers Island Bridge, it would be valuabled®velop procedures to visually identify swdadamage to

the PET wrap covering theFRPstrandsthereby reducing the likelihood of premature failure
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5.3 Specimen Design and Test Matrix

5.3.1 Girder Geometry and Prestressing

All test specimens will use the 54 in. FIB cr@sstion adopted in the Harkers Island Bridgigre32).
Each girder will be 50 ft long, representing a practical balance betyeesufficiently long span to
achieve a shear spamdepth ratio (a/d) greater th&nto avoid arching effectsand(ii) the lifting and
handling capacities available at the CFL.
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Figure32. 54 in. FIB crosssection

The prestressing layouts are identical to those used in the Harkers Island Bridge. A 0.6 in. CFRP strand
will be used as the primary prestressing reinforcement for two girders, and 0.6 in. conventional carbon
high-strength steel (Grade 270) for the thiidigr. All specimens will be fabricatesiimultaneously in the
same prestressing hethe 50 ftlengthalso corresponds to the maximum length at which the girder

would not be considered an oversized load. Therefore, no additional permits or policevemddrtse
required.

It should be noted thabrcomposite deck will be casverthe girders. The tests will focus on the girder
alone, simplifying interpretation of shear behavior while preserving the realistic girder geometry and
prestressing arrangement.

5.3.2 Shear Span and Support Conditions

To reflect bridgdike support conditions, the reactisapportwill be located & in. awayfrom the girder
end, consistent with field practice. A concentrated load will be applied at adistedice from the
support to achieveraa/dratio of approximately 3.1 in all tests. This ratidngentionally selected tkeep
the criticaltested arem the Bregion (bearike behavior) rather than in the-f2gion (disturbed
behavior due to arching effects, in which plain sections no longer remain plane aatdtretmethods
should be usedfachgirder will provide two test regions (one at each)ebdiring testing of one end,
the opposite end willkely be externally strengthened to prevent local dantzfere being testedrigure
33 showsthe test setup.
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Figure33. Test setup schematic view

5.3.3 Test Matrix and Variables
The test matrix consists of three 54 in. FIB girders, each providing two shear tests, for a total of six tests
(Tablel15). The main variables ashown below:

1 Transverse reinforcement material: GFRP vs steel stirrups.
1 Stirrup spacing: Harkers Island pract{6éeand 10 in.ys increased spacing (12 in. and 24 in.).
1 GFRP stirrup manufacturer: same as Harkers Islatadh afernative supplier.

Tablel5. Test matrix for FIB girders

Girder Prestressing End Stirrup material Spacing (in.) Notes
A Harkers Island Direct comparison to bridg
Gl (6 and 10)  detailing
GFRP (Mateenbar’
CFRP B 12
A e Elecotshacing and
G2
B GFRP (MSTBar) 12
A Harkers Island
G3 Steel Grade 60 steel (6 and 10)  Steel cqntrol for direct
comparison
B 12

The best flexural and shear strength estimates for the six configurations |iStdaléd5 were obtained
through a combination of AASHTO guide specificatiphis] and recommendations from other
researchers based on similar experimental W&tk [32]. These results were validated by a cross
sectional analysis in RESPON$E], which indicated good agreement. The nominal and shear moment
capacities for each end of the three 54 in. FIB girders are sholabial6. The forces required to
achieve a flexural failure ¢(R) or a shear failure (Ra) have also been included. These valuesatieal
because they may constrain the range of tests that can be conductibe aithilable lab equipment.
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In all cases, R« exceeded &e5 indicating that shear failure was the governing mechanism. However, as
the Rex/Pshearratio approachesnity, an interaction between flexure and shear, instead of a pure shear
failure, should be expected. From a design standpoint, the latter might be preferred, as the failure mode
should be more ductile. Ends @land G3A, corresponding to the Harkers Islandhfiguration, should

fall into this categoryFigure34 andFigure35 show the variation of fa@and Hex/PSearratio,

respectively, when the stirrup spacing changes.

Tablel6. Nominal capacities

Girder End Mn (kip -ft) Vn (kip) Priex (Kip) Pshear (Kip) Priex/Pshear
GI-A 440 580 1.3
G1B 380 508 15

7,400 777
G2-A 302 397 2.0
G2-B 403 535 15
G3A 500 650 1.2
7,200 758
G3B 423 562 1.4
1000
900
800
g 700
éa —0— Steel
a® 600 —e— MST Rebar (CA)

—@— Mateenbar (US)
500

400

300
5 10 15 20 25

Stirrup spacing (in.)

Figure34. Variation of ReaWith the spacing of stirrups
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Figure35. Variation of the Rx«/Pshearratio with the spacing of stirrups

5.4 Loading and Instrumentation (Planned)

Tests will be conducted under monotonic loading datilire. A single-pointloading arrangemenas
presented ifrigure33, will be adoptedThe latter configuration prevents flexufailure. Therefore, the
failure mode is expected to be sheaslearflexure. Instrumentation details will be finalized before
testing, but are expected to include:

9 Load cells to measure applied load.

9 LVDTs along the span to quantify deflections.

1 Digital Image Correlation (DIC) to obtain a fdield view of each test and document shear crack
initiation and propagation.

Given the brittle nature of FRP, appropriate safety meassuel aprotective screersndrestricted
access during peak loadingill be implementedThe research team will inform the NCDOT Steering
and Implementation Committee once a test date has been set so they can attend the test in person.
Alternatively, a livestream option can be made available.
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Chapter 6. SUMMARY OF FINDINGS AND
CONCLUSIONS

The Harkers I sland Bridge is North Carolinads firs
use internal FRP reinforcement, deliveringtoa corroa
replacek wo det eriorated steel prestressed cored sl ab

document e d canflyeatidnand wbrepteudtion, characterized CFRP strands, CFRP spirals, and
GFRP bars through extensive testing, analyzed constructability at full bridge scale, and developed
practcal recommendations for acceptategtinganddetailingto inform future FRP bridge projects for
NCDOT. Overall, the findinggonfirm that FRP reinforcement can be implemented successfully at the
scale of &,200 ft. longcoastal bridge, but they also reveal gaps in current specifications, test methods,
and acceptance procedures that must be addrieseadble routine and efficient useFiRPsystems

6.1 Key Material -Level Findings

The 0.6

i n seven wire CFRP strands exhibited hig
producti on
| o
t

|l ots tested exceeded the projectbés min
ruptur e ad (~82.3 ki ps jpaceeptancesttudsholédditionallyaalllbty a b o v e
exceeded he mini mum guaranteed tensile modul us (
reported modulibelow he manuf act ur eaofB3l800dksiThis does hat endermina theu e

mat e r i cqudcyos thegpbject, but it underscores the importance of basing guaranteed design values

on statistically robust datasets that reflect realistic test conditions, rather than relying solely on supplier
information.Specimen preparation for tension tests with steel pipe/grout anchors is sensitive and labor
intensive; anchor lengths prescribed by ASTM D7ZT§ may bedifficult to accommodate in modern

testing frames, and careful control of grip pressure is required to prevent slip without damaging the

anchors.

CFRP spirals (0.28 in. wuni strand) exhibited sign
strength that was ~41% of that of a straight companion portion. Moreover, the data showed notable scatter
when tested in accordance with ASTM D7924], highlighting the potential need for alternative test

methods, such as andhaped bar setup. Bend strength is significantly influenced by the bend radius and

bar diameter (r/d ratio) and by teaethod alignment. Theack of a CFRP speci fic st
considerable limitation, but the ASTM D3®@ Committee isactively working to publish one soon. Data

produced in this project will aitis developmentGiven the current uncertainty and potential issues

associated with CFRP bends, their use as stirrupamverse reinforcement is not recommended until

clear manufacturing requirements and testing procedures are established.

For GFRP bars, the tension tests conductestraight bars angdpecimens cut from the straight legs of

L-, U-, and Gshaped bars showedmpliance with ASTM D795}18] strength requirements.

Nonetheless, the QA/QC program veasmstrained by theanner in whichmaterials weresupplied and

labeled: not all losamplesveresent to NGU, there were no companion bdrdar specimensnd some

bundles lackedlearidentification. As a result, only a subset of the GFRP lots used in the project could be
tied directly to test data. This experience confirms that the logistics of sampling and traceability are just as
necessargs the test methods themselves
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Thestatistical evaluatiom Chapter 4ndicates that the number of replicate tests required by current
specifications may be higher than necessary for product validation within a pgoject the relatively

low variability observed in the Harkers Island data. In practice, testing enageyialproperty for every

lot at the replicate counts implied B TM D7957[18] would be prohibitively timeconsuming and

costly, especially whetesting is performed by external laboratori€lse results of this project suggest
thatacceptance protocols should prioritize tensile tests (which govern design) and use rational,
statistically based sample sizes tailored to lot size and target confidence levels, while relying on prior
durability research and prpalification programs formpperties that do noequire remeasuremerfor

every project.

6.2 Key Structural and Constructability Findings

From a construction standpoint, the Harkers Island Bridge demonstrates that a fuflyiffBied
prestressed concrete bridge can be construdgtaah typical NCDOT schedules and methods, but not
without adjustments.

Early production showed end region cracking in CF
transfer | ength/ bursting effects at | ower concret
strands. These issues were mitigated by delahiegelease of prestress and field cutting (allowing the

concrete to gain higher strength) and by revising the confinement details so that all bottom strands were
enclosed at thgirder endsFurthermorenonferrous alternatives for lifting loops remain a challenge:

traditional carbon steel |l oops conflicted with th
stainless steel | oops represent a pragmatic compr
i mposing cutting challenges), thereby motivating

development o$tandardized guidance.

GFRP stirrups and bars performed as intended, yet field crews reported splintering and itching during
handling, labeling and identification errors, and manufacturing limits on bent geometries that necessitated
splices and affected the schedule. In practicest andar di zi ng bar shapes and
bend limits during design will help reduce risk. Despite these issues, construction was completed 10
months ahead of schedule, and early field observations after opening indicate that the istructure
performing as expected. The decision to retain Bridge No. 96 as a fishing pier and pedestrian facility has
preserved an important community asset and demonstrates that innovation in structural materials can
coexist with attention to local needs andtural contextlt is worth noting that GFRP bar splintering is

related to the type of surface treatment, wivighies among variouSFRP bar manufacturers. Similarly,
limitations on benbar geometriesary acrossmanufactures, emphasizing the need forra

communication with potential GFRP hanoducers

6.3 Limitations and Future Work

Thelimitations of the present study shoualidobe acknowledged. First, the material testing program
focused on tension and bend behavior of CFRP strands, CFRP spirals, and GFREibarst include
new durability testing (e.g., alkali exposure, creep rupturiatigue for the specific materials used in
Harkers Island. Instead, the project relied on the substantial bedystihg durability research and on
supplier certificationsThis is consistent with the view that loteym durability testings better suited to
productlevel qualification programg.g., AASHTO Product Evaluation & Audit Solutions or FRP
Institute plant auditshan to individual bridge projects
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However,aspart of future special provisions, NCDOT may also consider incorporating a simple resin
verification test as a practical durabittglated qualitycontrol measure for FRP bars. One promising
option is the attenuated total reflectance Fottrgnsform irirared (ATRFTIR) spectroscopy test, which
can be used to compare the resin signature of bars delivered to the project against that of a pristine
reference resin sample provided by the manufacf@4gr[35]. The purpose of this test would not be to
directly measure longerm durability, but rather to confirm that the bars were manufactured with the
intended resin systentypically vinylesteror epoxy which is expected to provide the durability
performance assumed in design. Because-RTRR is relatively fast, versatile, and less burdensome than
conventional longerm durability tests, it may represent a practical addition to future QA/QC
specificationsas a screening tool to verify resin consistency aptbgect level.

Second, no beriar tests were performed on GFRP stirrups used in the bridge. The geometry of the
stirrupssupplied to the project did not permit fabricatiorspécimens compliant withSTM D7914

[21]. Ordering new bars solely for research would not have captur¢atlot variability within the

project. The assumptiasf compliance with ASTM D795718] based on meeting the minimurend
radiusrequirements remains reasonablelimg not been verifiedt the projectevel. Planned future work
on L-shaped bend tests, consistent with emerging Canadian pfa@iicies expected to address this gap.

Third, Chapter Soutlines a comprehensive experimental prograrfubrscale 54 in. FIB girder® be
testedn shear However those tests had not yet been completed at the time of writing. The proposed
matrix is designed to complement NCHRRIIZL by focusing on realistic efrdgiondetailsandsupport
locations and a consistent a/d ratd 3.1, representative dieam behaviolOnce completed, the results
will provide critical data on the shear behavior of large fR#stressed girdeteansversely reinforced
with GFRP stirrups. They willllow direct comparison between-&RP and steeleinforced
configuratbns. These results are expected to be documentezkpagate companion report andaarnal
publications.

Finally, the statistical evaluation of tension and bend tests, while extensive for a single project, still
reflects the behavior of a limited set of products, manufacturers, and exposure conditions. Broader
datasets, ideally involving multiple bridge prcig and laboratories, will be needed to confirm whether
the sampling strategies and acceptance criteria proposed here are universally applicable or should be
tailored by product type and manufacturer.

Despite these limitations, the Harkers Island Bridge project has already provided a rich set of lessons on
material behavior, constructability, and QA/QC forRIRP reinforced and prestressed bridges. The

findings summarized in this chapter lay the gromoik for the recommendations and implementation

plan presented in the next chaptes well agor continued collaboration among NCDOT, industry

partners, and the research community as FRP moves further into mainstream bridge practice.
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Chapter 7. RECOMMENDATIONS, IMPLEMENTATION,
AND TECHNOLOGY TRANSFER

7.1 QA/QC and Material Testing Recommendations
For future FRReinforced bridge projects, the QA/QC atraject levelshould prioritize:

9 Tension tests of CFRP strands (strength and moduluscordance withSTM D7205[20]), as
these directly support design assumptions for prestressed piles and girders.

1 Tension tests of GFRP Isarsed instructural componentsy confirm compliance with ASTM
D7957[18] strength requirements and design assumptions.

1 Bendstrength tests for CFRP spiréts bars)and bent GFRP banserformed in accordance with
ASTM D7914[21] or CSA S80717], to verify the strength reduction at bendsichis critical
for transverse reinforcement.

Special care should be given to thexr geometriespecified for testingt bend locationdf ASTM D7914
[21] is used, theshortest allowable clear lengtletween concrete blocks is preferred, as this reduces the
likelihood of rotation and eccentrigieffects that can distort measured bend stre@ghversely, ithe
CSASB07[17] L-shaped configuration is used, baiith sufficient leg length should be ordered least

4 ft. with at leastl2d, beyond the bendyhere d is the bar diametegp that the test can be executed
without geometric limitations. In both casesmpanion straight samplé®m the same lot should be
ordered andestedn tensionas per ASTM D720520], allowing direct evaluation of tretrength

reduction at the bend location.

Other properties (e.dfiber content, transverse strengtiater absorptionshould be established primarily
at the produetualification levelrather than remeasuredhaustively for each project and lot, given the
consistency observed prior studiesand the high testing burdem. this regard, thAASHTO PEAS
program, in collaboration with tHeRP Institute playsa key rolethrough plant audits to verifypaterial
compliance. Futurbridgerelatedprojects shoulgreferentially usé&RPproductsgualified by the
AASHTO PEAS program

For solid round FRP barshecrosssectional area can be obtained from the measured effdciveter.

In contrastmeasuring the crossectional areaof-wi r e CFRP strands using Archi
time-consuming andhay be unnecessamstead, thestranddiametershould be checked to confiritn

does not exceed the maximatowable valuewhich ould be problematic in heavily reinforced,

optimized sectionsA range of suitable measured diameters should be provided, as with solid round

GFRP bars. Thenhé nominal crossectional area shall be used flesign and strength calculation

7.1.1 Number of ReplicatesPer Lot

Given that variability in tensile strength and modulus for the CFRP strands and GFRP bars used in the
project is relatively lowonly a limitednumber of specimenseed tdbe randomly sampled from the

productsdestined for field usd-or a 5% margin of error in the estimated melaareéquired number of

replicate tension tests per lot4s3, 4, or Sor confidence levels @0, 95, 99, and 99.7%, respectively.
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Based on the preliminary results obtaimethis project, theecommende®A/QC protocolto undertake
the tensile tests listed in

Tablel7 andTablel8is:

1 Randomly select five specimens from eachpobviding the option tachieve a 99.7%
confidence level in the material colleciédeeded

1 Test two specimens per lot in tensiaraccordance withSTM D7205[20], loading at least to
the minimum guaranteed tensile strengplecified in the Special Provisionghile recording
strains at leasip t050% of the expected ultimate (rupture) capacity. $petk the diameter of
each testedpecimerand confirmthatit does not exceed the maximum diametéywedin the
Special Provisions and/or applicable ASTM standard

9 Calculate the modulus of elasticity using the nominal area and confirm that dverage
modulusexceeds theninimum valuespecifiedin the Special Provisions.

1 If noncompliances observegtestadditional specimens from the same lot one at a time until
either the lotaverage modulus meets the specified requirement or a total of five specimens have
been tested. the stiffness requirement remains uniaiéer testing five specimens, tleg should
be rejected.

9 If any of the specimens tested fail before reaching the minimum guaranteed tensile strength, the lot
should be rejected once it has been verified that the premature failure did not occur due to a
preparation issue (i.e., pipe crushing, anchor slippageppidy damaged specimen).

Tablel7. Recommended QC requirements®d in. G&-RPstrands

Specimens

No. Property Test Method Requirement per Lot

Measured diameter with the

1 | Measured CrosSectional Area PET wrap(0.551 0.68 in)?

OMinimum guaranteed value| 5

i ASTM D72

2 Guaranteed Tensile Strength S 05 reported by the manufactufer
3 | Tensile Modulus O 0,200 kst

_ ATR i ETIR Mat.ch the results Qf a pristing
4 Resintype Spectrosco resin sample provided by the 1

P by manufacturer
. Use the nominal crossectional area reported by the manufacturer for strength and stiffness calculati
(0.179ir%).

b In lieu of an ASTM CFRP strand standard
¢ Use the mean tensile modulus for design and serviceability checks (22,400 ksi).
4 Based on the confidence level selectedi(9@.7%). See Sectioh3.1.3

For CFRP bent products, there are currently no ASTM standards specific to CFRP, and-Steebegtiu

data generated in this project have been inconclusive. As an interim measure, it is recommended that no
CFRP material be used as stirrups or transveist®reement, recognizing that forthcoming research

results and future ASTM standards will better inform the required properties, test methods, number of
replicates, and acceptance criteria.
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Table18. Recommended QC requirements &FRP bars

Specimens

No. Property Test Method Requirement per Lot

. Within the range listed in ASTM
1 Measured CrosSectional Area D7957 or ASTM D8505

ASTM D7205 OMinimum guaranteedltimate

2 | Guaranteed Tensile Strength or tensile force listed in ASTM S
ASTM D8505 D7957 or ASTM D8505

. 06,500ksi (ASTM D7957)
3 | Tensile Modulus 08,700ksi (ASTM D8505)

Match the results of a pristine
resin sample provided by the 1
manufacturer

060% of the minimum

5 Strength o®0° bends ASTM D7914 guaranteed ultimate tensile forc 5

listed in ASTM D7957

a Use the nominal crossectional area for strength and stiffness calculations.

b Companion straight portiafrom the same lot, sufficient for a tensile tesgrequired.

ATRT FTIR

4 Resintype Spectroscopy

7.1.2 Sampling and Lot Traceability

Theexperience at Harkers Island underscores the importance of logistics, not just test reatinpdag
and lot traceability provisions are essential for a robust QA/QC progratarespecifications should:

1 Require suppliers to provide additional straight bars per lot specifically sized for tension testing

(meeting minimum clear length and anchorage requirements).
1 Require additional bent specimens petthait are compatible with the selected betrégngth test
so thathebend strength can be routinely verified.

1 Mandate durable, legible lot tags that remain attached through shipping and field handling, using

consistent units and notatioa.§.,bar size, length, lot ID, product type).
1 Require a simple traceability framework (e.g., lot IDs recorded on placement drawings or
delivery tickets) so that fielthstalled bars and strands can be linked back to test results.

7.2 Design and Detailing Recommendations

7.2.1 End-Region Detailing for CFRP-Prestressed Members

Experience with CFRPrestressed piles and FIB girders indicates thatregidn behavior is sensitive to
confinement and timing. Future designs should:

91 Ensure that all bottom strands at the girder ends are fully enclosed by transverse reinforcement

within the transfer and bursting region, avoiding unconfined strands near thedtamgbedges.

1 Consideratighter spiral pitch near pile ends, extending beyond the anticipated cut line, to reduce

splitting when piles are cut in the field.
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1 Explicitly incorporate minimum concrete strength at detensioning and cutting into design
checklists and specifications, recognizing that higher release strengths can reduce cracking risk.
This may be especially critical for elements such as batteredpiies) require custom
templates

7.2.2 Lifting Loops and Handling Details

Lifting loops emerged as a critical issiiée decision to use stainlesseel lifting strands was a practical
solution but not fully aligned with the goal of eliminating all ferrous reinforcem8tatinlesssteel loops
also created field challenges (e.g., cutting difficulties) and residual coramicrrnseven if limited.
Future NCDOT projects should:

9 Treat stainlessteel lifting loops as an interim solution, with clear detailing and corresion
protection requirements.

1 Encourage development and evaluation of felaBed lifting systems (e.g., CFRP loops, GFRP
bolts, or webopening details with GFRP bars) as pameivresearch or pilgbrojects

1 Include lifting details and acceptable alternatives directly in the contract drawings and
specifications, based on what precasters can realistically fabricate.

7.2.3 Transverse Reinforcement and Stirrup Spacing

The planned shear testing of 54 in. FIB girders will explore the effect of GFRP stirrup spacing and
manufacturer differences. Until those results and NCHRB2I2findings are available, NCDOT should:

9 Adopt conservative maximum stirrup spacings for GFRP stirrups in prestressed girders
especially in critical shear regions.

1 Recognizehat deep sections may exhibit different size effects than shallower beams that
dominate existing test data.

Once the experimental program and national guidance are available, these limits can be revisited and,
where appropriate, relaxed.

7.2.4 Detailing Simplicity and Standardization

The Harkers Island experience confirms that simpler, more repetitive details reduce risk and delays.
Future FRP bridge designs should:

9 Favor a limited set of standard bar shapes with consistent bend radii, compatible with
manufacturer capabilities.

1 Maximize repetition of details (e.g., the same stirrup shape across many spans or bents) to reduce
fabrication errors.

1 Use link slabs and straightforward geometry where possible, avoiding unique or highly irregular
bent shapes that complicate FRP fabrication.

Standard detail sheets derived from the Harkers Island drawings can serve as templates for these
practiceslf special details are strictly required for a particular project, production capabilities should be
discussed further in advance with the manufacturer.

7.3 Construction Practices

7.3.1 Field Handling and Worker Safety

Feedback obtained from the contractor and construction wdrlghighted that:
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1 GFRP bars can cause splintering and itching, affecting worker comfort and produatndly
can negatively impact bidding offers presented by potential contrattossissue is
manufacturerelated but should be considered when developing special provisions.

1 FRP components require careful handling to avoid damage from sharp bends, almaaodn or
extendecdexposure to UV rays\Note that alternatives to corrosioesistanteinforcement, such as
epoxy-coated steel bars, have similar handling requirenardsequire UV protectioras well

1 Manufacturers should be encouraged to investigate surface treatments to allow visual inspection.
It would be valuable to develop procedures to identify surface damage to the PET wrap covering
the CFRP strands, thereby reducing the likelihood of premature failprecast beds

Therefore, ér future projects, NCDO¥hould

1 Include explicitPPErequirementn thespecifications€.g.,gloves, long sleeves, eye protection)
for crews working extensively witBFRP andliscourage direct skin contact with exposed fibers.

1 Considedifferent surface treatments f&FRP barswhere appropriate, to reduce splintering and
improve handlingNote that each manufacturer uses different surface treatments, and this may
not be an issue for all of them.

7.4 Technology Transfer, Publications, and Recognition

This section summarizes how the project outcomes are sleamgdvithin NCDOT and with the broader
community.

7.4.1 Intended Users and Internal Implementation

The primary internal users of this report and its recommendations are:

9 Structures Managemebinit: For design guidance, standard FRP details, andegidn
reinforcement recommendations.

1 Materials and Tests UniFor QA/QC protocols, replicate counts, and acceptance criteria for
CFRP strands, CFRP spirals, and GFRP bars.

9 Construction UnitFor field handling, lifting strategies, cracking tolerance, and documentation
practices.

1 Asset Managemeninit: For longterm monitoring and inspection practices for Hemforced
structures.

7.4.2 Publications and Ongoing Technical Dissemination

The Harkers Island Bridge and companion researebxpected to generataultiple technical outputs,
including:

Completed conference papgessich as:

1 P.Acuia,R. Seracindj Har kers | sl and Bridge CaskFRPStudy: N C
Reinforced and Prestressed Condinerhation®dr i dgeo, C
Conference on FRP Composites in Civil Engineering (CICE 2025), January 2026, Lisbon,

Portugal.

1 P.Acuia, T. Brodbeck, R. SeracifboEx per i ment al Assessment of Car
Bar Tensile Rupture Cap acintemaignal ConfarénecroeFRPe Pr oc
Composites in Civil Engineering (CICE 2025), January 2026, Lisbon, Portugal.
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Planned journal papercusing on:

Harkers Island Bridge case study.

Statistical evaluation of CFRP strand and spiral properties and implications for QA/QC.
Bendstrength behavior and test methods for CFRP spirals and GFRP stirrups.

Shear performance of deep FIB girders with FRP transverse reinforcement

=A =4 =4 =4

Doctoral dissertation synthesizing the bridge case study, material characterizatidrardmattavior, and
structural testing into a comprehensive reference fdfRP bridge design and assessméhese
publications will hel p ensure that NCDOTO6s exper.i

7.4.3 Outreach, Awards, and Future Technology Transfer
Throughout the project, knowledge transfer and visibility have been reinforced by:

9 Field workshops and site tours, including events organized in collaboration with the FRP
Institute, where DOT staff, manufacturers, designers, and academics visited the bridge and
discussed lessons learned.
9 NCDOT visits to the Constructed Facilities Lab, where staff observed CFRP and GFRP material
tests and discussed QA/QC strategies and future standardization.
1 Technical presentations in regional and national venues, including invited talks where the Harkers
Island Bridge was highlighted as a case study #rRIP reinforced coastal infrastructure.
9 The Harkers Island Bridge and its-BIRP reinforcement strategy have also received significant
external recognition, including:
A 2024 Operations Excellence AWarM ASHTO Americads Transport at
(Operations Excellence category).
2025 PCI Harry H. Edwards Industry Advancement Award.
2025 PCI Transportation AwaridBest Bridge with a Main Span fromiZ®0 ft.
CAGC Pinnacle Award for the Harkers Island Bridge Project (Balfour Beatty / NCDOT).
Il FC Award for Outstanding FRP Field Applic
category (CICE 2025).
Selection of the Harkers Island Bridge Replacement as the featured projece@the
Zia Lecture series.

> > >

These recognitions underscore that, beyond meeting local needs, the project is viewed nationally and
internationally as a reference example for durdbhevativecoastal infrastructure.

7.5 Future Research Needs

Finally, the project highlights several priority areas whartherresearch would directly support broader
and more efficient deployment of FRP reinforcement:

Full-scale FIB girder tests in shear

Complete the planned test matrix for 54 in. FIB girders (two with CFRP prestressing and GFRP stirrups,
one with conventional steel) and compaltematecapacities, cracking patterns, and failure modes with
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AASHTO and MCFThased predictiondJse these results to refine shear design provisions and to assess
potential size effects for deep, FRRestressed members.

Standardization of CFRP strand and spiral testing

Support the development of an ASTM standard dedicated to CFRP strands, including realistic anchor
geometries, machineompliance considerations, and recommended strain ranges for modulus
determinationFurther evaluate 4shaped bend tests for CFRP spirals and GFRP stitwigstablish

robust benestrength criteria aligned with practical fabrication limits.

Longterm field performance and monitoring

Implement a monitoring program (e.g., periodic inspections, selected instrumentationdestrantive
evaluation) to track crack widths, deflections, and environmental exposure effects on the Harkers Island
Bridge over timelse these data to validate or refine durability assumptions and environmental reduction
factors used in design.

FRP liftingdevices

Investigate FRMased lifting solutions (e.g., CFRP lifting loops, GFRP/steel hybrid details, er web
opening concepts) through analysis and testing, aiming to provide standardizedrnosive options for
plant and field handling.

Cost, risk, and lifecycle performance assessment

Combine initial construction costs, reduced maintenance expectations, and observed construction
challenges into a quantitative lycle cost and risk assessment comparing FRP and steel alternatives for
representative coastal bridges.
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Appendix A. LITERATURE REVIEW

A.l. Scope

The purpose of this chapter is to place the Harkers Island Bridge project and the associated NCDOT
research programs within the broader context of current knowledge orekfRftced and FRP
prestressed concrete. The focus is on topics that directlymeButae design, detailing, and material
acceptance strategies adopted for this project.

Appendix Ais organized around five main themes: (1) Design codes and guidelines, (2) National research
programs on corrosieresistant reinforcement, (3) Material standards and acceptance testing for FRP
reinforcement, (4) Field performance and durability, and’¢(®)r NCDOTresearch and the path to

Harkers Island. The chapter concludes in Sedidrnwith a synthesis ahe main findings and a concise
statement of the remaining research needs, particularly regarding material variability and acceptance
testing, behavior of bent FRP elements, and shear performance of deppesR€ssed girders. These

needs are then trdaged into the specific research questions addressed in this report, and provide a direct
link to the experimentagnalytical, and statistical work presenteimapter 2ZhroughChapter 5

A.2. Design Codes and Guidelines for FRfReinforced andFRP-Prestressed
Concrete

The design of FRIreinforced and FRIprestressed concrete members has evolved over the past three
decades from researtiased recommendations to more formal guide specifications and, more recently, to
mandatory code provisions. This section summarizesittie documentgoverningthe use of FRP
reinforcement in bridge and building applications and highlights the limitations that motivate the research
presented in this report.

A.2.1 Early Design Recommendations and Guide Documents

Early FRP design documentsthie USwere developed primarily b§Clas fir eport 06 or Agui c
documents rather thatandarcodes. ACI Committee 440 produced a series of documents addressing

different aspects of FRP use in concrete structures, including design ofr@éirRPced members,

externally bonded FRP systems, amdstressing witkRPtendond36], [37], [38].

For internal reinforcemenfCl 440.1R[36] provided recommendations for the design and construction

of concrete members reinforced with FRP bars, including flexural and shear design equations,
serviceability limits, and durability considerations. These provisions were largely based on experimental
research andase studies from North America, Japan, and Europe, and were calibrated to be conservative
in the absence of loAgrm field data. However, as a guide documaai, 440.1R[36] did not carry
mandatorystatus in building codes or bridge specifications and had to be adopted by individual owners

on a projecby-project basis.

Similar guidance was developed in other countries thr@ i S806n Canadd16] and fib Bulletinan
Europe[39], providing design equations and detailing recommendations for GFRP reinforcement and, in
some case&FRP prestressing. Collectivelyhese documents established the fundamental design
philosophy for FRReinforced concreteecognzing thelinearelastic behavior up to rupture, lower

modulus relative to steel (for GFRP), and the need to control crack widths and deflections attseérvice
left many bridgespecific issues to be resolved at the national specification level (mainly through DOTSs).
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A.2.2 AASHTO Guide Specifications for FRP Bridge Components

AASHTO has developed several guide specifications for the use of FRP in bridge applications. These
documents are intended to eventually complement the AASHTO LRFD Bridge Design Specifications
(BDS) once they incorporate mandatory language following furédfgrement and validation.

For GFRP reinforcement, AASHTQublished gide specifications for GFRReinforced concretewith

design provisions for bridge decks and other concrete components reinforced with GFRB]bahe

guide covers material properties, flexural and shear design, serviceability, development and splice
lengths, and durability considerations, with resistance and environmental reduction factors calibrated
based oravailable experimental data and limited field experience. The scope is intentionally focused on
members where failure is expected to be governed by concrete crushing or bar rupture in flexure.

For CFRP prestressing, AASHTO has published guide specifications for concrete bridge beams
prestressed with CFR§ystemg15], drawing heavily on the work conducted under NCHRP Project 12

97[8]. These documents address material characterization (including creep, relaxation, and thermal
behavior), prestress losses, flexural strength, serviceability, and fatigue performance of beams prestressed
with CFRP strands or tendons. Reliabiitgsed calitation of resistance factors wesnducted using
experimental databases and analytical models developed for that project, yietdimgnended limit

states and design factors for CFRfestressed members.

Despite their extensive scope, these AASHTO documents are labeled explicitly as guide specifications.
They have not yet been incorporated into the main AASHTO LRFD BDS as mandatory provisions, and
their adoption differs among state DOTs. Consequentlyysheof FRP reinforcement in bridge
superstructures occurs primarily in demonstration projects and in specific components, such as decks and
shortspan beams, where owners are willing to accept the guide provisions.

A.2.3 ACI 440.11 and the Move to Mandatory Code Language

A significant recent milestone in the codification of FRP reinforcement is the publication of ACI 440.11
Building Code Requirements for Structural Concrete Reinforced with GlassRéweforced Polymer
(GFRP) Barq13]. This document, first issued in 2022 the first US building code to inclugeandatory
language for the design of concrete members reinforced with GFRP bars.

ACI 440.11]13] follows the organizational structure of ACI 3] and incorporates many of the

design concepts previously presented in ACI 44Q38R but with explicit codestyle provisions. The
codeaddresses material requirements, flexural and axial design, shear and torsion, development and
splice designand serviceabilitylt also introduces environmental reduction factors to account for long
term degradation of strength and stiffness in aggressive environments.

Although ACI 440.1713] is focused on buildingype members rather than bridges, its publication is
vital for two reasons. First, it demonstrates thstamdardizedode framework for GFRP reinforcement
is feasible and acceptable to the broader structural engineering community. Second, it provides a
reference point for owners and specification committees considering how to incorporate GFRP into
bridge codes, includimpotential alignment between ACI and AASHTO provisions for flexural, shear,
and serviceability design.

A.2.4 Limitations and Implications for Bridge Design

The documents summarized above represent significant progress toward a robust design framework for
FRPreinforced and prestressed concrete. However, from the perspective of a state DOT designing large
coastal bridges, several limitations remain:
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Guide vs. mandatory status:

TheFRRoriented documents developed by AASH[I@], [15] are still issued as guide specifications
and are not fully incorporated intbe LRFDBDS. Hence, lheir adoption is discretionary and may be
limited to pilot projects. In contrast, ACI 440.113] is a coddevel document but does not directly
address bridgspecific issues.

Limited calibration for shear:

Most of the calibration work in ACl and AASHTO FRP documents has focusttedyehavior of
GFRRreinforced member€xperimental data aie shear behavior of deep, heavily prestressed girders
with FRP reinforcement are relatively scartae latter is particularly critical dsoseare the typical
configurationaused in modern bridge girders.

Bentbar, spiral, and anchorage behavior:

Existing provisions fothedevelopment and anchorage of FRP bars are based primarily on straight bars
and simplified bond models. Strength reduction at bent locations (e.qg., stirrups and spirals) and the
behavior of confinement reinforcement in anchorage zondesmevell characterized than for steel, and
test methods and interpretations of bleat strength can vary acragsearch programs.

Material variability and statistical basis for design values:

ASTM standards for FRP bars and strands specify test methods, minimum properties, and specimen
numbers primarily for product qualification. While this is appropriate for establishing that a material
meets a given specification, it does not directly anfwer many tests are practical or necessary for
routine lotby-lot acceptance on a bridge project. In parallel, the design values and environmental
reduction factors used in current ACl and AASHTO provisions are calibrated against experimental
databases thare still expandingtherefore, it is not always transparent to owners how a limited number
of acceptance tests on a given project should be limkdwse underlying databases and design values.

Bridge-scale field experience:

Field performance data for FREinforced decks and shespan bridges are accumulating, lmnited
experience remaingith large, multispan bridges where all primary leadrrying componestae
reinforced or prestressed with FRP. This is particularly true in highly corrosive marine envirgnments
such aghosein Harkers Island.

A.3. National Research Programs on CorrosiorResistantReinforcement

Several national research programs have directly addressed the use of coesisiant reinforcement

and prestressing systems for concrete bridge members. These efforts, conducted primarily under the
National Cooperative Highway Research Program (NCHRE)statdOT-universitypartnerships,

provide much of the technical foundation for current AASHTO guide specifications and for projects such
as the Harkers Island Bridge. This section highlights the most relevant programs and their implications.

A.3.1 NCHRP Project 12971 Design of Concrete Bridge Beams Prestressed with CFRP Systems

NCHRP Project 187, Design of Concrete Bridge Beams Prestressed with CFRP Sy8temas
commissioned to develop a design framework for concrete bridge beams using CFRP tendons as the main
prestressing reinforcement. The project began with an extensive review of existing experimental data and
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field applications, covering material properties, bond behavior;dependent effects, and structural
performance of CFRPBrestressed members.

A comprehensive experimental program was conducted on boetanmiened and posensioned beams
prestressed exclusively with CFRP tendons or strptids[42]. The specimens were designed to

investigate flexural behavior, prestress losses, cracking, deflection, and ultimate strength under static and
fatigue loading. Complementary analytical and finite element models were developed to simulate the
response of CFRPrestressed beams over a range of span lengths, reinforcement ratios, and load
combinationg43]. Reliability analyses were then performed to calibrate resistance factassasd the
adequacy of the proposed design equations for use \aitiinit-states frameworklhe principal

outcomes of NCHRP 197[8] include:

1 Recommended material property models for CFRP tendons, including creep, relaxation, and
thermal effect$7].

9 Equations for estimating prestress losses specific to G&FRP

1 Strength and serviceability design provisions for flexure in ClpRI3tressed bearfis].

1 Reliability-calibrated resistance factors suitable for incorporation into AASHTO guide
specificationg45].

In the context of the Harkers Island Bridge, NCHRP9Z28] provides the primary reference for flexural
design, prestress loss calculations, and resistance factors forfl&€®Rssed beams. However, the
project focused primarily on flexural behavior, with limitealverage of shear, auxiliary reinforcement,
and enelzone details, which are key aspectshef present research program.

A.3.2 NCHRP Project 1212071 Stainless Steel Prestressing Strands

Recognizing that FRP is not the only corrosieristant option, NCHRP Project-120, Design and
Detailing of Concrete Bridges with Stainless Steel Prestressing Spjdexamined the use of
stainlesssteel strands as an alternative to conventional steel. The objectives were to chatheterize
mechanical properties and corrosion resistance of stastiesistrands, evaluate their structural
performance in prestressed concrete girders, and develop design and detailing recommendations
compatible with AASHTO LRFIBDS.

The research program included tension, fatigue, and relaxation tests on st@desgands, as well as
largescale girder tests to compare the flexural and shear behavior of statelelsstrands with that of
conventional prestressed membdrg, [48], [49]. Analytical studies and reliability analyses were used to
assess the need for modified resistance factors and detailing provisions. The final report concluded that
stainlessteelstrandsoffer significantly improved corrosion resistance compared with conventional
strands, with mechanical propertggnerally compatible with existing design assumptions, albeit with
somewhat reduced ductility.

While the present report focuses on CFRP rather than stainless steel, NCHRIH46] is important
because it illustrates the broader national interest in corrosgistant prestressing systems, and
demonstrates a similar pattern of research: material characterizatiorsdalgéeesting, and reliability
based design calibration. TogethdCHRP 1297 [8] and 12120[46] show that both FRP and stainless
steel ardong-term alternatives to conventional steel prestressing in aggressive environments.

A.3.3 NCHRP Project 121217 FRP Auxiliary Reinforcement for Concrete Bridge Girders

NCHRP Project 1221, Design of Prestressed Concrete Bridge Girders Using FRP Auxiliary
Reinforcementwas initiated as a natural extension ofo/8]. Whereas 137 [8] concentrated on
CFRPstrandsas the primary prestressing system,122 focuses on the auxiliary reinforcement required
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to complete a practical bridge girder design. The project addresses the use of FRP bars and other FRP
products for shear reinforcement (stirrups),-eade reinforcement, transverse and skin reinforcement,
horizontal shear transfer, and confinement in oetecbridge beams prestressed with CFRP.

The experimental program for 1121 includes largscale tests of CFRprestressed beams with FRP
auxiliary reinforcement over a range of shepanto-depth ratios, crossection geometries, and loading
configurations. Some tests are configured to is@atiregion behavior by moving supports inward,

allowing concentrated study of anchorage, bursting, and transfer length effects without interference from
global flexuralor sheabehavior. Analytical models and reliability analyses are being developed in

parallel to inform proposed design provisions for shear and auxiliary reinforcement infZéRressed

bridge beams.

At the time of writing, NCHRP 1221 is still in progress, with completion anticipateearly2026. As a

result, only preliminary information is available from project statements and interim preserj&Qjons
Nevertheless, theutcomes of this work af@ghly relevant to the Harkers Island research program. The
largescale shear tests and emregjion studies being conducted unb&¢HRP12-121 address many of the
same questions that arise in the design of deep FIB girders with FRP transverse reinforcement, and the
eventual design recommendations from that project are expected to complement and inform the findings
presented in this report.

A.3.4 Other National and StatelLevel Contributions

In addition to NCHRP projects, several s@@T-universitycollaborations have contributed important
data on FRPprestressed systems and corrogiesistant reinforcemenA series of projects led by

Lawrence Technological University for the Michigan DOT investigated the performance of decked bulb
T bridges incorporating GFRP and CFRP reinforcerfigtjt These studies evaluated structural behavior,
constructabilityand longterm performancand demonstratettie feasibility of using FRP materials in
precast superstructure systems.

More recentlyGrace et al[52] examined the use 6£7 in. diameter CFRP strands for prestressing
applications, building on the traditional 0.6 in. size. Laidjameter CFRP strands provigeeater cross
sectional area and strength, potentially reducing the number of strands required and infiglooiziaiipn
efficiency. The test programs included material characterization and mé&ablperformance
evaluation to assess whether existing design provisions and detailing practices remain apjmropriate
larger strands

Parallel to the FRP work, NCHRP Report $98] explored the use of 0.7 in. steel prestressing strands in
precast, preensioned girders, highlighting a broader trend toward ladigeneter strands in both steel

and FRP systems. Although the Harkers Island Bridge uses 0.6 in. CFRP strands, thesarstudie
relevant for future NCDOT projects that may consider alternative strand diameters to optimize
reinforcement layouts.

Taken together, the national and sfateel research programs summarized in this section provide a
substantial technical foundation for the design of CipR#tressed members and for the use of FRP and
stainless steel as corrosiogsistant alternatives tonventional prestressing steel. However, they also
reveal several areasquiring additional data and guidanparticularlyregardinghe behavior of deep
girders in shear, auxiliary FRP reinforcement, and the integration of material variabilitycapteace
testing into design recommendations. These gaps are addiegsad, by the experimental and

analytical work presented in tiheter chapters of this report.
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A.4. Material Standards and Acceptance Testing for FRP Reinforcement

The successful use of FRP reinforcement in bridge construction depends not only on design provisions
but also on clear material standards and robust yet practical accefetstitog protocols. For steel
reinforcement and prestressing strand, this framevgaalell established: ASTM product specifications

and test methods align closely with AASHTO design provisions and are routinely incorporated into DOT
special provisions. For FRP, the situation is still evolving. Current standards provide relativelyteomple
guidance for GFRP bars, while CFRP prestressing strands and bent FRP elements remain less codified,
leaving state agencies to bridge the remaining gaps through pspgaitic specifications and research.

A.4.1 Standards for GFRP Bars and Associated Test Methods

For GFRP bars, the primary prodsgecifications ardSTM D7957[18] (covering straight and factory
bent shapes) and ASTM D85{f#] (which also includes basalt FRP bars but covers only straight cut
lengths). These standards defgeometric tolerances, mechanical properties, iarttie case oASTM
D7957[18], minimum bend diameters for solid round GFRP bars used as concrete reinfor&aottent.
standards requiran external surface enhancement suitablédmdingto concretdi.e., no smooth bars)

ASTM D7205[20] supports rachanical characterization of these bdarestablising procedures for
determining the quasitatic tensile strength and modulus of FRP composite bars, including specimen
preparation, gripping, gauge length, and strain measurement. Bond behavior is typically evaluated using
ASTM D7913[55], which prescribes a putiut test configuration to quantify bond strengdtween FRP

bars and concrete. Thasaterialsand test standards are directly referenced in the ACI CODE 440.11

[13]. Together, these documents provide a coherent framework for specifying, designing, and accepting
GFRP reinforcement in bridge decks and substructure components.

A.4.2 CFRP Prestressing Strands and BenEFRP Elements

In contrast to GFRP barthere is currently noatlicated ASTM product specificatibor CFRP products.
Design and acceptance of taggoductsn bridge projects have largely followed recommendations from
national research programs and D§Pecific guidelinesmnainly by following the same requirements for
GFRP bars, which may not necessarily applyese documents emphasize the need to characterize tensile
strength and modulus, lostgrm creep and relaxation, thermal compatibility, bond behavior, and
anchaage performance of CFRP strands used in pretensioned depsisined applications.

Several agencies have propo§p/QC test matrices for CFRP strands that adapt existing-atiegited
standards and supplement them with compesgitific procedures. For example, research sponsored by
the Virginia Department of TransportatiGdDOT) outlined a suite of acceptance and quadiytrol
testsfocused on tensile strength, modulus, area verification, relaxation, and selected durability indicators
thatstate DOTs could implementithout developing entirely netest infrastructur§s6]. These efforts,
together with ongoing work in the ASTM D30 Committee on Composite Materials, are gradually
converging toward a CFR&iented product specification and test framewbidweverowners still rely
heavily on projecspecific provisions.

Acceptance testing fdrentCFRP elements (stirrups, spirals, hoops) is even less standardized. The
current test metho@ASTM D7914[21]) specifies a tension test for FRP bars with bends, in which the bar
is anchored in concrete blocks and loaded until rupture at or near the bend. While widely referenced, this
configuration is sensitive to small misalignments and eccentricities, whichtoaahuice unintended

bending moments and leadttigh coefficients of variation in measured strength. Alternative tesifset

with improved alignmenf57], [58] have been adopted in the Canadian stand&& S807]17], which

reports significantly lower scatter for bepdr strength.
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Recent research, including work summarized later in this report, has highlighted that bend radius is the
dominant parameter influencing strength at FRP bends, with surface treatments and other secondary
variables playing ainorrole (e.g., concrete strength, fiber type, embedding lerjg8j) [24], [29].

Current design provisions for GFRP bends in ACI 44Q1B] reference minimum r/d ratios from ASTM
D7957[18], which also requires the strength of a bent portion to be at least 60% of the minimum
guaranteed ultimate tensile force of a companion straight porimmever, analogous provisions for

CFRP spiral®r stirrups have not yet been formalized, leaving state agencies to extrapolate from GFRP
guidance rely on manufacturersdé recommendations, ofr

A.4.3 QA/QC Frameworks, Lot Definition, and Testing Demand

Beyond individual standards, there is an active deddatet how to translate material test resuits

projectlevel QA/QC programs that are both rigorous and practical. In several recent FRP bridge projects,
there has been a tendency to treatctirapleteset of tests referenced in ASTM material standards as a de
facto checklist for projedevel acceptance. When all these requirements are imposed at the lot level
without clearly distinguishing between produgtalification testing and projespecific qiality control

the resultingest countan become unrealistically large

A central i ssue in this discussion is thesudhefi nit
as all material produced with the same constituents and processing paraneteos alwaysonsistent

with how FRP is manufactured, inventoriedshipped. Some documents define loydinear footage,

whereas others define théay production runs or shipment groupings. The choice has direct

consequences for the number of samples that must be tested and, therefore, for schedule, cost, and the
feasibility of implementing extensive acceptance programs in routine practice. Case studies, such as the
Halls River Bridge in Floridg59], have shown that if lot definitions and test requirements are not

carefully calibrated, material testing can become a crifiatth activity during construction.

In this context, AASHTOO6s Product Bernes asakey on and
mechanism for prgualifying structural products at the national level and reducing duplication of effort
amongindividual state DOTs. PEAS provides a common framework for product evaluation and plant

audits, and its Composite Concrete Reinforcements (CCR) committee specifically addresses FRP
reinforcement used in concrete members. When a product line is evalndtkstedunder PEAS,

participating DOTs can rglon that pregualification, together with BABA compliancegther than
repeatingcompleteproductqualification testing on every project. Complementary indtlsimyefforts,

such as the FRP Instituteb6s manufacturer certific
standardizing test protocols, conducting periodic plant audits, and maigtgualifiedproduct lists.

Together, these efforts point towargbant model in which most durability and detailed characterization

tests (e.g., creep, fatiguenvironmental conditioning) are performed at the produetlification and
plantauditlevels, rather than being-oeeated foevery bridge project.

Within this emerging framework, our view is that tension tests anddaer(or benestrength) tests are
currently the most informative candidates for projegel QA/QC, because they directly control the
design tensile strength of straight drehtFRP elements and indirectly reflect overall material quality.
Other testssuch as water absorption, dendigsed area measurements, fiber content, or microstructural
characterizatiojremain important, but are often better suited to centralized prodadification

programs (e.g., PEAS listings, FRP Institute audits) than to routine pl@yettcceptance, given their
complexity and cost. As FRP standards evolve, it will be essémtédrify which properties should be
verified at the product line level and which should be checked periodmaléyproject basis to confirm

the consistency of supplied materials.
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A.4.4 Relevance to the Harkers Island Project

The Harkers |Island Bridge project provides a conc

initial special provisions for CFRP strands and spirals Wwased mainly on steekiented procedures

and early FRP projects, resultingarvery high number of required tests per lot. As the project
progressed, the acceptance program was refined in consultation with NCDOT, the FRP manufacturers,
and the NC State research team to focus on the most critical properties for structural pegfamdan

design veffication.

For CFRP strands, more than 300 tension tests were conducted on production samples to verify tensile
strength and stiffness and to build a statistically robust database of material properties. For CFRP spirals
used in prestressed piles, 19 square spirilstive same geometry as those installed in the field were

tested in accordance withe ASTM D7914[21] configuration, with one specimen drawn from each lot.
Additional tests on largenradius spiralsvereconducted as part of a complementary effort to investigate

the effectof r/d ratio and surface treatment on bend strength.

The resulting datasets revealed two valuable trends:

1 Tension tests on CFRP strands exhibited relatively low scatter and behavior consistent with
normal statistical distributions, suggesting that moderate sample sizes per lot may be sufficient
for reliable quality control.

1 Bentbar tests on CFRP spirals, in contrast, showed much higher coefficients of variation,
influenced by both bend geometry and-&stup sensitivity, making ithallengingto define
acceptance criteria or sample sizes using conventional approaches.

These observations motivated the more detailed statistical analyses presented later in this report, which
aim to identify reasonable sample sizes and acceptance criteria that balance safety, reliability, and
practicality. In this sense, the Harkers Islg@ndject not only relied on existing FRP material standards

but also contributed data and insights that can inform the ongoing development cE#dRR

specifications and QA/QC guidelines.

A.5. Field Performance and Durability of FRP-Reinforced Bridges

Most of the code and guideline developments in Seéti@rhavebeen driven by accelerated testing and
memberscale experiments. However, for agencies considering-fm@e implementation of FRP
reinforcement, the actual field performancem$ervice bridgess equally important. This section briefly
reviews reported behavior of FRBinforced decks and partial bridge applications, followed by selected
case studies of bridges that incorporate CFRP prestressing or brodRP a{/stems. The emphasis is

on seviceability, durability, and observed deterioration mechanisms, rather than on design details already
covered in previous sections.

A.5.1 FRP-Reinforced Decks and Partial Applications

The earliest and most widespread use of internal FRP reinforcement in highway bridges has been in
reinforced concrete decks. Several state and provincial DQie idS and Canada.g., Minnesota,
WisconsinFlorida, TexasQuebec, Alberta, Nova Scotia) have constructed GielRforced bridge

decks or deck slabs and monitored their performance over periods ranging from 5 to more than 15 years.
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Field investigations of these decks typically focus on:

Serviceability crack widths, deflections under live load, and vibration response.
Durability: evidence of degradation of GFRP, condition of the EBftrete interface, and
performance under deing salts and freezéhaw cycles.

1 Wearing surface performandegehavior of asphalt or polymer overlays placed over-FRP
reinforced slabs.

T
T

A multi-bridge field durability study of GFRReinforced concrete structures in Canada (including several
bridge decks) found, aftei 8 years of exposure to deicing salts, ey cycles, and freeréhaw,no
observable degradation of the GFRP bars or of the GfeiRErete interfacerhen examined using optical

and electron microscopy and spectrosci@@y. The bond between GFRP and concrete remained intact,
and there was no significant change in the glass transition temperature of the resin, suggesting that the
matrix and fibermatrix interface were nadversely affected by the-service environment.

Similar conclusions have been drawn frorg-hhsedorojectsin which GFRP bars replacegoxycoated

steel in decks. For example, a Minnesota DOT demonstration bridge with-@kRb?ced deck panels

was instrumented to monitor strains, deflections, and temperfdijesubsequent evaluation reported

that the GFRP deck satisfied serviceability requirements and confirmed the potential of GFRP bars to
mitigate corrosiosr el at ed deck deterioration. A synthesis
Const r ucC)iprojects lik¢wis@ridted that FREinforced decks and hybrid FRP deck systems
performed satisfactorily in service, while recommending continued monitoring to better quantify long
term stiffness and crack conti6él].

In parallel with internal reinforcement, FRP has also been deployed dn-gliage deck forms, external
strengthening systems, and corrostienistant diaphragms and barriers. These applications are
increasingly common in Florida, where FDOT has used ¢dRfposites in decks, substructures, and
protective elements for coastal bridge3]. Reported experience indicates that:

9 Corrosion of steel reinforcement in FR&Inforced decks is eliminated whebs&RP fully
replaces steel.

1 Most inservice issues have been associatedwdthring surfaces, joints, or construction
workmanship, rather than with FRP degradation.

1 Service behavior (crack widths, deflections) is generally acceptabletivdeasign follows
existing FRP guidelinesHowever higher reinforcement ratios are often required to control crack
widths due to the lower modulus of GFRP.

Because the number of FRP decks has grown substantially, several groups have developed standardized
inspection framework®or in-service FRReinforced or FRRtrengthened concrete bridge elements. For
example Mehrabi et al[64] proposed a field inspection protocol for FRiFengthened and FRP

reinforced decks thamphasizesisual inspection, nedestructive testing, and targeted sampling where
needed. More recent work has expanded these concepts into a broader framework for field inspection of
FRPreinforced structural concreteinforcing the view that FRP components in existing bridges have
generally performed well, while also recognizing that inspection practices must be adappedgder

inspection guide

Overall, the accumulated evidence from decks and partial applications suggestkengiroperly
detailed and constructed, GFR&Inforced concrete decks can provide durable, corrdssen
performance for at least the first decade of service, with serviceability gousrimedventional crack
width and deflection limits rather than by material deterioration.

74
Harkers Island Bridge Replacement: Material Characterization and Structural Performance
Last (pdated 0r03/31/202%6 Principallnvestigator Rudolf Seracino, PhD

of



A.5.2 All-FRP or FRP-Prestressed Bridges and Instrumented Case Studies

Field performance data for bridges that incorpoGE&P prestressiyor rely on FRP as the primary
reinforcement irprimaryload-carrying members are more limited, but sevaotéworthycase studies
have been reported.

One of the earliest and most frequently cited examples Shimeniya Bridgen Japan, completed in

1988[65], where Carbon Fiber Composite Cable (CFCC) tendons were used as the primary prestressing
reinforcement in the main girders of a coastal highway bridge.-temmg monitoring and subsequent
analytical investigations have shown that the CFCC tendons hamtama their integrity over multiple
decades of service, with no evidence of corradBesides, measured deflections and prestress losses

have remained consistent with predictions frelastic creep and shrinkage models. These results are

often cited aproof of conceptor the longterm durability of CFRP prestressing in marine environments.

In North America, several bridges with CHRFRestressed girders or decked blilbystems have been
constructed and tested in the field. Work by Gretcal.[51], [66] on decked bulT beam bridges
prestressed with CFRP tendansludedthe construction of fullscale bridge models, static and fatigue
testing, and subsequent field implementation and evaluation for a Michigan DOT project. Experimental
and analytical results showed that the CHR&stressed systems met serviceability critenaléflection

and cracking and provided flexural capacities comparable to or greater than those of comparable steel
prestressed systems. More recemtiigjanDOT research on 0.7 iniaineter CFRP strands2]

confirmed that these largeiameter tendons can achieve reliable anchorage and prestress levels, further
supporting their use in bridge girders.

Florida and other states have also implemeRiRBreinforced and CFRPrestressed elements in coastal
bridges, often in combination with lfeycle cost analyses and resilience me{&&§, [67], [68], [69],

[70]. No | a 63]eynthesid of F&RB applications in Florida notes that internal FRP reinforcement
has been successfully used in substructures and decks to targetdt @@sign lifespans, with early field
observations indicating stable behavior and reduced maintenancerakedigde to steeleinforced
counterparts.

These case studiesnsistently show that CFRP prestressing and extensive internal FRP reinforcement
perform satisfactorily in the field, but they remaghatively few in number. Most documented FRP
prestressed bridges are of modest span and scale compared with the Harkers Island Bridge, and only a
subset is located in highly aggressive coastal environments.

A.6. Prior NCDOT Research on FRP and Coastal Bridges

Over the past decade, NCDOT has sponsoratias of research projects at NC State University to
understand the deterioration of existing sf@elstressed coastal bridges and to evakBfébased
alternatives for both new construction and rehabilitation. These projects, together with complementary
durability studies on CFRP strands, provided much of the technical foundation and institutional
confidence needed to pursue the Harkers IsBridfje as an alFRP-reinforced structure.

A.6.1 Deterioration of Coastal Prestressed Coredblab Bridges

Prestressed concrete cored slabs have been widely used in North Carolina since 1969 for simple spans
ranging from40to 70 ft. Field experience, however, showed that in coastal regions these systems can
exhibit extensive corrosion of internal steel reinforcement after less than 40 years in service. To better
guantify this problem and develop rational assessment guiddN@E30OT sponsored Project 20-B5,
documented in the report titled. iAssessment of

75
Harkers Island Bridge Replacement: Material Characterization and Structural Performance
Last (pdated 0r03/31/202%6 Principallnvestigator Rudolf Seracino, PhD



The study focused on two coastal bridges in Carteret County (B¥idgé s . 150035 and 1500:
whichfield inspections had documented widespread spalling, delamination, rust staining, and highly
variable visual conditions. The research program included:

1 Field investigationdetailed mapping of visible deterioration, sounding for delamination, and
concrete surface resistivity measurements.

91 Laboratory testingremoval of 12 cored slabs for ndestructive evaluation, extraction of
concrete cores and prestressing strand samples;dilgifotential measurements, and flexural
tests to failure.

1 Posttest forensicsdocumentation of the actual condition of strands and stirrups after demolition,
including cases where delaminated patches masked severe underlying corrosion.

The results showed that:

1 Extensive corrosion of bottom prestressing strands and stirrups can occur beneath relatively
modest surface deterioration, leading to substantial loss of flexural capacity.

9 Patch repairs are highly variable in effectiveness; some patches remain sound, whereas others
delaminate and accelerate corrosion by trapping moisture.

9 Traditional inspection records often lack the depth and consistency (e.g., qualitative depth of
spalls, condition behind delamination) needed for reliable load rating.

Van Brunt et al[1] proposed practical recommendations for field inspection (e.g., qualitative depth

categories for spalls, explicit documentation of changes over time) and highlighted the need for more

durable alternatives to stegglestressed cored slabs in coastal environments. This work provided direct

evidence of the limitations of traditionalsyste and moti vat ed NCD-@3ishasat i nt er e
reinforcement, including FRP.

A.6.2 CFRP-Prestressed Cored Slabs with GFRP Stirrups

Building on the deterioration study, NCDOT Project2@18 , ti tl ed ACFRP Strands i
S| ab [2ninvestgated FRIPrestressed cored slabs as direct replacements for the deteriorated steel
systems. The goals were to (i) assess whether qiFedressed, GFRieinforced cored slabs could

match or exceed the flexural and shear capacity of conventionapetseiessed slabs, and (ii) develop

practical details compatible with existing pregastduction methods he research program included:

1 Material characterizatioriension tests on CFRP strands and GFRP bars to validate manufacturer
properties and compare striessain behavior with steel.

1 Bond and development lengtieamend tests on CFRP strands to evaluate bond strength and to
calibrate development length predictions relative to ACI 44(38Rexpressions.

1 Full-scale member testsvo 45ft. CFRRprestressed cored slabsre tested in flexure, and two
15 ft. slabs weréested in shear.

The cored slabs were designedrtatch the geometry and loadrrying capacity of standard steel
prestressed NCDOT slabs, enabling produatiomxisting beds using familiar procedures. Experimental
results showed that:

1 CFRRprestressed slabs achieved flexural and shear capacities comparable to or greater than those
of steel control specimens.

9 Failures were governed by concrete crushing or shear mechanisms rather than premature rupture
of CFRP strands or GFRP stirrups, indicating that-dethiled FRP reinforcement can provide
adequatestrength.
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1 Serviceability behavior (deflectiormdcracking) was acceptable, with stiffness adequately
predicted when FRP material properties and prestress levels were correctly incorporated.

This project demonstrated tHally FRP-prestressed cored slabs are a viable replacement system for
coastal bridgefr1] and validated many of the material and bond assumptions later employed in the
Harkers Island design.

A.6.3 Mechanically Fastened FRP Retrofit for Deteriorated Prestressed Beams

While full replacement with FRPBrestressed memberstlie ideal optiorior new projects, NCDOT also
needed solutions for existing deteriorated bridges that could not be replaced immediately. NCDOT
Project 2018 6, t i t | e d-FaStéhedcFRR to Retraditl Ekisfing Prestressed Concrete Bridge
B e a nfi3}, developed a prestressed mechanically fastened FRH-RW® system for rapid flexural
strengthening of deteriorateddbannel and coreslab beamsKey elements of this work included:

1 Development of an MiIFRP system using prestressed FRP strips mechanically anchored to the
soffit of the beam, avoiding the surface preparation and curing demands of bonded systems.

1 Smallscale tests on fasteners, strip anchorage details, and installation procedures to optimize
constructability and performangg2].

9 Full-scale tests on deteriorated beams repaired with-RIF, showing that the retrofit can restore
lost prestress and significantly increase inventory and operating load faihgs

1 Longterm testing under sustained load and fatigue to assess the expected service life of the
retrofit [74].

A layeredsectional analysis (LSA) model was developed and showaocarately reproduce the full
flexural response of repaired beamsoviding a tool for design and load rating of ¥RP retrofitsThis
projectcomplementshe Harkers Island work in two ways. First, it reinforces the broader NCDOT
strategy of using FRP not only in new construction but alsaagic retrofit solutiorfor aging
infrastructure. Second, the MRP research further familiarized NCDOT and NC State with FRP
material behaviomprestressing, and field implementation isstgevant taan allFRP bridge.

A.6.4 Durability of CFRP Strands for Prestressing

In parallel with these NCDO$ponsored projects, NC State researchers conducted a comprehensive
durability studyof CFRP strands used for the prestressing of concrete membensoded by Khalafalla
et al.[75]. Although not an NCDOT project per se, this work directly suppdi@sD O Tconfidence in
CFRPstrands

The study investigated theynergistic effects of environmental exposure and sustained loaisgyen
wire CFRP strands witageometry similar to steel prestressing strands. Specimens were subjected to:

9 Sustained stress equal to 65% of the guaranteed tensile strength
9 Immersion in alkaline solution at 55 °C
1 Exposure durations up to 7,000 hours.

Mechanical tests before and after conditioning showed that:

i Tensile strength reductions were limited (on the order of a few percent) even under combined
sustained load and aggressive alkaline exposure.

i Elastic modulus decreased only slightly, indicating that stiffness is largely preserved.

1 Bond and shear strength also remained within acceptable ranges, suggesting that the primary
degradation mechanisms are modest under the tested conditions.
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The authors concluded that properly manufactured CFRP strands exhibit durable behavior under
conditions intended tsimulate typical bridge exposures, and that explicitly accoufdingombined
environmental and sustained loading effects can lead to more rational, potentially less conservative,
design assumptions.

A.6.5 Synthesis and Relevance to the Harkers Island Bridge

These projects define a coher ent -resistanghridgessystemst i n

1. Problem definitiondeteriorated coredlabg: Van Brunt et al[1] documented the extent and
consequences of corrosion in existing coastal eslaal bridges

2. FRP as areplacement systédf-RRprestressed cored slabShapack et a[2] showed that
cored slabs prestressed with CFRP strands and reinforced with GFRP stirrups can provide
structural performance comparable to traditional systems, while eliminating internal corrosion.

3. FRP as a retrofiMF-FRP strengtheningLin et al.[3] extended FRP applications to rapid
strengthening of existing deteriorated prestressed beams, offering NCDOT a practical tool to
extend service life while replacements are planned.

4. Longterm durability(CFRP strands Khalafalla et al[75] provided experimental evidence that
CFRP strands maintain a high proportion of their strength and stiffness under simultaneous
environmental and sustained loading, supporting their use as primary prestressing reinforcement
in aggressive environments.

The Harkers Island Bridge céeviewed as théogical next stepn this sequencdnsteadf applying
FRP in individual components or as a retrofit, NCDOT committed to using CFRP and GFRP as the
primary internal reinforcement throughout the main foadying elements of a large coastal bridge.

A.7. Summary and ldentified Research Needs

The literature and prior research reviewed in this chapter show that the technical basis for using FRP
reinforcement in bridge structures has advanced significantly over the past three decades. Guide
specifications, code documents, national research pragiend prior NCDOT projectsave

demonstrated that FRfased systems can achieve satisfactory structural performance and provide
substantial durability benefits in aggressive environments. At the same time, several important gaps
remain, particularly inr@as directly relevant to a large,-BRRP-reinforcedbridge such as the Harkers
IslandBridge project.

A.7.1 Research Questions Addressed in This Report

In response to the needs identified above, the Harkers Island Bemlegrch projeatas structured
around the following central questions:

1. How should FRP material propertiestbstedand statistically evaluated for design and acceptance?
1 What areherepresentative tensile and bend strengths for the CFRP strands, CFRP spirals, and
GFRP bars used in the project?
1 How many tests are needed per lot to estimate these properties with acceptable confidence?
1 How can test results be translated into design values and acceptance criteria that are both rational
and practical for future projects?

78
Harkers Island Bridge Replacement: Material Characterization and Structural Performance
Last (pdated 0r03/31/202%6 Principallnvestigator Rudolf Seracino, PhD



2. How do bent FRP elements (CFRP spirals and GFRP stirrups) behave at bend locations, and what
strength reduction factors are appropriate?

1 How do bend radig) surface treatment, and test configuration influence strength at bends?

9 Are current minimum bend radius recommendations adequate or overly conservative for the
geometries used in piles and girders?

1 How should design provisions be formulated to reflect the observed behavior while maintaining
clear, implementable rules for practice?

3. How do deep, FRPrestressed bridge girders behave in shear, and how well do existing models
capture this behavior?

1 What are the shear capacities and failure modes e$dale FIB girders with CFRP strands and
FRP transverse reinforcement representative of the Harkers Island design?

1 How do these results compare with predictions from current AASHTO and ACI provisions and
from ongoing research such as NCHRP122?

1 What adjustments, if any, are needed to shear design and ddtilfigP bridge girders?

4. What integrated recommendations can be made for future FRP bridge projects?

1 Based on the combined material, statistical, and structural findings, what guidance can be offered
to NCDOT regarding specification of FRP products, QA/QC testing programs, and acceptance
criteria?

1 How should FRP reinforcement be detailed in piles, girders, substructures, and decks to ensure
constructability, durability, and reliable performance?

1 How can the experience gained from Harkers Island be generalized to inform fuftR& adk
hybrid FRR steel bridge projects in North Caroliaad beyond
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Appendix B. HARKERS ISLAND BRIDGE DESCRIPTION

B.1. Project Background

Harkers Island is a small coastal community in Carteret County, North Carolina, located a few miles east
of Morehead City and adjacent to the Cape Lookout National Seashore. The island has a permanent
population of approximately 1,200 residents and rdlezs/ily on boat building, commercial and

recreational fishing, tourism, and access to the Cape Lookout barrier islands. Thereby, a reliable roadway
access across the town of Straits is essential for daily mobility, economic activity, and hurricane
evacuain.

The bridge site is characterized by shallow tidal waters, direct exposurelamsaltvinds, frequent

wetting and drying, and occasional extreme storm events. These conditions are particularly aggressive for
conventional steeleinforced and prestressedncrete structures. NCDOT classifies this region as highly
corrosive, and its standard practice for concrete bridges in such areas has been to increase concrete cover,
use epoxycoated reinforcing steel, and incorporate corrogitibiting admixtures sutas calcium

nitrite, silica fume, and fly ash. Experience with the existing Harkers Island bridges, however,

demonstrated that even enhanced conventional systems require major repair or replacement within a few
decades of service, motivating the searehiore durable reinforcement solutions.

B.1.1 Existing Bridges and Need for Replacement

Prior to the current project, Harkers Island was served by North Carolina Highway 70 through two
sequential bridges: the Earl C. Davis Memorial Bridge (Bridge No. 73) and Carteret County Bridge No.

96 (sedrigure A- 1). Together, these structures provided the only roadway link between the mainland

and the island. The original crossing, completed in 1941, consisted of two timber bridges aligried north
south and touching down on a small intermediate island. In the I6@s 3&d early 1970s, these timber
structures were replaced by prestressed concrete bridges with conventional steel prestressing strands and
internal steel reinforcement. Bridge No. 73 included a steel swing span to accommodate navigation in the
channel, whe Bridge No. 96 provided the remaining length of the crossing.

After roughly five decades of exposure to the marine environment, both bridges exhibited extensive
deterioration. Routine inspections documented corrosion of prestressing strands and internal
reinforcement, cracking and spalling of concrete, and a staatiase in maintenance needs. By 2013,

the condition of Bridge No. 96 had deteriorated to the point that an emergency full superstructure
replacement was required due to severe corrosion of the original steel prestressing strands in the cored
slab units. 8bsequent inspections in 2015 classified Bridge No. 73 as structurally deficient and Bridge
No. 96 as functionally obsolete, reflecting both physical condition and geometric and operational
limitations.

In addition to the structural deterioration, the swing span of Bridge No. 73 created reliability and safety
issues. Mechanical problems and corrosion of moving components occasionally prevented the span from
opening or closing reliably for vessel traffdisrupting marine operations and causing delays for roadway
users. The narrow roadway width and inadequate shoulders on the existing bridges further constrained
emergency response and evacuation capacity.
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(a) Bridge No. 73 (Earl C. Davis Memorial Bridgé)Demolished
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(b) Bridge No. 96 Remains as pedestrian access and fishing pier
Figure A- 1. Prior bridges connecting Harkers Island

Given the combination of advanced deterioration, functional limitations, and the critical role of the
crossing, NCDOT determined that full replacement of the existing bridges represented the most effective
long-term solution. The new structure would needreet current geometric and operational standards,
eliminate the movable span, and significantly improve durability relative to conventionaiestéaiced
designs under the local exposure conditions.

B.12 Sel ection of Har ker s -ARB-Reinforded Brglget he f i rst NCOs

When preliminary design for the Harkers Island Bridge replacement began around 2017, NCDOT had just
completed a project on CFR#Pestressed cored sldl2$ and had accumulated nearly a decade of

experience with GFRReinforced bridge decK$] and FRP repair systerf3. Internal discussions

among the Structures Management, Construction, Materials & Tests, and Geotechnical units identified
Harkers Island as an ideal candidate for lesgale implementation of FRP reinforcement because:
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1 The existing bridges had clearly demonstrated the vulnerability of steel reinforcement under the
local exposure conditions.

1 The replacement structure would be relatively long and heavily reinforced, providing an
opportunity to evaluate FRP across a wide range of elements.

1 Economies of scale could help offset the higher unit cost of FRP materials, making the overall
project cost competitive with a conventional solution whenRdifele performance is considered.

NCDOT leadership ultimately endorsed a strategy to design the entire structural system (piles, caps,
columns, girders, and deck) with FRP reinforcement wherever feasible, using steel reinforcement only in
a few localized components, such as the parapgetmzere FRPreinforced alternatives could not be
implemented due to the lack of crasist information. To support this innovative project, the Federal
Highway Administration (FHWA) awarded NCDOT a $1 million Accelerated Innovation Deployment
(AID) Demondration grant to help offset the incremental material costs associated with FRP.

B.13 Rol e of the Harkers I sland Bridge in NCDOTO6s F

Within this broader program, the Harkers Island Bridge serves several strategic roles for NCDOT:

1. Prototype for Fully FRAReinforced Bridges:
It is NCDOT6s first bridge in which all maj or
exclusively with FRP, making it a futicale demonstration of the technology in a highly
corrosive coastal environment.

2. Platform for Material Acceptance and Quality Control:
The project includes expanded acceptance testing of FRP bars and strands. NCSU conducted all
guality-control testing on randomly sampled materials to verify manufacturer certifications and
assess variability in properties relevant to design.

3. Case Study for Design and Construction Practices:
Lessons learned from the design process, detailing decisions, fabrication-odiRrfeRced
components, and field construction activities, including the use of a temporary work trestle and
construction under ivater work restrictions, will inform future GBDOT guidance on FRP
bridge projects.

4. Benchmark for Future Research and Monitoring:
The bridge provides a unique opportunity to correlate laboratory tests, analytical models, and
code provisions with the performance of afs@vice structure over time. The companion
research program documented in this report is intended to establibertichimark and to
recommend procedures for future monitoring and evaluation.

Hence, the Harkers Island Bridge replacement project is both a critical infrastructure investment for a
coast al community and a -téra strategy tb degldy BRPeeinfocemdhCa3 ® T 6 s
durable, coseffective solution for bridges in aggssive environments.

B.2. New Bridge Layout and Structural System

This section expands on the summpargsentedn Sectionl.4.2by describing the overall geometry and
structural configuration of the new Harkers Island Bridge. The focus is on how the spans, girders, and
substructure are arranged, setting the stage for the maderiaFRPspecific discussions in later

chapters.
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B.2.1 Overall Geometry and Alignment

The new Harkers Island Bridge follows an alignment that deliberately avoids the small intermediate
island used by the original timber and concrete bridges. Instead, the replacement structure is shifted
slightly to the east, crossing the water directly Sigere5). This relocation allowed construction to
proceed largely independent of the existing bridges, minimizing traffic disruptions during the project, as
shown inFigure A- 2.

The bridge consists of 28 simply supported spans with a total length of 3,200 ft. The deck width is 34 ft. 7
in. and accommodates two 12 ft. travel lanes and 4 ft. shoulders on each side. A singlioidg5 ft.

navigation span provides a vertical clearaoic45 ft. above the water surface, ensuring unobstructed
passage for commercial and recreational vessels. By raising the profile near the navigation channel and
eliminating the swing span used in the previous bridge, the new layout improves sight distéitce,

flow, and operational reliability while preserving marine access through the town of Straits.
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Figure A- 2. Construction site layout

B.2.2 Superstructure Configuration

The superstructure consists of precast, prestressed Fldmidarl (FIB) girders supporting a casiplace
lightweight sand concrete deck. Three FIB depths are used to span the varying distances along the
crossing:

9 56 FIB girders with a depth of 54 in. (5,580 linear ft.),
1 44 FIB girders with a depth of 72 in. (5,707 linear ft.), and
9 15 FIB girders with a depth of 78 in. (1,815 linear ft.).

The spans away from the navigation channel are arranged with-gifder crosssection (se&igure A-

3) and span lengths of 10030 ft., depending on location. In contrast, the three spans surrounding the
navigation channel employ a fagérder crosssection with the deepest FIB girders (78 in.) to
accommodate the longer span and higher demands in tlua.reg
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The deck is 8% in. thick and cdstplace over the FIB girders usindightweight saneconcretamix.

The use of a relatively thin, lightweight deck reduces dead load and helps maintain serviceability criteria,
which is particularly important when the internal reinforcement consists of FRP rather than steel. Link
slabg[76] are used at selected locations to reduce the number of deck joints and to simplify detailing of
FRP reinforcement across span breaks. All FIB girders are supported darsiaated elastomeric

bearing pads with stainless steel sole plates and anchgrdmisistent with NCDOT standard practice

for coastal bridges.
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Figure A- 3. Typical superstructure crosgction sketch
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B.2.3 Substructure and Foundations

The substructure system combines pile bents and-oulitmn bents supported by precast, prestressed
concrete piles, reflecting both geotechnical conditions and navigational requirements. Maost interior
supports consist of cast-place pile caps supporteitectly on groups of 24 in. square precast,
prestressed concrete pil&sgure A- 4a). This configuration is used at 19 bents, where the spans are
shorter, and the required elevation can be achieved without intermediate columns.

In regions where the superstructure must rise to provide navigation clearance, the bridge uses three
column bentsKigure A- 4b). At these locations, cast-place caps are supported on three circular
columns with diameters ranging from 3.5 to 4.0 ft., resting on larger pile groups. The number of piles in
each footing increases with span length and demand:

1 Near the approaches, a single row of five piles supports each bent.

1 Inthe transition to the navigation span, caps with ten piles are used.

i At the navigation span itself, 4fle groups arranged in three rows support each side of the
opening.

Several bents incorporate inclined piles with a 1.5:12 batter to enhance lateral load resistance and improve
performance under vessel collision and extreme lateral |&églsré A- 5a). End bents and roadway
approaches are protected against scour and erosion by precast, prestressed congriétensiiiset

reinforced with conventional steel prestressing stralfidgi{e A- 5b). These elements are located above

the tidal zone and are not exposed to direct saltwater immersion, which is why steel prestressing was
retained in this specific application.
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(a) Pile caps directly on piles (b) Threecolumnbents

Figure A- 4. Substructure system

(a) Batter piles (b) Steelprestressed scour protection

Figure A- 5. Batter piles and sheeile walls

85
Harkers Island Bridge Replacement: Material Characterization and Structural Performance
Last ypdated or03/31/2026 Principallnvestigator Rudolf Seracino, PhD



B.2.4 Roadway Cross Section and Functional Features

The roadway crossection of the Harkers Island Bridge is consistent with current NCDOT standards for a
rural two-lane facility in this corridor. The deck accommodates: (i) two 12 ft. lanes, (ii) 4 ft. shoulders on
each side, and (iii) standard concreteiparails at the deck edges. The Grade 60 eppmated rebar

used in the barrier rails can be seeRigure A- 6.

Compared with the previous bridges, the new esassion provides improved shoulders and clear width,
which benefits both routine operations and emergency response. The barrier geometry and reinforcement
layout were carefully coordinated so that the nsainctural deck and supporting members could be
reinforced entirely with straight GFRP bars, while the barrier itself retained @patgd steel

reinforcement consistent with existing crashkted details. The driving surface, once the bridge
constructiorwas completed, is shown kigure A- 7.

Figure A- 7. New Harkers Island Bridge crossction

B.3. FRP Passive and Prestressing Reinforcement

The Harkers Island Bridge was conceived from the outset as an internatyelriRIPced structure for all
primary loadcarrying components. Two types of reinforcement were mainly used: (i) GFRP bars as
passive reinforcement, and (ii) CFRP strands andIsgoalongitudinal prestressing and transverse
reinforcement in piles, respectively. This strategy enabled NCDOT to eliminate internal steel
reinforcement in the main structural elements while maintaining details familiar to designers, precasters,
and corractors.

86
Harkers Island Bridge Replacement: Material Characterization and Structural Performance
Last ypdated or03/31/2026 Principallnvestigator Rudolf Seracino, PhD



B.3.1 Selection and Roles of FRP Materials
GFRP bars as passive reinforcement:

Five bar diameters were specified in accordance with ASTM D[I3]7No. 5 bars are used as the

primary stirrups in the FIB girders and as transverse reinforcement in pile caps, while No. 6 bars are used
extensively in the lightweight concrete deck. Smaller and larger diameters were used as needed for
secondary reinforceemt, column reinforcement, and miscellaneous details. Owens Corning produced the
GFRP bars used in this project. Overall, the superstructure required approximately 715,000 ft. of GFRP
reinforcement, with an additional 200,000 ft. in the substructure. GERfdrced elements are shown in
Figure A- 8.

(a) Bent columns (b) Pile caps
Figure A- 8. GFRP reinforcement cages

CFRP strands as prestressing reinforcement:

A single 0.6 in. diameter sevavire strand, manufactured by Tokyo Rope USA and commercially sold as
Carbon Fiber Composite Cable (CFCC), was used throughout the project for longitudinal prestressing in
both FIB girders and square piles. Approximately 660,ft. of CFRP prestressing strands were used in

the girders and 325,000 ft. in the piles. A companion 0.28 in. simigheCFRP strand (urstrand CFCC)

was used as transverse spirals in the piles, providing confinement to the prestressing straads and th
concrete core.

Limiting the number of FRP products and diameters served two purposes. From a design perspective, it
simplifies the development of standard details and reduces the number of distinct design checks required.
From a construction standpoint, it limited thamher of suppliers and validation tests, making it feasible

to implement a robust qualigontrol program for both straight and bent FRP elements.

B.3.2 Precast, Prestressed Components

All precast, prestressed concrete elements that form the primary load path (FIB girders and 24 in. square
piles) use CFRP for longitudinal prestressing and GFRP for all internal transverse and shear
reinforcement, except for the piles, which are translyereenforced with a continuous ustrand CFCC

spiral. Typical reinforcement arrangements for girders and piles in their prestressing beds are shown in
Figure A- 9. Their reinforcement details are summarized below:
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(a) FIB girders (b) Square piles
Figure A- 9. Prestressing beds
FIB girders:

Each of the three FIB girders (54, 72, and 78 in.) is prestressed with a standardized pattern of 0.6 in.
CFRP strands, ranging from 44 strands in the shallower girders to 64 strands in the deepest section. Two
strands are placed in the web to enhance simehnegative moment capacity while preserving a layout
similar to conventional ste@restressed girdergigure A- 10). Transverse reinforcement in the girders
consists of GFRP stirrups, selected by the precast contractor from alternatives that included both CFRP
and GFRP options. The final choice of No. 5 GFRP stirrups provided adequate shear capacity while
maintaininga uniform detailing scheme across all spans.

Prestressed piles:

The 24in. square piles are prestressed with 16 CFRP strands and confined by a continuous CFRP square
spiral. This configuration mirrors conventional stpetstressed piles in layout but replaces both the
longitudinal strand and the transverse spiral withcorroding CFRP. The relatively high concrete

strength specified for these elements (10 ksi), combined with the transverse confinement, was intended to
ensure adequate drivability and letegm performance in the highly corrosive marine environment.

Figure A- 11 shows piles at the precast yard.

Figure A- 10. 54 in. CFRPprestressed FIB girders
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Figure A- 11. 24 in. CFRPprestressed square piles

B.3.3 Castin-Place Substructure and Deck

All castin-place structural components (pile caps, columns, bent caps, and the bridge deck) are reinforced
exclusively with GFRP bars, spirals, and stirrups. The reinforcement detailing replicates familiar steel
reinforcement layouts wherever possible.

Pile caps, columns, and bent caps:

GFRP cages in the substructure follow conventional bar spacing and development practitagjerith
diameter GFRP bars used for primary flexural reinforcement and smaller bars or spirals for confinement
and shear (sdeigure A- 12). In several locations, inclined (battered) piles are anchored into GFRP
reinforced pile caps to resist vessel collision and lateral loads.

(a) Pile cap reinforcement cage (b) Bent column

Figure A- 12. Substructure GFRP reinforcement
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Deck reinforcement:

The 8%z in. thick lightweight concrete deck is reinforced with GFRP bars in both dire¢tignee(A-

13), with No. 6 bars serving as the primary longitudinal reinforcement. The chosen bar spacing and cover
were selected to control crack widths under service loads while remaining compatible with the deck
thickness and construction methods used on other NCDOT bridges.

Figure A- 13. Deck GFRP reinforcement

B.3.4 Minimization of Steel and Detailing Simplifications

Al t hough the projectdéds goal was to eliminate inte
conventional steel reinforcement: (i) prestressed concrete giteetalls used for scour protection at the
approaches, and (ii) the deck barrier rail, aithis reinforced with epoxgoated Grade 60 steel to satisfy
crashtesting requirements. These components are either not in constant contact with saltwater (sheet

piles) or are governed by existing safety hardware specifications that currently do noHsIPmi

alternatives.

Within the FRPreinforced components, detailing decisions were made to keep reinforcement shapes and
fabrication as simple as possible. For example:

1 FRP elements requiring bends (e.g., stirrups, spirals, column hoops) wésanped during
manufacturing, since neither GFRP nor CFRP can be bent in the field.

1 Link slabs[76] were employed instead of continuefos-live-load diaphragms with muihend
bars, avoiding complex GFRP bending geometries that would have been challenging to fabricate
and install.

9 Transverse reinforcement details were standardized across girder types to streamline shop
drawings, fabrication, and quality control.

These choices reflect a broader strategy: use FRP to address durability concerns, but avoid unnecessary
complexity in the reinforcing layouts so that the system is buildable and scalable beyond this single
project.
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B.3.5 Design Philosophy and Target Performance

The FRP reinforcement strategy was developed with a long service life and minimal maintenance as
primary objectives. NCDOT targeted a design life of at least 75 years for the replacement structure,
recognizing that eliminating internal steel corrosiondg to achieving this goal in a coastal environment.

The resulting system demonstrates that a large coastal bridge can be detailed and constructed using FRP
as the primary internal reinforcement, while remaining compatible with NCDOT standards and with
estdlished precast and cdstplace construction practices.

The following principles therefore guided the selection and distribution of CFRP and GFRP
reinforcement:

Assign CFRP strands to roles where stiffness and prestressing are critical (piles and girders).
Use GFRP bars for all passive reinforcement in-iteptace elements and as transverse
reinforcement in girders to provide crack control and shear capacity.

1 Retain conventional steel only where current cii@sh or scouprotection standards necessitate
it.

T
T

B.4. Project Delivery, Timeline, and Stakeholders

B.4.1 Project Delivery Approach and Overall Schedule

NCDOT elected to use a desipit-build delivery method, preparing the contract documents and serving

as the Engineer of Record for the bridge superstructure and substructure. The roadway design and
environment al document at i o sstandard groject danglobreent @rdcess,h r o
with input from local stakeholders and federal agencies.

ug

The project was advertised and | et through NCDOTO

Multiple bids were received, and Balfour Beatty was selected as the prime contractor. Construction
operations began in September 2021, following issuaniteafotice to proceed.

Despite a sixmonth annual moratorium on-imater work, which prohibited any-water activities

between April 1 and September 30 to protect sensitive marine habitats, the project was successfully
completed in December 2023, only 27 months after theaftaonstruction and 10 months ahead of the
contractual completion date. This outcome is particularly notable given the learning curve associated with
full-scale FRP implementation and the logistical challenges of working in shallow coastal waters.

B.4.2 Construction Timeline and Major Milestones

It is helpful to summarize here the key phases
Additional constructiofrelated observations are discussed in later chapters where they relate directly to
material performance, quality control, esearch activities. Also, a supplementary construction photo
documentation is provided #ppendix C

Preconstruction and mobilizatiomid-2021):

After the contract award, Balfour Beatty mobilized to the site and established a limited laydown area of
approximately 2 acres near the north abutment. The constrained site requinedifustdeliveries for

most materials, which, from a ldgycle assesnent (LCA) perspective, limited the potential advantages

of FRPO6s | ower weight (e.g., small er-sieporamores t o
material delivered per truck).
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Temporary work trestle and initial-water work (late 2021):

Because shallow water depths and environmental restrictions made barge operations imgractical,
contractor constructed a temporary trestle parallel to the new bridge aligifigeme A- 14). The trestle

was designed to support all major construction activities, including pile driving, pier construction, girder
erection, and deck placement, within the Octobrch inwater work window.

NG GYb &1
aql B} qd

Figure A- 14. Temporary work trestle

Foundation and substructure construction (2@P22):

During the first inwater work window, the contractor focused on driving CHiR€stressed concrete piles

and constructing pile caps and columns wherever access from the trestle was available. The sequencing
was largely governed by the environmental morator as much irwater work as possible was

completed between October and March, so that abater activities could continue during the restricted
months. A series of piles and pile caps is presentEdyire A- 15.

Figure A- 15. CFRP prestressed concrete piles and early pile cap construction

92
Harkers Island Bridge Replacement: Material Characterization and Structural Performance
Last ypdated or03/31/2026 Principallnvestigator Rudolf Seracino, PhD



Fabrication and erection of FIB girders (2022):

In parallel with substructure work, Coastal Precast Systems (CPS) fabricated the FIB girders using CFRP
strands and GFRP stirrups at their facility, with NCDOT and NCSU involved in quality control and
material testing. The 54 in. girders were shippeddcstte by truck, whereas the 72 and 78 in. girders

were delivered by barges via the Atlantic Intracoastal Waterway and erected from the work trestle as
spans became available, as showhigure A- 16.

Figure A- 16. Erection of FIB girders using cranes on the work trestle

Deck construction and finishing works (202923):

Once girder lines were in place, the lightweight GHRiRforced casin-place deckKigure A- 17) was
constructed in stages, followed by barriers, railirgsl approach tiens. This abovewater work could
proceed during the ApiiBeptember periods wherrivater operations were restricted, helping to
maintain continuous progress and avoid idle time.

Figure A- 17. Deck portion right before concrete pouring
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Traffic switch and project completion (late 26&8d 2024:

Final activities included shifting traffic from the existing structures to the new alignment, completing

approach roadway construction, and carrying out the demolition of Bridge No. 73. The new bridge

opened to traffic in December 2023, marking the suécess c ompl et i on of -FR®Brt h Car
reinforced bridge. Notably, bridge No. 96 was left entirely in place and repurposed as a dedicated fishing

pier and pedestrian facility, preserving direct access to the intermediary island. This degisindees

directly to resident input, which emphasized both the practical value of this access and the cultural

significance of the existing bridge as a community gathering space. An aerial view of the completed

bridge is depicted ifigure A- 18.

71 RT N@ X t
3t 6ROUNDW

Figure A- 18 Completed Harkers Island Bridge

B.4.3 Key Stakeholders and Roles

The successful completion of the Harkers Island Bridge required sustained coordination among multiple
organizations. The principal stakeholders and their roles are summarized below:

North Carolina Department of Transportation (NCDO®yner and designer

1 Led project development, environmental documentation, and final bridge design.
1 Issued project specifications and special provisions governing FRP materials and QC.
1 Provided orsite inspection, construction oversight, and keegn monitoring responsibilities.

Balfour Beatty US CivilsPrime contractor

1 Responsible for overall construction means and methods, including trestle design, pile driving
operations, substructure and superstructure construction, and demolition of existing bridges.

1 Managed subcontractors, coordinated material deliveries within the constrained laydown area,
and optimized construction sequencing around thveaiter work moratorium.
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Coastal Precast Systems (CP&ecast supplier

Fabricated all precast elements: CHREstressed piles and FIB girders.

Worked closely with NCDOT and NCSU to coordinate sampling, testing, and adjustments to
reinforcement details as cracking behavior and constructability issues were observed in early
girders.

T
T

Tokyo Rope USA (CFRP) and Owens Corning (GEFRP material suppliers

9 Produced CFRP strands and GFRP bars in accordance with {sqgedic special provisions.
1 Supported plant audits, material certification, and development of specimen preparation
procedures for testing.

NC State University research teaimdependent research and QA/QC support

1 Conducted material characterization tests (e.g., tension tests afthbéggts) on CFRP and
GFRP samples obtained from production lots.

T Participated in monthly construction progress
Havelock, NC, and carried out regular site visits to observe construction, document issues, and
collect data.

91 Developed analytical tools, fulicale testing programs, and recommendations intended to inform
NCDOT6s future FRP projects.

B.5. Practical Challenges and Lessons Learned in FRP Implementation

While the earlier sections describe the overall structural system and construction sequence of the Harkers
Island Bridge, the project also encountered several practical challenges in treeddegenplementation

of FRP reinforcement. Many of these issages not captured directly in design drawings or specifications

but have significant implications for constructability, schedule, and future projects. This section

highlights selected challenges faced during fabrication and construction, along with tasefvam the
contractor and precast supplier.

B.5.1 Coordination of FRP Procurement and Manufacturing Limitations

Unlike traditional steel reinforcement, FRP bars and spirals cannot be bent in the field. All bends must be
performed at the manufacturing plant, strictly in accordance with length and shape specifications.
Consequently, the project required more detaldly coordination among the designer, NCDOT, the

FRP manufacturers, and the precaster than is typical withrete@rced bridgesTwo aspects were
particularly consequential:

Manufactured bends:

Several bar shapapecified in the design could not be fabricated exactly as intended due to
manufacturing limitations (e.g., maximum straight length beyond a bend or restrictions on tight reentrant
corners) This required adding splices and lap lengths in arebplanned initiallyand involved ongoing
discussions to balance structural requirements, bend geometry limitations, and production efficiency.
However, such restrictions are manufacttependent and may not exist on a dagease basis. These
limitations shouldbe discussed once the supplier is known.
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Lead times and fabrication risk:

Because every bent FRP bar shape must bempreifactured, any late design change or fabrication error

can result irsignificant lead time. The contractor aihé precaster identified this as a key risk: if a batch

of complexgeometry bardid not fit, theimpact on the refabrication scheduleuld be substantial. This
experience highlights the value of standardizing bar shapes and using repetitive details wherever possible,
so that material from other lots or spans can be reallocated if issues arise.

These constraints suggest tHat future FRP bridge projects, the design phase should explicitly address
manufacturing limits on bend geometry and length, and incorporate sufficient standardization to enable
practical contingency strategies.

B.5.2 Prestressing Operations

The use of CFRP prestressing strands in piles and FIB girders also required adaptations in typical precast
yard practices.

Prestressing and strand handling:

CFRP strands are linearly elastic up to rupture and do not yield like steel. Although the specified jack
stresses are within the elastic range, the perceived brittleness of CFRP made workers understandably
cautious during stressing and formwork operatidiosavoid tying transverse reinforcement directly
around fully tensioned CFRP strands, the precaster implemented procedures such as:

1 Using conventionasteelstrandsoutside the concrete cressction to temporarily support GFRP
stirrups during cage assembly, so that the stirrups could be tied without relying on the CFRP
strands as hanging poir(teeFigure A- 19a) Notably, this was only applicable to the FIB
girders, where some stirrups were protruding.

1 Sequencing stressing and cage assembly to minimize the time workers spent near fully tensioned
CFRP tendons.

Use of splice connector and jacking hardware:

Conventional multistrand jacks and chucks are designed for steel strands. To maintain compatibility with
existing equipment, the precaster used splice connectors to transition from CFRP strands inside the
member to shodteel strands dhe end of the formwork, where the jacks and wedges could be applied.
The splice regions werdaggered due to the thickness of the splice connectorBi(gge A- 19b). This
procedureadds another layer of detailing and quality contifwht isnot present in ste@nly systems.

B.5.3 Lifting loops and handling of FRP-prestressed girders

One notorious constructability challenge on the project was the seemingly simple task of lifting and

handling the FRPrestressed girders. For traditional s{eedstressed girders, the standard practice is to

create lifting loops by extending a few pressing strands or by using steel lifting bars or embedded

devices near the ends. These loops are easy to detail, familiar to precasters and contractors, and can be cut
in the field with a torch after installation.
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Temporary carbon
steel strand

(a) Temporary steel strands (b) Staggered strand connectors
Figure A- 19. FRP prestressing operations

For Harkers Island, however, NCDOTO0s objective of
feasible made the use of traditional cadsteel lifting loops undesirable. Although the quantity of steel

in a set of lifting loops is small and localizeear the girder ends, those strands would remain

permanently embedded in a highly corrosive environment. In contrast, the parapet rail reinforcement,

which is epoxycoated steel, was considered acceptable because it is not part of the primary load path a

can be replaced if needed. This constraint triggered an extended discussion, where several alternatives

were considered:

9 Lifting baskets and soffit recesses

Based on prior experience, the contractor propos:s
the girder from below, bearing in shallow recesses or notches formed in the bottom flange. Synthetic
straps could then be wrapped around the bottotineofjirder to lift and rotate it, with the recesses

later filled with nonshrink grout once the girder was in place. Although this approach avoids leaving
steel embedded in the girder, it introduces additional formwork complexity, requires carefulgletailin
of recesses to avoid stress concentrations, and adds steps to both casting and finishing.

1 Internal FRRbased lifting details

Another concept explored in the early stages was to use openings in the web and pass a bar, or similar
device, through the section to serve as a lifting point. From a research perspective, this option is
attractive because it can be optimized to minimizess concentrations and maintain a fullynon

corroding internal system. However, it would require dedicated analytical and experimental work to
validate the structural effects of the web opening and the bar, as well as detailed guidance on the
location ofthe opening relative to prestressing, shear reinforcement, and the transfer length. Given the
time and scope constraints of the Harkers Island project, this concept was deferred as a potential
future research project rather than implemented in the field.
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1 GFRP bolts and embedded lifting anckior

A third idea considered was the use of GFRP bolts or headed anchors installed near the top flange to
serve as lifting points for stripping the girders from the forms and handling them in the yard. This
approach would keep the lifting components-gorrosive and external to the primary prestressing
system, but raised questions about the local anchorage capacity of the bolts, potential flange cracking,
and the practicality of removal or abandonment after erection. As with thepesiing concept,

these quesins pointed toward a substantial research effort beyond the scope of the current project.

Faced with these unresolved issues and the need to maintain the production schedule, NCDOT ultimately
chose a stainlessteel lifting solution as a pragmatic compromisggre A- 20c). For each girder, three
bundles of stainlessteel strands were detailed as lifting loops, with two bundles engaged at each end
during handling and erection (a total of four lifting bundles per girder). Stainless steel isarbon

steel with much Igher corrosion resistance than black steel, while still compatible with existing
prestressing and lifting hardware.

This solution was not without concerns. Some team members were initially uneasy about the perceived
brittleness of stainless steel relative to conventional prestressing steel, particularly under dynamic

handling loads. Still, in practice, the lifting optoas proceeded without incidents. The approach
provided a workable, neblacks t e e | option that satisfied both the
objectives for the project.

However, the use of stainlesteel lifting loops introduced new fieldvel complications. In particular,

the stainlessteel strands could not be cut using conventionaifoaitorches after the girders were
erected on site. The contractor had to relyalternative cutting tools, which added time and effort during
the finishing stages. In peptoject feedback, field personnel expressed a clear preference for lifting
solutions that either avoid permanent metallic loops altogether or use materialscaval@ahat can be
removed or trimmed using standard tools.

Further, discussions with the CFRP strand supplier indicated that CFRP strands can be bent and used as
lifting loops, provided bend radii and stresses during handling remain within allowable limits. From a
durability standpoint, CFRP loops would be fullyngpatible with the rest of the prestressing system and
eliminate the need for any stdmsed lifting components. However, this concept raises critical questions
about the performance of bent CFRP strands under repeated lifting cycles, the appropdtive redu

factors for strength at bends, and the kergn implications of such details on member performance.

These topics are closely related to the broader issues of bend strength and detailing addressed in later
chapters and represent promising avenuehifare experimental and analytical work.

In summary, the liftingoop problem illustrates how seemingly secondary details can become critical
within an allFRP design philosophy. The Harkers Island experience shows that durakiaciesteel
lifting solutions are achievable (here via stainlste®l loops) but also highlights the need for continued
research on FRPased lifting details, standardized guidance on their design, and practical field
procedures for their installation and removal.

B.5.4 End-region cracking

Endregion behavior proved to be one of the most sensitive and instructive aspects of working with
CFRRprestressed elements on the Harkers Island project. Both the piles and the FIB girders exhibited
cracking patterns near the ends duringetfesioning, [ghlighting how details commonly used with steel
cannot always be directly extrapolated to CFRP systems.
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CFRPRprestressed piles: Hoyer effect, eaaye strength, and spiral pitch

For the CFRPprestressed square piles, some cracking was observed at the ends shortly after prestress
transfer. These cracks were attributed primarily to the combination of {ééfget induced tensile

stresse$/ 7] and relatively low earhage concrete strength. As prestress is released, the strand attempts to
shorten, producing radial and longitudinal tensile stresses in the surrounding concrete near the ends.
When this occurs at lower concrete strengths, the et less able to resist tensile stresses, making

end regions more susceptible to cracking and splitting.

Once this behavior was identified, the contractor modified production procedures by delayamgpile

cutting after driving. At the precast plant-tmsioning was also postponed until a higher compressive
strength was achieved (at least 6 ksi, rather fhksi). In practice, this meant ordering piles further in
advance so the concrete could continue curing before the ends were cut. This change was effective: end
region cracking in piles became much less frequent, but at the cost of longer producésrangcl

increased inventory on the casting beds.

In addition to timing, the confinement detailing at the pile ends is a significant contributor. As is common
practice, the CFRP spiral pitch was reduced near the pile ends to increase confinement for drivability and
to resist damage during-tiensioning. ldwever, once piles are driven and subsequently cut in the field to
achieve the final grade, the new pile head often falls in a region where the spiral pitch transitions back to
a wider spacing. At that location, the confinement is reduced relative taghabhead region assumed

in design.

The Harkers Island experience suggests that, for gifB&ressed piles, spiral pitch patterns may need to
be reconsidered so that tighter confinement extends farther from the pile ends, covering the range of
locations where field cuts are likely to occOtherwise, the combination of high local prestress, lower
confinement, and field cutting can create conditions favorable tosginon cracking, even when the
original head region performs well. Alternatively, schedule coordination to accommodate laitger w
times before cutting the ends appears to be a good temporary solution. In most cases, the extent of
cracking in the field was limited to the pile cap embedment dé&jiglare A- 20a), so additional repairs
were not required.

FIB girders: unconfined strands, transfer length, and splitting cracks

Endregion cracking was also observed in the CipREstressed FIB girders. In this case, the implications
were even more significant because several girder
criteria. The initial girder designs followed detalist are common in steptestressed practice,

including:

1 Longitudinal strands concentrated in the bottom flange, with two strands into the web.
1 A confinement bar around the bottom flange that did not fully enclose all the bottom strands.

These transverse reinforcement patterns, influenced by conventional steel detailing, where certain strands
are routinely left outside the lowest transverse bars without major issues, proved problematic in the CFRP
application, as early production girdeshibited transverse tensile cracks at the bottom flange near the

ends during or shortly after prestress rele&ggufe A- 20b), and longitudinal and splitting cracks along

the bottom flange and into the web region. Also, it was evident that some strands had slipped slightly into
the section, indicating local bond and confinement issues. Additionally, longitudinal crackiegnelih

was observed, associated with the two CFRP strands placed in the web region.
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These observations are consistent with a condition in which prestress transfer occurs over a relatively
short distance, leading to high bond stresses and concentrated tensile stresses in the end region. While
CFRP strands can exhibit shorter apparent feafsngths than steel, the total confinement and transverse
reinforcement in the initial details were not proportioned with that behavior in mind. Several bottom
strands were located outside the effective confinement provided by the bottom bar, sarite con
immediately surrounding those strands was more vulnerable to splitting. The response was twofold:

Procedural adjustment:

As with the piles, the precaster began waiting longer before releasing the prestress, allowing the concrete
in the girder to gain additional strength. This helped, but it did not fully resolve the issue because the
underlying confinement detail remainedchanged.

(a) Pile cracking (b) Bursting (c) Stainless steel lifting loops
Figure A- 20. Challenges encountered

Design modification

After the first set of girders, NCDOT and the design team modified the girder details to ensure that the
flange confinement reinforcement encloses all bottom strands. These changes reduced the incidence of
endregion cracking and provided a more robustlpath for transferring prestress to concrete.

Taken together, the pile and girder eedion issues highlight the need for:

1 Explicit consideration of concrete strength at transfer and the timing of cutting and handling
operations.

1 Confinement layouts (spiral pitch in piles, transverse reinforcement, and confinement bars in
girders) that reflect where prestress transfer actually occurs and where field cuts are likely to be
made.

1 A cautious approach to directly tailor stéelsed details into CFRP applications without
additional analysis or testing.
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B.5.5 Handling and Installation of GFRP Bars in the Field

From the contractorodos perspective, the Dbmhavior o
many respects, similar to that of conventional reinforcing steel: bars could be carried, tied, and assembled
into cages using standard tools and procedures, andighéér weight was viewed as an advantage for

manual handling and trucking. Howeveren lifting larger reinforcement cages, their lower stiffness

(compared to steel) may require additional consideration, as they are more flexible. Adylitomeal

aspect emerged as a persistent challenge:

Surface splinters and o r k eamfertd

The GFRP bars used on the project had an exposed composite surface with pronounced deformations.
During handling and tying, installers experienced significant itching and splintering from loose glass
fibers.Even with gloves and protective clothing, this discomfeduced crew productivity and was
recognized by subcontractors as a factor theyld incorporate into their bid prices.

In postproject reflections, the contractor emphasized that if FRP is to become a routine material, surface
coatings or outer veils that encapsulate the fibers and reduce splintering should be strongly considered
during specification. From a constructidarsdpoint, GFRP bars are treated almost the same as traditional
rebar in terms of layout and tying. Still, the surface finish has a disproportionate impacttorddsy
installation. Nonetheless, this is also manufactdeggendent, as surface preparabgrother FRP

producers may not yield these inconveniences. Note that @patgd black steel bars require additional
care in the field to prevent coating damage, and they also require UV protection fterforgxposure.

B.5.6 Contractor Perspective and Cost Considerations
Discussions with the prime contractor highlighted several broader lessons:

Specifications and constructability should evolve togefhdre contr act or vi ewed NCDC(
specifications as generally cleagardingstorage, handling, and protection requirements, but noted that
manufacturing limitations (e.g., maximum bduar lengths) were not alwagsidentat the design stage.

Better integration between design assumptions and manufacturing capaesjiiesally for bent bars

would reduce latstage splices and refabrication.

Standardization of bar shapes is highly valualbiem a scheduling and risk perspective, a more

repetitive bar schedule (fewer unique shapes, reused across multiple bents or spans) would make it easier
to reassign material from later phases if an early lot has issues, rather than waiting on uniqoaigdabr
replacements.

Worker experience and co3the contractor expressed willingness to bid on future-Feiforced

projects and acknowledged the advantages of lighter material and potential durability benefits. At the

same time, they noted that reinforcing installers are likely to be priced in doendst associated with

GFRP splinters until surface finishes Iimprove. I n
decision to use FRP wilhcreasingly be driven by relative material costs rather tbhastructabity. It

should be noted that surface treatments are pri ma
comfort may also need to be considered.

Relative material price§’he contractor also highlighted that, at the time of the project, unit prices per
pound or per linear foot for FRP products were higher than for black or-epaxgd steel reinforcement.
Although these numbers aime-, project and markespecific, they reinforce the importance of pairing
technical performance with realistic cost analyses when evaluating FRP for future [Cieigasly,

LCA assessment would benefit FRP solutions.
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These lessons underscore that lesgale FRP implementation is not solely a design or materials problem;
it also requiresiligning specifications, manufacturing capabilities, and construction practices. Many of
the issues encountered on Harkers Islandh as the need for standardized bar shapes, explicit
consideration obendfabrication limits, and attention to worker comfort, are likely to rectutinre FRP
bridge projects. The recommendations developedliisequent chapters build on these practical
observations, aiming to facilitate subsequent implementafiwimth designers and contractors.
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Appendix C. CONSTRUCTION PHOTO DOCUMENTATION

C.1. Purpose, Scope, and Field Documentation

This appendix presents a photographic record ofohstruction of the new Harkers Island Bridgel

related field activities. Its primary purpose is to visually document the sequence of work, from the
deterioration of existing bridges to the opening of the new bridge, by showing the folkragss:

temporary trestle, pile and substructure construction, FIB girder erection, and deck and barrier placement.
The emphasis is on representative images with concise captions rather than detailed technical discussion,
which is already provided iRigure A- 21.

The photographs compiled here were collechating 24 field visits between late 2021 and early 2024.
These include:

16 construction site visits while the bridge was under construction.

4 visits to precast facilities (CPS in Chesapeake, & Wilmington, NC).

1 visit associated with an FRP Institute seminar and bridgentdmvember 2022

1 visit for the opening ceremony in December 2023.

2 postcompletion visits in March and October 2024, to document the salvaged piles from Bridge
No. 73 and observe traffic and community use on the new bridge, respectively.

= =4 =8 =8 -9

Throughout construction, NCDOT and Balfour Beatty held a monthly construction progress meeting on

the third Wednesday of each month at the contract
members of the NEU research team attended these meetings in person and then traveled to Harkers

Island the same day for a site wélthkough. These combined meetings and visits, beginning in October

2021 and continuing through late 2023, provided a structured opportufitgtay informed about
constructiorprogress and emerging issues, (ii) observe keyileiifed details in the field, and (iii) build

a comprehensive visual record of the project.

The research team also carried out several visits to precast plants, wherprégiRizsed piles and FIB
girders were fabricated. These vigtsabled direct observation of stressing, casting, detensioning, and
handling procedures, as well as documentation of constructability challenges, includiegiend
cracking, stirrugtying strategies, and the usestdinlesssteellifting hooks. Many of the photos in
SectionC.4andC.6were taken during these plant visits.

From late 2021 through the bridge opening in December 2023, the research team maintained close
coordination with Balfour Beatty personnel, NCDOT inspectors, CPS staff, and FRP manufacturers. All
parties were consistently welcoming and supportive of thearel effort, facilitating safe access to the

site, sharing information on construction sequencing and field issues, and allowing extensive photo and
video documentation. This collaboration was essential for identifying constructability challeuingeas

pile end cracking, girder end cracking, bbat fabrication limits, GFRP bar labeling and handling issues,
and deck reinforcement placemead well agor capturing them visually for future reference.

Finally, following completion of the new bridge and demolition of Bridge No. 73, the research team
conducted postompletion visits to (i) identify and select salvaged piles from the old structure for
subsequent laboratory testing with FRP strengthentagnatives, and (ii) document the new bridge in
service. These visits, which are summarized in Se@i8nalso captured the repurposing of Bridge No.
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96 as a fishing pier and pedestrian facility, showing how the project not only delivered a durable new
structure but also preserved an important community gathering space.

Figures in this appendix are organized to follow the approximate construction sequence: existing
conditions, temporary works, piles and substructure, girders, deck and barriers, approaches, opening, and
postcompletion observations. Together, they proddésual companion to the narrative presented in
Appendix B and help illustrate many of the constructability and implementation issues discussed
throughout this report.

C.2. Existing Bridges and Site Conditions

Beforethe construction of the new Harkers Island bridge, access to the island was provided by two aging
structures: the Earl C. Davis Memorial swisigan bridge (Bridge No. 78nd Bridge No. 96. Both

bridges were low to the water and exposed to a harsh marine envirqrigent A- 21). After several

decades in service, extensive deterioration was evident throughout the substructure and superstructure.
Chlorideinduced corrosion of reinforcing and prestressing staelled to cracking, delamination, and

spalling at pile caps and beam ends, as well as to localized loss ofee@asing corroded bars and

strandgFigure A- 22). The underside views show widespread staining and patch repairs along the soffit

and piles. These conditions motivated NCDOTo&6s dec
structure using corrosiaresistant FRP reinforcement.

(a) Traffic interrupted by the swingpan (b) Swingspan on Bridge No. 73

(c) Bridge No. 96

Figure A- 21. Existing Bridgesn Harkers Island
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Figure A- 22. Corrosion of existing structural elements

C.3. Temporary Works and Site Logistics

To construct the new Harkers Island bridge while keeping traffic and marine navigation in service, the
contractor installed a lovevel temporary construction trestle parallel to the new align(femgare A-

23). The work trestle provided access for cranes, concrete trucks, and material deliveries along most of
the bridge lengthwithout relying solely on barge$his arrangement reduced construction time and

limited the number of kwater operations required during pile driving, girder erection, and deck
placement

The trestle effectivelgerved as a mobile construction platform, with cranes and finishing equipment
movingfrom one bent to the next as substructure and superstructure work proghessetinuous
navigation opening was maintained by interrupting the trestle near the-spanghannethereby
allowing boats t@ontinue to pas®©verall, the temporary trestle was a key elenaéiebnstruction
logistics, enabling safe and efficient access to all spadminimizing disruptions to locdtaffic.
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