Task 2 Report — Close Minor Research Gaps
USE OF FIBER-REINFORCED POLYMER COMPOSITES
FOR BRIDGE REPAIRS IN MONTANA

Prepared By:
Emtiaz Ahmed

Graduate Research Assistant,

Kirsten Matteson, PhD

Associate Professor,

and
Michael Berry, PhD

Professor

Civil Engineering Department
College of Engineering

Montana State University — Bozeman

Prepared for the
MONTANA DEPARTMENT OF TRANSPORTATION
in cooperation with the
U.S. DEPARTMENT OF TRANSPORTATION
FEDERAL HIGHWAY ADMINISTRATION

August, 2025



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

Disclaimer Statement:

This document is disseminated under the sponsorship of the Montana Department of Transportation (MDT)
and the United States Department of Transportation (USDOT) in the interest of information exchange. The
State of Montana and the United States assume no liability for the use or misuse of its contents.

The contents of this document reflect the views of the authors, who are solely responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the views or official policies
of MDT or the USDOT.

The State of Montana and the United States do not endorse products of manufacturers.
This document does not constitute a standard, specification, policy or regulation.
Alternative Format Statement:

Alternative accessible formats of this document will be provided on request. Persons who need an
alternative format should contact the Office of Civil Rights, Department of Transportation, 2701 Prospect
Avenue, PO Box 201001, Helena, MT 59620. Telephone 406-444-5416 or Montana Relay Service at 711.

Acknowledgements:

The authors would like to acknowledge the financial support for this project provided by the Montana
Department of Transportation (MDT). The authors would also like to recognize and thank the MDT
Research Section and the technical panel for their participation in this project.

MSU Civil Engineering/Western Transportation Institute ii


tel:+14064445416

Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

TABLE OF CONTENTS

1. INTRODUCTION. ... .ottt ettt ettt ettt e te et ete bt eateseeseeaseaseestenseeseensaaseensensesneensesseensensens 11
2. BACKGROUNDL....c.oi ittt ettt ettt ettt et e s st et e s teenteseeseenteseeseenseaseensenseentansesseensansens 11
3. TIMBER BEAMS, FRP MATERIALS, AND REPAIR/STRENGTHENING TECHNIQUES ......... 12
3.1 Timber Beam Damage............cccueveiieiiieiiieieiierie e eie ettt e sieeseesaessbesaeesseessaessnesssesnseenseenseens 13
3.2 FRP Materials and FaStENeTs ........c.evueeuieriiriieieieeiteie et eee sttt ee ettt sttt se e seeeneeseseeeneeneens 16
3.2.1  GFRP CRANNEIS ....ceiiuiiiieiieieei ettt ettt ettt ettt ettt eseeeeentenaeeneensenne 17
3.2.2  SAFSTRIP. ...ttt sttt e h et ettt ettt este b b e 17
3.2.3  FASTOMOTS .eeutiiiietieteee ettt sttt sttt be e sttt et ene e 18

33 Repair/strengthening teChNIQUES..........couviiiieiieiiieiiete ettt e eve e ste e resaeeebeeveeveesaeens 19
3.3.1 FRP Channels and Strip for Flexure-Controlled Beams ............ccoecvevverienienienieniieieeiens 19
3.3.2  FRP Strips for Flexure-Controlled BEams ............ccoeoeeriiriieiieeiieieeieeeeseeree e 20

3.3.3  FRP Channels for Shear-Controlled Beams............ccccecevirieiinieniiiieieeeee e 22
3.3.4 FRP Channels in Specific Locations to Repair Splits in Flexure-Controlled Beams............ 23
3.3.5  EXamPIe REPAITS ...ocvieiiiiiiieieeie ettt ettt st e et eebe et essaesssesnseenseensaenseens 24

4. FRP INSTAITATION ...ttt ettt ettt sttt e st e et e teeseent e aeeseenseeseensenseeneensesseeneanseas 26
4.1 Cutting the FRP ..ottt et e e st e s ae e e tb e e sbeeessbeesssaeensaeesssaeans 26
4.2 Pre-drilling.....ccuvieiieiieiese ettt e st st st e e e e e e sseesnteenseenreenseenaens 27
4.3 Surface preparation fOr TEPAITS ..........ecververeiererierieereereeereeteereesseesseesssessseesseeseessaessaesssesssennns 28
4.4 Attaching the FRP t0 the Deami.........c..coviiiiiiiiiiiiiiceccccece et 29

5. EXPERIMENTAL DESIGN......ooiiiiiiiiieieieeeesteste ettt ettt ettt st b et eneenes 30
5.1 TEST IMIALTIX ..ottt ettt ettt ettt ettt s h et b e et e bt e bt et e b e e st e bt ehe et e ebeesbenbeebe et e sbeentebens 31
5.2 Test setup and INSTrUMENTATION ........coviiiuieriieitieeieere et et eeteesteeeeeeveebeesveesteestsesesessseeseeseesseens 33

6. TEST RESULTS ...ttt ettt ettt et e st e e et et e e st et e s e e st ensesseeneansesseensanseeneensenns 37
6.1 Flexure test-setup Deam TESULLS.......cccvieriierieriecie ettt ete et e e enseennee s 40
6.1.1  Control vs crack-repair and strengthened beams with FRP channels and strip..................... 40
6.1.2  Control vs crack-repair and strengthened beams with FRP Strips.........ccccceevevviiicieiviieniennnn, 43
6.1.3  Control vs split-repair fleXure DEamS ...........cceecuirerierierieesiesie e e e esee e seeeeeeseeaeens 47

6.2 Shear test-setup DEAM TESULLS........eecvieriieiiiciiciecieeee et eessaesraesrnesnseenne 51
6.3 Comparison of repair/strengthening teChniqUES ..........cccecvviiviiiiieiiiiie e e 55
6.4 Summary of repaired DEAMS ..........eiviiiiiiieiie ettt et e et e e s e e e tee e ebeeebaeesssaeens 57
6.5 Consistency of Channel-Strip combination teChNiquUe ...........cccveviereiiiciieiieieeecee e 60
6.6 Comparison between measured and AASHTO predicted capacities.........ccevvvevreerreerreeneennennn. 61

7. CONCLUSIONS ...ttt et ettt et e et s et e steestese e st esteseeseenseaseensenseentensesseensansesseenseseaneensenns 62
8. REFERENCES ... .ttt ettt ettt h et s h e et e bt bt et e bt et et e e bt et e sbe et e besaeenee e 66

MSU Civil Engineering/Western Transportation Institute il



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

9. Appendix A: Individual beam TeSUILS.........c.cccvieriiirierieiie ettt e e e seneseneenre e 67
AT 0SR1) ettt bt h e e h et h et b e a et bt et e b et e et bt entenes 67
N R Sl [ T RSSO 68
AL 0F1(2) ettt ettt ettt ete st et e bt eat e teenteatenteeneeseeneentetens 69
A4 G-FL(1)=CRICAS) ettt ettt et b e e bttt b et e et s bt et e bt et e s bt eat et ebeeneenees 70
ALS B-F1(2)=CRUS) oottt ettt t et e e e s e et e e e e e e st entenbeententeeneenseeseeneenseeseententens 71
ALD O—SH(1)-SRUC) ettt ettt ettt e ettt e e st et e ae st et e st et e eseeneenteeseentetens 72
AT O-FL-SRUCS) ettt st et b e e bt et b et e st e sbt et bt et e bt eat et bt entenaes 73
AL O-FI-SR{C3) -ttt ettt h et b e e at et b et e st es et bt et e bt e et et bt neentes 74
AL B-FI-SRCO) ...ttt ettt ettt a et e et e et e eeeseent e seeseenseeneeneeaseeneenseeseententens 75
ALTO 0-SHoSE(C) ittt et h e a et h et e et a et bt et e bt e a et bt eeenes 76
ALTT O-FL-St(CoS) ettt ettt s h et b e e bttt b et e s bt sa e e bt sbe et e b eat et e ebeeneeneas 77
F N B T B B () TSP 78
AL T3 BoSH1) ettt ettt ettt a et et e n e e te st en b e teert et e st et e aseeneenseeseententens 80
ALTA B L1 ettt ettt ettt s h et b e bt et h ettt eb et bt et e bt et et bt etenes 81
F N B R O ) TSP 82
ALTO 8-FI(1)=CR{C=S) .ottt ettt ettt ettt et et e e te et e entenaeeseenseeneensessesneensesseensansens 83
ALTT B-FI(2)-CRUS) ettt ettt ettt st et b e ettt b et e st st et e sbe et e nbeeatetesbeeneenees 84
ALT8 BSH(1)-SRUC) ettt ettt s h et b e e bttt b et e s bt es et bt et e bt e et et bt eneenes 85
ALTO B-FL-SR{CS) ettt ettt ettt et e st e et e e et e e e st entenseeseenseeseenseseeneensenseentensens 86
AL20 B-SHSE(C) ittt ettt h ettt h ettt a et bt et e bt e et et bt eneents 87
AL2T B-FI-St(CmS) ettt ettt s h et b e et b et e et eh et bt et e b e et et bt eateneas 88
F N B B () RSP SUUSSRSRR 89

Appendix B: Timber Deam INVENTOTY .......cc.ecviieiiieiiieiieiieiteeteeteerteesteesteestreesreesreeseessaesssesssessseesesssessseens 90

APPENdixX C: CalCUIATIONS .......vievieiieiierie st eie et et estestesteebe et e seesstessseesseessaessaessaesssessseassessseesseesseessses 91
C.1 Capacity CACUIATIONS .....ccoviiriieiireieeiteitesie e et et ete et e steeseaesebeesbeesseesseesssessseenseessaessaessnesssenssennns 91
C.2 SCIEW PALLETI ...veeuviieiiie ettt e etee et e et e esiteesbee e tbeessbeeestaeessseeessseessseasssesassaeassasensseessseessseesssesansns 93

Appendix D: Manufacturer infOrmation .............ccvevieerieriieeiieeieeiesiestesieeseereesseesseessaesssesssessseesseessnessns 97
DT FRP SIIP ettt ettt ettt et bt et e st s et et e s bt et e bt eb e et e ebe et e nteebeenbeseeentenben 97
| N ] 1T 1 14T SRS 101
D.3 Fastener spacing recommendation by Strongwell ...........ccccvveeiiiiieiieniienieiie e 106
D4 GREKUSCIEW ...ttt ettt ettt ettt et e bt e s bt sate st e sabe e bt e beennees 107

Appendix E: FRP COUPON tEStINE........ciiiiiieiiieiii e eie ettt ettt eveeveeveesteesteestsestveeaveesbeesseesssessnensnas 109
E.1 Specimen PreParation ...........cccuieciiieiiieiiiieiiieeieesieeeiieesteeetteesbeestaeeeseesssaeessseessseeesssessssesesses 109
E.2 Test Setup and INSIUMENTALION. .......cccveerierierieeie ettt eeeste e sere et eseesseesseesraessnessseesseesseesssessnes 110

MSU Civil Engineering/Western Transportation Institute iv



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

B3 RESUILS ..eeiiiiiiieeeeeeee ettt et e et e e e e e e e et e e e e e e s e e e aaa et eeeeesssaanaaaateeeseesesnaaaaereeeeeas 111

MSU Civil Engineering/Western Transportation Institute v



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

LIST OF FIGURES

Figure 1: Example Timber BEAMS .........ccccuiiiiiiiiiiiiciiiecee ettt e et e ve e s e e ebaeebaeeeneas 13
Figure 2: Examples of checks and KNOtS........c..coiiiiiiiiiiiiiiicciieiecteeeesie ettt eve et sve s veseveeaveereeveens 14
Figure 3: Example of a tension Crack failure ............cccueeviiiiiiiiiiiiicceecee ettt ev e e saee s 14
Figure 4: Example of a shear split failure ..........c.cooveriiiiiiiiiiececesee e 15
Figure 5: Example of a compression crushing/cracking failure.............coccoooveeiiieiieiieiieniciie e 15
Figure 6: Examples of bearing failUure...........ccieviiiiiiiiiieiieiiecicete ettt etve et eveeveesteestaeseveeaveeabeeveens 16
Figure 7: Example timber beam with FRP materials attached...........ccoceiiniiiiniiniiniecceeee 16
Figure 8: Example FRP CRanmnels..........cccociiiiiiiiiiiiieiecierie ettt ete e ebe e ssaesnseenseensaesaens 17
Figure 9: Safstrip sample in rolled/shipped CONAItION ........c.cccvieviiiiiieiieiie e 18
Figure 10: Fasteners used in repair/Strengthening ..........c.oocvveveeiieniierieniee e eie e esreeseesee e sseeseeseessnens 18
Figure 11: Schematic of FRP channels and strip repair technique (bottom channel)...........c.cccceeevverieennenn. 19
Figure 12: Schematic of FRP channels and strip repair technique (middle channel) ...........c..ccocovveieennenn. 20
Figure 13: FRP channels and strip repair technique on test beams............cccveeevieeiieiiieneeniciiecee e 20
Figure 14: Schematic of FRP strips for flexure-controlled beams — one strip per side .......c.ccoccevereeeennene 21
Figure 15: Schematic of FRP strips for flexure-controlled beams — two strips per side..........cccoevvvevveennnn. 21
Figure 16: FRP strip technique applied to teSt DEAMS........cccuviiiiiiiiie et 22
Figure 17: Schematic of FRP channels for shear-controlled beams ............ccccecevirienininiienieniencneeeeee 22
Figure 18: FRP channel technique applied to test DEam .........c.cccvveriiirierie e 23
Figure 19: Schematics of localized split repairs with channels ............cccccoovvieiiiiiiinicnieciecece e 23
Figure 20: Localized split repair technique applied to test beams...........cccceveevieninienininieneree e 24
Figure 21: An example of a tension-crack repair with FRP channels and Strips ..........ccccecevenencncnnenen. 24
Figure 22: An example of a tension-crack repair with FRP strips alone ...........ccccoevvevieniiiieiciieieenieeninn, 25
Figure 23: An example of the shear-split repair with FRP channels ...........c.ccccoovieiiiiiiiiiiiiciecieieen, 25
Figure 24: An example of an existing shear-split repair with channels and Strip .........ccccoceveriercnennenene 26
Figure 25: Cutting the FRP material..........c.ccccveiiiiiieiieiecieceeieeeeee ettt ese e nsae s 27
Figure 26: Pre-drilling the FRP.........c.ooiiiiiiiii ettt et eve et sev e e veeaveevee s 27
Figure 27: Using ratchet straps to close any eXiSting CTaCKS .........cccvevveriierireriireiiiesieereeneesresreeseeseesenens 28
Figure 28: Marking the strip screw pattern (green marks in the photograph) and closing the

CTACK .-ttt ettt ettt ettt e et e e et eat et e et e e st e aees e et e ea e e n s et e entenseeseente st entenseententeereeneenneas 28
Figure 29: An example of a split closing after load removal..........c.ccoccvireiiiiiiiiicic e, 29
Figure 30: Attaching strip t0 the DEAML.........cccviiiiiiiieiieiere et s eae s 30
Figure 31: Attaching channel t0 the DEAML. ...........ccvevuiiiiiiiiiiiciieeceee et ve v saee s 30
Figure 32: General 4-point bending teSt SELUP ......cceeiuieiiiiieiiieie ettt et e e ctre e eveesteesteesresereesveesreesveens 33
Figure 33: Flexure-controlled tESt SEIUD ......cccvvervieriierierierieeie et et erieesee e seaeebeebeesseesseessnesnsesnseensaesseens 34
MSU Civil Engineering/Western Transportation Institute vi



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:

Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:

Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:

Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:

Shear-controlled test setup (for both 67x18” and 87X18”) .....cceevvvereerieriierieeie e 34
Bearing plate With CUIVALUTE .........cccviiiieriieierie et eie et ssre e e e taesaeesaaesnnesnneenns 35
Flexure test setup for 197 Span DEAM..........ccviiuiiiiicie ettt st 35
Flexure test setup for 257 SPan DEAM..........coviiiiiiiiie ettt st eae 36
SHEAT LESE SELUP ..eevvieuvieiierieete et et et esteesaesteeteesbe e teesseesssessseesseesseessaesseesssessseassesnsessseesseessses 36
Control, crack-repair and strengthened 6”x18” beams with C-S combination.......................... 41
Control, crack-repair and strengthened 8”x18” beams with C-S combination.......................... 42
Comparison of control vs crack repair and strengthened beams with channels

AT SEEID 1eeveeiiie ettt ettt ettt e e et e et e et e e e teestbeetbeeabeeabeeabe e ba e tb e rbeerbeeabeeabe e teestaearbeeabeenbeenns 43
Control, crack-repair and strengthened 6”x18” beams with strip only .........cccccvevvevienneennene. 45
Control, crack-repair and strengthened 8”x18” beams with strip only .........cccceeeveeceenencenaene. 46
Comparison of control vs crack repair and strengthened beams with Strips ........c.ccccceveeeeneene. 47
6"x18" split repair beams tested in fIEXUIE SETUP ...ccvevviiiiciieiieeeceecre et e 49
8"x18" split repair beam with C-S tested in flexure setup - 8-FI-SR(C-S)......ccccevvevrvevrvennrennen. 49
Comparison of control vs split repair DEAMS ..........cccuevverireiiieriierierienre e see e sne e eee 51
Control, split repair and strengthened 6”’x18” beams with channel only .............ccccovvieirnneenn. 52
Control, split repair and strengthened 6”’x18” beams with channel only .............ccccovvieirnneenn. 53
Comparison of control vs split repair and strengthened beams with channels in

] 1T ) gt 10| o USRS PPURUPSURUR 54
Comparison of different techniques of Crack repair.........c.ccveeveeeieeiieiiecieceeeeeee e 55
Comparison of different techniques of strengthening .............ccceevvevieriincincierieree e 56
Comparison of different split repair teChNIQUES .........cccvevieeeiieriierieieree e 57
67X 18” control vs. repair DEAmM TESUILS .......ccviivvieiiieiieiie ettt e e sveestaeeaaeeave e 58
87x18” control vs. repair Deam reSUILS .........cccviiiiiiiiiiiieciecieete et e 59
Moment vs deflection graph of control beams, tested in flexure SEtUP .........ceceevereereeniereenenne 60

Moment vs. deflection graph of beams with C-S combination, tested in flexure

]S o T USRS PURUPSRUR 61
Shear vs deflection graph of 6-Sh(1)........cccvrciiiiiiiieieeeeeee e 67
Failure propagation 0f 6-Sh(1) ........ccoeeiiriiriirie et e e seae e enne 67
Moment vs deflection graph of 6-F1(1) ...c..coiveiiiiiiiiiiii e 68
Failure propagation Of 6-F1(1) ........ccciiviiiiiiiiiiiiiciie ettt st st 68
Moment vs deflection graph of 6-F1(2) .....ccccveviiiiiiiieiieieeieteese e 69
Failure propagation Of 6-F1(2) .....c.cccviiiiiiiiiiiiie ettt st e 69
Moment vs deflection of 6-F1(1)-CR(C-S).....cccueriiiiiiiieiieiteiteceeete et e 70
Failure propagation of 6-F1(1)-CR(C-S) .....ccceevtiriiiriiiiieiieieierresre e s s 70
Moment vs deflection of 6-F1(2)-CR(S).....cccceriiriiiiiiiiieieieriereesre s 71

MSU Civil Engineering/Western Transportation Institute vii



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

Figure 67: Failure propagation of 6-F1(2)-CR(S) ...cc.ertiiiiiiiiiiieee ettt 71
Figure 68: Shear vs deflection graph of 6-Sh(1)-SR(C) ....cceeecviriiiiiiiiiierieeie et 72
Figure 69: Failure propagation of 6-Sh(1)-SR(C).....cccueiiiiiiiiiiiiiiieceesee ettt sreeve v eaee 72
Figure 70: Moment vs deflection graph of 6-FI-SR(C-S) ......cccoviiiiiiiiiiiiiciecieee et 73
Figure 71: Failure propagation of 6-FI-SR(C-S).....cc.coiiiiiiie e 74
Figure 72: Moment vs deflection graph of 6-FI-SR(C3) ......cccviiiiiiiiiiieciecie ettt 74
Figure 73: Crack propagation of 6-FI-SR(C3) .......ccoiiiiiiiiiiiceieeee ettt ettt 75
Figure 74: Moment vs deflection graph of 6-FI-SR(C6) ........coecuvrriiirierieiieeieeie et 75
Figure 75: Failure propagation of 6-FI-SR(CO) ........cccveriiriiiiiiiiieiienee ettt ere et snesnsesseensaensaens 76
Figure 76: Shear vs deflection graph of 6-Sh-St(C).......cc.covuiiiiiiiiiiieiieiie e ve e 76
Figure 77: Failure propagation of 6-Sh-St(C)........ccoiiiiiiiiiiiiiee ettt 77
Figure 78: inclined Cut 0N ONE €Nd.........ocuiiuiiiiiriiiieie ittt ettt b ettt ee e 77
Figure 79: Moment vs deflection graph of 6-F1-St(C-S) ......ccciiviiiiiiiiieiiecie ettt 78
Figure 80: Failure propagation of 6-F1-St(C-S) .....c..coiiiiiiiiiiiieiieeeceesee ettt v e v saee 78
Figure 81: Moment vs deflection graph of 6-FI-St(S) ......ccccvveiiriiiiiiiierieee et 79
Figure 82: Failure propagation of 6-F1-St(S) ........ccoiiiiiiiiiiiiieiieeeceeeee ettt sv e v eve e 79
Figure 83: Shear vs deflection graph of 8-SH(1).......cccviiiiiiiiiiiiieieeee et 80
Figure 84: Failure propagation of 8-Sh(1) .....ccoiiiiiiiiiiiiie et 80
Figure 85: Moment vs deflection graph of 8-FI(1) .......ccccevviiriiiriiiiiierienie ettt 81
Figure 86: Failure propagation of 8-FI(1).........cccieiiiiiiiiiiiiciieieeeestee sttt eveeste et vesveeveeveesvee s 81
Figure 87: Moment vs deflection graph of 8-FI(2) .......ccccevvuiriiriiieiiieieree ettt 82
Figure 88: Failure propagation of 8-F1(2).........cccieeiieriiriiiieeiieieeieesee et ste et e e snseenseensaesseens 82
Figure 89: Moment vs deflection graph of 8-FI(1)-CR(C-S).....ccooviiiiiiiiiiicieeieeteeeesieesiee e 83
Figure 90: Failure propagation of 8-FI(1)-CR(C-S) .....ccoiiiiiiiiiiiiieciesee ettt sve e ve v v 83
Figure 91: Load vs deflection graph of 8-FI1(2)-CR(S) ....cecvuiiiiriiiiieiienie et ese e 84
Figure 92: Failure propagation of 8-F1(2)-CR(S) ...c.ertiiiiieiiiieere et &4
Figure 93: Moment vs deflection graph of 8-Sh(1)-SR(C)....cceeovviiiiiiiiiiiiiiieciececte e 85
Figure 94: Failure propagation of 8-Sh(1)-SR(C)......cceeriiiiriiiiiiiiieeeeeee e &5
Figure 95: Moment vs deflection graph of 8-FI-SR(S-C) ......cccovviiiriiiriirieeiecieeieeeeeeee e 86
Figure 96: Failure propagation of 8-FI-SR(C-S).......cccueiiiiiiiiiiiieiiecie ettt eve e ve v svee 86
Figure 97: Load vs deflection graph of 8-Sh-St(C) ......ccouiiiiiiiiiiiiiieeecee et 87
Figure 98: Failure propagation of 8-Sh-St(C)........cooiiiiiiiirieeeee e 87
Figure 99: Moment vs deflection graph of 8-FI-St(S-C) ......cccviviiiviiiiiiiieiie ettt 88
Figure 100: Failure propagation of 8-FI-St(C-S) ......cccieioiiieiiiiiiieeie ettt 88
Figure 101: Moment vs deflection graph of 8-FI-St(S) .....cceooiiiiiiiiiiieriecie et &9

MSU Civil Engineering/Western Transportation Institute viii



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

Figure 102: Failure propagation 0f 8-FI-St(S) ......ccieriiiiiiieiiieieeieeeese ettt s &9
Figure 103: Fastener pattern 0f the 17.5 StIIP....iccierierierieiieeieeie ettt seesnse e ensaesaens 94
Figure 104: Fastener pattern 0f the 23.57 StIP...cccuiiiiiiiiiie et eee et eree et e eev e s v e e eeaveesbeeeeneas 94
Figure 105: Fastener pattern of the 24° channel.............ccoooiiiiiiiiiiii e 95
Figure 106: Fastener pattern of the 187 channel............ccccoocvviiiiiiiiienienee e 95
Figure 107: Fastener pattern of the 8” Channel.............cocciiiiiiiiiiiiiie e 95
Figure 108: Fastener pattern of the 67 Channel.............coccvviieiiiiiiicie e 96
Figure 109: Fastener pattern of the 3° channel.............ccccoviiiiiiiiiiiice e 96
Figure 110: Schematic of the GFRP channel coupon eometry ...........ccveveerierierieeiieerieeieeeeseesene e 109
Figure 111: Schematic of the carbon-glass hybrid FRP strengthening strip coupon

FodiT0) 101c] 3y USSR 109
Figure 112: Tensile test setup for FRP COUPONS ......cccvieiiieriiriiiiiiiieieeieeeeee st 111
Figure 113: Stress—strain curves of FRP COUPONS.........cccviiiiiiiiiiieiiiieieecte ettt e 112

MSU Civil Engineering/Western Transportation Institute X



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:
Table 8:

LIST OF TABLES
TESt DEAM AETAILS .....euveeiieiieiieiet ettt st b e st b e et ebe e e 32
Summary results 0f 67X 18”7 DEAMS ......ccceevieriieiieiieiierierte ettt see s aesaeebeesbeesseesseessaesnnas 38
Summary results of 8"X18" DEAMS. ......cccuevviieiiieiieieiierterte ettt ae e ebe e e e sseesnnesnnas 39
Comparison of Measured and Calculated Moment Capaciti€s..........ccecveerveeereeerieenireeerveenreenns 62
GFRP channel coupon dimeNSIONS...........cccuerviriieriiereereesiesresreeseeseesseesseesssesssesssessseessesssanns 110
Hybrid FRP strip cOUpOn diMeENSIONS .........ccueeeiieriiesiieriieriierieeieereesieesseesseessesssesssessseessessseessees 110
Tensile strength of FRP COUPONS ......couiiiiiiiiiiiiiiiicieeccttesee ettt eveeveeveeree s 111
Modulus of elasticity Of FRP COUPONS........cciiviiiiiiiiiiciiiciieciiceere ettt eve v an e 111

MSU Civil Engineering/Western Transportation Institute



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

1. INTRODUCTION

The focus of this research is to investigate the potential of using Fiber Reinforced Polymer (FRP)
composites to repair deteriorating members on bridges in Montana. This includes identifying the most
promising applications of FRP technology for use in the state and filling in any minor research gaps that
may inhibit their use. Ultimately, this project will culminate in an implementation project that uses the most
relevant technology in an actual bridge project in Montana.

The specific tasks associated with this research are as follows:
Task 0 — Project Management
Task 1 — Literature Review and Identification of Pursued Application
Intermediate Technical Panel Meeting Task
Task 2 — Close Minor Research Gaps
Task 3 — Implementation
Task 4 — Monitoring Bridge Performance
Task 5 — Analysis of Results and Reporting

This report documents the work completed as part of Task 2 — Close Minor Research Gaps. Following
discussions with the MDT technical panel, it was determined that the primary focus of Task 2 should be on
the repair and strengthening of timber bridge girders using pultruded FRP materials. Therefore, Task 2
involved the structural testing of salvaged timber girders from around the state that were
strengthened/repaired with FRP materials. Specifically, this task report covers the material properties of
FRP, the specific repair and strengthening processes, the experimental design, and test results from this
research. It concludes with a comprehensive discussion of test results.

2. BACKGROUND

The use of FRP as a construction and repair material for bridges in the United States began in the early
1970s [1]. The Federal Highway Administration (FHWA) and the National Science Foundation (NSF)
increased funding for research on FRP materials for infrastructure applications in the late 1980s after
observing the growing acceptance of advanced composite materials in various fields (e.g., acrospace and
sporting goods industries) [2]. Since then, increased research and development have led to the introduction
of FRP materials being used in pedestrian and vehicular bridges.

Timber bridges represent a significant portion of the transportation infrastructure in the United States. In
Montana alone, there are over 400 timber bridges [3]. Many of them were constructed several decades ago
using older design codes. Over time, they have become increasingly vulnerable to environmental
degradation, biological decay, and load-induced damage. As a result, there is a need for effective and
efficient repair methodologies. The use of FRP in this context offers a promising solution for extending the
service life of these bridges. FRP offers significant potential as a corrosion-resistant repair material, and
the application processes require less installation time compared to some traditional building materials,
resulting in minimal road closures. Furthermore, some research suggests that a bridge can remain functional
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during the repair process, as traffic loading does not affect the strength of the FRP bond [4, 5]. As a result
of this initial research and the known benefits of this material, several state departments of transportation
(DOTs) have started investigating the use of FRPs as a bridge repair method.

The current project aims to investigate the efficacy of various FRP strengthening/repair techniques and
identify potential suitable methods for use in Montana. The ultimate goal of this project is to apply the
chosen application and methodology on a bridge project in the state (Task 3) and monitor its performance
(Task 4). The research is a necessary step to fully understand and capitalize on the benefits of using FRP
for repairing/strengthening and to subsequently increase the performance and durability of Montana
bridges.

Specifically, this report presents the findings from an experimental program in which a total of 22 timber
beams (recovered from existing bridges in Montana) were strengthened/repaired with varying
configurations of FRP components. Undamaged control beams were tested, giving a baseline of
performance. The control beams were compared to tests on undamaged beams strengthened with FRP.
Additionally, the now-damaged control beams were repaired with FRP and tested again under the same
loading conditions, providing a direct comparison of the performance of the undamaged beam before testing
to the performance of the same beam after repair. The following sections discuss details of the FRP
materials, the timber beams, and the experimental design. The results from these tests are then presented
and discussed. The report concludes with a summary of results and conclusions.

3. TIMBER BEAMS, FRP MATERIALS, AND REPAIR/STRENGTHENING TECHNIQUES

This section provides a brief overview of the timber beams used in the study, including their origin,
properties, and condition prior to testing. It also outlines the observed damage, the repair techniques
adopted, and the FRP installation procedures implemented as part of this investigation.

The timber beams for this investigation were originally salvaged from bridges across the state and were
collected from the MDT storage yard in Lewistown, MT. The beams include two common sizes historically
used in Montana bridges, 6”x18”x20° and 8”x18”x26’. The beams (examples shown in Figure 1) are
Douglas-fir/Larch (dense No. 1) with allowable bending and shear stresses of 1.55 ksi and 0.085 ksi, from
Table 13.5.1A, AASHTO [6], respectively, though some of the beams have lower values because of existing
defects. The actual dimensions of the beams and pre-existing (before testing) cracks or splits are
documented in Appendix B.
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(b) 6”x187x20” beam (c) 87x187x26” beam
Figure 1: Example Timber Beams

3.1 Timber Beam Damage

This subsection provides an overview of the natural imperfections observed in the timber beams prior to
testing, as well as the various failure modes documented during the experimental program.

Timber beams often have natural imperfections that can impact their performance. These imperfections,
such as knots, checks, waning, and grain deviations, are not classified as damage. However, if they are
significant enough, they can contribute to premature failure. Figure 2 shows a couple of examples of natural
imperfections.
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(b) Knots
Figure 2: Examples of checks and knots

Timber beams have been observed to exhibit several failure mechanisms in the field and in this research,
including tension cracking, shear splitting, compression cracking, and bearing failures. These failure
mechanisms are discussed below. However, while all of these mechanisms were observed in this research,
this study focused primarily on tension cracking and shear splitting as they are the most common and
structurally significant damage types observed in the field.

Tension cracks are commonly formed due to flexure-induced stresses on the tension face of the beam, and
extend at an angle through the member, generally along the grain of the wood (as shown in Figure 3). They
often begin near mid-span (where tension stresses are greatest) and initiate at imperfections such as knots
or checks, or at the site of impact or handling damage.

Figure 3: Example of a tension crack failure

Shear splitting (as observed in Figure 4), result from horizontal shear stresses induced from loading. They
run parallel to the top and bottom faces and initiate near the ends of the beam where the shear forces are
the greatest. Like in tension failures, these failures often initiate at imperfections in the beam.
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Figure 4: Example of a shear split failure

Another failure mechanism of timber beams is longitudinal (parallel to the grain) crushing of the wood in
compression zones (as observed in Figure 5). In the beams in this research this occurred at the top mid-span
of the beam where the positive moments were the highest.

Figure 5: Example of a compression crushing/cracking failure

Bearing failure (crushing of the wood perpendicular to the grain) is another form of damage that can occur
in timber beams. In the beams tested in this research this failure mechanism was observed under the applied
loads (Figure 6-a) and at the supports (Figure 6-b).
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(a) At load-bearing block (b) At the reaction-bearing plate

Figure 6: Examples of bearing failure.

3.2 FRP Materials and Fasteners

Multiple FRP materials were selected to repair/strengthen the timber beams. This section discusses the FRP
materials used in this research, including the Glass FRP channels, the Carbon/Glass hybrid FRP
strengthening strips, and the fasteners. An example of the FRP materials attached to a timber beam are
shown in Figure 7 and the following subsections discuss each composite in detail.

Figure 7: Example timber beam with FRP materials attached
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3.2.1 GFRP Channels

The glass FRP channels (Figure 8) used in this study are the EXTREN Series 525, manufactured by
Strongwell [7]. This series offers a combination of high strength, durability, and enhanced fire resistance.
The channels are made with a general-purpose polyester resin that provides excellent corrosion resistance,
making them suitable for various structural applications, especially in harsh environmental conditions. The
resin is formulated with UV inhibitors and flame-retardant additives to enhance performance. The
EXTREN Series 525 channels have a standard slate gray color.

The manufacturer-specified longitudinal tensile strength and elastic modulus of the FRP channels are 30
ksi and 2500 ksi, respectively. However, coupon testing conducted as part of this study revealed higher
values. The control channel coupon exhibited a tensile strength of 53.2 ksi and an elastic modulus of 4090
ksi, representing 177% and 164% of the tabulated values, respectively. Moreover, the channel coupons
extracted from full-scale tested beams (mid-span and end-region) retained high mechanical performance,
with tensile strengths exceeding 150% of the tabulated values and elastic modulus values remaining above
120%. These results indicate strong durability and performance retention of the GFRP channels after beam
application. Detailed procedures and results of the coupon testing are provided in Appendix E .

Figure 8: Example FRP Channels

3.2.2 SAFSTRIP

The FRP strengthening strip (SAFSTRIP®, see Appendix D for material properties and manufacturer
information), manufactured by Strongwell [7], is a pultruded composite strip designed to enhance the
strength of an existing structural member when mechanically fastened to the structure. This strip is 4” wide
and 1/8” thick and is typically shipped in rolls up to 100’ long (Figure 9). The FRP strip is a carbon/glass
hybrid and is comprised of carbon tows sandwiched between layers of fiberglass mats and rovings, bonded
together by a highly corrosion-resistant vinyl ester resin. The inclusion of carbon fibers increases the
stiffness of the strip, while the glass mat provides the necessary bearing strength.

The manufacturer-specified tensile strength and longitudinal elastic modulus of the strip are 92.90 ksi and
9020 ksi, respectively. Coupon testing showed that the control strip specimens had higher measured
properties, with tensile strengths of up to 133.7 ksi (107-109% of the tabulated value) and elastic moduli
up to 9822 ksi (109%). The tested coupons removed from full-scale beams also performed well, maintaining
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tensile strengths and stiffness within +10% of the design values. These results suggest minimal degradation
and confirm the reliability of the FRP strip in structural strengthening applications. Additional details on
the coupon testing procedure and results are provided in Appendix E.

Figure 9: Safstrip sample in rolled/shipped condition

3.2.3 Fasteners

RSS-GRK screws (Figure 10-a) were used as the fasteners in this study to attach the channels and strips to
the timber beams. These screws feature a washer head design that effectively addresses potential bearing
issues. For the channels, 5/16”x3-1/8” screws were used, while 1/4"x3-1/2" screws were selected for the
strips. These fasteners were chosen for their specified high shear capacities of 982 Ib and 754 1b,
respectively. In addition, #12x6-3/8” R4-GRK screws (Figure 10-b) were used to close the cracks before
attaching the channels and strips to the repaired beams.

(a) RSS-GRK screws for attaching FRP to (b) R4-GRK screws for repairing crack beams

timber beams prior to FRP installation

Figure 10: Fasteners used in repair/strengthening
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3.3 Repair/strengthening techniques

As stated above, the focus of this research was primarily on strengthening/repairing beams to avoid/repair
tension cracking and shear splitting mechanisms. This section outlines the FRP repair and strengthening
techniques used in this study. A total of four configurations were tested under either flexure- or shear-
controlled loading schemes. Specifically, these techniques included (1) a combination of FRP channels and
strips to improve the performance of flexure-controlled beams, (2) FRP strips used alone for flexure-
controlled beams, (3) FRP channels used alone for shear-controlled beams, and (4) and FRP channels used
in specific locations to repair existing splits in flexure-controlled beams.

To align with dimensions in the field on actual bridges and thereby simplify future implementation, the
strips were 23.5” in length for the 25” span beams and 17.5” for the 19° span beams. The shortened strip
ensures conservative test results, in case blocking or other obstacles exist on a physical bridge, hindering
the strip from spanning the entire beam. Similarly, the channel lengths were 24°, 18, and 8’ for the 25°,
19°, and 9’ span beams, respectively. Each technique is discussed in detail in the following sub-sections.

3.3.1 FRP Channels and Strip for Flexure-Controlled Beams

This technique was used to strengthen undamaged beams and repair beams with tension cracks and shear
splits, to be tested in a flexure-controlled manner. This technique was used for both beam sizes used in this
study, and consisted of two GFRP channels screwed to the faces of the beam (either at the bottom or top)
and a GFRP/CFRP strip screwed to the tension face (bottom) of the beam. Note that the location of the
channels was at times dependent on existing damage within the beam. That is, the channels were installed
on the bottom of the beam to repair tension cracks, while they were installed in the middle to repair shear
splits. Schematics of this repair/strengthening technique are shown in Figure 11 and Figure 12, while actual
beams with this technique employed are shown in Figure 13.

6” or8” 67 | o

1 2!!

18”

12”

(a) Cross-section (b) Elevation

Figure 11: Schematic of FRP channels and strip repair technique (bottom channel)
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G’, or 8”
3!’
1 8” 1 2”
3”
| 4’! |
(a) Cross-section (b) Elevation

Figure 12: Schematic of FRP channels and strip repair technique (middle channel)

(a) Beam on its side with strip on bottom and (b) Beam in testing position with channels in

channels on bottom edge the mid-height of the beam
Figure 13: FRP channels and strip repair technique on test beams

3.3.2  FRP Strips for Flexure-Controlled Beams

With this technique, on beams to be tested in flexure, FRP strips were used without channels to strengthen
undamaged beams and repair beams with tension cracks. Strips were screwed to the sides and bottoms of
the beams, as shown in Figure 14-Figure 16. On each side, either one or two strips were included depending
on the severity and location of tension cracks.
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” or 8” g9” 6” or 8”

1 8!,
4”

—

(a) Cross-section (b) Isometric

18”

8”

Figure 14: Schematic of FRP strips for flexure-controlled beams — one strip per side

18”

18”

(a) Cross-section (b) Isometric

Figure 15: Schematic of FRP strips for flexure-controlled beams — two strips per side
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(a) Beam on its side with one strip per side (b) Beam on its side with two strips per side
Figure 16: FRP strip technique applied to test beams

3.3.3  FRP Channels for Shear-Controlled Beams

This technique was used to strengthen undamaged beams and repair shear-split beams to be tested in shear.
This technique consisted of GFRP channels screwed to the sides of the beams (in the middle), as shown in
Figure 17 and Figure 18.

6”

6" or
B’l

Figure 17: Schematic of FRP channels for shear-controlled beams
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Figure 18: FRP channel technique applied to test beam

3.3.4  FRP Channels in Specific Locations to Repair Splits in Flexure-Controlled Beams

In some cases, the test beams had localized shear-splits near their ends, and FRP channels were used at
these specific locations to repair this damage. After repair, these specimens were tested in flexure. This
technique consisted of either 3° or 6 channels attached to the sides of the beams (in the middle), as shown
in Figure 19 and Figure 20. Two different lengths were used to evaluate the effect that this parameter has
on the performance.

6” 6”

(a) 3’ channels (b) 6’ channels

Figure 19: Schematics of localized split repairs with channels

MSU Civil Engineering/Western Transportation Institute 23



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

(a) 3’ channels (b) 6’ channels
Figure 20: Localized split repair technique applied to test beams

3.3.5 Example Repairs

As mentioned previously, the focus of this research was on quantifying the efficacy of the above-mentioned
techniques at strengthening undamaged beams and repairing damaged beams. To do this, several
undamaged control beams were tested without employing the methods discussed above, giving a baseline
of performance. The results from these tests were then compared to the results of tests on undamaged beams
strengthened with these techniques. Additionally, the now-damaged control beams were then repaired with
one of these techniques, and tested again under the same loading conditions, providing a direct comparison
of the performance of the undamaged beam before testing to the performance of the same beam after repair.
In some cases, the repair was quite extensive, as shown below.

Figure 21 shows a flexure-controlled beam that failed due to a large tension crack that was repaired with
the FRP channel and strip method discussed above. Figure 22 shows another beam that failed due to a
tension crack that was repaired with FRP strips alone. Figure 23 shows a shear-controlled beam that failed
due to a shear split and repaired with FRP channels. Finally, Figure 24 shows a beam that had an existing
shear split, that was repaired with FRP channels and a strip.

A L
(a) After initial failure, before repair (b) After repair, before re-testing

Figure 21: An example of a tension-crack repair with FRP channels and strips
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(a) After initial failure, before repair (b) After repair, before re-testing

Figure 22: An example of a tension-crack repair with FRP strips alone

(a) After initial failure, before repair (b) After repair, before re-testing

Figure 23: An example of the shear-split repair with FRP channels

MSU Civil Engineering/Western Transportation Institute 25



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

(a) Existing split, before repair (b) After repair, before testing
Figure 24: An example of an existing shear-split repair with channels and strip
4. FRP INSTALLATION

Implementing the repairing/strengthening techniques discussed in the previous chapter involved several
steps, including cutting the FRP strips and channels to length, predrilling the FRP section, preparing the
timber beam surface for application (including closing the existing crack when applicable), and finally
attaching the FRP materials to the timber beam with fasteners.

4.1 Cutting the FRP

The FRP strips were supplied from the manufacturer in 100’ rolls, while the FRP channels were shipped in
24’ lengths. The channels were cut to length using a reciprocating saw with a metal cutting blade (Figure
25-a). The strips were cut with a standard miter saw with a metal blade (Figure 25-b).
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(a) Channel
Figure 25: Cutting the FRP material
4.2 Pre-drilling

Strongwell recommends predrilling sections thicker than 5/16”, and therefore the channels and strips in this
research were predrilled prior to installation. Details on the screw count calculations and screw pattern
schematics are provided in Appendix C (C.2). The channels and strips were drilled (Figure 26) with a
standard impact drill with 5/16” and 1/4” Milwaukee titanium twist metal drill bits, respectively.

(a) Channel (b) Strip

Figure 26: Pre-drilling the FRP
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4.3 Surface preparation for repairs

The surface of each beam to be repaired/strengthened with the FRP methods discussed previously was first
cleaned off with a broom. When applicable, existing or induced damage was repaired prior to installation.
Specifically, beams with existing or induced flexure-cracks were turned upside down and secured with
ratchet straps (Figure 27). The tension cracks were then closed using #12 x 6-3/8” R4-GRK screws. There
was no specific screw pattern for closing the cracks, as the crack formation was different for each beam.
However, care was given to avoid overlapping screws between FRP strip screws and repair screws (Figure
28). In contrast, no additional fasteners (beyond those required for the channels) were needed for the beams
with existing or induced shear splits, as these beams would return to the undamaged configuration after the
load was removed (shown in Figure 29).

(a) Before (b) After

Figure 27: Using ratchet straps to close any existing cracks

By : 7 .
| R s

Figure 28: Marking the strip screw pattern (green marks in the photograph) and closing the crack
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(a) At maximum load (b) After load removal

Figure 29: An example of a split closing after load removal

4.4 Attaching the FRP to the beam

The channels and strips were attached to the beams with 5/167x3-1/8” and 1/4"x3-1/2" RSS-GRK screws,
respectively.

The FRP strips were secured to the beams using 1/4"x3-1/2" RSS-GRK screws, starting in the center of the
beam and working towards the ends, while ensuring the strip remained aligned with the beam and taught
(Figure 30). Similarly, the channels were attached to the beams with 5/16°x3-1/8” RSS-GRK screws,
Ratchet straps were occasionally used to align the channels with the beams, especially when the beams
were not perfectly straight. The channel installation process involved securing one end of the channel with
a few screws first, then aligning the channel with the beam (Figure 31-a), securing the opposite end, and
then completing the screwing along the length (Figure 31-b). When used to repair shear splits, care was
given to position the FRP to span across the splits.
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s

(a) Aligning the channel with the beam (b) Screwing along the length
Figure 31: Attaching channel to the beam.

5. EXPERIMENTAL DESIGN

This chapter outlines the experimental design and testing protocols used to evaluate the performance of
FRP repair and strengthening techniques on salvaged Douglas-fir/Larch timber bridge girders. The focus
was to replicate field conditions while capturing consistent and comparable results that could guide future

repair and strengthening applications in Montana.

In general, to quantify the efficacy of the FRP techniques proposed in this research (Chapter 3), several
undamaged control beams were tested without employing these methods, providing a baseline of
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performance. The now-damaged control beams were then repaired with one of these techniques, and tested
again under the same loading conditions, providing a direct comparison of the performance of the
undamaged beam before testing to the performance of the same beam after repair. Additionally, the results
from these tests were then compared to the results of tests on undamaged beams strengthened with these
techniques.

5.1 Test Matrix

Two standard sizes of Douglas-fir/Larch (dense No. 1) beams were tested in this study: 6”x18”x20” and
87x187x26’. For each size group, the test matrix included three undamaged/unstrengthened control beams
(two tested in flexure and one in shear), two flexure crack-repair beams (previously tested controls that
were repaired), one shear split-repair beam (a previously tested control repaired after splitting), and three
strengthened beams (undamaged beams reinforced with FRP). In addition, three 6”x18” beams and one
87x18” beam with pre-existing splits (salvaged from bridges) were repaired and tested. An overview of all
beam cases and repairing/strengthening schemes are presented in Table 1.

Throughout this report, each beam is identified by an acronym that encodes its key attributes. The first
number in the acronym indicates the beam’s nominal size (6 for a 6”x18" beam, or 8 for an 8"x18" beam).
The letters following the number denote the test setup: Sh for a shear test or Fl for a flexure test. If the
acronym includes a number in parentheses immediately after (for example, 6-F1(1)), that number identifies
a specific control beam (e.g., “(1)” or “(2)” for the first or second control in that group). The final letters of
the acronym indicate the repair or strengthening method, if applicable: CR for a crack-repair beam, SR for
a split-repair beam, or St for a strengthened beam. Any additional parentheses at the end specify the
repair/strengthening scheme used: (C-S) for a combination of FRP channels and a strip, (S) for FRP strips
only, (C) for FRP channels only, (C3) for 3'-long channels on the beam ends, and (C6) for 6'-long channels
on the beam ends. In Table 1, the second column lists the original beam numbers (as marked on the beams
before delivery to MSU); an “(R)” following the number indicates a beam that was previously tested as a
control and then repaired for a subsequent test.
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Table 1: Test beam details

Nominal
Acronym Original # Cross Test Span Type Repairing/Strengthenin
y & ] setup length P P & g 5
section
6-Sh(1) 16 Shear 9 None
6-FI(1) 22 Flexure 19 Control None
6-F1(2) 15 Flexure 19° None
Channels on the sides -
-F1(1)-CR(C- 22 (R Fl 19°
6-FI(D-CR(C-S) ® exure ? Control - Strip on the bottom
Crack Repair | Stri the sid d
6-FI(2)-CR(S) | 15 (R) Flexure | 19° racic Tepall | STIps ofl The sides an
bottom
Control —
6-Sh(1)-SR(C) | 16 (R) Shear |9’ OMOL™ | Channels on the sides
Split Repair
Ch 1 the sides -
6-FI-SR(C-S) 17 6"x 18" | Flexure | 19° annets on the sides
Strip on the bottom
Ch Is (3 ft h end
6-FI-SR(C3) 21 Flexure | 19° Split Repair annels (3 ft) on each ends
of the sides
Ch Is (6 ft h end
6-FI-SR(C6) 23 Flexure | 19° annels (6 ft) on each ends
of the sides
6-Sh-St(C) 13 Shear 9 Channels on the sides
Channels on the sides -
6-F1-St(C-S 24 Fl 19’
(€-5) exure Strengthened | Strip on the bottom
Stri the sid d
6-FI-S(S) 20 Flexure | 19° 11ps oft He sides an
bottom
8-Sh(1) Shear 9’ None
8-FI(1) Flexure 25’ Control None
8-F1(2) Flexure 25’ None
Channels on the sides -
8-FI(1)-CR(C-S) | 7 (R Fl 25
(D-CR(C-5) ®) exure Control - Strip on the bottom
Crack Repair | Stri the sid d
8-FI(2)-CR(S) 5(R) Flexure | 25° rack Repair rips on the sides an
bottom
Control —
8-Sh(1)-SR(C) | 9 (R) 8'x 18" | Shear | 9’ OMOL= | Channels on the sides
Split Repair
Ch 1 the sides -
8-FL.SR(C-S) | 12 Flexure |25° | Split Repair annets on e Sies
Strip on the bottom
8-Sh-St(C) 1 Shear 9 Channels on the sides
Channels on the sides -
8-FI-St(C-S 11 Fl 25
(€-5) exure Strengthened | Strip on the bottom
Stri the sid d
8-F1-S(S) 8 Flexure | 25° tbs Ot Hie sides an

bottom
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5.2 Test setup and instrumentation

All the beams in this investigation were tested in 4-point bending, following ASTM D198 — 22a [8], which
includes both flexure and shear setups. The flexure test setup was designed to induce a flexural (bending)
failure at mid-span (high moment region), whereas the shear test setup was intended to cause a shear failure
at the beam ends (high shear region). Figure 32 illustrates the load configuration diagrams (free-body, shear,
and moment) for the four-point bending tests.

P P

[ |
A A

{

i Max shear, V=P

Max moment, M =Pa

Figure 32: General 4-point bending test setup

The flexure and shear setups were geometrically similar, differing primarily in the distances between
supports and loading points (dimensions “a” and “b” in Figure 32). The flexure-controlled beams had longer
spans with greater moment demands, while the shear-controlled beams were shorter with increased shear
demand relative to moment demand. Schematic diagrams of the flexure and shear test configurations for

both beam sizes are shown in Figure 33 and Figure 34, respectively, with all key dimensions labeled.
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(a) 19’ span (6”x187x20”) beam (b) 25’ span (8’x18”x26’) beam

Figure 33: Flexure-controlled test setup

6” or 8”

1851

0.5

Figure 34: Shear-controlled test setup (for both 6”x18” and 8”x18”)

In the setups, the loads were applied with two power-team 110 kip hydraulic actuators on the same hydraulic
line, which resulted in equal loads on each actuator. Steel bearing plates (6”x8”x1”) were included between
the supports and the beams. Similarly, steel bearing plates were also included (6”x8”x1”’) between the
actuators and the tops of the beam specimens. It should be noted that in accordance with the ASTM
specifications, the plates between the actuators and the top of the beam had a radius of curvature of 4’ on
the loading surface of the block (Figure 35). Lateral bracings were provided at intermediate locations along
the beam length to address any out-of-plane lateral instability and to prevent lateral torsional buckling.
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Figure 35: Bearing plate with curvature

The specimens were tested until failure while recording the applied load and resultant deflections. The load
was recorded with load cells attached to the ends of the actuators, and string potentiometers were used to
record deflections at three points (midspan and quarter spans). Additionally, photographs were taken
throughout testing and two GoPros were used to record videos of each test. Actual beam configurations in
the lab are shown in Figure 36 - Figure 38.

Figure 36: Flexure test setup for 19° span beam
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Figure 38: Shear test setup
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6. TEST RESULTS

As discussed in the previous chapter, a total of twenty-two timber beams were tested in this research. These
consisted of twelve 6”x18” beams and ten 8”%18” beams, encompassing various categories: control beams
(tested under either flexure or shear), crack-repair beams (previously tested as controls and then repaired),
split-repair beams (some initially tested as controls and others with existing splits prior to testing), and
strengthened beams (which were undamaged prior to applying FRP reinforcement).

Results from this test series are summarized for the 6”x18” beams and 8”x18” beams in Table 2 and Table
3, respectively. The full detailed test summaries for each beam, along with the complete load—deflection
plots and damage discussion, are provided in Appendix A. Common behavioral trends observed in these
results are as follows.

e In general, beam size had no discernible influence on qualitative behavior or repair effectiveness,
aside from the expected higher absolute capacity of the larger 8" sections.

e For the flexure-controlled beams, all control beams failed by fiber tension cracking near the center
of the beams, with cracks often initiating at an imperfection. The repaired and strengthened beams
increased ultimate capacity and postponed cracking. In most cases the FRP shifted the ultimate
failure to either compressive crushing/cracking at the top of the beam, or in some cases the tests
were terminated prior to failure due to instability/misalignment issues or actuator stroke limits.

e For the shear-controlled beams, the controls failed abruptly when horizontal splits formed at the
supports, again often initiating at imperfections. The side-channel split repairs restored/increased
the shear capacity of the beams, and in several cases, redirected the governing failure to crushing
of the timber from bearing at the supports and/or loading points.

e Both crack- and split-repair schemes reliably restored the original strength, while preventive
strengthening added 15-25% extra capacity. The combined flexure crack-repair and strengthening
method, which includes FRP channels and strips (C-S) was more effective than the FRP strips alone

(S).

The following sections of this chapter discuss these findings in more detail, with comprehensive data and
analysis for each beam provided to support these summary observations.
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Table 2: Summary results of 6”x18” beams

Creaking First crack/split Bearing failure Crushing on top Ultimate load Ultimate failure/End
Beam Acronym Load* | Deflection Location Load Deflection Location Load Deflection Location Load Deflection Location Load Deflection of the test
(kips) (inch) (kips) (inch) (kips) (inch) (kips) (inch) (Kkips) (inch)
Load Shear splitting on the
6-Sh(1) ** ** ** ** ** ** 21.3 0.50" bearing ** ** ** 27.0 0.89" left end of the beam
blocks through a knot
Near
6-FI(1) 17.0 1.80" Ei(t):rt;l 20.0 2.00" Crack near D1 *k ok ok ok ok ok 224 2.53" Tension crack
bracing
6-F1(2) 16.5 1.66" ok ok *k ok *k ok ok ok ok ok 194 1.96" Tension crack
North Stopped loading
6-F1(1)-CR(C-S) 13.8 1.34" South end 16.2 1.60" ** ** ** ** 28.7 3.69" load 29.1 3.98" because blocks weren't
block centered
Split on the .
_ - " k3 " 3k k3 k3 k3 sk k3 "
6-F1(2)-CR(S) 15.0 1.43 21.0 2.02 North end 21.0 2.02 Reached stroke limit
Load
6-Sh(1)-SR(C) ok o o o ok ok 30.0 1.69" bearing o o o 30.1 1.69" The north end leaned
due to bearing failure
blocks
6-F1-SR(C-S) 9.0 0.89" at the 10.5 1.00" Split on the *x *x *x 28.0 351" Middle | 30.9 427" Slight eccentricity on
ends south end the load cell
Crack at mid- Mid-span shot off
6-F1-SR(C3) Started immediately with the testing 4.0 0.58" span ** ** ** ** ** ** 9.9 2.16" middle string
P potentiometer
6-F1-SR(C6) Compression
crack near the Near
12.5 1.20" oK 12.5 1.20" top, close to wx oK oK 16.2 1.56" South 21.7 2.77" Tension crack
the north load load cell
cell
Split on th Load Eccentricity started on
6-Sh-St(C) 304 0.96" o 30.4 0.96" pt on the 30.5 0.97" bearing o o o 332 1.10" entricity ©
south end the north load cell
blocks
Crack at mid- Tgl:(? Bearing failure at the
6-F1-St(C-S) 9.0 0.72" ** 25.8 2.05" 29.1 277" . ok ok ok 29.1 277" north load-bearing
span bearing
block
block
Cracking North
6-F1-St(S) 13.0 L17" Midspan | 222 2.10" understripon | 24.0 2.50" bL"?‘d ok o ok 25.4 2.81" Shear split at the south
earing end
the east block

* The load is from one actuator (“P” in Figure 32).
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Table 3: Summary results of 8"x18" beams

Creaking First crack/split Bearing failure Crushing on top Ultimate load Ultimate
Beam Acronym Load* Deflection Location Load | Deflection Location Load | Deflection Location Load | Deflection Location Load | Deflection | failure/End of the
(kips) (inch) (kips) (inch) (kips) (inch) (kips) (inch) (kips) (inch) test
8-Sh(1) o o o o o o 25.0 0450 | Loadbearing | o o 37.9 0.98" | Shear split at the end
blocks
Tension
8-FI(1) 3.0 0.48" Hok 16.5 2.37" crack Hok *k *k *k Hok Hok 22.0 3.28" Tension crack
at mid-span
8-FI(2) 105 166" | Midspan | 118 | 1930 | Shearsplitat) o, o o o o o 120 | 2se | fensioncrackatthe
the north end bottom mid-span
Compression Near
8-F1(1)-CR(C-S) 10.4 1.53" HE 30.3 428" . P . N wox o *x 31.7 4.64" South 33.1 5.28" Reached stroke limit
in the middle
load cell
Crack at the Failed in
8-F1(2)-CR(S) 13.0 230" | Midspan | 200 | 379 | topmiddle o » w w o o 23.6 sog | compression through
through a a knot at the top
knot middle
North Load Ss:stahr :il(;ure on the
8-Sh(1)-SR(C) Hok o Hok o ok ok 26.0 0.76" bearing o ok ok 0.3 1.58" ’
propagated from the
block . .
bearing failure
8-FI-SR(C-S) 11.8 141" o 16.7 1ogn | Bottom - *n *x 229 286" | 1P 24.8 522" | Reached stroke limit
middle middle
Reaction
8-Sh-St(C) 35.0 0.65" o o o o 43.0 0g7n | bearing o o o 56.3 145n | Shearspliton the
plates at the north end
supports
8-FI-St(C-S) 16.0 1.86" ** 21.5 247" ** ** ** ** 28.5 3.52" i(i)gdle 31.9 5.32" Reached stroke limit
Tension crack
propagating mid-
8-FI-St(S) 14.0 1egr | Hhroughout |y, 5l gy * 25.0 446" | Northload wx o o 28.8 3760 | Spemand
the beam block compression failure
at the north load
block

* The load is from one actuator (“P” in Figure 32).
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6.1 Flexure test-setup beam results

This section discusses the performance of beams tested in the flexure test setup, including control, crack-
repair, split-repair, and strengthened beams, using various repairing and strengthening techniques for
6"x18" and 8"x18" beams.

6.1.1  Control vs crack-repair and strengthened beams with FRP channels and strip

Figure 39 and Figure 40 show the three tested configurations of 6"x18" and 8”x18” timber beams,
respectively: control, crack repair with C-S, and strengthened with C-S. The control beam displays the
damage from testing. The repair beam is the same beam retrofitted with C-S combination, while the
strengthened beam is an intact beam reinforced with C-S combination.

(b) Crack repair - 6-FI(1)-CR(C-S)
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(a) Strengthened - 6-F1-St(C-S)

Figure 39: Control, crack-repair and strengthened 6”x18” beams with C-S combination

(a) Control - 8-FI(1)
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(c) Strengthened - 8-F1-St(C-S)
Figure 40: Control, crack-repair and strengthened 8”x18” beams with C-S combination

Figure 41-a compares the 6”x18” beam results, a control beam (6-FI(1)), a crack-repair beam with FRP
channels and strips (6-F1(1)-CR(C-S)), and a strengthened beam with FRP channels and strips (6-F1-St(C-
S)). As can be observed in this plot, the control beam reached an ultimate moment of 145.6 kip-ft at a mid-
span deflection of 2.53”, failing abruptly due to a tension crack. The crack-repair beam — which was the
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previously tested control beam retrofitted with side channels and a bottom strip — achieved a higher moment
capacity of 189.2 kip-ft with nearly the same initial stiffness as the control. This beam eventually failed by
crushing of the wood under the north load block. The strengthened beam, which had the same FRP
configuration applied to an undamaged specimen attained an ultimate moment of 189.15 kip-ft and
exhibited the greatest stiffness among the three, finally failing by a bearing failure at the north load point.
This demonstrates that adding the channel-and-strip reinforcement significantly increased the capacity over
the unreinforced baseline.

Figure 41-b shows the analogous comparison for the 8”x18” beams. The unreinforced control beam (8-
FI(1)) carried an ultimate moment of 176.0 kip-ft at a deflection of 3.28"” before failing due to a mid-span
tension crack. The crack-repair beam (8-FI(1)-CR(C-S)), which had side channels and a strip added after
its initial test, reached a higher ultimate moment of 264.0 kip-ft at 5.28"” deflection. The strengthened beam
(8-FI-St(C-S)), with similar FRP enhancements applied from the start, achieved an ultimate moment of
255.2 kip-ft at 5.32". Both the repaired and strengthened 8” beams sustained greater loads and larger
deformations than the control. The crack-repair beam’s initial stiffness was similar to the control’s, whereas
the strengthened beam was noticeably stiffer. In terms of ultimate capacity, both FRP-enhanced beams
significantly outperformed the control.

These results indicate that the FRP channel-and-strip reinforcement is highly effective: the repair technique
successfully restored (and even increased) the beams’ load capacities, and the strengthening approach
appreciably enhanced stiffness and strength beyond the original values.

300 . . 45 300
—Flexure Control (1) —Flexure Control (1) 35
—Crack Repair (C-S) 40 —Crack Repair (C-S)
250 [|—Strengthened (C-S) 250 | —Strengthened (C-8) 30
35
=200 -30 = 200 25
y-3 ) o =
3 X - X
= 25 = = 20 =
= 150 5 < 150 5
[} 20 2 g 2
g w o 15 %)
= 100 115 =100
10
10
50 - 50
5 / 15
0 : ' : 0 0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Deflection (in) Deflection (in)
(a) 67x18” beam data (b) 87x18” beam data

Figure 41: Comparison of control vs crack repair and strengthened beams with channels and strip

6.1.2  Control vs crack-repair and strengthened beams with FRP strips

Figure 42 and Figure 43 show the three tested configurations of 6"x18" and 8”x18” timber beams,
respectively: control, crack repair with strip only, and strengthened with strip only. The control beam
displays the damage from testing. The repair beam is the same beam retrofitted with strip only, while the
strengthened beam is an intact beam reinforced with strip only.

MSU Civil Engineering/Western Transportation Institute 43



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

(b) Crack repair - 6-F1(2)-CR(S)
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(c) Strengthened - 6-F1-St(S)

Figure 42: Control, crack-repair and strengthened 6”x18” beams with strip only

(a) Control - 8-F1(2)
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(c) Strengthened - 8-FI-St(S)

Figure 43: Control, crack-repair and strengthened 8”x18” beams with strip only

Figure 44-a compares the moment-deflection curves for the 6”°x18” control beam (6-F1(2)), the crack-repair
beam with only FRP strips (6-FI1(2)-CR(S)), and the strengthened beam with only FRP strips (6-FI-St(S)).
The control beam exhibited a brittle failure, reaching an ultimate moment of 126.1 kip-ft before suddenly
fracturing at a deflection of 1.96”. The crack-repair beam, which was the same beam repaired by screwing
FRP strips to its sides and bottom, initially mirrored the control’s response and successfully restored the
beam’s original strength. However, a sharp drop in its curve occurred when a split opened at about 136.5
kip-ft and 2.02" deflection. The strengthened beam, reinforced with strips on an undamaged beam, achieved
a higher ultimate moment of 165.1 kip-ft and avoided the sudden post-peak drop observed in the repaired
beam. All three 6” beams displayed very similar initial stiffness.
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Figure 44-b shows the moment-deflection curves for the 8”x18"” beams: control (8-F1(2)), crack-repair with
strips (8-F1(2)-CR(S)), and strengthened with strips (8-FI-St(S)). The control beam suddenly failed due to
cracking at the mid-span, achieving an ultimate moment of approximately 96.0 kip-ft at a deflection of
2.50”. The crack-repair beam, which had been heavily damaged in its initial test and then mended with FRP
strips, demonstrated greatly improved performance: it reached roughly 188.0 kip-ft and sustained larger
deflections than the control before failure. The strengthened beam, despite exhibiting some moderate pre-
test checking along its length, carried the highest moment—nearly 232 kip-ft—and far outperformed the
others. The strengthened beam’s ability to maintain moment capacity illustrates the effectiveness of the
strip reinforcement, providing enhanced structural resilience and delaying catastrophic failure. The initial
stiffness of the crack-repair beam closely matched that of the control beam, while the stiffness of the
strengthened beam surpassed the other two beams.

The comparison of the moment-deflection curves for both sets of beams highlights the significant benefits
of either crack repair or strengthening using the FRP strip reinforcement. The control beams in each set
displayed typical brittle failure with sudden fracture. The crack repair restored and even improved the
beams' original strength, but a sudden drop in the moment-deflection graph was still observed due to the
splitting of the 6”x18” beam. In contrast, the strengthened beams demonstrated superior performance,
carrying the highest moments and maintaining structural integrity even after initial signs of damage. This
indicates that FRP strip reinforcement enhances moment capacity and improves the beams' overall stiffness
and resilience, effectively delaying catastrophic failure.
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Figure 44: Comparison of control vs crack repair and strengthened beams with strips

6.1.3  Control vs split-repair flexure beams

Several beams in the flexure test series have preexisting splits near their ends. This section demonstrates
the effectiveness of several repair methods at repairing these splits. Figure 45 show the three split repair
configurations for 6"x18", respectively: split repair with channel and strip combination, split repair with 6’
channel, and split repair with 3’ channel. The 8"x18" split repair beam with channel and strip combination
is shown in Figure 46.
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(b) Split repair - 6-F1-SR(C6)
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(c) Split repair - 6-FI-SR(C3)

Figure 45: 6"x18" split repair beams tested in flexure setup

Figure 46: 8"x18" split repair beam with C-S tested in flexure setup - 8-FI-SR(C-S)

Figure 47-a presents moment-deflection curves comparing two control beams and three different split-
repair strategies for 6”x18” beams. Among the repaired beams, the one retrofitted with full-length side
channels plus a bottom strip (6-FI-SR(C-S)) was the most effective, reaching an ultimate moment of 200.9
kip-ft at a deflection of 4.27”. This is a significant improvement compared to the control beams, where the
first control beam (6-FI(1)) reached 145.6 kip-ft and the second control beam (6-F1(2)) reached 126.1 kip-
ft. Additionally, the fully repaired beam demonstrates similar stiffness as the control beams, while
maintaining its stiffness and continuing to carry higher moments surpassing the control ultimate capacities.
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The beam repaired with 6° channels on each end (blue line) achieved an ultimate moment of 141.1 kip-ft at
a deflection of 2.77”, which is closer to the performance of the control beams but significantly lower than
the robust repair with full-length channels and strip. The repair method with 3’ channels on the ends (green
line) was least effective, with this beam reaching a moment of only 64.4 kip-ft at a deflection of 2.16”. This
method offered minimal improvement compared to the second control beam and fell short compared to the
other repair methods, suggesting that 3’ of the channel sections is insufficient to fully repair an existing
split and restore shear capacity. The analysis shows that the split repair method using side channels
combined with a strip is the most effective, providing the highest moment capacity, but a minimum of 6’
channels for a split repair can result in capacities comparable to undamaged beams.

The performance of the 8"%18"” beams with split repairs is shown in Figure 47-b. The beam repaired with
side channels and a strip (8-FI-SR(C-S)) attained an ultimate moment of 198.4 kip-ft, substantially higher
than the two control beams (8-FI(1) at 176.0 kip-ft, and 8-F1(2) at 96.0 kip-ft). It is noteworthy that the two
8" control beams had a large disparity in strength, likely due to pre-existing defects (such as severe checks
and wane in the weaker beam) and the inherent variability in timber, such as knots, cracks, and variations
in growth patterns in the timber. The repaired beam not only recovered the capacity lost due to the split but
actually exceeded the stronger control’s capacity, and it also exhibited higher stiffness than both controls
(unlike the 6" case, where the repaired beam’s stiffness was on par with the controls). The load-deflection
response of the repaired beam featured multiple smaller peaks, indicating a progressive failure with stages
of damage rather than one sudden break. Overall, the split-repair technique with full-length channels and a
strip significantly improved the structural performance of the 8” beam, making it much more resilient under
load than either control beam.

Overall, the split repair method using side channels combined with a strip significantly enhanced the
structural performance of both the 6"x18" and 8"x18" beams, making it the most effective repair technique
among those tested. This method increased the ultimate moment capacity and maintained or improved the
stiffness compared to the control beams. In the short channels repair method, the 6' channel successfully
repaired the split, achieving a moment capacity comparable to the control beam, whereas the 3' channel
proved insufficient for effective repair. Overall, this comprehensive repair approach significantly improves
the moment capacity, demonstrating the importance of robust reinforcement strategies in structural repair.
Figure 45 and Figure 46 show the 6"x18" and 8”x18” split repair beams tested in flexure setup, respectively.
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Figure 47: Comparison of control vs split repair beams

6.2 Shear test-setup beam results

L 5 6

This section discusses the performance of beams tested in the shear setup, including control beams and
those that were split-repaired or strengthened with side channels along the entire length of the beam, for
both 6”x18” and 8”x18” members. Figure 48 and Figure 49 show the three tested configurations of 6’x18”
and 87x18” timber beams, respectively: control, split repair with channel, and strengthened with channel.
The control beam displays the damage from testing. The repair beam is the same beam retrofitted with
channel, while the strengthened beam is an intact beam reinforced with channel.

(a) Control —

6-Sh(1)

(b) Split repair — 6-Sh(1)-SR(C)
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o
(c) Strengthened - 6-Sh-St(C)

Figure 48: Control, split repair and strengthened 6”’x18” beams with channel only

(a) Control —8-Sh(1)
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(b) Split repair — 8-Sh(1)-SR(C)

[
! -

(c) Strengthened - 8-Sh-St(C)
Figure 49: Control, split repair and strengthened 6”’x18” beams with channel only

Figure 50-a compares the shear-deflection curves of the three 6”x18” beams tested in this configuration:
the control beam (6-Sh(1)), the split-repair (6-Sh(1)-SR(C)), and the strengthened beam (6-Sh-St(C)). The
control beam reached an ultimate shear of 27.0 kips with a mid-span deflection of 0.89” before failing
abruptly due to the formation of a horizontal split near the supports of the beam. In contrast, the split-repair
beam, which had its end split repaired by attaching full-length FRP channels to the sides, demonstrated a
more gradual load increase and ultimately bore a higher shear of 30.1 kips at a deflection of about 1.69”. The
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strengthened beam exhibits the best performance, achieving the highest ultimate shear of 33.2 kips at a mid-
span deflection of 1.1”.

Figure 50-b shows the shear-deflection graphs of the three 8”x18” beams tested in this configuration:
control beam (8-Sh(1)), split-repair beam (8-Sh(1)-SR(C)), and strengthened beam (8-Sh-St(C)). The
control beam exhibited an ultimate shear of 37.9 kips at a mid-span deflection of 0.98” before failing due
to a split at its end. In contrast, the split-repair beam (same original control beam repaired with channels on
its sides) had an increased shear capacity, reaching 42.3 kips at a mid-span deflection of 1.58”. The most
significant improvement is seen in the strengthened beam, which achieved a peak shear of 56.3 kips due to
the strengthening channels and initially undamaged state of the beam.

60 w ‘ 180 60 180
—Shear Control (1) —Shear Control (1)
— Split Repair (C) 160 —Split Repair (C) 160
50 |—Strengthened (C) 50 {|—Strengthened (C)
140 140
40 120 & 40 120 &
= g1 = 2
= 1100 =< = 100 =<
D 1
& § % 5
20 160 = 20 60 =
140 40
10 - 10+
120 20
0 : : 0 0 0
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Deflection (in) Deflection (in)
(a) 6”x18” beam data (b) 8x18” beam data

Figure 50: Comparison of control vs split repair and strengthened beams with channels in shear setup

Another observation from Figure 50 is the distinct differences in initial stiffnesses between the control
beams and their repaired counterparts. The split-repair beams exhibited lower stiffnesses than their control
counterparts, primarily due to bearing failures that occurred during the original control beam testing. This
damage caused significant softening of the wood at the load and support points. Although FRP channels
were attached on the sides to repair the splits, the bearing damage itself was not addressed, resulting in
greater deflections when the repaired beams were reloaded. In contrast, the initial stiffness of the

strengthened beams closely matched that of the control beams, as these beams had not experienced prior
bearing damage.

Overall, for both beam sizes, the side-channel repairs restored and modestly increased the shear capacity
relative to the control beams, but the repaired beams showed reduced initial stiffness due to the unrepaired
bearing damage from the control-phase failures. The strengthened beams, on the other hand, achieved the
highest ultimate shears and closely maintained the initial stiffness of the control beams. These results
confirm the effectiveness of applying FRP channels on the sides of timber beams in both restoring and
enhancing shear performance after shear-split damage.
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6.3 Comparison of repair/strengthening techniques

This section compares the different repair/strengthening techniques for addressing cracks and splits in the
6”x18” and 87x18” beams. The crack-repair beams are repaired either with the combination of FRP
channels on the sides and an FRP strip on the bottom or FRP strips on the sides and bottom. For the 67x18”
beams, the crack-repair beam with channels on the sides and a strip on the bottom (Figure 51-a, red line)
demonstrated superior performance compared to the beam repaired with only strips (Figure 51-a, blue line).
The combination of channels and strip provided enhanced reinforcement and better moment capacity than
the strips alone. Specifically, the channel-strip repair increased capacity by 29.9% over its corresponding
control (145.6 to 189.2 kip-ft), while the strip-only repair showed 8.3% improvement (126.1 to 136.5 kip-
ft). The added channels contributed additional support, particularly for beams with more severe damage.

Similarly, in the 8”x18” beam set, the repair using channels and a strip (Figure 51-b, red line) outperformed
the repair with strips alone (Figure 51-b, blue line). The channel-strip repair led to a 50.5% increase in
capacity compared to its control (176.0 to 264.8 kip-ft), whereas the strip-only repair doubled the capacity,
showing a 96.7% increase over its respective control (96.0 to 188.8 kip-ft). The 8’x18” beams, with four
FRP strips on the sides and one on the bottom, showed that while strips provided substantial improvement
compared to the control, particularly because the corresponding control beam underperformed. Overall, the
combination of channels and strips offered more significant enhancement, reinforcing the beam more
effectively and improving overall structural performance. Control beam capacities are shown as dashed
lines in Figure 51 for direct comparison.
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Figure 51: Comparison of different techniques of crack repair

The comparison between beams strengthened with a channel-strip combination and those strengthened with
only strips shows that both techniques performed well, with the channel-strip configuration demonstrating
a slight improvement in structural performance for both the 6”x18” and 8”x18” beams. For the 6”x18”
beam, the configuration with two channels on the sides and a strip at the bottom (Figure 52-a, red line)
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achieved an ultimate moment capacity of 182.0 kip-ft, representing a 25% increase over its corresponding
control (145.6 kip-ft). The beam strengthened with strips only (Figure 52-a, blue line) reached 165.1 kip-
ft, showing a 30.9% increase over its respective control (126.1 kip-ft).

Similarly, for the 8”x18” beam set, the channel-strip strengthened beam (Figure 52-b, red line) achieved an
ultimate moment of 255.2 kip-ft, a 45.0% improvement compared to the control (176.0 kip-ft), while the
strip-only beam (Figure 52-b, blue line) reached 230.4 kip-ft, marking a 140.0% increase over the control
beam (96.0 kip-ft). This higher gain is partly attributed to the relatively lower performance of the
corresponding control beam. While the channel-strip combination offers slightly higher moment capacity
and improved structural integrity, the strips-only configuration also provided substantial reinforcement,
indicating that both strategies are effective in enhancing beam performance. Control beam capacities are
shown as dashed lines in Figure 52 for direct comparison.
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Figure 52: Comparison of different techniques of strengthening

The comparison of the three split-repair 6”x18” beams, presented in Figure 53, reveals notable differences
in performance based on the repair techniques used. The beam repaired with FRP channels on the sides and
an FRP strip on the bottom (red line) exhibited the most robust performance, with the highest moment
capacity. In contrast, the beam with 6’ channels on the ends of each side (blue line) demonstrated improved
shear capacity but struggled with significant tension cracks and compression failures. The beam repaired
with shorter 3’ channels on the ends (green line) showed no improvement and underperformed compared
to the controls (showed in dashed line Figure 53), as the limited channel length did not adequately support
the beam and arrest the split growth, leading to premature failure. Thus, the combination of channels and
strips proved to be the most effective repair method, offering superior reinforcement and performance
compared to channel-only approaches.
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Figure 53: Comparison of different split repair techniques

Overall, the comparison of repair techniques for crack and split repair in both 6”x18” and 8”x18” beams
shows that using a combination of FRP channels on the sides and an FRP strip on the bottom consistently
outperformed the use of FRP strips alone. However, the strip only repair/strengthening beams still
performed well and exceeded control capacities. The added channels significantly improved moment
capacity, especially when repairing beams with more severe damage. In split-repair beams, the channels
and strip combination proved to be the most effective, offering better structural performance and preventing
premature failure, while shorter channel-only repairs were less successful.

6.4 Summary of repaired beams

This section does not present any new data but instead provides a detailed, side-by-side comparison of each
beam that was tested, repaired, and retested (6 beams total). Because the same beam was used in both the
initial control test and the repaired test, the comparisons directly reflect the effects of the repair methods.

As previously discussed, the 6”x18” and 8x18” beam sets include three control beams each, one tested in
the shear test setup and two in flexure test setups. After the control beams were tested for failure, they were
subsequently repaired and retested. The shear setup beams (6—Sh(1) and 8—Sh(1)) failed due to splitting at
the ends and were repaired with FRP channels attached to the sides (6—Sh(1)-SR(C) and 8—Sh(1)-SR(C)).
The flexure setup beams (6-FI(1), 8FI(1) and 6-F1(2), 8-FI(2)) failed due to tension cracking at the bottom
mid-span. For the flexure beams, one set (6—FI1(1) and 8-FI(1)) was repaired with FRP channels on the sides
and an FRP strip on the bottom (6—FI(1)-CR(C-S) and 8-FI(1)-CR(C-S)). The other set (6—F1(2) and 8-
F1(2)) was repaired with FRP strips attached on both the sides and bottom (6—FI(2)-CR(S) and 8-FI(2)-
CR(S)).

For all 6”x18” beams, the repaired beams showed improvements in capacity compared to their respective
control beams, highlighting the effectiveness of the repair techniques. The split-repair beam (Figure 54-a,
blue line) which had channels attached on the sides, restored and enhanced the shear capacity by
approximately 11% compared to the control beam (Figure 54-a, black line), demonstrating that the side
channels effectively mitigated the damage and provided additional shear resistance. In the flexure setup,
the crack-repair beam (Figure 54-b, blue line), reinforced with channels on the sides and a strip on the
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bottom, exhibited a substantial 30% increase in ultimate moment capacity compared to the control beam
(Figure 54-b, black line). The crack-repair beam, strengthened with strips on the sides and bottom (Figure
54-c, blue line), showed a 9% increase in moment capacity compared to the control beam (Figure 54-c,
black line). Although this was slightly less optimal than the performance of the beam reinforced with both
channels and strips, it still demonstrates an effective repair.
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Figure 54: 6”x18” control vs. repair beam results

The comparison of the control beams and their repaired versions in the 8"x18" beam set reveals significant
improvements in capacity due to the repair techniques employed. In the shear setup, the control beam
(Figure 55-a, black line) was repaired with channels on the sides (Figure 55-a, blue line), resulting in an
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11.5% increase in shear capacity. This enhancement indicates that the side channels effectively repaired the
split and strengthened the beam's shear resistance. For the flexure setup, the first control beam (Figure 55-
b, black line) was repaired with channels on the sides and a strip on the bottom (Figure 55-b, blue line),
which led to a substantial 50.1% increase in moment capacity. This approach significantly reinforced the
beam against tension cracking and remarkably improved its performance. Similarly, the second flexure
control beam (Figure 55-c, black line) was repaired with strips on the sides and bottom (Figure 55-c, blue
line) resulting in an impressive 96.1% increase in moment capacity. The strips effectively confined cracking
and greatly enhanced the flexural strength of the beam. However, it is important to note that the 96.1%
increase may be artificially high as a result of the repaired capacity being compared with the lower capacity
of the second control beam due to the pre-existing checking and wane defects.
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Figure 55: 87°x18” control vs. repair beam results
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Overall, the repair techniques applied to both the 6"x18" and 8"x18" beams restored the original capacities
of the control beams, often increasing their capacities by significant amounts, and enhanced their
performances. The combination of channels and strips was particularly effective in providing
comprehensive reinforcement and resulting in the largest increases in capacity.

6.5 Consistency of Channel-Strip combination technique

The control beams (Figure 56), both 6” and 8”, exhibited variability in their capacities due to the inherent
inconsistencies, including grain orientation, and initial internal/external defects, typical for timber
members. For the 6” beams, the difference between control beams (145.6 kip-ft and 126.1 kip-ft,
respectively) resulted in a variation of approximately 13.4%. The 8” control beams showed even greater
variability, with a substantial 45.45% difference between the control beams (176.0 kip-ft and 96.0 kip-ft,
respectively), again keeping in mind the lowered capacity of the second control beam likely due to existing
initial defects.

In contrast, the beams repaired and strengthened with the FRP channel and strip combination demonstrated
notably consistent performance. For the 6” beams (Figure 57-a), the C-S combination resulted in a
maximum variation of only 6.19%. The split repair beam (200.9 kip-ft) showed minimal deviation from the
crack repair and strengthened beams, both of which achieved an ultimate moment capacity of 189.2 kip-ft.
Similarly, the 8” beams (Figure 57-b) exhibited almost identical performance, with the crack repair and
strengthened beams reaching ultimate moment capacities of 264.8 kip-ft and 271.2 kip-ft, respectively,
showing a minimal variation of 3.63%. While the split repair beam exhibited slightly more variability, with
a lower moment of 198.4 kip-ft and a 25.15% difference from the crack repair beam. This consistent
performance underscores the effectiveness of applying FRP to timber beams in reducing the inherent
variability, providing more reliable structural performance.
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Figure 56: Moment vs deflection graph of control beams, tested in flexure setup
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Figure 57: Moment vs. deflection graph of beams with C-S combination, tested in flexure setup

6.6 Comparison between measured and AASHTO predicted capacities

A comparison between the measured ultimate moments obtained from the experimental test and the
calculated moment capacities based on standard design equations is presented in Table 4. The calculations
follow procedures outlined in AASHTO Standard Specifications for Highway Bridges (2002), Chapter 13
[6]. This method includes factors that account for load duration, moisture content, lateral support
conditions, and other variables influencing timber behavior. For the control timber beams, the baseline
allowable bending and shear stresses were adjusted considering the effects of wet service conditions, load
duration, member size, volume of stressed wood, lateral stability, non-uniform stress distribution, and
repetitive member use. These adjustments produced the design values for bending and shear capacity used
in the comparison.

For the FRP-strengthened beams, a transformed-section method was applied to account for the composite
action between the timber and FRP components. The transformed section assumed a perfect bond and
linear-elastic behavior between materials. Separate modular ratios were calculated for the FRP channels
and strips based on their elastic moduli and the adjusted modulus of elasticity of the timber. The composite
section was analyzed by transforming FRP widths into equivalent timber, calculating the transformed
centroid and moment of inertia, and determining capacity based on the material that governed failure. In
both control and strengthened cases, failure was assumed to occur when the stress in timber reached its
adjusted allowable limit. More specific details on the calculations can be found in Appendix C.

As shown in the table, the calculated moment capacities are consistently lower than the experimentally
measured values, highlighting the conservative nature of standard code predictions. This conservatism is
expected: design codes include safety factors and use cautious assumptions to account for uncertainties in
material properties, construction quality, and loading conditions. Consequently, all of the tested beams
exceeded their calculated capacities, in many cases by a substantial margin.
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On average, the 6”x18” beams exhibited a measured-to-calculated moment ratio of 3.1, indicating that the
tested beams performed more than three times better than what the design equations predicted. The 87x18”
beams had a slightly lower average ratio of 2.8, which was influenced by one underperforming specimen.
Even with this variation, the measured capacities significantly exceeded the calculated ones.

The consistency of the experimental results is also reflected in the coefficient of variation (CoV) values.
For the 6”x18” beam group, the CoV is 0.07, indicating highly repeatable performance. In the 8”x18” group,
the CoV was 0.31, primarily due to a single underperforming beam. When that outlier is excluded, the CoV
drops to 0.10. This supports the reliability of the testing procedure and the overall effectiveness of the
strengthening technique.

Table 4: Comparison of Measured and Calculated Moment Capacities

Measul:ed Calcula.ted Average

Beam (iill)gcfltt)y (iill)gcfltt)y Measured/calculated measured/calculated CoV
6-F1(1) 145.6 3.2
6-F1(2) 126.1 46.0 2.7

6-F1-St(C-S) 189.2 59.4 32 3.1 0.07
6-FI-St(S) 165.1 51.0 3.2
8-FI(1) 176.0 2.9
8-F1(2) 96.0 61.3 1.6

8-F1-St(C-S) 255.2 75.1 34 2.8 0.31
8-FI-St(S) 230.4 66.5 35

7. CONCLUSIONS

This section details the conclusions of the work completed as part of Task 2, Close Minor Research Gaps,
of the research project titled “Use of Fiber-Reinforced Polymer Composites for Bridge Repairs in
Montana.” This study evaluated the use of FRP repairs on timber bridge girders through full-scale testing
of salvaged Douglas-fir/Larch beams. Two groups of beams, sized 6”x18” and 8”x18”, were tested in both
flexure and shear. These groups included undamaged control beams, pre-damaged (cracks or splits) repair
beams, and undamaged beams strengthened with FRP. Material tests were also conducted on the FRP
components to confirm their mechanical properties. The capacity comparisons demonstrated that the FRP
repair and strengthening techniques provided notable improvements in material performance, flexural and
shear capacity, consistency in structural response, and design reliability. The key findings are summarized
below:

o FRP material performance

Tensile tests on FRP coupons confirmed excellent strength and stiffness retention after undergoing full
scale testing on the beams. Virgin GFRP channel coupons exceeded manufacturer values, achieving 177%
of the reference tensile strength and 164% of the reference modulus. Channel coupons extracted from mid-
span and end-regions of tested beams still retained over 150% of expected strength and over 120% of
stiffness. Hybrid FRP strips also remained within 10% of the tabulated values, confirming their durability
and consistent mechanical performance.
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o Flexural capacity gains

The application of FRP channels and strips significantly improved the flexural performance of timber
beams. For 6”x18” beams, crack-repair using the channel-strip method resulted in a 29.7% increase in
moment capacity, while strengthening of undamaged beams with the same configuration yielded a 29.9%
improvement. In the 8”x18” group, crack-repair beams showed a 45% gain, and strengthened beams
achieved a 50% increase over the controls.

FRP strips used alone also proved effective, though to a lesser extent in the smaller beams. For 6°x18”
beams, crack-repair with strips produced an 8.4 % improvement, and strip-only strengthening achieved a
30.9 % increase. For 8°x18” beams, crack-repair using strips resulted in a 96.1 % increase, while strip only
strengthened beams exhibited a 139.9% gain. These results confirm that FRP significantly enhances flexural
strength, particularly when applied to intact or lightly damaged beams.

e Addressing shear splits

FRP channels provided effective restoration and improvement in the shear capacity for beams with end
splits. In 6”x18” beams tested in shear setup, split repair using full-length channels improved capacity by
11.3%, while channel strengthening of undamaged beams achieved a 23.1% increase. For 8”x18” beams
tested in shear setup, split-repair beams gained 11.5 %, and strengthened beams demonstrated a 48.5%
improvement in shear capacity compared to controls.

Additional testing on beams with existing splits reinforced the value of combining channels and strips. For
6”x18” beams tested in flexure setup, this approach resulted in moment capacity increases of 37.9% and
59.4%. For 8”x18” beams tested in flexure, gains of 12.5% and 106.2% were observed. In contrast, split
repair with 6’ channels restored capacity to 97.1% and 112.2% of the controls, while 3’ channel repairs
underperformed. These findings emphasize the importance of using full-length channels whenever feasible
for reliable split repair and shear strengthening, and 6° minimum end channels when full length is not
feasible.

o Channel-strip combination provided more effectiveness than strip-only

For crack repair, the channel-strip (C-S) configuration significantly outperformed the strip-only method,
improving moment capacity by 29.9% (6”x18”") and 50.5% (87x18”), compared to 8.3% and 96.7% gains
from strip-only repairs. For strengthening, both techniques enhanced capacity, with the C-S method
achieving 25.0% (67x18”) and 45.0% (87x18”) improvements, while strip-only strengthening showed
30.9% and 140.0% gains, respectively. The higher gain in the 8”x18” strip-only case was influenced by an
underperformed control, reaffirming the consistent advantage of the C-S method across conditions.

Despite the superior capacity and more consistent performance of the C-S configuration, the strip-only
technique still offers notable advantages. Its lighter weight and ease of installation make it a practical and
cost-effective option, particularly in scenarios where access, equipment limitations, or installation time are
critical factors. As such, the strip-only method may still be the preferred choice in certain applications.

o F'RP repaired pre-tested beams effectively

The capacities of the pretested 6”x18” and 87x18” beams repaired with various FRP techniques were
restored to their original capacities and often achieved significant improvements. For 6”x18” beams,
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channel-strip crack repair increased capacity by 29.7%, while strip-only repair showed an 8.4%
improvement, and split repairs with channels achieved an 11.3 % increase. In 8”x18” beams, channel-strip
crack repair achieved a 50.0% increase, strip-only repair improved by 96.1%, and split repair with channels
showed an 11.5% enhancement.

e FRP enhanced consistency in structural performance

Although the number of test specimens was limited, the beams repaired or strengthened with C-S
combination demonstrated reduced variability and more consistent performance compared to the control
beams. For the 6”x18” beams, the control group exhibited a of 13.4% variation, while the FRP channel-
strip (C-S) repairs significantly improved consistency. Both the C-S crack repair and the strengthened
beams reached the same capacities. For the 8”x18” beams, the control group showed a much higher
variation of 45.45%. In contrast, the C-S beams displayed improved consistency, with only a 3.63%
difference between the crack repair and strengthened beams.

The channel placement for the split repair beams differed slightly (at mid-height). Despite this difference,
the results remained fairly comparable, showing 6.19% and 25.15% difference between the split repair and
crack repair cases for the 6°x18”, and the 8’x18” beam, respectively.

o Measured vs. calculated capacities

The comparison between measured and calculated moment capacities clearly demonstrated that the tested
beams outperformed code-based predictions by a wide margin, with 6”x18” beams showing an average
measured-to-calculated ratio of 3.1, and 8”x18” beams exhibiting a ratio of 2.8. This highlights the inherent
conservatism of standard design codes, which intentionally include safety factors to ensure structural
reliability.

e Summary

This research successfully achieved its objectives by evaluating the feasibility and benefits of fiber-
reinforced polymer (FRP) repair and strengthening techniques for timber bridges through full-scale testing
of Douglas-fir/Larch beams. Although the sample size was relatively limited, the experimental program
was extensive and conducted under realistic loading conditions, providing valuable insights into the
structural performance improvements attainable through various FRP applications.

A key takeaway is that FRP retrofitting restores the original capacity of damaged timber beams and
significantly enhances their strength and stiffness, especially when applied before severe deterioration
occurs. This highlights the importance of proactive rehabilitation, as reinforcing intact or lightly damaged
members enables more effective composite action and greater performance gains.

From an implementation perspective, these findings provide MDT engineers and bridge maintenance
professionals (as well as other state DOTs) with clear, actionable guidance for applying FRP repair
techniques in the field. The FRP channel and strip combination proved especially effective for both crack
and split repairs, offering consistent improvements in load capacity, stiffness, and overall structural
reliability. Full-length FRP channels are recommended for end-split repairs to ensure robust shear capacity
restoration, while the use of both channels and strips provides optimal results in flexural strengthening and
crack repair.
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Additionally, the comparison between measured and design-predicted capacities revealed that even control
beams outperformed standard code estimates, and FRP-strengthened beams exceeded them by an even
greater margin. This confirms the conservative nature of current design codes and indicates that retrofitted
members are likely to provide significant reserve capacity, contributing to increased safety and durability.

In summary, this task delivered comprehensive results and validated the effectiveness of several FRP-based
repair and strengthening methods. The findings equip engineers and practitioners with practical knowledge
to select appropriate repair strategies, improve the performance of aging timber infrastructure, and
confidently implement FRP solutions in real-world applications.
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9. APPENDIX A: INDIVIDUAL BEAM RESULTS

A.1 6-Sh(1)

The beam had some minor checks and wane-type defects and some other minor handling impact damage
on the top. Its actual dimensions were 5.75” x 17” and 10’ 1” long. The beam was cut in half for the shear
test setup. The span length of the test beam was 9 ft, with a 6.48” overhang on each side. The shear vs.
deflection graph is shown in Figure 58. The bearing failure at the load-bearing blocks started at around 22.0
kips. A split started forming at the end of the beam (which was originally the middle of the beam) as the
load progressed. The beam failed by splitting on the end of the beam (Figure 59-b) through a knot. The
ultimate shear carried by the beam was 27.0 kips when the midspan deflection was 0.89”.
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Figure 58: Shear vs deflection graph of 6-Sh(1)

(a) Bearing failure (b) Split at the end

Figure 59: Failure propagation of 6-Sh(1)
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A2 6-FI(1)

The beam was shorter, with an 18.5” span (19’ 6” beam), and the supports needed to be adjusted to be 3”
closer. The actual cross-section of the beam was 5.75" x 17". There were holes and bolts on the ends. Some
holes were found near D2 and D3. Upon inspection, it was confirmed that this was an exterior beam, and
core drilling confirmed no rot. The moment vs. deflection graph is shown in Figure 60. Creaking started at
around 110.5 kip-ft. A flexural crack (Figure 61) formed near D1 at around 130.0 kip-ft. The ultimate
moment carried by the beam was 145.6 kip-ft when the deflection was 2.53”. The beam failed with a large
pop as a flexural crack formed laterally with a diagonal run across the beam.
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Figure 60: Moment vs deflection graph of 6-FI(1)

(a) Crack near D1 (b) Flexure crack across the beam

Figure 61: Failure propagation of 6-FI(1)
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A3 6-Fl(2)

The beam's dimensions were 5.75" x 17" and 20’ 0.75” in length. The beam had some minor checking.
Figure 62 presents the moment vs deflection graph of the beam. The first creaking started at around 107.3
kip-ft. The beam failed due to a sudden flexure crack (Figure 63). The ultimate moment carried by the beam
was 126.1 kip-ft at a deflection of 1.96”.
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Figure 62: Moment vs deflection graph of 6-F1(2)

Figure 63: Failure propagation of 6-F1(2)
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A.4 6-F1(1)-CR(C-S)

This was the crack-repair beam of flexure control 1 (6-FI(1)). The beam was repaired following the steps
discussed in section 4. The string potentiometers were attached to the bottom flange of the side channel.
The moment vs deflection curve is presented in Figure 64. The first creaking started at 89.7 kip-ft. The first
crack occurred at 105.3 kip-ft when the mid-span deflection was 1.6”. Crushing occurred under load block
(Figure 65-a) at around 185.3 kip-ft. The ultimate moment carried by the beam was 189.2 kip-ft when the
deflection was 3.98”. The test was stopped after noticing that the reaction blocks weren’t centered.
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Figure 64: Moment vs deflection of 6-FI(1)-CR(C-S)

(a) Crushing under load block (b) Fully loaded beam before release

Figure 65: Failure propagation of 6-F1(1)-CR(C-S)

MSU Civil Engineering/Western Transportation Institute 70



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.5 6-F1(2)-CR(S)

This was the crack-repair beam of flexure control 2 (6-F1(2)), following the repair steps discussed in section
3.3. The repair included attaching two strips on the sides and one at the bottom. The string potentiometers
were anchored about 0.5” above the side strip. The moment vs deflection graph is depicted in Figure 66.
The beam started making creaking sounds around the middle at around 97.5 kip-ft. When the moment
reached 136.5 kip-ft at a 2.02” deflection, there was a loud pop, and the beam split (Figure 67) almost
immediately at the end. The split rapidly propagated towards the center, causing the moment to drop sharply
to 55.3 kip-ft, indicating that the beam had not been properly confined by the strip. When the moment was

increased to 91.0 kip-ft, the split opened further. The test needs to be stopped because the stroke limit was
reached, necessitating the removal of the load.
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Figure 66: Moment vs deflection of 6-F1(2)-CR(S)

(a) Split started on the end (b) Propagating to the middle

Figure 67: Failure propagation of 6-F1(2)-CR(S)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.6 6-Sh(1)-SR(C)

The beam was the split-repair beam shear control 1 (6-Sh(a)). The repair was carried out following the steps
discussed in section 4. There was an indentation at the bearing plates and a split on one end of the beam
from the control beam testing. Figure 68 shows the shear vs deflection graph. The beam instantly settled
into bearing dents at load points, and the split (Figure 69-a) instantly shifted with the load. There was a load
pop at 21.0 kips. The beam started touching the garage side lateral bracing at around 26.0 kips. At around
29.0 kips, the beam started touching the lateral bracing. At around 30.0 kips, the beam leaned due to bearing
failure (Figure 69-b), and the graph started to plateau, leading to the decision to end the test. The ultimate
shear carried by the beam was 30.1 kips when the mid-span deflection was 1.69".
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Figure 68: Shear vs deflection graph of 6-Sh(1)-SR(C)

(a) Split shifting on the end (b) Bearing failure under load block

Figure 69: Failure propagation of 6-Sh(1)-SR(C)

MSU Civil Engineering/Western Transportation Institute 72



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.7 6-FI-SR(C-S)

The actual dimensions of the beam were 5.75” x 17” with a length of 20° 2”. There was a small split on one
end. The beam was repaired following the steps previously discussed in section 4. There was a missing
screw on the east channel. The moment-deflection graph (Figure 70) showed a linear slope until 39 kip-ft,
slightly stiffer than the two control beams (6-FI(1) and 6-F1(2)), with no lateral supports making contact.
By 58.5 kip-ft, creaking noises were noted at the ends, and at 68.3 kip-ft, a 1 deflection occurred as the
split on the end began to shift. A loud pop was heard at 74.8 kip-ft. At 107.3 kip-ft, slight noise emerged
from the support. At 123.5 kip-ft, the beam started touching the middle top lateral support. When the
moment reached 162.5 kip-ft, a screw sheared off from the channel, though no drop in load was observed.
At 182.0 kip-ft and 3.51” deflection, there appeared to be some compression crack at the top, with creosote
pushing out at the load cells, and loud popping was heard from mid-span as the moment held steady around
185.3 kip-ft. At 196.9 kip-ft and a 4.1” deflection, another pop was noted as the split shifted further, and a
crack appeared on the east side string potentiometer (D3). With increased load, all east lateral supports were
in contact with the beam, and slight eccentricity was observed on the load cells, leading to the decision to
end the test. The failure propagation of the beam is shown in Figure 71. The ultimate moment carried by
the beam was 200.9 kip-ft at a mid-span deflection of 4.27”.
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Figure 70: Moment vs deflection graph of 6-F1-SR(C-S)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

(a) Split shifting (b) Creosote coming out (c) Split shifting further
Figure 71: Failure propagation of 6-FI-SR(C-S)
A.8 6-FI-SR(C3)

The beam's actual dimensions were 5.75” x 17 with a length of 20° 2”. It had an 18” long split at one end.
The beam was split-repair with 3’ long channels on the ends of each side. The detail of the repair technique
is outlined in section 4. Figure 72 presents the moment vs deflection graph. Creaking started immediately
when loading began. The first crack appeared in the mid-span at around 26.0 kip-ft. A distinct pop was
heard as the moment increased to 32.5 kip-ft. The midspan crack noticeably widened at around 52.0 kip-ft,
causing a 1.2” midspan deflection. At 55.3 kip-ft, the existing split shifted further and propagated beyond
the channel. When the moment reached 62.4 kip-ft, the crack extended to the middle string potentiometer
(D1) nail, leading to a sudden drop in the moment to 48.8 kip-ft. Shortly after, the D1 shot off the beam as
the midspan crack expanded. Figure 73 shows the failure propagation of the beam. The ultimate moment
carried by the beam was 64.35 kip-ft when the mid-span deflection was 2.16”.
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Figure 72: Moment vs deflection graph of 6-FI-SR(C3)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

=

(a) Crack started at mid-span (b) Split shifting (c) Mid-span cracked
Figure 73: Crack propagation of 6-FI-SR(C3)
A.9 6-FI-SR(C6)

The beam had a 12” long split at one end, which was repaired with 6’ long channels attached at the ends of
each side of the beam. The actual dimensions of the beam were 5.75” x 17" with a length of 20’ 2”” and the
beam had notched ends. The moment vs deflection graph is presented in Figure 74. Creaking began at
approximately 81.3 kip-ft, with compression failure initiating near the top, at around 84.5 kip-ft. At
approximately 91 kip-ft, the entire load frame shifted. A compression crack (Figure 75-a) appeared near
the load cell by the lateral support at 105.3 kip-ft. At a moment of 116.4 kip-ft, a mid-span crack occurred
on both sides, accompanied by a loud pop, causing the moment to drop to 103.4 kip-ft. At 123.5 kip-ft, a
flexure crack (Figure 75-b) developed with another loud pop, resulting in a 1.3 kip-ft moment drop. As the
moment increased to 136.5 kip-ft, creaking noises were heard throughout the structure. At 139.8 kip-ft, a
puff of dust emerged from the bottom near the load cell, leading to a sudden drop to 131.9 kip-ft. When the
moment was increased again, the final crack at the bottom split open, indicating complete failure. The beam
ultimately carried a moment of 141.1 kip-ft, at a mid-span deflection of 2.77”.
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Figure 74: Moment vs deflection graph of 6-FI-SR(C6)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

(a) Compression crack at top (b) Flexure crack mid-span

Figure 75: Failure propagation of 6-FI-SR(C6)
A.10 6-Sh-St(C)

The beam's actual dimensions were 5.75" x 17" and 10’ 0.5 long. It was cut in half for the shear test setup
and strengthened by attaching channels in the middle of each side. Due to the uneven top surface, the beam
was tested upside down. The shear vs deflection graph is shown in Figure 76. At 17.9 kip, a loud pop was
heard followed by a sudden drop of shear to 17.1 kips. As the shear increased to 30.4 kips, a split was
noticed at the end with a lot of creaking noise. When the shear hit 33.1 kips, another loud pop occurred,
and a crack was observed at the bottom near the end, causing a drop to 27.2 kips. The loading continued
and a split (Figure 77) also developed at the end. The beam's ultimate shear was 33.2 kips, at a mid-span
deflection of 1.1". Eccentricity began to develop on the load cell due to bearing failure, prompting the
decision to unload. No bearing issues were noted at the supports.
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Figure 76: Shear vs deflection graph of 6-Sh-St(C)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

Figure 77: Failure propagation of 6-Sh-St(C)
A.11 6-FI-St(C-S)

This was a strengthened beam tested in a flexure setup. The strengthening was done by attaching two
channels on the side and a strip at the bottom. It had dimensions of 5.75” x 17” and a length of 19° 10”.
There was an inclined cut on one end of the beam that added 3” to the total length of one side (Figure 78);
however, the overall span length remained unaffected. A different size screw was mistakenly attached to
the strip. The moment vs deflection graph is shown in Figure 79. During the load test, the first creaking was
heard at around 58.5 kip-ft. At around 113.8 kip-ft, a small pop occurred on the end. At 136.5 kip-ft, a load
pop occurred with no visible crack. When the moment was increased to 167.7 kip-ft, a crack emerged at
the mid-span, accompanied by a distinct loud pop. At 176.2 kip-ft, creaking noises and a loud pop were
heard as the crack in the mid-span expanded. The moment was then dropped to 170.9 kip-ft. At this point,
one load cell was slightly eccentric, and creosote was oozing at the load cells (Figure 80-a). The crack
propagated in the lower mid-span at around 182.0 kip-ft. The test was ultimately stopped at 189.2 kip-ft
when the mid-span deflection was 2.77”, due to bearing failure at the load cell.

Figure 78: inclined cut on one end
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)
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Figure 79: Moment vs deflection graph of 6-FI1-St(C-S)

: »
(a) Creosote under load-bearing (b) Fully loaded beam
block

Figure 80: Failure propagation of 6-F1-St(C-S)

A.12 6-FI-St(S)

This was a strip-strengthened beam with three strips on the beam's sides and bottom. The beam's dimensions
were 5.75" x 17" with a length of 19° 0.75”. Like the 6-F1-St(C-S) beam, there was an inclined cut on one
end of the beam that added 3” to the total length of one side. The bottom of the beam was slightly uneven,
so it was adjusted when loading, and then the deflection was re-zeroed after the beam was steady. The
moment vs deflection is shown in Figure 81. Initially, a small pop occurred at approximately 65.0 kip-ft,
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

followed by a slight creaking at midspan around 84.5 kip-ft. A distinct pop was heard when the moment
reached 136.5 kip-ft, yet no visible damage was seen. At 144.3 kip-ft, a loud pop was heard, shaking the
strip on the east side of the beam, and the first signs of cracking appeared under it. As the moment increased
to 146.3 kip-ft, the beam experienced a 2.4" deflection, another loud pop occurred, and flexure cracking
continued without a dramatic drop in moment. By 156.0 kip-ft, midspan cracking was observed in the beam,
with a noticeable compression failure under one load cell, causing the moment to drop slightly to 152.1 kip-
ft. At 165.1 kip-ft, the beam split with a loud popping sound from a knot at the end, leading to a 53" long
visible opening on the east side and causing the moment to drop to 113.1 kip-ft. A slight recovery followed,
with the moment rising back up to 126.8 kip-ft, but another loud pop was accompanied by a puff of dust
from the top due to compression, further opening the split and causing shifts. Ultimately, the beam failed
in shear at the end. The failure propagation of the beam is shown in Figure 82. The ultimate moment carried
by the beam was 165.1 kip-ft, at a mid-span deflection of 2.81".
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Figure 81: Moment vs deflection graph of 6-F1-St(S)
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Figure 82: Failure propagation of 6-F1-St(S)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.13 8-Sh(1)

The actual dimensions of the beam were 7.75” x 17.5” and 26’ long with no noticeable damage. The beam
was cut in 10’ 1’ for having a span length of 9° with a 6.5” overhang on each side. Figure 83 shows the
shear vs deflection of the beam. Bearing failure started forming at around 25.0 kips at the load-bearing
blocks. The flexural crack started at the middle of the beam at around 34.0 kips when the mid-span
deflection was 0.67”. The crack was opening up with increased loading. The beam failed by splitting at the

end. The failure propagation of the beam is presented in Figure 84. The ultimate shear carried by the beam
was 37.9 kips at a mid-span deflection of 0.98”.
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Figure 83: Shear vs deflection graph of 8-Sh(1)

(a) Bearing failure started (b) Flexure crack at the mid-span (¢) Split at the end

Figure 84: Failure propagation of 8-Sh(1)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.14 8-FI(1)

The beam's actual dimensions were 7.5” x 17” and 25’ 9” long. Its span length was 25°, with a 4.5” overhang
on each side. The beam had no significant damage. Figure 85 presents the moment vs deflection of the
beam. A flexural crack (Figure 86) started at around 132.0 kip-ft at the midspan of the beam and continued
to open with higher load. The ultimate moment carried by the beam was 176.0 kip-ft at a midspan deflection
of 3.28”. The beam failed due to flexure, with the crack initiating 66 from the right end and extending to
84” from the left end. The crack was located approximately 4” from the bottom of the beam.
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Figure 85: Moment vs deflection graph of 8-FI(1)

(a) Flexure crack starting at mid-span (b) Cracked beam

Figure 86: Failure propagation of 8-FI(1)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.15 8-F1(2)

The beam had some minor checks and wane defects. Its actual dimensions were 7.75" x 17", and it was 26’
long. The moment vs deflection graph is shown in Figure 87. The creaking sound at mid-span started at
around 84.0 kip-ft. At 94.4 kip-ft, a split propagated, and compression failure (Figure 88-a) occurred,
resulting in a moment drop to 78.4 kip-ft. The beam failed at cracking in mid-span (Figure 88-b). The
ultimate moment carried by the beam was 96.0 kip-ft when the deflection was 2.56”. Two holes were drilled
to see the beam's core, and it was confirmed that there was no rot.
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Figure 87: Moment vs deflection graph of 8-F1(2)

T N RN

(a) Compression failure at top (b) Cracking in the mid-span

Figure 88: Failure propagation of 8-F1(2)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.16 8-FI(1)-CR(C-S)

This was the crack-repair beam for flexural control 1 (8-FI(1)). The repair process involved attaching
channels on the sides and a strip on the bottom, and the detailed repairing processes are discussed in section
4. The moment-deflection graph (Figure 89) showed a plateau at around 60 kip-ft, likely due to the screws
engaging. There was a loud pop at around 242.4 kip-ft and a compression crack (Figure 90-a) near the load
cell at 253.6 kip-ft. The test was stopped because the stroke limit was reached. The beam ultimately carried
a moment of 264.8 kip-ft when the mid-span deflection was 5.28".
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Figure 89: Moment vs deflection graph of 8-FI(1)-CR(C-S)

(a) Compression failure at top (b) Fully loaded beam

Figure 90: Failure propagation of 8-FI(1)-CR(C-S)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.17 8-F1(2)-CR(S)

This was the Flexure Control 2 (8-F1(2)) beam with crack repairs. Four strips were attached to the sides,
and one was attached to the bottom. The detailed repair method is discussed in section 4. The string
potentiometers were anchored in the middle of two strips on the side. The moment vs deflection graph is
shown in Figure 91. Creaking started in the midspan at around 104.0 kip-ft and continued with higher
moment. At 160.0 kip-ft, a crack was opening up at the top middle through a knot (Figure 92-a), leading to
a drop in the moment to 156.8 kip-ft. At 183.2 kip-ft, a poof of dust emerged from the top middle of the
beam. When the moment reached 184.0 kip-ft, the beam started contacting the two lateral bracings. The
loading was paused to take pictures at around 188 kip-ft. The beam cracked a lot while holding the load
and eventually failed compression through a knot at the top face middle (Figure 92-b). The ultimate moment
carried by the beam was 188.8 kip-ft when the mid-span deflection was 5.08”.
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Figure 91: Load vs deflection graph of 8-FI(2)-CR(S)
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(a) Crack at mid-span through a knot (b) Failure in compression

Figure 92: Failure propagation of 8-FI(2)-CR(S)

MSU Civil Engineering/Western Transportation Institute 84



Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.18 8-Sh(1)-SR(C)

This was the split-repair beam of shear control 1 (8-Sh(1)), which was repaired following the steps outlined
in section 4, including attaching channels on the sides. There is an existing split on the end from the control
test. The shear vs deflection graph is presented in Figure 93. Bearing failure began under the load block
and support at approximately 26.0 kips. The beam started making contact with lateral bracings at around
36.0 kips. The existing split shifted at 36.8 kips. At 38.9 kips, a crack at the bottom midspan occurred,
causing the shear to drop to 36.4 kips, with a screw on the channel shearing off. The load continued to
increase, and shear failure was controlled on the end. The failure propagation of the beam is presented in
Figure 94. The ultimate shear carried by the beam was 42.3 kips when the deflection was 1.58”.
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Figure 93: Moment vs deflection graph of 8-Sh(1)-SR(C)

(a) Bearing failure (b) Screw sheared off (c) Split at the end

Figure 94: Failure propagation of 8-Sh(1)-SR(C)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.19 8-FI-SR(C-S)

The beam's actual dimensions were 7.5" x 17" with a length of 26’ 0.75”. It had moderate checking along
its length and was a split repaired beam with channels on the sides and a strip on the bottom. The beam had
tapered ends and a through bolt was removed from one end. Figure 95 presents the moment vs deflection
graphs. The first creaking occurred at around 94.4 kip-ft, and a small pop happened at around 112.0 kip-ft.
A crack started forming in the bottom middle at around 133.6 kip-ft. Creaking continued with higher
loading, and at a moment of 163.2 kip-ft, a crack formed under the channel, approximately 2” from the
bottom on the east side, with a loud pop. As the moment increased to 175.2 kip-ft, a compression crack
began to form near the top in the center of the beam. At 184.8 kip-ft, another loud pop was heard as the top
middle of the beam buckled at the compression crack, causing the moment to drop to 143.2 kip-ft and then
rebuild. At 167.2 kip-ft, a crack formation started near the D2 string potentiometer, about 12” from the load
frame, followed by another crack at the bottom-mid, causing a slight load drop. As the moment reached
184.8 kip-ft, the beginning of a compression crack was observed near the center. At 187.2 kip-ft with 4.4”
of deflection, a crack near the center began to open up. Finally, at 188.8 kip-ft with 4.7” of deflection, the
bottom crack between the D1 and D2 string potentiometers started to widen, and a large crack formed near
the D3 string potentiometer with a loud pop. The test was stopped after reaching the maximum stroke of
the load cell. Figure 96 shows the failure propagation of the beam. The ultimate moment carried by the
beam was 198.4 kip-ft at a mid-span deflection of 5.22”.
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Figure 95: Moment vs deflection graph of 8-FI-SR(S-C)
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(a) Compression crack at top (b) Beam buckled at top middle (¢) Flexure crack at bottom middle

Figure 96: Failure propagation of 8-FI-SR(C-S)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.20 8-Sh-St(C)

The actual dimensions of the beam were 7.5" x 17.5" with a length of 10°. It was a shear-strengthened beam
cut into 10’ section for the shear test setup. The strengthening process involved attaching channels on the
sides, and more detailed information on the strengthening can be found in section 4. String potentiometers
were attached to the bottom flange of the channel. The bottom surface of the beam was not flat, so it was
necessary to hold the beam in place before starting the loading. Figure 97 shows the shear vs deflection
graph of the beam. The first creaking noise was heard at around 35.0 kips, and bearing failure occurred at
both supports at around 43.0 kips (Figure 98-a). Creaking continued with higher loading, and a tension
crack occurred at the bottom midspan at 52.5 kips, causing a slight load drop. The beam was continuously
loaded and ultimately failed due to shear at one end, which caused split propagation and a shift (Figure 98-
b). The ultimate shear carried by the beam was 56.3 kips at a mid-span deflection of 1.45”.
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Figure 97: Load vs deflection graph of 8-Sh-St(C)

(a) Bearing failure at load block (b) Split at the end

Figure 98: Failure propagation of 8-Sh-St(C)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.21 8-FI-St(C-S)

The beam was a strengthened beam with channels on the sides and a strip on the bottom. Its dimensions
were 7.5" x 17" with a length of 26’ 1.5”. The moment vs deflection graph is shown in Figure 99. The first
creaking noise was heard at around 128.0 kip-ft. At 144.0 kip-ft, there was a creak and a small pop from
one end. As the moment increased to 172 kip-ft, crackling sounds accompanied by a small pop were heard
from the end. When the moment reached 228.0 kip-ft, a loud pop was heard as a large compression crack
began to form, causing a change in slope. At around 232.0 kip-ft, with a 4” mid-span deflection, the beam
cracked just below the D2 string potentiometer with a loud pop (Figure 100-a), although the strip remained
intact. At 252 kip-ft, with 5” of deflection, flange buckling was observed. Finally, at 255.2 kip-ft and 5.36”
of deflection, a loud pop was heard as a small fragment flew off. The beam ultimately carried a moment of
255.2 kip-ft at a mid-span deflection of 5.32”.
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Figure 99: Moment vs deflection graph of 8-FI1-St(S-C)

(a) Crack at the bottom (b) Fully loaded beam

Figure 100: Failure propagation of 8-FI-St(C-S)
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Task 2 Report — Close Minor Research Gaps (FRP/timber beam structural testing)

A.22 8-FI-St(S)

This was a beam reinforced with strips, with three strips attached to the sides and bottom. The beam's actual
dimensions were 7.75" x 17.5" with a length of 26’ 6.75”. There was some significant checking and a large
notch on one end, causing the strips to hang over. The string potentiometers were anchored above the strip
on the side. The moment vs deflection is shown in Figure 101. Creaking began at around 112.0 kip-ft
throughout the beam and continued with higher loading. Loud pops were heard at 168.0 kip-ft and 181.6
kip-ft with no significant drop in load. A crack (Figure 102-a) began propagating at 230.4 kip-ft on the
bottom through a knot with a loud pop, causing the moment to drop to 214.4 kip-ft. The beam started
touching the middle lateral bracing. Ultimately, the beam failed with a crack propagating to the midspan
and compression failure under the load block (Figure 102-b) at around 200.0 kip-ft with a loud pop. The
ultimate moment carried by the beam was 230.4 kip-ft when the deflection was 3.76”.

300 ‘ "
—ersie) 5
2
50 30
QZOO- 125
f= o)
v >
= 150 ©
2 2
5 15w
= 100
110
50+ _'5
0 0

0 1 2 3 4 5 6
Deflection (in)

Figure 101: Moment vs deflection graph of 8-FI-St(S)
i e L'—f

(a) Crack starting (b) Compression at top

Figure 102: Failure propagation of 8-F1-St(S)
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APPENDIX B: TIMBER BEAM INVENTORY

Actual

Actual

Acronym cross-section length Pre-existing crack/split Misc. Notes
" " , Minor checks and wane-type | Beam cut in half for shear
6-Sh(1) 33" x 17 10.08 defects from handling. setup.
Exterior beam.
Some holes and bolts on
6-F1(1) 5.75"x 17" 19.50' Clean. both ends.
Shorter beam, supports need
to be moved 3" closer.
6-F1(2) 575" x 17" 20.06' Minor checking. *E
6-FI(1)-CR(C-S) | 5.75" x 17" 19.50" Crack from control beam test, | S1orter beam, supports need
to be moved 3" closer.
6-F1(2)-CR(S) 5.75"x 17" 20.06' Crack from control beam test. | **
Split from control beam test.
Indentation at the bearing .
6-Sh(1)-SR(C) | 5.75"x 17" 10.08' plates. f’;im cut in half for shear
Split on the left end of the p-
beam through a knot.
6-FI-SR(C-S) | 5.75"x 17" | 20.17" Small splits on one end. Missing screw on the east
channel.
6-FI-SR(C3) 575" x 17" 20.21 18" long split on end. *E
6-F1-SR(C6) 5.75"x 17.25" | 20.17' 12" long split on one end. Notched end.
6-Sh-St(C) 5750y 17" 10.04' The top surface was uneven. | Beam cut in half for shear
’ ’ Tested upside down. setup.
6-F1-St(C-S) 5.75"x 17" 19.83'+ 3" | Clean. Inclined cut in one end.
6-F1-S{(S) 575" x 17" 19.06' + 3 Er;;’e‘;f%ﬁﬁf;mage OntOP- | 1 lined cut in one end.
8-Sh(1) 775" x 17.25" | 10.08' Clean. Cutin 10.08' for the shear
setup.
8-FI(1) 7.5"x 17" 25.75' Clean. *E
" " , Minor checking. s
8-F1(2) 7.75" x 17 26.00 Wane-type defect.
8-FI(1)-CR(C-S) | 7.75" x 17.25" | 25.75' Crack from control beam test. | **
8-F1(2)-CR(S) 7.5"x 17" 26.00' Crack from control beam test. | 5-strips were attached.
" " , Split from control beam test. | Beam cut in half for shear
8-Sh(1)-SR(C) 775" x 17 10.08 Existing split on the end. setup.
. Tapered ends.
8-FI-SR(C-S) | 7.5"x 17" 26.06 ?glfd;rate checking along the | 1y o) bolt removal from
gt the end.
8-Sh-St(C) 750y 175" 10.00' Heavy checking on the other | Beam cut in half for shear
) ) ) half. setup.
8-F1-St(C-S) 7.5"x 17" 26.13' Clean. *E
Large notch on one end,
8-F1-St(S) 7.75"x 17.5" 26.56' Moderate checking. causing the strips to hang

OVCEr.
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APPENDIX C: CALCULATIONS

This section provides a detailed discussion of the hand calculations for the capacities of both control and
strengthened beams. It also includes the calculations for determining the required number of fasteners and
the screw placement pattern for different lengths of FRP channels and strips.

C.1 Capacity calculations

The following calculations evaluate both the control timber beam and the FRP-strengthened timber beam
to determine their flexural and shear strengths, incorporating adjustments for material properties and design
specifications.

Control beam

For the control timber beam, section dimensions b; (beam width) and h; (beam height) and material
properties F;, (allowable bending stress), F,, (allowable shear stress), and E; (modulus of elasticity) establish
the base parameters. Adjustment factors from the AASHTO Standard Specification for Highway Design -
2002 edition, chapter 13 [6], including Cy, Cp, Cr, Cy, Cy, Cf, Cry, and €, account for criteria such as
loading conditions, moisture content, lateral support, and beam geometry. The assumptions for this
calculation are as follows: the beam is subjected to vehicle live load (2 months) and is in a dry service
environment with a moisture content below 19%. It also assumes adequate lateral support to prevent
buckling, a standard depth-to-width ratio, and no incising or repetitive member use.

The adjusted bending capacity (F;") and shear capacity (F,") are calculated using eqn. 1 and 2, respectively.
Fb’ = Fb CM CD CF CV CL Cf Cfu Cr (Eqn 1)
E,/ = FE,CyCp (Eqn. 2)

These adjustments yield conservative design values for bending and shear capacities. The centroid (y,) and
moment of inertia (/) for the timber beam are calculated. Using these properties, the moment capacity (M)
and shear capacity (V) are then determined by eqn. 3 and 4, respectively.

Fprx Iy

M = m (Eqn. 3)
_ Frixa
V= T (Eqn. 4)

Where, a is the support to load distance. The load required for failure, P, is calculated based on both moment
capacity (eqn. 5) and shear capacity (eqn. 6), with the smaller load value controlling. This load represents
the predicted maximum load the timber beam can support before failure under these design conditions.

p=X (Eqn. 5)

a

P=V (Eqn. 6)
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Strengthened beams

The transformed section method is applied to analyze the FRP-strengthened composite beam consisting of
a timber section reinforced with GFRP channels and hybrid FRP strip. This method simplifies the analysis
by allowing the composite beam to be treated as a single homogeneous section, making it easier to calculate
properties like centroid, moment of inertia, and load capacities under bending and shear. The following
assumptions are made in calculating the strength:

1) The composite beam has a perfect bond between the timber and FRP materials, ensuring that the
strain is consistent across the interface.

2) The composite section is assumed to remain within the elastic range, meaning that both timber and
FRP exhibit linear elastic behavior under the applied loads.

The implementation of the transformed section method is started by calculating the modular ratio (n),
defined as the ratio between the modulus of elasticity of the FRP (Ef. and Ef, for channel and strip,

respectively) and timber (E;"). The adjusted modulus of elasticity of timber (E.") is calculated by eqn. 7
considering adjustment factors.

Et, = Et CM Ct Cl (Eqn 7)

Where, E; is the tabulated modulus of elasticity for timber. Separate modular ratios are calculated for
channels (n.) and strip (ny) using eqn. 8 and 9, respectively.

ne = Ere (Eqn. 8)
Et’
Efs

ng = E—’; (Eqn. 9)

The widths of the FRP components are then transformed to equivalent timber widths using the modular
ratios. The centroid (y;,-) and moment of inertia (I, ) for the transformed section are calculated. The moment
capacity (M, at either the top or bottom edge) and shear capacity (V, at the centroid) of the timber beam are
then determined by eqn. 10 and 11, respectively.
Fe X Ity
V¢ (bottom)
FeX Ity

V¢ (bottom)
_ Fp!Xly

™y (top)

M, =
M = minof Mg = (Eqn. 10)

Fy 1X Iy Xt

Q

V= (Eqn. 11)

Where, F, and F; are tensile strength of FRP channel and strip, respectively, and Q is the first moment of
the area. The load required for failure, P, is calculated based on both moment capacity (eqn. 12) and shear
capacity (eqn. 13), with the smaller load value controlled. This load represents the maximum allowable
load the composite beam can support under these design conditions.

p=X (Eqn. 12)

a

P=V (Eqn. 13)
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C.2 Screw pattern

The following calculations determine the number of fasteners required to securely attach FRP strips to the
timber beam, ensuring that the strips can achieve their intended tensile capacity. 1/4"x3-1/2" RSS-GRK
screws were selected for the strips (detailed in section 3.4). The calculation steps start by considering the
properties of the FRP strip, including tensile strength (f7), adjusted for exterior exposure conditions using
the coefficient C,, from ACI 440.2 [9]. The FRP geometric properties, such as the thickness (tf) and width
(by) are used to calculate the strip's area (Af). The area of the fastener hole (4y) is also calculated from the
hole diameter (dj) and thickness of the FRP (tr).

Fastener spacing in both horizontal (S;) and vertical (S,,) directions are considered when calculating two
configurations: fasteners in straight and staggered lines. The spacing requirements outlined in GRK
specification (Appendix D.4) were satisfied. The area for each configuration is calculated with eqn. 14 and
15, where Ag; and Agjq4 represent the areas along the straight line and diagonal line, respectively.

Age = Ap — (Ngp X Ap) (Eqn. 14)

thShz

Agiag = Ap = (Ns X Ap) + (Nstagg X ~r5-)

(Eqn. 15)

Where, the Ny, Ng, and N4 4 are number of holes in a straight line, staggered line, and number of staggers,

respectively. The smaller of these two areas is chosen as the effective area (4,) to calculate the tensile
capacity of the FRP (Ty) shown in eqn. 16.

The tensile capacity (Ty) and shear capacity (V) of the selected fasteners are then used to calculate the total
number of fasteners (n) using eqn. 17.

n=2x:1 (Eqn. 17)

b

Considering practical aspects such as potential load distribution along the length of the strip, the initially
calculated total number of fasteners (n) is conservative. It is assumed that 50% of the fasteners, particularly
those located near the strip ends, are effectively engaged in bearing. Accordingly, the final number of
fasteners required (n) is determined using eqn. 18.

nr =% Xn (Eqn. 18)

The schematic diagrams of the fastener patterns of the 17.5” strip for the 19° span beam and 23.5’ strip for
the 25’ span beam are shown in Figure 103 and Figure 104, respectively.
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2 30 fastenersat 7” o.c in each row = 56 fasteners 57
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Figure 103: Fastener pattern of the 17.5” strip
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1.5”

4” 31 fastenersat 9” o.c in each row = 60 fasteners 8”

282"

Figure 104: Fastener pattern of the 23.5” strip

The calculations for determining the number of fasteners required to attach FRP strips to the timber beam
securely are similar to the fastener calculation for the FRP strips. However, 5/16” x 3-1/8” RSS-GRK
screws were selected for the channels (detailed in Section 3.4). Two spacing requirements are outlined in
the GRK specification (Appendix D.4) and the Strongwell Extern brochure (Appendix D.3), both of which
were satisfied when determining the number of fasteners and their pattern for the channels. There are a total
of five different channel lengths: 24’ channels for a 25’ span beam (Figure 105), 18’ channels for a 19° span
beam (Figure 106), 8 channels for a 9’ span beam (Figure 107), and 6’ (Figure 108) and 3’ (Figure 109)
channels for the existing split repair beams. However, the required number of fasteners for the 8’, 6°, and
3’ channels could not be provided due to the constraints of the minimum spacing requirement.
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Figure 105: Fastener pattern of the 24’ channel
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Figure 106: Fastener pattern of the 18’ channel
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Figure 107: Fastener pattern of the 8’ channel
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Figure 108: Fastener pattern of the 6’ channel
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Figure 109: Fastener pattern of the 3’ channel
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APPENDIX D: MANUFACTURER INFORMATION

This section presents manufacturer brochures for the FRP strip, FRP channel, and GRK screws.

D.1 FRP strip

EXCLUSIVELY

@ sTRONGWELL. e

SAFSTRIP

FIBER REINFORCED STRENGTHENING STRIP

SAFSTRIP® i a pultruded composite strip that improves the
strength of an existing structural member when mechanically
fastened to the structure. SAFSTRIP® has high bearing and
longitudinal properties and is designed to strengthen the flexural
capacity on the tension face of concrete girders, slabs, and
decks. Installation on bridges can occur without any interruption
of service.

SAFSTRIP®is supplied in rolls and may be pre-drilled with holes
at the required fastener spacing to receive fasteners, SAFSTRIP®
measures 4" wide x1/8" thick and is shipped in rolls upto 100 ft.
long. SAFSTRIP® is designed to be easily field cut by the custormer
into shorter lengths using standard carpenter tools.

SAFSTRIP® provides these features:

= Easy to install, no skillad labor necessary

» Minimal surface preparation is needed for installation

» Structure is usable immediately after installation

Cost effective system for increasing load capacity of bridges
Will not split or delaminate when drilled
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FIBER REINFORCED STRENGTHENING STRIP

Workers Insialied SAFSTRIP® on is bridge in Edgenon, Wsconsin, using the
MF-FRP sysiem. e iosd raing o fe oidge Moveased Fom H5-17 1D H5-25
5 & resl.

=
x L i
The posted load for ths bridge that spans the Mevamec River in MiSsow was
credsed from 10 tons to 78 ors Ly ins&iing SAFSTRIPT wsing the MF-ARP
system.

Thaabutment 2nd dack of this bridge i Phels County, MISSOUR, Was stengtisnad
Using SAFSTRIP®. As3 resut, the axisting 12-1o i0ad posing was ramoved.

Materials of Construction

SAFSTRIP® is composed of carbon tows sandwiched between
layers of fibergiass mats and rovings. The materials are bonded
together by a highly corrosion resistant vinyl ester resin. Carbon
fibers increass the stiffness of the strip while glass mat provides
the proper bearing strength. These combined properties allow
SAFSTRIP= to be mechanically attached to a structural member.
A synthetic surfacing veil is also incorporated into the composite
1o improve resistance to corrosion and UV degradation.

What is MF-FRP?

SAFSTRIP= is designed to be installed using an attachment method
known as mechanicalky-fastened fiber reinforced polymer {MF-
FRP). Using this method, SAFSTRIP® is attached to an existing
concrete girder, slab, or deck using closely spaced powder actuated
fastening pins or steel expansion anchors. The pins are applied by
using a powder actuated fastener gun or other portable fastener
gun. Expansion anchors are installed with a pneumatic powered
torgue wrench. If desired, rubber or necprene washers may be
used betwean the fasteners and the strip prior to inserting the
fastener through the strip.

MF-FRP is an aiternative to externally bonded fiber reinforced
polymer (EB-FRP). As opposed to the MF-FRP system, in which
the load is transferred to the composite strip through a fastener,
the EB-FRP system uses an adhesive.

Research and Development

Research and development for SAFSTRIP® was funded by the
U.5. Army Engineer Research and Development Center (ERDC).
Laboratory research was conducted at the University of Wisconsin
Structures and Materials Testing Laboratory and at ERDC's test
laboratories. Bridge demonstration projects were conducted in
Wisconsin and Missouri.

Engineering Design
The repair of concrete structures using SAFSTRIP® is dependent
upon the concrete’s condition. The local enginesr must determine

the strength of the existing concrete. it must then be determined
how much SAFSTRIP® is required and the spacing of fastenars.

Design of MF-FRP systems follows the methodology of AG/
PRC-440.2 Design and Construction of Extemally Bonded Fiber
Reinforced Polymer (FRF) Systems for Strengthening Conerefe
Structures. Design assistance can be obtained by contacting
Strongwell — Chatfield Location.
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MECHANICAL PROPERTIES

~

POLYESTER SURFACING
VEIL - PERIMETER

CONTINUOUS STRAND GLASS MAT

Test Average Design
Property .ill:t‘i ol Value Value:
ps! (MPI) psl [MP3)
Tenslle Strangth® D-538 123,613 {352 02,902 (B40)
: 0,02 X 10% 902 X 10
Tensile Modulus*? 0-638 (52.150) (2.150)
Clampead Bearing v . io7a)
Sirangn® D-5961 50,955 {351) 40,540 (279)
Unciampad Bearing 5
Strangtn®* D-5961 1,044 (214) 6,046 (18
Open Hok 5 ; "
Sirangn® D-5766 B4 641 (652) 78,346 (543)
* 20 Sampla coupons per lest sarles
**17 Sampig coupons per izst saries
T M'eraqn walug of test sanes

* Average valiua minus three standard deviaBons
1 Modulus dasign values ara not reducad In accordance with ACH 440.28-17

Ry

This bridge, focated in St James, MISSOU, Was iSd posted 3t the time of
strenginening. Atarmechanizally staching SAFSTRIP? with concratswsags bolts

NG FENOFS, the INdge ioad I was rased i 20 ons.

CARBON TOWS & FIBERGLASS ROVINGS
VINYL ESTER RESIN

This unoerground farking garage foran aartment com ey in Ontar, Ganads,
recanty underwent 3 CONCIate SUppO renvation. TO pOvide NG MeCessay
Improvenments, SAFSTRIP® was nstaled with 3 Smail Bam ang minima onsiy
ipmeant.

Seves delroration preventad i JPONCaNON of 2 DONED StEnGteNg Sy S
10 this bridige i Putask! Coumy, MiSsoun, bt MF-FRP applied SAFSTRIP® was
atie 10 repatr the Drdge.
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MF-FRP INSTALLATION

Vs.

EE-FRP INSTALLATION

FASTENING SYSTEM

Mechanical - concrete wedge bolis and
anchors or powder actuated fasteners.

Adhesive - usually apaxy.

Minimal

Requires the time consuming process of
=andblasting, cleaning, and application of
epoxy putty that must be ground down
for a smooth surface.

WEATHER CONDITIONS FOR
APPLICATION

Mo restrictions. Can be installed even
during inclement weather.

Application surface must be moisture-
free. Cannot be property installed in
extreme temperatures.

Minimal - generally a faw hours

Extensive due to the surface preparation,
mixing of adhesives, and care required to
property apply the adhesihve.

Unskilled labor using standard carpenter
tools for cutting and instaliing strips
reduces labor costs.

Skilled iabor required to properly prepare
the surface and mix the adhesives, which
results in higher labor costs.

BOMD STRENGTH

Mot highly affected by poor condition of

Dependent on the quality of the concrete

AVAILABILITY OF STRUCTURE

the existing outer/superficial concreta substrate.
substrate.
Available for immediate use upon May raquire up to seven days to achieve

application.

full adhesive strength.

Tests show excellent retention strength
for anchor bolts. Very good fatigue
strength.

Research suggests high strain gradient

is found in adhesive layer where strips
terminate or in proximity of subsirate
discontinuity {such as cracks). Debonding
can be problematic.

@ SsTRONGWELL.

150 9001 Quality Certified Manufacturing Blamts

CHATFIELD LOCATION*
1610 Highway 52 South
Chatfield, MN 55023 USA
{507) BE7-3470

www_strongwell.com ] 5\,51,%
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D.2 FRP channel

EXTREN® FIBERGLASS STRUCTURAL SHAPES AND PLATE

What is EXTREN®?

EXTREN® replaces steel, aluminum, and wood in a wide variety of structural
applications. EXTREN® is a durable, lightweight, cost saving structural
material. This brochure provides basic information about the EXTREN® product
line and shows many examples of how EXTREN® provides solutions for end
users in a variety of markets and applications.

EXTREN®is:

- Corrosion Resistant - Easy to Field Fabricate

- Structurally Strong - Lowin Thermal and Electrical
- Impact Resistant Conductivity

« Lightweight

EXTREN® is manufactured by the pultrusion process. In its simplest terms,
pultrusion is the process of pulling fiberglass (or other) reinforcements
through a “bath” of thermosetting resin and into a heated forming-and-curing
die to produce composie structural shapes. Reinforcement placement, resin
formulation, catatyst levels, die temperature and pull speed are critical process
parameters. Strongwell i= world leader of the pultrusion process with more

than 60 pultrusion machines in four plant locations across Morth America.

] ;l. W L il ——i | |

This entire rooflop fruchure was bult using EXTREN®, to WII}' Use EXTREN®?

take advantage of its transparency to RF and cellularsignals.  EXTREN®is the result of decades of experience in manufacture, design, and
. fabrication. EXTREN® offers the following advantages:

- Corrosion Resistance - Supearior resistance to a broad range of chemicals.
Unaffected by moisture or immersion in water when sealed. Will not rust
like metal and will not rot like wood.

« High Strength-io-Weight - Pound-for-pound, EXTREN® pultruded fiberglass
structural shapes are stronger than steel in lengthwise direction. Strongwell
FRP weighs up to 75% less than steel and 30% less than aluminum - ideal
when maximum performance is required but every pound counts.

Easy Installation - Can be field fabricated using simple carpenter tooks
and is easily lified inte place during installation with less equipment or
specialized labor vs. steel.

« Cost Effective - Because installation of Strongwell FRP is much simpler and
quicker than stesl, structures built using Strongwell's pultruded products
tan cost as much as 15% less than carbon steel, 30% less than galvanized
steel, and as much as 50% less than stainless steel.

« Virtually Maintenance Free - Will not permanently deform under impact.
Corrosion resistance eliminates nead for constant painting and upkeep.
Provides long-term, cost effective solutions with lower life cycle costs.

Durability & Weatherability - Resisis impact, non-denting and hard to
break. Pigmented resin, surfacing veil, and UV-Inhibitors prevent moisture
absorption, warping, fiber bloom, and delays fading.

EXTREN® struckiral shapes hiave become an ideal & ternalive
for traditional wood in cooling tower construction.

Materials of Construction
EXTREN® i5 an engineered composite consisting of:
Fiberglass rovings for increased strength
Continuous strand mat for crosswise strength and imact resistance
Synthetic surfacing veil for corrosion and UV protection
Resin {specified by Series)
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EXCLUSIVELY

@ sTRONGWELL P

— [ -

—— Corrosion Resistant
High Strangth-to-Waight
Easy Installation

Cost Effective

Low Maintenance

Low Conductivity
Dimensionally Stable

Wssﬂuwumu smi'i

¥ oM M B ¥ ¥ w9
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THE EXTREN® SERIES

EXTREN® is pultruded structural composite profiles and plate produced
exclusively by Strongwell with the EXTREN® logo embedded in the surfacing
veil. It meets or exceeds the minimum published mechanical, physical,
electrical, flammability, and corrosive properties of the respective Series
published inthe Strongwell Design Manual,

EXTREN®= Series 500

Premium Polyester Resin, UV inhibitor added
Standard Color: olive green

A general purpose resin with excellent corrosion
properties

EXTREN= Series 525

Premium Polyester Resin, UV inhibitor added,
Flame retardant additives

Standard Color: slate gray

A general purpose resin with excellent corrosion
properties and improved fire performance

EXTREN= Series 600

Premium Vinyl Ester Resin, UV inhibitor added
Standard Color: light gray

For harsher corrosive environments and higher
temperature applications

EXTREN= Series 625

Premium Vinyl Ester Resin, UV inhibitor added,

Flame retardant additives

Standard Color: beige

For harsher corrosive environments, higher temperature
applications, with improved fire performance

EXTREN= Series 900

In addition to the above EXTREN® products, Strongwall
manufactures custom puftrusions. These pultrusions vary
from EXTREN® in either shape, resin type, or reinforcement
{type, amount, location andfor orientation). Designers may
choose to vary one or all of these parameters to improve
strength, temperature resistance, corrosion resistance,
machinability, or some other characteristic. Consult
Strongwell with specific needs or questions.

E23

All standard EXTREN® products meet andfor exceed
the structural requirements of E17 European standards.
EXTREM= can be manufactured upon request to meet the
mechanical and physical properties of BS EN 13706 (E23)
European standards.

NSF International

Maost Strongwell products can be manufactured to mest NSF-
61 certification upon request. Contact Strongwell for details.

EXTREN # structural shapes were used in a SXEW copper
refineiy because of the ghly comoshe emdronment.

A B3' (19.2m) high freestanding fiberglass stair tower a
. Story Army Base, Virginia Beach, Virginia
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PROPERTIES

SERIES SD0VE25 PLATE &

SERIES BD0/E25 PLATE 3

ASTM SERIES  SERIES
TEST UNITS 505X BO0EIS BT S T T 1 E-e aE-T
METEOD VALDE SHAPES  SHAPES | 5.175am 476-9.5mm 05254mm| 3175mm 4.76-6.35mm 0.5-25.4mm
MECHANICAL
mal 30000 30000 20,000 20,000 20,000 20,000 20,000 20,000
Tenslle Stress, LW D638
N 207 o7 138 138 138 138 138 138
sl 7.000 7000 7.500 10,000 10,000 7500 10,000 10,000
Tanslle Strass, CW D636
Wiy 483 483 57 589 £8.0 BT 583 38
10 pul 25 28 18 18 1B 15 18 18
Tanslle Modsius, LW D638
10%mm? 17.2 17s 124 124 124 124 124 124
106 pl 18 08 07 08 1.0 10 10 10
Tanslle Moduius, DW D638 e
1R 552 552 483 a1 &80 B89 5.50 583
sl 30000 30,000 24,000 24,000 24,000 24000 24,000 24,000
COMmprEsshve STess, LW DBss ;
Wi 207 7 185 155 165 165 185 185
pal 15,000 16,000 15,500 16,500 20,000 18500 17,500 17,500
Comgressive Siress, OW DEEs
Nime 103 10 107 14 138 114 21 121
e 10 pl 25 28 18 18 1B 13 18 18
. 10 172 wa 124 124 124 124 124 124
10 pal 08 0s 07 08 10 10 10 10
Compresshve Modules, C#F DBES
Némery 552 552 483 a2 £.80 B89 580 388
i 30000 30000 24,000 24000 24,000 24000 24,000 24,000
Alamurat Stress, LW D7E0
Wit 207 o7 185 155 165 165 185 185
i 10,000 10,000 19,000 13,000 17,000 10,000 13,000 17,000
Aamrsl Stress, O O7e0 )
Ny 583 =1 538 g5 i =1 #as 1nr
1l 16 15 11 11 14 11 11 14
FlEKiIrad MODuLIS, LW 0780
10PKEmm? 1 o 758 758 a5 75 758 285
10 gl 0.8 LE 0.8 0.8 13 0s 0.8 13
Raeurai Moduus, OW D7E0
103 552 552 551 550 a.es 550 gz a95
1: 2.0 20 20 20 20 20
1l 28 28
e = m W08 08 13 0& 08 13
ulus wr
section : LW 137 137 137 137 137 137
10mm? 173 183
OW-551 551 8.86 551 821 895
Wodulus of W & Ishapes » & Tul 10F sl 25 25 - - - - -
Eastielly: g Ishapso t02mm SEEEOT gpagem 172 172
1 el 1425 ndzs E < = : 5
Shasr Modulus, LW @8 05378 :
1mm? 29 2% = : = z
i 4500 450 - - E =
Short Beam Shear LW &8 nEadd )
NieeY 3 30 =
el 30000 30000 32,000 32,000 32,000 32000 32,000 32,000
LPmata Baaring Stress, LM Des3
Wi 207 07 =] 221 el -] 22 221
Infn 0:33 0 031 03t 03t 0z 0:32 032
Poleson's Hatlo, LW ® 03038
mm/mem 133 0 k| 03 03 naz 052 132
nin = : 020 020 029 LES 024 024
Poleson's Ratlo, W @ nanae
mm/mm = = 023 029 028 03 024 024
fi-lbsn 25 = 15 10 10 15 10 10
Woichied Izod impact, LW D256
Amm 133 133 0:801 1533 0.533 LTy 0533 0533
f-ibsn F 4 5 5 5 5 5 5
Woiched Irod kmpacl, CW D256
dmm az14 0z 0287 0287 0.267 02T 0257 0:257
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- M E— SERIES 500/525 PLATE @ SERIES BO0/EZS PLATE @
TEST TS/ 5025 BOEZS L o N T 1w - AT
METHOD VALUE SHAPES  SHAPES | 5.175mm  A76-05mm 0.575.4mm | 3175mm 4.76-6.35mm 9.5-25.4mm
PHYSIGAL*
Barcol Hamness [esEs = 45 5 10 a0 a0 40 a0 an
24 hr Water Atsorption (& 70 % Max 0ED 0.50 0ED L) 080 LED 060 0.ED
Bain 00820070 0.062-0.070 | 0.060-0058 0.060-0.088 0.060-0.068 | 0.050-0053 0.080-0.065 0.060-0058
10 gt 172494 172104 | 168985 166188 1BE-186 | 185088 185185 196155
10% InAn~F 7 7 8 & 3 & & &
Cosficient of Therma Emarsion, I @ Degs
10 mentmmE 12 12 145 145 145 145 145 145
> 10° IMneF 16 16 i = - E = =
Cosficient of Thermal , W ==
i 10 mEtmmee M6 288 - - S
ATUHRATR 4 f . ¥ 0
Tharmal Conmectivey & C1T
Wim * ") 0.58 058 - 2
“AN vaues 2re minimuTy oifms e poped Bs o moupo 095 st 25 noiag.
ELECTRICAL
At Resiatancs, LW B [da5 s8conds i20 120 - - - - - -
Kvin 35 35 35 kS = 35 35
Diedgctric Strengin, L & 143 § .
Kmm 1.38 138 1.38 138 138 1.36 1.38 1.38
Diedactric Strengtry, PF © 0149 vasimi 200 200 00 = Z 350 2
FLAMMABILITY =
Fammaniey Cassitication TR V-0
Terwal Tst EB4 25 Max
NES Smoiin Chamber EBEZ  B50-700 [Typlcal)
Flammaniiy 535 Sf Edinguishing
0EF
UL Tharmal Index Gonark:
150°C
Birltisn Fire Tast 854767 Cls1
(& This value |5 determined from full s2ction 3impile bezm tending of EXTREN® stroctural shapes. W - Lengirrse
@ Thie Enaar Modiolus vales has been detanmined Trom tests with el seclions of EXTREN® siructeral shapes. CA - Crosswiss

{S2a Strongwel s Desgn Manoa' for furiher Informaton. |
@ Valua would be 50 If the saracing vel were not fere.
& Plate compressive stressmoduius measured eagewtss and fizxural srass/modulus measured flatwise.
& Values apply to Serles 525 and 625 (= 15 thickness).
& Meazured as 2 percentage maximum by weight.
@ Span to deptih ratho of 3:1; EXTREN® angles will have 3 minimum value of 4000 pal and the I shapes are

tesied In the weh.
& Typical values.

PF - Parpendicular to aminate face
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D.3 Fastener spacing recommendation by Strongwell

STRONGWELL Section 19
Fabrication
THREADED FASTENERS
BEARING
ALLOWABLE LOADS IN POUNDS
FIBERGLASS BOLT DIAMETER
THICKNESS 114 a/a” 12" &ra” 314" 1
18" 234 352 469 &BE 703 938
14" 469 703 938 1172 1406 1875
38" 703 1065 1406 1758 2108 2812
12" 438 1406 1875 2344 2812 3750
34" 1406 2109 2812 3516 4219 B625

Allowable load = Allowable bearing stress ¥ bearing area.

EXAMPLE
1/4" thickness with 1/2” dia. baolt
30,000 psi
Allowable load= — 4 %.26"x 50" =938 Ibs.

NOTE: The above table assumes the bearing stress on fiberglass controls. The designer should wverify

that no other element of the connection controls.

SHEAR
ALLOWABLE LOADS IN POUNDS
BOLT DIAMETER

BOLT TYPE 1/4" 38" 172" 58" 24" 17
5.5. Single Shear 1473 3312 5889 0204 13254 23562
5. 8. Double Shear 2064 6624 11778 18408 28508 47124
FIBREBOLT®, Single Shear — 400 650 az0 1E50 3750
FIBREBOLT®, Double Shear T 750 1250 1875 3000 5000

NOTE: The above table assumes the shear capacity of the fastener controls. The designer should verify

that no other element of the connection controls.

RECOMMENDED MINIMUM FASTENER EDGE DISTANCES AND PITCH

RATIO OF DISTANCE TO FASTENER DIAMETER

RANGE COMMON
Edge Distance - end 20045 3.0
Edge Distance - side 16t0 3.6 2.0
Pitch 4010 5.0 5.0
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D.4 GRK screw

RSS™

TABLE 1—RSS5™ FASTENER SPECIFICATIONS

ESR-244:

ALLOWABLE STEEL
MINOR OUTSIDE |  SPECIFIED
FASTENER | LENGTH' ::::E::’ DI:”E:?E" DRIVE "FLE::I s"mimER THREAD mi:“i"rin THREAD | BENDING YIELD ETFENCTH
DESIGNATION | (inches) | ERErEr | PAREN size | NS ey | PIAMETER | PUMETER | DIAMETER | STRENGTH' Fye | TENSILE | SHEAR
{Ineh) (ineh) ip=i) (Y] (1)
Yax 2 2z 1
Hiy e Ty 2, 130,
- . 0.533 T25 | 0110 0244 0182 0169 0.236 153400 1112 754
PEEDS B 2
1y % 3" Al 2Ya
e X 242" 2z 1z
Slag % 23g" g 1
Hag 2 314" Al 2
T x 3" a 0.620 T30 | 0157 0.301 0.167 0155 0.276 171,800 1415 ez
T T
z Sl 5her il
[ Blas x 6" 5'in i
L T <\ 2
g x4 i M
Yex 5 5 g
Yy x 6 5fa Fla
Max T T 4Ya
- - 0689 T40 | 0181 0.364 0101 0218 0.313 180,200 1941 1231
Yy x 8" T 4%y
Ha % 107 Pia 5
By x 12" 1%, 5la
Ha x 141" 14 S
e x 10 15%, i
Ya x 2" 22 1
- ; 0533 T25 | 010 0.244 0.152 04ea 0226 100,300 €20 546
E o [teause 3y 7
2
2 |FwxdW® 2 1%
E Sag X V™ g ¥ 3 5
E Sexd E) 2% 0620 T30 | 0157 0301 167 0145 0276 106,500 L il
2 [exsw 5 o
By % 0" 5 Fiy
E
8 [las 5 s 0534 T25 | 0090 0244 0152 0471 0240 203,700 1104 [
= [t et &n 1
For 81: 1inch =254 mm; 1 psi=69kPa; 1ibi=4 4N
“Tha langih of tastenars is miasured Trom the undsrside of o hesd 1o batiom of the ip Se6 Figura 1.
*Longth of throod inchedes tip. Seo Figuro 1.
*Bending yield strength determined in accordance with ASTM F1575 using the minor thread diameter.
“Saa Figure 1 for additional dimensional nforrmstion
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. ESR-2442
‘FASTENERS ' e

RSS™ FASTENER TECHNICAL DATA O

K

TABLE 4 - CONNECTION GEOMETRY

AEQUIRED DIMENSION {inches)
|Rss, Rss PHEINox| RSS & Rss 1 u
CONMNECTION GEOMETRY/ CRITERIA DIAMETERS' | g pss TS '," PHEinox 5 RSS 7,
1" NOMINAL
NOMINAL HOMIMAL DIAMETER
| i DIAMETER | MAMETER
Minimum Edge Distance | |
Loading Parali=l to Grain 8 1Y, 15y 1l
Loading Perpendicular to Grain, Loaded Edge 8 1, [ 1%, 17y
Loading Perpendicular to Grain, Unloaded Edge 8 1y | 1% 1
|Minimum End Distanca
Tension Load Parallel to Grain 1% 25y 3 s
Compression Load Parallel to Grain 10 1 2 2'a
Load Perpendicular to Grain 10 1, 2 20,
|8pacing (Pitch) Batween Fastenars in a Row. | N | ) | |
| Paraliel to Grain 15 2y 3 3y
Perpendicular to Grain 10 1%, 2 2y
|Spacing (Gage) Betwesen Rows of Fastenars
In-Line 5 T, 1 [ 1%,
Stagpered 23 " [ Wy ]
Minimum Penetration inta Main Member for Single i i 3
Ohear Connections & Vi a T
Far &k 1 inch = 35.4 mm.
'Diameder is the shark diameler as spacifisd in Table 1.
a £l . &
& - 8 T
) 2 =1 =F L T:RTEJL-
; E & Tet
15 4

\— THREAD LENITH —————————————

LEWSTH

[(pm——— S

FIGURE 1—RS5™ AND RS3 FHEINOX™ ScrEWS

- |-— [ E g b
i TF o e
o2 _ ISR
&3 % Lengi jrwnf —" ‘ I FHREAD LENGTH
[ LEMGTH

FIGURE 2—R33 JTS™ SCREWS
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APPENDIX E: FRP COUPON TESTING

E.1 Specimen Preparation

Tensile test coupons were prepared from the two types of FRP materials used in this study: glass FRP
channels and carbon-glass hybrid FRP strengthening strips. For clarity, these are referred to throughout the
study as channel coupons and strip coupons, respectively.

Each material set consisted of the following three types of specimens:

1. Control: untested and undamaged raw materials

2. Tested coupon (mid): material cut from the middle region of a full-scale FRP material that was
tested on a timber beam

3. Tested coupon (end): material cut from the end region of a full-scale FRP material that was tested
on a timber beam

A total of three channel coupons and four strip coupons were tested. All coupons were cut to a standard
tensile specimen shape using a water jet cutter to maintain dimensional accuracy. Testing followed the
procedures outlined in ASTM D638-14 standard [10], where channel coupons were dimensioned as Type
IIT specimens due to their thickness, and strip coupons were Type 1. Figure 110 and Figure 111 show
schematic diagrams of the channel and strip coupon geometries, respectively.

Figure 110: Schematic of the GFRP channel coupon geometry

6.50”
| |
I 1

0.125'
0.75” 0.5”
0.125’

| | | | | |
I ! I I
1.268” 0.857” 2.25” 0.857” 1.268”

Figure 111: Schematic of the carbon-glass hybrid FRP strengthening strip coupon geometry
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Coupon dimensions were measured prior to testing using slide calipers. The measured values were used to
calculate the cross-sectional area for stress calculations. Dimensional data for the channel coupons are
shown in Table 5, while Table 6 summarizes the data for the strip coupons.

Table 5: GFRP channel coupon dimensions

Coupon Width (in) | Thickness (in) Area (in"2)

Control 0.752 0.500 0.376
Tested (mid) 0.755 0.497 0.375
Tested (end) 0.754 0.498 0.375

Table 6: Hybrid FRP strip coupon dimensions

Coupon Width (in) | Thickness (in) | Area (in”2)

Control 1 0.504 0.127 0.064

Control 2 0.504 0.125 0.063
Tested (mid) 0.505 0.126 0.063
Tested (end) 0.505 0.126 0.063

E.2 Test Setup and Instrumentation

All tensile tests were conducted at the Materials Testing Lab, Montana State University, using an MTS
Testing Machine. The tests followed the guidelines of ASTM D638-14, and the loading rate was maintained
at 0.0033 in/sec for all specimens. Proper alignment of the coupons in the grips was ensured to avoid
eccentric loading. Specimens were instrumented with an MTS extensometer to capture accurate strain
responses and stress was calculated using the measured loads and cross-sectional areas. Photographs of the
test setup and mounted coupons are provided in Figure 112.

(a) Glass FRP channel coupon (b) Hybrid FRP strip coupon
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Figure 112: Tensile test setup for FRP coupons

E.3 Results

The primary goals of the coupon testing were to determine the tensile properties of the GFRP channels and
carbon-glass hybrid FRP strips and to assess what level of damage (if any) occurred on the FRP during the
timber beam testing. The experimental values measure here were used in the theoretical capacity
calculations presented previously.

The measured tensile strength and modulus of elasticity values for each coupon are summarized in Table 7
and Table 8, along with their corresponding tabulated reference values. Ratios of measured to tabulated
values are included to quantify performance retention.

Table 7: Tensile strength of FRP coupons

Tensile Strength (ksi) Measured/tabulated
FRP

Tabulated Measured (%)

Control 53.2 177

Channel Tested (mid) 30 47.1 157
Tested (end) 45.7 152

Control 1 131.8 107

) Control 2 133.7 109
STPp T Tested (mid) 123 125.1 102
Tested (end) 121.8 99

Table 8: Modulus of elasticity of FRP coupons
Modulus (ksi) Measured/tabulated
FRP

Tabulated | Measured (%)

Control 4090 164

Channel Tested (mid) 2500 3351 134
Tested (end) 3076 123

Control 1 9822 109

. Control 2 9413 104

SP ™ sted (mid) 9020 8817 08
Tested (end) 9619 107

In the case of the GFRP channels, the control specimen exhibited a tensile strength 77% above the tabulated
value and an elastic modulus 64% higher than tabulated. Although there was a reduction in strength and
modulus from the raw material to the tested channel coupons, the tested specimens still demonstrated
substantial mechanical performance, retaining over 150% of the expected tensile capacity and more than
120% of the expected modulus. The FRP strip coupons showed consistent behavior. All control and tested
specimens had tensile strengths near or above the design values, and modulus values stayed within +£10%
of the reference across all specimens.
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Figure 113-a shows the stress—strain response of the strip coupons, while Figure 113-b presents the data for
the channel coupons. To prevent damage while still capturing a substantial portion of the linear elastic zone,
the extensometer was removed before the specimens reached ultimate failure. For the strip coupons, it was
removed at approximately 55 ksi, and for channel coupons, at approximately 25 ksi. Enough of the linear
elastic region was captured to calculate slope and the data was used to determine the modulus of elasticity
for each coupon.

In both materials, the tested coupons (mid and end) exhibited slightly lower stiffness compared to the
corresponding control coupons, indicating minor degradation after full-scale experimental testing.
However, the stiffness of all tested specimens remained higher than the tabulated design values (with the
exception of the strip coupon tested (mid) at 98%), confirming the retention of structural integrity and

supporting the reuse potential of these FRP materials.

60 60
—Control 1 —Control
—Control 2 —Tested (mid)
50 | —Tested (mid) 50 t — Tested (end)
—Tested (end)
40 ¢ 40 -
= =
= =
® 30 @ 30
o o
n n
20+ 20 -
10 10
0 : | 0 ‘
0 2 4 6 8 0 2 4 6 8
Strain (infin) %1073 Strain (in/in) %107
(a) Strip coupon (b) Channel coupon

Figure 113: Stress—strain curves of FRP coupons
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