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Abstract

Some of Louisiana’s bridges built in the 1950s and 1960s used two-girder or truss
systems in which floor beams are carried by main members and continuous (spliced)
stringers are supported by the floor beams. The main members are either two edge
(fascia) girders or trusses. Stringer bottom flanges are in compression at the negative
moment region, which could result in lateral torsional buckling. When the continuous
stringers are load-rated using AASHTOWare Bridge Rating™ analysis software, Cj is
calculated in accordance with the AASHTO LRFD Bridge Design Specifications, which
does not properly account for the bracing effect of non-composite deck and therefore
underestimates the flexural strength. As a result, the rating may become low enough to
require restrictive load posting or even closure. This issue affects bridges that are key
parts of Louisiana’s highway system. The current load rating would cause expensive (and
possibly unnecessary) bridge rehabilitation or replacement with significant disruption for
the traveling public. This project reassesses the methodology behind load rating the
stringers, with efforts focusing on more realistic values for C,. The project objective was
to evaluate the capacity of the aforementioned bridges built with continuous stringers and
to develop a new approach for rating those stringers by more accurately representing

moment gradients using Cp.
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Implementation Statement

This project proposes a more realistic moment gradient factor for the rating of continuous
stringers via improving the estimated capacity of continuous stringers on floor beams.
The work provides an improved approach for load rating that mitigates unnecessary
posting or rehabilitation while allowing better allocation of resources and maintaining
safety. The findings are a candidate for inclusion in the DOTD rating manual.



Table of Contents

Technical Report Standard Page ...........oooovveeiiiieiiieeeeeeeeeeee e 1
Project ReVIew COMMILIEE ........eeevuveeiciiieeiieeeiieeeieeeeeeeeeteeesreeeaaeeseaeeesaeesnseeenenis 3
LTRC Administrator/Manager ..........cccveeeruveeeiuieenreeeeieeesieeesseeessseesssseesseeessesessnes 3
IMIEIMIDELS ...ttt ettt et b e et e bt e st e bt e et e esseeenbeenaeeens 3
Directorate Implementation SPONSOT .........cccueeruieriieiiienieeieeeie e eeeeieesveeiee e ens 3

Load Rating of Existing Continuous Stringers on Louisiana’s Bridges..........cccccevceevuennnee 4
ADSITACE ...ttt sttt st b ettt be e 5
ACKNOWICAZMENLS. ......eoiiiiiieiieiie ettt ettt et e saaeenbeeseneenneas 6
Implementation StAtEMENT ..........ceeiuieiiiiiiieiie et 7
Table Of CONENLS .....eeiuiiiiiiiiieiee ettt st e e 8
LSt OF TabIES....ceieieieee e e 10
LSt OF FIGUIS ...ttt e 11
INEEOAUCTION ...ttt e eneens 26
LIterature REVIEW.......cocuiiiiiiiieiiiieciieeee ettt 29

Moment Gradient Factor CD.........cocovieiiiiiniiieiieeeeeeee e 29
Lateral Bracing Effect of Bridge Decks.........cccoevieiiieiiiniiiiieeieeieeee 38
Summary of Literature Review..........cccevieviiiiniiniiiiniiiniecceeecee 40
ODJECIVE ..ottt ettt ettt et e ettt e st e e bt e e abe e seeeateebeeenseenneeenseas 41
S COPI ettt ettt e et et e et e e st eeabte et eenanes 42
MEthOOLOZY ...ttt ettt ettt e 43
Current Rating TeChNIQUES. .......ccevviieriieeiiieeiie et 43
Experimental Study.......c.ceevivieiiiieiieeieeeeeee e 57
Finite Element ANalySes ........ccccueeeiiieeiiieeieeeieeeeeeeeeeee e 88
Discussion Of RESUILS......cc.uiiiuiiiiiiiieiieeeeeee e 142
Lab Testing FINAINGS......cccvevviriiriiiiiieiieienseeeceeeee e 142
Moment Gradient Factor..........cocoeviiiiiiiiiiiiieieeee e 143
L0ad RAtiNg......cooiiiiiieiieie e 143
Conclusions and Recommendations .............coceerieiieenieiiienieeeeseeee e 145
Acronyms, Abbreviations, and Symbols..........cccceevieeciieniieeeiieece e 147
RETEIENICES ...ttt 150
Appendix [: Comparison of Test Data in Test Runs #2, 4, 6, and §.................... 153
Appendix II: Stress Components at Critical Sections in Test Runs #1 to §......... 158
Appendix III: Comparison between FEA and Test Data in Test Runs #1 to 44...180
Appendix IV: Coupon TESES ......ccueeiieriieeiieiieeie ettt et ens 239
Appendix V: Test Run #45 ReSUILS .....c.oooiieiiiiiiiiieieeeee et 241
Test Run #45 Failure 3 ..o 241



TESt RUN HAS5 FAIIULE 2 ..o 250

Test Run #45 Failure 1......c.coooviieiiiieeeeeeeeeeee e 259
Appendix VI: Test Run #46 ReSUILS ......cccecevierieieiiiniiicieeeeesceeeee e 268
Test Results, Test Run #46 (Loads near Locs. 3 and 10)...........ccveeenee.. 268
FEA, Test Run #46 (Loads Near Locs. 3 and 10) ........ccccceeeveeviienieenennne. 270
Appendix VII: FEA of a Representative Bridge .........ccccovevievieneniencenieicnne 274
Bridge NO. 200830.....ccuiiieiieieeiieeeee et 274



List of Tables

Table 1. Representative BIIAZES ......veeviieeiiieeiiieeiie ettt e e ens 43
Table 2. LRFR moment gradient and load rating factors..........cccccueeveveeeniieenieeeniee e 46
Table 3. C, from various codes and specifications, corresponding RF following MBE .. 48
Table 4. Cp and RF following Yura and HElWig.........ccceeeciiieiiiiciiiieie e 49
Table 5. LRFR moment gradient and load rating factors...........c.cccceeeevievieenieenieenieennennn, 50
Table 6. Cp in accordance with the AISC, Canada, Australia, and U.K. Codes, and
corresponding RF following the MBE ............ccccooiiiiiiiiiiiiiieeeeeeeee e 50
Table 7. Cp and RF following the research by Yura and Helwig ...........ccccoevvveviiiinennnnnn. 51
Table 8. LRFR moment gradient and load rating factors............ccceceeviieniieiienieenieenee 52
Table 9. Cp from various codes and specifications, corresponding RF following MBE .. 52
Table 10. Cp and RF following Yura and HeIWig........c.coceviiiiniiniiiiniiiccciccc 53
Table 11. LRFR moment gradient and load rating factors...........cccceeveevieeieeniensieenene 54
Table 12. C from various codes and specifications, corresponding RF following MBE 54
Table 13. Cp and RF following Yura and HelWig..........ccoecveviieiieniiniieniececcieeeee 55
Table 14. LRFR moment gradient and load rating factors............cccceeevveviieniienieenieennnnnn 56
Table 15. C from various codes and specifications, corresponding RF following MBE 56
Table 16. C» and RF following Yura and HelWig........c.coceviiiiiiiniiiiniiniiccieecie 56
Table 17. TESt MALTIX ....veetieeiiieiie ettt ettt ettt et et e et e ebe et e sateenbeesebeenseesnneenne 62
Table 18. Four critical LoCAtIONS. .........ccouieiiieiiieiieeiteiie e 65
Table 19. Comparison of test and elastic analysis StrESSES ..........eeeervereereerierieneeniennenn 68
Table 20. Comparison of M, and Cp, unbraced length of 18 ft ........ccccoviiiiiininnincenn 82
Table 21. Descriptions of Test Run #2, and 29 to 32 that are subject to loading at
DOth SPANS ...ttt e 83
Table 22. List of test runs with non-composite deck ........c..ccoceeveriiiniininiininenieneene. 101
Table 23. Test Run #57, 45, 81, and 09........cccovviiiiiiiee e 109
Table 24. Calculated moment gradients, Test Run #45 Failure 3 ..........cccccovivinennenne. 125
Table 25. Test Run #1, 13, and 45, one span loaded...........ccoeeviieiiiiniiiiiiniiiieiees 130
Table 26. Moment gradient factor SUMMATY .........c.cceoveeeriieeriieeeiieeeee e 143
Table 27. Summary of moment gradient and rating factors............ccccceeeevveercieeenieeennen. 143
Table 28. Coupon teSt TESUILS ....eieiiiieiiieeiiee et e e 239

— 10 —



List of Figures

Figure 1. Sample floor system, fascia @Irder .........ccceeecvveeeiiieeeiiieeie e 27
Figure 2. Sample floor SYStem, trUSS.....uuieiiuireeiieeeiieeeiieeeieeeereeeeree e e e ereeeareeeeaeas 28
Figure 3. Generalized I-section flexural resistance curves [3] ......cccceeeveeercieeenieeenveeenen. 28
Figure 4. Examples fi calculations, concave moment diagrams [3]........ccccceevvveerveeenneen. 30
Figure 5. [llustration of moments at various locations .............cocevceerieiienienennenieneenenn 34
Figure 6. Framing plan, Bridge No. 610065 ..........ccocoeiiiiiniiniiieniiieeeeneeeseieee 44
Figure 7. Cross section, Bridge No. 610065 ...........cccoeviriinieniniiniiiecieeereceseieeea 45
Figure 8. Unfactored moment envelope due to HL-93 (unit in Kip-ft.) ......c.ccceoveeenenee. 46
Figure 9. Unfactored concurrent moment due to HL-93 (unit in Kip-ft.).......ccccceeenien. 46
Figure 10. HL-93 (inventory) rating versus moment gradient factors............ccccceevueenneen. 47
Figure 11. Variation of RF as a function of Cj from various codes and specifications .... 48
Figure 12. Framing plan, Bridge No. 300330 .......cooiiiiiiiieiiieieeeee e 49
Figure 13. Cross section, Bridge No. 300330 .........ccceeiiriiinieiinienieeeeeereee e 50
Figure 14. Framing plan, Bridge No. 200830 .........cccteiiriirieiinierieieeieeeneee e 51
Figure 15. Cross section, Bridge No. 200830 .........cccueriieiierieninienieiieieeerieeee e 52
Figure 16. Framing plan, Bridge No. 201810 .........cocieiiiiinieiieieeeeeeeeeeeseeee 53
Figure 17. Cross section, Bridge No. 201810 .........coceiiiiiiniiiiniiiiiiieiceecreccneeeeeen 54
Figure 18. Framing plan, Bridge No. 001715 .....cocoiiiiiiiiiieceeeeeeeceeeee 55
Figure 19. Cross section, Bridge No. 001715 .....cocoiiiiiiiiniiiiiceeececeeeiee 56
Figure 20. Grillage system framing plan ............cocovieiiriiinieniiiiniiecececceee 58
Figure 21. Grillage system section at floor beam ............cocceeviiiiiiiiiniiiiiiniceceee 59
Figure 22. Test setup mimicking rigid (stiff) floor beam..........ccccoooeiiiniiniinnn, 59
Figure 23. Test setup mimicking flexible floor beam ...........c.ccooieiiiiiiiniiniiiiine, 59
Figure 24. Deck reinforcement plan ............cocoooeiiiiiiiiiiinienininceeceeee e 59
Figure 25. Deck reinforcement SECHION ........cc.eecueriiriiiiiirienieneiieseceeee et 60
Figure 26. Example Group I SEtUP .......cooueviiiiiiiiiriiiiiecceeeceeceee e 63
Figure 27. Example Group II SEtUP......cccueeiiriiiiiriiiiieetceeeeeeseceeeeeeee et 63
Figure 28. Example Group I SEtUP .....ccc.eeiiiiiiiiiiiieeeeeeeee e 64
Figure 29. Example Group IV SETUP .....coouiiiiiiiieiiieeeee e 64
Figure 30. Instrumentation plan VIEW ...........coiieiiiiiiiiiiiiieiieeteee e 65
Figure 31. Instrumented SECHIONS ......c...eriuiiiiiiiiieiieeiie ettt ettt 65
Figure 32. LVDT and strain gauges, Loc. 10.......cccooiieiiiiniiiiieieeieeeeeee e 66
Figure 33. Strain gauge, LOC. 4.....cc.ooiiiiiiiiieieee ettt e 66
Figure 34. Test RUN #3 ..ottt st 67
Figure 35. LTB of the interior stringer, Test Run #3..........ccceveiiiniininiiniiniicrieeee 67
Figure 36. Vertical deflections from placement of spreaders at Locs. 3 and 10................ 68

— 11 —



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.
Figure 67.
Figure 68.
Figure 69.
Figure 70.
Figure 71.
Figure 72.
Figure 73.
Figure 74.

Strains from placement of spreaders at Locs. 3 and 10..........cccoeeeveveeeeveennneen. 68
Load-vertical deflection plots, Test Runs 1, 3, 5,and 7 ......cccoeevvveeerveennennne 69
Load-lateral deflection plots, Test Runs #1, 3, 5,and 7 ......ccceeevvevienieeneenen. 70
Load-strain plots at Loc. 3 TIN ....ccooiiiiiiiiiieeiieiieee e 70
Load-strain plots at Loc. 3 TS ...oooiiiiiiiieeeceee e 71
Load-strain plots at Loc. 3 BN .....ccooiiiiiiiiieiieieeeeceee e 71
Load-strain plots at Loc. 3 BS.......oioiiiiee et 72
Load-strain plots at Loc. 6 TN .......ooociiiiiiieieeeee e 72
Load-strain plots at Loc. 6 TS .......oooiiiiiieeceeeee e 73
Load-strain plots at Loc. 6 BN ........ccciiiiiiiiiiiiieceeceeeeeee e 73
Load-strain plots at Loc. 6 BS.......c.cooiiiiiiiiiieececee e 74
StreSS COMPONENLS .....eeeiiiieiiieeiiieeieeeiee et e eite e et e e et e e sbeeesebeeesnreessnneeeneeas 74
Stress components, Loc. 3 TN, Test Run #1........cooocvvvviiieniieiniieeieeiee e, 75
Stress components, Loc. 3 TS, Test Run #1 ......c.oooevveviiieniieiieeieeee e, 75
Stress components, Loc. 3 BN, Test Run #1 .........ccoooiiiiiiiiiiieiee e 76
Stress components, Loc. 3 BS, Test Run #1 .......ccccooooiiiiiiiiiiiieeee e 76
Stress components, Loc. 6 TN, Test Run #1.......c.cccoooiiiiiiiiiiieieiee e 77
Stress components, Loc. 6 TS, Test Run #1 .......cccoeoeviiiieiiiiiiieeeiee e 77
Stress components, Loc. 6 BN, Test Run #1 .......ccccoovvviieniiiinieeeeeee, 78
Stress components, Loc. 6 BS, Test Run #1 ........cooovveviiieniiiiiieeeeeeee, 78
Effect of floor beam relative stiffness on loading capacity ...........ccccveeeunennnee. 79
Effect of stringer to floor beam fixity on loading capacity .........c..cccceevuerunnne. 79
Load-deflection plots of Test Run #15 .......ccoooieiiiiiiiiiiieeeeeeeee, 80
Load-stress plots of Test Run #15 ......coooiiiiiiiiiiiiiieeeee e 80
Intermediate steel diaphragm effect on LTB, stringer bolted to floor beam ... 81

Intermediate steel diaphragm effect on LTB, stringer unbolted to floor beam 81
LTB resistance for various unbraced lengths ...........ccccoeevviveiiiniiieniieceee, 82
Load-vertical deflection plots.........cccciieriiieriieeiiieeieeceeee e 83
Load-lateral deflection Plots.........c.ceecieeriiieriieeiie et 83
Load-strain plots at Loc. 3 TN ....cociviiiiiiinieienieseceeeeeeee e 84
Load-strain plots at Loc. 3 TS ...oooiiiiieiieee e 84
Load-strain plots at Loc. 3 BN .....c.cooiiiiiiiiiiieieeeeee e 85
Load-strain plots at Loc. 3 BS.....ccoooiiiiieeeeee e 85
Load-strain plots at Loc. 6 TN .......ccooiieiiiieiieeie e 86
Load-strain plots at Loc. 6 TS .......coooiiiiiieeeeee et 86
Load-strain plots at Loc. 6 BN ........ccciiiiiiiiiiiiecie e 87
Load-strain plots at Loc. 6 BS........oooiiiiiiiceee e 87
Bracing effect of timber ties with rigid interior SUPPOTt.........cccceeeveverveeieennee. 88



Figure 75. Bracing effect of timber ties with flexible interior support..........ccceeeeuveennnee. 88

Figure 76. FEA MOAEL........c.ooieiiiiieeeeeee ettt 90
Figure 77. Boundary CONAItIONS. .......cccueeiuiieiieniieiieeiie ettt esite et seeeeaeeseneesveeseneensaens 90
Figure 78. Typical mesh in FEA .........ccoooiiiiiiie et 91
Figure 79. FEA mesh Sensitivity STUAY .....coccvierieiiiiiiieeiieriie ettt 91
Figure 80. Selected stress-strain diagram for structural steel ............coccveeieniieiienienne. 91
Figure 81. Selected stress-strain diagram for CONCIEte .........oevvveeriieeeieeeiiieeeiee e, 92
Figure 82. Lateral deflection contour, Test RUn #3..........cccvveviiiiiiiiicieece e, 92
Figure 83. Normal stress contour, Test Run #3..........cccoveviiiieiiiinieeee e 93
Figure 84. Comparison of FEA and measured vertical deflections, Test Run #3 ............. 93
Figure 85. Comparison of FEA and measured lateral deflections, Test Run #3 ............... 93
Figure 86. Comparison of Loc. 3 normal stresses between analysis and test data, Test Run
B3 ettt ettt a ettt 94
Figure 87. Comparison of Loc. 10 normal stresses between analysis and test data, Test
RUN A3 ettt ettt s 94
Figure 88. Comparison of FEA and measured lateral deflections, Test Run#4 ............... 94
Figure 89. Deformation contour, Test Run #15, one span loaded.............cccoocueeiinninnnnn. 95
Figure 90. Comparison of FEA and measured vertical deflections, Test Run #15 ........... 95
Figure 91. Comparison of FEA and measured lateral deflections, Test Run #15............. 96

Figure 92. Comparison of Loc. 3 stresses between analysis and test data, Test Run #15 96
Figure 93. Comparison of Loc. 10 stresses between analysis and test data, Test Run

220 1 TSSOSO PR PRUPTUPRPPRRUPIUSRRPON 96
Figure 94. FEA model, Test RUN #33.......cociiiiiiiiiiieieceeeceeeetee e 97
Figure 95. Vertical deflection contour, Test Run #33 ........cccooiiiiiniininiiniineieieeene 97
Figure 96. Lateral deflection contour, Test Run #33.........cocieiiiiiiniininiinicniienicieen 97
Figure 97. Comparison of FEA and measured vertical deflections, Test Run #33 ........... 98
Figure 98. Comparison of FEA and measured lateral deflections, Test Run #33 ............. 98
Figure 99. Comparison of Loc. 3 normal stresses between analysis and test data, Test Run

B ettt ettt 98
Figure 100. Comparison of Loc. 10 normal stresses between analysis and test data, Test

RUNH33 e 99
Figure 101. Deck reinforcement ..........coceevueeiiniinieiiiiienececeeeeeetee s 100
Figure 102. Deck concrete at completion of POUT........ccceeevviiriieiiieniieiieee e 100
Figure 103. Test Run #57 load application ...........cceeeeeiieeriieeniiieeniie e 101
Figure 104. Test #57 applied load vs. measured vertical deflections, Locs. 3 and 10.... 102
Figure 105. Test #57 applied load vs. measured lateral deflections, Locs. 3 and 10...... 102
Figure 106. Test #57 applied load vs. normal stresses, Loc. 3 TN .......ccoooeiiiiniinncene. 103
Figure 107. Test #57 applied load vs. normal stresses, Loc. 3 TS .......cccooiviininnennenne. 103



Figure 108. Test #57 applied load vs. normal stresses, Loc. 3 BN ........ccocceevvieeennenne. 104

Figure 109. Test #57 applied load vs. normal stresses, Loc. 3 BS.......ccccooviiieiieeieennne 104
Figure 110. Test #57 applied load vs. normal stresses, Loc. 6 TN ........ccccceevveriienenen. 105
Figure 111. Test #57 applied load vs. normal stresses, Loc. 6 TS .........cccovvviieniienienen. 105
Figure 112. Test #57 applied load vs. normal stresses, Loc. 6 BN ..........ccccecvvvvvienenen. 106
Figure 113. Test #57 applied load vs. normal stresses, Loc. 6 BS.........cccccoevivniieneennen. 106
Figure 114. Test #57 applied load vs. normal stresses, Loc. 7 TN ......ccccceeveeveieeecnveennee. 107
Figure 115. Test #57 applied load vs. normal stresses, Loc. 7 TS .......ccccoevvviieieeecveenne. 107
Figure 116. Test #57 applied load vs. normal stresses, Loc. 7 BN ......c.cccccvevviieeenieennne. 108
Figure 117. Test #57 applied load vs. normal stresses, Loc. 7 BS.......c.cccccveveveeenenne. 108
Figure 118. Applied load vs. measured vertical deflections, Test Run #57, 45, 81, and 69,
L0CS. 3aNd 10.iuiiiiiieiiicieeeee e e 109
Figure 119. Applied load vs. measured lateral deflections, Test Run #57, 45, 81, and 69,
L0CS. 3aNd 10.icuiiiiiieiiieiiee et et 109
Figure 120. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 3 TN and TS (load at
| oL 3 USSP SRR 110
Figure 121. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 3 BN and BS (load at
| oL 3 USSP SRR 110
Figure 122. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 6 TN and TS (load at
| e Lo 3 USRS 111
Figure 123. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 6 BN and BS (load at
0. 3 ittt e e e e et e e e e e e bae e nbaeennnes 112
Figure 124. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 7 TN and TS (load at
0. 3 ittt e e e e et e e e e e e bae e nbaeennnes 112
Figure 125. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 7 BN and BS (load at
e Lo 3 USRS 113
Figure 126. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 10 TN and TS (load at
e Lo 3 USRS 113
Figure 127. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 10 BN and BS (load at
0. 3 ittt e e e e et e e e e e e bae e nbaeennnes 114
Figure 128. Strain distribution at Loc. 3 due to 80 kips (load at Loc. 3)......ccccceuveennnnen. 114
Figure 129. Strain diagrams at Loc. 6 due to 80 kips (load at Loc. 3)......ccccecvvevvennennen. 114
Figure 130. Strain diagrams at Loc. 10 due to 80 kips (load at Loc. 3)......ccccevvvervenennee. 115
Figure 131. Measured and modeled interior stringer M, diagrams at an applied load of 80
KIS ettt ettt et e et e e e b e e et e e e tbeeenbaeeenaeeebaeeanbeeennnes 116
Figure 132. Test Run #45 Failure 3 setup (load at Loc. 10) ..cc.ooevvieeiiieeiiieeieeeeeeen 116
Figure 133. Test Run #45 plan VIEW .......ccccuiiviiiiiiiiieiie ettt 117

— 14 —



Figure 134. Test Run #45 applied load vs. measured vertical deflections, Locs. 3 and 10

(oad @t LOC. 10)uuuiiiiiiieeiieeiiie ettt ettt e et e e e et eeaae e eaaeeeeree s 117
Figure 135. Test Run #45 applied load vs. measured lateral deflections, Locs. 3 and 10
(10ad @t LOC. 10).iiiuiiiiiieiieiieeieee ettt ettt ae b e sebeetaeenae e 117
Figure 136. Test Run #45 applied load vs. normal stress components, Loc. 10 TN (load at
LOC. 10) ettt ettt et 118
Figure 137. Test Run #45 applied load vs. normal stress components, Loc. 10 TS (load at
LOC. 10) ettt ettt ettt e esteenteeneens 118
Figure 138. Test Run #45 applied load vs. normal stress components, Loc. 10 BN (load at
L0C. 10) ettt et ettt teenteeneans 119
Figure 139. Test Run #45 applied load vs. normal stress components, Loc. 10 BS (load at
LOC. 10) ettt ettt ettt et 119
Figure 140. Test Run #45 applied load vs. normal stress components, Loc. 7 TN (load at
LOC. 10) ittt ettt et ne e 120
Figure 141. Test Run #45 applied load vs. normal stress components, Loc. 7 TS (load at
LOC. 10) ettt ettt e ettt e e et e e e e a e e areeenaree e 120
Figure 142. Test Run #45 applied load vs. normal stress components, Loc. 7 BN (load at
LOC. 10) ettt ettt e et et e e et e e e e e e abe e e aree e 121
Figure 143. Test Run #45 applied load vs. normal stress components, Loc. 7 BS (load at
LOC. 10) ittt ettt 121
Figure 144. Test Run #45 applied load vs. normal stress components, Loc. 6 TN (load at
LOC. 10) ettt et e e e e e e e ere e earee e 122
Figure 145. Test Run #45 applied load vs. normal stress components, Loc. 6 TS (load at
LOC. 10) ettt et e e e e e e e ere e earee e 122
Figure 146. Test Run #45 applied load vs. normal stress components, Loc. 6 BN (load at
LOC. 10) ettt ettt e enree e 123
Figure 147. Test Run #45 applied load vs. normal stress components, Loc. 6 BS (load at
LOC. 10) ettt et ettt ettt e e e eabe e e nnree e 123
Figure 148. Strain diagram, Loc. 10 (load at Loc. 10).......ccceeveviiiriiiiniiiiiieeiee e 124
Figure 149. Strain diagram, Loc. 7 (load at Loc. 10).....cccccceriiniiiiniiniiiiiicceicneenne, 124
Figure 150. Measured and modeled interior stringer M, diagrams at an applied load of
139.2 kips (peak 10ad).......eevvieriieiiieiieiie et 125
Figure 151. Measured and modeled interior stringer M, diagrams at an applied of 118.2
KIS ettt ettt ettt e e et e e e tb e e e bt e e ebee e e b eeeanbeeennreeennreeennee 125
Figure 152. Exterior stringers after teStiNg .......c.ceevvveeeiiieeriiieeeiieeeiee e 126
Figure 153. Deck after teStINg.......ccvvieiiiieeiieeeiieeeiie et 126
Figure 154. Relative slip at end SUPPOTt .......eeeviieeiiieeiie e e 126
Figure 155. Layout of locations for strain cOmpariSon.........c..ceeeevverienerseereeneenieneenne 127

— 15 —



Figure 156. Comparison of strains at TN (load near Loc. 3) .....cccccuvveviiiinciiiiniieeieee, 127

Figure 157. Comparison of strains at TS (load near Loc. 3)......cccccvveviiiinciiiiniieeeeeee, 128
Figure 158. Comparison of strains at BN (load near Loc. 3).......cccceevieniiiiniencnnicnnenne. 128
Figure 159. Strain diagram at Loc. 3 (load near Loc. 3)....c.ccocvvveiieniieiieniieiieeieeeeee, 128
Figure 160. Moment M, due to an applied load of 170.1 KipS.......ccceevvieriiiiieniienienen. 129
Figure 161. Test Run #1, 13, and 45 applied load vs. measured vertical deflections, Locs.
BANA 10ttt ene s 130
Figure 162. Test Run #1, 13, and 45 applied load vs. measured lateral deflections, Locs. 3
ANA 1011t sttt et et teente e e neenneas 130

Figure 163. Test Run #1, 13, and 45 load-strain plots at stringer top, near midspan of the
102AEA SPAN ..ottt et stae e n 131

Figure 164. Test Run #1, 13, and 45 load-strain plots at stringer bottom, near midspan of
the 10aded SPAN......cceiiiiiiiiieiece e 131

Figure 165. Test Run #1, 13, and 45 load-strain plots at stringer top, near floor beam of

the unloaded SPan...........cccviiiiiiiiiiie e 131
Figure 166. Test Run #1, 13, and 45 load-strain plots at stringer bottom, near floor beam
of the unloaded SPan ...........cccvviieiiiiciiece e 132
Figure 167. Deck soffit at various locations after testing ............ccoeceeeveerieiiieniieencennen. 132
Figure 168. Stringer vertical deflection contour, Test Run #45 Failure 3....................... 133
Figure 169. Deck vertical deflection contour, Test Run #45 Failure 3 ............ccccceneee. 133
Figure 170. Lateral deflection contour, Test Run #45 Failure 3 ..........cccooovviieiviennnnne 133
Figure 171. Stringer longitudinal normal stress contour, Test Run #45 Failure 3 .......... 133
Figure 172. Deck longitudinal normal stress contour, Test Run #45 Failure 3 .............. 134
Figure 173. Comparison of FEA and measured vertical deflections, Test Run #45 Failure
ettt h bt ea e bbbt bt et e e bt b e et e sheenae et 134
Figure 174. Comparison of FEA and measured lateral deflections, Test Run #45 Failure 3
......................................................................................................................... 134
Figure 175. Comparison of FEA and measured axial strains, Loc. 10, Test Run #45
Fallure 3 ... 135
Figure 176. Comparison of FEA and measured axial strains, Loc. 6, Test Run #45 Failure
ettt ettt a et 135
Figure 177. Comparison of FEA and measured axial strains, Loc. 7, Test Run #45 Failure
ettt e b e et ettt a et 135
Figure 178. Vertical deflection contour, single span loaded ............cccccvveeviieinieeennnnnnne. 136
Figure 179. Lateral deflection contour, single span loaded ...........c.ccoovvveerciieiniieenneenne, 137
Figure 180. Stringer longitudinal stress contour, single span loaded (deck removed for
(o1 35117 SRS 137
Figure 181. Load-vertical deflection plot, single span loaded.............ccccecuvrvirninnnennen. 137

— 16 —



Figure 182. Load-lateral deflection plots, single span loaded ...........ccccceevveiveieeennenne. 138
Figure 183. Load-strain plots at Loc. 3, single span loaded .............ccccevevviriniieennnennne. 138
Figure 184. Load-strain plots at Loc. 7, single span loaded ............ccccooeevirieninncnnenne. 138
Figure 185. Vertical deflection contour, both spans loaded..........c..cccevieiiniincnncnnenne. 139
Figure 186. Lateral deflection contour, both spans loaded ..........cccccoceviriiniininncnnenne. 139

Figure 187. Stringer longitudinal stress contour, both spans loaded (deck removed for

(o] 35117 RSP 139
Figure 188. Load-vertical deflection plots, both spans loaded.............cccceevviveieeennennnne. 140
Figure 189. Load-lateral deflection plots, both spans loaded ............ccceevveiiereeennennne. 140
Figure 190. Load-strain plots at Loc. 3, both spans loaded...........cccccecvvviviiiiniieeiene, 140
Figure 191. Load-strain plots at Loc. 7, both spans loaded.............ccceeveriieiienireneenen. 141
Figure 192. Cj ratios between the concurrent moment and moment envelope

APPTOACKES .t 144
Figure 193. Load—vertical deflection plots in Test Runs #2, 4, 6, and § ........................ 153
Figure 194. Load—lateral deflection plots in Test Runs #2,4, 6, and § ...........cccceneee. 153
Figure 195. Load-strain plots at Loc. 3 TN in Test Runs #2, 4, 6, and 8......................... 154
Figure 196. Load-strain plots at Loc. 3 TS in Test Runs #2, 4, 6, and 8......................... 154
Figure 197. Load-strain plots at Loc. 3 BN in Test Runs #2, 4, 6, and §........................ 155
Figure 198. Load-strain plots at Loc. 3 BS in Test Runs #2, 4, 6, and § ........................ 155
Figure 199. Load-strain plots at Loc. 6 TN in Test Runs #2, 4, 6, and 8......................... 156
Figure 200. Load-strain plots at Loc. 6 TS in Test Runs #2, 4, 6, and 8......................... 156
Figure 201. Load-strain plots at Loc. 6 BN in Test Runs #2, 4, 6, and 8...........c..c........ 157
Figure 202. Load-strain plots at Loc. 6 BS in Test Runs #2, 4, 6, and 8 ...........ccccc.ce... 157
Figure 203. Test Run #1 at LoC. 7 TN..cc.ooiiiiiiiiiiiiiencreceeeeeetee et 158
Figure 204. Test Run #1 at LOC. 7 TS ..oouiiiiiiiiiiiieceeeeeeteeee s 158
Figure 205. Test Run #1 at Loc. 7 BN ..ot 159
Figure 206. Test Run #1 at Loc. 7 BS ... 159
Figure 207. Test Run #1 at Loc. 10 TIN.....ooiiiiiiiiiieeeeeeee e 160
Figure 208. Test Run #1 at Loc. 10 TS ..o 160
Figure 209. Test Run #1 at Loc. 10 BN ...c..cooiiiiiiiiiiiicteeeeeeee e 161
Figure 210. Test Run #1 at Loc. 10 BS....coiiiiiiiiiieeeee e 161
Figure 211. Test Run #2 at Loc. 3 TN ..cc.oiiiiiiiiiiiieieeeceeeeetee et 162
Figure 212. Test Run #2 at LoC. 3 TS ..ooiiiiiiiiiiiieeeeeeeetee s 162
Figure 213. Test Run #2 at Loc. 3 BN ..o 163
Figure 214. Test Run #2 at Loc. 3 BS ... 163
Figure 215. Test Run #2 at Loc. 6 TN ...cociiiiiiiiieeeee e 164
Figure 216. Test Run #2 at Loc. 6 TS ..o 164
Figure 217. Test Run #2 at Loc. 6 BN .....ooiiiiiiiiiiiiiiicceccteeeee e 165

— 17 —



Figure 218.
Figure 219.
Figure 220.
Figure 221.
Figure 222.
Figure 223.
Figure 224.
Figure 225.
Figure 226.
Figure 227.
Figure 228.
Figure 229.
Figure 230.
Figure 231.
Figure 232.
Figure 233.
Figure 234.
Figure 235.
Figure 236.
Figure 237.
Figure 238.
Figure 239.
Figure 240.
Figure 241.
Figure 242.
Figure 243.
Figure 244.
Figure 245.
Figure 246.
Figure 247.
Figure 248.
Figure 249.
Figure 250.
Figure 251.
Figure 252.
Figure 253.
Figure 254.
Figure 255.

Test Run #2 at LoC. 6 BS ..o 165
Test Run #3 at LocC. 3 TIN...ouviiiiiiiiieceeee e e 166
Test Run #3 at LOC. 3 TS oo 166
Test Run #3 at LoC. 3 BN oo 167
Test Run #3 at LoC. 3 BS .o 167
Test Run #3 at LoC. 6 TIN...oouiiiiiiieeeeee e 168
Test RUN #3 at LOC. O TS ..eenniiiiiiiiee e e 168
Test Run #3 at LoC. 6 BN ...oviiiiiiiiie e 169
Test Run #3 at LoC. 6 BS...ooooiiiiiii e 169
Test Run #4 at Loc. 3 TIN...ovviiiiiiiiceeeee e 170
Test Run #4 at LoC. 3 TS oo 170
Test Run #4 at Loc. 3 BN oo 171
Test Run#4 at Loc. 3 BS .o 171
Test Run #4 at LocC. 6 TIN....ocoviiiieeeee e 172
Test RUn #4 at LoC. O TS ..eonniiiiiiiiieee e 172
Test Run #4 at Loc. 6 BN ...ooviiiiiiii e 173
Test Run #4 at Loc. 6 BS ..o, 173
Test RUn #5 at LoC. 3 TIN...uuviiiiiii et 174
Test Run #5 at LOC. 3 TS oo 174
Test Run #5 at Loc. 3 BN oo 174
Test Run #5 at LoC. 3 BS .o 175
Test RUn #6 at LocC. 3 TIN...uvviiiiiiiiieccceeeeee e 175
Test RUN #6 at LOC. 3 TS ooeuriiiiiiiieeeeeceee e 175
Test Run #6 at LocC. 3 BN ..ouvviiiiiiiiie e 176
Test Run #6 at LoC. 3 BS..euumiiiiiiiii e, 176
Test Run #7 at LoC. 3 TIN ..o 176
Test Run #7 at LoC. 3 TS oo 177
Test Run #7 at LoC. 3 BN oo 177
Test Run #7 at LoC. 3 BS . o 177
Test Run #8 at LoC. 3 TIN...uuviiiiiiiiieeceeeeee et 178
Test RUn #8 at LOC. 3 TS oot 178
Test Run #8 at LoC. 3 BN ..o 178
Test Run #8 at LoC. 3 BS ..o 179
Test Run #1 load-vertical displacement plots..........cccccveevvieenciieenieeenieenne, 180
Test Run #1 load-lateral displacement plots.........ccccceeveevciieenciieencieeeieene, 180
Test Run #1 load-stress plots at Loc. 3...ccoviieiiieeiieeieeeeeeee e 180
Test Run #1 load-stress plots at Loc. 10.......cccvveeeiiieiiiiieieeeeeeee e 181
Test Run #2 load-vertical displacement plots..........ccceeeieriiiiiieniiiniienene 181

— 18 —



Figure 256.
Figure 257.
Figure 258.
Figure 259.
Figure 260.
Figure 261.
Figure 262.
Figure 263.
Figure 264.
Figure 265.
Figure 266.
Figure 267.
Figure 268.
Figure 269.
Figure 270.
Figure 271.
Figure 272.
Figure 273.
Figure 274.
Figure 275.
Figure 276.
Figure 277.
Figure 278.
Figure 279.
Figure 280.
Figure 281.
Figure 282.
Figure 283.
Figure 284.
Figure 285.
Figure 286.
Figure 287.
Figure 288.
Figure 289.
Figure 290.
Figure 291.
Figure 292.
Figure 293.

Test Run #2 load-lateral displacement plots...........ccceeveerciieinciieincieeccieenee, 181
Test Run #2 load-stress plots at Loc. 3...ccviieiiieeiiecieeeeeee e 182
Test Run #2 load-stress plots at Loc. 10......cccooveeiiienieeciienieeieeeeeeee 182
Test Run #3 load-vertical displacement plots..........cccceeevevieeciienieeniiennee, 182
Test Run #3 load-lateral displacement plots.........c.ccccueeviverieeiienieeniiennnene 183
Test Run #3 load-stress plots at Loc. 3.....coocvieiiieiiienieeiieieeeee e 183
Test Run #3 load-stress plots at Loc. 10.......cccvieeiiiieciiieieeeeeecee e 183
Test Run #4 load-vertical displacement plots..........cccccveevvieencieeenieeeereenee, 184
Test Run #4 load-lateral displacement plots.........ccccceeuveerrieeriieeeciieeeeeeee 184
Test Run #4 load-stress plots at Loc. 3...couiiieciieeiieceeceeeee e 184
Test Run #4 load-stress plots at Loc. 10......ccccvveeciierieeciienieciieeieeeee 185
Test Run #5 load-vertical displacement plots..........cccceevveriieciienieenieennnnnn. 185
Test Run #5 load-lateral displacement plots.........c.ccccueeviierieeciienveenieennnene 185
Test Run #5 load-stress plots at Loc. 3......cccieiiieiiienieeiieieeeee e 186
Test Run #5 load-stress plots at Loc. 10.......cccvieeiiiieiiiecieeeeeeee e 186
Test Run #6 load-vertical displacement plots..........cccccveevvieeniieenieecereenee, 186
Test Run #6 load-lateral displacement plots............ccceveevrieenciieenieeeereenee, 187
Test Run #6 load-stress plots at Loc. 3...cccviieiieeiiiieieeeeeeeee e 187
Test Run #6 load-stress plots at Loc. 10......ccccveeeiierieeciienieeiiecieeeee 187
Test Run #7 load-vertical displacement plots...........ccceeevvevieeciienieenieennnnne 188
Test Run #7 load-lateral displacement plots..........ccceeeveeriieeniiieinieeenieenne, 188
Test Run #7 load-stress plots at Loc. 3......oocieiiiiiiiniiiiecee e 188
Test Run #7 load-stress plots at Loc. 10......cccooiiviiiiniiiiieieeieeee 189
Test Run #8 load-vertical displacement plots.........ccceceriereiiiiniineencnnene 189
Test Run #8 load-lateral displacement plots...........coceeverieneniinicneencnnene 189
Test Run #8 load-stress plots at Loc. 3...ccoviieiiiieiiieeieeeeeee e 190
Test Run #8 load-stress plots at Loc. 10.......ccccieviiiiniieiieeeieeeee e 190
Test Run #9 load-vertical displacement plots..........cccccveeviieeniieenieeenieeenne, 190
Test Run #9 load-lateral displacement plots..........cccceeveeveiieeniiieiniieeenieeenne, 191
Test Run #9 load-stress plots at Loc. 3......ooouieiiiiiiiieiieeeee e 191
Test Run #9 load-stress plots at Loc. 10......ccooieeiiieniiiiiieieeieieeee 191
Test Run #10 load-vertical displacement plots..........cccecvevieeriienieinieennnenne. 192
Test Run #10 load-lateral displacement plots...........cceevievireiiieniiiiiienee 192
Test Run #10 load-stress plots at LocC. 3......coooiieeiiieeiieieieeeee e 192
Test Run #10 load-stress plots at Loc. 10.......ccceevvieriiieniieeieecee e 193
Test Run #11 load-vertical displacement plotS...........cceevevveeriieencieeenieenne. 193
Test Run #11 load-lateral displacement plots..........cccccveevciieenciieinieeenieenne, 193
Test Run #11 load-stress plots at Loc. 3 .....ccoeiiiiiiiiiiiiieeeeee e 194



Figure 294.
Figure 295.
Figure 296.
Figure 297.
Figure 298.
Figure 299.
Figure 300.
Figure 301.
Figure 302.
Figure 303.
Figure 304.
Figure 305.
Figure 306.
Figure 307.
Figure 308.
Figure 309.
Figure 310.
Figure 311.
Figure 312.
Figure 313.
Figure 314.
Figure 315.
Figure 316.
Figure 317.
Figure 318.
Figure 319.
Figure 320.
Figure 321.
Figure 322.
Figure 323.
Figure 324.
Figure 325.
Figure 326.
Figure 327.
Figure 328.
Figure 329.
Figure 330.
Figure 331.

Test Run #11 load-stress plots at Loc. 10 .......cceevvvieeiiieecieeeiieeeee e 194
Test Run #12 load-vertical displacement plots..........ccceevevveercieeinciieenieenee, 194
Test Run #12 load-lateral displacement plots..........cccceeeveriieiienieeniiennnne 195
Test Run #12 load-stress plots at LocC. 3.....cccoeviieiiienieeiieieeieeee e 195
Test Run #12 load-stress plots at Loc. 10.......cccveeciierieiciiiniieiieieeeee, 195
Test Run #13 load-vertical displacement plots..........ccoecveviieriienieesiiennnnne. 196
Test Run #13 load-lateral displacement plots..........cccccveevvieercieeinieeenreenee 196
Test Run #13 load-stress plots at LocC. 3......coociieeiiieeieeeeeeeeeeeee e 196
Test Run #13 load-stress plots at Loc. 10.......cccoeciievciieeiieecieecee e 197
Test Run #14 load-vertical displacement plots..........cccceeeevveevcieeincieeenieenne, 197
Test Run #14 load-lateral displacement plots..........cccceeevievieeciieniienieennnne. 197
Test Run #14 load-stress plots at LoC. 3.....cccoeviieiiienieiiieiecieeeiecee e 198
Test Run #14 load-stress plots at Loc. 10.......ccceeeiierieiiiieniieiiecieeieee, 198
Test Run #15 load-vertical displacement plots..........cccecverieeriienieeiieennnnne. 198
Test Run #15 load-lateral displacement plots..........ccccoveevvieeniieenieeecreenee, 199
Test Run #15 load-stress plots at LocC. 3......coooiiieiiieeieeeeeeeeecee e 199
Test Run #15 load-stress plots at Loc. 10.......ccccceeiieeiiiiiiieecieecee e 199
Test Run #16 load-vertical displacement plots...........cccceeevevieerciieeniieeniene 200
Test Run #16 load-lateral displacement plots..........cccceeevveviieciienieinieennnne 200
Test Run #16 load-stress plots at LocC. 3.....ccoeviieiiienieeiiieiecieecieeeee e 200
Test Run #16 load-stress plots at Loc. 10.......cccevviieriieeniieiieeee e 201
Test Run #17 load-vertical displacement plots.........cccceeveereeveniicneencnnene 201
Test Run #17 load-lateral displacement plots.........c.ceceviereriieniineencnnne 201
Test Run #17 load-stress plots at LocC. 3.....ccoeiiiiiieiieiiieieecee e 202
Test Run #17 load-stress plots at Loc. 10.......ccceeiiieniiiiiiniiiiieeeee 202
Test Run #18 load-vertical displacement plots.........cccceeveiveeviieinciieenieenne. 202
Test Run #18 load-lateral displacement plots..........cccccveeviieeniieinieeenieenne 203
Test Run #18 load-stress plots at LocC. 3......cooviiieiiieeiieeeieeeeeeee e 203
Test Run #18 load-stress plots at Loc. 10.......cccevviieriieiniiieieeee e 203
Test Run #19 load-vertical displacement plots..........cccceeceeveeieniicniencnnene 204
Test Run #19 load-lateral displacement plots...........cceeeieviieiiieniiiniienee 204
Test Run #19 load-stress plots at LocC. 3.....ccieviieiiieiieeiieieeeeeeee 204
Test Run #19 load-stress plots at Loc. 10.......cccoeeviieiieiiiieniiiieieeeee 205
Test Run #20 load-vertical displacement plots..........cccceevevveeriieencieenieenne, 205
Test Run #20 load-lateral displacement plots..........ccccoveeviieerciieenieeenieenne, 205
Test Run #20 load-stress plots at LocC. 3......ooooiieeiiieiiieeieeeee e 206
Test Run #20 load-stress plots at Loc. 10.......cccevviieiiieinieeiieeeee e 206
Test Run #21 load-vertical displacement plots..........ccceccvevieeriieniresieennnenne 206

— 20 —



Figure 332.
Figure 333.
Figure 334.
Figure 335.
Figure 336.
Figure 337.
Figure 338.
Figure 339.
Figure 340.
Figure 341.
Figure 342.
Figure 343.
Figure 344.
Figure 345.
Figure 346.
Figure 347.
Figure 348.
Figure 349.
Figure 350.
Figure 351.
Figure 352.
Figure 353.
Figure 354.
Figure 355.
Figure 356.
Figure 357.
Figure 358.
Figure 359.
Figure 360.
Figure 361.
Figure 362.
Figure 363.
Figure 364.
Figure 365.
Figure 366.
Figure 367.
Figure 368.
Figure 369.

Test Run #21 load-lateral displacement plots..........ccccoveeviieenciieenieeenieenne, 207
Test Run #21 load-stress plots at LocC. 3......coooiieeiiieeieeeeeeeee e 207
Test Run #21 load-stress plots at Loc. 10.......cccuveevieriiiiiieniieiieieeiee 207
Test Run #22 load-vertical displacement plots..........ccceccveviieriienverniiennnenne. 208
Test Run #22 load-lateral displacement plots..........ccceeeieviieciieniieniiennnne. 208
Test Run #22 load-stress plots at LocC. 3.....ccieiiieiiienieeiieieeieecee e 208
Test Run #22 load-stress plots at Loc. 10.......cccoeeiievcieiniieeieecee e 209
Test Run #23 load-vertical displacement plots...........ccceevevieevcieeincieeesieenee, 209
Test Run #23 load-lateral displacement plots..........ccccoveevvieercieeenieeeereenee, 209
Test Run #23 load-stress plots at LocC. 3......cooviieeiiiieieeeieeceeeee e 210
Test Run #23 load-stress plots at Loc. 10.......ccceeeeiierieiiiieniieiiecieeeee, 210
Test Run #24 load-vertical displacement plots..........cccecvevieeciienieesieennnnne. 210
Test Run #24 load-lateral displacement plots...........cceecvevvierienieeneenneenen. 211
Test Run #24 load-stress plots at LocC. 3....cceeviieiiieeiieiecieeeeeeeeeee e 211
Test Run #24 load-stress plots at Loc. 10.......cccoecvieeiiieciiieeieeeeeeeee e, 211
Test Run #25 load-vertical displacement plots...........ccceeeevveevcrieenieeeeineenee, 212
Test Run #25 load-lateral displacement plots..........ccccoveevvieenieeeeieeeereenee, 212
Test Run #25 load-stress plots at LocC. 3......cooovieeiiiiciieecieeeeeeee e 212
Test Run #25 load-stress plots at Loc. 10.......ccceeevierieiiiieniieiienieeeee, 213
Test Run #26 load-vertical displacement plots..........ccceeverveeviieniersieennnnne. 213
Test Run #26 load-lateral displacement plots..........cccccveeviieeniiieenieeenieenne, 213
Test Run #26 load-stress plots at LocC. 3....ccceeiiieiieiieiiieieeeee e 214
Test Run #26 load-stress plots at Loc. 10.......cccoeeiiieniiiiiiniieiieieeee 214
Test Run #27 load-vertical displacement plots.........cccceeceeveineniicniencnnene 214
Test Run #27 load-lateral displacement plots.........c.cecereereriiinicniencnnene 215
Test Run #27 load-stress plots at LocC. 3......cooiiiiiiieenieeeieeeeeeee e 215
Test Run #27 load-stress plots at Loc. 10.......cccovviveviieiniieeiieeeee e 215
Test Run #28 load-vertical displacement plots..........ccceevevveeviiiiincieeenieenne, 216
Test Run #28 load-lateral displacement plots..........cccccveevvieeniieinieeenieenne, 216
Test Run #28 load-stress plots at LocC. 3.....cceeiiieiieiieiiieieeeee e 216
Test Run #28 load-stress plots at Loc. 10.......ccceeeciieiieiiiienieiiieieeeee 217
Test Run #29 load-vertical displacement plots..........ccceceevieeriienirisieennnnnne. 217
Test Run #29 load-lateral displacement plots..........ccceeevieniieiiieniiiniienene 217
Test Run #29 load-stress plots at LocC. 3......ooovvieeciieiieeeieeeeeeeee e 218
Test Run #29 load-stress plots at Loc. 10.......ccceeviieviieeniieeieeeee e 218
Test Run #30 load-vertical displacement plots..........cccceevevveercieencieeenieenne, 218
Test Run #30 load-lateral displacement plots..........cccccveeviieenciieenieecnieenne, 219
Test Run #30 load-stress plots at LocC. 3.....ccoeviieiiiinieiiieieeeeee 219



Figure 370.
Figure 371.
Figure 372.
Figure 373.
Figure 374.
Figure 375.
Figure 376.
Figure 377.
Figure 378.
Figure 379.
Figure 380.
Figure 381.
Figure 382.
Figure 383.
Figure 384.
Figure 385.
Figure 386.
Figure 387.
Figure 388.
Figure 389.
Figure 390.
Figure 391.
Figure 392.
Figure 393.
Figure 394.
Figure 395.
Figure 396.
Figure 397.
Figure 398.
Figure 399.
Figure 400.
Figure 401.
Figure 402.
Figure 403.
Figure 404.
Figure 405.
Figure 406.
Figure 407.

Test Run #30 load-stress plots at Loc. 10.......cccoevvieeciiieccieecieeeee e 219
Test Run #31 load-vertical displacement plots..........ccceevevieercieeencieeenieenee, 220
Test Run #31 load-lateral displacement plots..........ccceeeieriieiienieeniiennnnne 220
Test Run #31 load-stress plots at LoC. 3.....ccoevuiieiiienieeiieieeieeieeee e 220
Test Run #31 load-stress plots at Loc. 10.......cccveeciierieiiiiiniieiiecieeeee 221
Test Run #32 load-vertical displacement plots..........ccccocvevieeriienieeniiennnnnne. 221
Test Run #32 load-lateral displacement plots..........cccccveevvieencieeinieeecieenee, 221
Test Run #32 load-stress plots at LocC. 3......coooiiieiiiieieeeieeeee e 222
Test Run #32 load-stress plots at Loc. 10.......ccceeciieeciiiiieeeieecee e 222
Test Run #33 load-vertical displacement plots..........cccceeeevveevcieeenciieenieenee, 222
Test Run #33 load-lateral displacement plots..........cccceeevveviieciienieinieennnnne 223
Test Run #33 load-stress plots at LocC. 3.....ccoeviieiiienieiiieiecieeeeeeee e 223
Test Run #33 load-stress plots at Loc. 10.......cccoeveiierieiiiieniiciiecieeeee, 223
Test Run #34 load-vertical displacement plots..........ccceevevveeciienieesieennnnne. 224
Test Run #34 load-lateral displacement plots..........ccccoveeeveeeniieeeieeccreenee, 224
Test Run #34 load-stress plots at LocC. 3......ooooiieeiiieeiiieeieeeeeecee e 224
Test Run #34 load-stress plots at Loc. 10.......cccoevvieeiiiicciieeiieecee e, 225
Test Run #35 load-vertical displacement plots..........ccceevevieevcrieenieeeeineenee, 225
Test Run #35 load-lateral displacement plots..........cccceeevveriieiienieenieennnnne. 225
Test Run #35 load-stress plots at LocC. 3.....ccieviieiienieiiieiecieeeeeeee 226
Test Run #35 load-stress plots at Loc. 10.......cccovvieeeiiieniiiiiieeee e 226
Test Run #36 load-vertical displacement plots.........cccevveeveeieniicneencnnene. 226
Test Run #36 load-lateral displacement plots.........cccceceriereiiiinicneencnnene 227
Test Run #36 load-stress plots at Loc. 3......ccceoiiiiiiiiiniiniiiciceeeen 227
Test Run #36 load-stress plots at Loc. 10.......cccceoviiniiiiniininiiiiiniecene 227
Test Run #37 load-vertical displacement plots.........cccceeveiveeniiieinciieenieenne, 228
Test Run #37 load-lateral displacement plots..........cccccveeviieeniieinieeenieenne, 228
Test Run #37 load-stress plots at LocC. 3......cooviieeiiienieeeieeeeeeee e 228
Test Run #37 load-stress plots at Loc. 10.......cccovvvveriieiniieiieeeee e 229
Test Run #38 load-vertical displacement plots..........ccccceceevieieniiiniencnnene 229
Test Run #38 load-lateral displacement plots..........ccceeevievireiiieniiiiiienee 229
Test Run #38 load-stress plots at LocC. 3.....ccieiiieiiieiiiiiieieeeee e 230
Test Run #38 load-stress plots at Loc. 10.......ccceeeciierieiiiieniieiieiceeee 230
Test Run #39 load-vertical displacement plots..........cccceeeevveerciieenciieenieenne, 230
Test Run #39 load-lateral displacement plots..........ccccoveeviieencieeenieeerieenne, 231
Test Run #39 load-stress plots at LocC. 3.....oooiiieeiiiiiieeeeeeeecee e 231
Test Run #39 load-stress plots at Loc. 10.......ccceeeeveeiiieeeiieeiieecee e 231
Test Run #40 load-vertical displacement plots..........cccecvevieeriienieesieennnne. 232



Figure 408.
Figure 409.
Figure 410.
Figure 411.
Figure 412.
Figure 413.
Figure 414.
Figure 415.
Figure 416.
Figure 417.
Figure 418.
Figure 419.
Figure 420.
Figure 421.
Figure 422.
Figure 423.
Figure 424.
Figure 425.
Figure 426.
Figure 427.
Figure 428.
Figure 429.
Figure 430.
Figure 431.
Figure 432.
Figure 433.
Figure 434.
Figure 435.
Figure 436.
Figure 437.
Figure 438.
Figure 439.
Figure 440.
Figure 441.
Figure 442.
Figure 443.
Figure 444.
Figure 445.

Test Run #40 load-lateral displacement plots..........ccccoveevieeerciieinieeecieenne, 232
Test Run #40 load-stress plots at LocC. 3......coociieeiiieeieeeieeeee e 232
Test Run #40 load-stress plots at Loc. 10.......ccceeciierieiiiieniieiienieeeee 233
Test Run #41 load-vertical displacement plots..........ccceeveeviieniencieenivennnnne 233
Test Run #41 load-lateral displacement plots..........ccceecveviieiienieeniiennne 233
Test Run #41 load-stress plots at LoC. 3.....ccoevviieiiienieeiieieciieseeee 234
Test Run #41 load-stress plots at Loc. 10.......cccoeviieeciieeniieeeiieeeee e 234
Test Run #42 load-vertical displacement plots..........ccceevevieercieeinciieenneenee, 234
Test Run #42 load-lateral displacement plots..........ccccoveevvieercieeinieeeereenee, 235
Test Run #42 load-stress plots at LocC. 3......coooiieeiiieeieeceeeee e 235
Test Run #42 load-stress plots at Loc. 10.......ccceeeeiierieiiiieniieiieieceee, 235
Test Run #43 load-vertical displacement plots..........ccceevevieeciienieesieennnnnne. 236
Test Run #43 load-lateral displacement plots..........cccceeeveviieciienieenieennnne 236
Test Run #43 load-stress plots at LocC. 3.....cccieviieiiienieiiieieeieeeeeeeee e 236
Test Run #43 load-stress plots at Loc. 10.......ccccoocvieeiiiiiciieecieecee e 237
Test Run #44 load-vertical displacement plots...........ccceeeevveercriienieeeceneenee, 237
Test Run #44 load-lateral displacement plots..........ccccoveeevieeriieenieeccreenee 237
Test Run #44 load-stress plots at LocC. 3......ooooiieeiiiieiieeeieeeeeeee e 238
Test Run #44 load-stress plots at Loc. 10.......cccoeecvierieiiiieniieiiecieeee 238
COUPON TESES .uvveeiiiieeiiieeeiieeeiee et e e ette et ee e st eeesaaeeesnbeeessbeessaseeennseesnseesnnns 239
Stress-strain diagram, SPECIMEN A........c.ceevieeeiiieeeiiieeniieeeieeeereeeereeenareeens 240
Loc. 16 in framing plan ..........cccoeoveeiiiiiienieeeeseeee e 241
Loc. 16 stress components, TN .......coocieiriiiiniiiiniieiieeeee e 241
Loc. 16 stress components, BN ..o 242
Loc. 16 stress components, BS........c..ccooiiiiiiieee e 242
Loc. 20 in framing plan .........cccoeeveuieeriiieniieeeeee e e 242
Loc. 20 stress components, TN ........cccccevriieiriiieiniiieeniie e 243
Loc. 20 stress components, BN ..........ccccooiiiiiiiiiiniiiiiece e 243
Loc. 20 stress components, BS...........ccooviiiiiiiiiniiieee e 244
Loc. 15 in framing plan ..........cccoeuieiiiiiieniieeeeee e 244
Loc. 15 stress components, TN .......ccccceiviiiiiniiiiniieinieeee e 244
Loc. 15 stress components, TS ........coooiiiiiiiiiiiiniiieeeeee e 245
Loc. 15 stress components, BN ........c.cccoviiiiniiiiniiiineieeeeee e 245
Loc. 19 in framing plan ..........ccooevviiiiiiiieiieee e 245
Loc. 19 stress components, TIN ........ccoocoiiriiiiiiieeniiiieeeeriieeeeeieee e eeiiee e 246
Loc. 19 stress components, TS .........cooviiiiiiiiiiiiiieniiiie e eeieee e 246
Loc. 19 stress components, BN .........coooooiiiiiiiiiiiiiiiiieeeeeeee e 247
Loc. 14 in framing plan ..........cccoeovieiiiiiienieeieeeeeee et 247



Figure 446.
Figure 447.
Figure 448.
Figure 449.
Figure 450.
Figure 451.
Figure 452.
Figure 453.
Figure 454.
Figure 455.
Figure 456.
Figure 457.
Figure 458.
Figure 459.
Figure 460.
Figure 461.
Figure 462.
Figure 463.
Figure 464.
Figure 465.
Figure 466.
Figure 467.
Figure 468.
Figure 469.
Figure 470.
Figure 471.
Figure 472.
Figure 473.
Figure 474.
Figure 475.
Figure 476.
Figure 477.
Figure 478.
Figure 479.
Figure 480.
Figure 481.
Figure 482.
Figure 483.

Loc.
Loc.

14 stress components,
14 stress components,
Loc. 14 stress components,

Loc. 18 in framing plan .....

18 in framing plan
Loc. 18 stress components,
Loc.

Loc.

18 stress components,

18 stress components,

Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc
Test Run #45 Failure 2 Loc

Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc
Test Run #45 Failure 1 Loc

TN e 247
S e 248
BN e 248
.......................................................................... 248
TN e 249
TS e 249
BN 250
Test Run #45 Failure 2 load-vertical deflection plots..........ccccceeevveeennennee. 250
. 3 stress components, TN ..........cccoeevveeeennnnnnn. 251
. 3 stress components, TS........cccceevvviveeeennnnenn. 251
. 3 stress components, BN...........cccccevviernnen. 252
. 6 stress components, TN ...........cccccveverieeennen. 252
. 6 stress components, TS.........cccceevveeenieeenen. 253
. 6 stress components, BN.............ccceeviernnen. 253
. 6 stress components, BS ............cocccoiinn. 254
. 7 stress components, TN ...........ccoeevveeeennnnenn. 254
. 7 stress components, TS........cccceevveernieennnen. 255
. 7 stress components, BN............ccoeeeeinnne.n. 255
. 7 stress components, BS .............ccccoeiinnnen. 256
. 10 stress components, TN .........ccccceeeerieeennnen. 256
. 10 stress components, TS..........cccceverieeenneen. 257
. 10 stress components, BN.........cccccceevieennen. 257
. 10 stress components, BS ..........ccccccoceeiennnn. 258
Test Run #45 Failure 1 load-deflection plots..........ccceeverieneriiinicniencnnne 259
. 3 stress components, TN .........ccccooveernieennnen. 260
. 3 stress components, TS..........cccceecvevenieeenen. 260
. 3 stress components, BN...........ccccceeviernnnen. 261
. 6 stress components, TN ...........ccccceverieeennnen. 261
. 6 stress components, TS..........cccceeveverieeenen. 262
. 6 stress components, BN...........cccccceeniinnnen. 262
. 6 stress components, BS ...............cccoiinn. 263
. 7 stress components, TN ...........ccoeeeernieennen. 263
. 7 stress components, TS..........cccoeveernieennnnen. 264
. 7 stress components, BN............cccoceveennnnn. 264
. 7 stress components, BS ............ccocooiiiinn. 265
. 10 stress components, TN ...........ccccvveeeennneen. 265
. 10 stress components, TS..........ccccceeeeveennneen. 266
. 10 stress components, BN.........cccccceevveennnen. 266

Test Run #45 Failure 1 Loc

— 24 —



Figure 484.
Figure 485.
Figure 486.
Figure 487.
Figure 488.
Figure 489.
Figure 490.
Figure 491.
Figure 492.
Figure 493.
Figure 494.
Figure 495.
Figure 496.
Figure 497.
Figure 498.
Figure 499.
Figure 500.
Figure 501.
Figure 502.
Figure 503.
Figure 504.
Figure 505.
Figure 506.
Figure 507.
Figure 508.
Figure 509.

Test Run #45 Failure 1 Loc. 10 stress components, BS ..............cccoeeieene. 267
Test Run #45 Failure 1 My Plot.....c.veeeiieeiiieeieeeeeeeeee e 267
Applied load versus measured vertical deflections, Locs. 3 and 10............ 268
Applied load versus measured lateral deflections, Loc. 7 .......cccovevuveennennnen. 268
Strain diagrams, Loc. 3, maximum load of 186.6 kips at each span............ 269
Strain diagrams, Loc. 10, maximum load of 186.6 kips at each span......... 269
M, diagram subject to an assumed 100 kips at each span ..........c.c.ccuveenneee. 270
Test Run #46 plastic analysis fOr StrINEET..........ccceveercveeriieeriieeeiee e 270
Stringer vertical deflection contour, Test Run #46...........cccceeeevvvevieeennnennn. 271
Deck vertical deflection contour, Test Run #46 ..........cccoovvvvvvvieiiiiiiiiinnnnen, 271
Lateral deflection contour, Test RUN #46 .....ocoovveviiiiiiiiiieeceeeeeeeeeeeeee, 271
Stringer longitudinal normal stress contour, Test Run #46 ...............c......... 272
Deck longitudinal normal stress contour, Test Run #46...........cccccoceeueneee. 272
Test Run #46 load-vertical deflection plots from test and analysis............. 272
Test Run #46 load-stress plots at Loc. 3 from test and analysis.................. 273
Test Run #46 load-stress plots at Loc. 6 from test and analysis.................. 273
Vertical deflection contour, one span loaded.............cccceeevviiiiciiiinieecienn, 274
Lateral deflection contour, one span loaded............cccceeevvieiciieccieeccieee, 275
Stress contour of the stringer, one span loaded ............cccceeviiviieniieniennn. 275
Load-strain plots at Loc. 10, one span loaded............ccccoeevveviiniiieniieneenen. 275
Load-strain plots at Loc. 7, one span loaded..........ccccceeevieeiniieiiiieciene, 276
Vertical deflection contour, both spans loaded...........ccccoceviiniiiininenene. 276
Lateral deflection contour, both spans loaded ..........cc.ccoceviriiiniininncnnenne. 276
Stress contour, both spans loaded............cccoeviiiiiiiiiiiiiiiiieeeeeeee 276
Load-strain plots at Loc. 10, both spans loaded...........cccccocerviiriininncnnenne. 277
Load-strain plots at Loc. 7, both spans loaded............c.ccceovveeriieiniieinnnnnne. 2717

— 25 —



Introduction

Some of the Louisiana’s bridges built in the 1950s and 1960s used two-girder or truss
systems in which floor beams are carried by main members and continuous (spliced)
stringers are supported by the floor beams. The main members are either two edge
(fascia) girders (Figure 1) or trusses (Figure 2). In accordance with Bridge Design and
Evaluation Manual by the Louisiana Department of Transportation and Development
(DOTD) [1], all bridges shall be rated using the Load and Resistance Factor Rating
(LRFR) method as specified in the American Association of State Highway Officials
(AASHTO) Manual for Condition Evaluation and Load Resistance Factor Rating
(LRFR) of Highway Bridges, referred to as the MBE [2]. LRFR is consistent with the
AASHTO LRFD Bridge Design Specifications (LRFD Specifications) via use of a
reliability-based limit state philosophy and extends the provisions of the LRFD
Specifications to load rating [3]. The general LRFR rating equation (MBE Eq. 6A. 4.2.1-
1) is given as:

RF = B:Bs®Rn—¥pc) (DC)—(ypw) (DW)+(yp)(P) 1)
(L) (LL+IM)

In the context of this research project, stringers shall be evaluated for the strength,
service, and fatigue limit states subject to various loads. As-designed bridge ratings shall
include the inventory and operating ratings for the HL-93 and the inventory rating for the
LADV-11 truckloads. If the inventory rating for the HL-93 is less than 1.0, additional
rating for all legal trucks shall be provided. State legal load rating trucks include the LA
Type 3, LA Type 3-S2, AASHTO Type 3-3, LA Type 6, and LA Type 8 vehicles.
Specialized hauling vehicle ratings use the Notional Rating Load (NRL) as the screening
vehicle. If the NRL rating factor is less than 1.0, additional ratings for posting vehicles
SU4, SUS, SU6, and SU7 are needed.

In Equation (1), R, 1s the nominal flexural resistance of the stringers. When the flexural
resistance of an I-section stringer is determined, both local buckling and lateral torsional
buckling (LTB) are accounted for in the LRFD Specifications. LTB may often control the
resistance used for load rating. The LRFD Specifications provide LTB resistance as
derived for uniform, major-axis bending moment. A moment gradient factor, Cp, is
applied to account for the effects of variable moment along an unbraced length. The LTB
resistance is capped at Fiuux or Muay, as illustrated by the dashed line in Figure 3 [3]. R, 1s
given by the following equation, where F,. represents the nominal flexural resistance of a

member:
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Fyr \ (Lo—L
E. =G [1 — (1 — ﬁ) (L’T’_LIZ’)] RyRyFyc < RyRyFy )
As shown in this equation, Cj directly affects the estimated flexural strength of the stringer,
and therefore, the load rating.

AASHTOWare Bridge Rating (BrR) and Bridge Design (BrD) are mandated as software
to be used for DOTD projects. BrR can perform superstructure load rating in accordance
with the MBE and LRFD Specifications and, as a result, provides the default analytical
engine for LRFR. BrR can address various structures, including girder-floor stringer-
stringer configurations and truss-floor stringer-stringer configurations. When stringers are
load rated, Cp is calculated in accordance with the A4SHTO LRFD Bridge Design
Specifications, which does not account for the bracing effect of non-composite deck
properly and therefore underestimates the flexural strength. As a result, the rating may be
low enough to require restrictive live load posting or even closure. This issue affects
bridges that are key elements of the Louisiana’s highway system. Current continuous
stringer load ratings based on this approach could result in expensive (and possibly
unnecessary) bridge rehabilitation or replacement that costs hundreds of millions of
dollars and causes significant disruption to the traveling public. Therefore, there is an
immediate need for re-assessment of the methodology behind load rating continuous
stringers, with efforts focusing on developing more realistic values for Cp.

Figure 1. Sample floor system, fascia girder
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Figure 2. Sample floor system, truss

Figure 3. Generalized I-section flexural resistance curves [3]
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Literature Review

The research team conducted a literature review of relevant domestic and international
guidelines and specifications as well as other publications. The team collected the
information by accessing available sources, including the Transportation Research
Board's Transportation Research Information Services (TRIS) database and other
databases such as Web of Science. The focus of this research is related to I-shaped
stringers having doubly symmetric sections and primarily subject to vertical loading.
Several significant references associated with the development of Cj and lateral bracing
provided by bridge decks are discussed herein.

Moment Gradient Factor Cb

Several specifications and codes are presented, including the AASHTO LRFD Bridge
Design Specifications, the AISC Steel Construction Manual, the Canadian Highway
Bridge Design Code, the Australian Steel Code, the British Standards Structural Use of
Steelwork in Building, and the Japanese Standard Specifications for Steel and Composite
Structures. In addition, work by several significant researchers is included. Each section
presents relevant background discussions and equations for the moment gradient factor
followed by definitions of primary parameters.

1) AASHTO LRFD Bridge Design Specifications, Eighth Edition, 2017 [3]

LTB equations in the AASHTO LRFD Bridge Design Specifications give predictions close
to mean LTB resistances from uniform bending experimental tests conducted by
Galambos and Ravindra in 1978 [4]. For members subject to a moment gradient, the
factor 1s included primarily following research work performed by Salvadori [5]. For
continuous stringers supported by floor beams, Cp can be greater than 1.0 using Equation

@3).
C, = 1.75 — 1.05 (%) +0.3 (%)2 <23 3)

where,

fi= stress without consideration of lateral bending at the brace point opposite to the one
corresponding to f2, calculated as the intercept of the most critical assumed linear stress
variation passing through /> and either fuis or fo, whichever produces the smaller value of
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C». When variation in the moment along the entire length between the brace points is
concave in shape, f; = f; (Figure 4); otherwise, f; = 2finia — f2 = fo-

f>=largest compressive stress without consideration of lateral bending at either end of the
unbraced length of the flange under consideration, calculated from the critical moment
envelope value. /> shall be due to the factored loads and shall be taken as positive. If the
stress is zero or tensile in the flange under consideration at both ends of the unbraced
length, f>shall be taken as zero.

Figure 4. Examples fi calculations, concave moment diagrams [3]
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It is convenient and always conservative to use extreme moment values to compute the
stresses in Equation (3). However, strict application of C, would require consideration of
concurrent moments along the unbraced length. This would necessitate calculation of: 1)
the maximum possible value of /> at the brace point having the higher compressive stress
using the critical moment envelope value, along with calculation of fy and fuiq using
concurrent moments; and 2) the maximum possible compressive value of f.s using the
critical moment envelope value, along with the calculation of fy and f> using the
concurrent moments. The use of the concurrent moments normally provides a larger
value of Cp, which is likely more accurate when determining flexural resistance.

2) AISC Steel Construction Manual, 2017 [6]

The AISC Steel Construction Manual provides the lateral-torsional buckling modification
factor, Cp, for non-uniform moment diagrams primarily based on the research work by
Kirby and Nethercot with slight modifications [7]. Cj is determined as follows:

c, = 12.5Mmax )

T 2.5Mpmax+3Ma+4Mp+3M,

where,
M = absolute value of maximum moment in the unbraced segment;

M, = absolute value of moment at quarter point of the unbraced segment;



M3 = absolute value of moment at center of the unbraced segment; and
M(c = absolute value of moment at three-quarter point of the unbraced segment.

This equation is applicable to linear and nonlinear moment diagrams. It provides a more
accurate solution for unbraced lengths in which the moment diagram deviates
substantially from a straight line, such as the case of a fixed-end stringer with no lateral
bracing within the span, subjected to a uniformly distributed transverse load.

3) Canadian Highway Bridge Design Code, S6-14 [8]

In accordance with the Canadian Highway Bridge Design Code, structural sections shall
be designated as Class 1, 2, 3, or 4 depending on width-to-thickness ratios of the elements
that make up the cross-section and on loading conditions. A Class 1 section is one that
will attain the plastic moment capacity, adjusted for the presence of axial force if
necessary, and permit subsequent redistribution of bending moment. A Class 2 section is
one that will attain the plastic moment capacity, adjusted for the presence of axial force if
necessary, but not necessarily permit subsequent moment redistribution. A Class 3

section is one that will attain the yield moment capacity, adjusted for the presence of
axial force if necessary. A Class 4 section is one in which the slenderness of the elements

making up the cross-section exceeds the limits of Class 3.

For Class 1 and Class 2 sections subjected to bending about their major axes that are
laterally unbraced over a length, L, the factored resistance, M,, shall be calculated as:

M, = 1.150,M, |1 - 0'2124”] < @M, when M,, > 0.67M, (5)
or

M, > @;M,, when M,, < 0.67M,, (6)
where,

M, = plastic moment resistance; and
M, = critical elastic moment of a laterally unbraced stringer.

For doubly symmetric sections,

Es1%
EoL,G] + [”T] 1,C,, (7)

Wy T
M, = ——
u L



4Mmax

The moment gradient factor, w, = <25 (8)

2 2 2 2
JMmax+4-Ma+7Mb+4MC

where,

max = maximum absolute value of factored moment in the unbraced segment;
M, = factored bending moment at one-quarter point of the unbraced segment;
M), = factored bending moment at midpoint of the unbraced segment; and

M. = factored bending moment at three-quarter point of the unbraced segment.

For a Class 3 section, the factored resistance, M,, can be calculated similarly to Egs. (5)
and (6) by replacing M, by M,, Where M, is the yield moment.

4) Australian Steel Code AS4100 [9]
The flexural resistance curve for stringers in the Australian code is an approximate lower-

bound fit to LTB test data. The nominal lateral buckling moment strength, M), of an I-

section is given by

M, = amasMp )

M, = major axis full plastic moment;

om = moment modification factor which allows for non-uniform moment distributions
(am = 1.0 for uniform bending); and

as = slenderness reduction factor, which allows for the effects of elastic buckling,
nitial crookedness and twist, and residual stresses.

<1.0 (10)

where,

M, = elastic buckling moment of a simply supported stringer in uniform bending given
by

) (11)

L2

m2El T2EL,
Mw:\/ > (6 + =



where,

E and G = Young’s and shear moduli of elasticity;

Ly, J, and Iy = minor axis second moment of area, the uniform torsion section constant;
and the warping section constant, respectively; and

L = length of the stringer.

AS4100 provides Equation (12) to determine an equivalent uniform moment factor or
moment modification factor, a, for stringers where £ is the ratio of the two end
moments. It also allows simple approximation using Equation (13) that applies to any
bending moment distribution.

am = 1.75 + 1.058 + 0.382 < 2.5 (12)

1.7M,
= <
Um = e i) (ig)? 2:5 (13)

where,

M, = maximum design bending moment;
M>, My = design bending moments at the quarter points; and

M3 = design bending moment at the midpoint of the segment.

5) British Standards Institution (BSI), Structural Use of Steelwork in Building, BS
5950-1:2000 [10]

In the British code, the flexural resistance of I-stringers with equal flanges should satisfy
the following:

Mx < Mb/mLT and Mx < MCX (14)
where,

M}, = buckling resistance moment;
M.x = major axis moment capacity of the cross section;
M, = maximum major axis moment in the segment; and

mrr = equivalent uniform moment factor for lateral torsional buckling.

0.15M,+0.5M3+0.15M
myr = 0.2 + 2 = > 0.44

(15)

max



All moments are taken as positive. The moment M> and My are the values at the quarter
points, M3 is the value at mid-length and M., is the maximum moment in the segment

(Figure 5).

Figure 5. Illustration of moments at various locations
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6) Japanese Standard Specifications for Steel and Composite Structures, 2007 [11]

The bending resistance of steel members in the Japanese specification is determined
based on the nominal bending resistance corresponding to classification of a cross
section, considering influence of the initial deflection, residual stress, and elastic lateral
torsional buckling. The bending resistance is directly related to the slenderness ratio of
the stringer, which depends on the parameter Mg as specified in Equation (16). Mg

accounts for an equivalent moment factor, Cp;.

Cpam? El ~ a
My = == [Cbzht + Cp3B, + \/(Cbzht + Cp3fz)? + __(1 T )] (10
y w
I
W (17)
where,

M = Elastic transverse torsional buckling moment of a simply supported stringer. When
the loading condition is different from this, eigenvalue analysis for elastic buckling may
be used to obtain the transverse torsional buckling moment;

I,, I, =Moment of inertia with respect to the weak and strong axes, respectively;
J = St. Venant’s torsion constant;

I, = Warping torsion constant;

L = Length of a simply supported stringer for out-of-plane deformation;

Cp; = Equivalent moment factor;

<25 (18)

b1 ™ 96+0.48 =
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=1t (19)
M|, M> = Bending moments at each end of member, where M; = M,. The sign of the
bending moment is to be taken as positive when compressive stress occurs in the flange;
h; = Distance between the position at which load acts (height) and the shear center. The
sign shall be taken as positive when the position at which the load acts is closer to the
tension side in bending than the shear center;

Cr2 = Coefficient for correcting the effect of the position at which the load acts on the
stringer according to the loading condition;

f. = Coefficient expressing the asymmetry of the cross section; and

C,; = Coefficient for correcting the effect of the asymmetric cross section according to the

loading condition.

7) Research by Lopez et al. [12]

Lopez et al. proposed a closed form expression for the equivalent uniform moment factor,
Cy, applicable to any moment distribution. The proposed formula incorporates end
support conditions through a parameter related to the lateral torsional buckling length of

the stringer. For a general moment diagram, the coefficient C; may be obtained by:

A—VR)4:]°  A-VE)4;
[afmmn e

A

Ci = (20)

where k depends on the lateral bending and warping condition coefficients k; and £2:

k = Jkik, 1)

and 4, and A are given by:

_ MgxtaiME+a; M3 +asME+a,ME+asMZE

A, - (22)
(I+ag+taz+az+az+as)Mp g
My+2My+3M3+2My+M
A, = 1 2 3 4+ Ms (23)
9Mmax

where,
K3 1 1 K3

a,=1—ky; a,=5=5; az3=5(—+—); a4 =55;a;=1—-k, (24)
k2 ki ks k2



In Egs. (22) and (23), Mnax 1s the maximum moment, and M;, M> M3, M4, and M5 are the
values of the moment at different sections of the stringer, each of them with the
corresponding sign.

8) Research by Subramanian and White [13]

The LTB curves in AASHTO [3] and AISC [6] are based in large part on unified
provisions proposed by White [14], which were in turn based largely on experimental
data compiled by White and Jung [15] and White and Kim [16]. A recent study by
Subramanian et al. demonstrated that rolled I-stringers may exhibit an inelastic Cj effect.
This essentially means that, when the inelastic LTB strength is scaled by the modification
factor Cp (where Cj is developed based on elastic buckling formulations), strength
estimates tend to be higher than the true inelastic LTB strength under a moment gradient.
Subramanian et al. concluded that when the maximum moment in a span occurs at a
braced location, the proposed LTB model for uniform moment, along with current
handling of Cp in the AASHTO and AISC, is satisfactory and no modifications were
proposed for such cases. When the maximum moment occurs within an unbraced
segment of the stringer, it was shown that the current AISC specification moment
modifier in the inelastic LTB region can be as much as 20% not conservative. The
SABRE2 computational tool was also developed to implicitly and rigorously capture
moment gradient effects based on applied loading as well as any unbraced length end-
restraint effects.

9) Research by Helwig et al. [17]

Helwig et al. suggested multiplying the original equation for Cp from Kirby and
Nethercot by the terms 1.42Y/" to account for the effects of load height within the cross-
section and by R to account for effects of [-section monosymmetry and reverse curvature
bending in prismatic members. The term 1.4%Y/" considers destabilizing or tipping effect
of loads applied transversely to the top flange, or the stabilizing or restoring effect of
loads applied transversely to the bottom flange. If one or more intermediate braces are
provided within an ordinary or cantilever span in which the ends are prevented from

twisting, load height effects do not need to be considered in the calculation of Cp.

Cb — 12.5Mmax (14‘2y/h)R (25)
2.5Mpax+3M4+4Mp+3M,

where,

M., = absolute value of the maximum moment within the unbraced length,;

M, My, and M= absolute values of the moments at the 1/4, middle, and 3/4 points of



the unbraced segment;

y = distance from the mid-depth of the cross section to the point of the load application,
which is taken as negative for downward loads applied above mid-depth and positive for
downward loads applied below mid-depth;

h = distance between the compression and tension flange centroids; and

R = 1.0 for beams with single-curvature bending.

For reverse-curvature bending,
R = 0.5+ 2(222)? (26)
y

where,

I, 1o, = moment of inertia of the top flange about an axis in the plane of the web; and

I,= moment of inertia of the entire section about an axis in the plane of the web.

10) Research by Salvadori [18]
Beginning with the 1961 AISC Manual and continuing through the 1986 AASHTO
LRFD Specifications, Equation (27) was used to adjust lateral-torsional buckling

equations for variations in the moment diagram within an unbraced length.
- My My)?
C, = 1.75 + 1.05 (MZ) +0.3 (Mz) <23 7)

where,

M = smaller moment at end of unbraced lengths;
M:>= larger moment at end of unbraced lengths; and
(M1/M>) 1s positive when moments cause reverse curvature and negative for single

curvature.

11) Research by Wong and Driver [19]
Wong and Driver reviewed several approaches and recommend the following quarter-
point equation for use with doubly symmetric I-shaped members:

4'Mmax

C, (28)

\/Mmax2+4MA2+7MBZ+4-MCZ



The equation gives improved predictions for several important cases, including cases
with moderately nonlinear moment diagrams. Also, the length between braces, not the
distance to inflection points, is used in all cases.

12) Research by Yura and Helwig [20] [21]

Many situations arise where a stringer may be subjected to reverse curvature bending
with one of the flanges continuously braced laterally by closely spaced joists and/or light
gauge decking normally used for roofing or flooring systems. Although this type of
lateral bracing provides significant restraint to one of the flanges, the other flange can
still buckle laterally due to compression caused by the reverse curvature bending. For
gravity loaded, rolled I-section stringers with the top flange laterally restrained, the
following expression is applicable:

Cpy=3.0-2(2) -2 Ha_] (29)

My 3 L(M1+Mp)*
where,

M)y =moment at the end of the unbraced length that gives the largest compressive stress in
the bottom flange;

M = moment at other end of the unbraced length;

Mci1=moment at the middle of the unbraced length; and

(Mo+ M) "= My,if M, is positive, causing tension on the bottom flange.

13) Research Findings in Other References

The research team studied additional references on the flexural strength accounting for
lateral torsional buckling and moment gradient factor. Because the research findings in
these publications are similar or comparable to those listed above, they are not described
individually for brevity.

Lateral Bracing Effect of Bridge Decks

Bracing members are commonly classified as torsional (diaphragms or cross frames) or
lateral (top chord, upper and lower laterals, or bridge decks). Both tests and theoretical
solutions have shown that cross section distortion has a significant effect on torsional
brace effectiveness [22]. A bridge deck has the potential to act as a lateral and/or torsional
brace. The friction that may be mobilized at the deck-stringer interface acts as a lateral
brace because it restrains lateral movement of the stringer top flange. A number of
researchers concluded that, even if there is no mechanical connection between the deck



and the stringers, friction may still be adequate to develop the required deck stiffness to
act as a lateral brace at the contact area of the wheel load. Therefore, if a stringer is non-
composite and it is subject to positive moment, it might be considered laterally supported
at the wheel load location near midspan [23].

A full-size test on a five-girder short-span bridge conducted by Vegesna and Yura showed
that timber decks not positively attached to the stringers can provide lateral bracing at
wheel load locations through friction [24]. Common timber decks have enough lateral
bracing stiffness to permit the stringers to reach yield without buckling. It can be inferred
that concrete decks provide greater lateral stiffness and have better friction resistance
than timber decks.

Another study of bracing effects provided by bridge decks was completed by Kissane for
the New York State Department of Transportation in 1985 [25]. The objective was to
determine the effectiveness of a non-composite concrete bridge deck as a lateral brace for
the compression flange of the supporting stringers without any positive shear
connections. To complete the comparison, tests were completed where the physical or
chemical bond between the concrete deck and the stringers was intentionally eliminated.
Kissane concluded that friction resistance between the concrete deck and the stringers
was sufficient to use the deck as a brace and allow the stringers to reach their full bending
capacity without buckling laterally. In addition, Linzell et al. conducted field testing of a
riveted through-girder bridge in Pennsylvania and identified unintended composite action
under live loads [26].

When a stringer is made composite with a concrete deck slab or the top flange is fully
embedded in the deck slab, the top flange is considered to be fully braced if subject to
positive moment (compression on top), and therefore, LTB is not applicable. In the
negative moment region, the bottom flange of the stringers is in compression and shall be
evaluated for LTB resistance. In past practice, points of contraflexure sometimes have
been considered as brace points when the influence of moment gradient is not included in
LTB resistance equations. However, this practice sometimes can lead to a substantially
not conservative estimate of the flexural resistance. The influence of moment gradient
may be correctly accounted for using C» and the effect of restraint from adjacent
unbraced segments may be accounted for by using an effective length factor less than 1.0.
Multiple researchers have proposed using a braced column nomograph as an acceptable
analogy for obtaining the effective length of the critical stringer [27] [28].



Summary of Literature Review

The research team performed an extensive literature review of domestic and international
guidelines and specifications, and numerous technical papers and reports. The focus of
this literature review was on the moment gradient factor Cj for stringers that have doubly
symmetric sections and are primarily subject to vertical loading. The team synthesized
the literature review by including pertinent provisions in the current A4SHTO LRFD
Bridge Design Specifications and the AISC Steel Construction Manual. A summary of
international practices referring to the Canadian, Australian, British, and Japanese design
codes and specifications is included. Some significant work on the moment gradient

factor by individual researchers are included as well.
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Objective

The project objective was to evaluate the bending capacity of continuous stringers in two-
girder or truss structures and develop a new approach for load rating these stringers. This
project focuses on determining a reasonable, but not overly conservative, estimate of the

moment gradient factor, C.
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Scope

The project scope consisted of three major tasks. The first task focused on the review of
domestic and international guidelines and specifications and research studies on how to
realistically determine the lateral torsional buckling strength of continuous stringers by
using a reasonable moment gradient factor, Cp. The focus was on doubly-symmetric
stringer sections primarily subject to vertical loading. In the second task, current
procedures related to load rating continuous stringers on floor beams were studied. The
third, primary task intended to develop a methodology to determine a more realistic
moment gradient factor. This task included lab tests that approximated behavior of
stringers in a bridge while accounting for various types of bracings. Finite element
analyses were conducted to simulate the behavior of the tested stringers. A representative
bridge was also analyzed using a finite element model to evaluate the stringer’s flexural

strength.
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Methodology

Current Rating Techniques

Most of the bridges in Louisiana are rated using AASHTOWare Bridge Rating (BrR)
software in which the moment gradient factor is determined following the AASHTO
LRFD Bridge Design Specifications. However, this may not account for the bracing
effect of non-composite deck properly and underestimates the flexural resistance of the
continuous stringer. As a result, the load rating may be overly conservative.

The DOTD provided the research team with relevant information on five representative
bridges, including as-built plans and draft load rating reports. The research team
developed in-house Excel spreadsheets to perform the load rating of these bridges. Table
1 summarizes the bridge number, typical floor beam spacing, and stringer section,
spacing, and strength. Only HL-93 (Inventory) load was included in the ratings to
examine various load rating approaches. Stringer LTB resistance was determined
accounting for the moment gradient factor in accordance with the AASHTO LRFD Bridge
Design Specifications. Analyses were also performed following other codes and standards
to evaluate their calculated moment gradient factors, including the AISC Steel
Construction Manual, the Canadian Highway Bridge Design Code, the Australian Steel
Code, and the British Standards. In addition to the moment gradient factor, the research
team studied the effect of using moment envelopes and concurrent moment approaches
on load rating results.

Table 1. Representative bridges

Typical Floor Controlling . . .

Bridge No. = beam Spacing Stringer Strmgelf"tSpacmg \fh;:d. Strenitl}

(ft.) Section (ft) of Stringer (ksi)
610065 24.7 W24x62 7.5 36
300330 25.0 24WF68 9.0 36
200830 19.5/23.5 16WF50 6.5 36
201810 28.2 21WF68 5.5 33
001715 24.5 W18x40 6.0 50

In positive bending the compression flange of the stringer is laterally braced by the
concrete deck slab. As a result, there is no LTB. Therefore, this study focuses on negative
bending regions of the stringer over the floor beam. Regardless of whether composite
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action exists between the deck slab and the stringer, the negative moment region is
treated similarly except that deck reinforcement may contribute to the flexural resistance
for stringers acting compositely with the deck.

Because the stringer is continuous over the floor beam, the portion near the floor beam is
subject to compression in its bottom flange, which can potentially induce LTB. Once it is
beyond the contraflexure points, the bottom flange of the stringer is in tension. Based on
the literature review, the influence of moment gradient may be approximated using Cp.
Representative bridge plans show no intermediate cross frames or diaphragms are used
along the stringer spans. Therefore, a full stringer span (i.e., the distance between
supporting floor beams) is taken as the unbraced length in the load rating calculations. All
five bridges are analyzed and results are summarized below.

Bridge No. 610065

The process used to rate Bridge No. 610065 is representative of the procedure used for all
five bridges and is discussed in detail. The bridge includes four lines of steel plate
girders, floor beams, and six lines of continuous stringers. Figure 6 and Figure 7 illustrate
the bridge framing plan and cross section, respectively. A typical stringer unit consists of
either three or four continuous spans. A four-span unit was selected in the analysis and an
interior stringer, a W24x62, was load rated for the HL-93 (Inventory rating) load. Floor
beams are spaced at approximately 24 ft. — 8 5/8 in. and stringers spaced at 7 ft. — 6 in.
A36 steel is used.

Figure 6. Framing plan, Bridge No. 610065
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Figure 7. Cross section, Bridge No. 610065
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1) C» and flexural resistance from AASHTO LRFR

The AASHTO LRFD Bridge Design Specifications (LRFD) provides two primary
sections, Article (Art.) 6.10.8.2 and Art. A6.3.3, addressing flexural resistance of stringers
under negative moment. Art. A6.3.3 is more accurate for stringers because it accounts for
the ability of compact and non-compact web I-sections to develop flexural resistances
greater than the yield moment.

When AASHTOWare BrR was used, the unbraced length was taken as the stringer length
between adjacent floor beams. When Excel spreadsheets were employed to perform the
rating following the MBE, for consistency a similar live load distribution factor to that
used by AASHTOWare BrR was assumed. In addition, analyses were conducted
accounting for various moment gradient factors and unbraced lengths.

The effect the moment envelope or concurrent moment values was also examined for live
load analysis. Figure 8 shows the unfactored moment envelope due to HL-93 in which a
pair of design tandems and a design lane load controlled over other live loads. The
maximum negative moment at the first interior floor stringer is -181.5 Kip-ft. Figure 9
plots the concurrent moment under HL-93 matching maximum negative moment in
Figure 8. As a result, both moment envelope and concurrent moment approaches were
used to determine moment gradient coefficients and corresponding load rating factors.
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Figure 8. Unfactored moment envelope due to HL-93 (unit in Kip-ft.)
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Figure 9. Unfactored concurrent moment due to HL-93 (unit in Kip-ft.)
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Inventory load rating factors under HL-93 are determined using AASHTOWare BrR and
Excel spreadsheets assuming the full stringer span as the unbraced length. The rating
factor from the spreadsheet is close to the AASHTOWare BrR result when the LRFD

-21k -21k

- 404km

-31.4

A6.3.3 is followed. As an old design methodology, the continuous stringers in

Louisiana’s bridges were likely designed assuming contraflexure points as brace points,

which allowed for sufficient rating factors. Table 2 lists rating factors using both

assumptions on the unbraced lengths. As shown in Table 2, when the moment gradient

factor is increased, the load rating factor is increased accordingly. For illustration

purpose, Figure 10 plots rating versus moment gradient factor diagrams. As expected, the

moment gradient factor substantially affects resulting rating factors.

Table 2. LRFR moment gradient and load rating factors

Use full span as unbraced length

Use contraflexure points as brace points

Moment Envelope

Concurrent moment

Concurrent moment

1.07

1.36

1.00

RF

0.33

0.49

1.10
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Figure 10. HL-93 (inventory) rating versus moment gradient factors
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2) Cp from the AISC Steel Construction Manual, the Canadian Highway Bridge
Design Code, the Australian Steel Code, and the British Standards

Because the equations for the moment gradient factor are similar in these codes and
specifications, Table 3 summarizes moment gradient factors determined according to
these codes and specifications and subsequent MBE rating factors. The moment gradient
factors were calculated using absolute moments at relevant sections accounting for both
end (exterior) and interior spans. As a result, the moment gradient factors are larger than
1.0 for all cases. Moment envelope and concurrent moment approaches are also included
assuming a full stringer span as the unbraced length. The rating factors increased when
the concurrent moment approach is adopted. Figure 11 plots moment gradient and rating
factors based on these sources and shows generally comparable results. The British
Standards appears to provide the lowest rating results, while the Australian Steel Code
gives the highest rating results.
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Table 3. C» from various codes and specifications, corresponding RF following MBE

Moment Envelope Concurrent Moment
End span Interior span End span Interior span
Mmax 377 377 377 377
Ma 326 127 273 52
Ms 366 267 291 213
Mc 177 186 152 155
Cs 1.20 1.60 1.39 1.95
AISC RF 0.41 0.61 0.51 0.78
Canada Cs 1.18 1.64 1.42 2.00
RF 0.40 0.63 0.52 0.80
Australia  |-Ct 1.23 1.83 1.50 2.39
RF 0.43 0.72 0.56 0.99
UK. G 1.13 1.47 1.33 1.77
RF 0.38 0.55 0.47 0.69

Note: Moment in Kip-ft.

Figure 11. Variation of RF as a function of C» from various codes and specifications
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3) Cp from Yura and Helwig

Yura and Helwig studied gravity-loaded rolled I-sections in bending with the top flange

laterally restrained and suggested using Eq. (29) to determine Cj. This equation is

particularly applicable to the situation where a stringer is subjected to reverse curvature

bending. Table 4 summarizes moments at relevant sections within an unbraced length and

calculated C, values using Eq. (29), which are significantly higher than previously reported

methods. When these moment gradient factors are used for load rating corresponding rating

factors exceed 1.0.
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Table 4. C» and RF following Yura and Helwig

Moment Envelope Concurrent Moment
End span Interior span End span Interior span
Mo -377 -377 -377 -377
M 0 -287 0 -157
McL 12 -23 291 213
M + My -377 -664 -377 -534
Cv 3.08 2.40 5.06 3.79
RF 1.25 1.00 1.25 1.25

Bridge No. 300330

Bridge No. 300330 includes several stringer units. A typical unit that consists of 7
continuous stringers was load rated for HL-93 (Inventory). Floor beams are spaced at 25
ft. and the stringers, 24WF68s, are spaced at 9 ft. (Figure 12 and Figure 13). Like Table 2,
Table 5 lists the calculated rating factors. The rating factor can be significantly increased
accounting for moment gradient. Tables 6 and 7 provide the moment gradient factors and
corresponding load ratings using other codes, standards, and approaches. Because Bridge
No. 300330 has comparable stringer size and floor beam spacing as Bridge No. 610065,

behavioral observations are similar.

Figure 12. Framing plan, Bridge No. 300330
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Figure 13. Cross section, Bridge No. 300330

Table 5. LRFR moment gradient and load rating factors

Follow LRFD Art. A6.3.3
Moment Concurrent
Envelope moment

G 1.06 1.35

RF 0.57 0.78

Table 6. C» in accordance with the AISC, Canada, Australia, and U.K. Codes, and corresponding RF

following the MBE
Moment Envelope Concurrent Moment
End span Interior span End span Interior span
Mo 444 444 444 444
My 380 145 314 60
Ms 426 305 346 249
Mc 207 208 79 169
Cs 1.21 1.64 1.51 1.99
AISC RF 0.68 1.00 0.90 1.21
Conada L€t 1.19 1.69 1.47 2.04
RF 0.67 1.03 0.87 1.21
Australia |-C? 1.24 1.90 1.59 2.46
RF 0.70 1.19 0.96 1.21
UK. Cs 1.14 1.51 1.38 1.79
RF 0.63 0.90 0.81 1.11




Table 7. C» and RF following the research by Yura and Helwig

Moment Envelope Concurrent Moment
End span Interior span | End span | Interior span
Mo -444 -444 -444 -444
M 0 -342 0 -193
Mc -23 -22 346 249
Mi+ My -444 -786 -444 -637
Cs 2.86 2.41 5.08 3.75
RF 1.21 1.21 1.21 1.21

Bridge No. 200830

Bridge No. 200830 includes continuous stringers supported on floor beams that are
typically spaced at 23 ft. — 6 in. except at for two stringer end spans, where floor beams
are spaced at 19 ft. — 6 in. The bridge cross section includes three lines of 16 WF50
stringers using A36 steel (Figure 14 and Figure 15). The stringers are spaced at 6 ft. — 6
in. Like Table 2, Table 8 lists the calculated rating factors. Tables 9 and 10 provide the
moment gradient factors and corresponding load ratings using other codes, standards, and

approaches. Similar conclusions are drawn for this bridge to that of Bridge No. 610065.

Figure 14. Framing plan, Bridge No. 200830
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Figure 15. Cross section, Bridge No. 200830
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Table 8. LRFR moment gradient and load rating factors

Follow LRFD Art. A6.3.3

Moment Concurrent

Envelope moment
(& 1.00 1.12
RF 0.52 0.61

Table 9. C» from various codes and specifications, corresponding RF following MBE

Moment Envelope Concurrent Moment
End span Interior span End span Interior span

Mtax 244 268 244 268
My 220 159 167 131
Ms 246 245 103 203
Mc 123 146 52 9
AISC Cs 1.16 1.31 1.82 1.76

RF 0.63 0.73 1.08 1.04
Canada Cs 1.14 1.30 1.93 1.64

RF 0.61 0.73 1.14 0.96
Australia |- 1.18 1.40 2.04 1.89

RF 0.64 0.79 1.14 1.13

Cs 1.09 1.21 1.83 1.52
U.K.

RF 0.58 0.66 1.09 0.87
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Table 10. C» and RF following Yura and Helwig

Moment Envelope Concurrent Moment
End span Interior span End span Interior span

My 244 268 244 268

M 0 -239 0 -162
Mcr -35 -18 103 203
M+ M, 244 -507 244 -430

Ch 2.62 231 4.13 3.86
RF 1.14 1.14 1.14 1.14

Bridge No. 201810

Bridge No. 201810 includes one girder-floor stringer-stringer span of 84 ft. — 6 in. that

controls the load rating. It consists of three continuous spans of stringers supported by

floor beams that are equally spaced at approximately 28 ft. — 2 in. The bridge cross

section includes eight 21 WF68 interior stringer lines (Figure 16 and Figure 17). The

stringers are spaced at 5 ft. — 6 in. and are comprised of carbon steel with yield strength
of 33 ksi. Like Table 2, Table 11 lists the calculated rating factors. Also included are

tables listing the moment gradient factors and corresponding load ratings following other
codes, standards, and approaches (Tables 12 and 13). Similar conclusions can be drawn

for this bridge to that of Bridge No. 610065.

Figure 16. Framing plan, Bridge No. 201810
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Figure 17. Cross section, Bridge No. 201810
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Table 11. LRFR moment gradient and load rating factors

Follow LRFD Art. A6.3.3
Moment Concurrent
Envelope moment

& 1.05 1.36

RF 0.45 0.64

Table 12. C» from various codes and specifications, corresponding RF following MBE

Moment Envelope Concurrent Moment
End span Interior span End span Interior span
Mtax 372 372 372 372
M 303 140 214 38
Mz 342 214 283 205
Mc 168 158 1 96
Ch 1.25 1.74 1.72 2.16
ASC ke 0.58 0.87 0.86 1.06
Canada Ch 1.24 1.86 1.59 2.16
RF 0.57 0.95 0.78 1.06
Australia |- 1.30 2.10 1.78 2.50
RF 0.61 1.06 0.91 1.06
UK. Ch 1.18 1.65 1.50 1.89
RF 0.53 0.82 0.73 0.96
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Table 13. C» and RF following Yura and Helwig

Moment Envelope Concurrent Moment
End span Interior span End span Interior span
Mo -372 -372 -372 -372
M 0 -336 0 -156
Mci 30 -23 283 205
M+ My -372 -708 -372 -528
Cs 3.22 2.31 5.03 3.76
RF 1.06 1.06 1.06 1.06

Bridge No. 001715

Bridge No. 001715 includes four girder-floor stringer-stringer units. Each span consists
of continuous stringers supported by floor beams with a spacing ranging from 22 ft. — 7
1/8 in. to 24 ft. — 5 3/8 in. The bridge cross section includes ten stringer lines of either
W18x40 or W18x46 using A572 steel (Figure 18). The stringers are spaced at 6 ft.
(Figure 19). Like Table 2, the stringer was load rated for HL-93 (Inventory) following the
MBE. Table 14 lists the calculated rating factors. Also included are tables listing the
moment gradient factors and corresponding load rating factors following other codes,
standards, and approaches (Tables 15 and 16). Similar conclusions can be drawn for this
bridge to that of Bridge No. 610065.

Figure 18. Framing plan, Bridge No. 001715
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Figure 19. Cross section, Bridge No. 001715
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Table 14. LRFR moment gradient and load rating factors
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Moment Concurrent

Envelope moment
G 1.00 1.36
RF 0.09 0.17
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C» from various codes and specifications, corresponding RF following MBE

Moment Envelope Concurrent Moment
End span Interior span End span Interior span
Mptax 377 377 377 377
M 333 167 282 55
Mz 375 277 293 214
Mc 188 192 15 163
Cs 1.18 1.51 1.57 1.92
AISC RF 0.13 0.20 0.21 0.29
Canada 1€t 1.15 1.56 1.46 1.98
RF 0.12 0.21 0.19 0.30
Australia |-C? 1.20 1.71 1.57 2.33
RF 0.13 0.24 0.21 0.38
UK. Cs 1.11 1.41 1.41 1.75
RF 0.11 0.18 0.18 0.25
Table 16. C» and RF following Yura and Helwig
Moment Envelope Concurrent Moment
End span Interior span End span Interior span
My =377 -377 -377 -377
M; 0 -290 0 -159
Mce 2 -55 293 214
M1+ My -377 -667 -377 -536
G 3.01 2.27 5.07 3.78
RF 0.53 0.37 0.83 0.70




In summary, ratings of these bridges presented the following general observations:

1) The AASHTOWare BrR software may underestimate flexural resistance of the
stringer and result in a lower load rating factor in comparison to other approaches
when a smaller moment gradient factor is used.

2) If the moment gradient factors are determined following the AISC Steel
Construction Manual, the Canadian Highway Bridge Design Code, the Australian
Steel Code, and the British Standards, these codes and standards generally
produce comparable moment gradient factors that typically exceed 1.0. The
British Standards appear to provide the lowest results while the Australian Steel
Code gives the highest results.

3) The equation for the moment gradient factor by Yura and Helwig provides
significantly higher RFs.

4) When the concurrent moments are used to conduct the load rating instead of
moment envelopes, the calculated moment gradient factor is generally higher and
the RF increases.

Experimental Study

This project included an experimental study of the LTB resistance of a two-span
continuous steel structure, which included three lines of stringers, steel diaphragms at the
end supports, and a floor beam as the interior support. A variety of lateral bracing
conditions were evaluated, including steel diaphragms, timber ties located at the stringer
top flanges, and a non-composite concrete deck. The steel diaphragms and timber ties
were provided at variable spacing to investigate their bracing effects. To address
variations in relative flexural stiffness where stringers were supported by a floor beam,
tests accounted for both rigid and flexible floor beams. To account for connection
restraint at this location, stringer bottom flanges were either unbolted or bolted to the
floor beams. The interior stringer was subject to a vertical point load at its midspan of
either one or both spans. LTB resistance of the stringer from the lab testing was compared
with predicted values in accordance with the AASHTO LRFD Bridge Design
Specifications. The study also presented comparisons between moment gradient factors
calculated from collected test data and those obtained from the existing specifications and
codes. As a result, the experimental study could potentially justify use of a higher
moment gradient factor than that taken from the AASHTO LRFD Bridge Design
Specifications and could increase the load rating factor for the continuous steel stringers.



The experimental study examined influence of the following factors on system
performance, most notably as it related to interior stringer LTB:
1) Stringer to floor beam connection fixity.
2) Use of intermediate steel diaphragms, timber ties, and a non-composite concrete
deck.
3) Stringer to floor beam relative flexural stiffness.

Data produced from the tests were used to establish experimental LTB resistances and
moment gradient factors for the interior stringer. The following sections describe the test

frame, test matrix, instrumentation, and test results.

Test Frame

The test frame was designed to address critical parameters from the representative
bridges, including span, spacing, and size of the stringers, deck thickness, material
properties, and support conditions. The basic setup was a grillage system that
accommodated a variety of bracing configurations and stringer-to-floor beam relative
stiffness and connection fixity conditions. The grillage system included three lines of 50-
ft-long W16x31 stringers, one 25-ft-long W24x68 floor beam, and C12x20 end diagrams
bolted to the stringers. Figure 20 and Figure 21 show the framing plan and a section of
the grillage at the floor beam, respectively. The grillage was a two-span structure having
24-ft. spans between the centerlines of bearings. As shown in Figure 22 and Figure 23,
stiff supports underneath the floor beam at different locations helped create rigid and
flexible conditions. Stringers were spaced at 4 ft. and the deck was 50 ft. long by 10 ft.
wide and 6 in. thick. The deck was conventionally reinforced using Grade 60 rebar.
Figure 24 and Figure 25 present the deck plan and a typical section.

Figure 20. Grillage system framing plan
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Figure 21. Grillage system section at floor beam
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Figure 22. Test setup mimicking rigid (stiff) floor beam
Figure 23. Test setup mimicking flexible floor beam
Figure 24. Deck reinforcement plan
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Figure 25. Deck reinforcement section
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W16x31s were selected for the stringers for the following reasons: 1) the identified
stringer size, including the section height and web slenderness, should be comparable to
stringers in the representative bridges; and 2) the stringers were anticipated to exhibit
elastic buckling behavior, which allows for repetitive tests. Grade 50 steel allows for
multiple tests without yielding the stringers. Furthermore, the modulus of elasticity is the
same for Grades 36 and 50. Grade 50 yield stresses vary less than Grade 36 and steel
grade minimally impacts controlling L, or L,.

Test Matrix

Table 17 provides the complete test matrix, including: categories; corresponding
configurations (i.e., test setups); stringer support conditions (i.e., floor beam flexural
stiffness); loading and bracing conditions, including existence or absence of composite
action (i.e., C or NC); and test run identification numbers. Testing is categorized into four
general groups as listed below. For both balanced and unbalanced loading conditions a
concentrated force is applied at the midspan. When no deck is included, the load is
applied to the top flange of the interior stringer. When an unbalanced load is applied, the
unloaded stringer end is tied down to avoid possible uplift. The grillage system is
repeatedly used in Groups I to III tests. Group 1V tests utilized a new interior stringer.

e Group I: It consists of test setup Nos. 1, 1A, 1B, and 1C, in which the grillage
system stringer top flanges were unbraced (Figure 26). Either a rigid or flexible
interior floor beam was provided. The stringer bottom flanges were either unbolted
or bolted at the floor beam. When bolted, 7/8 in. diameter high-strength bolts were
used. Balanced and unbalanced loads were applied. This group includes Tests 1 to 8
and serves as a baseline for comparison to other groups.

e Group II: It consists of setup Nos. 1’ and 1’A, in which the grillage system stringers
were braced by the intermediate steel diaphragms at various locations, including the
interior support, and L/2, L/8, L/4, and 3L/8 away from the interior support (L =
span). The diaphragms were bolted with the stringers and rigid interior support is
provided for the stringers. The stringer bottom flanges were either unbolted or bolted



at the floor beam. Balanced and unbalanced loads were applied. This group includes
Tests 9 to 28. Figure 27 shows an example of Group II setup.

Group III: It consists of test setup Nos. 2, 2A, 2B, and 2C, in which the grillage
system stringer top flanges were laterally braced by timber ties (4 x 4) and C-clamps
(Figure 28). These setups were intended to represent a transition of bracing
conditions between Groups I and IV. Either a rigid or flexible interior floor beam
was provided. The stringer bottom flanges were either unbolted or bolted at the floor
beam. Balanced loads were applied. This group includes Tests 29 to 44.
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Table 17. Test matrix

Description of boundary conditions
Group Test NCorC Interior Load condition | Test Run #
setup Bottom flange of
support at Top flange of stringer .
. stringer
center stringer
No. 1 Unbraced 1 point load !
) Rigid 2 point loads 2
1 point load 3
No. 1A Braced laterally by bolts — ppoint Toads i
1 NC Unbraced i
No. 1B Unbraced ! pqmt load >
Flexible 2 point loads 6
1 point load 7
No. 1C Braced laterally by bolts 2 point loads P
ianh S 1 point load 9
Diaphragms @ Int. Support 2 point loads 10
. _ 1 point load 11
Diaph @ L/2
iaphragms @ L/ 2 point loads 12
No. 1' Rigid Diaphragms @ L/8 from Int. Unbraced 1 point load 13
Support 2 point loads 14
Diaphragms @ L/4 from Int. 1 point load 15
Support 2 point loads 16
Diaphragms @ 3L/8 form I point Toad 17
I NC Int. Support 2 point loads 18
. 1 point load 19
Diaph @ Int. rt -
iaphragms @ Int. Suppo 2 point loads 20
. 1 point load 21
Diaph @ L2
iaphragms @ L/ 2 point loads 22
No. 1'A Rigid Diaphragms @ L/8 from Int. | praced laterally by bolts Ip omt load 23
Support 2 point loads 24
Diaphragms @ L/4 from Int. 1 point load 25
Support 2 point loads 26
Diaphragms @ 3L/8 form I point load 27
Int. Support 2 point loads 28
Timber strut @ L/2, TF 2 point loads 29
Timber strut @ L/3, TF 2 point loads 30
No. 2 TS@L/4,L/2,L,L/2,L/4 Unbraced 2 point loads 30'
Timber strut @ L/4, TF 2 point loads 31
Timber strut @ L/5, TF 2 point loads 32
Rieid Timber strut @ L/2, TF 2 point loads 33
g Timber strut @ L/3, TF 2 point loads 34
No. 2A TS@L/4,L/2,L,L/2,L/4 2 point loads 34'
Timber strut @ L/4, TF Braced laterally by bolts | 2 point loads 35
111 NC Timber strut @ L/5, TF 2 point loads 36
s@ L/8LI;‘:4LI;2/2, L L/8, 2 point loads 36'
Timber strut @ L/2, TF 2 point loads 37
Timber strut @ L/3, TF 2 point loads 38
No.2B Timber strut @ L/4, TF Unbraced 2 point loads 39
Flexible Timber strut @ L/5, TF 2 point loads 40
Timber strut @ L/2, TF % point %oags jg
Timber strut @ L/3, TF point loads
No. 2C Timber strut @ L/4. TF Braced laterally by bolts — point Toads 3
Timber strut @ L/5. TF 2 point loads 44
1 point load 45
No.3 NC Rigid No Diaphragms Unbraced 2 point loads 46
No. 3A |Concrete Braced laterally by bolts 1 point load 57
No. 3B slab Unbraced 1 point load 69
v cast to
stringer Flexibl No Diaph:
No. 3C top exible © Liaphragms Braced laterally by bolts 1 point load 81
flange

Note: NC = non-composite; C = composite.
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e Group IV: It consists of test setup Nos. 3, 3A, 3B, and 3C, in which a concrete deck
was poured on the stringer top flanges and haunches were placed next to both sides
of the stringer top flanges. The deck was intentionally made non-composite with the
stringers and debonding material was applied at the stringer top flanges prior to
concrete placement. Unbalanced loads were applied to all tests except one, in which
both spans were loaded. This group includes Tests 45, 46, 57, 69, and 81. Figure 29

shows an example of Group IV setup.

Figure 26. Example Group I setup




Figure 28. Example Group III setup

Instrumentation

Load and pressure cells, strain gauges, and LVDTs measured applied forces and grillage
response. Instrument locations are detailed in Figure 30. Strain gauges were placed at
multiple sections on the interior stringer and critical exterior stringer sections to capture
effects due to the primary, lateral and weak axis bending moments, torsion and axial
loads. Figure 31 depicts the instrumented sections. Gauges were installed at both top and
bottom flanges of the stringers. Four strain gauges were provided at critical sections and
three at other sections. Additional strain gauges were provided at the top and bottom of
the deck at the critical sections. LVDTs were installed at midspan of the interior stringer
of both spans and were oriented to capture vertical or lateral deflections. Load cells were
provided at the spreader beams that were used to apply forces to the grillage. Figure 32
and Figure 33 show LVDT and strain gauges at Loc. 10 and 4, respectively. Testing
results were commonly reported at four critical locations herein. Those sections are
presented in Table 18 (see Figure 30).
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Figure 30. Instrumentation plan view

T N T B
10-6" / Load Cell
i /9]
LVDT o rL(md Cell
Load Cell — 1 LVDT sLoad Cell
A (1] e [5] U B [ -r [11] /
csodaase A as - B s s de ause a0
[13] [14]|[15] [16]
i T | 1 '
13 | 10 10 | 13
pepm
Figure 31. Instrumented sections
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Table 18. Four critical locations
Location Description
3 Midspan max. +M when loaded at Loc. 3
Midspan -M when loaded at Loc. 10
6 Critical -M location adjacent to floor beam
7 Critical -M location adjacent to floor beam
10 Midspan max. +M when loaded at Loc. 10
Midspan -M when loaded at Loc. 3




Figure 32. LVDT and strain gauges, Loc. 10

Figure 33. Strain gauge, Loc. 4

Group I Test Results

As indicated in Table 17, Group I tests were of the grillage system with no intermediate
stringer bracing. Figure 34 depicts Test Run #3, showing vertical and lateral LVDTs on
the interior stringer, the applied load and corresponding load cell at midspan, a supported
(stiff) floor beam, and the bolted connection between the interior stringer and floor beam.
Figure 35 shows LTB of the interior stringer observed during the test.
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Figure 34. Test Run #3

B s

(a) Midspan LVDTs and load cell (b) Supports and bolted connection at floor beam

Figure 35. LTB of the interior stringer, Test Run #3

1) Effects of Spreader Beam Self-Weight

Prior to applying load testing it was of importance to establish initial conditions caused
by placement of the spreader beams onto the grillage. Each spreader beam weighed
approximately 3.7 kips. Figure 36 shows collected deflection data at Locs. 3 and 10. For
tests that had loads applied a midspan of both spans, data was recorded as spreaders were
sequentially placed onto the grillage. Measured deflections exactly matched elastic
analysis results. Figure 37 illustrates collected strain data. Corresponding stresses are
comparable to calculated stresses in Table 19.



Figure 36. Vertical deflections from placement of spreaders at Locs. 3 and 10
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Figure 37. Strains from placement of spreaders at Locs. 3 and 10
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Table 19. Comparison of test and elastic analysis stresses
Placement of One Spreader Placement of Two Spreaders
. From From . .
From Testing . . From Analysis Ratio
Gauge Analysis Testing
Strain Stress | Predicted | Ratio Strain Stress | Predicted
(microstrain) (ksi) stress (microstrain) (ksi) stress
(ksi) (ksi)
Ch0 | Top 36 1.04 1.15 90% -89 -2.58 -2.96 87%
Chl | Bot. -34 -0.98 -1.15 85% 105 3.03 2.96 103%
Ch2 | Bot. -34 -0.98 -1.15 85% 93 2.71 2.96 92%
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2) Test Runs #1, 3, 5, and 7 Results

As indicated in Table 17, Test Runs #1, 3, 5 and 7 were conducted to study the behavior
of stringers without any bracing. They accounted for a rigid or flexible interior floor
beam and the stringer bottom flanges were either unbolted or bolted at the floor beam.
Figure 38 presents load-vertical deflection plots at Loc. 3 and indicates comparable
vertical stiffness for all test runs. Load-lateral deflection plots in Figure 39, however,
show that Test Run #3 provided the largest lateral stiffness because stringer bottom
flanges were bolted to the floor beam and the floor beam was supported underneath each
stringer (stiff). Test Run #1 provided the lowest lateral stiffness because stringer bottom
flanges were not connected to the floor beam. Test Runs #5 and 7, both of which had
flexible interior supports, exhibited lateral stiffness between Test Runs #1 and 3. Test Run
#7 provided slightly higher lateral stiffness than Test Run #5 because stringer bottom
flanges were bolted to the floor beam.

Figure 38. Load-vertical deflection plots, Test Runs 1, 3, 5, and 7
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Figure 39. Load-lateral deflection plots, Test Runs #1, 3, 5, and 7
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Figures 40 to 43 present load-strain plots for the four tests at Loc. 3 TN (top north), TS
(top south), BN (bottom north), and BS (bottom south). Test Run #1 exhibits comparable
strains to the other three test runs until it reaches its peak load, which is lower than that
for the other test runs. Similar plots are provided in Figures 44 to 47 at Loc. 6 and they
slightly differ for the four test runs. Test Run #1 exhibits LTB under a lower load. Similar
plots are provided for Test Runs #2, 4, 6, and 8, where both spans are loaded, in

Appendix L.
Figure 40. Load-strain plots at Loc. 3 TN
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Figure 42. Load-strain plots at Loc. 3 BN
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Figure 41. Load-strain plots at Loc. 3 TS
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Figure 43. Load-strain plots at Loc. 3 BS
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Figure 44. Load-strain plots at Loc. 6 TN
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Figure 45. Load-strain plots at Loc. 6 TS
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Figure 46. Load-strain plots at Loc. 6 BN
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Figure 47. Load-strain plots at Loc. 6 BS
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3) Stress Components Corresponding to Strain Gauge Readings

To further assess behavior at a typical section, strains were converted to stresses and
values were decoupled to capture axial, primary and out-of-plane bending, and warping
torsion normal stress components (Figure 48). Warping torsion results in tendency of
portions of structural element to move out of plan. If the out-of-plane movement is
prevented, it generates both in-plane shear stresses and stresses normal to plane. Warping
torsion can be seen as a force couple to each flange.

Figure 48. Stress components
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Figures 49 to 52 provide load verses stress plots for each stress component at Loc. 3 for
Test Run #1. Stresses at the four gage locations at Loc. 3 are plotted. Axial stresses are
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typically zero, as expected, while weak-axis bending and warping torsion stresses
experience a gradual increase after peak load, indicating that LTB occurs. Note Figure 49

and Figure 50 that the magnitude and sign associated with out-of-plane bending stress o;
and warping stress o, appreciably impact oz Figure 51 and Figure 52 indicate that
out-of-plane bending and warping stresses are of similar sign and do not significantly
affect onw. Similar plots are provided at Loc. 6 in Figures 53 to 56 and stress
components at other critical sections and for other test runs are provided in Appendix II.

Figure 49. Stress components, Loc. 3 TN, Test Run #1
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Figure 50. Stress components, Loc. 3 TS, Test Run #1
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Figure 51. Stress components, Loc. 3 BN, Test Run #1
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Figure 52. Stress components, Loc. 3 BS, Test Run #1
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Figure 53. Stress components, Loc. 6 TN, Test Run #1
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Figure 54. Stress components, Loc. 6 TS, Test Run #1
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Figure 55. Stress components, Loc. 6 BN, Test Run #1
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Figure 56. Stress components, Loc. 6 BS, Test Run #1
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Figure 57 illustrates the effect of floor beam relative stiffness on observed response for
Test Runs #1 to 8. A flexible floor beam results in approximately 10% difference for LTB
resistance for most cases. Figure 58 illustrates the effect of stringer to floor beam fixity
for Test Runs #1 to 8. LTB commonly occurs at higher applied load when the stringer

bottom flange is connected to the floor beam.



Figure 57. Effect of floor beam relative stiffness on loading capacity
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Figure 58. Effect of stringer to floor beam fixity on loading capacity
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Group II Test Results — Intermediate Bracing by Diaphragms

Rigid interior supports are provided for Group II test setups, while the stringer bottom
flanges are either unbraced or braced by the floor beam. Installation of intermediate steel
diaphragms directly reduces the stringer’s unbraced length and therefore increases its
LTB resistance. Test Run #15 is taken as one example to present the testing data. Other
results are provided in Appendix III. Steel diaphragms are located at a quarter span from
the interior support and the interior stringer is subject to loading at one span only. Load-
vertical and load-lateral deflections are shown at Locs. 3 and 10 (Figure 59). The interior
stringer exhibited LTB when the load reached 24.3 kips, which resulted in approximately
0.8 in. lateral displacement near midspan. Load-stress plots at the critical section are
illustrated in Figure 60.



Figure 59. Load-deflection plots of Test Run #15
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Figure 60. Load-stress plots of Test Run #15
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Intermediate steel diaphragms were installed at various locations to study their effect on
LTB. Figure 61 illustrates buckling load capacities for unbraced lengths between 12 and
24 ft. The interior stringer is loaded at midspan of one or both spans and the stringer is
bolted to the floor beam. Figure 62 is a similar comparison when the stringer bottom
flange is not bolted to the floor beam. Both figures confirm that larger unbraced lengths
correspond to reduced buckling loads as expected.



Figure 61. Intermediate steel diaphragm effect on LTB, stringer bolted to floor beam
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Figure 62. Intermediate steel diaphragm effect on LTB, stringer unbolted to floor beam
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Figure 63 compares experimental LTB resistance as a function of unbraced length to
those obtained from specifications and codes, including the A4SHTO LRFD Bridge
Design Specifications and AISC Steel Construction Manual. 1t shows that the calculated
LTB resistance from testing data is generally lower than the predicted values using these
references. Table 20 lists calculated flexural strengths and corresponding moment
gradient factors obtained from selected specifications and codes to tests values for an
unbraced length of 18 ft.

— 81 —



Figure 63. LTB resistance for various unbraced lengths
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Table 20. Comparison of M, and Cs, unbraced length of 18 ft.

Sources M, (Kip-ft.) | Cp
AASHTO 118.9 1.75
AISC 97.2 1.43
Canada 99.4 1.46
Australia 105.2 1.55
UK. 92.5 1.36
Lab Testing 954 1.40

Group III Test Results — Intermediate Bracing Using Timber Ties

As indicated in Table 17, Group III tests were of the grillage system braced by timber
ties. These ties (4°x4”") were installed on the stringer top flanges using C-clamps. Table
21 lists the descriptions of Test Run (TR) Nos. 2, and 29 to 32 that are subject to loading
at both spans. Figures 64 and 65 show the load-vertical and load-lateral deflection plots.
Figure 66 to 73 show the load-strain plots at both Locs. 3 and 6 corresponding to four
strain gauges at each location, TN, TS, BN, and BS. Use of timber ties at midspan (TR
#29) can nearly double the loading capacity as compared to the baseline (TR #2). When
the stringer is braced at its midspan (TR #29), the bracing effect is more effective as
compared to TR #30 (ties spaced at L/3). The bracing effects of ties in TRs #31 (ties
spaced at L/4) and #32 (ties spaced at L/5) are nearly the same.
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Table 21. Descriptions of Test Run #2, and 29 to 32 that are subject to loading at both spans

Description of boundary conditions

Test
Run No. Floor beam . . Stinger bottom
. . Stringer top flange bracing .
relative stiffness flange bracing
2 Rigid Unbraced Unbraced
29 Rigid Timber ties (47x4”), Spaced at L/2 Unbraced
30 Rigid connected using C- Spaced at L/3 Unbraced
31 Rigid clamps Spaced at L/4 Unbraced
32 Rigid Spaced at L/5 Unbraced
Figure 64. Load-vertical deflection plots
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Figure 65. Load-lateral deflection plots
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Figure 66. Load-strain plots at Loc. 3 TN
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Figure 67. Load-strain plots at Loc. 3 TS
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Figure 68. Load-strain plots at Loc. 3 BN
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Figure 69. Load-strain plots at Loc. 3 BS
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Figure 70. Load-strain plots at Loc. 6 TN
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Figure 71. Load-strain plots at Loc. 6 TS
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Figure 72. Load-strain plots at Loc. 6 BN
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Figure 73. Load-strain plots at Loc. 6 BS
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The bracing effect of timber ties is evaluated for a number of test runs involving either
rigid or flexible interior supports, as shown in Figures 74 and 75. These figures plot the
buckling loads versus timber tie spacing. Group III test results show that the LTB
resistance can be increased significantly using minimal lateral stiffness provided by 4-in.
by 4-in. timber ties and C-clamps. For example, buckling load increased by
approximately 70% for all tests when timber ties were provided only at midspan. These
results are expected and are consistent with the finding reported elsewhere [22].



Figure 74. Bracing effect of timber ties with rigid interior support
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Figure 75. Bracing effect of timber ties with flexible interior support
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Finite Element Analyses

Finite element analysis (FEA) simulated stringer behavior while accounting for various
parameters, including geometric imperfections, various bracing configurations, rigid and
flexible interior supports, other loading conditions, etc. FEA was completed using
ANSYS R19. A combination of static, linear Eigenvalue buckling, and non-linear
buckling analyses were performed. Stringer geometry measurements were collected using
laser scans prior to the tests. An initial imperfection for the interior stringer,
approximately L/1,500 (L = span), was accounted for in the non-linear analysis following
the critical buckling mode. The FEA model includes three lines of stringers, end
diaphragms, and the floor beam (Figure 76). Also shown in Figure 76 is a non-composite
concrete deck. Model boundary conditions at various supports are illustrated in Figure 77.



SHELL181 elements were used for the stringers, end and intermediate diaphragms, and
floor beam. This shell element is a first-order element with 4 external nodes and no
internal nodes and six degrees of freedom at each node: translations and rotations about
the x, y, and z axes. Each stringer flange consists of 4 elements along its width while the
stringer web is divided into 8 equal elements. A typical mesh of the stringer section is
shown in Figure 78. The element size along the length of the stringer at each span is 2 in.
A convergence study was performed to validate the mesh for both linear and nonlinear
analyses. Figure 79 shows a comparison among three mesh types (fine, finer, and finest
meshes) for Test Run #3 and indicates that the fine mesh type is sufficient to capture the

stringer behavior.

The concrete deck in the linear analysis was modeled using SOLID185 elements. This is
a linear 3D eight-node element with only three (translational) degrees of freedom. The
deck has three layers of elements across the thickness and the element size in the
transverse and longitudinal directions is 4 in. In the nonlinear analysis, the previous
elements are substituted by CPT215 elements. CPT215 is a coupled physics 3D eight-
node suitable for the microplane model used to capture the nonlinear behavior of the

concrete.

LINK180 elements were used to represent the reinforcing bars in the concrete deck for
both linear and nonlinear analyses. The element is a linear 3D spar with two nodes and
only translation degrees of freedom suitable for uniaxial tension or compression.
Similarly, this element was employed for the wood bracings in the appropriate tests
because it best represented the test data compared to BEAM188, which resists load in
bending. The selected structural steel stress-strain diagram is shown in Figure 80. This
constitutive model was selected to match the yield strength based on the coupon tests
(Appendix IV) and it is expected to reasonably capture the stringer LTB behavior. The
elastic modulus of steel is assumed to be 29,000 ksi. The stringers and floor beam were
Grade 50 steel, and the diaphragms Grade 36 steel. The concrete strength at the time of
testing was approximately 5,000 psi (f ) based on the cylinder tests.

Linear elastic concrete properties were used for the linear analysis and the parameters
were chosen to obtain the best imperfection for the stringers. A microplane model with
coupled damage-plasticity was employed for the nonlinear analysis. This material model
accounts for the elasticity, plasticity, damage, and nonlocal interaction of the concrete.

After numerous FEA model trials, use of a lateral spring with a stiffness of 1.0 kip/in. at
the loading location best represented load assembly lateral stiffness and provided the
most comparable results with test data. Observed lateral stiffness is attributable to friction
between the load bearing plate and the interior stringer, and lateral stiffness of the loading
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assembly largely provided by the two threaded rods used to support the spreader beam.
Regarding the connection between the non-composite deck and stringers, initial model
trials assumed no friction along any direction while the deck was explicitly constrained
(only in the lateral direction) to the top flange of the stringers at discrete point along the
length. After comparing with the testing results, the lateral constraint was abandoned and
a frictional interface with a coefficient of 0.1 was selected along both transverse and
longitudinal directions because it best matched the testing data.

Figure 76. FEA model

(a) Model without deck (b) Model with non-composite deck

Figure 77. Boundary conditions
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Figure 78. Typical mesh in FEA

Figure 79. FEA mesh sensitivity study
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Figure 80. Selected stress-strain diagram for structural steel
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Figure 81. Selected stress-strain diagram for concrete
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Group I FEA Results

Test Run #3 was selected as a representative example to illustrate the FEA output and
make a comparison between the analysis and test results. The test represented a stiff
supporting floor beam, had bolted connections between the stringer and floor beam, and
was loaded in one single span. Figure 82 and Figure 83 show lateral deflection and
element normal stress contours, respectively. Analysis results are compared against test
data at Locs. 3 and 10 (Figure 84 to Figure 87). Analysis results are generally comparable
to test data. For illustration purposes, Figure 88 shows lateral deflection plots when the

stringer is loaded on both spans. Similar plots for other test runs are provided in
Appendix III.

Figure 82. Lateral deflection contour, Test Run #3
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Figure 83. Normal stress contour, Test Run #3

Figure 84. Comparison of FEA and measured vertical deflections, Test Run #3
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Figure 85. Comparison of FEA and measured lateral deflections, Test Run #3
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Figure 86. Comparison of Loc. 3 normal stresses between analysis and test data, Test Run #3
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Figure 87. Comparison of Loc. 10 normal stresses between analysis and test data, Test Run #3
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Figure 88. Comparison of FEA and measured lateral deflections, Test Run #4
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Group II FEA Results

Test Run #15 was selected as a representative example comparing FEA and test results.
The test represented a stiff supporting floor beam and had unbolted connections between
the stringer and floor beam. Steel diaphragms were provided at a quarter span from the
interior supports. Figure 89 shows the deflection contour subject to loading at one span
only. The analysis results were compared with the test data, including the vertical and
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lateral deflections, and stresses at Locs. 3 and 10 (Figure 90 to Figure 93). Similar plots
of other test runs are provided in Appendix III. The analysis results are generally

comparable with the test data.

Figure 89. Deformation contour, Test Run #15, one span loaded

Figure 90. Comparison of FEA and measured vertical deflections, Test Run #15
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Figure 91. Comparison of FEA and measured lateral deflections, Test Run #15
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Figure 92. Comparison of Loc. 3 stresses between analysis and test data, Test Run #15
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Figure 93. Comparison of Loc. 10 stresses between analysis and test data, Test Run #15
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Group III FEA Results

Test Run #33 was selected as a representative example comparing FEA and test results.
The test represented a stiff supporting floor beam and had bolted connections between the
stringer and floor beam. The stringer top flanges were braced by timber ties and C-clamps



at the midspans and over the floor beam. Figure 94 shows the FEA model subject to
loading at both spans. Figure 95 and Figure 96 present the contours of vertical and lateral
deflections, respectively. The analysis results are compared with the testing data,
including the vertical and lateral deflections, and stresses at Locs. 3 and 10 (Figure 97 to
Figure 100). The analysis results are generally comparable with the testing data. Similar
plots of other test runs are provided in Appendix III.

Figure 94. FEA model, Test Run #33
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Figure 95. Vertical deflection contour, Test Run #33
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Figure 96. Lateral deflection contour, Test Run #33
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Figure 97. Comparison of FEA and measured vertical deflections, Test Run #33
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Figure 98. Comparison of FEA and measured lateral deflections, Test Run #33
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Figure 99. Comparison of Loc. 3 normal stresses between analysis and test data, Test Run #33

Test Run #33, Loc-3, Load-Stress

S50 40 500 <200 100 O w30
Stress (lost)




Figure 100. Comparison of Loc. 10 normal stresses between analysis and test data, Test Run #33
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Group IV Test Results — Non-composite Concrete Slab

Figure 101 and Figure 102 document placement of deck reinforcement and the concrete,
respectively.



Table 22 summarizes the test runs involving non-composite deck. These test runs
accounted for rigid and flexible floor beam, and bolted and unbolted connections between
the stringers and floor beam. Some of the test runs such as #57, 69, and 81 were loaded to
approximately 80 kips, while the others were loaded to the maximum loading capacities.
A majority of the test runs were subject to loading at the midspan near Loc. 3, except for
Test Runs #45 and 46. In Test Run #45, two of three tests, Failure 3 and Failure 2, were
loaded near Loc. 10 or across the full deck width near Locs. 3, 13, and 17. In Test Run
#46, both spans were loaded near Locs. 3 and 10. Results of various test runs are
reported, including applied loads, vertical and lateral deflections, and stresses at critical
locations. Tests that are reported were selected because they can represent the structural
behavior of the system.

Figure 101. Deck reinforcement

il [P
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Table 22. List of test runs with non-composite deck

Test Run No. Fl:;l;ltl;f]im Stringer to floor beam Load location, maximum applied load
. connection
stiffness
Location Maximum load
57 Bolted Loc. 3 Approx. 80 K
Failure 1 Loc. 3 Up to maximum
Rigid
45 Failure 2 Unbolted Locs. 3,13 & 17 Up to maximum
Failure 3 Loc. 10 Up to maximum
46 Rigid Unbolted Locs. 3 and 10 Up to maximum
81 Bolted Loc. 3 Approx. 80 K
Flexible
69 Unbolted Loc. 3 Approx. 80 K
Test Run #57

Test Run #57 is reported first because it was the first test in Group IV and it served as a
baseline for comparison purpose. It included a stiff floor beam and stringer bottom
flanges were bolted to the floor beam. A vertical load up to approximately 80 kips was
applied at midspan of the interior stringer. Figure 103 details how load was applied and
Figure 104 shows measured load-vertical deflection plots at Locs. 3 and 10. Load-lateral
deflection plots are illustrated in Figure 105 and results indicate that the lateral
deflections are minimal. Load-normal stress plots for each strain gauge location at Locs.
3, 6, and 7 are shown in Figure 106 to Figure 117 and results indicate that the stresses
attributable to the out-of-plane bending and warping torsion are negligible. Each figure
plots total stresses calculated from the gauge readings and various stress components
discussed in the aforementioned section.

Figure 103. Test Run #57 load application

— 101 —



Figure 104. Test #57 applied load vs. measured vertical deflections, Locs. 3 and 10
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Figure 105. Test #57 applied load vs. measured lateral deflections, Locs. 3 and 10
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Figure 106. Test #57 applied load vs. normal stresses, Loc. 3 TN
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Figure 107. Test #57 applied load vs. normal stresses, Loc. 3 TS
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Figure 108. Test #57 applied load vs. normal stresses, Loc. 3 BN
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Figure 109. Test #57 applied load vs. normal stresses, Loc. 3 BS
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Figure 110. Test #57 applied load vs. normal stresses, Loc. 6 TN
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Figure 111. Test #57 applied load vs. normal stresses, Loc. 6 TS
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Figure 112. Test #57 applied load vs. normal stresses, Loc. 6 BN
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Figure 113. Test #57 applied load vs. normal stresses, Loc. 6 BS
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Figure 114. Test #57 applied load vs. normal stresses, Loc. 7 TN
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Figure 115. Test #57 applied load vs. normal stresses, Loc. 7 TS
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Figure 116. Test #57 applied load vs. normal stresses, Loc. 7 BN
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Figure 117. Test #57 applied load vs. normal stresses, Loc. 7 BS
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Comparison among Test Runs #57, 45, 81, and 69 Data

Test Runs #57, 45 (Failure 1), 81, and 69 were loaded at Loc. 3 and accounted for various
floor beam relative stiffness and stringer to floor beam connection conditions (Table 23).
Load-vertical deflection, load-lateral deflection, and load-stress plots at critical locations
were compared for these test runs to an applied load up to approximately 80 kips. These
comparisons are completed to study the effects due to the floor beam relative stiffness
and stringer to floor beam connection conditions (Figure 118 to Figure 127). As
predicted, maximum vertical deflections increased substantially with a flexible floor
beam. Tests where stringers were not bolted to the floor beam produced slightly increased
maximum vertical deflections when compared to bolted cases, irrespective of floor beam
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relative stiffness. Figure 128 to Figure 130 provide strain diagrams at interior stringer
Locs, 3, 6, and 7 at a load of around 80 kips. It can be observed that neutral axis locations
remain constant for the tests. Strains at the stringer top and bottom flanges are not
entirely the same, indicating existence of small axial strains as result of possible friction
between the stringers and deck.

Table 23. Test Run #57, 45, 81, and 69

Test Run Floor beam relative stiffness Stringer to ﬂqor beam
No. connection
57 .. Bolted
Rigid
45 Unbolted
81 Flexibl Bolted
€X1ole
69 Unbolted

Figure 118. Applied load vs. measured vertical deflections, Test Run #57, 45, 81, and 69, Locs. 3 and
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Figure 119. Applied load vs. measured lateral deflections, Test Run #57, 45, 81, and 69, Locs. 3 and
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Note: Lateral deflection of TR #69 at Loc. 3 not recorded after load exceeded 33.4 kips, LVDT slipped.
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Figure 120. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 3 TN and TS (load at Loc. 3)
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Figure 121. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 3 BN and BS (load at Loc. 3)
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Figure 122. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 6 TN and TS (load at Loc. 3)
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Figure 123. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 6 BN and BS (load at Loc. 3)
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Figure 124. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 7 TN and TS (load at Loc. 3)
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Figure 125. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 7 BN and BS (load at Loc. 3)
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Figure 126. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 10 TN and TS (load at Loc. 3)
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Figure 127. Load-strain plots, Test Run #57, 45, 81, and 69, Loc. 10 BN and BS (load at Loc. 3)
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Figure 128. Strain distribution at Loc. 3 due to 80 kips (load at Loc. 3)
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Figure 129. Strain diagrams at Loc. 6 due to 80 kips (load at Loc. 3)
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Figure 130. Strain diagrams at Loc. 10 due to 80 kips (load at Loc. 3)
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A diagram of the primary bending moment, M, including the deck and spreader beam
weights, is plotted at an applied load of 80 kips in Figure 131. Interior stringer vertical
bending moments, M., were determined from measures strains at critical sections along
the stringer and compared to elastic analysis from RISA-3D at this applied load level.
These comparisons were completed to study the effect of the floor beam relative stiffness
and stringer to floor beam connection conditions. Findings indicate that, in addition to the
analyses results nearly matching measured values:
1. Strains and M, in Test Run #45 (rigid/unbraced) are noticeably larger than Test
Run #57 (rigid/braced).
2. Strains and M, in Test Run #69 (flexible/unbraced) are slightly larger than Test
Run #81 (flexible/braced) under the same loading.
3. Maximum positive M, in Test Run #81 (flexible/braced) are larger than Test Run
#57 (rigid/braced) under the same loading. Similarly, maximum negative M, in
Test Run #81 (flexible/braced) are smaller than Test Run #57 (rigid/braced) under
the same loading.
4. Nearly same M, is observed in Test Run #81 (flexible/braced) and Test Run #69
(flexible/unbraced).
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Figure 131. Measured and modeled interior stringer M. diagrams at an applied load of 80 kips

Test Runs #57, 45, 81, and 62 at Locs. 3,6, 7, and 10
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Test Run #45 Failure 3 (Load at Loc. 10)

This test run was conducted by applying a vertical load at Loc. 10. Figure 132 shows load
location and a plan view of the test is illustrated in Figure 133. The load-vertical
deflection and load-lateral deflection plots are shown at Locs. 3 and 10 in Figure 134 and
Figure 135, respectively. Figure 136 to Figure 139 illustrate the load-stress plots at Loc.
10, including the total stress and stress components at various gauge locations such as
TN, TS, BN, and BS. Similar plots are provided in Figure 140 to Figure 143 for Loc. 7
and in Figure 144 to Figure 147 for Loc. 6. The total stress at each location is nearly the
same as the primary bending stress, indicating that the weak-axis bending and warping
torsion stresses are negligible. Load-stress plots are other representative locations are
presented in Appendix V. Strain diagrams at Locs. 10 and 7 subject to various loads are
provided in Figure 148 and Figure 149, respectively.

Figure 132. Test Run #45 Failure 3 setup (load at Loc. 10)
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Figure 133. Test Run #45 plan view
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Figure 134. Test Run #45 applied load vs. measured vertical deflections, Locs. 3 and 10 (load at Loc.
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Figure 135. Test Run #45 applied load vs. measured lateral deflections, Locs. 3 and 10 (load at Loc.
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Figure 136. Test Run #45 applied load vs. normal stress components, Loc. 10 TN (load at Loc. 10)
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Figure 137. Test Run #45 applied load vs. normal stress components, Loc. 10 TS (load at Loc. 10)
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Figure 138. Test Run #45 applied load vs. normal stress components, Loc. 10 BN (load at Loc. 10)
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Figure 139. Test Run #45 applied load vs. normal stress components, Loc. 10 BS (load at Loc. 10)
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Figure 140. Test Run #45 applied load vs. normal stress components, Loc. 7 TN (load at Loc. 10)
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Figure 141. Test Run #45 applied load vs. normal stress components, Loc. 7 TS (load at Loc. 10)
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Figure 142. Test Run #45 applied load vs. normal stress components, Loc. 7 BN (load at Loc. 10)

BN

w

=

E ——a

T ——ow

3 —x
......... o
= = =Total

=35 5

Stress (ksi)

Figure 143. Test Run #45 applied load vs. normal stress components, Loc. 7 BS (load at Loc. 10)
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Figure 144. Test Run #45 applied load vs. normal stress components, Loc. 6 TN (load at Loc. 10)
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Figure 145. Test Run #45 applied load vs. normal stress components, Loc. 6 TS (load at Loc. 10)
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Figure 146. Test Run #45 applied load vs. normal stress components, Loc. 6 BN (load at Loc. 10)
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Figure 147. Test Run #45 applied load vs. normal stress components, Loc. 6 BS (load at Loc. 10)
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Figure 148. Strain diagram, Loc. 10 (load at Loc. 10)
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Figure 149. Strain diagram, Loc. 7 (load at Loc. 10)
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Figure 150 and Figure 151 compare primary bending moments, M,, from RISA-3D
elastic analyses and test data at applied loads of 139.2 kips (peak load) and 118.2 kips,
respectively. Elastic analyses were completed assuming distribution factors of 0.36 and
0.42 at Loc. 10, respectively. Distribution factors were determined by comparing M, at
the interior stringer with that of the whole system. These figures show that M, from the
analyses largely matches M, from the tests. When A4ASHTO LRF'D Bridge Design
Specifications are followed for an unbraced length of 24 ft. and a moment gradient factor
of one, the flexural resistance of the stringer is 45.1 kip-ft. Calculated flexural strengths
at Loc. 6 from the testing data are 151 kip-ft. and 122.9 kip-ft. at 139.2 kips and 118.2
kips, respectively (Table 24). As a result, calculated gradient factors, Cp, are 3.35 and

— 124 —



2.73, respectively. Because Loc. 6 exhibited LTB when the applied load reached 118.2
kips, a gradient factor of 2.73 is recommended.

Figure 150. Measured and modeled interior stringer M\ diagrams at an applied load of 139.2 kips
(peak load)
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Figure 151. Measured and modeled interior stringer M. diagrams at an applied of 118.2 kips
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Table 24. Calculated moment gradients, Test Run #45 Failure 3

Applied load (kips) Measured flexural strength at Calculated gradient factor, C»
Loc. 6 (Kip-ft.)
139.2 151.0 3.35
118.2 122.9 2.73

Figure 152 depicts the exterior stringers after testing. The deck exhibited visible bending
and the largest deflection occurred under the interior stringer (Figure 153). Because the
deck was designed to act non-compositely, the end of the deck slipped by approximately
Y4 in. longitudinally at an end support (Figure 154).

— 125 —



Figure 152. Exterior stringers after testing

Test Run #45 Failure 2

The vertical load was applied at midspan (near Loc. 3) across the full deck width through
the spreader beam in this test run. Plots of load-vertical deflection, load-lateral deflection,
and load-strain at the critical sections are provided in Appendix V. Comparison of strains

near the floor beam (e.g., Locs. 7, 15, and 19 in
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Figure 155 155) is provided in Figure 156 to Figure 158 among the three stringers. Stress
plots between the two exterior stringers are more comparable than that of TR #45 Failure
3 because the spreader beam is in contact with the full deck width. Load distribution of
the interior stringer at the midspan of the loaded span is slightly lower than that of the
exterior stringers. Figure 159 shows the strain diagram at Loc. 3 in the deck and stringer,

which indicates the existence of unintended friction between the stringer and deck.

Figure 155. Layout of locations for strain comparison
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Figure 156. Comparison of strains at TN (load near Loc.
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Figure 157. Comparison of strains at TS (load near Loc. 3)
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Figure 158. Comparison of strains at BN (load near Loc. 3)
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Figure 159. Strain diagram at Loc. 3 (load near Loc. 3)
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Figure 160 160 illustrates the M, diagram subject to an applied load of 170.1 kips using a
calculated distribution factor of 0.25 per Loc. 3. The calculated flexural strength at Loc. 7

using the testing data is 116.2 Kip-ft., which corresponds to a gradient factor of C» =
2.58.

Figure 160. Moment M. due to an applied load of 170.1 kips
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Concrete Deck Lateral Support

Lateral support provided by the non-composite concrete deck was evaluated by
comparing Test Run #1, 13, and 45. Differences among the tests are summarized in Table
25. Figure 161 to Figure 166 present load-vertical deflection, load-lateral deflection, and
load-longitudinal strain plots at the critical sections for these tests. A distribution factor of
0.43, determined based on the ratio of M, in the interior stringer over M, in the system,
was used for TR #45 Failure 3. When compared to TR #1, increased capacity for TR #13
is caused by bracing provided by the intermediate diaphragm even though it is located
near the contraflexure point. Lateral support provided by the non-composite deck is also
apparent due to increased capacity for TR #45 Failure 3.

Photos of the deck soffit are provided in Figure 167 after TR #45 Failure 3 was

completed. A number of critical locations are presented, including the interior stringer
near Loc. 3, exterior stringers near Locs. 13 and 17, and interior stringer near Loc. 10.
The concrete haunches (0.44 in. thick and 3 in. wide) near loading locations exhibited

appreciable spalling or cracking, indicating that the concrete haunches were engaged to
provide the lateral bracing effect.
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Table 25. Test Run #1, 13, and 45, one span loaded

Test Run No. Description of boundary conditions
Interior support at Top flange of stringer bracing Bottom flange of stringer
center stringer bracing
1 Rigid No deck and unbraced Unbraced
13 Rigid No deck and steel diaphragms Unbraced
@ L/8 from interior support
45 — Failure 3 Rigid Non-composite concrete deck Unbraced

Figure 161. Test Run #1, 13, and 45 applied load vs. measured vertical deflections, Locs. 3 and 10
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Figure 162. Test Run #1, 13, and 45 applied load vs. measured lateral deflections, Locs. 3 and 10
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Figure 163. Test Run #1, 13, and 45 load-strain plots at stringer top, near midspan of the loaded span
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Figure 164. Test Run #1, 13, and 45 load-strain plots at stringer bottom, near midspan of the loaded
span
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Figure 165. Test Run #1, 13, and 45 load-strain plots at stringer top, near floor beam of the unloaded
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Figure 166. Test Run #1, 13, and 45 load-strain plots at stringer bottom, near floor beam of the
unloaded span
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FEA, Test Run #45 Failure 3 (Load near Loc. 10)

The FEA model includes the non-composite deck and can account for concrete cracking
and crushing. Modeled behavior was calibrated against measured results. When a
frictional coefficient of 0.1 was assumed between the stringer and deck, FEA results
agreed reasonably well with test data. Figure 168 and Figure 169 are vertical deflection
contours subject to a peak load of 128.1 kips in the stringers and deck, respectively.
Figure 170 shows lateral deflection contours, and Figure 171 and Figure 172 present
longitudinal stress contours in the stringers and deck. Comparisons between analysis and
test results are provided in Figure 173 to Figure 177. Comparisons show that the FEA
predicted peak load is slightly lower than that from the test, indicating that the FEA
model can conservatively simulate overall behavior.
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Figure 168. Stringer vertical deflection contour, Test Run #45 Failure 3
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Figure 169. Deck vertical deflection contour, Test Run #45 Failure 3
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Figure 171. Stringer longitudinal normal stress contour, Test Run #45 Failure 3
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Figure 172. Deck longitudinal normal stress contour, Test Run #45 Failure 3

Figure 173. Comparison of FEA and measured vertical deflections, Test Run #45 Failure 3
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Figure 174. Comparison of FEA and measured lateral deflections, Test Run #45 Failure 3
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Figure 175. Comparison of FEA and measured axial strains, Loc. 10, Test Run #45 Failure 3
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Figure 176. Comparison of FEA and measured axial strains, Loc. 6, Test Run #45 Failure 3
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Figure 177. Comparison of FEA and measured axial strains, Loc. 7, Test Run #45 Failure 3
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FEA of Representative Bridges

To evaluate the effect of various parameters (e.g., geometry and materials) on LTB

strength and moment gradient factors, the representative bridges provided by the DOTD
were modeled using FEA. The FEA models were constructed using techniques that
matched the calibrated models. Example results for Bridge No. 201810 are presented.
The two-span bridge contains C12x25 end diaphragms, W21x68 stringers, and W33x141
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floor beams, all of which were manufactured using Grade 33 steel. Each span is 28 ft.
long and includes three lines of stringers. The stringers are spaced at 5 ft.- 6 in., and the
concrete deck is 16 ft.- 6 in. wide and 7 in. thick. It is assumed that #4 top and bottom
deck reinforcement is spaced at 8 in. in both directions and additional #5 bars provided
over the floor beam are spaced at 8 in. Rigid interior supports are assumed at the floor
beam and the stringers are unbolted to the floor beam.

Non-linear buckling analyses were conducted for two load cases: 1) loading centered at
midspan of one span; and 2) loading centered at midspan of both spans. Two vertical
loads spaced at 4 ft. longitudinally were applied at one/both locations to match a design
tandem. Each vertical load corresponds to an axle load of the design tandem, and the
loads are applied to the interior stringer directly. FEA results for the first load case are
presented in Figure 178 to Figure 184. Figure 178 and Figure 179 are vertical and lateral
deflection contours. The normal stress contour is provided in Figure 180. Load-vertical
and load-lateral deflection plots are illustrated in Figure 181 and Figure 182, respectively.
Load-longitudinal strain plots for the interior stringer at midspan and at the floor beam
are provided in Figure 183 and Figure 184. Each vertical load reaches a maximum of
133.5 kips for the first load case. FEA results for the second load case are presented in
Figure 185 to Figure 191. Each vertical load reaches a maximum of 128.6 kips for the
second load case. Both load cases show that critical positive and moment sections reach
the plastic moment when the peak load is reached. Analyses of another representative
bridge provided by DOTD are provided in Appendix VII.

Figure 178. Vertical deflection contour, single span loaded
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Figure 179. Lateral deflection contour, single span loaded
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Figure 180. Stringer longitudinal stress contour, single span loaded (deck removed for clarity)
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Figure 182. Load-lateral deflection plots, single span loaded
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Figure 183. Load-strain plots at Loc. 3, single span loaded
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Figure 184. Load-strain plots at Loc. 7, single span loaded
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Figure 185. Vertical deflection contour, both spans loaded
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Figure 186. Lateral deflection contour, both spans loaded
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Figure 187. Stringer longitudinal stress contour, both spans loaded (deck removed for clarity)
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Figure 188. Load-vertical deflection plots, both spans loaded
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Figure 189. Load-lateral deflection plots, both spans loaded
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Figure 190. Load-strain plots at Loc. 3, both spans loaded
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Discussion of Results

Multiple lab tests were conducted to study LTB resistance of continuous stringers with a
non-composite deck. The tests helped assess bracing effects provided by the deck and
allowed for evaluating effects of floor beam relative stiffness and stringer-to-floor beam
connection conditions on LTB. The test data were analyzed to capture axial, primary and
out-of-plane bending, and warping torsion normal stress components. FEA models were
calibrated against test results to allow for simulating stringer behavior while accounting
for various parameters, including rigid and flexible interior (floor beam) supports, and
various loading conditions. FEA was shown to provide comparable results with the test
data and predict stringer flexural strength.

Lab Testing Findings

Testing data indicated friction occurred between the stringer and deck. Lateral support
provided by the deck was identified as significant when Group IV test results were
compared to those from the other test groups. When one span was loaded, the unloaded
span was subject to negative moment and stringers were unbraced. Stringer top flanges
were in tension and laterally supported by the deck, which limited lateral movement and
twisting, and therefore, increased flexural strength. The critical stringer positive moment
section for the non-composite deck tests reached its yield or plastic moment capacity,
while the critical negative moment section was shown to experience moment gradients
best represented using C» between 2.34 and 2.73. When both spans were loaded, the
interior stringer was predicted to eventually reach plastic moment at both critical negative
and positive moment sections. Detailed test and FEA results are provided in Appendix
VIL

Previous research demonstrated that an inflection point cannot be treated as a bracing
location unless physical bracing is provided. Lab tests completed herein verified these
findings. Also, some researchers determined that even if no mechanical connection is
provided between the deck and the stringers, friction may still be adequate to develop the
required deck stiffness and act as a lateral brace under wheel load, which they felt
justified use of a half span as the unbraced length [22]. Group IV testing results, however,
showed that the interior stringer still slightly moved laterally. Therefore, using a half span
as unbraced length is not suggested. The full span is recommended as the unbraced length

irrespective of stringer-to-floor beam connection conditions.
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Moment Gradient Factor

Comparisons between measured flexural strengths and those predicted using the
AASHTO LRFD Bridge Design Specifications were completed to identify the
moment gradient factor. As a result of these comparisons, the equation proposed
by Yura and Helwig (2010) is recommended:
— _2(Mi) _8|_McL
Cp=30-7 (Mo) 3 (M1+M0)*] (29)
Using the equation above gives comparable moment gradient factors to those obtained
from lab testing (Table 26).

Table 26. Moment gradient factor summary

Test Run Cy, tests Cs, Yura and Helwig (2010)
#45 Failure 1 2.34 2.24
#45 Failure 2 2.58 2.13
#45 Failure 3 2.73 2.07
#46 491 5.17
Load Rating

A summary of rating factors (RFs) for the representative bridges calculated using
AASHTO LRFD, AISC, and Yura and Helwig (2010) equations is provided (Table 27).
RFs were calculated using moment gradient factors from these three sources for HL-93
(Inventory) load at the strength I limit state. Using the moment envelope approach,
controlling exterior and interior span moment gradient factors were determined and are
listed in the table below. Rating factors are significantly higher when the Yura and
Helwig equation is used.

Table 27. Summary of moment gradient and rating factors

Bridge No. Cp RF
AASHTO AISC Yura and Helwig AASHTO AISC Yura and Helwig
LRFD LRFD
610065 1.07 1.20 2.40 0.33 0.41 1.00
300330 1.06 1.21 241 0.57 0.68 1.21
200830 1.00 1.16 231 0.52 0.63 1.14
201810 1.05 1.25 231 0.45 0.58 1.06
001715 1.00 1.18 2.27 0.09 0.13 0.37
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The research team attempted to develop a factor that allowed for envelope moments to
reasonably approximate concurrent moments. A continuous bridge was considered
consisting of three equal spans varying from 20 to 35 ft. each, with moments determined
at an interval of 5 ft. Cp ratios, which represent ratios of concurrent to envelope moments
at strength I limit state, are shown in Figure 192. The plot accounts for a variety of live
loads, including two design tandems, a single design tandem, a design truck, and lane
load. The dead loads include stringer and deck self-weights. Assumed stringer spacings
were 6.0, 7.5, and 9.0 ft. and were shown to barely affect the Cj ratios. The figure shows
that Cj ratios varied from 1.22 to 1.68 for an interior span and from 1.54 to 2.51 for an
exterior span. Therefore, a factor of 1.15 was conservatively recommended to take
advantage of the concurrent moment approach in lieu of a more refined analysis.

Figure 192. C; ratios between the concurrent moment and moment envelope approaches
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Conclusions and Recommendations

When continuous stringers are load-rated using AASHTOWare Bridge Rating™ analysis
software, Cj is determined following the AASHTO LRFD Bridge Design Specifications,
which may not properly account for bracing effects provided by a non-composite deck
and could underestimate available flexural strength. This project was conducted to assess
the LTB resistance of continuous stringers and to develop a new approach for rating the

stringers using more accurate Cp values.

Full-scale lab testing was performed to examine LTB resistance of a two-span structure
that included three lines of continuous stringers. Various bracing types and locations,
including steel diaphragms, timber ties, and a non-composite concrete deck, were tested
to experimentally establish their effect on LTB resistance. Bolted and unbolted conditions
were investigated at the intersection of the stringer and supporting floor beam flanges,
and rigid and flexible floor beam conditions were evaluated. Finite element models were
calibrated to match lab testing results and non-linear buckling analyses were conducted of
representative bridges supplied by the DOTD.

The following conclusions were drawn from the study:

1) The positive moment section of a stringer was observed to be fully braced by the
concrete deck. Therefore, the non-composite plastic moment may be used for
stringer nominal strength for load rating. The negative moment section, however,
should account for LTB resistance subject to various loads. The stringer moment
gradient factor can be determined using the equation proposed by Yura and
Helwig (2010), which was also included in the Commentary C-F1-5 of the 4ISC
Specification for Structural Steel Buildings (2016) [29]:

—30—2(M)_8[ McL
Cp =30 3 (MO) 3 [(M1+M0)*] (29)
2) It is recommended to use the full span length as the unbraced length to determine

the stringer’s flexural strength regardless of whether the stringer bottom flange is
braced by the floor beam.

3) The bracing effect provided by the non-composite deck was shown to
significantly increase stringer LTB resistance, which results in a moment gradient
factor appreciably larger than 1.0 and increases load rating factors. The moment
gradient factor can be manually computed, and load-rating factors refined for
critical load cases should BrR not provide sufficient rating factors.
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4)

S)

If the moment envelope approach due to HL-93 (Inventory) loads at the strength
limit state results in unacceptable rating factors, Cp can be increased by 15% to
take advantage of the concurrent moment approach unless a refined analysis is

conducted.

Should the stinger be connected to a flexible floor beam; it is conservative to
conduct the load rating assuming a rigid interior support. If a refined analysis is
necessary, the floor beam can be modelled as a beam element to directly account

for its flexural stiffness.
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Term
AASHTO
ft.

n.

LTRC
LTB

Cp

DOTD

Ly

RF
LRFD
MBE

YDC
YDWw

yp

YLL

Rn
LADV
Fimax
Fyr

Acronyms, Abbreviations, and Symbols

Description

American Association of State Highway and Transportation Officials
foot (feet)

inch(es)

Louisiana Transportation Research Center

Lateral torsional buckling

Moment gradient factor

Louisiana Department of Transportation and Development
Length of span

Unbraced length

Rating factor

Load and resistance factor design

Manual of bridge evaluation

Dead load effect due to structural components and attachments
Dead load effect due to wearing surface and utilities

Live load effect

Permanent loads other than dead loads

Dynamic load allowance

Condition factor

System factor

LRFD resistance factor

Capacity

LRFD load factor for structural components and attachments
LRFD load factor for wearing surfaces and utilities

LRFD load factor for permanent loads other than dead loads
Evaluation live load factor

Nominal member resistance

Louisiana Design Vehicle Live Load

Maximum potential compression-flange flexural resistance

Compression-flange stress at the onset of nominal yielding within the
Cross section
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Term Description
Fye Specified minimum yield strength of a compression flange

L, Limiting unbraced length to achieve the onset of nominal yielding in
either flange under uniform bending

Ly Limiting unbraced length to achieve the nominal flexural resistance M,
under uniform bending

Ry Web load-shedding factor

Ry Hybrid factor

Monax Maximum potential flexural resistance based on the compression flange
HL-93 LRFD design live load

Fre Nominal flexural resistance of a member

NRL Notional Rating Load

F, Specified minimum yield strength of steel

FLB Flange lateral buckling

fi Stress without consideration of lateral bending at the brace point

opposite to the one corresponding to /2, calculated as the intercept of the
most critical assumed linear stress variation passing through /> and

either fmia or fo, whichever produces the smaller value of Cp

f2 Largest compressive stress without consideration of lateral bending at
either end of the unbraced length of the flange under consideration,

calculated from the critical moment envelope value

fo Stress due to the factored loads without consideration of flange lateral
bending at a brace point opposite to the one corresponding to f>

My Absolute value of moment at quarter point of the unbraced segment

M3 Absolute value of moment at center of the unbraced segment

Mc Absolute value of moment at three-quarter point of the unbraced
segment

M, Plastic moment

M, Moment due to the factored loads

M, Factored flexural resistance

E; Elastic modulus of steel

E. Elastic modulus of concrete

I Moment of inertia about the minor principal axis of the cross section

I Moment of inertia about the major principal axis of the cross section
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Term Description

Cw Warping torsional constant
Sk Flastic section modulus about the x-axis
J St. Venant torsional constant
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