NeBIIVERSITY ]0F @b
Lincoln” W (ACCREDITED)

TESTING CERT # 2937.01
Research Project Numb201517-TE

DEVELOPMENT OF THE MANITOBA
CONSTRAINED-WIDTH, TALL WALL
BARRIER

Submitted by

Scott K. Rosenbaugh, M.S.C.E., E.I.T Jennifer D.Schmidt, Ph.D., P.E.

Research Associate Engineer Research Assistant Professor
Elizabeth M. Regier Ronald K. Faller, Ph.D., P.E.,

Undergraduate Research Assistant Research Associate Professor

MwRSF Director
MIDWEST ROADSIDE SAFETY FACILITY
Nebraska Transportation Center
University of Nebraskd.incoln
130 Whittier Research Center
2200Vine Street
Lincoln, Nebraska68583-0853
(402) 4720965

Submitted to

MANITOBA INFRASTRUCTURE
Traffic Engineering
42071 215 Garry Street
Winnipeg Manitoba R3C 3P3

MwRSF Research Report NGRP-03-356-16
SeptembeR6, 2016



TECHNICAL REPORT DOCUM ENTATION PAGE

1. Report No. 2. 3. Recipientbdos Accession No.
TRP-03-356-16
4. Title and Subtitle 5. Report Date

Development of thdlanitobaConstraineeWidth, Tall | Septembep6, 2016

Wall Barrier

6.
7. Author(3 8. Performing Organization Report No.
Rosenbaugh, S.K., Schmidt, J.Bggier, E.M.and TRP-03-356-16
Faller, R.K
9. Performing Organization Name and Address 10. Project/Task/Work Unit No.

Midwest Roadside Safety Facility (MWRSF)

Nehbraska Transportation Center 11. Contrac(C) or Grant (G) No.
University of Nebraskd.incoln 201517-TE

130 Whittier Research Center
2200 Vine Street

Lincoln, Nebraska 68580853

12. Sponsoring Organization Name and Address 13. Type of Report and Red Covered
Manitoba Infrastructure FinalReport:20157 2016
Traffic Engineering

14. Sponsoring Agency Code

42071 215 Garry Street 201517-TE
Winnipeg, Manitoba R3C 3P3

15. Supplementary Notes

16. Abstract

Manitoba Infrastructure (MI) desired aw, tall concretemedianbarriercapable okatisfyingthe Test Level 5 (TE
5) safety requirementsf theManual for Assessing Safety Hardw#k&ASH). The barrier was designed with a 1,256
(49%#in.) height, a maximum width of 600 mm (23%z in.), and &istea 845N (190-kip) load applied at the top of the
barrier. The Manitoba Constrain&didth, Tall Wall was optimized to withstand the design load while minimizing the
amount of steel reinforcement. Variations of the barrier were develimpaeing a bidge rail, and roadside barrier.

The bridge rail was considergalbethe critical design due to its narrow width and anchorage to a thin, cantilev
bridge deck. Thusynefull-scale vehicle crash test was conducted on the bridge rail sistarify the entire family of
barriers The 45.7m (150ft) long singleslope bridge rail had a height of 1,250 mm (49% in.) and widths of 450 mm (
in.) and 250 mm10in.) at the base and top, respectively. The upstream 22.86 m (75 ft) of the barrier wlasl iostal
280-mm (1Zin.) thick simulatedbridge deck. A 168nm  (-iB.)egap in the bridge rail and a-2@m (3#in.) gap in the
bridge declwere placed at the deck régan to simulate agxpansion jointA steel cover plate was placed over the bar
joint to prevenwehiclesnag. During the test, the tractor teaiimpacted just upstreaimom the joint and was safely
redirected. Thedrrier sustained minor damagetlire form of cracks and spalling. Data from on board accelerometers
located near the front tandem axless analyzed testimate the impact loadhichranged etweenl,027 kN and 1,183 kN
(231 kips and 266 kipsHowever, the actual maximum loading applied by the rear tandem axles was thought to be
significantly higher.

Anchorage options were developed for use with the&sHarrier systerrincluding a bundation slab, an independe|
footing, and an asphalt keyway. Additionally, transitions systems were detailed for the connection &5 timedian
barrier to various other new and existing barrier shapes. Finally, implementation guidance was provided.

17. Document Analysis/Descriptors 18. Availability Statement

RoadsideSafety,Crash TestMASH, TL-5, Single

Slope Barrier, Concrete Barrier, Bridge Ralil No restrictions

19. Security Class (this report) 20. Security Class (this page) 21. No. of Pages 22.Price
Unclassified Unclassified 179




SeptembeP6, 2016
MwRSF Report NoTRP-03-356-16

DISCLAIMER STATEMENT

This report wasompleted withfunding from Manitoba InfrastructureThe contents of
this report reflect the views and opinions of the authors who are responsible fortshrenththe
accuracy of the data presented herein. ddr@entsdo not necessarily reflect the official views
or policies ofManitoba InfrastructureThis report does not constitute a standard, specification,
regulation, product endorsement, or an endorséofemanufacturers.

UNCERTAINTY OF MEASUREMENT STATEMENT

The Midwest Roadside Safety Facility (MWRSF) has determined the uncertainty of
measurements for several parameters involved in standardcéld crash testingnd non
standard testingof roadside safety features. Information regarding the uncertainty of
measurements for critical parameters is available upon request by the sponsor.

INDEPENDENT APPROVING AUTHORITY

The Independent Approving Authority (IAA) foreéhdata contained hereiasMr. Bob
Bielenberg Research Associate Engineer



SeptembeP6, 2016
MwRSF Report NoTRP-03-356-16

ACKNO WLEDGEMENTS

The authors wish to acknowledge several sources that made a contribution to this project:
(1) Manitoba Infrastructurefor sponsoring this projectand (2) MwRSF personnel for
constructing the barrieand conducting the crash test

Acknowledgements also given to the following individuals who made a contribution to
the completion of this research project.

Midwest Roadside Safety Facility

J.D. Reid, Ph.D., Professor

J.C. Holbway, M.S.C.E., E.I.T Test SiteManager

K.A. LechtenbergM.S.M.E., E.I.T., Research Associate Engineer
R.W. Bielenberg, M.S.M.E., E.I.T., Research Associate Engineer
C.S. Stolle, Ph.DResearch Assistant Professor

A.T. Russell, B.S.B.A.Shop Manager

S.M. Tighe, Laboratory Mechanic

D.S. Charroin, Laboratory Mechanic

M.A. Rasmussen, Laboratory Mechanic

E.W. Krier, Laboratory Mechanic

Undergraduate and Gradu&esearclAssistants

Manitoba Infrastructure and Transportation

Harald Larsen, Piif)., Roadsi@ Safety Engineer

Andrew Pankratz, P.&g., Senior Bridge Design Engineer
Glenn Cuthbertson, P.Endpjrector, Traffic Engineering
Diana Emerson, P.Eng.,Traffic Services Engineer



SeptembeP6, 2016
MwRSF Report NoTRP-03-356-16

TABLE OF CONTENTS

TECHNICAL REPORT DOCUMENTATION PAGE.......ccooiiiiiieeee e [
DISCLAIMER STATEMENT ..ottt mnne e s e e s e sannnnnes i
UNCERTAINTY OF MEASUREMENT STATEMENT......ccooiiiiiiiiiieeee e I,
INDEPENDENT APPROVING AUTHORITY... .ttt seessiiresreeeeeeeeeseaeee e e e smmmneaaaaens Ii
ACKNOWLEDGEMENTS... ..ttt ieeeiib bbb e e e e e e eees et e et e e e e e e e e e e e e e e e s e s s ammmeaeeeas jii
TABLE OF CONTENTS. .. .ottt ieees ettt e e e e e e e e e s sensessee e et eaeaeaaeaaeeeessammeeaeeaeeeas iv
LIST OF TABLES ...ttt eeee e e e e e e aneess e nn e e e eeeees iX
L INTRODUCTION. ..ttt ittt ettt e e e s immne e e e e e e e e s s s e bbb een s essssbbbeeeees 1
I = = Tod 1o {0 U g o O 1

2 @ ] ] 1= o1 1 = 2

(I T o7 oL PP PP P PPTPP 2

2 LITERATURE REVIEW......coiiiiiiiiiiii et e et enns e 3
S DESIGN CRITERIA. ... . ettt ettt ettt e e e e e e e e e e e st e e e e e e e e e e e s e s e s s s s snnne s e s e s s nnnnnns 6
3.1 Geometric Requirements and Material Specifications..............ccccccvvcceeveerennnnns 6

3.2 Barrier Design Strength...........ooo e 7

3.3 Deck Design Stgth.......ccccooiiii e 8

4 BARRIER ANALYSIS AND DESIGN.....cutiiiiiiiiiiiiiiiiie et simmme e e e 10
4.1 Bridge Rail DESIGN........ouuiiiiiiiiiiie e e s s e e e e e e e e s eeeera e e s e e e e e e e e e e e e e e aeearennne s 10

4.2 DECK DESIGN...ceeieeiieeieee et 14

4.3 End Section Design for TESHNG.........coovviiiiiiiiieeee e 14

5 DESIGN DETAILS....co oottt e e e s s e s amnnss s rnnneeneeees 16
6 TEST REQUIREMENTS AND EVALUATION CRITERIA ....cooiiiieiiieeee e 44
6.1 TSt REQUINEIMENLIS. .....uuiiiiiiiiiiiiiii ittt e e e e e e e e neeaas 44

6.2 EVAIUALION CHItEIIA. ... .uuveiiiiiiiiiiiii ettt eeeas 45

7 TEST CONDITIONS . ...cetiiiiiiiiiee ettt reee s s st e e e ennnssesneeneeees a7
7.1 TESE FACHTY . ..ottt e e e e e e e e e e e e s e e e e e e a7

7.2 Vehicle Tow and GUIdANCe SYSIEML......cccoiiiiiiiii i ieeee e reeer e e A7

7.3 IMPACT POINL.....iiiii et eee ettt e et e e e e e e e e e e e e e s s e e e e e e e e as a7

T A TESEVENICIE.... ..t 48

7.5 Data ACQUISILION SYSTEIMS........ccceiiiiiieeeiiiieeee e e e eee e eean s 54

7.5.1 ACCEIEIOMEIEIS.....uttiiiiieie ettt re e e e e e e e e eeeeeeeeeanne 54

7.5.2 RAtE TranNSAUCEIS........uuuiiiiiiiiiiiiiieeeiiiiiiieeeetee ittt e e e e e e e s eeere e e e aaaaaaaaaeeeeeas 54



SeptembeP6, 2016
MwRSF Report NoTRP-03-356-16

7.5.3 Retroreflecti® Optic Speed Trap........coovviiiiiiiiiiiiiieme s 55

7.5.4 Digital Photography...........cccoiieee e eeeeeeeer e 55

8 FULL-SCALE CRASH TEST NO. MANL......ccoitiiiiiiiiiiiiiiieees s annnsseeenees 58
8.1 Weather CONAItIONS........ccoiiiiiiiiiii e eenas 58

8.2 TSt DESCIIPUON. ....eieeeeeeeeee e meee e e e e e e e e e s eeene e e 58

RGN o T: U= gl BT 0 =T = P 66

8.4 VEICIE DAMAQGE.......ceeeeieiiiiiiiiiie ettt errnta e e e e e e e e e e e e e e e e annes e e e as 72

8.5 OCCUPANT RISK .....cciiiiiiiiiiiiiiit e e e e e e e e e e e e e e amnnsa e e e eeaas 76

S IO D 1S T ol 11 o] o S 77

9 Data Analysis of TESENO. MAN ........ooiiiiiii v e e s srenr e e e e e e e e e e eees 79
9.1 VERICIE ROIL.....iiieeeeee et 79

9.2 Impact Load EStMation...........coooiiiiiiiiiiiieee e 79

10 MEDIAN AND ROADSIDE CONFIGURATIONS.......ccoiiiiiieeeeeieeceeee e 84
10.1 TL-5 Median Barrier Configuration..............ccccevvvviiiieeeei e eeeeeeeeeeeeeeeee e 84

10.2 Alternative Anchorage Options for Median Barfier.........ccccccceeiiiiieacieeeeeeenn. 89

10.3 TL-4 Median Barrier Configuration...............cccoevvviiiieemii e eeeeeeeeeeeeeeee e 94

10.4 TL-5 Roadside Barrier ANChorag@DNs..............uuvviriiiriiiiieeeiiieieeeieeeeeeeeeeeens a7

11 TL-5 Barrier TranSItiONS. .......coooiiiiiiiiiiieieeeiibbibieeeee e e e e e e e s ssesee e e e eeeeeeeaaeeeaeassssammmeeeas 102
11.1 TL-5 Median Barrier to Tt4 Median Barrier............cooovvviveiiiiiienee e 102

11.2 TL-5 Median Barrier to 825nm (32in.) Tall FShape Barrier.............ccccceunn... 106

11.3 TL-5 Median Batrrier to Dual TI5 Roadside Barriers..........cccceevvvvvvvvricmmnnnnnne. 110

11.4 TL-5 Median Barrier to Dual 816hm (32in.) ~Shape Roadside Barriers......114

11.5 TL-4 Median Barrier to Vertical Barrier.............ooovevviiiiiiicccieeeeeeeiin 118

11.6 Treatment for Gaps in Th Median Barrier Spanning Sign Suppatts............ 121

12 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS........ccuvtiiiiiieieeeeeceeeeeeen 127
12.1 Summary and CONCIUSIONS. .......uiiiiiii e ceeecce e eeee e e 127

12.2 Installation Recommendations. ............uuuuueuiiiccceeeieiiiii e 130

13 REFERENCES......oo oot e e e e e e neeees 134
14 APPENDICES. ... ..ottt ceeetit ettt ettt e e e e e eeet et e e e e e e aaaaaaeeaaeaessssmmeeeaeaaaaaaaeeaannn 139
Appendix A. Material SPeCifiCatioNs............oooviiiiiiiiiieeer e 140
Appendix B. Vehicle Center of Graty Determination................ccoeeviiiiieeeineeeennnns 155
Appendix C. Vehicle Deformation RECOIS..........uuviiiiiiiiiiiiieeceiieeeeeeee 157
Appendix D. Accelerometer and Rate Transducer Data Plots,N@svAN-1........ 162



SeptembeP6, 2016
MwRSF Report NoTRP-03-356-16

LIST OF FIGURES

Figure 1. General Configuration of Manitoba Bridge Rall.............cccceviiennii e, 10
Figure 2 Test Installation Layout, Test NO. MAIN............oovviiiiiiimmireeeeeeeiire e e e e 18
Figure 3. Layout Detail, TeSt NO. MAML.......ouuuiiii e 19
Figure 4. Rail Jait with Cover Plate, Test NO. MAN..........oiiiiiiiiiiie e, 20
Figure 5. Bridge Deck A and Rail A, TeSt NO. MAIN........ccooiiiiiiiiiiieiiiieee e 21
Figure 6. Bridge Deck A and Rail A idéorcement Layout, Test No. MAN........................ 22
Figure 7. Bridge Rail A Detail, Test NO. MAN..........cooiiiiiiiiiiiiiieeeeeiiirr e 23
Figure 8. Bridge Deck A Detail, TeSt NOAM-1.......coooiiiiiiiiimmr e 24
Figure 9. Bridge Deck A Section, Test NO. MAIN..........oooviiiiiiiiiiieeeeeeirirs e 25
Figure 10. Bridge Deck A Section, Test NO. MAN.........ccooiiiiiiiiiiiiericeeeieee e 26
Figure 11. Bridge Deck B and Rail B, Test NO. MAN..........uiiiiiiiiee e 27
Figure 12. Bridge Deck B and Rail B Sections, Test NO. MAN.........cccovviiiiiieiiiieeeeceeeen. 28
Figure 13. Bridge Rail B Detail, TeSt NO. MAN..........ccoiiiiiiiiiiiiiie e eeees 29
Figure 14. Bridge Deck B Detail, Test NO. MAN..........ciiiiiiiiieeeeerceeeiiciee e e ee e eeeeeeens 30
Figure 15. Bridge Deck B Section, Test NO. MAN..........oooiiiiiiiiiiiiiimeee e e 31
Figure 16. Bridge Deck B Section, Test NO. MAN...........cooiriiiiiiiiiiieee e e 32
Figure 17. Grade Beaetail, Test NO. MANL..........cooiiiiiiiiiiiece e 33
Figure 18. Rail Joint Cap, TeSt NO. MAN.......ccciiiieiiiiiiiieeeeeeee e eeeaanees 34
Figure 19. Rail Joint Cap Component Detail, Test NO. MAN............ccccvvviimmrimemiiiiiiinnnee. 35
Figure 20. Upstream Barrier End Cap, TeSt NO. MBN...........ccciiiiiiiiii i 36
Figure 21. Downstream Barrier End Cap. Test NO. MAN...........ccccouvviiiiiiimemiiiiiiieeeeeee 37
Figure 22. Barrier End Cap Components, Test No. MAN...........ccooovviiiiiiiimmmee e 38
Figure 23. Rebar Bill of Bars, TeSt NO. MAN.........ccoooiiiiiiiiiie e e 39
Figure 24. Bent Rebar Details, TeSt NO. MAN........cooiiiiiiiiiiiiii e e 40
Figure 25. Bill of Materials, TeSt NO. MAMM ... 41
Figure &. Test Installation Photographs, Test NO. MAN............ccoooieiiiiiiceene e 42
Figure 27. Barrier Joint Photographs, Test NO. MAN...........coviiiiiiiiiiiiemrc e 43
Figure 28. Test Vehiel TeSt NO. MANL .......oooviiiiiiiiiei s e e e enens e eeeeaa e 49
Figure 29. Test Vehicle with Colored Tires, Test NO. MAN...............coovvviiiiieceiie e, 50
Figure 30. Test Vehicle Ballast, TeSt NO. MAIN............ooiiiiiiiiiiiire e eeeees 51
Figure 31. Vehicle Dimensions, TeSt NO. MAIN.........cccooiiiiiiii e eeeee 52
Figure 32. Target Geometry, TeSt NO. MAIN.........cooiiiiiiiiiiic e 53
Figure 33. Camera Location Diagram, Test NO. MAN............ccooeviiiiiiieeee e, 57
Figure 34. Impact Location, TESt NO. MAN..........uuuuiiiiiiiiiiiii et rmee e 59
Figure 35. Summary of Test Results and Sequential Photographs, Test Nel MAN........ 61
Figure 36. Additional Sequential Photographs, Test NO. MAN..........cccccoeiviiiiiiccceeeeeen, 62
Figure 37. Additional Sequential Photographs, Test No. MAN...........ccccccviiiiiiieeer e, 63
Figure 38. Documentary Photographs, Test NO. MIANL........cccouiiiiiiiiiiiiccceeeee s 64
Figure 39. Vehicle Final Position and Trajectory Marks, Test No. MAN...........cc.ccooeeenee 65
Figure 40. System Damage, TeSt NO. MAN.........cooiiiiiiiiiiiiieeeiiiiiiie e eeenreeeeeeeed 68
Figure4l. System Damage, TeSt NO. MAIN........coouuiiiiiiiiiiii e 69
Figure 42. System Damage, Cover Plate Removed, Test NoO-MAN.............covvvviiiiieenne. 70
Figure 43. Deck Damage, Td$d. MAN-L.......ccooiiiiiiiiiiiiiiiiiiieeen e eeeeeeeeeeeeeevevenmmme e eeeeeeeened L
Figure 44. Vehicle Damage, TeSt NO. MAIN........cooiiiiiii i ieeeeeer e eeeeeeeeene e 73
Figure 45. Vehicle Damage, TeSt NO. MAIN ..o e 74



SeptembeP6, 2016
MwRSF Report NoTRP-03-356-16

Figure 46. Fifth Wheel Plate Damage, Test NO. MAN............ciiiiiiiii e 75
Figure 47. Estimated Impact Load, TeSt NO. MAN........cccooiiiiiiiiiiiiiiieeeie e 81
Figure 48. Barrier Deflection vs. Time, TeSt NO. MAN...........ooooiiiiiiiiiiiiee s 83
Figure 49. Manitoba Constraindtlidth, Tall Wall, Median Barrier Detalls......................... 87
Figure 50. Median Barrier Reinforcement Detalls.................uuueiiiccciiiiiiiiiiiiiiiiee s 38
Figure 51. Footing Anchorage Details for Median Barrier.............ccccoevvveeeeeeeeieeveeeeeiiiinn, 91
Figure 52. Footing Reinforcement Details for Median Barrier............ccccovviiieemiiiiiinennen. 92
Figure 53. Asphalt Keyway Anchorage Details for Median Barrier Interior Sectians....... 93
Figure 54. T4 Median Barrier DetallS...........uuuueiiiiiioe e eeecreens e 96
Figure 55. TL:5 Roadside Barrier DetailS...........ceiiiiiii i e eeeeeeeee e a8
Figure 56. TL5 Roadside Bamr Anchorage Bar Detalils.............cccccoiviiiimemniiiiiiiiiiiiee 99
Figure 57. TL5 Roadside Configuration Footing Details................uvviiicccrreeveeiiiinn, 100
Figure 58. TL5 Roadside Configuration Fang) Reinforcement Detalils...................ooooce 101
Figure 59. Transition Details, Th Median Barrier to Tt4 Single Slope Batrrier................ 104
Figure 60. Transion Details, TL-5 Median Barrier to Tt4 Single Slope Batrrier................ 105
Figure 61. TL5 Median Barrier and-Shape Median Barrier Comparison....................... 106
Figure 62. Transition Details, Th Median Barrier to fShape Barrier...........ccccoevvvvvvvvnneeee. 108
Figure 63. Transition Details, Th Median Barrier to ¥Shape Barrier...........ccccoovvvvvvvvnieeee. 109
Figure 64. Transition Details, TR Median Barrier to Dual TI5 Roadside Batrriers........... 112
Figure 65. Transition Details, Th Median Barrier to Dual T45 Roadside Barris.............. 113
Figure 66. Flared Dual Roadside Barriers for Increased Gap Widths..................cccee.. 114

Figure 67. Transition Details, T Median Barrier tdual FShape Roadside Barriers......116
Figure 68. Transition Details, Th Median Barrier to DualdShape Roadside Barriers......117
Figure 69. Transition Details, T4 Median Barrier to Vertical Parapet.........c.ccccvvvvvvvueeee. 119
Figure 70. Transition Details, T& Median Barrier to Vertical Parapet.................ccccueeeee. 120
Figure 71. MI Treatment Concept for Barrier Gaps Spanning Sign Support Structures124
Figure 72. Treatment Details for T Barrier Gaps Spanning Large Sign Suppatts........ 125
Figure 73. Treatment Details for . Barrier Gaps Spanning Large Sign Suppatrts........ 126

Figure 74. Recommended Reinforcement Configurationth&TL-5 Bridge Rail............... 131
Figure 75. Longitudinal Recess for Roadway Delineators..............cccuvvieeerniiviiinnnnnnne. 132
Figure 76. Cantilevered Barrier ExtensiongiolLarge Expansion JOINtS.............ccccee. 133
Figure A-1. Countersunk BoIts, Item dl..........cooiiiiiiiii e 143
Figure A2 . -ingDiameter, 4in. Long Stud, Item d3...........ooiiiiiiiiiiiee e 144
Figure A-3. Description of component 20M Rebar, Iltem b1,.b10..........oooviiiiiiccennnnnnn. 145
Figure A4. Steel Cover Plate, Items €2 and.C3...........ooiiiiiiiieecrecn e ereee e 146
Figure A5. Steel End Caps, Items €5, C6, C7, C8,.CO.......ouvvviuiiiiiiimreeeeiire e 147
Figure A6. Steel Cover Plat®em CL..........oii e 148
Figure A7. Steel Cover Plate, ItemM C4.........ooooiiieeeeeee e 149
Figure A8. 156M Rebar, Items b3, b7, 09.......cooir e 150
Figure A9. 156M Rebar, Items b2, b4, b5.......cooo oo 151
Figure A10. Grade Beam #4 Rebar, tem.b6...........ccooiimiiiiiceeii 152
FigureA-11. Grade Beam #5 Rebar, Items b8, b12,.b13...........ovvmiiiiiiee, 153
Figure A12. Grade Beam #6 Rebar, ltem DLL..........ccooiiiiiiiii e eveeee e 154
Figure B1. Vehicle Mass Distribtion, Test NO. MANL ........cooiiiiiiiiiieiiceiceeeee e 155
Figure B2. Vehicle Mass Distribution, Test NO. MAN. ........ccooiiiiiiiiiiiceei e 156
Figure G1. Floor Pan Deformation DataSet 1,Test NO. MANL........cccooeeeiiiiiiiiiiiiieeeeeennn. 158
Figure G2. Floor Pan Deformation DataSet 2, Test NO. MANL.........ccoooeeiiiiiiiiiiiiicennnennn. 159

Vii



SeptembeP6, 2016
MwRSF Report NoTRP-03-356-16

Figure G3. Occupant Compartment DeformatiDatal Set 1, Test No. MAML................... 160
Figure G4. Occupant Compartment Deformation Dataet 2, Test No. MAML................... 161
Figure D1. 10msAverage Longitudinal Deceleration (DF&ab), Test No. MANL........... 163
Figure D2. Longitudinal Change in Velocity (DTSCab), Test No. MANL.............cccccunn.. 164
Figure D3. Longitudinal Occupant Displacement (DISab), Test No. MANL ................. 165
Figure D4. 10ms Average Lateral Deceleration (DT8ab), Test No. MANL................... 166
Figure D5. Lateral Change in Velocity (DTSCab), Test No. MANL............cccoevivvivveiiiienn. 167
Figure D6. Lateral Occupant Displacement (DISab), Test No. MANL...............ccce.... 168
Figure D7. Vehicle Angular Displacements (DF&ab), Test No. MANL ...........ccccceeeeennn. 169
Figure D8. Acceleration Severity Index (DT-SCab), Test NO. MN-L........cccccceeiiiiiieeeeenne. 170
Figure D9. CFC 60 Longitudinal Deceleration (SLIEE Trailer), Test No. MAN1 ........... 171
Figure D10. CFC 60 50ns Average Lnogitudinal Deceleration (SLIGE - Trailer), Test

NO. IMAN - L. e e e e e e e e e eeess e e e eeeeeeeaeaaeeeeeeesssmmeaaeeaaeaeeeaaans 172
Figure D11. Longitudinal Change in Velocity (SLICE- Trailer), Test No. MANL1............ 173
Figure D12. CFC60 Lateral Deceleration (SLICE Trailer), Test No. MAN1................... 174
Figure D13. CFC60 5dns Average Lateral Deceleration (SLI2E Trailer), Test No.

1Y Nt PP 175
Figure D14. Lateral Change in Velocity (SLICE- Trailer), Test No. MAN1..................... 176
Figure D15. Vehicle Angular Displacements (SLICE Trailer), Test No. MANL.............. 177
Figure D16. Acceleration Severity Index (SLIEB, Test NO. MANL ........cccccceeiiiiiieeeeeee. 178

viii



SeptembeP6, 2016
MwRSF Report NoTRP-03-356-16

LIST OF TABLES

Table 1. Summary of Tractdrrailer Crash Tests, Barrier Descriptions and Impact

(070] a0 110 0 KT PP PP PP PP PPPPPUTPPPPPPN 4.
Table 2. Summary of Tractdirailer Crash Tests, Resilg Barrier and Deck Damage......... 5
Table 3. TL-5 Concrete Barrier Strengths............ouvuiiiiii e 8
Table 4. Crash Tested T8 Bridge Rails, Parapet and DeBlitengths..............cooovviiiiiiieeenen. 9
Table 5. Optimization Analysis Results for Bridge Rail Configurations..................cceeuee.. 13
Table 6. MASH TL5 Crash Test Conditions fawongitudinal Barriers..........cccceveeeeeiieiieenens a4
Table 7. MASH Evaluation Criteria for Longitudinal Barriers and Bridge Rails...............46
Table 8. Impact Locatianfor Rear Tandem Axles in T Crash TestS......cccccceevieeeeeeenee.. . 48
Table 9. Camera Speeds and Lens Settings, Test NO-MAN..........coooviiiiiiiceee e, 56
Table 10. Weather Cortdins, TeSt NO. MANL.........oooiiiiiiiiiiini e eeee s 58
Table 11. Sequential Description of Impact Events, Test No. MAN...............cccccieeene. 60
Table 12. Maximum Occupant Comparm®eformations by Location..................ccevvvveenn. 76
Table 13. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. MAN............. 17
Table 14. Maximum RolAngle for Trailer during TES Crash TeStS........cceeeviiieeeeiiiiiieeeennn. 79
Table 15. TL5 Design Loads from Ongoing Study NCHRRZZ(2) [32]........cceevvviviviieiiiinns 83
Table 16. Optinzation Analysis Results for Median Barrier Configuratians..................... 86
Table 17. Summary of Safety Performance Evaluation Results..............ccccovcemvvvevnnnnnns 129
TableA-1. Test No. MANL, Bill of Materials.............ooovviiiiiiiiiiieeeeeeeiiee e 141
Table A2. Concrete Compressive Strength Data...............vvveviicccreeveviiiiiiiiee e 142



SeptembeP6, 2016
MwRSF Report NoTRP-03-356-16

1 INTRODUCTION
1.1 Background

Manitoba Infrastructure (MI) currentlytilizes 825mm (32-in.) tall, Fshape concrete
barriers along higispeed roadways. However, an increased barrier height is often desired in
medians to eliminate headlight glare from opposing traffic. Additionaliy,increase to the
volume of truck traffichasincreased the nedd utilize a barrier system capable of containing
heavy trucks. Thus, Ml desired a tall concrete barrier that satisfied the Test Levebp4diety
requirements found in th&merican Association of State Highway and Transpona@dficials
(AASHTO) Manual for Assessing Safety Hardware (MA$H)

MI conducted a review of previously designed-Flbarriers and elected to alter the
crosssection shape dafts barrier from the previous-shape to a singlslope shape. He State
Departments of Transportation for both California and Téwagdeveloped high containment,
concrete median barrierdilizing a constant slopen the front face of the barrief2-4]. Both
barriers havea height of1,070 mm(42 in.), but they differslightly in face geometry as the slopes
measured.1 and 10.8 degrees from vertical, respectividiywever,MI required a taller barrier
to eliminate headlight glaréltilizing the guidelines provided in National Cooperative Highway
Research Prograin@NCHRP)Synthesis of Highway Practice @&, Ml desired a barrier height
of 1,250 mm (49% in.)Additionally, MI desireca footprintwidth of 600 mm (23%4n.) to match
current roadway median geometries. ThMs, desired to modify the California Sing&lope
barrier to match these geometric requirements.

Variatiors of both singleslope barries have previously been developedby other
transportation agenciegesiringhigh-capacity concrete barriedrdowever, the barrier height has
not typically been alteredncreasing the barrier heighbove the standard 1,070 n{d#®2 in.)
would likely restrict the amount of ro#xperienced byhe tractor trailerduring redrection, thus
reducing the time duration of the impulse wave and increasing the load imparted to the barrier.
Additionally, taller barriers mayotentially result in an increased applied load height. Impacts
with 1,070 mm(42 in.) tall barriershaveresuledin the box extending over and leaning on the
top of the barrier during redirection. With a taller barrier, the trailer box could impact the barrier
laterally and apply loads near the top of the barrier.ifemeasd applied loadheight would
require moe anchorage strength to prevent barrier overturning. Subsequently, in order to
increase the height of a T& barrier, additional reinforcement and barrier anchorage may be
required to maintain the structural integrity of the system

Finally, Ml desired tautilize the new barrier system in a variety of different installation
applicatiors, including as a median barrier, roadside barrier, and bridge rail. Therefore, a need
existed to develop a new family of MASH . concr ete bar rgeometsc t o
desires and encompass multiple installation configurations. Additionally, transitions would be
needed to attach the new barrier system to existing barriers and/or newh&gldr (lower
containment level) barriers.
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1.2 Objective

The objective of this resedreffort was to developa tall, single slope, concrete barrier
system to satisfy MASH Ti5 safety performance criteridhe barriewas to bemodeled after
the California SingleSlope barrier, have a height H250 mm(49% in.), and hava maximum
base wath of 600 mm (23%4in.). Multiple configurations of the new barrier system were desired
including medianroadside, and bridge rail applicatio®®th interior and end sections (adjacent
to discontinuities) were to be developed. The new barrier was tgtimized to minimize
installation costs while satisfying MASH Th standards. Additionally, a bridge deck with
minimal thickness and maximum cantilever overhang distance was desired to support the new
bridge rail Finally, transitions from the new Fb barier to various existing barrier structures
were to be developed.

1.3 Scope

The research objective was achieved by performing several tasks. First, a literature
review was condtted on previous crash tests involving tradtailer vehicles impactingridge
rails, roadside barriersand median barriersThe structural capacities of these systems were
calculated and the level of damage sustained to the system was noted. Next, the barrier width
and reinforcement configuration was optimized to minimize instaliatiosts while satisfying
MASH TL-5 structural requirementdesign efforts focused on singlesided bridge ralil
configuration sincenarrowerbarriersare more likely to sustain damage during impagens
than wider, symmetricbarriers A full-scale crds test wasthen conducted with a 36,00Kg
(80,000Ib) vantype tractor trailer impactinga 46 m (150 ft) longbridge rail installation
according to MASH tesho. 5-12. The successfullytestedTL-5 bridge rail was modified into
multiple other configuratios) including median and roadside applications. Finally, multiple
transitions were developed to attach the newbsTharriers to various new and existing concrete
barrier systems.
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2 LITERATURE REVIEW

At the onset of the project,liéerature review was condtedon previously crastested
TL-5 barrier systems. The review focused on testingaofstyle tractottrailersimpacting bridge
rails and concreteadside andnedian barriers. In all, nine tests on bridge rails and four tests on
concrete median barrewe reviewed.Eleven of the tests were conducted according to the
impact criteria ofNational Cooperative Highway Research Program (NCHRP) R&mor850
[6], which are the same for test ne18 in the currenMASH standard.The remainingwo tests
were conductedn accordance with the 1989 edition AfA S HT @adide Specifications for
Bridge Railings[7]. The main difference between the crash testing standards was the required
weight of the tractotrailer from the AASHTO guide wa22,680 kg (50,000 Ib), while NCHRP
Report No. 35Gnd MASHrequired a ehicle weight of 3&87 kg (80000 Ib).All 13 of these
crash testsesulted in vehicle redirection asdtishictory barrier performance

The literatire review focused oihe geometryand strengthof each of these high
containment barrier systems. The geometric shape, height, and width of each barrier were
documented along with the mass, speed, and angle of the impacting Vi@bitkethicknesss
and antilever overhang distareeere alsarecorded forthe nine bridge rails Additionally, the
material strengths and reinforcement configurations were documented in order to calculate
barrier and deck strengths. System strengths were utilized in estaplishidesign strength for
the new Manitoba barrier and are discussed in Ch&ptenally, the damage sustained by each
system was documented in order to compare performdreteveen the barrier systenighe
crash tests are sumarized in Table$ and2.



Tablel. Summary ofTractorTrailer Crash TestBarrierDescriptions and Impact Conditions

Barrier Deck Deck Impact Vehicle
Test Ref. Configuration Barrier Height Thickness | Overhang | Speed | Impact Mass
No. No. Shape mm mm mm km/h Angle kg
(in.) (in.) (in.) (mph) (Ib)
Tets | @ | eweral | Chponceemd LT | sk [ | 100 T | o
24161 | 91 Bridge Rail | S0 l('52(;)0 %gf ?1%7) (471;:2) 14.5° (gg:ggg)
106910 | 110 | ergeRal | Fshape | Loo | 24| 9L [ 8s0 T 22680
706913 | [10] | Bridge Rail Vertical 1('2%7 (21%‘; éggl) éif‘) 16.2° ég:ggg)
4055112 [11] Bridge Rail Vertical 1('2%7 (2150‘; (%991) (?18;) 14.5° (ggggg)
ACBR-1 [12] Bridge Rail Open Concrete Ra 1(,‘(1)%7 (2155; 1(’535)1 (4718451) 16.3° (ggggé)
7D 04/HK |[1314]|  Bridge Rail S\fﬁfh' g‘tee"é’lézr”sey (%%(_)él;;;) Unknown | Unknown (3;:8) 20° (ggzggg)
SBG1 | [19 | Bridge Rail “ﬂgfs'féfé’h'iﬁvev (14(1)?30) (fgés) (13'8948 (23:2) 15.6° (321233)
o1 | 09 | ergerar | Medtedtiew |t o T o0 T 0 e | ot
TLSCMB-2 | [17] | Median Barrier MOdiglegpii”g'e 1('2%7 NA NA (2‘2‘%) 15.4° (381%8‘5‘)
479813 [18] Median Barrier | New Jersey Shap 1(’2%7 NA NA (gg?) 16.5° (gg’i%%)
71621 [19 Median Barrier | New Jersey Shap 1(’2?)7 NA NA (Zg.'g) 15.1° (ggggg)
70463 [21] |Instrumented Wal Vertical Wall 2(92(%6 NA NA ?25? 15.3° (ggggg)

NA = Not Applicable

9T-9GE-€0-dHION Hoday 4SHMIN

9102 ‘9gaquiaidas



Table2. Summary of Tractefrailer Crash Tests, ResulgjiBarrier and Deck Damage

Test No. Barrier Damage Deck Damage
Test 6 4%(;?)mm(nlw.?1lg 'iﬁgn;;eg?r;?;l d?lsspplzlslac(;e%neenr:’ Cracking in bridge deck extending 9 m (30 ft) upstrea
cracking in rail: and 15 m (50 ft) downstreaaf impact
13 mm (0.5 in.) concrete rail displacement,
24161 150 mm (6 in.) steel rail displacement, Unavailable
Anchor failure orpost 5 & 6
706910 Spalling along top of barr_ier Unavailable
Contact marks and gouging
706913 Spalling along top of bae_’r Unavailable
Contact marks and gouging
4055112 Spalling along top of barr_ier Unavailable
Contact marks and gouging
100 mm (4 in.) displacement in rail Cracking in deck
ACBR-1 Cracking guging and spalling on face of rail Sianificant spallina/fracture behind posts
Small pieces fractured off from top of barrier 9 baliing P
Contact marks and gouging
7D 04/HK Bentand denteghanels None documented in report
Barriers displaced (slid) backward
SBG1 Contact marks and gouging None documented in report
RYU-1 Contact narks and gouging None documented in report
Contact marks and gouging
TL5CMB-2 Spalling along top of barrier NA
Minor cracking
479813 Unavailable NA
Contact marks and gouging
71621 Spalling along the top of the barrier NA
Crackingi up to6 mm(¥4in.) wide
70463 NA NA

NA = Not Applicable

9T-9GE-€0-dHION Hoday 4SHMIN
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3 DESIGN CRITERIA
3.1 Geometric Requirementsand Material Specifications

Although median barrier, roadside barrier, and bridge rail configurations were all desired
for the newMASH TL-5 concrete barriethe bridge raiwas considered the most critical design
as it was singlesided with the narrowest cross sectidhus requiring the most anchorage
strength. Additionally, the bridge ragquired attachmento a thin, cantilever bridge deckhich
was more susceptibl® tdamage than a foundation slab or footing utilized for the median or
roadside applicationsThus, design and testing was to focustbe bridge rail configuration
Then, pending a successful crash test, the other configurations would be désigrec
equivalentstrength as the bridge raBoth interior and end sections (adjacent to discontinuities)
of the barrier were designed.

The newmedian barrier and bridge rail systems weaguired to have a height of 1,250
mm (49%in.) and a maximum base width 600 mm (23% in.). The barrier was to have a
constant slope face geometry wittBadegreeslope from vertical creating a 200nm (8in.)
lateral offset from its base to its toffhe bridge deck was to have a minimum thicknes50f 2
mm (10 in.), and the bckside of the barrier was to be offset from the edge of the deck by 50 mm
(2 in.). Barrier reinforcement was to consist of both longituderadl transverse steel with
additional reinforcing bars required to anchor the barrier to the deck.

System discontinities can creatdnigher stresses and a higher risk of component failure
Thus the full-scale test was to be conducted on a test installation incorporating an exjgaasion
contraction joint in both the bridge rail and the kleEypical joints in Ml bridg decks were an
average of 215 mm (8.5 in.) wide and consisted of steel components utilizedstertshear
across the joint. Concrete barriers cannot be cast directly on these adjustable stesb gapts
the size of the steel joint hardware weréenfleft in the barrier system. Therefoeesimilar
width gap was to be placed within the test installation. Development of a steel cover plate was
desired to span across the open joint in the barrier and protect a vehicle from snagging on
exposed ends dhe barrier. The cap would be anchored only to the upstream side of the joint to
allow the joint to expand and contraétsteel cover plate design currently utilized by Ml served
as the basis for the barrier joint design herein.

The new TL5 barrier wago be designed, constructed, and evaluated with materials in
compliance withMI6 s st and ar dMispeefies that 35aviP#5,000 psi)concrete
design strength be used for its bridge decks and concrete bridge barriers in the design process.
For canstruction,MI specifiesthe minimum concrete design strength be increased to 45 MPa
(6,500 psi)for enhanced durability. Since the-@mstructed concrete design strength is 45 MPa
(6,500 psi)or greater for current bridge barriers, it was thought mouelgnt to crash test a
barrier using the higher concrete design strength as this would be more representative-of the as
constructed barrier3hus, he concrete was required to havaiaimum compressive strength of
45 MPa (6,500 psi). Reinforcement wasctmsist of Steel Grade 400W Canadian Metric Rebar
with sizes between 10M and 20M. Transverse steel bars were to be spaced at intervals divisible
by 50 mm (2 in.) with a 16éhm (4in.) minimum spacing. Steel reinforcement required 75 mm

6
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(3 in.) of concretecover with the exception of a 5@m (2in.) cover allowance for the bottom
layer of deck reinforcement.

3.2 Barrier Design Strength

According to theAASHTOLRFD Bridge Design Specificatiof®0], a TL-5 barrier
should be designea tsupport a 55&N (124kips) lateral load applied at the top of the barrier.
However, areview of prior research and current barrier desigdgated that this design load
may be too low. Thus, the recommended load application hatgiie top of the baer was
utilized during the &dared mptmemagnitude fof thd loadswasn e w
refined based on previous research.

An extensive study ofehicle impact load#as previouslyconductecat the Texa®\&M
Transportation Institute (TTIn which an instrumented vertical wallvas subjected to impacts
from multiple vehicles Load cells within the wall were used neeasure thenagnitude of each
impact event [21]. Of specific interest to this studya 36,000kg (794001b) tractor trailer
impactedthe wall at 86 km/h (55 mph) and 15 degreesmtching the MASH Ti5 impact
criteria The peak lateral load of the tractor trailer wasasured to b880 kN (220 kips) during
the impact of the trailér eartandem axles against the wall.

Barrier strengths were also calculated foeviously designed and successfutlash
tested TL5 barriers Barrier capacities were calculated utilizing Yield Line Theory, a common
analysismethodfor concrete barriers andaemmended by thAASHTOLRFD Bridge Design
Specificationd20]. The list of barriers shown previously in Tableand2 was pared down to
include only barriergested to the current MASH Tk impact criteria and avoid barriers that
may not satisfy current strength requirements. Additionally, barrier systems containing either
steel rail conponentsor Fiber Reinforcd Polymer (FRP) reinforcement were also disregarded as
these systemwould require different analysis techniquééhough the California SingtSlope
barrier was never crash testeith heavy vehicles, it has been widely consadieto be a Ti5
barrier and has been listed in (RASHTO Roadside Design Gui@#®] as a TL-5 barrier. Thus,
the California SingleSlope barrier was included in the barrier strength analysis. The five barriers
that were anabed are listed along with their calculated strengthfisable3.

Four of the five barriers listed ifable 3 had design strengths below the 980 (220
kip) load measured from testing with the instrumdntall, although allbarrierswere within 10
percent of this measured val@@nly oneof the tested Ti5 barriers listed imMable 3 sustained
heavy damage during the impaas, the open concrete rail evaluated in test no. ACBRowed
rail, post, and deck damage. Damage to the other four bardesssted obnly contact marks,
gouging, and minor cracking. Therefore, Yield Line Theory was thought to underestimate the
actual capacity of a concrete barriespecially for closed siped barriersand the design
strength required of a concrete barrier to satisfy MASHGTik likely lower than the strength of
existing TL5 barri er systems. I n recognition of Yi
through discussions with the projesponsor, a minimum design load of 845 kN (190 kips) was
selected for the new MI Tb barrier.
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Table3. TL-5 Concrete Barrier Strengths

Height Barrier
System 9 . . Ref. Crash Test Strength
mm Configuration
Shape (in.) No. No. kN
' (kips)
. 1,067 . 1,913
New Jersey Barrier (42) Median [18] 479813 (430)
. 1,067 : : 890
Vertical (42) Bridge Raill [17] 4055112 (200)
. 1,067 : : 939
Open Concrete Rail (42) Bridge Rall [12] ACBR-1 (211)
Single Slopé Modified 1,067 . ] 956
for Head Ejection (42) Median [17 TL5CMB-2 (215)
e 1,067 . 916
California Single Slope (42) Median [22] NA (206)

! Barrier Strengths Calculated with Load Appliedrap of Barrier, 1,067 mm (42 in.)
3.3 Deck Design Strength

The strength of a bridge deck supporting a5r'concrete bridge rail must satisfy three
design caseis order to comply with th@ASHTO LRFD Bridge Guide Specificatid2§]:

1. A 552KkN (124kip) lateral load applied to the face of the bridge rail and transferred
down to the deck as both a shear force and moment.

2. A 356-kN (80-kip) vertical load applied to the cantilever portion of the bridge deck

3. The bending strength of the deck must be equal to or greater than the overturning
moment strength of the barrier {k&rm in Yield Line analysis of the barrier).

In practice, the firstwo design cases rarely control the design strength of the bridge
deck. Design Case 2 only controls for decks \dtlye cantilever distances (i.greater than 2 m
(6.5 ft) between the edge of the outer most girder and the edge of the Heekprescribd
lateral load in Design Case 1 is much lower in magnitude than the targeted design strength of the
barrier, 845 kN (190 kips), so it would not control the deck design strength either. Therefore,
Design Case 8/pically controls the required strength bktbridge deck.

Previous crash testing has demonstrated the ability of bridge decks with bending
strengthdower than the barrier Mo support TL5 impacts without damag&able4 contains a
summary of four TE5 crash tests oroacrete bridge rails supported by simulated bridge decks.
The overtuning strength of each barriévl;, and the bending strength of each simulated bridge
deck was calculated and is shown as strength per unit l&rgthatio of the deck strength to the
barier overturning strength waalso calculated. Three of the reviewed crash tests featured
bridge decks with strengths significantly lower than tralvided by thebarrier(strength ratios
less than 1.0)Two of these reducechpacity deckswhich had st&ngth ratios of 0.71 and 0.85,
sustained no structural damagering the fullscale crash test. Thus, previous testing has
demonstrated the ability of decks with only 71 percent of the barrido Mdequately support

8
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the barrier during impact events. Afteonsulting with the project sponsors, a deck strengt/b of 8

percent of the barrier Mvas selected as the design strength for the nelw Bitidge rail.

Table4. Crash Testd TL-5 Bridge Rails, Parapet ambeck Strength

Barrier Deck
Test Ref. M. Thickness| Strength | 3 5 AT
No. NO. | Shape | kN-m/m mm KN-m/m | ez Damage
(k-in./ft) (in.) (k-in/ft)
147 254 125
706910 | [1Q0] | F-shape (397) (10) (336) 0.85 None
: 105 254 75
4055112 | [11] | Vertical (284) (10) (203) 0.71 None
Open Cracking in deck,
ACBR-1 | [12] | Concrete éég) (21561) (%(7)2) 0.47 fractures behind
Rail posts
New 169 340 249
SBGL | [19] | jorsey | (456) (13.5) (673) Lar None
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4 BARRIER ANALYSIS AND DESIGN
4.1 Bridge Rail Design

Through discussions with the project sponddl, a general barrier configuration was
established for the new Tk bridge rail. The rail would ba 1,256mm (49%in.) tall, single
slope barrier with a vertical back side. Steel reinforcement would consist of both longitudinal
bars and transverse stirrups. The stirrups would {sbdpedwnith the open ends extendimgto
the narrow top of the rail. Minimum bend radii for larger bars prohibited a continuous loop
stirrup from fitting inside the narrow top of the barridrsketch of the general configuration is
shown inFigurel.

Figurel. General Configuration dflanitobaBridge Rail

Variables within the general design configuration included barrier width, size and number
of longitudinal bars, and size and spacing of the transverse stamisUFor a median (double
sided configuration, a 200nm (8in.) top width resulted in the maximum targeted base width of
600 mm (23% in.). However, marrower,singlesided configuration occupied less space and
could be widened withouwtnacceptably encroaching towards traffitius, barier top widths of
both 200 mm (8 in.) and 250 mm (10 in.) were consideFed.widths greaterthan 250 mm (10
in.) were undesirable.

All steel reinforcement was to consist of bar simngingbetween 10M and 20Mlhe
barrierlongitudinal steel was toonsist ofeither10 or 12 barsdivided evenly between the front
and back sides of the barrier. These quantdreate desirablebar spacingbetween 200 mm
and 300 mm (8 in. and 12 irajong theheightof the barrier. The transverse steebérs wered
be spaced at intervals divisible by 50 niin.) with a minimum spacing df0O0 mm (4 in.),
(e.g., 100 mm, 150 mm, 200 matg).

10
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The bridge raildesignwas optimized to satisfy the minimum design streng§éb kN
(190 kips) and to minimize the cost othe barrier system. The strength of the various
configuration possibilities was calculated utilizing Yield Line Theory, as recommended by the
AASHTOLRFD Bridge Design Specificatiofi20], assuming théateralimpact load wasgplied
to the top of the barrieat a height of 1,250 mm (49% in.) and distributed over 2.4 m (8 ft).
Construction costs for the various configurations wi@ight to be closely related with the
amount of steel reinforcement within the barrier. Thineamount of steel in each configuration
was calculated per urdgngth kg/m, and these values were utilized to compare the relative costs
of each design configuration.

Design configurations were analyzatllizing an iterative approach, changing only one
variable at a time. For a specific width, longitudinal rebar configuration, and stirrup bar size, the
largeststirrup spacingo satisly the 845MPa (190kip) strength requirement was determined.
The resulting barrier configuration was documented, andni@unt of steel per unit length was
calculated. This process was repeated for each possible combination of width, longitudinal bar
size, longitudinal bar quantity, and stirrup size. Additionally, siresegh configurations for both
interior and end sectis were required for the netwridge rail, the entire procedure was
conducted twice, once with the Yield Line equation for interior sections and the second time with
the equation for end sections

Early in the analysis procedun¢ was noted that 10M barsvhen used as longitudinal
steel or stirrups, did not provide enough strength to satisfy th&84%90kip) design load. As
such, 10M bars were removed from the list of possible bar,anesonly 15M and 20M bars
were consideredhe results of the djnization analysis are shown Trable5.

As expected, the design configurations with a-856 (1Gin.) top width tended to
contain less steel than the 200n (8in.) top width designs. The increased width resulted in
increased séngth and decreas¢he requiredsteel byan average of kg/m (3 Ib/ft) for interior
sections and 0 kg/m (7 Ib/ft)for end sectionsThis reductionin steelwas more than enough to
offset the cost of the additional concrete required for a wider bafhes,the 250mm (1Gin.)
top width designs were favored over the narrower widths.

The barrier configuration that resulted in the lowest amount of steel utilized-=ar50
(10-in.) top width, ten 15M longitudinal bars, and 20M stirrups spaced at 400 n¥mig15 This
interior configuration required only927 kg/m (20.0 Ib/ft) of steel, about 1 kg/m (0.7 Ib/ft) less
thanany other designrhis configuration also allowed for a stirrup spacing 150 mm (6 in.) larger
than theconfiguration with the second loweamount of steelthus requiring less steel ties.
Therefore this configuration was @&htified as the optimal design for interior barrier sections

For construction purposes,was desired to keep the longitudinal steel the same for both
the interior andend sectiorconfigurationsldeally, only the stirrup spacing would beducedor
end sections adjacent to rail discontinuiti€anveniently,the end sectionconfiguration that
resulted in the second lowest amount of steel matched perfectly with timealoptterior
configuration. This end section was identical to the interior section, except the stirrup spacing
was reducedrom 400 mm (15% in.)to 200 mm (8 in.), or half of the interior section
configuration. Therefore, combination of these two configans, highlighted immable5, were
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selected as the optimal designs¥br mew TL-5 bridge rail and were recommended for further
evaluation through fulscalecrashtesting.

During the Yield Line analysis of the barrier endtset a critical length, kg, of 2.7 m
(8.8 ft) was calculated. Thus, it was recommended that the end section configuration with
reducedstirrup spacing extend at least 2.7 m (8.8 ft) from any rail discontinuity.

Although the strength analysis herein wasducted assuming a load height of 1,250 mm
(49% in.), it was recognized that other designers may utilize different load heights and different
design loads. For comparison purposes, the strength of the selected interior design configuration
was also calcalted assuming load heights of 860 mm (34 in.) and 1,090 mm (43 in.). These
applied load heights resulted in strength capacities of 1,143 kN (257 kips) and 970 kN (218
Kips), respectively.

12
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Table5. Optimization Analysis Results f@ridge Rail Configurations

Top

Longitudinal

Transverse

) Interior Section End Section
Barrier Steel Steel
Width Transverse Barrier Transverse Barrier
(mm) NBoérgf Size Size Steel Spacing Strength T?Lal /rSnt)e el Steel Spacing Strength T(;Lf;t}l/i;eel
(mm) (kN) o (mm) (kN)
200 10 15M 15M 200 927 34.4 100 1,136 53.1
200 12 15M 15M 200 978 37.5 100 1,150 56.2
200 10 20M 15M 250 897 38.5 100 1,168 60.9
200 12 20M 15M 250 847 43.2 100 1,184 65.6
200 10 15M 20M 300 906 34.4 150 1,077 53.1
200 12 15M 20M 300 883 37.5 150 1,090 56.2
200 10 20M 20M 400 862 37.6 200 892 51.6
200 12 20M 20M 400 909 42.3 200 908 56.3
250 10 15M 15M 250 916 30.6 150 889 40.6
250 12 15M 15M 300 860 31.3 150 904 43.8
250 10 20M 15M 300 920 36.0 150 922 485
250 12 20M 15M 350 888 38.9 150 942 53.2
250 10 15M 20M 400 874 29.7 200 983 43.7
250 12 15M 20M 450 858 31.3 200 998 46.9
250 10 20M 20M 500 860 34.8 250 847 46.0
250 12 20M 20M 500 915 39.5 250 866 50.7
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4.2 Deck Design

An optimizedbridge deckwasdesignedo support the new T5 bridge rail. The deck
wasrequiredto be a minimum of 250 mm (10 in.) thick and contain an upper and lower mat of
steel reinforcemeniThe upper and lower mats were to have concrete covers of 75 mm. (3 in.)
and 50 mm (2 i), respectivelyA 15M bar spaced at 350 mm (13% in.) was prescribed as the
longitudinal steel in both reinforcement mats, which was typical of large bridges in Manitoba.
The lateral steel bar configurations needed to be designed to support the newaliridge

As discussed previously in Secti@3, the design strength for the bridge deck was
established as 85 percent of the overturning strength of the bridge gaillhiel bridge ralil
designs selected for further evaluatiorSiection4.1 had M strengths ofL35 kN-m/m (30.3 kip
ft/ft) and 259 kNm/m (58.3 kipft/ft) for the interior and end section configurations,
respectivelyBy multiplying these M valuesby 0.85 the deck design strengtiwere etablished
as 114 kN*m/m (25.7 kip*ft/ft) for regions supporting interior bridge rail sections and 220
kN*m/m (49.5 kip*ft/ft) for regions supporting end sections near discontinuities.

For constructability purposes, it was desired for the lateral steglildahe deck to be
spacedio matchthe barrier stirrupso that transverse steel frdmoth structures could be tied
together Thus, the lateral bars in the deskre targeted forlpcanentat intervalsof 400 mm
and 200 mm (15% in. and 8 in.) for inter@nd end sections, respectivaiowever, in order to
satisfy the design strength requirements for the deck, the lateral steel in the wgschatbled,
which still allowed every other bar to be tied to the barrier stirrups.

The selected deckonfiguraton was 280 mm (11 in.) thick and consisted of 20M bars
spaced at 200 mm (8 in.) alotize top mat of steel and 15M bars spaced at 400 mm (15% in.)
along thebottom mat. This configuration gave the interior deck section a strength of £21 kN
m/m (27.3 kipft/ft). Similar to the bridge rail reinforcement, the lateral steel ipattse deck end
sectionwere doubledresulting in a spacing df00 mm @ in.) for the 20M bars ang00 mm @
in.) for the 15M bars. The deck end section had a calculated strengthingatice targeted
design strength of 220 kisi/m (49.5 kipft/ft).

Thelength of thedeck overhang, the cantilever portion of the barrier adjacent to the edge
of the deck, was desired to bg8@0 mm (51% in.)This distanceepresented the largest of the
overhang lengths typically utilized bI. Utilizing a distance of BOO mm (51% in,)the dead
weight of the barrier, and the 3%®6! (80-kip) vertical load recomended by loading Case 2 of
the AASHTO LRFD Bridge Guide Specificatipmssulted in a desigroad of 58 kNm/m (13
kip-ft/ft). This design load wasnly 50 percent othe strength of the deck, so th&d0 mm
(51% in.) overhang distance was acceptable for use witmaheTL-5 bridge rail and deck
designs.

4.3End Section Design for Testing
Expansionand @ntraction joints in concrete barriers create discontinuities and weak

points within a barrier system. Thusljlfscale crash testing was intended to be conducted with
the tractor trailer vehicle impacting just upstreiom a simulatedoint in the brdge rail and
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deck. However, the calculated strengththe barrier end section was higher than that of the
interior sections, 988N (221 kips)ascompared t@74 kN (196 kips)An argument coulthave

been made that the interior section was weaker than dhd sectionTo ensue the interior
section could withstand a Th impact, the design of the barrier end secti@as alterednly for

the full-scale crash test. By extending the spacing of the barrier stirrups from 200 mm (8 in.) to
230 mm (9 in.), the ebign strength of the end section was reduced to 874 kN (196 kips)
matching thecapacity of thenterior section This configuration was utilized for fuficalecrash
testing, but the recommended configuration for-reatld installations would stilutilize the
original 200mm (&in.) spacing.Spacingof the lateral steel bars in the desksalso increased

to match the transverse steel in the barrier end sections.

During the Yield Line analysis dhe barrierend sectionpa critical lengthLcg, of 2.7 m
(8.8 ft) was calculated. Thus, it was recommended that the end section configuration with a
reduced stirrup spacing extend at least 2.7 m (8.8 ft) from any rail discontinuity. For the test
installation shown in Chapt&; endsection reinforcemergattern coverea distance of 2Bm
(9.4 ft) on each side of the open joint.
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5 DESIGN DETAILS

The testinstallation was comprised d reinforced concretdridge rail installed ona
simulated concrete bridge decklThe total length ofthe barrier was 45.72n (150 ft). The
upstream half of the barrier was installed on a simuleggdorced concretéridge deck, while
the downstream half was installed on the tesbssencretetarmac.Designdetails for the test
installation areshownin Figures2 through25. Photograph®f the testmstallation are shown in
Figures26 and27. Material specifications, mill certifications, and certificates of conformity for
the ystem materials are shownAppendix A

The bridge rail was a,250mm (49%4in.) tall, single slope barrier, with a slope
measuring 9 degrees from vertical. The bridge rail was 250 mm (10 in.) wide at the top and 450
mm (17%in.) wide at the bottom whi ch mat c h e d veditadback Eshaper e n t
barrier used on bridge deckBarrier reinforcement consisted bbth longitudinal bars andl-
shaped stirrups, as shown in Figuresnd12. All barrier reinforcement had a concrete cover of
75 mm (3 in.).The edges of the bridge rabmtained20 mm (% in.) chamfers, andhé back of
thebarrier was 50 mm (2 in.) fro the edge of the bridge deck.

The bridge rail contained a simulated expansion/contraction joint consistinbs8fram
(6e -in.) opengapin the barrier.This distance was selected to represent typical gaps widths in
realworld installations and to match up with the transverse steel reinforcement in the deck
without requiringabnormalrebar spacingA cover plate fabricatedfrom 13mm (¥zin.) thick
stee| was placed over the joint and bolted to the upstream side of the barrier, as shown in Figures
18 and 19. Thebolts were 19mm (3%in.) diameter, flat head, countersunk bolts that laid flush
with the cover plate when installed. Steel end cegstaining the corresponding nuts, as shown
in Figures20 through 22, were cast into the ends of the bridge rail adjacent to the opeftyap
barrier was recessd® mm (%4n.) adjacent to the joint so that the cover plate was flush with the
face of the barrierAdditionally, the leading edge of the cover plate cap was chamfered to
prevent vehicle snagginghotographs of the joint with and without the cover plate are shown in
Figure27. End section reinforcement, characterizeddxjucedstirrup spacing, was utilized for a
distance of 2.86 m (9.4 ft) both upstream and downstfe@mthe open joint.

The simulated bridge deck was 2.9 m (9)5afide, 280 mm (11 in.) thickand 22.86 m
(75 ft) long.Theinner sectiorof the bridge deck waanchoredo theadjacent concrete tarmac
utilizing epoxied dowel bars'he middle of thebridge deck wa supported by a 66@Gm (23 -
in.) tall by 600mm ( 2 3irg) wide gradebeam as shown in FigureBand17. The cantilevered
portion of the simulated bridge deck extende®8 m (51%4 in.) past the grade beanm @dpen
joint gap measuring 19nm (3%in.) wide, ran through the middle of the bridge dexid aligned
with the center of the open joint in the rail. No connection hardware was utilized to connect the
upstream and dovetream halves of the bridge dedike deck was reinforcedith upper and
lower steel rebar mat&£nd section reinforcement, characterized by an increase in transverse
steel bars, was placed underneath the barrier end sections on both sides of the joint.

The bridge rail, deck, and grade beanravell cast with a concrete mix with a targeted
28-day compressive design strength of 45 MPa (6,500 @sicrete cylinders were tested for
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strength at 14 dayafter casting28 daysafter castingand two days aftéhe test was conducted

for all of the concrete poursas shown imMppendix A Two days aftethe full-scaletest, the
average concrete strengths of the barrier and deck were 47.6 MPa (6,900 psi) and 55.6 MPa
(8,065 psi), respeiwely. Steel reinforcement in the bridge rail and deck consist&deafi Grade

400W Canadian Metric Rehawhile the grade beam was reinforced with ASTM A615 Grade 60
rebar.
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SECTION E-E

Notes: (1) Reinforcement bars b1, b3, and b10 are in the same vertical plane.

(2) Reinforcement bars b11 are to be embedded into the existing tarmac with
chemical epoxy adhesive (Part e1).

(3) Reinforcement bars b12 and b13 are to be driven into soil. Midwest Roadside
Safety Facility

(4) Grade beam not shown in elevation view.
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Notes: (1) Grade beam not shown.

(3) Reinforcement bars b12 are to be driven into soil.

(2) Reinforcement bars b11 are to _be anchored into the existing tarmac
with chemical epoxy adhesive (Part e1).
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SECTION K—-K

Note: (1) Reinforcement bars b7 and b11 are anchored into the tarmac with chemical
epoxy adhesive (Part e1).

(2) Reinforcement bars b12 and b13 are to be driven into soil.
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Figure15. Bridge Deck B Section, Test NMAN-1
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Figurel6. Bridge Deck B SectigriTest NoMAN -1
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Figurel7. Grade Beam Detail, Test NWIAN -1
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Figure18. Rail Joint Cap, Test NOIAN-1

9T-9GE-E£0dHION Hoday ASHMN

9T0Z ‘9gaquialdas



GE

800 TR - | S
e = V7 ——" 150 [31 1/2"] 75
[5 7/8"] [3"]
622 [7/8" THRU 922 [7/8"] THRU
L— v ¢35 iw 3/]8"] X 67° | —\ 835 [ 3/8"] X 67°
a’é REVERSE SIDE “(TYP) % (TYP)
220 2%3
[9 7/8"] [10”]
[ -] +
1238 250 " 1255 253
[48 3/4"] [9 7/87] [49 3/8"] [10"]
@ — [ -
250 150 253
[9 7/8"] [5 7/8"]4l——‘ [10"]
]
250 256
[# %57 [10 1/16"]
! A ] |
[3"] Chamfer LEVATION VIEW
ELEVATION VIEW Part ¢3
Part ¢2 495 13 [1/2"] THICKNESS

13 [1/2”] THICKNESS h[m Y
t
8 64
/ [37] [\I-—[z 1/2"]ﬁ —

f
437 80" 319
[17 3/16") ™ [3/4"]
(310172%) PROFILE VIEW \/
Part c4 ?19x64 [@3/4"x2 1/2"]
6 [1/47] THICKNESS FLAT HEAD COUNTERSUNK BOLT
SCALE 1:8 SCALE 1:2
264
[10 3/8"] TSHEET:
Manitoba TL—5 Bridge I
Rail DATE:
4/27/2016
PLAN VIEW DRAWN BY:
. : Rail Joint Cap C t
- [1/23]”T§:CKNESS Midwest Roadside| Detail . ¢ ~°mPenen e
HH DWG. NAME. SCALE: 1:18 REV. BY:
SCALE 1:12 SOfety FGCIIIty Manitoba_R13 UNITS: mm[]n‘]|;l;f//ﬁlpl2§/

Figure19. Rail Joint Cap Component Detail, Test NOAN-1
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Figure20. Upstream Barrier End Cap, Test M6AN-1
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Figure21. Downstream Barrier End Cap. Test NoAN-1
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Figure22. Barrier End Cap Components, Test NBAN -1










































































































































































































































































































































































































































