Research Project Number TPF-5(193) Supplement #87

PLACEMENT OF BREAKAWAY LIGHT
POLES LOCATED DIRECTLY BEHIND
MIDWEST GUARDRAIL SYSTEM (MGYS)

Submitted by
Mojdeh Asadollahi Pajouh, Ph.D. Robert W. Bielenberg, M.S.M.E., E.LT.
Post-Doctoral Research Associate Research Engineer
Jennifer Schmidt, Ph.D., P.E. Jessica Lingenfelter
Research Assistant Professor Undergraduate Research Assistant
Ronald K. Faller, Ph.D., P.E. John D. Reid, Ph.D.
Research Associate Professor Professor

MwRSF Director

MIDWEST ROADSIDE SAFETY FACILITY
Nebraska Transportation Center
University of Nebraska-Lincoln
130 Whittier Research Center
2200 Vine Street
Lincoln, Nebraska 68583-0853
(402) 472-0965

Submitted to

ILLINOIS TOLLWAY
2700 Ogden Avenue
Downers Grove, IL, 60515
MwRSF Research Report No. TRP-03-361-17

June 29, 2017



TECHNICAL REPORT DOCUMENTATION PAGE

1. Report No. 2.

TRP-03-361-17

3. Recipient’s Accession No.

4. Title and Subtitle
Placement of Breakaway Light Poles Located Directly
Behind Midwest Guardrail System (MGS)

5. Report Date

June 29, 2017

6.

7. Author(s)
Asadollahi Pajouh, M., Bielenberg, R.W., Schmidt, J.D.,

Lingenfelter, J., Faller, R.K., and Reid, J.D.

8. Performing Organization Report No.

TRP-03-361-17

9. Performing Organization Name and Address

Midwest Roadside Safety Facility (MwRSF)
Nebraska Transportation Center

University of Nebraska-Lincoln

130 Whittier Research Center

2200 Vine Street

Lincoln, Nebraska 68583-0853

10. Project/Task/Work Unit No.

11. Contract © or Grant (G) No.
TPF-5(193) Supplement #87

12. Sponsoring Organization Name and Address
[linois Tollway
2700 Ogden Avenue,

13. Type of Report and Period Covered
Final Report: 2015 —2017

14. Sponsoring Agency Code

Downers Grove, IL, 60515

15. Supplementary Notes
Prepared in cooperation with U.S. Department of Transportation, Federal Highway Administration.

16. Abstract

Light poles are commonly installed along highways to provide proper illumination in critical areas. When placing utility
poles in close proximity to guardrail, the poles may affect the guardrail’s ability to safely contain and redirect vehicles by
creating unwanted stiffening or hinging of the barrier system around the pole. The pole may also present a snag obstacle to
impacting vehicles and induce vehicle instabilities. In this study, the lateral offset between the face of the light pole and the
back of the post was evaluated. The minimum safe lateral offset was determined to be 20 in. (508 mm) through crash testing
and computer simulation with non-linear finite element analysis. Two crash tests were conducted according to the American
Association of State Highway Transportation Officials (AASHTO) Manual for Assessing Safety Hardware (MASH) Test
Level 3 (TL-3) impact safety criteria. In test no. ILT-1, a 5,000-Ib (2,268-kg) pickup truck impacted the combination
Midwest Guardrail System (MGS) laterally offset 20 in. (508 mm) in front of a luminaire pole at a speed of 62.6 mph
(100.7 km/h) and an angle of 25.2 degrees. In test no. ILT-1, the pickup truck was captured and safely redirected while
impacting the luminaire pole and disengaging it at base. In test no. ILT-2, a 2,420-1b (1,098-kg) small car impacted the
MGS laterally offset 20 in. (508 mm) in front of a luminaire pole at a speed of 62.7 mph (100.9 km/h) and an angle 24.8
degrees. In test no. ILT-2, the car was safely contained and redirected while minimally contacting the luminaire pole. The
MGS provided acceptable safety performance under MASH TL-3 when critically impacted by a pickup truck and a small
car. Thus, a minimum lateral offset of 20 in. (508 mm) between the back of the post and front face of the breakaway pole
was sufficient to assure a safe performance of the MGS during vehicle impacts without undesired interaction with the pole.
Accordingly, guidance was provided for safe pole placement behind the MGS.

18. Availability Statement

No restrictions. Document available from:
National Technical Information Services,
Springfield, Virginia 22161

17. Document Analysis/Descriptors

Highway Safety, Luminaire Poles, Crash Test, Roadside
Appurtenances, Compliance Test, MASH, Breakaway,
Light Poles, and Clearance Distance.

19. Security Class (this report) 22. Price

Unclassified

21. No. of Pages

382

20. Security Class (this page)
Unclassified




June 29, 2017
MwRSF Report No. TRP-03-361-17

DISCLAIMER STATEMENT

This report was completed with funding from the Illinois Tollway. The contents of this
report reflect the views and opinions of the authors who are responsible for the facts and the
accuracy of the data presented herein. The contents do not necessarily reflect the official views
or policies of the Illinois Tollway, the Illinois Department of Transportation, or the Federal
Highway Administration, U.S. Department of Transportation. This report does not constitute a
standard, specification, regulation, product endorsement, or an endorsement of manufacturers.

UNCERTAINTY OF MEASUREMENT STATEMENT

The Midwest Roadside Safety Facility (MwRSF) has determined the uncertainty of
measurements for several parameters involved in standard full-scale crash testing and non-
standard testing of roadside safety features. Information regarding the uncertainty of
measurements for critical parameters is available upon request by the sponsor and the Federal
Highway Administration.

INDEPENDENT APPROVING AUTHORITY

The Independent Approving Authority (IAA) for the data contained herein was Mr. Scott
Rosenbaugh, Research Engineer.

1



June 29, 2017
MwRSF Report No. TRP-03-361-17

ACKNOWLEDGEMENTS

The authors wish to acknowledge several sources that made a contribution to this project:
(1) Mlinois Tollway for sponsoring this project and (2) MwRSF personnel for constructing the
barriers and conducting the crash tests.

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

Midwest Roadside Safety Facility

J.C. Holloway, M.S.C.E., E.L.T., Test Site Manager
K.A. Lechtenberg, M.S.M.E., E.LT., Research Engineer
S.K. Rosenbaugh, M.S.C.E., E.I.T., Research Engineer
C.S. Stolle, Ph.D., Research 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. Kirier, Laboratory Mechanic

Undergraduate and Graduate Research Assistants

Illinois Department of Transportation

Filiberto Sotelo, Safety Evaluation Engineer
Paul L. Lorton, P.E., Safety Programs Unit Chief
Priscilla A. Tobias, P.E., State Safety Engineer/Bureau Chief

Illinois Tollway

Darrion Robinson, Roadway Maintenance Manager, Illinois Tollway

Bridget Malinowski, Deputy Project Manager, Illinois Tollway General Engineering Consultant
John Farsatis, Electrical Engineer, Illinois Tollway General Engineering Consultant

Tracy Borchardt, Roadside Safety Engineer, Illinois Tollway General Engineering Consultant

Other Technical Advisory Committee Members

Jason Wenberg, Associate Program Manager, Burns & McDonnell
Amber Petkevicius, Senior Transportation Engineer, Hanson Professional Services Inc.
Michael Conoscenti, President, Western Remac Inc.

i1



June 29, 2017
MwRSF Report No. TRP-03-361-17

TABLE OF CONTENTS
TECHNICAL REPORT DOCUMENTATION PAGE .......oooiiiiiieeeeeeeeee e i
DISCLAIMER STATEMENT ....coiiiiiiiieeete ettt sttt sttt e il
UNCERTAINTY OF MEASUREMENT STATEMENT .....occiiiiiiiiieieeceeee e il
INDEPENDENT APPROVING AUTHORITY ...oooiiiiiieiieiteitee ettt il
ACKNOWLEDGEMENTS ...ttt ettt et esaeenseeneees iii
TABLE OF CONTENTS ...ttt ettt sttt sttt st sbe et seaesbeenne s v
LIST OF FIGURES ...ttt sttt sttt e b et e st e nteenseeneenseennas vii
LIST OF TABLES ...ttt sttt ettt st sttt sae e b e Xiv
I INTRODUCTION ...ttt sttt ettt et e et e st enteeaeesseenseeneesseenseeneenseesesneans 1
1.1 Problem StatemMENT.......coouieeiieiieeieeiie ettt ettt s te et eseae et e snaeenbeessneenseas 1
1.2 ReSCAICh ODJECIVE ..eovvieeiiieiiiie ettt ettt e et eeiae e e eeessaeeesaeesnseeennnes 2
1.3 S 0P ettt ettt e ettt e sttt e e bt e et e e et te e e bt e e abeeenreas 2
2 LITERATURE REVIEW ..ottt sttt e 3
2.1 MGS Crash Testing and Computer SIMulation .............ccceevieeeiienieeiiienieeieeee e 3
2.1.1 Dynamic Deflection and Working Width..........ccccoooviiiiiiiiiiieiieees 3
2.1.2 Guardrail Deflection ANalySis ........ccccceeriieiiienieeiiienieeieesiee et 4
2.2 Light Pole Testing Details ..........ccocvieiiieiiiieeciie ettt 5
2.3 Related ReS@AICh. ......ccuiiiiieiiiie e 7
2.3.1 Light Pole and Guardrail.............cccooevuiieiiiiiiiieeiieeee e 7
2.3.2 Sign Support and Guardrail ...........c.coeceeeiieiiienienie e 11
2.3.3 Z0N€ Of INtIUSION...ceutiiiiiiiiiiiiieee et e 12
3 TEST REQUIREMENTS AND EVALUATION CRITERIA ......ccccooiiiiiiiieeieeeeeeeeeee 13
3.1 Test REQUITEMENLS ......oovuiiiiiiiiiieiieiie ettt et sttt et e e 13
3.2 EvVAlUation CrIteTIa . ....eeiiieiiieeiieiieeiieeiee et eiee et e eieeeeeebeesebeeseeseteesseesaseenseesnseenseannns 13
3.3 Soil Strength REQUITEMENTS ......ccccviiiiiiieiiiieeiie et eree e 14
4 SELECTION OF POLE PLACEMENT THROUGH LS-DYNA SIMULATION................... 15
4.1 Evaluation CrIeIIa ....c..eeiuieriieaiieiieeiee ittt ettt ettt ettt et e st eb e saeeebeesaeeens 17
4.2 LS-DYNA Baseline SIMulations .........ccceeeierieeiiienieeiiienieeiieeieeieeseeeveeseneeseesaeeens 17
4.3 Determination of Critical Impact POINES ........ccceeeeiieeriiiieiieeee e 20
4.4 POLe MOACL......ooniiiiiieiiece ettt ettt e eaaaens 22
4.5 Determination of Critical Pole Offset..........cooeiiiiiiiiiiiiiee, 23
4.5.1 Determination of Critical Pole Offset for Test Designation No. 3-11......... 23
4.5.1.1 Vehicle BEhavior ........cocviiiiiiiiiiiiiieeeee e 24
4.5.1.2 Occupant RiSK.........cccieriiiiiiiiiiiiiecie e 26
4.5.1.3 Rail POCKEIING .....cccouiieiiiieciie ettt 31
4.5.1.4 VEhiCle SNAZ ......ooiiiiiiiiiiiiiee ettt et 31



June 29, 2017
MwRSF Report No. TRP-03-361-17

4.5.1.5 Rail DefleCtiON ....ccueeeiiiiiieiieiie ettt 33

4.5.1.6 Tensile Rail Load........cccooiiiiiiiiiiiiiee e 34

4.5.1.7 Critical Pole Placement.............cccceeviiiiiieniieniiiieeieeeie e 35

4.5.2 Determination of Critical Pole Offset for Test Designation No. 3-10......... 42

5 TEST INSTALLATION — DESIGN DETALILS ..ottt 49
ST TESEINO. TLT AT it ettt et e et e st e e eaba e e sabeeesabeeenes 49

5.2 TSt INO. TLT =2 oottt sttt ettt ettt et e s st eseeneesaeenee 82

6 TEST CONDITIONS. ...ttt sttt ettt sttt ettt b et sanesbeetesaeens 115
T B T o S 163 151 USSP 115

6.2 Vehicle Tow and Guidance SYSteM ........ccuieuieriiiiiieniieeiierie ettt ens 115

6.3 TSt VEIICIE ...ttt st 115

6.4 Simulated OCCUPANT .........ocoiiiiieiieeie ettt et eebe e st e ssseeseesasaens 120

6.5 Data ACQUISItION SYSEEIMS ...eeeviiieiiieeiieeeiieeeieeeeiee e st e esaeeereeesereeesaeesseeessseeesnseens 120

6.5.1 ACCEIETOMELETS ....ccvvieiieeiieiieetieite ettt ettt ettt tee b e et e saeeensee e 120

6.5.2 Rate TranSAUCETS. .....ccouviiiieiieiieiie ettt 120

6.5.3 Retroreflective Optic Speed Trap .......cccveeevierieiiienieeieeieeeeeee e 123

6.5.4 L0ad CelIS ..ot 123

6.5.1 Digital Photography .......cccceeiieiiieiieeiieiieeieee et 124

7 FULL-SCALE CRASH TEST NO. ILT-1 1ottt 127
7.1 SEAtIC SO T@SE...eeueiieiieiie ettt ettt ettt ettt e e e et e esbeeseesnseensaesnsaens 127

7.2 Weather CONAITIONS .....cc.eiiiieiiiiiieiie ettt ettt ettt et e st be et e ebeesaeeens 127

7.3 TSt DESCTIPLION .....eeeutieiieeieeeiie ettt ettt e stte ettt e e teesteeesbeeseessbeeseesnseenseesaseans 127

7.4 Barrier DAmMAZE.......ccccveeeiiieeiiieeiieeeieeesieeesieeesteeesteeessaeeenaaeesseeesaeeesaeesnsaeeenreens 136

7.5 Light POl DAmaZE .....cccuvieiiiiiieiieciie ettt ettt en 142

7.6 VEhiCle Damage........cccueeeiuiiieiiieeiiieeiieecee et eetee e eteeesae e e e e esaeeessaeeensaeesssaeesnseeas 144

7.7 Occupant RISK.........oeouiiiiiiiieii ettt ettt et be bt e b ebaeeabaens 147

7.8 L0 CIIS ..ttt ettt et 147

7.9 DISCUSSION ....ieuiieiieeeiieeiie et esite et estteeteesteeeebeessteeaseeseeesseeseessseenseesssaenseessseensaesnseans 148

8 FULL-SCALE CRASH TEST NO. ILT=2 ..ottt 150
8.1 StALIC SOIL TS ..eeeiieiieeiiieiie ettt ettt ettt ettt e et esaaeebeesebeensaesnnaens 150

8.2 Weather ConditioNs .........ccuiiiieiiiiiieie ettt et e e s ens 150

8.3 TSt DIESCIIPIION ...ttt ettt ettt ettt et e s eaeeteesabeenbeessseensaesnseens 150

8.4 Barrier Damage.......cccuviiiuieiiiieeeiie ettt e ittt e e e et e et e e tae e e aaeeeaaeeeraeens 157

8.5 Light Pole DamAZE ......c..oovuiieiieiiieiieie ettt et en 161

8.6 VEhICIE DAMAZE......ccuviiieeiieiciieeciie ettt ee et e et eeetaeeeaaeessaeesnneaees 162

8.7 Occupant RISK........coiuiiiiiiiiiiiieie et et 165

8.8 L0AA CIIS ... ettt et 166

8.9 DISCUSSION ....iutieeiiieiie ettt ettt ettt et e et e esateeabeessaeesbeessaeenseessseenseassseenseesnseans 167

9 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS ......cccoeiiiieieieeeereeeene 168
10 IMPLEMENTATION GUIDANCE .......oooiiiieie ettt 171
10.1 BACKGIOUNA ......ooiuviieiiiieciie ettt ettt e e e e et e e esaeesenneesnneees 171

10.2 Guardrail Terminals and ANChOTAZES .........cceeruiieiiieriieiieeieeeee e 171

v



June 29, 2017
MwRSF Report No. TRP-03-361-17

10.3 MGS Stiffness TranSIition ........cccevueerierierieiienienieeieeeese ettt 174
10.4 MGS LoNg-SPpan SYSTEIM ....ccuuiieieiiiiiieeeiiiieeeeriteeeeeieeeeesiteeesesseeeesssnnreeessnnsaeeesnnes 175
10.5 MGS AdJacent t0 SIOPES......ccvieriierieeiiienieeitieeieeiteste ettt et e sae e e seaeeseeseneeneeas 176
10.6 MGS on 1:8 ApProach SIOPES ......ceecuiiieiiiieiiiecee et 176
10.7 MGS in Combination With Curbs ..........coceiviiiiiiiiiiiieee 177
10.8 W0Od POSt MGS ...ttt et et nae e 178
10.9 MGS without BIOCKOULS ......cccuiiiiiiiiiiiiieiieeeeeeeee e 178
10.10 MGS with 8-in. (203-mm) Blockouts ........cc.coeviieriiieiiie et 178
10.11 MGS with Reduced Post Spacing..........cccccceeviieiiieniieiierieeeeee e 178
L1 REFERENCES ...ttt sttt ettt ettt es e sae et e enaesseenseennens 180
12 APPENDICES ... oottt sttt ettt st be et et sbe e e sanens 185
Appendix A. Verification and Validation of Computer Simulations
TeSt NO. 22T4MG-2....iiiiiieieee ettt sttt 186
Appendix B. Verification and Validation of Computer Simulations
Test NO. 22T4MG-3...iiiieeeeee ettt et 204
Appendix C. Valmont and Hapco Light Pole and Base Drawings ...........ccccceeeuvenneee. 222
Appendix D. Federal Highway Administration Acceptance Letters.........c..ceeeevenneene. 232
Appendix E.  Material SpecifiCations ..........cccveeriieeriieeiiie e 267
Appendix F.  Vehicle Center of Gravity Determination.............cccccoeeverieneenennienenn 323
Appendix G.  StaticC SOl TeStS....cciuiiiiiiieeiie et 326
Appendix H. Vehicle Deformation Records............ccoeviieviiiiiiiiieniieienieeeeeieeee 330
Appendix I.  Accelerometer and Rate Transducer Data Analysis Test No. ILT-1 ...... 343
Appendix J.  Accelerometer and Rate Transducer Data Analysis Test No. ILT-2...... 360
Appendix K. Load Cell Data..........ccccuiiiiiiieiiieeiie et 377

vi



June 29, 2017
MwRSF Report No. TRP-03-361-17

LIST OF FIGURES

Figure 1. Barrier Clearance DISTAnCE.........c.veecvieeriiieiiieeiieeeieeeieeeeeeeetee e evee e vee e e e saveeessseeenes 1
Figure 2. Feralux CS300 Light Pole BaSE .........cccuieiiiiiiiiieiieieeitee e 6
Figure 3. Feralux CS370 Light Pole BaSE ......c..ceeviiieiiieeiieeeeeeeeeeeee et 6
Figure 4. Ohio Study - GE Model M-400R2 Light Pole ..........ccceeiiieniiiiiiiieiieeeeee e 8
Figure 5. Ohio Study - Light Pole BaSes ........ccceeiiiiiiiiiiiieeieeceeeeeee et 9
Figure 6. Sign Support and GUAardrail..............ccoeoiiiiiiiriiiiieiieciee e 11
Figure 7. Finite Element Model of MGS: (a) System Layout and (b) End Anchorage................. 15
Figure 8. 2270 Vehicle Crash: Test No. 2214MG-2 (left) and Simulation (right)...........c............ 18
Figure 9. 1100C Vehicle Crash: Test No. 2214MG-3 (left) and Simulation (right) ..................... 19
Figure 10. Critical Impact Points: (a) Test Designation No. 3-11 and (b) Test Designation

JA LT T SRS 22
Figure 11. Computer Model of Pole and Base............ccccueeviieiiiiiiiiniiiiieeeeece e 22
Figure 12. Longitudinal and Lateral Offset of Pole with Respect to MGS ..........cccooeiieiiieennenn, 23
Figure 13. Vehicle Behavior: (a) Maximum Roll Angle and (b) Maximum Pitch Angle............. 25
Figure 14. Occupant Ridedown Acceleration for 16-in. (406-mm) Lateral Offset: (a)

Lateral and (b) Longitudinal............cccooiieiiiiiiiiiiiiieeieee e 27
Figure 15. Occupant Ridedown Acceleration for 16, 18, and 20-in. (406, 457, and 508-mm)

Lateral Offset: (a) Lateral and (b) Longitudinal.............cccceoviviiiiniiiiiiinieniieiieeieees 28
Figure 16. Maximum Vehicle, Barrier, and Pole Interaction — 16-in. (406-mm) Lateral

Offset and 8-in. (203-mm) Longitudinal Offset Away from Post No. 13.................... 29
Figure 17. Peak Deceleration: (a) Longitudinal and (b) Lateral..............ccoeoieiiiiiiiiniiinieieee. 30
Figure 18. Rail Pocketing Angle — 2270P VEhiCle.......coooviieiiiiiiieeieeeeeeee et 31
Figure 19. 2270P Vehicle Snag: (a) Fender Snag and (b) Wheel Snag...........ccccoovveviiiieninnnn. 32
Figure 20. Maximum 2270P Vehicle SNag.........ccccvieriiiiiiieeiieceeeeeee et 33
Figure 21. Maximum Rail Deflection — 2270P Vehicle.........ccocveririiniiniiiiniiniieiecceeee 34
Figure 22. Maximum Rail Load — 2270P Vehicle...........cccoeviiiiiiniiiiiiiieee e 35
Figure 23. Sequential Photographs: 16 in. (406 mm) Lateral Offset and 8 in. (203 mm)

Longitudinal Offset from Post NO. 13......ccoiiiiiiiiiiiiiee e 36
Figure 24. MGS to PCB Transition, Test No. MGSPCB-1 .......ccocoiiiiiiiiiieieeeeecee e 38
Figure 25. Test No. MGSPCB-1: (a) Post Contact with PCB and (b) Barrier Damage................. 39
Figure 26. Estimated Possible Post and Pole Interaction...........cccccceeevveerciiieniieenie e 40
Figure 27. Recommended Pole Placement for MASH Test No. 3-11 ....ccoeeiiiiininiiniinieienene, 40
Figure 28. Sequential Photographs, Recommended Pole Placement for Test No. 3-11................ 41
Figure 29. Simulated Longitudinal Occupant Ridedown Acceleration — 16-in. (406-mm)

Lateral Offset — Test NO. 3-10....ccuiiiiiiiiiiierieeeeteeee e 43
Figure 30. Simulated Occupant Ridedown Acceleration — 20-in. (508-mm) Lateral Offset

from MGS — Test No. 3-10: (a) Lateral and (b) Longitudinal .............ccceeeuveriiennennnen. 44
Figure 31. Simulated Sequential Photographs — 20-in. (508-mm) Lateral Offset and 8-in.

(203-mm) Longitudinal Offset from Post No. 13, MASH Test No. 3-10..................... 46
Figure 32. Estimated Possible Post and Pole Interaction — 1100C Vehicle ..........ccccovcveneeiennnne. 47
Figure 33. Recommended Pole Placement for MASH Test NO. 3-10......cccceveiieriieeniieeieeeiees 47
Figure 34. Simulated Sequential Photographs — 20-in. (508-mm) Lateral Offset, 16-in.

(406-mm) Longitudinal Offset from Post No. 13, MASH Test No. 3-10..................... 48
Figure 35. System Layout, Test NO. ILT-1.....ccocoiiiiiiiieeiieceeeeeee et 50
Figure 36. Illinois Tollway Pole Details, Test NO. ILT-1.....ccccooiiiiriiniiniiiinieeeieieeeeeeee 51

Vil



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.
Figure 75.
Figure 76.
Figure 77.
Figure 78.
Figure 79.
Figure 80.
Figure 81.
Figure 82.
Figure 83.

June 29, 2017
MwRSF Report No. TRP-03-361-17

Post Detail, TeSt NO. ILT =1 ooviiiiiiiiieiiiiieeeeeeeeeeeeee ettt e s 52
Splice and Post Detail, Test NO. ILT-1 ....cccviiiiiiiiiiieiieeeeeeeeee e 53
End Section Detail, Test NO. ILT-1....coooiiiiiiiiiiiiiiiiieeeieieeee e 54
BCT Anchor Detail, Test NO. ILT-1 ...ooooiiiiiiiiiiiiieeeeeeeeeee e 55
Post Nos. 3-27 Components, Test NO. ILT-1.....ccccoeeriiiiniiiiiiieiiieeeeeieeee e 56
BCT Timber Posts and Foundation Tube Detail, Test No. ILT-1.......cccceevvvvvnnnnnnnnen. 57
BCT Post Components and Anchor Bracket, Test No. ILT-1.....c..ccccovciiviiiiniinennnne. 58
Ground Strut Details, Test NO. ILT-1 ...ccoovviiiiiiiiiiiieeeeeeeeee e 59
BCT Anchor Cable and Load Cell Detail, Test No. ILT-1 ......coovvvvviviirieiiiiiiiiiieeeennn. 60
Modified BCT Anchor Cable, Test NO. ILT-1......cccoiviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeiieeeeeen, 61
Shackle and Eye Nut Detail, Test No. ILT-1 ......cccieiiiiiiiiiiiieieieeieeeeeeee e 62
Rail Section Details, Test NO. ILT=1.....ccooiiiiiiiiiiiiiiieeceeeee e 63
Guardrail Hardware Details, Test NO. ILT-1 ..oovvviiiiiiiiiiiiiiiieeeeeeieeeeeeeee e 64
[llinois Tollway Pole Details, Test No. ILT-1.....ccccceciiieiiieiiiecieeeeeeee e 65
Pole Base and Truss Connection Detail, Test NO. ILT-1 ..cc.oovvvviiiiiiiiiiiiiiieeeeieeinieen, 66
Pole Detail, TeSt NO. ILT -1 ..cooiiiiiiiiiiiiie ettt 67
Anchor Base Detail, Test NO. ILT -1 ..ooviiiiiiiiiiiieiiieeeeeeeeeeeee et 68
Truss Detail, Test NO. ILT -1 oot 69
Foundation Detail, TeSt NO. ILT=1....oooiiiiiiiiiiiiiieeeeeeeeetee et eee e 70
Pole Hardware Details, Test NO. ILT-1....cooooviiiiiiiiiiicieieeeee et 71
Foundation Hardware Details, Test NO. ILT=1 ....ccooovviiiiiiiiiiiiiiiiiieeeeeeeeeeeeieeeee 72
Ballast Plate and Attachment Hardware, Test No. ILT-1 .......ccoovvviiiveiiiiiiiiiiiieeenen, 73
Bill of Bars, Test INO. ILT -1 ..ooiioieiiiiiiiii oottt ettt e s e ee e 74
Bill of Materials, Test NO. ILT-1 ..ouuvviiiiiiiiiieee et 75
Bill of Materials, TeSt NO. ILT-1 ..ouviiiiiiiiiiiiiieeeeeeeeeeeeeee ettt 76
Bill of Materials, Test NO. ILT-1 ..oouvviiiiiiiiiiieieee et 77
Test Installation, Test NO. ILT =1 ..ouviiiiiiiiiiiiiiieeeeeeeeeee et 78
Test Installation, Test NO. ILT=1 ....ouvviiiiiiiiiieeee e 79
Test Installation, Test NO. ILT =1 ...ooviiiiiiiiiiiiieeeeeeeeeee e 80
Test Installation, Test NO. ILT=1 ....ouvviiiiiiiiiieeee e 81
System Layout, Test NO. ILT=2....cccuiiiiiiiiiiie et s 83
[llinois Tollway Pole Details, Test NO. ILT-2.....ccccocvieriiiieiieeiieeeeeeee e 84
Post Detail, TeSt NO. ILT=2 ..ooiviiiiiieiiiieeeeeeeeeeeeteee ettt e s 85
Splice and Post Detail, Test NO. ILT=2 ....cccvieiiiiiiiiiieiiecieeeee et 86
End Section Detail, TeSt NO. ILT-2....cccoiiiiiiiiiiiieeieeeeeeeieeeee et eee e 87
BCT Anchor Detail, Test NO. ILT=2 ...ocoooiiiiiiiiiiieie et 88
Post Nos. 3-27 Components, Test NO. ILT-2.....cccceeriiiiiiiiiiiieiiiecieeeieeiee e 89
BCT Timber Posts and Foundation Tube Detail, Test No. ILT-2.......covvvviviivinnnnnnnnnn. 90
BCT Post Components and Anchor Bracket, Test No. ILT-2........ccccovcieniiiinienennene. 91
Ground Strut Details, Test NO. ILT-2 .....cooviiiiiiiiiiie et 92
BCT Anchor Cable and Load Cell Detail, Test NO. ILT-2 ......coovvvviiiiieeeiiiiiiiiieeeennn. 93
Modified BCT Anchor Cable, Test NO. ILT-2......cccoiviiiiiiiiiiieiiiiieeeeee e, 94
Shackle and Eye Nut Detail, Test NO. ILT=2 ......ccccieiiiiiiiiiieeieeiiecieeiee e 95
Rail Section Details, Test NO. ILT=2....ccooiiiiiiiiiiiiie e 96
Guardrail Hardware Details, TeSt NO. ILT=2 ....oovviiiiiiiiiiiiiieee e 97
[llinois Tollway Pole Details, Test NO. ILT-2.....ccccoociieriiieeiiecieeeee e 98
Pole Base and Truss Connection Detail, Test NO. ILT-2 ....oovvviiiiiiiiiiiiiiiiieeeeeeeeeiieee, 99

viil



Figure 84.
Figure 85.
Figure 86.
Figure 87.
Figure 88.
Figure 89.
Figure 90.
Figure 91.
Figure 92.
Figure 93.
Figure 94.
Figure 95.
Figure 97.
Figure 98.
Figure 99.

Figure 100.
Figure 101.
Figure 102.
Figure 103.
Figure 104.
Figure 105.
Figure 106.
Figure 107.
Figure 108.
Figure 109.
Figure 110.
Figure 111.
Figure 112.
Figure 113.
Figure 114.
Figure 115.
Figure 116.
Figure 117.
Figure 118.
Figure 119.
Figure 120.
Figure 121.
Figure 122.
Figure 123.
Figure 124.
Figure 125.
Figure 126.
Figure 127.
Figure 128.
Figure 129.
Figure 130.

Figure 131

June 29, 2017
MwRSF Report No. TRP-03-361-17

Pole Detail, TeSt INO. ILT -2 ..occoiiiiiiiiiiiieeee ettt ettt e e e e e e 100
Anchor Base Detail, Test NO. ILT=2 .....oooiiiiiiiiiieeiieeeeeeeeeeee et 101
Truss Detail, Test NO. TLT =2 ..oooioiiieiiiieiieeeeeeeeeeeee ettt e e s 102
Foundation Detail, TeSt NO. ILT=2.....ouiiiiiiiiiiiiieiieee ettt 103
Pole Hardware Details, Test NO. ILT-2.....ccooviiimiiiiiiiiiiieiieieieeeee et 104
Foundation Hardware Details, Test NO. ILT=2 .....oooooviiiiiiiiiiiiieieiieeeeeee e 105
Ballast Plate and Attachment Hardware, Test NO. ILT-2 .....coovviiiiiiiiiiiieeeiiieeiineen, 106
Bill of Bars, Test NO. ILT=2 ....cooiiiiiiiieie ettt 107
Bill of Materials, TeSt NO. ILT =2 ...evviiiiiiiiiiiieiiiiieeeee ettt 108
Bill of Materials, Test NO. ILT-2 ....ouvviiiiiiiiiiiieeeeee e 109
Bill of Materials, TeSt NO. ILT =2 ...uoviiiiiiiiiiiiiiiieeeee ettt 110
Test Installation, Test NO. ILT=2 ....ouviiiiiiiiiiiiieieeeee et 111
Test Installation, TeSt NO. ILT=2 ....eoviiiiiiiiiiiiiiiieeeee ettt 113
Test Installation, Test NO. ILT=2 ...covviiiiiiiiiiiieeeee et 114
Test Vehicle, Test NO. ILT -1 .oooiiiieieeiiiiiiieeeeeeeeeeee ettt 116
Vehicle Dimensions, Test NO. ILT=1 ......ooiiiiiiiiiiieieieeeeeeieeeee e 117
Test Vehicle, TeSt NO. ILT=2 oottt s 118
Vehicle Dimensions, Test NO. ILT=2 ......ooiiiiiiiiiieeiiie e 119
Target Geometry, Test NO. ILT-1 ..coooiiiiiiiiiiiiieeeeee e 121
Target Geometry, Test NO. ILT-2 ...ocooiiiiiiiiieeeee e 122
Location of Load Cells: (a) Upstream and (b) Downstream Anchorage Systems ...123
Camera Locations, Camera Speeds, and Lens Settings, Test No. ILT-1 ................. 125
Camera Locations, Camera Speeds, and Lens Settings, Test No. ILT-2 ................. 126
Impact Location, Test NO. ILT=1 ....cccoiiiiiieiiieeieeeeeee e 129
Summary of Test Results and Sequential Photographs, Test No. ILT-1.................. 132
Additional Sequential Photographs, Test No. ILT-1.......ccccoeevieviiieniiiiiieeeiee e, 133
Additional Sequential Photographs, Test No. ILT-1.....cccccoeriiniininiinienienieneens 134
Vehicle Final Position and Trajectory Marks, Test No. ILT-1 ........ccceevvveernennnnnen. 135
Midwest Guardrail System Damage, Test No. ILT-1 ......cccovviiniiiiniiiniiniiiicncee 137
Rail Damage, Test NO. ILT-1....ccoiiiiiiieieeeeeeeeeeeee et 138
System Damage, Post Nos. 8 through 14, Test No. ILT-1......c.ccccevviiniiienieniinens 139
System Damage, Post Nos. 15 through 17 Damage, Test No. ILT-1....................... 140
Upstream Anchor Damage, Test No. ILT-1......cccciiiiiiiiiiiiiiieieeeceeee 141
Downstream Anchor Damage, Test No. ILT-1.....c.coooviiiiiiiiiiieieeeee e, 142
Pole Damage, Test NO. ILT-1 ....cooiiiiiiiieieeee e 143
Vehicle Damage, Test NO. ILT-1 ....coooiiiiiiiiieecee e 145
Vehicle Damage, Test NO. ILT-1 ....oooiiiiiiiiiieiieie e 146
Cable Anchor Loads, Test NO. ILT-1.....ccoovviiiiiiiiiiiieiieieeeeeeeeeeeeeeee e 148
Impact Location, Test NO. ILT=2 ....cccooviiiiiiiiiieiieeie et 151
Summary of Test Results and Sequential Photographs, Test No. ILT-2.................. 153
Additional Sequential Photographs, Test No. ILT-2.....cccccccerviiniininiineenenieneens 154
Additional Sequential Photographs, Test No. ILT-2......cccceeeiieviiieniiieeieeeiee e, 155
Vehicle Final Position and Trajectory Marks, Test No. ILT-2 .......ccccoceevierienennens 156
Midwest Guardrail System Damage, Test No. ILT-2 .....cccccccveeviiiiiciieiieeiee e, 158
System Damage, Post Nos. 10 through 12, Test No. ILT-2.......ccccceviiviiiriieniiennns 159
System Damage, Post Nos. 13 through 15, Test No. ILT-2.......cccccevveiieerciieinienne, 159
. Post Nos. 12 through 15 Damage, Test No. ILT-2.......cccccoieiiieiiiinieiiieieeieeeeee, 160

X



June 29, 2017
MwRSF Report No. TRP-03-361-17

Figure 132. Pole Contact Marks, Test NO. ILT=2 ....cc.cooiiiiiiiiieiieiiecieeeeeee et 161
Figure 133. Vehicle Damage, Test NO. ILT=2 .....ccciieiiiiiiiieeiieeeeeeeee e 163
Figure 134. Vehicle Damage, Test NO. ILT-2 ....ccoooiiiiiiiiiiiiieeie et 164
Figure 135. Vehicle Windshield Crack, Test NO. ILT-2 ......ccccvieviiieeiiiieieecee e 165
Figure 136. Cable Anchor Loads, Test NO. ILT=2......cccciiiiiiiiiiieiieeieeieeee e 167
Figure 137. Recommended Distance Between Luminaire Pole Offset MGS and Tangent

Energy-Absorbing Terminals ..........c.ccccueeiiiriiiniieiienieeieeee et 172
Figure 138. Recommended Distance Between Luminaire Pole Offset MGS and Flared

Energy-Absorbing Terminals ..........c.ccccueeiieriiiniieniieiiieieeee et 174
Figure 139. Recommended Distance Between Luminaire Pole Offset MGS and Trailing-

End Guardrail ANChOTAZES ........cceeviiiiiiiiieiiee et 174
Figure 140. Recommended Distance between Pole Placement and MGS Long-Span System...175
Figure 141. MGS on 1:8 Approach SIOPE ......cc.oeviiiiiiiiiiiieiieee et 176
Figure 142. Gutter Type G-3 Used by I11inois TolIway.........cccceeeeiieeciiiniiiecieecee e 177
Figure C-1. Valmont Light Pole ........c..cociiiiiiiiiiii e 223
Figure C-2. ValmONt AT ......cccuiiiiiiiieiie ettt ettt e et e eaee e s e e sveeessaeeessseeesnseeennseeennseas 224
Figure C-3. Valmont BaSe ..........ccocuiiiiiiiiiiieiieeiieee ettt ettt e saaeeaee e 225
Figure C-4. Valmont CS300 BaSe ......cc.eeeviiieiiieeiiie ettt ettt e e e e save e esavee e 226
Figure C-5. Valmont CS370 BaSE .....c.ccocuieruiiiiieiiieiie ettt ettt sete et e saeeseesnaeeseesnnes 227
Figure C-6. Hapco Light POLe......cccuoiiiiiieiii ettt 228
Figure C-7. HAPCO AT .....oiiiiiiiieiiieeiiecie ettt ettt ettt ettt e et e e e e ssbeenseesnseenseennnes 229
Figure C-8. Hapco Vibration Damper ASSEmDbIY .........cccoovviiriiiiiiiiieiieceeeeee e 230
Figure C-9. HaPCO BaSE......cccuiiiiiiiieiieeieeie ettt ettt ettt et e et esnteeseeennes 231
FIGUIE D- 1. LS17 ettt sttt ettt et e et e st e et e e st e seenteeneenseense e 233
FIGUIE D2, LLS-17 oottt ettt ettt et e st e et e e s et e enbeesnbeenseesnseenseennnas 234
FIGUIE D=3, LS-17 ettt sttt ettt et e st et e et e e st e beeneeeneeneeense e 235
FIGUIE D=4, LLS-17 oottt ettt ettt e et e st e et e e s et e enbeeesbeensaesnseenseennnas 236
FIGUIE D=5, LS 17 ettt ettt et ettt et et e st e et e e st e beenaeeneenseense e 237
FIGUIE D=0, LLS-17 oottt ettt ettt e et e s et e et e s saeenseesaseenseennnes 238
FIGUIE D=7, LS17 ettt ettt ettt et et et e et e ene e beenseeneeneeenne e 239
FIGUIE D=8 LLS-17 ittt ettt ettt e et e st e et e e eabeenbeessbeenseesaseenseennnes 240
FIGUIE D20, LS 17 ettt sttt sttt et et este et e e st e beenaeeneenseenne e 241
FIGUIE D= 10. LS-17 oottt ettt ettt ettt st e e bt e s nbeenseesnseenseannnes 242
FIGUIE D11, LS-18 .ottt ettt ettt et e b e et eeneenseenne e 243
FIGUIE D-12. LS-18 ettt sttt st sbe e e 244
FIGUre D13, LS-18 . ettt ettt ettt e et ebeenteeneeneeense e 245
FIGUIE D-14. LS-18 .ttt sttt sttt s e 246
FIUIE D15, LS-18 . ettt ettt ettt et e b e enteene e seenne e 247
FIGUIE D-16. LS-18 ..ottt sttt sttt et s 248
FIGUIE D-17. LS-18 .ottt ettt ettt esbe e e e ene e eeenne e 249
FIgure D-18. LS-18 ...ttt ettt ettt st e et esabeenseesnbeenseannnes 250
FIgure D-19. LS-18 ..ottt ettt ettt et et e b e enteene e eeenne e 251
FIgure D=20. LS-18 ...ttt ettt ettt et e st e et esabeenbeesnbeenseesnseenseennnes 252
FIGUIE D21, LS-18 .ottt ettt ettt et e b e et eene e eeenne e 253
FIgUIE D-22. LS-19 ..ottt et sttt ettt e et e s abeenseesnseenseennnes 254
FIgUre D-23. LS-19 .. ettt ettt et ettt et et e st et ene e ee e e 255
FIgUIE D24, LS-19 ..ottt sttt et e st e e bt e s aaeenseesabeenseennnes 256



June 29, 2017
MwRSF Report No. TRP-03-361-17

FIgUI@ D25, LS-19 ..ottt ettt et e et esabeeseesnseenseennnes 257
FIGUIE D-26. LS-19 ...ttt ettt ettt et e st et e s e ee e e 258
FIgUIE D27, LS-19 1.ttt ettt ettt st e e sbeessbeenseeenseenseennnes 259
FIgUre D-28. LS-19 .. oottt ettt ettt et et et e ene e eeenne e 260
FIgure D-29. LS-19 ...ttt sttt et sttt st 261
FIgure D-30. LS-19 ...ttt ettt et ettt et e bt e s ee e e 262
FIGUIE D31, LS-10 ettt sttt sttt 263
FIgUre D-32. LS-19 ...ttt ettt ettt et eene e ee e e 264
FIgUIE D33, LS-19 .ottt ettt ettt et st e et e e sbeenseesabeenseennnes 265
FIGUIE D34, LS-19 ..ottt ettt ettt e et ebe et e ene e eeenne e 266
Figure E-1. 12-ft 6-in. (3.8-m) Long W-Beam MGS Section, Test Nos. ILT-1 and ILT-2 ........ 278
Figure E-2. 12-ft 6-in. (3.8-m) Long W-Beam MGS Section, Test Nos. ILT-1 and ILT-2 ........ 279
Figure E-3. 12-ft 6-in. (3.8-m) Long W-Beam MGS Section, Test Nos. ILT-1 and ILT-2 ........ 280
Figure E-4. 6-ft 3-in. (1,905-mm) Long W-Beam MGS Section, Test Nos. ILT-1 and ILT-2...281
Figure E-5. Steel Posts, Test Nos. ILT-1 and ILT-2.......ccccooiiiiiiieniiniieiieeieeeee e 282
Figure E-6. BCT Timber Posts, Test Nos. ILT-1 and ILT-2 ........cccceeiiiviiiiniiiieiieecee e, 283
Figure E-7. Foundation Tubes, Test Nos. ILT-1 and ILT-2 ........cccoviiiiiniininiinieieenieeee 284
Figure E-8. Ground Strut Assembly (South Strut), Test Nos. ILT-1 and ILT-2 ......................... 285
Figure E-9. Ground Strut Assembly (North Strut), Test Nos. ILT-1 and ILT-2 .......c..ccceenenneee. 286
Figure E-10. 6-in. (152-mm) Long BCT Post Sleeve, Test Nos. ILT-1 and ILT-2..................... 287
Figure E-11. Anchor Bearing Plate, Test Nos. ILT-1 and ILT-2 .......ccccoociiniiiiniinininicenene 288
Figure E-12. Anchor Bearing Plate, Test Nos. ILT-1 and ILT-2 .......ccccoooviiiviiiiniiiiie e, 289
Figure E-13. BCT Anchor Cable, Test Nos. ILT-1 and ILT-2 .......cccceevieriininiiniinieienieeee 290
Figure E-14. BCT Anchor Cable, Test Nos. ILT-1 and ILT-2........ccccoviiviiiiniiiiieecee e, 291
Figure E-15. BCT Anchor Cable, Test Nos. ILT-1 and ILT-2 .......cccceevieniininiinienieicnieeee 292
Figure E-16. BCT Anchor Cable, Test Nos. ILT-1 and ILT-2.......cccocovieviiiiniiiiieecee e, 293
Figure E-17. %-in. Diameter Wire Rope, Test Nos. ILT-1 and ILT-2 .......ccccocevienieviniencnnene 294
Figure E-18. %-in. Diameter Wire Rope, Test Nos. ILT-1 and ILT-2 ......cocoeiiiiiiiiiiniciceee, 295
Figure E-19. %-in. Diameter Wire Rope, Test Nos. ILT-1 and ILT-2 .......ccccooeriinieiiinienennene 296
Figure E-20. %-in. Diameter Wire Rope, Test Nos. ILT-1 and ILT-2 ......cocoeiiiiiiiiinniiieeee. 297
Figure E-21. %-in. Diameter Wire Rope, Test Nos. ILT-1 and ILT-2 .......ccccocerienieiinienennene 298
Figure E-22. Aluminum Pole, Test NO. ILT-1....cccciieiiiiiiieeieeeeeee et 299
Figure E-23. CS-370 Anchor Base, Test Nos. ILT-1 and ILT-2 .....cc.cccceviiniriinieneeiinieneene 300
Figure E-24. Truss, TeSt NO. ILT -1 ..ccciiiiiiieiee ettt 301
Figure E-25. %-in. (16-mm) Dia. UNC, 14-in. (356-mm) Long Guardrail Bolt and Nut,

Test Nos. ILT-1 and TLT-2...c.oiiiiiiiiie e 302
Figure E-26. %-in. (16-mm) Dia. UNC, 1.25-in. (32-mm) Long Guardrail Bolt and Nut,

Test Nos. ILT-1 and TLT-2...c..oiiiiiiiiiee e 303
Figure E-27. %-in. (16-mm) Dia. UNC, 1.25-in. (32-mm) Long Guardrail Bolt and Nut,

Test Nos. ILT-1 and TLT-2...c..oiiiiiiiiie e 304
Figure E-28. %-in. (16-mm) Dia. UNC, 10-in. (254-mm) Long Hex Head Bolt and Nut,

Test Nos. ILT-1 and TLT-2...c.oiiiiiiiiie e 305
Figure E-29. %-in. (16-mm) Dia. UNC, 1%s-in. (38-mm) Long Hex Head Bolt and Nut, Test

NOS. ILT-1 @Nd TLT 2.ttt e e 306
Figure E-30. %-in. (16-mm) Dia. UNC, 1%s-in. (38-mm) Long Hex Head Bolt and Nut, Test

NOS. ILT-1 @Nd TLT 2.ttt nee e 307

X1



June 29, 2017
MwRSF Report No. TRP-03-361-17

Figure E-31. 7/8-in. (22-mm) Dia. UNC, 7%2-in. (191-mm) Long Hex Head Bolt and Nut,

Test Nos. ILT-1 and TLT=2...c..ooiiiiiiiee e 308
Figure E-32. 7/8-in. (22-mm) Dia. UNC, 7%2-in. (191-mm) Long Hex Head Bolt and Nut,

Test Nos. ILT-1 and TLT-2...c..oiiiiiiiiie e 309
Figure E-33. %-in. (16-mm) Dia. UNC, 10-in. (254-mm) Long Hex Head Bolt and Nut,

Test Nos. ILT-1 and TLT=2...c..oiiiiiiiie e 310
Figure E-34. 7&-in. (22-mm) Dia. Plain Round Washer, Test Nos. ILT-1 and ILT-2.................. 311
Figure E-35. 1-in. (254-mm) Dia. Lock Washer, Test Nos. ILT-1 and ILT-2 .........cceeveuvennneen. 312
Figure E-36. 1-in. (25-mm) Dia. Anchor Bolt, Test Nos. ILT-1 and ILT-2.......ccccccevverirenennee. 313
Figure E-37. 1-in. (25-mm) Dia. UNC Hex Head Nut, Test Nos. ILT-1 and ILT-2.................... 314
Figure E-38. 1-in. (25-mm) Dia. Plain Round Washer, Test Nos. ILT-1 and ILT-2................... 315

Figure E-39. %-in. (19-mm) Dia. Epoxy-Coated Rebar, Item h6, Test Nos. ILT-1 and ILT-2...316
Figure E-40. %-in. (19-mm) Dia. Epoxy-Coated Rebar, Item h6, Test Nos. ILT-1 and ILT-2...317
Figure E-41. %-in. (19-mm) Dia. Epoxy-Coated Rebar, Item h6, Test Nos. ILT-1 and ILT-2...318
Figure E-42. %-in. (19-mm) Dia. Epoxy-Coated Rebar, Item h6, Test Nos. ILT-1 and ILT-2...319

Figure E-43. Pole Concrete Foundation, Test Nos. ILT-1 and ILT-2 ........cccccoveiviiienciieeiieeeee. 320
Figure E-44. Aluminum Pole, Test NO. ILT-2........ccciiiiiiiiiiieeiiciee et 321
Figure E-45. Truss, TeSt NO. ILT =2 ..ccuuiiiiieeiee ettt e e 322
Figure F-1. Vehicle Mass Distribution, Test NO. ILT-1......cccceeiiiiiiiniiiiiieiieieeeeeeeeee e 324
Figure F-2. Vehicle Mass Distribution, Test No. ILT-2........cccceeeiieniiiiniiieeeeece e, 325
Figure G-1. Soil Strength, Initial Calibration Tests ..........cccverirriirienieiienieneeeseeeee e 327
Figure G-2. Static Soil Test, Test NO. ILT=1 .....cooooiiieiiiieiieeieeeeeee e e 328
Figure G-3. Static Soil Test, Test NO. ILT-2 .....cccciiiiiiiiiiiiieiece et 329
Figure H-1. Floorpan Deformation Data — Set 1, Test No. ILT-1.....ccccooeiieriiiiniiieriieeieeee. 331
Figure H-2. Floorpan Deformation Data — Set 2, Test No. ILT-1 ...cc.coovriiniiiiniiniiiiniceeene 332
Figure H-3. Occupant Compartment Deformation Data — Set 1, Test No. ILT-1....................... 333
Figure H-4. Occupant Compartment Deformation Data — Set 2, Test No. ILT-1 ........c.ccoueeeeee. 334
Figure H-5. Exterior Vehicle Crush (NASS) - Front, Test No. ILT-1....cccceeveiiieiieeniieeeieeee. 335
Figure H-6. Exterior Vehicle Crush (NASS) - Side, Test No. ILT-1 .....cccoocvveviieniienieniieeenee. 336
Figure H-7. Floorpan Deformation Data — Set 1, Test No. ILT-2......ccccoveiiiviiiiniiieciie e, 337
Figure H-8. Floorpan Deformation Data — Set 2, Test No. ILT-2 ...c..cooeiiiniiiinienieiiniceeene 338
Figure H-9. Occupant Compartment Deformation Data — Set 1, Test No. ILT-2....................... 339
Figure H-10. Occupant Compartment Deformation Data — Set 2, Test No. ILT-2...........c.......... 340
Figure H-11. Exterior Vehicle Crush (NASS) - Front, Test No. ILT-2........cccceevviiiencieeniieeen. 341
Figure H-12. Exterior Vehicle Crush (NASS) - Side, Test No. ILT-2 .....ccocieviiiiieieieeieeee, 342
Figure I-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. ILT-1 ................... 344
Figure I-2. Longitudinal Change in Velocity (SLICE-1), Test No. ILT-1 .....ccccocevieiiinienennnene 345
Figure I-3. Longitudinal Change in Displacement (SLICE-1), Test No. ILT-1.......cccceeuvennneen. 346
Figure I-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. ILT-1......cccccecenieniennene. 347
Figure I-5. Lateral Change in Velocity (SLICE-1), Test No. ILT-1......cccoveviiiiniiieieeiee e, 348
Figure I-6. Lateral Change in Displacement (SLICE-1), Test No. ILT-1 .....cccccocevieiinienennene 349
Figure I-7. Vehicle Angular Displacements (SLICE-1), Test No. ILT-1.....ccccceevevvievciieenieeenneen. 350
Figure I-8. Acceleration Severity Index (SLICE-1), Test No. ILT-1 ..c.coceviriiiniininiinienienene 351
Figure 1-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. ILT-1 ................... 352
Figure I-10. Longitudinal Change in Velocity (SLICE-2), Test No. ILT-1 ......ccceoveviinienennene 353
Figure I-11. Longitudinal Change in Displacement (SLICE-2), Test No. ILT-1 ........................ 354
Figure [-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. ILT-1.....cc.ccccevveuennene. 355

xil



June 29, 2017
MwRSF Report No. TRP-03-361-17

Figure I-13. Lateral Change in Velocity (SLICE-2), Test NO. ILT-1.....ccccoiriiiriininiinicnenene 356
Figure I-14. Lateral Change in Displacement (SLICE-2), Test No. ILT-1 ......cccccvveviveervieenneen. 357
Figure I-15. Vehicle Angular Displacements (SLICE-2), Test No. ILT-1.......ccccceevevinienennnene 358
Figure I-16. Acceleration Severity Index (SLICE-2), Test No. ILT-1 ...ccccevveiiiivciieeniieeieeeee. 359
Figure J-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. ILT-2 ................... 361
Figure J-2. Longitudinal Change in Velocity (SLICE-1), Test No. ILT-2.....ccccceevievciveeiieeenneen. 362
Figure J-3. Longitudinal Occupant Displacement (SLICE-1), Test No. ILT-2........cccccecveruennene. 363
Figure J-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. ILT-2 .......cccccvvveeveeneen. 364
Figure J-5. Lateral Change in Velocity (SLICE-1), Test No. ILT-2 ......coceviiiiiniinieiinieneeene 365
Figure J-6. Lateral Change in Displacement (SLICE-1), Test No. ILT-2.....ccccceecvvievciieenieeennnen. 366
Figure J-7. Vehicle Angular Displacements (SLICE-1), Test No. ILT-2......cccccocevievienienennene 367
Figure J-8. Acceleration Severity Index (SLICE-1), Test NO. ILT-2.....cccovevciieviieeniieeiee e, 368
Figure J-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. ILT-2.................... 369
Figure J-10. Longitudinal Change in Velocity (SLICE-2), Test No. ILT-2.......cccceevevvvenveeenneen. 370
Figure J-11. Longitudinal Change in Displacement (SLICE-2), Test No. ILT-2.........cccceueneee. 371
Figure J-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. ILT-2 ........ccccceeuveenneen. 372
Figure J-13. Lateral Change in Velocity (SLICE-2), Test No. ILT-2 ....ccccoiriiinienieiinienienene 373
Figure J-14. Lateral Occupant Displacement (SLICE-2), Test No. ILT-2 .....ccccovcvveevciieeniieennnen. 374
Figure J-15. Vehicle Angular Displacements (SLICE-2), Test No. ILT-2.....ccccccevvevienienennene 375
Figure J-16. Acceleration Severity Index (SLICE-2), Test No. ILT-2.....cccccoevviviiveenciieeeieeeeen. 376
Figure K-1. Load Cell Data, Downstream Anchorage System, Test No. ILT-1 ...............c..c...... 378
Figure K-2. Load Cell Data, Upstream Anchorage System, Test No. ILT-1 .......c.cccccvvveeverneen. 379
Figure K-3. Load Cell Data, Downstream Anchorage System, Test No. ILT-2 ............c.cc.c...... 380
Figure K-4. Load Cell Data, Upstream Anchorage System, Test No. ILT-2 .......c.cccccvvvveveeenneen. 381

xiil



June 29, 2017
MwRSF Report No. TRP-03-361-17

LIST OF TABLES

Table 1. Illinois Tollway Barrier Clearance DiStance ...........ccceecveeerieeeiiieeiieeeiieeeiee e eevee e 3
Table 2. Guardrail Testing under Test Designation NO. 3-11.....ccccooiiiiriiiniininiinieeeeeeeeee 4
Table 3. Guardrail Testing under Test Designation NO. 3-10........cccccvirviiiiiiiiieniiieeieeeee e, 5
Table 4. Feralux Light Pole Base TeStNG..........cccuiiiiiiiiieiieieeiieeie et 7
Table 5. Ohio Guardrail and Light Pole System Results..........ccccveeviiieiiiiiiiiiiecceceee e, 9
Table 6. MASH TL-3 Crash Test Conditions for Longitudinal Barriers............c.ccoeeeenveeniiennnnnne. 13
Table 7. MASH Evaluation Criteria for Longitudinal Barrier...........c.ccccoveeveiieniiieniieeeiie e, 14
Table 8. Summary of MGS Model Parts and LS-DYNA Parameters [22]......cccccccvevienireniiennnnnne 16
Table 9. Summary of Crash Test No. 2214MG-2 and Simulation Results.............cccceevcveerenennnne. 18
Table 10. Summary of Crash Test No. 2214MG-3 and Simulation Results.........c..ccccceverienennnen. 19
Table 11. Summary of Simulated Results with Varied Impact Points — Test Designation

INO. BT T e ettt ettt ettt et b et et nas 20
Table 12. Summary of Simulated Results with Varied Impact Points — Test Designation

INO. BmT0 ettt ettt b ettt e bttt nas 21
Table 13. Summary of Material Parameters for Pole-Base Model............ccccoevvveiiiniiiiniiiecienne, 23
Table 14. Summary of Simulation Results for Test No. 3-10 — Pole at 20-in. (508 mm)

Lateral and Longitudinal Offset from Post NO. 13......cccoiiiiiiiiiiiiiiiiecceee 45
Table 15. Weather Conditions, TeSt NO. ILT -1 ......ooiiiiiiiiiiiiiiie e 127
Table 16. Sequential Description of Impact Events, Test No. ILT-1 .....cccooviriiniininiinienienene 130
Table 17. Maximum Occupant Compartment Deformations by Location .............cccceevveeennennn. 144
Table 18. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. ILT-1.................... 147
Table 19. Weather Conditions, TeSt NO. ILT =2 ......oooiiiiiiiiiiiiiiiceeeeeeeeee e 150
Table 20. Sequential Description of Impact Events, Test No. ILT-2 .....ccccooiriiviininiinienenene 152
Table 21. Maximum Occupant Compartment Deformations by Location .............cccceevveeennnnn. 162
Table 22. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. ILT-2.................... 166
Table 23. Summary of Safety Performance Evaluation Results...........cccoeveiieniiiiniiieniieciee 170
Table 24. Summary of MGS Stiffness Transition Crash Test Results ..........ccccooceviiiiniinennene. 175
Table E-1. Bill of Materials, Test NO. ILT=1 .....ouvviiiiiiiiiieieee et 268
Table E-2. Bill of Materials, Test No. ILT-1 (Cont’d) .......cccoveeeeiiiieiiieeieeeieeeeee e 269
Table E-3. Bill of Materials, Test No. ILT-1 (Cont’d) ......ccooveeeiiieeiiieeieeeiieeeee e 270
Table E-4. Bill of Materials, Test No. ILT-1 (Cont’d) .......coooveeeoiiiieiiieeieeceeeeee e 271
Table E-5. Bill of Materials, Test No. ILT-1 (Cont’d) ......cceoueeeeiieeiieeieeeieeeee e 272
Table E-6. Bill of Materials, Test NO. ILT=2 ...ouviiiiiiiiiiiieieiieeee ettt 273
Table E-7. Bill of Materials, Test No. ILT-2 (Cont’d) ......cceoueeeriieeiieeieecieeeee e 274
Table E-8. Bill of Materials, Test No. ILT-2 (Cont’d) .......cccvveieviieieiiieeieeeieeeeee e 275
Table E-9. Bill of Materials, Test No. ILT-2 (Cont’d) ......cceeveeeiiieeiieeieeeieeeee e 276
Table E-10. Bill of Materials, Test No. ILT-2 (Cont™d) .......ccceeviieeiiieeiieeeieeeeieeeeee e 277

X1v



June 29, 2017
MwRSF Report No. TRP-03-361-17

1 INTRODUCTION

1.1 Problem Statement

Obstacles, including light poles, typically should not be placed within the working width
of a guardrail system. There are many instances where it is desirable to install light poles directly
behind W-beam guardrail in order to provide adequate illumination along roadways. However,
there are several concerns with placing light poles in close proximity to guardrail that may affect
its ability to safely contain and redirect vehicles. First, interaction between a deflected guardrail
system and a pole may create stiffening or hinging of the barrier system about the pole, which
may cause pocketing and increased loading to the guardrail system. Second, impacting vehicles
may snag on the pole, which could increase vehicle decelerations and instabilities. While the use
of breakaway light poles may mitigate these concerns to some degree, the interaction between a
guardrail system and a closely-positioned light pole requires further investigation.

The Illinois Tollway and the Illinois Department of Transportation have been using the
Midwest Guardrail System (MGS) as their standard W-beam guardrail system for 10 years. The
MGS has a 31-in. (787-mm) top rail mounting height, 75-in. (1,905-mm) post spacing, W6x9
steel posts, 12-in. (305-mm) blockout depth, and midspan rail splices. The MGS has been
successfully full-scale crash tested with a 2,425-1b (1,100-kg) small car (designated 1100C) and
a 5,000-1b (2,268-kg) pickup truck (designated 2270P) according to the Manual for Assessing
Safety Hardware (MASH) Test Level 3 (TL-3) criteria [1-3].

The current Illinois Tollway standard denotes pole placement no closer to the guardrail
post than 28 in. (711 mm) for the standard 6-ft 3-in. (1,905-mm) post spacing MGS, 23 in. (584
mm) for the half-post spacing MGS, and 14 in. (356 mm) for the quarter-post spacing MGS. The
barrier clearance distance is defined as the perpendicular distance from aline connecting the
back of guardrail posts to the near face of an obstacle, as shown in Figure 1.

BARRIER CLEARANCE DISTANCE i

Ground
Line

Figure 1. Barrier Clearance Distance
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In order to accommodate poles positioned closer than the current minimum barrier
clearance distance, an investigation should be conducted to determine safe placement of the light
pole with respect to the guardrail system.

1.2 Research Objective

The objectives of this research project were to determine the minimum lateral offset of
the light pole with respect to the standard guardrail system with 6 ft — 3 in. (1.9 m) post spacing
and develop guidance for the safe placement of the Illinois Tollway standard light pole behind
the MGS. The guardrail offset away from the light pole was to be tested and evaluated according
to the Test Level 3 (TL-3) safety performance criteria in the Manual for Assessing Safety
Hardware (MASH) [3].

1.3 Scope

The research objectives were achieved through the completion of several tasks in two
phases. In phase I, a literature review was performed on previous testing of W-beam guardrail
systems (including MGS) with and without poles to evaluate dynamic deflections, working
widths, deflected barrier lengths, as well as vehicle pocketing and snagging risks. In addition, a
review was performed on relevant breakaway light pole systems specified by the Illinois
Tollway.

Second, a combination of LS-DYNA computer simulation [4], engineering analysis, and
experience with MGS crash testing was utilized to select a minimum lateral pole offset for the
MGS system with the standard post spacing as well as determine the critical impact points (CIPs)
for full-scale crash testing with 2270P and 1100C vehicles.

In phase II, two full-scale crash tests were performed onthe MGS with nearby light
poles, as recommended in phase 1. The first crash test utilized a 5,000-1b (2,268-kg) pickup truck
impacting the MGS with pole at a speed of 62.1 mph (100 km/h) and an angle of 25 degrees. In
the second crash test, a 2,425-1b (1,100-kg) small car impacted the MGS with pole at a speed of
62.1 mph (100 km/h) and an angle of 25 degrees.

Following the full-scale crash testing, the safety performance of the MGS with a
minimum lateral offset away from a pole was evaluated. Implementation guidance was provided
regarding the safety performance of the MGS with an earby Illinois Tollway light pole. A
summary report of the research project with respect to the as-tested light pole and the barrier
combination was provided.



June 29, 2017
MwRSF Report No. TRP-03-361-17

2 LITERATURE REVIEW

2.1 MGS Crash Testing and Computer Simulation
2.1.1 Dynamic Deflection and Working Width

A study was conducted by Midwest Roadside Safety Facility (MwRSF) to compile past
testing of Midwest Guardrail System (MGS) at Test Level 3 (TL-3). The study also involved
numerous simulations on the MGS at TL-1, TL-2, or TL-3 [5]. Working widths and dynamic
deflections were found for each test level regarding the standard MGS and MGS with curb. Only
simulations involving standard MGS at TL-3 were considered for the purpose of this project.

Maximum dynamic deflection of the system is a measure of the maximum distance any
individual component deflected backward when compared to its undeflected position. Working
width is defined as the farthest distance the barrier or vehicle extended laterally during impact, as
measured from the original, undeformed front face of the guardrail. Working widths are always
greater than or equal to dynamic deflections.

For TL-3, a minimum working width of 60.3 in. (1,532 mm) was determined based on
the largest MGS working width observed in full-scale crash testing [5, 6]. If lateral offsets
between guardrail systems and obstacles are reduced, the impacting vehicle may engage or
interact with the shielded obstacle. States must determine if the benefits associated with
decreased guardrail-to-obstacle offset and increased guardrail placement away from road
outweigh the potential consequences of a vehicle engaging an obstacle while being redirected by
the rail [5]. Currently, the Illinois Tollway uses a minimum barrier clearance distance of 28 in.
(711 mm) for guardrail with standard post spacing. The current Illinois Tollway practice for
minimum clearance distance of poles behind MGS with different post spacing is shown in Table
1. The Illinois Tollway bases these lateral offsets on the guardrail placement recommendations
for shielding rigid obstacles found in the research report by Polivka et al. [7]. According to this
study, the minimum recommended distances the MGS should be placed away from a rigid
obstacle are 49 in. (1.25 m), 44 in. (1.12 m), and 35 in. (0.9 m) for the standard-, half-, and
quarter-post spacing designs, respectively, as measured from the front face of the W-beam rail to
the front face of the obstacle. Thus, the recommended distances from the back of the post to the
front face of post would be 28 in. (711 mm), 23 in. (584 mm), and 14 in. (356 mm) for the
standard-, half-, and quarter-post spacing designs, respectively.

Table 1. Illinois Tollway Barrier Clearance Distance

Guardrail System Minimum
MGS with 31-in. (787-mm) Top Ralil Post Spacin Clearance Distance
Height and 12-in. (305-mm) Deep pacing .
in. (mm)
Blockouts

Type A - Standard 6 ft—3in. (1.9 m) 28 (711)

Type B - %2 Post Spacing 3 ft— 1% in. (0.95 m) 23 (584)

Type C - %4 Post Spacing 1 ft — 6% in. (0.48 m) 14 (356)

3
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2.1.2 Guardrail Deflection Analysis

A report compiling guardrail tests from various organizations was completed at the Texas
Transportation Institute (TTI) [8]. Various guardrail configurations were included and those with
31-in. (787-mm) top mounting height and 75 in. (1,905 mm) post spacing are summarized in
Table 2 for test no. 3-11 and Table 3 for test no. 3-10. Many variations of the MGS have been
tested, but only those with standard MGS configurations were referenced for this project. The
MGS tested with douglas fir, ponderosa pine, southern yellow pine, and white pine posts were
also included. In addition, guardrail configurations using alternate blockouts or no blockouts
were included. In addition, TTI performed a full scale crash test on a W-beam system similar to
the MGS [9]. The single difference between the standard MGS and this test was the blockout
depth was reduced from 12 in. (305 mm) to 8 in. (203 mm). One crash test, test no. 420020-5,
was performed at test designation no. 3-10 and the guardrail performed adequately. This test is
also included in Table 3.

For test designation no. 3-11, the maximum, average, and minimum dynamic deflections
were 60.2 in. (1,529 mm), 44.5in. (1,131 mm), and 34.1 in. (866 mm), respectively. The
maximum, average, and minimum working widths were 60.3 in. (1,532 mm), 51.3 in. (1,302
mm), and 43.21in. (1,097 mm), respectively. For test designation no. 3-10 the maximum,
average, and minimum dynamic deflections were 35.9 in. (912 mm), 26.6 in. (677 mm), and 17.4
in. (442 mm), respectively. The maximum, average, and minimum working widths were 48.3 in.
(1,227 mm), 38.3 in. (973 mm), and 28.6 in. (726 mm), respectively.

Table 2. Guardrail Testing under Test Designation No. 3-11

Dynamic . .
Testing Agency Test Number Testing Criteria De};]ection Wo'rklng Width
. in. (mm)
in. (mm)
MwRSF NPG-4 350 43.1 (1,094) 49.6 (1,260)
MwRSF 2214MG-1 MASH 57.0 (1,447) 58.6 (1,489)
MwRSF 2214MG-2 MASH 43.9 (1,114) 48.6 (1,234)
MwRSF MGSMIN-1 MASH 42.2 (1,072) 48.8 (1,240)
MwRSF MGSDF-1* NCHRP 350 [10] 60.2 (1,529) 60.3 (1,530)
MwRSF MGSPP-1* NCHRP 350 37.6 (956) 48.6 (1,234)
MwRSF MGSWP-1* MASH 46.3 (1,176) 58.4 (1,483)
MwRSF MGSSYP-1* MASH 40.0 (1,016) 53.8 (1,367)
MwRSF MGSNB-1** MASH 34.1 (867) 43.2 (1,097)
TTI 220570-2** MASH 40.9 (1,040) 44.0 (1,119)

*Guardrail with alternate posts and/or blockouts.
**QGuardrail with no blockouts.
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Table 3. Guardrail Testing under Test Designation No. 3-10

Dynamic . .
Testing Agency Test Number Testing Criteria De}élection Wo.rkmg Width
! in. (mm)
in. (mm)
MwRSF NPG-1 NCHRP 350 17.4 (441) 40.3 (1,022)
MwRSF 2214MG-3 MASH 359 (913) 48.3 (1,227)
MwRSF MGSSYP-2* MASH 22.2 (564) 39.7 (1,008)
MwRSF MGSRF-3* MASH NA 38.4 (975)
MwRSF MGSNB-2** MASH 29.1 (740) 34.5 (877)
TTI 420020-5 MASH 28.6 (725) 28.6 (725)

*Guardrail with alternate posts and/or blockouts.
**QGuardrail with no blockouts.

2.2 Light Pole Testing Details

The light pole used by the Illinois Tollway is a standard 50 ft (15.2 m) tall pole with a 15-
ft (4.6-m) mast arm, as manufactured by Hapco and Valmont. The pole has a 10-in. (254-mm)
base diameter and a 6-in. (152-mm) top diameter. The pole is designed to meet the 2009
American Association of State Highway Transportation Officials (AASHTO) Standard
Specifications for Structural Supports for Highway Signs, Luminaires, and Traffic Signals [11].

The light pole is mounted on a CS370 transformer base, also manufactured by Valmont.
The 9-in. (229-mm) tall breakaway transformer base was evaluated by Southwest Research
Institute (SWRI) in 1990 according to AASHTO Standard Specifications for Structural Supports
for Highway Signs, Luminaires, and Traffic Signals [11]. In June 1990, the light pole bases were
impacted at 20 mph (32.2 km/h) with a 1,800-1b (816-kg) pendulum. The pendulum was fitted
with a 10-stage crushable nose, which simulated the stiffness and energy dissipation of a 1979
Volkswagen Rabbit. The results of the tests are shown in Table 4. Test-13 and Test-14 had
calculated changes in velocity greater than the FHWA requirement of 16 feet per second, but
they were accepted due to the tendency to overestimate the calculated 60 mph values.

Both base designs received Federal Highway Administration (FHWA) aid reimbursement
eligibility letters [12-14]. A similar base, the CS300, was also tested and received eligibility. All
tested bases were manufactured by Akron, but three letters were required for the three
distribution firms — Feralux, Akron Foundry, and Pole Lite. The two base designs are shown in
Figures 2 and 3. The CS300 design is identical to the TB-AF-6-9 and the Pole Lite F-1300
designs, with the only difference being the distribution firm. The same is true for the CS370
design regarding the TB-AF-5-9 and Pole Lite F-1302 designs.
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Figure 2. Feralux CS300 Light Pole Base

Figure 3. Feralux CS370 Light Pole Base
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Calculated
. Test Delta V
Test No. Base Pole Type Pole Weight at 20 mph fps Delta V at 60
b (kg) (m/s) mph
fps (m/s)
Test-AF-1 | Feralux CS-300 Aluminum 413 (187) 3.4 (1.0) 6.4 (2.0)
Pole Lite F-1300 .
Test-1 or TB-AF-6.9 Aluminum 413 (187) 4.7 (1.4) 6.8 (2.1)
Test-2 Feralux CS-300 Steel 777 (352) 5.3(1.6) 11.1 (3.4)
Pole Lite F-1300
Test-10 or TB-AF-6.9 Steel 777 (352) 5.0 (1.5) 11.0 (3.4)
Pole Lite F-1300 .
Test-11 or TB-AF-6-9 Aluminum 442 (191) 4.9 (1.5) 7.0 (2.1)
Test-12 TB3'AIF\';5 7171 Steel 955(433) | 7.9(24) 17.1 (5.2)
Test-13 Feralux CS-370 Steel 955 (433) 6.6 (2.0) 16.5 (5.0)
Pole Lite F-1302
Test-14 or TB-AF-5.9 Steel 955 (433) 7.6 (2.3) 16.8 (5.1)
Test-15 Feralux CS-370 Aluminum 591 (268) 6.9 (2.1) 10.5(3.2)
Pole Lite F-1302 .
Test-16 or TB-AF-5.9 Aluminum 591 (268) 5.8 (1.8) 10.1 (3.1)
Test-17 Feralux CS-300 Aluminum 442 (191) 4.5(1.4) 6.9 (2.1)

2.3 Related Research

2.3.1 Light Pole and Guardrail

Breakaway poles are required on high-speed highways by the FHWA. In certain
situations, guardrail systems will be placed in front of light poles. In 1994, guardrail and light
pole systems were crash tested in Ohio using the standard Type 5 guardrail and either the Type
AT-A or Type AT-X light pole base [15]. The Ohio Type 5 guardrail consisted of 7-in. (178-
mm) diameter, 6-ft (1.83-m) long pine wood posts and 6-in. (152-mm) x 8-in. (203-mm) x 14-in.
(356-mm) oak wood blockouts. The blockouts were contoured to fit the round posts. Posts were
spaced 6 ft — 3 in. (1,905 mm) on center and embedded 42 in. (1,067 mm) into the soil. The
guardrail had a top mounting height of 27 in. (686 mm). A 28-ft (8.54-m) tall steel light pole was
selected and evaluated for this project. The GE Model M-400R2 luminaire was mounted on a 15-
ft (4.57-m) arm with a 3-ft (914-mm) upsweep, as shown in Figure 4.
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Figure 4. Ohio Study - GE Model M-400R2 Light Pole
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Two aluminum base designs were utilized, and the dimensions of each differed. Type
AT-A had a base width of 16°/g in. (416 mm) and tapered to 13 in. (330 mm) at the top, and
Type AT-X had a 14-in. (356-mm) wide base and tapered to 13 in. (330 mm) at the top, as
shown in Figure 5. The sizes of the bases resulted in the Type AT-A being placed 18 in. (457
mm) behind the back of the guardrail, and the Type AT-X placed 6 in. (152 mm) behind the back
of the guardrail. A total of six tests were completed, four of which included light poles. The
placement of the light poles along the guardrail was chosen based on either location of maximum
guardrail deflection or highest kinetic energy of the impactor. The results of the six tests are

shown in Table 5.
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Anchor Bolt
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ALUMINUM TRANSFORMER BASES
T "p* "s" "W Bolt Circle
AT-A 11.43 cm 33.02cm 41.59 cm 38.10 cm
(4-1/2 inches) (13 inches) (16-3/8 inches) (15 inches)
AT-C 11.43 cm 3.iSem 43.82em 43.82 cm
{4-1/2 inches) (14-5/8 inches) ~ (17-1/d inches)  (17-1/4 inches)
AT-X 11.43 cm 33.02 cm 35.56 cm 3175 cm
(4-1/2 inches) (13 inches) (14 inches) (12-1/2 inches)

Figure 5. Ohio Study - Light Pole Bases

Table 5. Ohio Guardrail and Light Pole System Results

. . Pole
Test Test Light Pole .nght Pole Dyna'mlc' Occgp ant Impacted by
. . Distance from | Deflection in. Risk .
No. Designation Base Vehicle
Impact ft (m) (mm) Collected i
(Snagging)
1 3-11 None - 59.8 (1,518) Yes -
2 3-11 Type X 18% (5.72) 40.2 (1,021) No Yes
3 3-11 Type X 6 (1.83) 47.3 (1,201) No No
4 - Type A 6% (1.91) 53.9 (1,369) Yes No
5 3-10 None - 12.6 (320) Yes -
6 Type X 6% (1.91) 11.0 (280) Yes Yes

Test no. 1 was performed without a light pole to determine a baseline for the Type 5
guardrail under test designation no. 3-11. The guardrail was impacted at 60 mph (96.6 km/h) at
25.0 degrees. The exit angle was 10 degrees, and the occupant risk parameters were below the

NCHRP Report No. 350 limit values.

Test no. 2 incorporated the type “X” base design, which placed the light pole 6 in. (152
mm) behind the guardrail. The base was located 18% ft (5.72 m) downstream from the intended
impact point, because test no. 11 ndicated this location would have the highest guardrail
deflection. The guardrail system was impacted at 59.0 mph (95 km/h) at 24.6 degrees. Contact
marks from the vehicle were found on the light pole. The pole did not break away, but it
constrained the guardrail deflections, which resulted in an exit angle of 17.9 de grees and

9
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exceeded the evaluation criteria limit. Occupant risk values were not acquired due to an on-board
computer malfunction.

Test no. 3 also used the type “X” base design, and the pole was positioned 6 in. (152 mm)
behind the guardrail and 6 ft (1.83 m) downstream from the impact location, which was selected
due to the high kinetic energy of the impactor at this point. The guardrail system was impacted at
60 mph (96.5 km/h) at 27.3 de grees. The light pole broke away, and the transformer base
fractured. The guardrail deflections were less than when no light pole was present, and the exit
angle was 25.4 degrees, which was greater than the allowable limit. Furthermore, vehicle
damage was greater in test no. 3 than test no. 2, indicating that break away of the light pole did
not correlate with reduced vehicle damage. The on-board computer malfunctioned and occupant
risk values were not acquired.

Test no. 4 e valuated the “A” base design, which placed the light pole 18 in. (457 mm)
behind the guardrail. The base was located 6ft — 3 in. (1,905 mm) downstream from the intended
impact point. The guardrail system was impacted at 58.0 mph (93.3 km/h) at 26.7 degrees. The
pole broke away, and the guardrail deflections were similar to when no light pole was present.
The exit angle was 17.2 degrees, which was greater than the allowable limit. The light pole base
performed as designed and fractured near the attachment lugs. Damage to the vehicle in test no. 4
was greater than the damage from test no. 3, even though the light pole was placed farther behind
the guardrail. Occupant risk values for this test were below the allowable values in NCHRP
Report No. 350.

Test no. 5 was performed without a light pole to determine a baseline for the Type 5
guardrail under test designation no. 3-10. The guardrail was impacted at 57.5 mph (92.5 km/h) at
20.7 degrees. The exit angle of 7.9 degrees and the occupant risk values were within the NCHRP
Report No. 350 limits.

Test no. 6 used the “X” base design, and the pole was positioned 6 in. (152 mm) behind
the guardrail and 6 ft — 3 in. (1.9 m) downstream from the intended impact location. The
guardrail system was impacted at 64.9 mph (104.5 km/h) at 21.4 degrees. The light pole did not
break away, and the base had an indentation on the impact side, likely caused by the left-front
wheel. Again, the guardrail deflections in this test were less than when no light pole was present.
The exit angle of 9.5 de grees and the occupant risk values were within the limits in NCHRP
Report No. 350.

The primary objective was to determine if vehicle snag occurred on the poles during
impact with the guardrail. The research report noted that the presence of light poles did not cause
snagging of the test vehicle, and no change in the placement of light poles behind the guardrail
was recommended. However, snagging was only noted if the vehicle contacted the pole and
rapidly decelerated. Other contact between the test vehicles and the pole was observed, but it was
not classified as snagging.

Furthermore, the effect of the light pole on guardrail performance was also evaluated.
Unfortunately, it was difficult to make definitive conclusions based on the collected data. Impact
speeds varied from 57.5 mph (92.5 km/h) to 65 mph (104.5 km/h), occupant risk factors could
not be obtained from all tests, and the light pole was not critically impacted in all tests because
the maximum rail deflection did not occur at the pole location. Finally, three of the four guardrail

10
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and light pole tests had exit angles greater than the 15 degrees requirement given in the NCHRP
Report No. 350 [10]. These results suggest the light pole may have affected the guardrail’s
performance.

2.3.2 Sign Support and Guardrail

A project evaluating the safety performance of a sign support and guardrail system was
completed by the Civil and Environmental Engineering Department at the University of Florence
in Firenze, Italy in 2014 [16]. A variable message sign (VMS) with a non-breakaway sign
support structure and an H3 steel barrier, as shown in Figure 6, were evaluated using finite
element method (FEM) simulations and no crash testing. The objectives of the study were to
evaluate heavy vehicle and sign support interaction as well as determine minimum lateral offset
between sign support and barrier.

Figure 6. Sign Support and Guardrail

Initially, three separate models were created: a barrier; a heavy vehicle; and asign
support structure. The barrier model was evaluated and validated by a full scale crash test. The
sign support structure model for this test included a VMS spanning a three lane motorway with
an emergency lane and traditional sign supports made of high-strength steel (S355JO). Only the
parts bearing the highest stress during the crash of the sign support were included in the model
due to the complexity of the design. A 35,274-1b (16,000-kg) infinitely rigid cube with a 9.84-ft
x 9.84-ft (3-m x 3-m) cross section was used to simulate a heavy goods vehicle (HGV) with an

11
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impact velocity of 49.7 mph (80 km/h). The sign support model was evaluated independently of
the guardrail, and no risk of sign support failure was found.

The final stage of the project was to determine the minimum distance between the sign
support and the guardrail where both would perform according to criteria defined in EN 1317-
2:2010 [17]. After evaluating many simulations with varying placement along and behind the
barrier, the minimum distance between the barrier and sign support was 51.2 in. (1,300 mm)
away from the front of the barrier.

2.3.3 Zone of Intrusion

Stiff barriers, such as concrete barriers, have negligible deflections. However, zone of
intrusion (ZOI), or vehicle intrusion over the top of the barrier, is a concern for attachments
mounted on or near these barriers [18]. Subsequently, ZOI is considered for rigid bridge rails and
parapets, not guardrail. In many of the reviewed tests, the vehicle’s impacting corner intruded the
farthest over the concrete barriers, and the greatest intrusion occurred early in the impact event.

TL-3 barriers were divided into three subgroups depending on their ZOI [18]. Group one
consisted of slope-faced concrete barriers and steel tubular rails on 6-in. (152-mm) curbs or
greater. The ZOI for group one was 18 in. (457 mm) away from the front face of the barrier. The
ZOI for group two was 24 in. (610 mm) and included combination concrete and steel rails,
vertical-faced concrete barriers, and timber rails. The ZOI for group three was 30 in. (762 mm)
and included steel tubular rails not on curbs or on curbs less than 6 in. (152 mm) high.

Following this study, MwRSF performed three full-scale crash tests on a single-slope
concrete barrier with adjacent light poles in 2008 [19]. The first two tests involved a light pole
placed on top of the concrete barrier using a rearward pedestal, and the third test involved a
ground-mounted light pole placed 10.5 in. (267 mm) behind the barrier. The first full-scale crash
test, test no. ZOI-1, was performed according to test designation no. 4-12 of NCHRP Report No.
350. The test consisted of a 17,605-1b (7,985-kg) single-unit truck impacting the barrier at a
speed of 50.4 mph (81.0 km/h) and an angle of 15.6 degrees. This test passed the NCHRP Report
No. 350 safety requirements as the single-unit truck was safely brought to a controlled stop. The
second full-scale crash test, test no. ZOI-2, was performed according to test designation no. 4-11
of NCHRP Report No. 350. The test consisted of a 4,430-1b (2,009-kg) pickup truck impacting
the barrier at a speed of 61.7 mph (99.3 km/h) and an angle of 23.4 degrees. This test passed the
NCHRP Report No. 350 safety requirements as the pickup truck was safely brought to a
controlled stop. The third full-scale crash test, test no. ZOI-3, was performed according to test
designation no. 4-12 of NCHRP Report No. 350. The test consisted of a 17,637-1b (8,000-kg)
single-unit truck impacting the barrier at a speed of 50.2 mph (80.8 km/h) and an angle of 16.4
degrees. This test passed the NCHRP Report no. 350 safety requirements as the single-unit truck
was safely brought to a controlled stop.

The impact location for the third test was selected such that the maximum vehicle
intrusion over the barrier would occur at the light pole location. This placement would ensure a
worst-case scenario impact. Test no. Z OI-3 was deemed acceptable according to the TL-4
criteria found in NCHRP Report No. 350 [10]. Unfortunately, the maximum intrusion occurred
before the pole was impacted, and definitive recommendations could not be made for use of a
ground-mounted luminaire pole placed behind a concrete barrier.
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3 TEST REQUIREMENTS AND EVALUATION CRITERIA

3.1 Test Requirements

Since it is not recommended to place obstacles within the working width of guardrail
systems, closer pole placement behind the MGS would require crash testing and evaluation under
TL-3 of MASH [3]. This study was conducted in compliance with MASH 2016. Note that there
is no difference between MASH 2009 [20] and MASH 2016 for longitudinal barriers such as the
system tested in this project. According to TL-3 of MASH, longitudinal barrier systems must be
subjected to two full-scale vehicle crash tests, as summarized in Table 6.

Table 6. MASH TL-3 Crash Test Conditions for Longitudinal Barriers

Test Test . Test ;]Veelllgillte ;mé):((i: L pndions Evaluation
Article Desﬁ?)atlon Vehicle Ib , rlzlph ’ A(ilegle’ Criteria '
' (kg) (km/h) &
Longitudinal 3-10 1100C (ﬁ%g) (16020) 25 ADEHI
Barrier 3-11 2270P é:ggg) (16020) 25 A.D,F.H,I

" Evaluation criteria explained in Table 7.

The critical impact points for both crash tests were determined using computer simulation
to maximize vehicle and pole interaction, as discussed in the following chapter.

3.2 Evaluation Criteria

Evaluation criteria for full-scale vehicle crash testing are based on three appraisal areas:
(1) structural adequacy; (2) occupant risk; and (3) vehicle trajectory after collision. Criteria for
structural adequacy are intended to evaluate the ability of the MGS with an offset light pole to
contain and redirect impacting vehicles. In addition, controlled lateral deflection of the test
article is acceptable. Occupant risk evaluates the degree of hazard to occupants in the impacting
vehicle. Post-impact vehicle trajectory is a measure of the potential of the vehicle to result in a
secondary collision with other vehicles and/or fixed objects, thereby increasing the risk of injury
to the occupants of the impacting vehicle and/or other vehicles. These evaluation criteria are
summarized in Table 7 and defined in greater detail in MASH. The full-scale vehicle crash test
was conducted and reported in accordance with the procedures provided in MASH.

In addition to the standard occupant risk measures, the Post-Impact Head Deceleration
(PHD), the Theoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI)
were determined and reported on the test summary sheet. Additional discussion on PHD, THIV
and ASI is provided in MASH.
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3.3 Soil Strength Requirements

In accordance with Chapter 3 and Appendix B of MASH, foundation soil strength must
be verified before any full-scale crash testing can occur. During the installation of a soil
dependent system, additional W6x16 (W152 x 23.8) posts are to be installed near the impact
region utilizing the same installation procedures as the system itself. Prior to full-scale testing, a
dynamic impact test must be conducted to verify a minimum dynamic soil resistance of 7.5 kips
(33.4 kN) at post deflections between 5 and 20 in. (127 and 508 mm) and measured at a height of
25 in. (635 mm). If dynamic testing near the system is not desired, MASH permits a static test to
be conducted instead and compared against the results of a previously established baseline test.
In this situation, the soil must provide a resistance of at least 90% of the static baseline test at
deflections of 5,10, and 15in. (127, 254, and 381 m m). Further details can be found in
Appendix B of MASH.

Table 7. MASH Evaluation Criteria for Longitudinal Barrier

A. Test article should contain and redirect the vehicle or bring the
Structural vehicle to a controlled stop; the vehicle should not penetrate,
Adequacy underride, or override the installation although controlled lateral

deflection of the test article is acceptable.

D. Detached elements, fragments or other debris from the test article
should not penetrate or show potential for penetrating the occupant
compartment, or present an undue hazard to other traffic,
pedestrians, or personnel in a work zone. Deformations of, or
intrusions into, the occupant compartment should not exceed limits
set forth in Section 5.2.2 and Appendix E of MASH.

F. The vehicle should remain upright during and after collision. The
maximum roll and pitch angles are not to exceed 75 degrees.

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2.2
of MASH for calculation procedure) should satisfy the following

Risk Occupant Impact Velocity Limits
Component Preferred Maximum
Longitudinal and Lateral (93 (1) f;//ss) (142‘02f:1/qs}s)

L The Occupant Ridedown Acceleration (ORA) (see Appendix A,
Section A5.2.2 of MASH for calculation procedure) should satisfy
the following limits:

Occupant Ridedown Acceleration Limits

Component Preferred Maximum

Longitudinal and Lateral 15.0¢g’s 20.49 g’s
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4 SELECTION OF POLE PLACEMENT THROUGH LS-DYNA SIMULATION

Computer simulation was utilized to select critical impact points and critical pole location
for the full-scale crash tests. A baseline model of a 29-post, 175-ft (53.35-m) long Midwest
Guardrail System (MGS) was validated with test nos. 2214MG-2 and 2214MG-3 using NCHRP
Report No. W179 procedures for verification and validation of computer simulations used for
roadside safety applications [1-2, 21].

The MGS model incorporated 72-in. (1,830-mm) long, W6x9 steel posts with 12-in.
(305-mm) deep blockouts, as shown in Figure 7. The upstream and downstream ends of the
system were anchored with the MGS trailing-end anchorage with two BCT posts on each end
[22]. The post-soil resistance was simulated with lateral and longitudinal springs for the steel
posts and downstream anchor posts considering the computational efficiency, and with a
Drucker-Prager soil element material for the upstream anchor posts to represent soil resistance
more accurately.

(a)

(b)
Figure 7. Finite Element Model of MGS: (a) System Layout and (b) End Anchorage
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Table 8. Summary of MGS Model Parts and LS-DYNA Parameters [23]

Element Element : Material

Part Name Type Formulation Material Type Formulation

Belytschko-Schwer, 6x19 %" Moment,
Anchor Cable Beam Resultant Beam Wire Rope Curvature Beam
Anchor Post Solid Constant Stress Solid ASTM A307 Rigid
Bolt Element

Anchor Post | gy | Belytschko-Tsa ASTM A307 Rigid

Bolt Heads vt Y &

Anchor Post . Constant Stress Solid .
Washers Solid Element ASTM F844 Rigid

BCTpésllChor Solid | Fully Integrated, S/R Wood Plastic Kinematic

Bearing Plate | Solid | ComstantStress Solid |y p 56 Rigid
Element
Blockout Solid Fully Integrated, S/R Wood Elastic
Blockout Bolts Shell Belytschko-Tsay ASTM A307 Rigid
. . DRO=Translational Spring,
Bolt Springs Discrete Spring/Damper ASTM A307 Non-Linear Elastic
Ground-Line Piecewise,
Strut Shell Belytschko-Tsay ASTM A36 Linear Plastic
Post Soil Tubes Shell Belytschko-Tsay Equivalent Soil Rigid
Line Post . DRO=Translational . . Spring,

Soil Springs Discrete Spring/Damper Equivalent Soil General Non-Linear
W-Beam Fully Integrated, AASHTO MI80, Piecewise,
Guardrail Shell Shell Element 12-Ga. Linear Plasti

Section el Hlethe Galvanized Steel © SHe
Fully Integrated, ASTM A992 Piecewise,
WX Post Shell Shell Element Gr. 50 Linear Plastic
Anchorage Soil Solid Constant Stress Solid Crushed Drucker Prager
Element Limestone

A series of computer simulations were conducted with the MGS with nearby poles to
determine the minimum safe lateral pole offset based on risks of rail pocketing, rail rupture,
vehicle instability, and other hazards. The analyses primarily focused on MASH TL-3 impacts
with 2270P vehicles due to increased dynamic deflections, but several simulations with 1100C
vehicle impacts were also performed to ensure that the lateral pole offset was safe for small cars.
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4.1 Evaluation Criteria

The presence of apole behind a guardrail may cause vehicle snag on the pole, posts
impacting the pole, and interaction between the deflected rail and the pole, all of which may
affect the guardrail’s ability to safely contain and redirect vehicles. Vehicle snag on the pole can
increase vehicle decelerations and instabilities. Interaction between a deflected guardrail system
and a pole can cause pocketing and increased loading to the guardrail. Thus, several criteria, such
as vehicle stability, occupant risk measures, rail pocketing, vehicle snag on pole, rail deflection,
and rail load, were evaluated in each simulation.

Euler angles, including roll, pitch, and yaw angles, were used to evaluate vehicle
stability. Roll and pitch angles should not exceed 75 degrees according to MASH [3]. Occupant
risk measures, which evaluate the degree of hazard to the occupants in the impacting vehicle,
included the longitudinal and lateral occupant impact velocities (OIVs) as well as longitudinal
and lateral occupant ridedown accelerations (ORAs). According to MASH, longitudinal and
lateral occupant impact velocities should fall below the maximum allowable value of 40.0 ft/s
(12.2 m/s). MASH also states that longitudinal and lateral ORAs should fall below the maximum
allowable value of 20.49 g’s [3]. In addition, all post deflections in the impact region were
examined to evaluate the pole-post interaction as well as its effects on snag, deceleration, and
prevention of pole release.

Maximum pocketing angle is also a concern, as excessive pocketing angles can affect a
system’s capability to safely contain and redirect a vehicle. The pocketing angle is defined as the
angle between the deflected rail during the impact event and initial guardrail orientation. In some
situations, the rail can form ap ocket between two adjacent posts due to large lateral rail
displacement, which may impede the vehicle’s redirection out of the system. The maximum
pocketing angle for each simulation was calculated by tracking adjacent nodes on the rail to
determine barrier deflections. The pocketing angle in the baseline simulation with no pole was
39.2 degrees.

The maximum rail load was also examined. The MGS W-beam rail consisted of
AASHTO M180 steel [24], with a minimum ultimate strength of 70 ksi (482 MPa), which
correlates to a rail tensile strength of 112 kips (498 kN) at the splice and 141 kips (627 kN) in the
full-section. In another study, the maximum rail tensile strength of the MGS W-beam was
estimated in a range of 92 to 98 kips (409 to 436 kN) at a splice [25].

4.2 LS-DYNA Baseline Simulations

An existing baseline model of the MGS impacted by a 2270P pickup truck was validated
with the results from the test no. 2214M G-2 [1]. In test no. 2214M G-2, a 5,000-1b (2,268-kg)
pickup truck impacted the steel-post MGS, which had a 31-in. (787-mm) top rail mounting
height, was installed in standard soil, and with standard post spacing, at an impact speed of 62.9
mph (101.2 km/h) and an angle of 25.5 degrees.

The reduced-element, 2270P Chevrolet Silverado pickup truck model, originally
developed by the National Crash Analysis Center (NCAC) and modified by MwRSF, was
utilized to simulate test no. 2214MG-2 [26]. The 5,004-b (2,270-kg) pickup truck model
impacted the steel-post MGS installed in standard soil and with standard post spacing at an
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impact speed of 62.1 mph (100 km/h) and an angle of 25.4 degrees. A summary of the results
from numerical simulation and test no. 2214MG-2 is shown in Table 9. The simulation and full-
scale crash test were compared using NCHRP Report No. W179 procedures for verification and
validation of computer simulations used for roadside safety applications [21]. The full V&V
(Validation and Verification) comparison is shown in Appendix A. A comparison between the
actual and finite element simulation of test no. 2214MG-2 is shown in Figure 8. In the test,
dynamic deflection was 1.2 in. (30 mm) lower as compared to the simulation. Simulated
maximum roll angle, longitudinal and lateral ORAs were higher than in the actual test. However,
the simulation met the V&V procedure requirements. Therefore, the model was utilized for
further numerical studies. In this study, the differences between the test and simulation results
were considered when evaluating the results.

Table 9. Summary of Crash Test No. 2214MG-2 and Simulation Results

Dl\fli)r;ic Length Max. Max. Max. Lon Lateral Long. Lateral

Evaluation ynam Contact Roll Pitch Yaw one. areta o1v orv

Deflection ORA ORA

Parameters i ft Angle Angle Angle (@’s) (@’s) ft/s ft/s
(m) (m) (degrees) | (degrees) | (degrees) & & (m/s) (m/s)

Physical 3.64 33.8 o o o 15.32 15.61
Test (1.11) (10.3) 4.81 1.84 45.74 8.23 6.93 (4.67) (4.76)

. . 3.74 29.5 o o o 14.53 16.37
Simulation (1.14) ) 11.67 3.17 46.21 11.16 9.05 (4.43) (4.99)

13 14
11 12 15

Figure 8. 2270 Vehicle Crash: Test No. 2214MG-2 (left) and Simulation (right)
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A Toyota Yaris model, developed by NCAC and modified by MwRSF, was used to
simulate test no. 2214M G-3 [26]. The 2,775-1b (1,258-kg) passenger car model impacted the
MGS installed in standard soil and using a standard post spacing at an impact speed of 62.1 mph
(100 km/h) and an angle of 25 degrees. A summary of the results from numerical simulation and
test no. 2214MG-3 is shown in Table 10. A comparison between the test and simulation results
are shown in Figure 9.

Table 10. Summary of Crash Test No. 2214MG-3 and Simulation Results

Dl\flz)r(r;i Length Max. Max. Max. Lon Lateral Long. | Lateral

Evaluation ynatic Contact Roll Pitch Yaw ong. arera (0)4Y (0)4Y

Deflection ORA ORA

Parameters i ft Angle Angle Angle (@’s) (@’s) ft/s ft/s
@) (m) | (degrees) | (degrees) | (degrees) | ‘&° £s m/s) | (m/s)

Physical 3 27.3 o o o 14.8 17.1
Test 0.9) (8.3) 12.8 5.7 28.6 16.1 8.4 (4.5) (5.2)

. . 2.3 25.6 o o o 18.5 22
Simulation 0.7) (7.8) 3.5 2.4 41.0 13.3 10.1 (5.6) 6.7)

12 13 14

15

Figure 9. 1100C Vehicle Crash: Test No. 2214MG-3 (left) and Simulation (right)

The full V&V comparison is shown in Appendix B. The simulation did not meet the

V&V procedure requirements primarily due to differences in maximum barrier deflection and

maximum vehicle roll and yaw. The simulated dynamic deflection was 12 percent lower than

observed in the crash test, and the roll angle was 8 degrees lower in the simulation than observed

in the crash test. In the test, four posts deflected. While in the simulation, only three posts

deflected during car impact. The 1100C Toyota Yaris model was geometrically different than the
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1100C Kia Rio used in the crash test. Thus, the results were expected to differ. These differences
were considered when determining the critical impact point and pole placement for MASH test
no. 3-10.

4.3 Determination of Critical Impact Points

Prior to simulation of the MGS with an offset pole, it was desired to determine the critical
impact point (CIP) along the MGS that would be most detrimental for interaction of the MGS
and vehicle. According to MASH, the impact point should be selected to represent the critical
location along a barrier system that will maximize the risk of test failure. For longitudinal
barriers, including the MGS, CIPs are selected to maximize loading at rail splices and maximize
the potential for wheel snag and vehicle pocketing. Based on the general MASH
recommendation, testing agencies are encouraged to utilize a more detailed analysis, such as
computer simulation, to estimate the CIP location for each full-scale crash test. Thus, several
impact points along the MGS were evaluated through numerical simulations without a pole to
determine the impact location that could maximize the risk of test failure in terms of increased
occupant risk values, deflection, and potential for snagging and pocketing if a pole was present.
These simulations were conducted to provide an insight into critical locations of impact on the
MGS without pole, more refined simulations were performed to determine the critical pole
location, as detailed in the following chapters. The critical impact point for the 2270P pickup test
was determined to be 4 in. (100 mm) downstream from post no. 11, as shown in Figure 10a. This
impact point maximized the MGS deflection, the longitudinal ORA, and the potential for
snagging. A summary of the results simulated at various impact points on the MGS is shown in
Table 11. The lateral and longitudinal OIVs were similar for all impact points with averages of
16 ft/s (4.9 m/s) and 15 ft/s (4.6 m/s), respectively.

Table 11. Summary of Simulated Results with Varied Impact Points — Test Designation No. 3-11

Lateral Longitudinal l\ga?;;li? Pocketing
Impact Point ORA ORA ynam Angle
(@s) (@s) Deflection (deg)
& & in. (mm) &
4 in. (100 mm) Downstream
from Post No. 11 6.09 13.69 47 (1,199) 39.2
Y4 Span
Downstream from Post No. 11 6.22 7.55 45 (1,142) 328
Mid Span
Downstream from Post No. 11 7.34 11.04 43 (1,080) 38.0
% Span
Downstream from Post No. 11 9.06 .17 45 (1,140) 334

Moreover, a series of simulations was conducted using a passenger car impacting the
MGS at various impact points. For the passenger car case, the critical impact point on the MGS
that led to maximum rail deflection (29.8 in. (757 mm)), maximum vehicle roll angle (14.3
degrees), and high occupant risk values (lateral ORA of 12.7 g’s and longitudinal ORA of 14
g’s) was at the mid-span between post nos. 11 and 12, as shown in Figure 10b. A summary of the
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results is shown in Table 12. The lateral and longitudinal OIVs were similar, with averages of
18.4 ft/s (5.6 m/s) and 21.6 ft/s (6.6 m/s), respectively.

Table 12. Summary of Simulated Results with Varied Impact Points — Test Designation No. 3-10

Lateral Longitudinal l\éa);?lnim Pocketing | Maximum
Impact Point ORA ORA ynare Angle Vehicle Roll
(9) (@s) | DIICNOM | (deg) | Angle (deg)
& in. (mm)
4 in. (100 mm) Downstream
from Post No. 11 10.3 13.3 26.9 (684) 18 35
Y4 Span
Downstream from Post No. 11 10.5 15 28.2(717) 18 4.5
Mid Span
Downstream from Post No. 11 12.7 14 29.8(757) 18 14.3
¥4 Span
Downstream from Post No. 11 10.6 12.7 26.9 (683) 175 2
12 13 14 15
I h h h L
(a)
11 12 13 14
(b)

21



June 29, 2017
MwRSF Report No. TRP-03-361-17

Figure 10. Critical Impact Points: (a) Test Designation No. 3-11 and (b) Test Designation No. 3-
10

4.4 Pole Model

Computer models of a 50-ft (15.25-m) tall pole with a 9-in. (228-mm) tall base were
generated using a fine mesh, as shown in Figure 11. An automatic, single-surface contact was
provided for the pole, vehicle, and MGS contact. In the LS-DYNA simulations, the pole and
base were modeled as rigid parts that were constrained in all directions using MAT RIGID.
Thus, the pole could not break away. Accurate modeling of the breakaway mechanism of the
pole was out of the scope of this project. As such, this modification would lead to a more severe
simulated impact as compared to the actual test and thus a more conservative pole placement.
Also, the use of the rigid pole would still provide insight into the potential for barrier and vehicle
interaction with the pole. The pole has a 10-in. (254-mm) diameter at the base and a 6-in. (152-
mm) diameter at the top. Two aluminum material models were utilized to represent the pole and
base. Material parameters are summarized in Table 13.

Figure 11. Computer Model of Pole and Base
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Table 13. Summary of Material Parameters for Pole-Base Model

Material Young’s Modulus Density Poison’s
(GPa) (kg/mm3) Ratio
MAT 20 (Transformer Base, A356-T6) 72.4 2.67(10°) 0.33
MAT 20 (Pole, A16063-T6) 68.9 2.6(10) 0.33

4.5 Determination of Critical Pole Offset
4.5.1 Determination of Critical Pole Offset for Test Designation No. 3-11

The baseline simulation was modified to simulate a 5,004-1b (2,270-kg) pickup truck
impacting the MGS with a laterally offset pole and investigate the interaction between the
vehicle, pole, and MGS. In order to identify worst-case scenarios, pickup truck impacts into the
MGS model were simulated when the pole was placed behind the guardrail with the front face of
pole laterally 12 in. to 28 in. (305 mm to 711 mm) behind the back of posts. The centerline of the
pole was also shifted longitudinally away from the centerline of the posts along the barrier to
maximize vehicle interaction with the barrier and pole, as shown in Figure 12.

Figure 12. Longitudinal and Lateral Offset of Pole with Respect to MGS

In the baseline model, four posts (post nos. 12 to 15) deflected when impacted by the
truck model. Thus, longitudinal pole offsets from the four posts were considered. The
longitudinal offsets studied included: 0 in. (i.e., pole placed directly behind the post); 4; 8; 12;
16; 20; and mid-span 37.5 in. (102; 203; 305; 406; 508; and 953 mm).

The 2270P model impacted the MGS at the CIP, or 4 in. (100 mm) downstream from post
no. 11. Preliminary analyses indicated that lateral pole placement closer than 16 in. (406 mm)
behind the post caused aggressive impacts with the rigid pole, and reliable results could not be
obtained. One case with a 12-in. (305-mm) lateral offset was studied, but the simulation did not
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complete due to unresolvable errors. Pole offsets of 24 and 28 in. (610 and 711 mm) behind the
MGS did not appear to be critical to the barrier performance, as the vehicle had minimal
interaction with the pole. Thus, lateral offsets of 16, 18, and 20 in. (406, 457, and 508 mm) were
selected for further analysis.

45.1.1 Vehicle Behavior

Vehicle behavior was examined to evaluate the potential for safe vehicle redirection
without instability. In all simulations, the vehicle was smoothly redirected without any
significant override or underride. However, all three lateral offsets resulted in increased vehicle-
pole interaction with increased vehicle’s roll and pitch angles, as shown in Figure 13. In this
figure, the x-axis represents the post number in the MGS. The offset of the data points from the
post number in the x-axis represents the relative longitudinal offset of the pole from the
associated post in the MGS (except the baseline data point). For example, the data points with
the x-coordinate of 12.5 represent the cases where pole was placed at mid-span between posts
nos. 12 and 13. All angular displacement angles were within MASH limits.
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Figure 13. Vehicle Behavior: (a) Maximum Roll Angle and (b) Maximum Pitch Angle
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4.5.1.2 Occupant Risk

Occupant risk values were calculated for each simulation utilizing the local accelerometer
node at the vehicle’s center of gravity and processed the same way as MASH full-scale crash
tests. The maximum occupant ridedown acceleration obtained from the LS-DYNA simulations at
a 16-in. (406-mm) offset is shown in Figure 14. The x-axis represents the post number in the
MGS, and y-axis indicates the longitudinal ORAs values. Data labels represent the longitudinal
offset of the pole from the post no. associated with the x-axis.

As shown in Figure 14, cases with the pole offset away from post no. 13 had increased
lateral and longitudinal ORAs, which indicates the potential for more aggressive contact between
the pole, barrier, and vehicle. A similar trend was also observed for 18-in. (457-mm) and 20-in.
(508-mm) lateral pole offsets, as shown in Figure 15.
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For all lateral pole offsets from 16 to 20 in. (406 to 508 mm), the longitudinal ORAs
exceeded the acceptable MASH value with some longitudinal pole offsets. These cases mostly
involved the pole at any longitudinal offset away from post no. 13 where maximum pole, barrier,
and vehicle interaction occurred. As shown in Figure 14, the maximum longitudinal ORA
occurred when the pole was located at a 16-in. (406-mm) lateral offset and an 8-in. (203-mm)
longitudinal offset away from post no. 13. In this simulation, the vehicle’s wheel snagged on post
no. 13 and the base of the pole, as shown in Figure 16. The magnitude of these large lateral and
longitudinal ORAs values were not expected in full-scale crash testing as the actual pole may
break away during testing and induce less resistance than the simulations predicted. In addition,
LS-DYNA tends to predict slightly larger lateral and longitudinal ORAs as compared to the
crash testing results, which also occurred in the baseline simulation comparison due to lack of
failure in wheel, tire, and suspension model assembly. Therefore, the large simulated lateral and
longitudinal ORAs were deemed unlikely to occur in the physical testing and would be further
evaluated with crash testing.

However, these decelerations did indicate increased vehicle and barrier interaction with
an offset pole and raised the potential for degradation in barrier performance. For the cases with
the pole located at 4-, 8-, 12-, and 16-in. (102-, 203-, 305-, and 406-mm) longitudinal offsets,
more aggressive behavior occurred as compared to the cases when the pole was placed directly
behind the post or at mid-span. This may be attributed to the wheel snagging on the base of the
pole. As shown in Figure 17, the simulated lateral and longitudinal peak decelerations confirmed
that a pole offset downstream from post no. 13 maximized pole, barrier, and vehicle interaction.

Figure 16. Maximum Vehicle, Barrier, and Pole Interaction — 16-in. (406-mm) Lateral Offset
and 8-in. (203-mm) Longitudinal Offset Away from Post No. 13
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Figure 17. Peak Deceleration: (a) Longitudinal and (b) Lateral
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4.5.1.3 Rail Pocketing

Excessive pocketing angles can affect a system’s capability to safely contain and redirect
a vehicle. The simulated pocketing angles are shown in Figure 18. The pocketing angle in the
baseline simulation was 39.2 degrees. The pole did not significantly increase the pocketing angle
over the baseline simulation. A maximum simulated pocketing angle of 46 degrees was observed
for a pole placed at a lateral offset of 18 in. (457 mm) and did not appear to be critical as the
pickup truck was redirected.
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Figure 18. Rail Pocketing Angle — 2270P Vehicle

4.5.1.4 Vehicle Snag

In simulations, two mechanisms for vehicle snag on the pole were identified: fender
snagging (shown in Figure 19a), and wheel snagging (shown in Figure 19b). The wheel snag on
the pole appeared to be responsible for increased vehicle instability and occupant risk values. In
the simulations, the maximum lateral snag distance was greater for the fender snag as compared
to the wheel. A maximum fender snag of 14 in. (356 mm) occurred, as shown in Figure 20.
However, fender snag was likely overrepresented in the simulation due to the lack of pole
fracture.
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(2)

(b)
Figure 19. 2270P Vehicle Snag: (a) Fender Snag and (b) Wheel Snag
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Figure 20. Maximum 2270P Vehicle Snag

4.5.1.5 Rail Deflection

The maximum simulated dynamic rail deflections at 16-, 18-, and 20-in. (406-, 457-, and
508-mm) lateral pole offsets is shown in Figure 21. In most cases, the pole restricted rail
deflections by up to 30 percent as compared to the baseline case without a pole. However, these
reduced barrier deflections were not believed to be detrimental to the barrier performance since
the truck was still smoothly redirected.
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Figure 21. Maximum Rail Deflection — 2270P Vehicle

45.1.6 Tensile Rail Load

16

The maximum simulated tensile rail load at 16-, 18-, and 20-in. (406-, 457-, and 508-
mm) lateral pole offsets is shown in Figure 22. The maximum tensile load on the rail was 66 kips
(293.5 kN) when the pole was located at a 16-in. (406-mm) lateral offset and a 4-in. (102-mm)
longitudinal offset away from post no. 12. Rail rupture was not a concern as the loads were well

below the tensile capacity of the rail.
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Figure 22. Maximum Rail Load — 2270P Vehicle

45.1.7 Critical Pole Placement

In all simulations, the vehicle was captured and redirected at lateral pole offsets of 16 in.
to 20in. (406 mm to 508 mm). Among all evaluation criteria (including vehicle stability,
occupant risk, rail pocketing, vehicle snag, rail deflection, and rail load) large longitudinal ORAs
and vehicle wheel snag on the pole’s base were found to be the most critical. Longitudinal pole
offsets downstream from post no. 13 increased longitudinal ORA and wheel snag. Based on the
simulations results, a 16-in. (406-mm) lateral pole offset away from the back of the MGS posts
was considered the minimum lateral offset that could reliably be evaluated with LS-DYNA
without modeling the breakaway mechanism. The 16-in. (406-mm) lateral offset had a
reasonable chance of passing MASH safety criteria as the large ORAs would not be likely to
occur in acrash test if the pole broke away or if the impacting tire disengaged. Sequential
photographs for the simulation with the most critical pole offset (i.e., pole located with a 16-in.
(406-mm) lateral offset and an 8-in. (203-mm) longitudinal offset away from post no. 13) are
shown in Figure 23.
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Figure 23. Sequential Photographs: 16 in. (406 mm) Lateral Offset and 8 in. (203 mm)
Longitudinal Offset from Post No. 13
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The project sponsor recommended using a 20-in. (508-mm) lateral pole offset between
the MGS and the pole to allow sufficient clearance between a 30-in. (762-mm) diameter concrete
foundation and line posts. The Illinois Tollway’s leave-out requirement behind the guardrail post
was 151in. (381 mm), and the 20-in. (508-mm) lateral pole offset allows a 10-in. (254-mm)
clearance from the back of steel post to the side of the concrete foundation. Other studies
indicated that a 7-in. (178-mm) clear distance in the leave-out will not negatively affect post
rotation and deflection [27]. In addition, constructability of the pole foundation and posts would
be easier with the larger lateral offset. It was also believed that the 20-in. (508-mm) lateral pole
offset would improve the performance of the combination MGS and the pole system as
compared to the 16-in. (406-mm) lateral offset. Based on the simulations, the 20-in. (508-mm)
lateral pole offset provided fewer concerns in terms of occupant risk, vehicle stability, roll and
pitch angles, pocketing angle, rail load, and vehicle snagging as compared to the cases with 16-
in. (406-mm) lateral pole offset. Thus, a 20-in. (508-mm) lateral pole offset was selected for
evaluation using MASH test designation no. 3-11 crash test.

Given a 20-in. (508-mm) lateral pole offset, it was necessary to determine the critical
longitudinal pole offset. It was observed that the posts do not deform in the same manner in the
crash tests and simulations. Therefore, previous testing of a MGS to portable concrete barrier
(PCB) transition (test no. MGSPCB-1) was analyzed to determine more precise post deflection
trajectories and interaction with obstacles [28]. In test no. M GSPCB-1, a 5,079-1b (2,304-kg)
pickup truck impacted the PCB to MGS transition, as shown in Figure 24, at a speed of 63.2 mph
(101.7 km/h) and at an angle of 25.3 degrees. In this test, one of the posts (post no. 16) twisted,
bent downstream, and hit the end of the portable concrete barrier, as shown in Figure 25. Similar
post interaction was expected to occur with the presence of a pole. The trajectory of post no. 16
in test no. MGSPCB-1 (that represents post no. 13 in the present evaluation study) was closely
examined with respect to the candidate longitudinal pole offsets of 8, 12, 16, 20, and 24 in. (203,
305, 406, and 610 mm), as shown in Figure 26. The longitudinal pole offset away from post no.
13 was selected to ensure that the post would have the maximum engagement with the pole upon
vehicle impact. Accordingly, a 20-in. (508-mm) lateral and 24-in. (610-mm) longitudinal pole
offset away from post no. 13 was recommended for evaluation under MASH test designation no.
3-11, as shown in Figure 27. Sequential photographs of the simulation with recommended pole
placement for test no. 3-11 are shown in Figure 28.
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Figure 24. MGS to PCB Transition, Test No. MGSPCB-1
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(a)

(b)
Figure 25. Test No. MGSPCB-1: (a) Post Contact with PCB and (b) Barrier Damage

39



June 29, 2017
MwRSF Report No. TRP-03-361-17

8in. 12in. 16in. 20in. 24in.

Possible
Pole Placement

AN

Post no. 16 Trajectory

Figure 26. Estimated Possible Post and Pole Interaction

Figure 27. Recommended Pole Placement for MASH Test No. 3-11
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Figure 28. Sequential Photographs, Recommended Pole Placement for Test No. 3-11
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4.5.2 Determination of Critical Pole Offset for Test Designation No. 3-10

The numerical analysis primarily focused on the 2270P vehicle. However, 1100C vehicle
impacts were also evaluated using 16-in. and 20-in. (406-mm and 508-mm) lateral pole offsets.
In test no. 2214MG-3, the maximum rail deflection was 914 mm (36 in.) [2]. The total width of
the MGS is 21% in. (540 mm). With a 20-in. (508-mm) lateral pole offset away from the back of
the post, interaction between the deflected rail and pole was not expected to occur. However, the
maximum dynamic post deflection in test no. 22 14MG-3 was 27 in. (686 mm). Therefore, the
posts could potentially interact with the pole with a 20-in. (508-mm) lateral pole offset away
from the back of the posts. Similar to the case of the 2270P pickup impacting the MGS offset
away from the pole, the vehicle wheel could extend under the rail and interact with the posts and
pole.

Several cases were simulated with the pole located 16 in. and 20 in. (406 mm and 508
mm) behind the back of post and longitudinal offsets varying from 4 in. to 16 in. (102 mm to 406
mm) downstream from the posts where the maximum deflection occurred (post nos. 13 and 14).
The critical impact point was previously found at the midspan of post nos. 11 and 12. Similar to
the pickup truck case, several simulation results were evaluated, including vehicle behavior,
occupant risk, rail pocketing, vehicle snag, rail deflection, and rail load. A comparison of
longitudinal ORAs, shown in Figure 29, indicated that pole placement longitudinally offset away
from post no. 131 ed to larger ORAs as compared to the cases where the pole was placed
longitudinally offset away from post no. 14. Note, a 20-in. (508-mm) lateral pole offset was
selected for the 1100C crash test, but the trend was expected to be similar.

Similar to pickup truck case, the large lateral and longitudinal ORAs, which represented
increased vehicle-pole interaction, appeared to be the most important parameter, as shown in
Figure 30. A summary of evaluation criteria with longitudinal offsets from post no. 13 and a 20-
in. (508-mm) lateral offset is shown in Table 14. Based on the simulation, the critical pole
location for small car testing was a 20 in. (508 mm) laterally offset and 8 in. (203 mm)
longitudinally from post no. 13 due to high longitudinal ORAs. Sequential photographs for this
simulation are shown in Figure 31.

However, a result comparison between test no. 2214MG-3 and the baseline simulation, as
shown in Figure 9, indicated different post deformation and trajectories. As shown in Figure 32,
the trajectory of post no. 16 in test no. 2214MG-3 was traced and overlaid with longitudinal pole
offsets of 8, 12, and 16 in. (203, 305, and 406 mm). A 20-in. (508-mm) lateral and 16-in. (406-
mm) longitudinal pole offset away from post no. 13 was recommended for full-scale crash
testing, as shown in Figure 33. A 16-in. longitudinal offset was believed more conservative to
guarantee the vehicle would impact pole. Simulated sequential images from the test designation
no. 3-10 simulation with a 20-in. (508-mm) lateral pole offset and a 16-in. (406-mm)
longitudinal pole offset are shown in Figure 34.
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Figure 29. Simulated Longitudinal Occupant Ridedown Acceleration — 16-in. (406-mm) Lateral
Offset — Test No. 3-10
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(a)

(b)

Figure 30. Simulated Occupant Ridedown Acceleration — 20-in. (508-mm) Lateral Offset from
MGS — Test No. 3-10: (a) Lateral and (b) Longitudinal
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Table 14. Summary of Simulation Results for Test No. 3-10 — Pole at 20-in. (508 mm) Lateral
and Longitudinal Offset from Post No. 13

4 in. 8 in. 12 in. 16 in.
Case Baseline (102 mm) (203 mm) (305 mm) (406 mm)
long. offset | long. offset | long. offset long. offset
Lateral ORA (g’s) 10.5 10.7 13.3 18.7 17.6
Longitudinal ORA (g’s) 15.4 15.7 26.4 23 19.5
Lateral OIV m/s 18.4 16 18 18 18
(ft/s) (5.6) 4.9) (5.5) (5.5) (5.5)
Longitudinal OIV m/s 23.6 31 26 25.5 25.2
(ft/s) (7.2) 9.4 (8) (7.8) (7.7)
Roll (deg) 4.6 6.1 15 11.7 9.8
Pitch (deg) 1.7 34 9 6.5 5.1
Rail Deflection mm (in.) | 28 (717) 30 (755) 26 (667) 27 (680) 27 (685)
Rail Load kN (kips) 36 (160) 36 (160) 35 (155) 32.5(144.5) 30.6 (136)
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Figure 31. Simulated Sequential Photographs — 20-in. (508-mm) Lateral Offset and 8-in. (203-
mm) Longitudinal Offset from Post No. 13, MASH Test No. 3-10
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Figure 32. Estimated Possible Post and Pole Interaction — 1100C Vehicle
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Figure 33. Recommended Pole Placement for MASH Test No. 3-10
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Figure 34. Simulated Sequential Photographs — 20-in. (508-mm) Lateral Offset, 16-in. (406-mm)
Longitudinal Offset from Post No. 13, MASH Test No. 3-10
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5 TEST INSTALLATION — DESIGN DETAILS

5.1 Test No. ILT-1

The W-beam guardrail system was comprised of 175 ft (53.25 m) of standard, 12-gauge
(2.66-mm) thick W-beam rail segments supported by steel posts with a light pole placed 20 in.
(508 mm) laterally behind the posts, as shown in Figure 35. End anchorage systems were used on
both the upstream and downstream ends of the guardrail system. Design details are shown in
Figures 35 through 62. Photographs of the test installation in a mirrored orientation are shown in
Figures 63 through 66. Material specifications, mill certifications, and certificates of conformity
for the system materials are shown in Appendix E.

The MGS was constructed with 29 guardrail posts. Post nos. 3 through 27 w ere
galvanized ASTM A992/A709-36 steel W6x8.5 sections measuring 6 ft (1,829 mm) long. Post
nos. 1, 2, 28, and 29 were timber posts measuring 5.5 in. X 7.5 in. x 42.5 in. (140 mm wide x 190
mm deep x 1,080 mm long) and were placed in 6-ft (1,829-mm) long steel foundation tubes, as
shown in Figures 39 and 40. The timber BCT posts and foundation tubes were part of the end
anchor systems that were designed to replicate the capacity of a tangent guardrail terminal.

Post nos. 1 through 29 were spaced 75 in. (1,905 mm) on center with a soil embedment
depth of 40 in. (1,016 mm), as shown in Figure 37. The posts were placed in a compacted coarse,
crushed limestone material with a strength that satistied MASH criteria. For post nos. 3 through
27, 6-in. x 12-in. x 14.25-in. (152-mm wide x 30 5-mm deep x 362 -mm long) wood spacer
blockouts were used to block the rail away from the front face of the steel posts.

Standard 12-gauge (2.66-mm) thick W-beam rails were placed between post nos. 1 and
29, as shown in Figures 35 and 38. The top rail height was 31 in. (787 mm) with rail splices at
the midspan locations. All lap-splice connections between the rail sections were configured to
reduce vehicle snag at the splice during the crash test.

The Illinois Tollway standard light pole measures 50 ft (15.25 m) tall with a 15-ft (4.6-m)
long mast arm and 0.31-in. (8-mm) wall thickness, as shown in Figure 36. The pole is supported
on a breakaway transformer base manufactured by Hapco. The pole has a 10-in. (254-mm) base
diameter and a 6-in. (152-mm) top diameter. The 9-in. (229-mm) tall breakaway transformer
base was fabricated from 356-T6 aluminum, as shown in Figures 52 and 53. The weights of the
pole shaft and arm mast were 484 1b (219.5 kg) and 52 Ib (23.6 kg), respectively. Approximately
55 b (25 kg) of steel plate was added to the end of the luminaire arm to simulate the luminaire
weight. The total weight of the pole assembly was 591 1b (268.1 kg). The front face of the pole
was offset 20 in. (508 mm) laterally behind the back of the posts, and the centerline of the pole
was offset 24 in. (610 mm) longitudinally from the centerline of post no. 13.
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Figure 35. System Layout, Test No. ILT-1



IS

Figure 36. Illinois Tollway Pole Details, Test No. ILT-1
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Figure 37. Post Detail, Test No. ILT-1
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Figure 38. Splice and Post Detail, Test No. ILT-1
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Figure 39. End Section Detail, Test No. ILT-1
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Figure 40. BCT Anchor Detail, Test No. ILT-1
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Figure 41. Post Nos. 3-27 Components, Test No. ILT-1

L1-19€-€0-d YL "ON Hoday JSYMIN

L10T ‘6T ounf



LS

Figure 42. BCT Timber Posts and Foundation Tube Detail, Test No. ILT-1
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Figure 43. BCT Post Components and Anchor Bracket, Test No. ILT-1
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Figure 44. Ground Strut Details, Test No. ILT-1
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Figure 45. BCT Anchor Cable and Load Cell Detail, Test No. ILT-1

L1-19€-€0-d YL "ON Hoday JSYMIN

L10T ‘6T ounf



19

Figure 46. Modified BCT Anchor Cable, Test No. ILT-1
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Figure 47. Shackle and Eye Nut Detail, Test No. ILT-1
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Figure 48. Rail Section Details, Test No. ILT-1
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Figure 49. Guardrail Hardware Details, Test No. ILT-1
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Figure 50. Illinois Tollway Pole Details, Test No. ILT-1
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Figure 51. Pole Base and Truss Connection Detail, Test No. ILT-1
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Figure 52. Pole Detail, Test No. ILT-1
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Figure 53. Anchor Base Detail, Test No. ILT-1
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Figure 54. Truss Detail, Test No. ILT-1
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Figure 55. Foundation Detail, Test No. ILT-1
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Figure 56. Pole Hardware Details, Test No. ILT-1

L1-19€-€0-d YL "ON Hoday JSYMIN

L10T ‘6T ounf



L

Figure 57. Foundation Hardware Details, Test No. ILT-1
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Figure 58. Ballast Plate and Attachment Hardware, Test No. ILT-1
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Figure 59. Bill of Bars, Test No. ILT-1
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Figure 60. Bill of Materials, Test No. ILT-1
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Figure 61. Bill of Materials, Test No. ILT-1
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Figure 62. Bill of Materials, Test No. ILT-1
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Figure 63. Test Installation, Test No. ILT-1
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Figure 64. Test Installation, Test No. ILT-1
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Figure 65. Test Installation, Test No. ILT-1
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Figure 66. Test Installation, Test No. ILT-1
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5.2 Test No. ILT-2

Similar to test no. ILT-1, test no. ILT-2 utilizes a 175-ft (53.3-m) MGS with a 50-ft
(15.25-m) tall with a 15-ft (4.6-m) long mast arm light pole with 0.31-in. (§-mm) wall thickness
as detailed in Figures 67 through 94. The weights of the pole shaft and arm mast were 474 Ib
(215 kg) and 55 1b (25 kg), respectively. Approximately 55 1b (25 kg) of steel plate was added to
the end of the luminaire arm to simulate the luminaire weight. The total weight of the pole
assembly was 584 1b (265 kg). The front face of the pole was offset 20 in. (508 mm) laterally
behind the posts, and the centerline of the pole was offset 16 in. (406 mm) longitudinally
downstream from post no. 13. Test no. ILT-2 was conducted on a barrier with a rail height of 32
in. (813 mm) to maximize potential vehicle underride and interaction with pole. Additional
design details are shown in Figures 67 through 69. Photographs of the test installation are shown
in Figures 95 through 98.
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Figure 67. System Layout, Test No. ILT-2
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Figure 68. Illinois Tollway Pole Details, Test No. ILT-2
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Figure 69. Post Detail, Test No. ILT-2
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Figure 70. Splice and Post Detail, Test No. ILT-2
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Figure 71. End Section Detail, Test No. ILT-2
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Figure 72. BCT Anchor Detail, Test No. ILT-2
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Figure 73. Post Nos. 3-27 Components, Test No. ILT-2
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Figure 74. BCT Timber Posts and Foundation Tube Detail, Test No. ILT-2
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Figure 75. BCT Post Components and Anchor Bracket, Test No. ILT-2
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Figure 76. Ground Strut Details, Test No. ILT-2
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Figure 77. BCT Anchor Cable and Load Cell Detail, Test No. ILT-2
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Figure 78. Modified BCT Anchor Cable, Test No. ILT-2
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Figure 79. Shackle and Eye Nut Detail, Test No. ILT-2
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Figure 80. Rail Section Details, Test No. ILT-2
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Figure 81. Guardrail Hardware Details, Test No. ILT-2
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Figure 82. Illinois Tollway Pole Details, Test No. ILT-2
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Figure 83. Pole Base and Truss Connection Detail, Test No. ILT-2
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Figure 84. Pole Detail, Test No. ILT-2
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Figure 85. Anchor Base Detail, Test No. ILT-2
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Figure 86. Truss Detail, Test No. ILT-2
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Figure 87. Foundation Detail, Test No. ILT-2
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Figure 88. Pole Hardware Details, Test No. ILT-2
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Figure 89. Foundation Hardware Details, Test No. ILT-2

LT-T9€-€0-ddL "ON Hodoy JSYMN

L10T ‘6T dunf



901

Figure 90. Ballast Plate and Attachment Hardware, Test No. ILT-2
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Figure 91. Bill of Bars, Test No. ILT-2
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Figure 92. Bill of Materials, Test No. ILT-2
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Figure 93. Bill of Materials, Test No. ILT-2
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Figure 94. Bill of Materials, Test No. ILT-2
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Figure 95. Test Installation, Test No. ILT-2
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Figure 96. Test Installation, Test No. ILT-2
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Figure 97. Test Installation, Test No. ILT-2
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Figure 98. Test Installation, Test No. ILT-2
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6 TEST CONDITIONS

6.1 Test Facility

The testing facility is located at the Lincoln Air Park on the northwest side of the Lincoln
Municipal Airport and is approximately 5 miles (8.0 km) northwest of the University of
Nebraska-Lincoln.

6.2 Vehicle Tow and Guidance System

A reverse-cable, tow system with a 1:2 mechanical advantage was used to propel the test
vehicle. The distance traveled and the speed of the tow vehicle were one-half that of the test
vehicle. The test vehicle was released from the tow cable before impact with the barrier system.
A digital speedometer was used on the tow vehicle to increase the accuracy of the test vehicle’s
impact speed.

A vehicle guidance system that was developed by Hinch [29] was used to steer the test
vehicle. A guide flag, attached to the left-front wheel and the guide cable, was sheared off before
impact with the barrier system. The %:-in. (9.5-mm) diameter guide cable was tensioned to
approximately 3,500 1b (15.6 kN) and supported both laterally and vertically every 100 ft (30.5
m) by hinged stanchions. The hinged stanchions stood upright while holding up the guide cable.
As the vehicle was towed down the line, the guide flag struck and knocked each stanchion to the
ground.

6.3 Test Vehicle

For test no. ILT-1, a 2009 Dodge Ram 1500 Quadcab was used as the test vehicle. This
vehicle meets the requirements for a MASH 2270P pickup truck. The curb, test inertial, and
gross static vehicle weights were 4,961 1b (2,250 kg), 5000 Ib (2,268 kg), and 5,165 1b (2,343
kg), respectively. The test vehicle is shown in Figure 99, and vehicle dimensions are shown in
Figure 100.

For test no. ILT-2, a 2009 Hyundai Accent was used as the test vehicle. This vehicle
meets the requirements for a MASH 1100C passenger car. The curb, test inertial, and gross static
vehicle weights were 2,434 1b (1,104 kg), 2,4201b (1,098 kg), and 2,5861b (1,173 kg),
respectively. The test vehicle is shown in Figure 101, and vehicle dimensions are shown in
Figure 102.

The longitudinal component of the center of gravity (c.g.) was determined using the
measured axle weights. The Suspension Method [30] was used to determine the vertical
component of the c.g. for the pickup truck. This method is based on the principle that the c.g. of
any freely suspended body is in the vertical plane through the point of suspension. The vehicle
was suspended successively in three positions, and the respective planes containing the c.g. were
established. The intersection of these planes pinpointed the final c.g. location for the test inertial
condition. The vertical component of the c.g. for the 1100C vehicle was determined utilizing a
procedure published by SAE [31]. The location of the c.g. for test nos. ILT-1 and ILT-2 are
shown in Figures 100 and 102, respectively. Data used to calculate the location of the c.g. are
shown in Appendix F.
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Figure 99. Test Vehicle, Test No. ILT-1
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Figure 100. Vehicle Dimensions, Test No. ILT-1
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Figure 101. Test Vehicle, Test No. ILT-2
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Figure 102. Vehicle Dimensions, Test No. ILT-2
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Square, black- and white-checkered targets were placed on the vehicle for reference to be
viewed from the high-speed digital video cameras and aid in the video analysis, as shown in
Figures 103 and 104. Round, checkered targets were placed on the center of gravity on the left-
side door, the right-side door, and the roof of the vehicle. The front wheels of the test vehicle
were aligned to vehicle standards except the toe-in value was adjusted to zero so that the vehicles
would track properly along the guide cable. A 5B flash bulb was mounted on the left side of the
vehicle’s dash and was fired by a pressure tape switch mounted at the impact corner of the
bumper. The flash bulb was fired upon initial impact with the test article to create a visual
indicator of the precise time of impact on the high-speed videos. A remote controlled brake
system was installed in the test vehicle so the vehicle could be brought safely to a stop after the
test.

6.4 Simulated Occupant

For test nos. ILT-1 and ILT-2, a Hybrid II 50™-Percentile, Adult Male Dummy, equipped
with clothing and footwear, was placed in the right-front and left-front seat of the test vehicles,
respectively, with the seat belt fastened. The dummy, which had a final weight of approximately
170 1b (77 kg), was represented by model no. 572, serial no. 451, a nd was manufactured by
Android Systems of Carson, California. As recommended by MASH, the dummy was not
included in calculating the c.g. location.

6.5 Data Acquisition Systems
6.5.1 Accelerometers

Two environmental shock and vibration sensor/recorder systems were used to measure
the accelerations in the longitudinal, lateral, and vertical directions. Both accelerometers were
mounted near the center of gravity of the test vehicles. The electronic accelerometer data
obtained in dynamic testing was filtered using the SAE Class 60 and the SAE Class 180
Butterworth filter conforming to the SAE J211/1 specifications [32].

The SLICE-1 and SLICE-2 units were modular data acquisition systems manufactured by
Diversified Technical Systems, Inc. (DTS) of Seal Beach, California. The acceleration sensors
were mounted inside the bodies of custom built SLICE 6DX event data recorders and recorded
data at 10,000 Hz to the onboard microprocessor. Each SLICE 6DX was configured with 7 GB
of non-volatile flash memory, a range of £500 g’s, a sample rate of 10,000 Hz, and a 1,650 Hz
(CFC 1000) anti-aliasing filter. The “SLICEWare” computer software programs and a
customized Microsoft Excel worksheet were used to analyze and plot the accelerometer data.

6.5.2 Rate Transducers

Two angular rate sensor systems mounted inside the bodies of the SLICE-1 and SLICE-2
event data recorders were used to measure the rates of rotation of the test vehicle. Each SLICE
MICRO Triax ARS had a range of 1,500 degrees/sec in each of the three directions (roll, pitch,
and yaw) and recorded data at 10,000 H z to the onboard microprocessors. The raw data
measurements were then downloaded, converted to the proper Euler angles for analysis, and
plotted. The “SLICEWare” computer software program and a customized Microsoft Excel
worksheet were used to analyze and plot the angular rate sensor data.
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Figure 103. Target Geometry, Test No. ILT-1

121



June 29, 2017
MwRSF Report No. TRP-03-361-17

Figure 104. Target Geometry, Test No. ILT-2
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6.5.3 Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speed of the vehicle before
impact. Three retroreflective targets, spaced at approximately 18-in. (457-mm) intervals, were
applied to the side of the vehicle. When the emitted beam of light was reflected by the targets
and returned to the Emitter/Receiver, a signal was sent to the data acquisition computer,
recording at 10,000 Hz, as well as the external LED box activating the LED flashes. The speed
was then calculated using the spacing between the retroreflective targets and the time between
the signals. LED lights and high-speed digital video analysis are only used as a backup in the
event that vehicle speeds cannot be determined from the electronic data.

6.5.4 Load Cells

Load cells were installed at the downstream and upstream anchorage systems for test nos.
ILT-1 and ILT-2. The load cells were Transducer Techniques model no. TLL-50K with a load
range upto 50kips (222 kN). During testing, output voltage signals were sent from the
transducers to a National Instruments PCI-6071E data acquisition board, acquired with LabView
software, and stored on a personal computer at a sample rate of 10,000 Hz. The positioning and
set up of the transducers are shown in Figure 105.

(2)

(b)

Figure 105. Location of Load Cells: (a) Upstream and (b) Downstream Anchorage Systems
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6.5.1 Digital Photography

Three AOS X-PRI high-speed digital video cameras, one AOS S-VIT 1531 high-speed
video camera, one AOS TRI-VIT 2236 high-speed video camera, four GoPro Hero 3+ digital
video cameras, seven GoPro Hero 4 digital video cameras, and one JVC digital video camera
were utilized to film test no. ILT-1. Camera details, camera operating speeds, lens information,
and a schematic of the camera locations relative to the system are shown in Figure 106.

Three AOS X-PRI high-speed digital video cameras, one AOS S-VIT 1531 high-speed
video camera, one AOS TRI-VIT 2236 high-speed video camera, four GoPro Hero 3+ digital
video cameras, eight GoPro Hero 4 digital video cameras, and one JVC digital video camera
were utilized to film test no. ILT-2. Camera details, camera operating speeds, lens information,
and a schematic of the camera locations relative to the system are shown in Figure 107.

The high-speed videos were analyzed using ImageExpress MotionPlus and RedLake
MotionScope software programs. Actual camera speed and camera divergence factors were
considered in the analysis of the high-speed videos. A Nikon D50 digital still camera was also
used to document pre- and post-test conditions for all tests.
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Figure 106. Camera Locations, Camera Speeds, and Lens Settings, Test No. ILT-1
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Figure 107. Camera Locations, Camera Speeds, and Lens Settings, Test No. ILT-2
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7 FULL-SCALE CRASH TEST NO. ILT-1

7.1 Static Soil Test

Before full-scale crash test no. ILT-1 was conducted, the strength of the foundation soil
was evaluated with a static test, as described in MASH. The static test results, as shown in
Appendix G, demonstrated a soil resistance above the baseline test limits. Thus, the soil provided
adequate strength, and full-scale crash testing could be conducted on the barrier system.

7.2 Weather Conditions

Test no. ILT-1 was conducted on September 23, 2016 at approximately 3:00 p.m. The
weather conditions as per the National Oceanic and Atmospheric Administration (station
14939/LNK) were reported and are shown in Table 15.

Table 15. Weather Conditions, Test No. ILT-1

Temperature 91°F

Humidity 33%

Wind Speed 30 mph

Wind Direction 180° from True North
Sky Conditions Sunny

Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 0 in. (0 mm)

Previous 7-Day Precipitation 0 in. (0 mm)

7.3 Test Description

The 5,000-1b (2,268-kg) Dodge Ram pickup truck impacted the combination MGS with
luminaire pole at a speed of 62.6 mph (100.7 km/h) and at an angle of 25.2 degrees. Initial
vehicle impact was to occur 4 in. (102 mm) downstream from post no. 11, as shown in Figure
108. As detailed in Chapter 4, the impact point was selected through LS-DYNA analysis to
maximize the MGS deflection, the longitudinal ORA, and the potential for vehicle snag. The
actual impact point was 3 in. (76 mm) downstream from post no. 11. A sequential description of
the impact events is contained in Table 16. A summary of the test results and sequential
photographs are shown in Figure 109. Additional sequential photographs are shown in Figures
110 through 111.

Upon impact, the right-front bumper contacted the rail at post no. 11. At 0.160 seconds,
the right-front fender struck the pole and began to crush inward. At 0.170, the right-front tire
snagged on post no. 13, while the pickup truck was at an angle of 17.3 degrees relative to the
MGS. Then, the light pole base fractured, disengaged, and began to fall toward the ground. At
0.320 seconds, the vehicle became parallel to the system, and at 0.860 seconds, the vehicle exited
the system. At 1.414 seconds, the pole came to rest on top of the guardrail between post nos. 14
and 15. The vehicle came to rest 83 ft — 6 in. (25.5 m) downstream from impact and 6 ft — 6 in.
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(2.0 m) laterally in front of the traffic side of the guardrail system. The vehicle trajectory and
final position are shown in Figure 112.
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Figure 108. Impact Location, Test No. ILT-1
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Table 16. Sequential Description of Impact Events, Test No. ILT-1

TIME

(sec) EVENT
0.0 Vehicle’s right-.front bumper contacted rail 3 in. (76 mm) downstream from post

no. 11, and vehicle’s front bumper deformed.

0.002 Post no. 11 deflected backward.

0.010 Post no. 12 deflected backward. Vehicle right fender contacted rail and deformed.

0.012 Post no. 10 deflected backward.

0.014 Vehicle’s right headlight deformed.

0.023 Post no. 11 twisted clockwise.

0.026 Post no. 12 twisted counterclockwise.

0.008 Post no. 15 twi.sted counterplockwise; Post nos. 16, 17, and 18 twisted
counterclockwise; and engine hood deformed.

0.030 Vehicle rolled toward barrier.

0.034 Post no. 14 twisted counterclockwise. Post nos. 7, 8, 9, and 10 twisted clockwise.

0.036 Post no. 13 twisted counterclockwise and deflected backward.

0.042 Post no. 12 bent backward and downstream.

0.054 Vehicle yawed away from barrier.

0.056 Post no. 13 bent downstream.

0.060 Post no. 14 deflected backward.

0.064 Post no. 12 disengaged away from rail.

0.114 Post no. 13 disengaged away from rail.

0.120 Post no. 14 bent downstream.

0.128 Post no. 15 deflected backward.

0.140 Blockout no. 13 contacted light pole.

0.160 Vehicle’s right-front fender contacted light pole.

0.162 Post no. 14 disengaged away from rail.

0.164 Light pole fell toward ground.

0.170 Vehicle’s right-front wheel contacted light pole base. Light pole base disengaged
away from ground.

0.176 Vehicle’s right-front door contacted rail and deformed.

0.182 Post no. 15 bent downstream.

0.188 Vehicle rolled away from barrier.

0.192 Post no. 16 deflected backward.

0.194 Vehicle’s right-rear door deformed.
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TIME

(sec) EVENT

0.210 Vehicle’s right quarter panel contacted rail and deformed.

0.226 Vehicle’s right-rear door contacted rail.

0.250 Blockout no. 15 disengaged away from rail at post no. 15.

0.272 Vehicle pitched downward.

0.314 Vehicle rolled toward barrier.

0.320 Vehicle became parallel to barrier at a speed of 37.5 mph (60.4 km/h)

0.780 Vehicle pitched upward.

Vehicle exited system at a speed of 21.6 mph (34.8 km/h) and at an angle of

0.860 12.95 degrees.

1.414 Light pole contacted rail between post no. 14 and post no. 15.

1.510 Top of light pole top contacted ground.

1.690 Top of light pole lost contact with rail.

1.946 Mast arm of light pole contacted post no. 11.

1.954 Mast arm of light pole top truss member contacted rail.

2.016 Vehicle’s right-front bumper contacted rail.

2.098 Light pole contacted ground.

2.242 Light pole regained contact with rail.
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0.000 sec 0.150 sec
TSt AZEIICY vttt ettt sttt et es et ettt s et e st et et e enesbe et e e et enneebe et enee MwRSF
TSt NUIMDET ...ttt sttt ettt st eene ILT-1
DILE ettt ettt b et ettt aene 9/23/16
MASH Test Designation NO. ........cceviririeiienienieiee ettt 3-11
Test Article.....c.ooeveevvenenne MGS Offset from Illinois Tollway’s Breakaway Light Pole
Total Length ..c.co.eoueiiieiieieeee e 175 ft (53.3 m)
Key Component — MGS Rail
Thickness................ ... 12 gauge (2.66 mm)
Top Mounting Height ........ccoovevieiniiiiniineicceseeeeceee 31 in. (787 mm)
Key Component — Steel Posts
POSE TYPE ettt W6x8.5 by 6’ (1,829 mm)
POSt SPACING ..ottt 75 in. (1,905 mm)
Key Component — Illinois Tollway Pole with CS370 Transformer Base
POle HEIGNE ..ot 50 ft (15.2 m)
Pole Arm Mast Length... 15 ft (4.570 m)
SO TYPE vttt Coarse Crushed Limestone
Vehicle Make /Model........ccooeviiieieiiriinieeeeese e 2009 Dodge Ram
.4,961 1b (2,250 kg)
.................................................................................. 5,000 1b (2,268 kg)
.................................................................................. 5,165 1b (2,343 kg)
SPCEA . 62.6 mph (100.7 km/h)
ANGLE ..t ettt 25.2 deg
Impact Location.........cccoccvveereenennenne 3 in. (76 mm) Downstream from Post No. 11
Impact Severity (IS) ....... 117.0 kip-ft (158.6 kJ) > 106 kip-ft (144 kJ) limit from MASH
Exit Conditions
SPEEA ... 21.6 mph (34.8 km/h)
Angle ........ .. 12.95 deg
EXit BOX CIIEETION ...ttt sttt ettt Pass

0.300 sec

0.450 sec
Vehicle StabIlity .....ccverieriirieieieee e
Vehicle Stopping DiStance........c..cceveveeerieirenieineneeneeeeseeeeenees
Vehicle DAmAaZE......c.couerueuirieuieiiieiiiienieieetetei ettt ettt

Vehicle Damage Scale [33]

0.600 sec

83 ft— 6 in. (25.5 m)
Moderate

Satisfactory

Collision Deformation Classification [34]........cccoceririevenenenenieieenens 1-FREW-
Maximum Interior Deformation.............coeeveeerienerenenceieeese s 0.55 in. (14 mm)
Test Article Damage ........cocoveveviiirieieinieieiere et Moderate
Maximum Test Article Deflections

Permanent Set .........cceereirineinieieeneeee e 22.5 in. (572 mm)

Dynamic............ .44.1 in. (1,120 mm)

Working Width.. ..47.3 in. (1,201 mm)
Transducer Data

Transducer
Evaluation Criteria SLICE-1 SL.ICE—Z MASH Limit
(Primary)
%I/V Longitudinal | -19.4(-59) | -153(4.7) | +40(12.2)
s
(m/s) Lateral -14.8 (-4.5) -14.1 (4.3) +40 (12.2)
ORA Longitudinal -6.2 -14.7 +20.49
g’s Lateral 7.1 -7.8 +20.49
MAX Roll 52 -3.0 +75
ANGULAR -
-4. -5 +
DISP. Pitch 4.9 5.4 75
deg. Yaw -33.5 -33.6 Not required
THIV — ft/s (m/s) 19.9 (6.0) 20 (6.1) Not required
PHD -g’s 16.0 16.4 Not required
ASI 0.675 0.714 Not required

Figure 109. Summary of Test Results and Sequential Photographs, Test No. ILT-1
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0.000 sec 0.000 sec
0.180 sec 0.180 sec
0.360 sec 0.360 sec
0.540sec 0.540sec
0.720 sec 0.720 sec
0.900 sec 0.900 sec

Figure 110. Additional Sequential Photographs, Test No. ILT-1
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0.000 sec 0.000 sec
0.180 sec 0.180 sec
0.360 sec 0.360 sec
0.540sec 0.540sec
0.720 sec 0.720 sec
0.900 sec 0.900 sec

Figure 111. Additional Sequential Photographs, Test No. ILT-1
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Figure 112. Vehicle Final Position and Trajectory Marks, Test No. ILT-1
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7.4 Barrier Damage

Damage to the barrier was moderate, as shown in Figures 113 through 118. Barrier
damage consisted of deformed guardrail posts, disengaged wooden blockouts, contact marks on a
guardrail section and posts, and deformed W-beam rail. The length of vehicle contact along the
MGS was approximately 39 ft — 11 in. (12.2 m), which spanned 3 in. (76 mm) downstream from
post no. 11 to 32 in. (813 mm) downstream from post no. 17. The second contact between the
vehicle and the rail spanned from 32 in. (813 mm) upstream from post no. 24 to 15'% in. (394
mm) upstream from post no. 25.

Moderate deformation and flattening of the W-beam rail occurred between post nos. 11
and 14. Flattening occurred on the bottom corrugation of the rail from 47%in. (1.2 m)
downstream from post no. 11 to 23 in. (584 mm) upstream of the midspan between post nos. 14
and 15. Kinks were found in the rail at the top corrugation 36 in. (914 mm) downstream from
post no. 11 and at the bottom corrugation 472 in. (114 mm) upstream from post no. 12. The W-
beam rail released from post nos. 13 through 16 during the impact and disengaged from post nos.
3 through 11 due to the secondary strike from the pole. All splice locations were measured
before and after the test. A maximum splice movement of % in. (19 mm) was recorded at one
location in the contact region, which was located between post nos. 12 and 13.

Although the post bolts pulled through the rail at the upstream anchor, the cable anchor
remained intact between the rail and the bottom of post no. 1, as shown in Figure 118. Blockout
no. 13 disengaged away from post no. 13 after the post-to-rail bolt fractured. Post nos. 12
through 16 bent backward and downstream at the ground line. Soil heaves began to form behind
the non-traffic side flange of post nos. 12 and 15. The downstream anchorage was undamaged.

The maximum lateral permanent set rail deflection was 22.5 in. (572 mm) at midspan
between post nos. 14 and 15, as measured in the field. The maximum lateral dynamic rail and
post deflections were 44.1 in. (1,120 mm)at the midspan between post nos. 14 and 15, and 16 in.
(406 mm) at post no. 13, respectively, as determined from high-speed digital video analysis. The
working width of the system was 47.3 in. (1,201 mm), as measured at the midspan between post
nos. 14 and 15. The light pole landed 25.9 ft (7.9 m) behind and 27 1/8 in. (689 mm) in front of
the rail face.
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Figure 113. Midwest Guardrail System Damage, Test No. ILT-1
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Figure 114. Rail Damage, Test No. ILT-1
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Figure 115. System Damage, Post Nos. 8 through 14, Test No. ILT-1
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Figure 116. System Damage, Post Nos. 15 through 17 Damage, Test No. ILT-1
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Figure 117. Upstream Anchor Damage, Test No. ILT-1
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Figure 118. Downstream Anchor Damage, Test No. ILT-1

7.5 Light Pole Damage

In test no. ILT-1, the light pole base fractured, disengaged, thus causing the pole to fall
on the guardrail, and then impacted the ground. Pole damage consisted of the base tearing out,
detachment of bolt covers, fracture of mast arm braces, and contact marks on the pole and base.
A 6-in. tall x 12-in. wide (152-mm tall x 305-mm wide) section on the upstream edge of the
transformer base and a 6-in. tall x 4.5-in. wide (152-mm tall x 114-mm wide) section on the front
side of the transformer base fractured, as shown in Figure 119. The foundation bolts were
exposed, but not damaged. Contact marks were visible at 6 in. (152 mm) and 24 in. (610 mm)
above the base along the front side of the pole, while scrapes were found on the back side of the
pole at 31 in. above the base. The pole’s mast arm braces fractured while hitting the guardrail.
The wvertical braces of mast arm fractured from the bottom member.
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Figure 119. Pole Damage, Test No. ILT-1
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7.6 Vehicle Damage

The damage to the vehicle was moderate, as shown in Figures 120 and 121. The
maximum occupant compartment deformations are listed in Table 17 along with the deformation
limits established in MASH for various areas of the occupant compartment. None of the
established MASH deformation limits were exceeded. Complete occupant compartment and
vehicle deformations and the corresponding locations are provided in Appendix H.

Table 17. Maximum Occupant Compartment Deformations by Location

MAXIMUM MASH ALLOWABLE
LOCATION DEFORMATION DEFORMATION
in. (mm) in. (mm)
Wheel Well & Toe Pan 0.5 (13) <9 (229)
Floor Pan & Transmission Tunnel 0.25 (6) <12 (305)
Side Front Panel (in Front of A-Pillar) 0.29 (7) <12 (305)
Side Door (Above Seat) 0.55 (14) <9(229)
Side Door (Below Seat) 0.5 (13) <12 (305)
Roof 0.20 (5) <4(102)
Windshield 0.22 (6) <3(76)

The majority of vehicle damage was concentrated on the right-front corner and right side
of the vehicle where impact occurred. A 9/16-in. (14-mm) gap formed between the hood and
right fender. The right-front corner of the bumper was crushed inward approximately 8 in. (203
mm). The right fender was crushed backward to the door panel and was dented and torn behind
the right-front wheel. The right-front door had a 5-in. x 2-in. x Y-in. (127-mm x 51-mm x 6-mm)
dent approximately 8 in. (203 mm) above the bottom. The right headlight fractured and crushed
backward. The left taillight cracked. The right-front wheel assembly deformed and crushed
inward toward the engine compartment. The right-front tire was deflated, and it had a 1'%-in. (38-
mm) tear in its sidewall. The right-front rim was fractured, and a 9-in. x 7-in. (229-mm x 178-
mm) section disengaged. Gouges and dents were found on the right-front door and the right-front
corner of the hood. A 3-in. wide x 1-in. deep x 10-in. long (76-mm x 25-mm x 254-mm) gouge
was found on the right-rear bumper. The airbags did not deployed during the impact. The overall
undercarriage damage included some scraping on the driver-side front knuckle assembly, a tear
above the lower control arm on the frame, and scraping on the transmission cross member end on
the passenger side.
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Figure 120. Vehicle Damage, Test No. ILT-1
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Figure 121. Vehicle Damage, Test No. ILT-1
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7.7 Occupant Risk

The calculated occupant impact velocities (OIVs) and maximum 0.010-sec average
occupant ridedown accelerations (ORAs) in both the longitudinal and lateral directions are
shown in Table 18. The OIVs and ORAs were within suggested limits, as provided in MASH.
The calculated THIV, PHD, and ASI values are also shown in Table 18. The results of the
occupant risk analysis, as determined from the accelerometer data, are summarized in Table 18.
The recorded data from the accelerometers and the rate transducers are shown graphically in
Appendix I. The SLICE-2 unit was designated as the primary accelerometer unit during this test,
as it was mounted closer to the c.g. of the vehicle.

Table 18. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. ILT-1

Evaluation Criteria Transducet MASH
SLICE-1 SLICE-2 Limits
(Primary)
o -19.4 -15.3 +40
Longitudinal
oV gttt (-5.9) (-4.7) (12.2)
ft/s (m/s) Lateral -14.8 -14.1 + 40
(-4.5) (-4.3) (12.2)
Longitudinal -6.2 -14.7 +20.49
ORA
g’s
Lateral -7.1 -7.8 +20.49
Roll 5.2 -3.0 +75
MAX.
ANGULAR .
DISPL. Pitch -4.9 54 +75
deg.
Yaw -33.5 -33.6 Not required
THIV .
ft/s (mis) 19.9 (6.0) 20 (6.1) Not required
Pgl_,isD 16.0 16.4 Not required
ASI 0.675 0.714 Not required
7.8 Load Cells

The pertinent data from the load cells was extracted from the bulk signal and analyzed
using the transducer’s calibration factor. The recorded data and analyzed results are shown in
Figure 122 and detailed in Appendix K. The exact moment of impact could not be determined
from the transducer data as impact may have occurred a few milliseconds prior to a measurable
signal increase in the data. Thus, the extracted data curves should not be taken as precise time
after impact, but rather a general time line between events within the data curve itself.
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Figure 122. Cable Anchor Loads, Test No. ILT-1

7.9 Discussion

The analysis of the test results for test no. ILT-1 showed that the MGS with a light pole
installed at a lateral pole offset of 20 in. (508 mm) behind the back of the steel post and a
longitudinal offset of 24-in. (610-mm) away from post no. 13 adequately contained and
redirected the 2270P vehicle with controlled lateral displacements of the barrier. There were no
detached elements nor fragments that showed potential for penetrating the occupant
compartment nor presented undue hazard to other traffic. Deformations of, or intrusions into, the
occupant compartment that could have caused serious injury did not occur. The test vehicle did
not penetrate nor ride over the barrier and remained upright during and after the collision.
Vehicle roll, pitch, and yaw angular displacements, as shown in Appendix I, were deemed
acceptable because they did not adversely influence occupant risk safety criteria nor cause
rollover. After impact, the vehicle exited the barrier at an angle of 11.7 degrees, and its trajectory
did not violate the bounds of the exit box. Therefore, test no. ILT-1 conducted on the MGS with
a 20-in. lateral offset away from a breakaway pole was determined to be acceptable according to
the MASH safety performance criteria for test designation no. 3-11.

Regarding the comparison of the test and simulation results (presented in Chapter 4), it
should be noted that due to the lack of pole fracture in the simulations, there were some
discrepancies between the test observations and numerical results, including lower occupant risk
values and less aggressive fender snag and crushing in the actual test. The lateral and
longitudinal ORAs in test no. ILT-1 were 7.8 and 14.7 g’s, while simulated lateral and
longitudinal ORAs were 9.8 and 17.8 g’s. In the actual test, the right fender was crushed
backward to the door panel. Similar fender snag on the pole was observed in the simulation. In
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general, the simulation with the assumption of the rigid pole could conservatively replicate the
impact well.
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8 FULL-SCALE CRASH TEST NO. ILT-2

8.1 Static Soil Test

Before full-scale crash test no. ILT-2 was conducted, the strength of the foundation soil
was evaluated with a static test, as described in MASH. The static test results, as shown in
Appendix G, demonstrated a soil resistance above the baseline test limits. Thus, the soil provided
adequate strength, and full-scale crash testing could be conducted on the barrier system.

8.2 Weather Conditions

Test no. ILT-2 was conducted on September 28, 2016 at approximately 2:00 p.m. The
weather conditions as per the National Oceanic and Atmospheric Administration (station
14939/LNK) were reported and are shown in Table 19.

Table 19. Weather Conditions, Test No. ILT-2

Temperature 67° F (19° C)
Humidity 47%

Wind Speed 11 mph

Wind Direction 10° from True North
Sky Conditions Sunny

Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 0 in. (0 mm)
Previous 7-Day Precipitation 0 in. (0 mm)

8.3 Test Description

The 2,420-1b (1,098-kg) Hyundai Accent car impacted the combination MGS with
luminaire pole at a speed of 62.7 mph (100.9 km/h) and at an angle of 24.8 degrees. Initial
vehicle impact was to occur at midspan between post nos. 11 and 12, as shown in Figure 123,
which was selected based on LS-DYNA analysis and previous crash testing. The actual impact
point was 1 in. (25 mm) upstream from the targeted impact point (midspan between post nos. 11
an 12). A sequential description of the impact events is contained in Table 20. A summary of the
test results and sequential photographs are shown in Figure 124. Additional sequential
photographs are shown in Figures 125 and 126.

Upon impact, the vehicle’s front bumper contacted the rail at 5% in. (133 mm)
downstream from midspan between post nos. 11 and 12. At 0.090 seconds, vehicle bumper
contacted post no. 13, and the left-front tire underrode the rail and snagged on post no. 13. Post
no. 13 deflected backward but did not contact the pole nor the base. The left-front wheel barely
grazed the base of the pole. Thus, the pole did not fracture. The vehicle was safely captured and
redirected. At 0.320 seconds, the vehicle was parallel to the system. At 0.600 s econds, the
vehicle exited the system. The vehicle came to rest 137 ft — 1 in. (41.8 m) downstream from
impact and 32 ft — 5 in. (9.9 m) laterally in front of the traffic side of the guardrail system. The
vehicle trajectory and final position are shown in Figure 127.
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Figure 123. Impact Location, Test No. ILT-2
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Table 20. Sequential Description of Impact Events, Test No. ILT-2

TIME

(sec) EVENT
0.0 V@hicle’s right-front bumper contacted rail 5% in. (133 mm) downstream from
midspan between post nos. 11 and 12.
0.004 Vehicle’s front bumper deformed.
0.008 Post no. 12 deflected backward. Vehicle’s hood deformed.
0.010 Vehicle’s left-front headlight and left-front fender deformed.
0.016 Post no. 11 deflected backward.
0.018 Post no. 13 deflected backward.
0.031 Post no. 11 twisted counterclockwise.
0.036 Vehicle yawed away from barrier and post no. 10 twisted counterclockwise.
0.039 Post no. 9 twisted counterclockwise.
0.040 Post nos. 7 and 8 twisted counterclockwise.
0.041 Post no. 6 twisted counterclockwise and post no. 14 twisted clockwise.
0.044 Post nos. 15 and 16 twisted clockwise.
0.052 Post nos. 1 and 2 twisted counterclockwise.
0.056 Post no. 10 deflected backward. Vehicle rolled away from barrier.
0.060 Vehicle pitched downward.
0.062 Post no. 29 deflected upstream.
0.076 Vehicle left-front door deformed.
0.077 Post no. 13 twisted clockwise.
0.081 Post no. 13 deflected downstream and fracture at ground line.
0.089 Vehicle’s front bumper contacted post no. 13.
0.093 Post no. 13 disengaged away from rail.
0.097 Post nos. 14 and 15 deflected backward.
0.125 Vehicle detached front bumper contacted traffic side of light pole.
0.150 Vehicle pitched upward.
0.160 Post no. 14 deflected downstream.
0.166 Vehicle front bumper contacted post no. 14.
0.168 Post no. 14 disengaged away from rail and fractured at ground line
0.258 Post no. 15 deflected downstream. Vehicle’s front bumper contacted post no. 15.
0.276 Post no. 15 disengaged away from rail and fractured at ground line.
0.320 Vehicle became parallel to barrier at a speed of 29.4 mph (47.3 km/h)
0.450 Post no. 16 deflected downstream.
0.650 Vehicle exited system at a speed of 26.7 mph (42.9 km/h) and at an angle of 8.2

degrees.
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TESE AZEIICY ettt ettt sttt ettt ettt sttt MwRSF
TSt NUIMDET ...ttt sttt ettt ettt sbeeene ILT-2
Date ...9/28/16
MASH Test Designation NO. ........cceeiririeiienienieit ettt 3-10
Test Article.....cocooeverivenenne MGS Offset from Illinois Tollway’s Breakaway Light Pole
Total Length ..c..cooveiiinieiiiieee s 175 ft (53.3 m)
Key Component — MGS Rail

TRICKNESS ...ttt 12 gauge (2.66 mm)

Top Mounting Height ..........coeiveiiiniiiiiiiicnceceeeeceee 32 in. (813 mm)
Key Component — Steel Posts

POSE TYPE ettt W6x8.5 by 6° (1,829 mm)

POSt SPACING ...ttt 75 in. (1,905 mm)
Key Component — Illinois Tollway Pole with CS370 Transformer Base

Pole HEIGNE ..o 50 ft (15.2 m)

Pole Arm Mast Length.........cooceveiriniininiiieeeenceeseeeeeene 15 ft (4.570 m)
SOOI TYPE et Coarse Crushed Limestone
Vehicle Make /Model........cccooveiiiniiniieiniceenceeeeeeeeeene 2009 Hyundai Accent

... 2,434 1b (1,104 kg)
Test Inertial... . 2,420 1b (1,098 kg)
GIOSS STALIC. ...veuieeiiiiiecicitt ettt 2,586 1b (1,173 kg)

Impact Conditions

62.7 mph (100.9 km/h)

............................................................................................. 24.8 deg

Impact Location.. 5% in. (133 mm) Downstream from Midspan between Post Nos. 11 and 12

Impact Severity (IS) ............ 59.4 kip-ft (80.5 kJ) > 51 kip-ft (69.7 kJ) limit from MASH
Exit Conditions

SPEEA . 26.7 mph (42.9 km/h)

12.7 deg

0.300 sec

Vehicle Stability .....c.ccceoveereieirieieeneeeere e Satisfactory
Vehicle Stopping DiStance........c.ecevveeruerieereineneinenieeneeneneene 137 ft — 1 in. (41.8 m)
Vehicle Damage Moderate
Vehicle Damage Scale [33] ...coviiiireiiiieeeeeee s 1-FR-3
Collision Deformation Classification [34]........cccoeceverrierienenenenieeenenene 1-FREW-5
Maximum Interior Deformation..............c..... ..0.4 in. (10 mm)

Test Article Damage ........coeoveuerieiiienieiriiie e Moderate
Maximum Test Article Deflections
Permanent Set .........coeereirinieinenieeeeee e 22.5 in. (572 mm)

Dynamic............ ..29.4 in. (747 mm)
Working Width........ccooiiiiiiiiiiirieeeee e 35.8 in. (909 mm)
Transducer Data
Transducer
Evaluation Criteria SL.ICE—I SLICE-2 MASH Limit
(Primary)
%I/V Longitudinal | -20.0 (-6.1) 21.0 (-6.4) +£40(12.2)
s
(m/s) Lateral 15.4 (4.7) 15.4 (4.7) +40 (12.2)
ORA Longitudinal -10.5 -10.2 +20.49
g’s Lateral 10.6 11.0 +20.49
MAX Roll 6.6 7.5 +75
ANGULAR -
DISP. Pitch -3.0 -2.8 +75
deg. Yaw 40.6 39.7 Not required
THIV — ft/s (m/s) 24.3(74) 23.9(7.3) Not required
PHD - g’s 143 14.7 Not required
ASI 0.985 0.945 Not required

Figure 124. Summary of Test Results and Sequential Photographs, Test No. ILT-2
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0.000 sec 0.000 sec
0.120 sec 0.120 sec
0.240 sec 0.240 sec
0.360 sec 0.360 sec
0.480 sec 0.480 sec
0.600 sec 0.600 sec

Figure 125. Additional Sequential Photographs, Test No. ILT-2
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0.000 sec 0.000 sec
0.120 sec 0.120 sec
0.240 sec 0.240 sec
0.360 sec 0.360 sec
0.480 sec 0.480 sec
0.600 sec 0.600 sec

Figure 126. Additional Sequential Photographs, Test No. ILT-2
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Figure 127. Vehicle Final Position and Trajectory Marks, Test No. ILT-2
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8.4 Barrier Damage

Damage to the barrier was moderate, as shown in Figures 128 through 131. Barrier
damage consisted of deformed guardrail posts, disengaged wooden blockouts, contact marks on a
guardrail section and posts, and deformed W-beam rail. The length of vehicle contact along the
MGS was approximately 27 ft — 11 in. (8.5 m), which spanned from 1 in. (25 mm) upstream
from the midspan between post nos. 11 and 12 to 4 in. (102 mm) upstream of post no. 16.

Moderate flattening of the W-beam rail occurred between post nos. 12 and 15. Several
kinks were found at the top and bottom corrugations of the rail between post nos. 12 and 16. Tire
marks were found at the top and bottom corrugation of the rail beginning from the impact point
(1 in. (25 mm) upstream from the midspan between post nos. 11 and 12) up to post no. 16. All
splice locations were measured before and after the test. A maximum splice movement of %4 in.
(19 mm) was recorded at one location in the contact region, which was located between post nos.
13 and 14.

Post nos. 13 and 14 bent longitudinally downstream at the ground-line. The 20-in. (508-
mm) long part of the front flange of post no. 13 twisted. The front upstream flange of post nos.
14 and 15 bent inward toward the web. Post no. 15 partially rotated backward and downstream.
Post nos. 13, 14, and 15 disengaged away from the rail. The blockout bolt hole at post no. 16
deformed, but it did not tear. Vertical cracks were found in the blockouts of post nos. 1 through
8,17 and 18. A 4%-in. (108-mm) and a 1%-in. (32 mm) soil gap was found on the front and back
sides of post no. 12, respectively. The upstream and downstream anchors were undamaged.

The maximum lateral permanent set rail deflection was 22.5 in. (572 mm) at the midspan
between post nos. 13 and 14, as measured in the field. The maximum lateral dynamic rail and
post deflections were 29.4 in. (747 mm) at the midspan between post nos. 13 and 14 and 15.1 in.
(384 mm) at post no. 14, respectively, as determined from high-speed digital video analysis. The
working width of the system was 35.8 in. (909 mm), as measured at the midspan between post
nos. 13a nd 14.
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Figure 128. Midwest Guardrail System Damage, Test No. ILT-2
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Figure 129. System Damage, Post Nos. 10 through 12, Test No. ILT-2

Figure 130. System Damage, Post Nos. 13 through 15, Test No. ILT-2
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Figure 131. Post Nos. 12 through 15 Damage, Test No. ILT-2
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8.5 Light Pole Damage

In test no. ILT-2, the left-front wheel barely grazed the base of the pole. Thus, the pole
did not fracture. Contact marks were visible at the front side of the base, as shown in Figure 132.

Figure 132. Pole Contact Marks, Test No. ILT-2
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8.6 Vehicle Damage

The damage to the vehicle was moderate, as shown in Figures 133 through 135. The
maximum occupant compartment deformations are listed in Table 21 along with the deformation
limits established in MASH for various areas of the occupant compartment. None of the
established MASH deformation limits were violated. Complete occupant compartment and
vehicle deformations and the corresponding locations are provided in Appendix H.

Table 21. Maximum Occupant Compartment Deformations by Location

MAXIMUM MASH ALLOWABLE
LOCATION DEFORMATION DEFORMATION
in. (mm) in. (mm)
Wheel Well & Toe Pan 0.25 (6) <9 (229)
Floor Pan & Transmission Tunnel 0.2 (5) <12 (305)
Side Front Panel (in Front of A-Pillar) 0.4 (10) <12 (305)
Side Door (Above Seat) 0.4 (10) <9(229)
Side Door (Below Seat) 0.2 (5) <12 (305)
Roof 0 (0) <4(102)
Windshield 0.2 (5) <3(76)

The vehicle damage was mostly concentrated on the left-front corner, where impact
occurred. The left side of the hood buc kled upward and crushed backward. The left fender
crushed inward approximately 14 in. (356 mm) toward the engine compartment. Scrapes were
found along the left fender 18 in. and 26 in. (457 mm and 660 mm) from the bottom of the
fender. A 5-in. (127-mm) gap formed between the hood and right fender. The front bumper and
bumper cover detached. The left headlight fractured, crushed, and remained attached. A 5-in.
wide x Y2-in. deep x 8-in. long (127-mm wide x 13-mm deep x 203-mm long) dent and scratches
occurred in the left-front door. The radiator bent and dented. The front wheel assembly remained
undamaged. The lower left section of the windshield had a crack 11 in. (279 mm) inward and 26
in. (660 mm) upward, as shown in Figure 135. The left fender and the left-front door overlapped
Y2 in. (13 mm).

The overall undercarriage damage of the vehicle included a scrape behind the engine
cross member and a 3 in. (76 mm) of crush on the driver-side frame horn. The radiator cross
member  bent upward on the driver side for 2 in. (51 mm).
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Figure 133. Vehicle Damage, Test No. ILT-2
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Figure 134. Vehicle Damage, Test No. ILT-2

164



June 29, 2017
MwRSF Report No. TRP-03-361-17

Figure 135. Vehicle Windshield Crack, Test No. ILT-2

8.7 Occupant Risk

The calculated occupant impact velocities (OIVs) and maximum 0.010-sec average
occupant ridedown accelerations (ORAs) in both the longitudinal and lateral directions are
shown in Table 22. Note that the OIVs and ORAs were within suggested limits, as provided in
MASH. The calculated THIV, PHD, and ASI values are also shown in Table 22. The results of
the occupant risk analysis, as determined from the accelerometer data, are summarized in Table
22. The recorded data from the accelerometers and the rate transducers are shown graphically in
Appendix J. The SLICE-1 unit was designated as the primary accelerometer unit during this test,
as it was mounted closer to the c.g. of the vehicle.
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Evaluation Criteria SLICETlranSducer M.AS.’H
L SLICE-2 Limits
(Primary)
o -20.0 -21.0
Longitudinal +40(12.2
oIV ; (6.) (-6.4) (122
ft/s (m/s) 15.4 15.4
Lateral (4.7) (4.7) +40(12.2)
Longitudinal -10.5 -10.2 +20.49
ORA
g’s
Lateral 10.6 11.0 +20.49
Roll 6.6 7.5 +75
MAX.
ANGULAR .
DISPL. Pitch -3.0 -2.8 +75
deg.
Yaw 40.6 39.7 not required
THIV .
ft/s (m/s) 24.3 (7.4) 23.9(7.3) not required
Pg'j'? 14.3 14.7 not required
ASI 0.985 0.945 not required
8.8 Load Cells

The pertinent data from the load cells was extracted from the bulk signal and analyzed in
Figure 136 and detailed in Appendix K. The exact moment of impact could not be determined
from the transducer data as impact may have occurred a few milliseconds prior to a measurable
signal increase in the data. Thus, the extracted data curves should not be taken as precise time
after impact, but rather a general time line between events within the data curve itself.
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Figure 136. Cable Anchor Loads, Test No. ILT-2

8.9 Discussion

Analysis of the test results for test no. ILT-2 showed that the MGS with a light pole
installed with a lateral offset of 20 in. (508 mm) from the back side of the steel-post MGS and a
longitudinal offset of 16 in. (406 mm) from post no. 13 adequately contained and redirected the
1100C vehicle with controlled lateral displacements of the barrier. There were no detached
elements nor fragments that showed potential for penetrating the occupant compartment nor
presented undue hazard to other traffic. Deformations of, or intrusions into, the occupant
compartment that could have caused serious injury did not occur. The test vehicle did not
penetrate nor ride over the barrier and remained upright during and after the collision. Vehicle
roll, pitch, and yaw angular displacements, as shown in Appendix J, were deemed acceptable,
because they did not adversely influence occupant risk safety criteria nor cause rollover. After
impact, the vehicle exited the barrier at an angle of 12.7 degrees, and its trajectory did not violate
the bounds of the exit box. Therefore, test no. ILT-2 was determined to be acceptable according
to the MASH safety performance criteria for test designation no. 3-10.

The working width of the system was 35.8 in. (909 mm), as measured at the midspan
between post nos. 13 and 14, which was 13.5 in. (343 mm) downstream from the pole. However,
the maximum dynamic deflection of the rail was 29.4 in. (747 mm) at the midspan between post
nos. 13 and 14, and the maximum dynamic deflections of the rail at the adjacent posts (i.e., post
nos. 13 and 14) were 27.1 and 26.8 in. (688 and 681 mm), respectively. Since the difference in
rail deflection for the entire 75-in. (1,905-mm) long span where the pole was located was less
than one inch, it was believed that the pole placed at any location in the span would not interact
with the guardrail. Moreover, even if the pole was located at the midspan between post nos. 13
and 14 where the maximum working width of 35.8 in. (909 mm) occurred, the vehicle would not
have contacted the pole as it was offset 41 in. (1,041 mm) away from the front face of the rail.
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9 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The safe placement of a light pole with respect to the Midwest Guardrail System was
determined through computer simulation and full-scale crash testing. Computer simulation was
utilized to select critical impact points and critical pole locations for the full-scale crash tests. A
series of computer simulations were conducted on the MGS with varying lateral pole offsets
varying from 12 in. to 28 in. (305 mm to 711 mm) and longitudinal pole offsets varying from 0
in. to 37.5 in. (0 mm to 953 mm) from the centerline of the post. In order to determine the
minimum safe lateral pole offset, several criteria, such as vehicle stability, occupant risk
measures, rail pocketing, vehicle snag on pole, rail deflection, and rail load were evaluated in
each simulation. The analyses primarily focused on MASH TL-3 impacts with a 2270P vehicle
due to increased dynamic deflections, but several simulations with 1100C vehicle impacts were
also performed to ensure that the pole offset was safe for the small car. Based on the results of
LS-DYNA simulations, a 406-mm (16-in.) lateral offset away from the back of the MGS posts to
front face of pole was initially considered the minimum lateral offset. However, the project
sponsor recommended a 20-in. (508-mm) lateral pole offset behind the MGS posts to allow a 10-
in. (254-mm) clearance between the concrete pole foundation and line posts. Thus, a 20-in. (508-
mm) lateral pole offset was selected.

Based on the simulation and previous crash testing, the most critical pole offset for
pickup truck testing was a 20-in. (508-mm) lateral offset away from the back of posts to the front
face of the pole and a 24-in. (610-mm) longitudinal offset away from post no. 13t o the
centerline of the pole due to high longitudinal ORAs. For small car testing, an 8-in. (203-mm)
longitudinal offset away from post no. 13 was found to be the most critical pole placement at a
20-in. (508-mm) lateral pole offset based on the simulation and previous MGS crash testing.

Two full-scale crash tests were performed on the combination MGS with nearby light
pole according to the TL-3 safety performance criteria defined in MASH, test designation nos. 3-
11 and 3-10. The 50-ft (15.25-m) tall light pole mounted on a 9-in. (229-mm) tall breakaway
transformer base was utilized for the crash tests.

In test no. ILT-1, a 5,000-1b (2,268-kg) pickup truck impacted the 31-in. (787-mm) tall
MGS offset away from the light pole at a speed of 62.6 mph (100.7 km/h) and at an angle of 25.2
degrees resulting in an impact severity of 117.0 kip-ft (158.6 kJ). The MGS adequately contained
and redirected the 2270P vehicle with controlled lateral displacements of the barrier. The pole
broke away due to the contact with the pickup truck and fell safely on the ground. All occupant
risk criteria were within the recommended MASH safety limits. Thus, test no. ILT-1 passed the
safety criteria of MASH test designation no. 3-11. A summary of the safety performance
evaluation is provided in Table 23.

In test no. ILT-2, a 2,420-1b (1,098-kg) Hyundai Accent car impacted the 32-in. (813-
mm) tall MGS offset away from the light pole at a speed of 62.7 mph (100.9 km/h) and at an
angle of 24.8 degrees resulting in an impact severity of 59.4 kip-ft (80.5 kJ). In test no. ILT-2,
the left-front tire barely contacted the transformer base. The pole did not fracture, and the car
was safely contained and redirected. All occupant risk criteria were within the recommended
MASH safety limits, so test no. ILT-2 passed the safety criteria of MASH test designation no. 3-
10. A summary of the safety performance evaluation is provided in Table 23.
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Based on the results of the crash tests and numerical simulations, it was concluded that a
lateral offset of 20 in. (508 mm) between the back of the post and front face of the Illinois
Tollway’s breakaway light pole (or 41-in. (1,041-mm) between the front face of the MGS rail
with 12-in. (305-mm) deep blockouts and the front face of the pole) resulted in as afe
performance of the MGS. This lateral offset may be applicable for poles and supports with a
similar breakaway mechanism, height, mass, and material. However, different breakaway poles
or supports require further evaluation and should not be used within the working width of the
MGS.

Since the critical longitudinal offsets of the pole with respect to the MGS posts were
evaluated, the breakaway light pole could be placed anywhere behind the MGS exclusive of the
restrictions in special applications of the MGS. Further implementation guidance was developed
for placement of breakaway poles in special applications, including in guardrail end terminals,
MGS trailing-end anchorages, MGS stiffness transitions, approach slopes, long-span MGS, and
wood post and non-blockout MGS. This information is provided in the following Chapter 10.
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Table 23. Summary of Safety Performance Evaluation Results

Evaluation Evaluation Criteria Test No. Test No.
Factors ILT-1 ILT-2
A. Test article should contain and redirect the vehicle or bring the vehicle to a
Structural controlled stop; the vehicle should not penetrate, underride, or override the N N
Adequacy installation although controlled lateral deflection of the test article is acceptable.
D. Detached elements, fragments or other debris from the test article should not
penetrate or show potential for penetrating the occupant compartment, or present
an undue hazard to other traffic, pedestrians, or personnel in a work zone. S S
Deformations of, or intrusions into, the occupant compartment should not exceed
limits set forth in Section 5.2.2 and Appendix E of MASH.
F.  The vehicle should remain upright during and after collision. The maximum roll
. S S
and pitch angles are not to exceed 75 degrees.
H.  Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2.2 of MASH for
0 calculation procedure) should satisfy the following limits:
ccupant
Risk Occupant Impact Velocity Limits S S
Component Preferred Maximum
Longitudinal and Lateral 30 ft/s (9.1 m/s) 40 ft/s (12.2 m/s)
I.  The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.2.2 of
MASH for calculation procedure) should satisfy the following limits:
Occupant Ridedown Acceleration Limits S S
Component Preferred Maximum
Longitudinal and Lateral 15.0¢g’s 20.49 g’s
MASH Test Designation 3-11 3-10
Pass/Fail Pass Pass

S — Satisfactory

U — Unsatisfactory ~ NA - Not Applicable

LT-19€-€0-d 4L "ON Hoday ASYMIN
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10 IMPLEMENTATION GUIDANCE

10.1 Background

As previously noted, the research detailed herein demonstrated that the MGS with a 20-
in. (508-mm) lateral offset between the back of the MGS posts to the front face of the 50-ft
(15.2-m) tall luminaire pole used by the Illinois Tollway mounted on the CS370 breakaway
transformer base performed in an acceptable manner according to the TL-3 safety standards of
MASH. For the MGS with steel posts spaced at 6 ft — 3 in. (1,905 mm) with 12-in. (305-mm)
deep wood blockouts, the front face of the breakaway pole can be located 41 in. (1,041 mm)
behind the front face of the W-beam rail, or 20 in. (508 mm) behind the back of the steel posts,
with restrictions regarding terminals, anchorages, transitions, and special applications. Multiple
variations of the MGS system have been developed for special applications that may be more
sensitive to the placement of utility poles in close proximity to guardrail. These special
applications include terminals and anchorages, MGS stiffness transition to thrie beam approach
guardrail transitions, MGS long-span system, MGS adjacent to fill slopes, MGS on 8:1 approach
slopes, MGS in combination with curbs, wood post MGS, MGS with 8-in. (203-mm) blockouts,
and MGS without blockouts. Since multiple MGS variations are available, recommendations
regarding the placement of the breakaway luminaire pole behind the MGS will likely vary
depending on the nature and behavior of the special applications listed above.

The following sections provide implementation guidance and/or recommendations
regarding pole placement within MGS special applications. This implementation guidance is
only applicable to the breakaway light pole that was tested in this study. These recommendations
are intended to ensure comparable safety performance of the guardrail systems laterally offset
away from the breakaway luminaire pole, which are based on the full-scale testing and any
associated research available at the conclusion of this project. Although some installation sites
will require systems outside the bounds of these recommendations, the reasoning behind these
recommendations should be considered along with other roadside treatments when selecting the
specific final site design.

10.2 Guardrail Terminals and Anchorages

Multiple W-beam guardrail end terminals have been developed for use with the MGS.
Guardrail terminals are sensitive systems that have been carefully designed to satisfy safety
performance standards. Pole placement within a terminal region could significantly degrade a
terminal’s crashworthiness. For tangent, energy-absorbing approach terminals, it is
recommended to have a minimum of 12.5 ft (3.8 m) of standard MGS beyond the inner end of a
guardrail terminal (i.e., stroke length) to avoid heavy vehicle contact with pole while engaged
with the terminal head, as shown in Figure 137a. Second, based on both FHWA Guidelines and
2011 AASHTO Roadside Design Guidelines [35], a pole should not be longitudinally placed
within a distance of 75 ft (22.8 m) from the end terminal to prevent vehicle from contacting the
pole, as shown in Figure 137b. Thus, a pole should not be longitudinally placed within a distance
of 12.5 ft (3.8 m) plus the stroke length of an end terminal or 75 ft (22.8 m) from the end
terminal, whichever is greater. While FHWA Guidelines enforces a minimum clearance distance
of 75 ft (22.8 m), Illinois Tollway considers a clear distance of 90 ft (27.4 m) from the end
terminal.
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* Pole should not be longitudinally placed within a distance of 12.5 ft (3.8 m) plus the stroke length of an end terminal or 75 ft
(22.8 m) from the end terminal, whichever is greater.

Figure 137. Recommended Distance Between Luminaire Pole Offset MGS and Tangent Energy-
Absorbing Terminals

For energy-absorbing terminals that flare away from the roadway, the geometric layout
results in increased effective impact angles, which increases system deflections for impacts on or
near the flared terminal. Due to the increase in system deflections associated with guardrail
flares, it is recommended to have at least 25 ft (7.6 m) of tangent MGS to separate a flared
guardrail terminal and a pole, as shown in Figure 138a. Considering the FHWA Guidelines and
2011 AASHTO Roadside Design Guidelines in conjunction with flared approach terminals, a
pole should not be longitudinally placed within a distance of 25 ft (7.6 m) of tangent MGS or 75
ft (22.8 m) from the end terminal, as shown in Figure 138b, whichever is greater. While FHWA
Guidelines enforces a minimum clearance distance of 75 ft (22.8 m), Illinois Tollway considers a
clear distance of 90 ft (27.4 m) from the end terminal.

For non-energy absorbing end terminals, the minimum required obstacle-free longitudinal
distance is more difficult to address due to different vehicle trajectories behind and beyond
terminals. While AASHTO Roadside Design Guidelines recommends a minimum recovery area
of 75 ft (22.8 m) long and 20 ft (6 m) wide behind a terminal, it denotes that a larger obstacle-
free area for a non-energy absorbing terminal would be desirable. For non-energy absorbing
terminals, it is recommended to refer to an end terminal’s runout longitudinal distance, as
provided by the manufacturers, when determining acceptable pole placement from the end of
device.

Moreover, pole placement near trailing-end guardrail anchorages may affect system
performance. In the previous study of a reduced-length MGS, a 2270P pickup truck impacted the
MGS at 10" post from the downstream end of the guardrail. The maximum dynamic lateral
deflection was 42.2 in. (1,072 mm) at gt post from the downstream end of the guardrail. The
working width of the system was found to be 48.8 in. (1,240 mm) [36].

From the noted study, it is believed that pole placement behind the gh post [i.e., 43.75 ft
(13.3 m) away from the downstream end of the guardrail system] and upstream from the gt post
would result in acceptable vehicle-to-barrier and vehicle-to-pole interaction, which would be
similar to the current study findings. Therefore, it is recommended that no pole be placed closer
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than 43.75 ft (13.3 m) away from the downstream end of the guardrail system, as shown in
Figure 139.
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* Pole should not be longitudinally placed within a distance of 25 ft (7.6 m) of tangent MGS or 75 ft (22.8 m) from the end
terminal, whichever is greater

Figure 138. Recommended Distance Between Luminaire Pole Offset MGS and Flared Energy-
Absorbing Terminals
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Figure 139. Recommended Distance Between Luminaire Pole Offset MGS and Trailing-End
Guardrail Anchorages

10.3 MGS Stiffness Transition

The MGS stiffness transition was previously developed to connect standard MGS to
various thrie beam approach guardrail transitions. Both steel post and wood post versions of the
MGS stiffness transition have been developed, as well as a configuration for use adjacent to
roadside curbs [37-39]. Within these previous studies, the maximum dynamic deflections and
working widths of the MGS stiffness transition are listed in Table 24. In the current study, the
maximum dynamic deflection and working width for test no. ILT-1 were 44.1 in. (1,120 mm)
and 47.3 in. (1,201 mm), respectively. In test no. ILT-2, the maximum dynamic deflection and
working width were 29.4 in. (747 mm) and 35.8 in. (909 mm), respectively. Therefore, it is
believed that it would be acceptable to place a pole at 20 in. (508 mm) or farther between the
back of the posts and pole face upstream from a MGS stiffness transition, assuming that a 41-in.
(1,041 mm) lateral clearance between the face of the rail and the front face of the pole is
provided.
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Note that the thrie beam transition and W-beam-to-thrie-beam region deflect less than
observed in the MGS due to its higher stiffness and strength. Therefore, a pole can be placed
behind a MGS stiffness transition when using a 20-in. (508-mm) lateral offset between the back
of post and pole face.

Table 24. Summary of MGS Stiffness Transition Crash Test Results

Test No. Test Article Vehicle Weliglggass Slfl;;d ];)e}gleir‘gi)il W\S/ﬁﬁg
(km/h) in. (mm) | in. (mm)
mwrsp2 | MERSEESS | oxop | 29 055 | ® | o
MWISPS | M nion | 1% | (ose | esn) | @ | don
MwTe2 | e i e | 19C | e o8 | @ | @6
MWICS | pyongiionwithcub | 27 | @as | os2) | @on | a0
ILT-1 MGS Offset Pole | 2270P | 5,000 (2,268) (16()26§7) (ft ‘1"210) (ﬁ ;631)
ILT-2 MGS Offset Pole | 1100C | 2,420 (1,098) (16()2679) éi‘% (39%'98)

10.4 MGS Long-Span System

The MGS long-span guardrail system was successfully full-scale crash tested using an
unsupported span length of 25 ft (7.6 m) with three Controlled Release Terminal (CRT) posts
adjacent to each end of the unsupported span [40]. These CRT posts were incorporated into the
system in order to mitigate concerns for wheel snag on posts adjacent to the unsupported span
when traversing from the unsupported span to the downstream standard guardrail. The
combination of the 25-ft (7.6-m) long unsupported span and breakaway CRT posts led to system
deflections and working widths much higher than the standard MGS adjacent to both sides of the
long-span system. Since safe pole placement and acceptable MGS performance is affected by
system deflections, the pole should be located farther away from the long-span system to ensure
that one system does not negatively affect the performance of the other system. Therefore, it is
recommended that at least 25 ft (7.6 m) of standard MGS be utilized between the outer CRT post
of a long-span system and the pole, applicable to each side of the long span, as shown in Figure
140.

.l 2251t 'L MGS Long-Span System ’ll

; ; i i ; i j ot i
[ 5 14 3 2 1

a NP

1

D
-——
Figure 140. Recommended Distance between Pole Placement and MGS Long-Span System
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10.5 MGS Adjacent to Slopes

Full-scale crash testing has been successfully conducted on three different MGS
configurations placed on or adjacent to 1:2 fill slopes [41-43]. These configurations varied the
post length and post placement relative to the slope break point. However, the lack of soil
backfill behind the guardrail posts resulted in increased system deflections and working widths
for all three MGS configurations. The working widths of the MGS with 6-ft (1.8-m) and 9-ft
(2.7-m) long posts located at the slope break point of a 1:2 fill slope were 77.4 in. (1,966 mm)
and 64.2 in. (1,631 mm), respectively. For now, it is not recommended to place a pole within
these working widths for MGS systems installed at the slope break point of 1:2 to 1:3 fill slopes
due to concerns for excessive deflections and an increased risk of post and vehicle interaction
with the pole.

10.6 MGS on 1:8 Approach Slopes

Previously, full-scale crash testing was successfully performed on the MGS installed on a
1:8 approach slope with the W-beam positioned 5 ft (1.5 m) laterally behind the slope break
point [44], as shown in Figure 141.

Figure 141. MGS on 1:8 Approach Slope

This testing program was conducted according to the NCHRP Report No. 350 impact
safety standards using both an 820C small car and a 2000P pickup truck. From the crash testing
program, the mounting height of the blocked MGS relative to the airborne trajectory of the front
bumper and impact-side wheels was deemed critical for satisfactorily containing the 2000P
pickup truck. Both the bumper and c.g. height of the MASH 2270P pickup are higher than the
2000P pickup. Thus, there are concerns that the same system may be unable to successfully
capture the pickup truck according to the current MASH safety standards. The placement of a
pole near the system may increase safety risks, such as excessive occupant risk, vehicle snag,
and/or vehicle override. Since the system was not evaluated under MASH standards, pole
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placement behind an MGS installed on a 1:8 approach slope is not recommended until further
evaluation is conducted. Note that it is likely acceptable to install a pole behind an MGS installed
on a 1:10 approach slope or flatter.

10.7 MGS in Combination with Curbs

During the original MGS development effort, the MGS was crash tested under NCHRP
Report No. 350 and MASH with nearly identical dynamic deflection and working width. The
system was also evaluated in combination with a 6-in. (152-mm) tall, AASHTO Type B curb
with its midpoint of front face placed 6 in. (152 mm) in front of the guardrail face [45]. Full-
scale crash testing of this configuration was conducted with the 2000P vehicle under NCHRP
Report No. 350 with dynamic deflection of 40.3 in. (1,033 mm) and working width of 57.2 in.
(1,453 mm). This testing of MGS with curb under NCHRP Report No. 350 indicated lower
dynamic deflection and higher working width as compared to the standard MGS [7]. Lower
dynamic deflection may reduce potential for vehicle interaction with pole, and increased working
width may increase barrier interaction with pole. At this time, the MGS in combination with
curbs was not evaluated with small cars, nor has it been evaluated under MASH safety
performance criteria. Recent MASH small car testing of an MGS stiffness transition with a 4-in.
(102 mm) tall curb resulted in W-beam rail rupture due to partial vehicle underride as well as a
combined lateral and vertical load being imparted to the lower rail [39]. The potential for similar
splice loading exists with other curbs mounted beneath the MGS. Therefore, further evaluation
of MGS adjacent to curbs under MASH TL-3 impact conditions with the 1100C and 2270P
vehicles is needed to evaluate barrier dynamic deflection and working width as well as splice
loading by the small car.

Mlinois Tollway commonly uses a 5%-in. (133-mm) sloped curb (gutter type G-3, as
shown in Figure 142) with less height as compared to the 6-in. (152-mm) tall curb which was
successfully tested under NCHRP Report No. 350. Based on the available data, there might be
potential for using pole offsets reported in this study from the back of MGS post in combination
with the Type G-3 curb gutter. However, further research and testing is recommended.
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Figure 142. Gutter Type G-3 Used by Illinois Tollway
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10.8 Wood Post MGS

An MGS utilizing 6-in. X 8-in. (152-mm x 203-mm) timber posts, fabricated from both
Southern Yellow Pine and White Pine material were previously successfully tested and evaluated
in accordance with MASH safety performance standards [46-47]. Full-scale testing illustrated
that the MGS performed similarly when utilizing either W6x8.5 steel posts or 6-in. x 8-in. (152-
mm x 203-mm) wood posts. System deflections, working widths, and vehicle decelerations were
similar between these MGS configurations, as shown previously in Tables 2 and 3. As such, the
placement of pole near a wood-post system with either Southern Yellow Pine or White Pine
material should result in similar system behavior and performance. However, the wood posts are
2 in. (51 mm) deeper than the steel posts. Thus, the front face of the pole should be placed 20 in.
(508 mm) behind the back face of the wood posts, or 43 in. (1,092 mm) behind the front face of
the W-beam rail.

10.9 MGS without Blockouts

Previously, full-scale crash testing was successfully performed on the MGS without
blockouts. The installation utilized standard steel guardrail posts and 12-in. (305-mm) long steel
backup plates to prevent contact between the rail and post flanges to reduce the probability of rail
tearing. The non-blocked MGS was successfully crash tested to MASH safety standards using
both the 2270P and 1100C vehicles with smaller dynamic deflections and working widths as
compared to the standard MGS [48]. The current study demonstrated a need to provide a 41-in.
(1,041 mm) clearance between the face of the MGS rail and the front face of the pole to ensure
safety performance. Thus, the same clearance should be provided between the face of the rail in
the non-blocked MGS and the front face of the pole.

10.10 MGS with 8-in. (203-mm) Blockouts

The points noted in the previous section regarding non-blocked MGS may apply to other
configurations utilizing a blockout depth less than 12 in. (305 mm). The safety performance of 8-
in. (203-mm) and 12-in. (305-mm) deep blockouts with MGS has been shown to be acceptable
[49]. Thus, it is believed that the effect of pole placement within an MGS installation of either
blockout type should be similar as long as a lateral offset of 41 in. (1,041 mm) is provided
between the rail face and front face of pole. The same implementation guidelines and restrictions
from the front face of the rail should be used with the MGS configured with 8-in. (203-mm) deep
blockouts, 41-in. (1,041-mm) for steel post MGS and 43-in. (1,092 mm) clearance for wood post
MGS.

10.11 MGS with Reduced Post Spacing

A quarter-post spacing MGS was successfully full-scale crash tested according to
NCHRP Report No. 350 [50]. A 26 percent reduction in working width from 49.6 in. (1,260 mm)
(test no. NPG-4) for a standard MGS to 36.7 in. (932 mm) (test no. NPG-6) for a quarter-post
spacing MGS was observed. For a half post spacing MGS, dynamic deflections and working
widths were recommended based on Barrier VII numerical analysis. Reduced post spacing MGS
has not been crash tested under MASH. Reduction of post spacing would potentially reduce the
dynamic deflection and working width similar to the reductions observed in the NCHRP Report
No. 350 testing and numerical analysis. Thus, the recommended 20-in. (508-mm) offset between
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the pole and back of the MGS with “- and '2-post spacing would be sufficient for safe vehicle
redirection. However, potential reduction in pole offset from the back of the MGS with Y4- and
Y- post spacing cannot be determined without further research with respect to reduced post
spacing with the MGS under MASH TL-3 impact conditions.
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Appendix A. Verification and Validation of Computer Simulations
Test No. 2214MG-2
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A MASH 2270P Pickup Truck
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(Report 350 or MASHO8 or EN1317 Vehicle Type)

Striking a 31-in. tall Midwest Guardrail System
(roadside hardware type and name)

Report Date: __ 1/26/2016

Type of Report (check one)

[_] Verification (known numerical solution compared to new numerical solution) or
X Validation (full-scale crash test compared to a numerical solution).

General Information

Known Solution

Analysis Solution

Performing Organization: MwRSF MwRSF/Mojdeh Pajouh
Test/Run Number: 2214MG-2 2214MG-2 SIM 2014
Vehicle: 2002 Dodge Ram MwRSF modified Silverado
(NCAC/ V3e C —reduced)

Reference:

Impact Conditions
Vehicle Mass: 2268 kg 2270 kg
Speed: 101.1 km/h 100 km/h
Angle: 25.5 degrees 25 degrees

Impact Point:

Between post nos. 11 and 12

Between post nos. 11 and 12

Composite Validation/Verification Score

List the Report 350/MASHO08 or EN1317 Test Number:

Part | Did all solution verification criteria in Table E-1 pass?

Part I | Do all the time history evaluation scores from Table E-2 result in a satisfactory
comparison (i.e., the comparison passes the criterion)? If all the values in Table E-2
did not pass, did the weighted procedure shown in Table E-3 result in an acceptable
comparison. If all the criteria in Table E-2 pass, enter “yes.” If all the criteria in

Table E-2 did not pass but Table E-3 resulted in a passing score, enter “yes.”

Part III | All the criteria in Table E-4 (Test-PIRT) passed?

Are the results of Steps I through III all affirmative (i.e., YES)? If all three steps
result in a “YES” answer, the comparison can be considered validated or verified. If
one of the steps results in a negative response, the result cannot be considered
validated or verified.

The analysis solution (check one) [X] is ] is NOT verified/validated against the known solution.
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PART I: BASIC INFORMATION

These forms may be used for validation or verification of roadside hardware crash tests.
If the known solution is a full-scale crash test (i.e., physical experiment) which is being
compared to a numerical solution (e.g., LSDYNA analysis) then the procedure is a validation
exercise. If the known solution is a numerical solution (e.g., a prior finite element model using a
different program or earlier version of the software) then the procedure is a verification exercise.
This form can also be used to verify the repeatability of crash tests by comparing two full-scale
crash test experiments. Provide the following basic information for the validation/verification
comparison:

1. What type of roadside hardware is being evaluated (check one)?

X] Longitudinal barrier or transition

[ ] Terminal or crash cushion

[ | Breakaway support or work zone traffic control device

[ ] Truck-mounted attenuator

[] Other hardware:

2. What test guidelines were used to perform the full-scale crash test (check one)?
[ INCHRP Report 350
X] MASHO08
[ ]EN1317
[ ] Other:

3. Indicate the test level and number being evaluated (fill in the blank).  TL3-11

4. Indicate the vehicle type appropriate for the test level and number indicated in item 3
according to the testing guidelines indicated in item 2.

NCHRP Report 350/MASHO8
[ ]700C [ ]820C [ ]1100C
[]12000P X 2270P [] Other:
[18000S []10000S
[ 136000V
[136000T
EN1317
[]Car (900 kg) [ ] Car (1300 kg) [ ] Car (1500 kg)
[ ] Rigid HGV (10 ton) [ ] Rigid HGV (16 ton) [ ] Rigid HGV (30 ton)
[] Buﬁ (13 ton) [ ] Articulated HGV (38 ton) []
Other:
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Using the results of the analysis solution, fill in the values for Table E-1. These values are
indications of whether the analysis solution produced a numerically stable result and do not
necessarily mean that the result is a good comparison to the known solution. The purpose of this
table is to ensure that the numerical solution produces results that are numerically stable and

conform to the conservation laws (e.g., energy, mass and momentum).

Table E-1. Analysis Solution Verification Table.

Verification Evaluation Criteria

Change
(%)

Pass?

Total energy of the analysis solution (i.e., kinetic, potential, contact, etc.) must not

0
vary more than 10 percent from the beginning of the run to the end of the run. 0.4% | Yes
Hourglass Energy of the analysis solution at the end of the run is less than five 0.07% | Yes
percent of the total initial energy at the beginning of the run. e
Hourglass Energy of the analysis solution at the end of the run is less than ten 0.07% | Ves
percent of the total internal energy at the end of the run. e
The part/material with the highest amount of hourglass energy at the end of the
run is less than ten percent of the total internal energy of the part/material at the 831%*| No
end of the run. (Part id=2000683, hg=15175 N-m, internal energy max=1825 and ’
at the end of run=260)
Mass added to the total model is less than five percent of the total model mass at 0
. 0.023%| Yes
the beginning of the run.
The part/material with the most mass added had less than 10 percent of its initial
9.05 | Yes
mass added.
The moving parts/materials in the model have less than five percent of mass added
. . 0.017 | Yes
to the initial moving mass of the model.
There are no shooting nodes in the solution? No | Yes
There are no solid elements with negative volumes? No | Yes

* Only one part, the left front tire of the vehicle has uncontrolled and unresolvable hourglass. It is reasonable to

accept that.

If all the analysis solution verification criteria are scored as passing, the analysis solution can be
verified or validated against the known solution. If any criterion in Table E-1 does not pass one
of the verification criterion listed in Table E-1, the analysis solution cannot be used to verify or
validate the known solution. If there are exceptions that the analyst things are relevant these

should be footnoted in the table and explained below the table.

The Analysis Solution (check one) [X] passes [ ] does NOT pass all the criteria in Table E1-1

Xwith [ Jwithout exceptions as noted.
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PART I1l: TIME HISTORY EVALUATION TABLE

Using the RSVVP computer program (‘Single channel’ option), compute the Sprague-
Geers MPC metrics and ANOVA metrics using time-history data from the known and analysis
solutions for a time period starting at the beginning of the contact and ending at the loss of
contact. Both the Sprague-Geers and ANOVA metrics must be calculated based on the original
units the data was collected in (e.g., if accelerations were measured in the experiment with
accelerometers then the comparison should be between accelerations. If rate gyros were used in
the experiment, the comparison should be between rotation rates). If all six data channels are not
available for both the known and analysis solutions, enter “N/A” in the column corresponding to
the missing data. Enter the values obtained from the RSVVP program in Table E-2 and indicate
if the comparison was acceptable or not by entering a “yes” or “no” in the “Agree?” column.
Attach a graph of each channel for which the metrics have been compared at the end of the
report.

Enter the filter, synchronization method and shift/drift options used in RSVVP to perform
the comparison so that it is clear to the reviewer what options were used. Normally, SAE J211
filter class 180 is used to compare vehicle kinematics in full-scale crash tests. Either
synchronization option in RSVVP is acceptable or both should result in a similar start point. The
shift and drift options should generally only be used for the experimental curve since shift and
drift are characteristics of sensors. For example, the zero point for an accelerometer sometimes
“drifts” as the accelerometer sits out in the open environment of the crash test pad whereas there
is no sensor to “drift” or “shift” in a numerical solution.

In order for the analysis solution to be considered in agreement with the known solution
(i.e., verified or validated), all the criteria scored in Table E-2 must pass. If all the channels in
Table E-2 do not pass, fill out Table E-3, the multi-channel weighted procedure.

If one or more channels do not satisfy the criteria in Table E-2, the multi-channel
weighting option may be used. Using the RSVVP computer program (‘Multiple channel’ option),
compute the Sprague-Geers MPC metrics and ANOVA metrics using all the time histories data
from the known and analysis solutions for a time period starting at the beginning of the contact
and ending at the loss of contact. If all six data channels are not available for both the known and
analysis solutions, enter “N/A” in the column corresponding to the missing data.

For some types of roadside hardware impacts, some of the channels are not as important
as others. An example might be a breakaway sign support test where the lateral (i.e., Y) and
vertical (i.e., Z) accelerations are insignificant to the dynamics of the crash event. The weighting
procedure provides a way to weight the most important channels more highly than less important
channels. The procedure used is based on the area under the curve, therefore, the weighing
scheme will weight channels with large areas more highly than those with smaller areas. In
general, using the “Area (II)” method is acceptable although if the complete inertial properties of
the vehicle are available the “inertial” method may be used. Enter the values obtained from the
RSVVP program in Table E-3 and indicate if the comparison was acceptable or not by entering a
“yes” or “no” in the “Agree?” column. In order for the analysis solution to be considered in
agreement with the known solution (i.e., verified or validated), all the criteria scored in Table E-
3 must pass.
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Table E-2. Roadside Safety Validation Metrics Rating Table — Time History Comparisons

(single channel option- CFC60)

Evaluation Criteria

O|Sprague-Geers Metrics

List all the data channels being compared. Calculate the M and P metrics
using RSVVP and enter the results. Values less than or equal to 40 are
acceptable.

Time interval
[0 sec; 0.57 sec]

RSVVP Curve Preprocessing Options

Filter Sync. Shift Drift M P Pass?
Option Option True | Test | True | Test
Curve | Curve | Curve |Curve
X acceleration | CFC 60 N N N N N 43.5 45 No
Y acceleration | CFC 60 N N N N N 0.7 28.5 | Yes
Z acceleration | CFC 60 N N N N N 33 52.2 | No
Roll rate CFC 60 N N N N N 6.9 47.1 | No
Pitch rate CFC 60 N N N N N 449 | 51.6 | No
Yaw rate CFC 60 N N N N N 4.1 8.7 | Yes
P | ANOVA Metrics
List all the data channels being compared. Calculate the ANOVA
metrics using RSVVP and enter the results. Both of the following S
criteria must be met: _ b=
e The mean residual error must be less than five percent of the s >
peak acceleration (g < 0.05 - ap,,, ) and % _g c_g
e The standard deviation of the residuals must be less than 35 X < %
percent of the peak acceleration (& < 0.35-a,,,, ) § -(% ¥
> & © |Pass?
X acceleration/Peak 1.4 44.2 | No
Y acceleration/Peak 1.3 26.2 | Yes
Z acceleration/Peak 3 45.6 | No
Roll rate 215 | 46.2 | No
Pitch rate 324 | 1184.8 No
Yaw rate 34 | 149 | Yes

The Analysis Solution (check one) [_] passes [X] does NOT pass all the criteria in Table E-2
(single-channel time history comparison). If the Analysis Solution does NOT pass, perform the

analysis in Table E-3 (multi-channel time history comparison).
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Figure 1. X-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data
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Figure 2. Y-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data
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Figure 3. Z-Channel (a) acceleration-time history data used to compute metrics, and (b)

Integration of acceleration-time history data
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Figure 4. Roll Channel (a) angular rate-time history data used to compute metrics, and (b)
Integration of angular rate-time history data
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Figure 5. Pitch Channel (a) angular rate-time history data used to compute metrics, and (b)
Integration of angular rate-time history data
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Figure 6. Yaw Channel (a) angular rate-time history data used to compute metrics, and (b)
Integration of angular rate-time history data
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Table E-3. Roadside Safety Validation Metrics Rating Table — Time History Comparisons

(multi-channel option-CFC 60)

Evaluation Criteria (time interval [0 sec; 0.57 sec ])

Channels (Select which were used)

X] X Acceleration X Y Acceleration X] Z Acceleration
X Roll rate X Pitch rate X Yaw rate
X Channel Weighting factors
Y Channel:
Multi-Channel Weight £ Channel:
uti--hannel WeIgnts Yaw Channel:
X] Area Il method Roll Channel: __

[ ] Inertial method

Pitch Channel:

Xacc Yacc Zacc Yaw Raoll Pitch

Sprague-Geer Metrics
Values less or equal to 40 are acceptable.

M P Pass?

17.1 22.7 Yes

ANOVA Metrics

Both of the following criteria must be met:
e The mean residual error must be less than five percent of the

P peak acceleration
(€ <0.05-apey)

e The standard deviation of the residuals must be less than 35
percent of the peak acceleration (& < 0.35-a

f Residuals

Pass?

v |Standard Deviation

o Mean Residual
S
|0

Yes

The Analysis Solution (check one) [X] passes [ | does NOT pass all the criteria in Table E-3.
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Table E-2. Roadside Safety Validation Metrics Rating Table — Time History Comparisons

(single channel option- CFC180)

Evaluation Criteria

O|Sprague-Geers Metrics

List all the data channels being compared. Calculate the M and P metrics
using RSVVP and enter the results. Values less than or equal to 40 are
acceptable.

Time interval
[0 sec; 0.57 sec]

RSVVP Curve Preprocessing Options

Filter Sync. Shift Drift M P Pass?
Option Option True | Test | True | Test
Curve | Curve | Curve |Curve
X acceleration |CFC 180 N N N N N |[110.5] 46.5 | No
Y acceleration |CFC 180 N N N N N 15.7 | 32.6 | Yes
Z acceleration |CFC 180 N N N N N [118.5] 523 | No
Roll rate CFC 180 N N N N N 6.9 47.1 | No
Pitch rate CFC 180 N N N N N 449 | 51.6 | No
Yaw rate CFC 180 N N N N N 4.1 8.7 | Yes
P | ANOVA Metrics
List all the data channels being compared. Calculate the ANOVA
metrics using RSVVP and enter the results. Both of the following S
criteria must be met: _ b=
e The mean residual error must be less than five percent of the s >
peak acceleration (g < 0.05 - ap,,, ) and g _g c_g
e The standard deviation of the residuals must be less than 35 X < %
percent of the peak acceleration (& < 0.35-a,,,, ) % -(% ¥
b & © |Pass?
X acceleration/Peak 1.3 61 No
Y acceleration/Peak 1.3 32.5 | Yes
Z acceleration/Peak 3 65.7 | No
Roll rate 215 | 46.2 | No
Pitch rate 324 | 1184.8 No
Yaw rate 34 | 149 | Yes

The Analysis Solution (check one) [_] passes [X] does NOT pass all the criteria in Table E-2
(single-channel time history comparison). If the Analysis Solution does NOT pass, perform the

analysis in Table E-3 (multi-channel time history comparison).
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Figure 7. X-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data

True and Test curves

10 True and Test curves Velocity
: : ! ' : 02 . ‘ . . I
Test curve ' I H '
True curve I i i True cune
5 : 0 Test curve ||
02N s s S N -
ob ) | TR N S ) SRR N SO = Lo
L] R R Oy e Rt e [ T
SEE--TIF o T T N A o W T R
ST T O AU, S SO E N S |
[T ) PR § | RPN § RN (. | RN SNROT N IR S 4
B 15 S A SN e N N 7
T3 U U WY, R S S SR B s e S e N S S n
175 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —}
20 i i i i i i 18 i i i i i i
0 01 02 0.3 04 0.5 0.6 07 o 01 02 0.3 0.4 0.5 0.6 07

Figure 8. X-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data
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Figure 9. X-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data
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Table E-3. Roadside Safety Validation Metrics Rating Table — Time History Comparisons

(multi-channel option- CFC 180)

Evaluation Criteria (time interval [0 sec; 0.57 sec])

Channels (Select which were used)

X] X Acceleration

X] Y Acceleration

X] Z Acceleration

X Roll rate X] Pitch rate X Yaw rate
X Channel: o
Y Channel: 03
Multi-Channel Weights Z Channel: 03
Yaw Channel: 025
X] Area Il method Roll Channel: 02

[ ] Inertial method

Pitch Channel:

c  Yaw Roll  Pitch

Sprague-Geer Metrics

Values less or equal to 40 are acceptable.

Pass?

[\)
Rl o]
[\]

34.9 Yes

ANOVA Metrics

P peak acceleration
(€<0.05-ape)

Both of the following criteria must be met:
e The mean residual error must be less than five percent of the

e The standard deviation of the residuals must be less than 35
percent of the peak acceleration (& <0.35-a,,,, )

Pass?

Yes

w |Standard Deviation

w [Mean Residual

o | of Residuals

The Analysis Solution (check one) [X] passes [ | does NOT pass all the criteria in Table E-3.
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PART IV: PHENOMENA IMPORTANCE RANKING TABLE

Table E-4 is similar to the evaluation tables in Report 350 and MASH. For the Report
350 or MASH test number identified in Part I (e.g., test 3-10, 5-12, etc.), circle all the evaluation
criteria applicable to that test in Table E-4. The tests that apply to each criterion are listed in the
far right column without the test level designator. For example, if a Report 350 test 3-11 is being
compared (i.e., a pickup truck striking a barrier at 25 degrees and 100 km/hr), circle all the
criteria in the second column where the number “11” appears in the far right column. Some of
the Report 350 evaluation criteria have been removed (i.e., J and K) since they are not generally
useful in assessing the comparison between the known and analysis solutions.
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Table E-4. Evaluation Criteria Test Applicability Table

cause the driver to lose control of the vehicle. (Answer Yes or No)

Evaluation Evaluation Criteria Applicable Tests
Factors
Test article should contain and redirect the vehicle; the vehicle
uctural (A\Fhould not penetrate, under-ride, or override the installation although ;(7)’ ;é’ 12,20, 21, 22, 35, 36,
Adequacy N=“controlled lateral deflection of the test article is acceptable. ’
B k"l)"he test article should 'readily z.lctiyate in a predictable manner by 60. 61,70, 71, 80, 81
reaking away, fracturing or yielding.
C Acceptable test article performance may be by redirection, controlled30, 31,, 32, 33, 34, 39, 40, 41,
penetration or controlled stopping of the vehicle. 42,43, 44, 50, 51, 52, 53
Occupant Detached elements, fragments or other debris from the test article
Risk ‘fD\Ehould not penetrate or show potential for penetrating the occupant Al
N_compartment, or present an undue hazard to other traffic, pedestrians
or personnel in a work zone.
Detached elements, fragments or other debris from the test article, or
vehicular damage should not block the driver’s vision or otherwise |70, 71

gm—

’T he vehicle should remain upright during and after the collision

although moderate roll, pitching and yawing are acceptable.

All except those listed in
criterion G

MO

It is preferable, although not essential, that the vehicle remain
upright during and after collision.

12, 22 (for test level 1 — 30,
31, 32, 33, 34, 35, 36, 37, 38,
39, 40, 41, 42, 43, 44)

Occupant impact velocities should satisfy the following:
Occupant Impact Velocity Limits (m/s)

10, 20, 30,31, 32, 33, 34, 36,

Component Preferred Maximum 40, 41, 42, 43, 50, 51, 52, 53,
Longitudinal and 80, 81
9 12
Lateral
Longitudinal 3 5 60, 61, 70, 71

Occupant ridedown accelerations should satisfy the following:
Occupant Ridedown Acceleration Limits (g’s)

Component Preferred Maximum
Longitudinal and 15 20
Lateral

10, 20, 30,31, 32, 33, 34, 36,
40, 41, 42, 43, 50, 51, 52, 53,
60, 61, 70, 71, 80, 81

Vehicle
Trajectory

The occupant impact velocity in the longitudinal direction should not
xceed 40 ft/sec and the occupant ride-down acceleration in the
longitudinal direction should not exceed 20 G’s.

11,21, 35, 37, 38, 39

QO

The exit angle from the test article preferable should be less than 60
l)ercent of test impact angle, measured at the time of vehicle loss of
contact with test device.

10, 11, 12, 20, 21, 22, 35, 36,
37, 38,39

Vehicle trajectory behind the test article is acceptable.

30,31, 32, 33, 34, 39, 42, 43,
44, 60, 61, 70, 71, 80, 81

Note: The circles around the letters indicate the criteria that are applicable to this case.

Complete Table E-5 according to the results of the known solution (e.g., crash test) and
the numerical solution (e.g., simulation). Consistent with Report 350 and MASH, Task E-5 has
three parts: the structural adequacy phenomena listed in Table E-5a, the occupant risk
phenomena listed in Table E-5b and the vehicle trajectory criteria listed in Table E-5c. If the
result of the analysis solution agrees with the known solution, mark the “agree” column “yes.”
For example, if the vehicle in both the known and analysis solutions rolls over and, therefore,
fails criterion F1, the known and the analysis columns for criterion F1 would be evaluated as
“no.” Even though both failed the criteria, they agree with each other so the “agree” column is

199




June 29, 2017
MwRSF Report No. TRP-03-361-17

marked as “yes.” Any criterion that is not applicable to the test being evaluated (i.e., not circled
in Table E-4) should be indicated by entering “NA” in the “agree?” column for that row.

Many of the Report 350 evaluation criteria have been subdivided into more specific
phenomenon. For example, criterion A is divided into eight sub-criteria, A1 through A8, that
provide more specific and quantifiable phenomena for evaluation. Some of the values are simple
yes or no que stions while other request numerical values. For the numerical phenomena, the
analyst should enter the value for the known and analysis result and then calculate the relative
difference. Relative difference is always the absolute value of the difference of the known and
analysis solutions divided by the known solution. Enter the value in the “relative difference”
column. If the relative difference is less than 20 percent, enter “yes” in the “agree?”” column.

Sometimes, when the values are very small, the relative difference might be large while
the absolute difference is very small. For example, the longitudinal occupant ride down
acceleration (i.e., criterion L2) in a test might be 3 g’s and in the corresponding analysis might be
4 ¢’s. The relative difference is 33 percent but the absolute difference is only 1 g and the result
for both is well below the 20 g limit. Clearly, the analysis solution in this case is a good match to
the experiment and the relative difference is large only because the values are small. The
absolute difference, therefore, should also be entered into the “Difference” column in Table E-5.

The experimental and analysis result can be considered to agree as long as either the
relative difference or the absolute difference is less than the acceptance limit listed in the
criterion. Generally, relative differences of less than 20 percent are acceptable and the absolute
difference limits were generally chosen to represent 20 percent of the acceptance limit in Report
350 or MASH. For example, Report 350 limits occupant ride-down accelerations to those less
than 20 g’s so 20 percent of 20 g’s is 4 g’s. As shown for criterion L2 in Table E-5, the relative
acceptance limit is 20 percent and the absolute acceptance limit is 4 g’s.

If a numerical model was not created to represent the phenomenon, a value of “NM” (i.e.,
not modeled) should be entered in the appropriate column of Table E-5. If the known solution for
that phenomenon number is “no” then a “NM” value in the “test result” column can be
considered to agree. For example, if the material model for the rail element did not include the
possibility of failure, “NM” should be entered for phenomenon number T in Table E-5. If the
known solution does not indicate rail rupture or failure (i.e., phenomenon T = “no”), then the
known and analysis solutions agree and a “yes” can be entered in the “agree?”” column. On the
other hand, if the known solution shows that a rail rupture did occur resulting in a phenomenon T
entry of “yes” for the known solution, the known and analysis solutions do not agree and “no”
should be entered in the “agree?” column. Analysts should seriously consider refining their
model to incorporate any phenomena that appears in the known solution and is shown in Table
E-S.

All the criteria identified in Table E-4 are expected to agree but if one does not and, in
the opinion of the analyst, is not considered important to the overall evaluation for this particular
comparison, then a footnote should be provided with a justification for why this particular
criteria can be ignored for this particular comparison.
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Table E-5(a). Roadside Safety Phenomena Importance Ranking Table (Structural Adequacy)

components and barrier elements (Answer Yes or No).

. - Known | Analysis lefergnce
Evaluation Criteria Relative/ | Agree?
Result | Result
Absolute
Test article should contain and redirect the vehicle; the
Al vehicle should not penetrate, under-ride, or override the Yes Yes Yes
installation although controlled lateral deflection of the test
article is acceptable. (Answer Yes or No)
Maximum dynamic deflection: 279
A2 |- Relative difference is less than 20 percent or [.11lm | 1.14m 0 '13 1:1 Yes
o - Absolute difference is less than 0.15 m '
§ Length of vehicle-barrier contact: 12.6 %
g A3 |- Relative difference is less than 20 percent or 103m| 9m ) 3 mo Yes
z - Absolute difference is less than 2 m '
s Number of broken or significantly bent posts is less than 20
g A4 |percent. (reported: post nos 13,14,15 bent and web of the 4 4 Yes
I post 16 also bent)
v A5 |Did the rail element rupture or tear (Answer Yes or No) No No Yes
A6 I\\?I\foe)re there failures of connector elements (Answer Yes or No No Yes
Was there significant snagging between the vehicle wheels
AT and barrier eflgements (Ansgv%ergYes or No). No No ves
A8 Was there significant snagging between vehicle body No No Yes
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Table E-5(b). Roadside Safety Phenomena Importance Ranking Table (Occupant Risk)

. L Known | Analysis le'fen_ence
Evaluation Criteria R Relative/ | Agree?
esult | Result
Absolute
Detached elements, fragments or other debris from the test
article should not penetrate or show potential for penetrating
D the occupant compartment, or present an undue hazard to Pass Pass Yes
other traffic, pedestrians or personnel in a work zone.
(Answer Yes or No)
The vehicle should remain upright during and after the
F1 |collision although moderate roll, pitching and yawing are Pass Pass Yes
acceptable. (Answer Yes or No)
Maximum roll of the vehicle: 142%
F2 |- Relative difference is less than 20 percent or 4.81° |11.67°* 6.3 6(? No
F - Absolute difference is less than 5 degrees. )
Maximum pitch of the vehicle is: 799,
F3 |- Relative difference is less than 20 percent or 1.84° | 3.17° | 330 Yes
- Absolute difference is less than 5 degrees. )
» Maximum yaw of the vehicle is: 1.02%
.é’ F4 |- Relative difference is less than 20 percent or 45.74°| 46.21° 0 470 Yes
= - Absolute difference is less than 5 degrees. )
g Occupant impact velocities:
3 - Relative difference is less than 20 percent or
8 - Absolute difference is less than 2 m/s.
V)
Ll e Longitudinal OIV (m/s) 4.67 4.43 0;41 rf;/s Yes
o
e Lateral OIV (m/s) 4.76 4.99 0%2.§3n3s Yes
e THIV (m/s) 6.91 | NA**
L Occupant accelerations:
- Relative difference is less than 20 percent or
- Absolute difference is less than 4 g’s.
o
e Longitudinal ORA 8.23 11.16 ;592 % Yes
L2 208
0
e Lateral ORA 6.93 9.05 |[30.59% Yes
212 ¢
e PHD 10.76 NA
e ASI NA NA

* The roll, pitch, and yaw Euler angles were calculated for the simulation using the same procedure for
full-scale crash tests.
** Not required
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Table E-5(c). Roadside Safety Phenomena Importance Ranking Table (Vehicle Trajectory)

Known | Analysis Difference
Evaluation Criteria YOI5| Relative/ Agree?
Result | Result
Absolute
The exit angle from the test article preferable should be less
M1 |than 60 percent of test impact angle, measured at the time of| 13.5° | 20.39 Yes
2 vehicle loss of contact with test device.
£ Exit angle at loss of contact: 51.03%
= M2 |- Relative difference is less than 20 percent or 13.5° | 20.39 6 9 e Yes
& |M - Absolute difference is less than 5 degrees. '
< Exit velocity at loss of contact: 63.7 5076 | 6.18°
= M3 |- Relative difference is less than 20 percent or km./h kn.l/h 3.4 kn/lo/h Yes
> - Absolute difference is less than 5 degrees. '
M4 an or more vehicle tires failed or de-beaded during the Yes NM
collision event (Answer Yes or No).

* In the simulation, vehicle was still in contact with the barrier at time 500 msec. Moreover, a difference of
6.9° is relatively small.

The Analysis Solution (check one) [_] passes [X] does NOT pass all the criteria in Tables E-5a

through E-5¢ [_]with exceptions as noted [_| without exceptions.
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Appendix B. Verification and Validation of Computer Simulations
Test No. 2214MG-3
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A MASH 1100C Small Car
(Report 350 or MASHOS8 or EN1317 Vehicle Type)

Striking a 32-in. tall Midwest Guardrail System
(roadside hardware type and name)

Report Date: _ 1/26/2016

Type of Report (check one)
[_] Verification (known numerical solution compared to new numerical solution) or
X] Validation (full-scale crash test compared to a numerical solution).

General Information Known Solution Analysis Solution
Performing Organization: MwRSF MwRSF/ Mojdeh Pajouh
Test/Run Number: 2214MG-3 2214MG-3 SIM 2015
Vehicle: 2009 Hyundai Accent MwRSF modified Yaris

(NCAC/2012)
Reference:

Impact Conditions

Vehicle Mass: 1,174 kg 1,259 kg ( Includes 2
dummies)

Speed: 97.8 km/h 100 km/h

Angle: 25.4 degrees 25 degrees

Impact Point: Between nos. 13 and 14 Between nos. 13 and 14

Composite Validation/Verification Score

List the Report 350/MASHOS or EN1317 Test Number:

Part | Did all solution verification criteria in Table E-1 pass?

Part I | Do all the time history evaluation scores from Table E-2 result in a satisfactory
comparison (i.e., the comparison passes the criterion)? If all the values in Table E-2
did not pass, did the weighted procedure shown in Table E-3 result in an acceptable
comparison. If all the criteria in Table E-2 pass, enter “yes.” If all the criteria in
Table E-2 did not pass but Table E-3 resulted in a passing score, enter “yes.”

Part I1I | All the criteria in Table E-4 (Test-PIRT) passed?

Are the results of Steps I through III all affirmative (i.e., YES)? If all three steps
result in a “YES” answer, the comparison can be considered validated or verified. If
one of the steps results in a negative response, the result cannot be considered
validated or verified.

The analysis solution (check one) [X] is ] is NOT verified/validated against the known solution.
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These forms may be used for validation or verification of roadside hardware crash tests.
If the known solution is a full-scale crash test (i.e., physical experiment) which is being
compared to a numerical solution (e.g., LSDYNA analysis) then the procedure is a validation
exercise. If the known solution is a numerical solution (e.g., a prior finite element model using a
different program or earlier version of the software) then the procedure is a verification exercise.
This form can also be used to verify the repeatability of crash tests by comparing two full-scale
crash test experiments. Provide the following basic information for the validation/verification

comparison:

5. What type of roadside hardware is being evaluated (check one)?

X] Longitudinal barrier or transition
[ ] Terminal or crash cushion

[ | Breakaway support or work zone traffic control device

[ ] Truck-mounted attenuator
[] Other hardware:

6. What test guidelines were used to perform the full-scale crash test (check one)?

[ INCHRP Report 350
X] MASHO08

[ ]EN1317

[ ] Other:

7. Indicate the test level and number being evaluated (fill in the blank). TL 3-10

8. Indicate the vehicle type appropriate for the test level and number indicated in item 3

according to the testing guidelines indicated in item 2.

NCHRP Report 350/MASHO8

[ ]700C [ ]820C X] 1100C
[]2000P [ ]2270P [] Other:
[18000S []10000S

[ 136000V

[136000T

ENI1317

[]Car (900 kg) [ ] Car (1300 kg)

[ ] Rigid HGV (10 ton) [ ] Rigid HGV (16 ton)

[ ] Bus (13 ton)
Other:

[ ] Articulated HGV (38 ton)
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PART I1: ANALYSIS SOLUTION VERIFICATION

Using the results of the analysis solution, fill in the values for Table E-1. These values are

indications of whether the analysis solution produced a numerically stable result and

do not

necessarily mean that the result is a good comparison to the known solution. The purpose of this
table is to ensure that the numerical solution produces results that are numerically stable and

conform to the conservation laws (e.g., energy, mass and momentum).

Table E-1. Analysis Solution Verification Table.

Verification Evaluation Criteria

Change
(%)

Pass?

Total energy of the analysis solution (i.e., kinetic, potential, contact, etc.) must not

0
vary more than 10 percent from the beginning of the run to the end of the run. 3.78% | Yes
Hourglass Energy of the analysis solution at the end of the run is less than five 3.88% | Yes
percent of the total initial energy at the beginning of the run. o070
Hourglass Energy of the analysis solution at the end of the run is less than ten 9.66% | Ves
percent of the total internal energy at the end of the run. o0
The part/material with the highest amount of hourglass energy at the end of the run
is less than ten percent of the total internal energy of the part/material at the end of | 31.4% | No
the run. (Part id=2000191, hg=3836 N-m, internal energy max=12215)
Mass added to the total model is less than five percent of the total model mass at
- 0.11% | Yes
the beginning of the run.
The part/material with the most mass added had less than 10 percent of its initial
6.79% | Yes
mass added.
The moving parts/materials in the model have less than five percent of mass added
o . 2.18% | Yes
to the initial moving mass of the model.
There are no shooting nodes in the solution? No | Yes
There are no solid elements with negative volumes? No | Yes

* Only one part, the fender in vehicle has uncontrolled and unresolvable hourglass. It is reasonable to accept that.

If all the analysis solution verification criteria are scored as passing, the analysis solution can be
verified or validated against the known solution. If any criterion in Table E-1 does not pass one
of the verification criterion listed in Table E-1, the analysis solution cannot be used to verify or
validate the known solution. If there are exceptions that the analyst things are relevant these

should be footnoted in the table and explained below the table.

The Analysis Solution (check one) [X] passes [ ] does NOT pass all the criteria in Table E1-1

DXwith [_]without exceptions as noted.
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PART I1l: TIME HISTORY EVALUATION TABLE

Using the RSVVP computer program (‘Single channel’ option), compute the Sprague-
Geers MPC metrics and ANOVA metrics using time-history data from the known and analysis
solutions for a time period starting at the beginning of the contact and ending at the loss of
contact. Both the Sprague-Geers and ANOVA metrics must be calculated based on the original
units the data was collected in (e.g., if accelerations were measured in the experiment with
accelerometers then the comparison should be between accelerations. If rate gyros were used in
the experiment, the comparison should be between rotation rates). If all six data channels are not
available for both the known and analysis solutions, enter “N/A” in the column corresponding to
the missing data. Enter the values obtained from the RSVVP program in Table E-2 and indicate
if the comparison was acceptable or not by entering a “yes” or “no” in the “Agree?” column.
Attach a graph of each channel for which the metrics have been compared at the end of the
report.

Enter the filter, synchronization method and shift/drift options used in RSVVP to perform
the comparison so that it is clear to the reviewer what options were used. Normally, SAE J211
filter class 180 is used to compare vehicle kinematics in full-scale crash tests. Either
synchronization option in RSVVP is acceptable or both should result in a similar start point. The
shift and drift options should generally only be used for the experimental curve since shift and
drift are characteristics of sensors. For example, the zero point for an accelerometer sometimes
“drifts” as the accelerometer sits out in the open environment of the crash test pad whereas there
is no sensor to “drift” or “shift” in a numerical solution.

In order for the analysis solution to be considered in agreement with the known solution
(i.e., verified or validated), all the criteria scored in Table E-2 must pass. If all the channels in
Table E-2 do not pass, fill out Table E-3, the multi-channel weighted procedure.

If one or more channels do not satisfy the criteria in Table E-2, the multi-channel
weighting option may be used. Using the RSVVP computer program (‘Multiple channel’ option),
compute the Sprague-Geers MPC metrics and ANOVA metrics using all the time histories data
from the known and analysis solutions for a time period starting at the beginning of the contact
and ending at the loss of contact. If all six data channels are not available for both the known and
analysis solutions, enter “N/A” in the column corresponding to the missing data.

For some types of roadside hardware impacts, some of the channels are not as important
as others. An example might be a breakaway sign support test where the lateral (i.e., Y) and
vertical (i.e., Z) accelerations are insignificant to the dynamics of the crash event. The weighting
procedure provides a way to weight the most important channels more highly than less important
channels. The procedure used is based onthe area under the curve, therefore, the weighing
scheme will weight channels with large areas more highly than those with smaller areas. In
general, using the “Area (II)” method is acceptable although if the complete inertial properties of
the vehicle are available the “inertial” method may be used. Enter the values obtained from the
RSVVP program in Table E-3 and indicate if the comparison was acceptable or not by entering a
“yes” or “no” in the “Agree?” column. In order for the analysis solution to be considered in
agreement with the known solution (i.e., verified or validated), all the criteria scored in Table E-
3 must pass.
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Table E-2. Roadside Safety Validation Metrics Rating Table — Time History Comparisons

(single channel option- CFC60)

Evaluation Criteria

O|Sprague-Geers Metrics

List all the data channels being compared. Calculate the M and P metrics
using RSVVP and enter the results. Values less than or equal to 40 are
acceptable.

Time interval
[0 sec; 0.48 sec]

RSVVP Curve Preprocessing Options

Filter Sync. Shift Drift M P Pass?
Option Option True | Test | True | Test
Curve | Curve | Curve |Curve
X acceleration | CFC 60 N N N N N 14 30.7 | Yes
Y acceleration | CFC 60 N N N N N 18.7 | 29.5 | Yes
Z acceleration | CFC 60 N N N N N 47 48.1 No
Roll rate CFC 60 N N N N N 209 | 53.8 | No
Pitch rate CFC 60 N N N N N (2428 | 48.3 | No
Yaw rate CFC 60 N N N N N 13.3 16.8 | Yes
P | ANOVA Metrics
List all the data channels being compared. Calculate the ANOVA
metrics using RSVVP and enter the results. Both of the following S
criteria must be met: _ b=
e The mean residual error must be less than five percent of the s >
peak acceleration (g < 0.05 - ap,,, ) and g _g c_g
e The standard deviation of the residuals must be less than 35 X < %
percent of the peak acceleration (& < 0.35-a,,,, ) % -(% ¥
S & © |Pass?
X acceleration/Peak 3.1 21.2 | Yes
Y acceleration/Peak 0.8 25.5 | Yes
Z acceleration/Peak 4.7 50 No
Roll rate 4.5 679 | No
Pitch rate 24 | 99.6 | No
Yaw rate 162 | 18.7 | No

The Analysis Solution (check one) [_] passes [X] does NOT pass all the criteria in Table E-2
(single-channel time history comparison). If the Analysis Solution does NOT pass, perform the

analysis in Table E-3 (multi-channel time history comparison).
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Figure 1. X-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data
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Figure 2. Y-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data
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Figure 3. Z-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data
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Figure 4. Roll Channel (a) angular rate-time history data used to compute metrics, and (b)
Integration of angular rate-time history data
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Figure 5. Pitch Channel (a) angular rate-time history data used to compute metrics, and (b)
Integration of angular rate-time history data
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Figure 6. Yaw Channel (a) angular rate-time history data used to compute metrics, and (b)
Integration of angular rate-time history data
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Table E-3. Roadside Safety Validation Metrics Rating Table — Time History Comparisons
(multi-channel option- CFC60)

Evaluation Criteria (time interval [0 sec; 0.48 sec])

Channels (Select which were used)

X] X Acceleration X Y Acceleration X] Z Acceleration
X Roll rate X Pitch rate Xl Yaw rate

X Channel: 0s

Y Channel: b
Multi-Channel Weights Z Channel: 030

Yaw Channel: 03
X Area Il method Roll Channel: o
[ ] Inertial method 02

0.15

01

Pitch Channel: 0.05

0

Xacc Yacc Zacc Yaw Roll

Sprague-Geer Metrics
Values less or equal to 40 are acceptable. M P Pass?

21.7 26.7 Yes

ANOVA Metrics

Both of the following criteria must be met: S
e The mean residual error must be less than five percent of the _ =
P peak acceleration S & o
_ ° O
(e s0.0S-apeak) 7 - 3
_ . S
e The standard deviation of the residuals must be less than 35 o T 5
. c gl
percent of the peak acceleration (o < 0.35-a,,,, ) < c
= &» o Pass?
74 | 263 | Yes*

* The mean residual error is 7.4% which is close to 5%. Thus, it is acceptable.

The Analysis Solution (check one) [X] passes [ | does NOT pass all the criteria in Table E-3.
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Table E-2. Roadside Safety Validation Metrics Rating Table — Time History Comparisons

(single channel option- CFC 180)

Evaluation Criteria

O|Sprague-Geers Metrics

List all the data channels being compared. Calculate the M and P metrics
using RSVVP and enter the results. Values less than or equal to 40 are
acceptable.

Time interval
[0 sec; 0.48 sec]

RSVVP Curve Preprocessing Options

Filter Sync. Shift Drift M P Pass?
Option Option True | Test | True | Test
Curve | Curve | Curve |Curve
X acceleration |CFC 180 N N N N N 29 33.1 | Yes
Y acceleration |CFC 180 N N N N N 354 | 32.5 | Yes
Z acceleration |CFC 180 N N N N N (2742 484 | No
Roll rate CFC 180 N N N N N 20.9 | 53.8 | No
Pitch rate CFC 180 N N N N N (2428 | 48.3 | No
Yaw rate CFC 180 N N N N N 13.3 16.8 | Yes
P | ANOVA Metrics
List all the data channels being compared. Calculate the ANOVA
metrics using RSVVP and enter the results. Both of the following S
criteria must be met: _ b=
e The mean residual error must be less than five percent of the s >
peak acceleration (g < 0.05 - ap,,, ) and g _g c_g
e The standard deviation of the residuals must be less than 35 X < %
percent of the peak acceleration (& < 0.35-a,,,, ) % -(% ¥
b & © |Pass?
X acceleration/Peak 3.1 248 | Yes
Y acceleration/Peak 0.8 30.6 | Yes
Z acceleration/Peak 4.7 11.2 | No
Roll rate 4.5 679 | No
Pitch rate 24 | 99.6 | No
Yaw rate 162 | 18.7 | No

The Analysis Solution (check one) [_] passes [X] does NOT pass all the criteria in Table E-2
(single-channel time history comparison). If the Analysis Solution does NOT pass, perform the

analysis in Table E-3 (multi-channel time history comparison).
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Figure 4. X-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data
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Figure 5. Y-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data
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Figure 6. Z-Channel (a) acceleration-time history data used to compute metrics, and (b)
Integration of acceleration-time history data
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Table E-3. Roadside Safety Validation Metrics Rating Table — Time History Comparisons
(multi-channel option- CFC 180)

Evaluation Criteria (time interval [0 sec; 0.48 sec])

Channels (Select which were used)

X X Acceleration X Y Acceleration X Z Acceleration
X Roll rate X Pitch rate X Yaw rate
X Ch annel: » Welighting factors
Y Channel: ;14
Z Channel: 03'5
Multi-Channel Weights Yaw Channel: ;13
Roll Channel: 02'5
X] Area Il method )
[] Inertial method "
0.15
Pitch Channel: 01
0.05
0 Xace Yacc Zacc Yaw Roll  Pitch
o Sprague-Geer Metrics
Values less or equal to 40 are acceptable. M P Pass?
36.9 | 279 Yes
ANOVA Metrics s
Both of the following criteria must be met: _ b=
e The mean residual error must be less than five percent of the s >
P peak acceleration 2 Q'S
(€ <0.05-ap.y) i -cecs =
e The standard deviation of the residuals must be less than 35 S 2
percent of the peak acceleration (& < 0.35-a,,,, ) § :,)*5 ] Pass?
74 | 304 Yes*

* The mean residual error is 7.4% which is close to 5%. Thus, it is acceptable.

The Analysis Solution (check one) [X] passes [ | does NOT pass all the criteria in Table E-3.
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PART IV: PHENOMENA IMPORTANCE RANKING TABLE

Table E-4 is similar to the evaluation tables in Report 350 and MASH. For the Report
350 or MASH test number identified in Part I (e.g., test 3-10, 5-12, etc.), circle all the evaluation
criteria applicable to that test in Table E-4. The tests that apply to each criterion are listed in the
far right column without the test level designator. For example, if a Report 350 test 3-11 is being
compared (i.e., a pickup truck striking a barrier at 25 degrees and 100 km/hr), circle all the
criteria in the second column where the number “11” appears in the far right column. Some of
the Report 350 evaluation criteria have been removed (i.e., J and K) since they are not generally
useful in assessing the comparison between the known and analysis solutions.
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Table E-4. Evaluation Criteria Test Applicability Table.

cause the driver to lose control of the vehicle. (Answer Yes or No)

Evaluation Evaluation Criteria Applicable Tests
Factors
Test article should contain and redirect the vehicle; the vehicle
uctural (A\Fhould not penetrate, under-ride, or override the installation although ;(7)’ ;é’ 12,20, 21, 22, 35, 36,
Adequacy N=“controlled lateral deflection of the test article is acceptable. ’
B k"l)"he test article should 'readily ?cti\./ate in a predictable manner by 60. 61,70, 71, 80, 81
reaking away, fracturing or yielding.
C Acceptable test article performance may be by redirection, controlled30, 31,, 32, 33, 34, 39, 40, 41,
penetration or controlled stopping of the vehicle. 42,43, 44, 50, 51, 52, 53
Occupant Detached elements, fragments or other debris from the test article
Risk <@ should not penetrate or show potential for penetrating the occupant Al
compartment, or present an undue hazard to other traffic, pedestrians
or personnel in a work zone.
Detached elements, fragments or other debris from the test article, or
E |vehicular damage should not block the driver’s vision or otherwise |70, 71

The vehicle should remain upright during and after the collision
’although moderate roll, pitching and yawing are acceptable.

All except those listed in
criterion G

It is preferable, although not essential, that the vehicle remain
upright during and after collision.

12, 22 (for test level 1 — 30,
31, 32, 33, 34, 35, 36, 37, 38,
39, 40, 41, 42, 43, 44)

gm—

Occupant impact velocities should satisfy the following:
Occupant Impact Velocity Limits (m/s)

10, 20, 30,31, 32, 33, 34, 36,

?‘ Component Preferred Maximum 40, 41,42, 43,50, 51, 52, 53,
\_ | Longitudinal and 80, 81
9 12
Lateral
Longitudinal 3 5 60, 61, 70, 71
Occupant ridedown accelerations should satisfy the following:
—~ Occupant Ridedown Acceleration Limits (g’s) 10, 20, 30,31, 32, 33, 34, 36,
| Component Preferred Maximum 40, 41, 42, 43, 50, 51, 52, 53,
Longitudinal and 60, 61, 70, 71, 80, 81
15 20
Lateral

Vehicle
Trajectory

The occupant impact velocity in the longitudinal direction should not
exceed 40 ft/sec and the occupant ride-down acceleration in the
longitudinal direction should not exceed 20 G’s.

11,21, 35, 37, 38, 39

N
M
p

The exit angle from the test article preferable should be less than 60
ercent of test impact angle, measured at the time of vehicle loss of
contact with test device.

10, 11, 12, 20, 21, 22, 35, 36,
37, 38,39

N

Vehicle trajectory behind the test article is acceptable.

30,31, 32, 33, 34, 39, 42, 43,
44, 60, 61, 70, 71, 80, 81

Note: The circles around the letters indicate the criteria that are applicable to this case.

Complete Table E-5 according to the results of the known solution (e.g., crash test) and the
numerical solution (e.g., simulation). Consistent with Report 350 and MASH, Task E-5 has three
parts: the structural adequacy phenomena listed in Table E-5a, the occupant risk phenomena
listed in Table E-5b and the vehicle trajectory criteria listed in Table E-5c. If the result of the
analysis solution agrees with the known solution, mark the “agree” column “yes.” For example,
if the vehicle in both the known and analysis solutions rolls over and, therefore, fails criterion
F1, the known and the analysis columns for criterion F1 would be evaluated as “no.” Even
though both failed the criteria, they agree with each other so the “agree” column is marked as
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“yes.” Any criterion that is not applicable to the test being evaluated (i.e., not circled in Table E-
4) should be indicated by entering “NA” in the “agree?”” column for that row.

Many of the Report 350 evaluation criteria have been subdivided into more specific
phenomenon. For example, criterion A is divided into eight sub-criteria, A1 through A8, that
provide more specific and quantifiable phenomena for evaluation. Some of the values are simple
yes or no que stions while other request numerical values. For the numerical phenomena, the
analyst should enter the value for the known and analysis result and then calculate the relative
difference. Relative difference is always the absolute value of the difference of the known and
analysis solutions divided by the known solution. Enter the value in the “relative difference”
column. If the relative difference is less than 20 percent, enter “yes” in the “agree?”” column.

Sometimes, when the values are very small, the relative difference might be large while
the absolute difference is very small. For example, the longitudinal occupant ride down
acceleration (i.e., criterion L2) in a test might be 3 g’s and in the corresponding analysis might be
4 ¢’s. The relative difference is 33 percent but the absolute difference is only 1 g and the result
for both is well below the 20 g limit. Clearly, the analysis solution in this case is a good match to
the experiment and the relative difference is large only because the values are small. The
absolute difference, therefore, should also be entered into the “Difference” column in Table E-5.

The experimental and analysis result can be considered to agree as long as either the
relative difference or the absolute difference is less than the acceptance limit listed in the
criterion. Generally, relative differences of less than 20 percent are acceptable and the absolute
difference limits were generally chosen to represent 20 percent of the acceptance limit in Report
350 or MASH. For example, Report 350 limits occupant ride-down accelerations to those less
than 20 g’s so 20 percent of 20 g’s is 4 g’s. As shown for criterion L2 in Table E-5, the relative
acceptance limit is 20 percent and the absolute acceptance limit is 4 g’s.

If a numerical model was not created to represent the phenomenon, a value of “NM” (i.e.,
not modeled) should be entered in the appropriate column of Table E-5. If the known solution for
that phenomenon number is “no” then a “NM” value in the “test result” column can be
considered to agree. For example, if the material model for the rail element did not include the
possibility of failure, “NM” should be entered for phenomenon number T in Table E-5. If the
known solution does not indicate rail rupture or failure (i.e., phenomenon T = “no”), then the
known and analysis solutions agree and a “yes” can be entered in the “agree?”” column. On the
other hand, if the known solution shows that a rail rupture did occur resulting in a phenomenon T
entry of “yes” for the known solution, the known and analysis solutions do not agree and “no”
should be entered in the “agree?” column. Analysts should seriously consider refining their
model to incorporate any phenomena that appears in the known solution and is shown in Table
E-S.

All the criteria identified in Table E-4 are expected to agree but if one does not and, in
the opinion of the analyst, is not considered important to the overall evaluation for this particular
comparison, then a footnote should be provided with a justification for why this particular
criteria can be ignored for this particular comparison.
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Table E-5(a). Roadside Safety Phenomena Importance Ranking Table (Structural Adequacy).

components and barrier elements (Answer Yes or No).

. _— Known | Analysis le'fen_ence
Evaluation Criteria Relative/ | Agree?
Result | Result
Absolute
Test article should contain and redirect the vehicle; the
Al vehicle should not penetrate, under-ride, or override the Yes Yes Yes
installation although controlled lateral deflection of the test
article is acceptable. (Answer Yes or No)
Maximum dynamic deflection: 23.3%
A2 |- Relative difference is less than 20 percent or 0.913m| 0.7m 0 2'1 m No
. - Absolute difference is less than 0.15 m )
§ Length of vehicle-barrier contact: 6.02%
g A3 |- Relative difference is less than 20 percent or 83m | 7.8m O 5 n;) Yes
2 - Absolute difference is less than 2 m )
E Number of broken or significantly bent posts is less than 20
2 A4 |percent. (Post nos 13 through 18, totally 6 but 2 of them bent 4 4 Yes
E slightly as reported in the test description)
n A5 |Did the rail element rupture or tear (Answer Yes or No) No No Yes
A6 g:)re there failures of connector elements (Answer Yes or No No Yes
Was there significant snagging between the vehicle wheels
AT and barrier et(lgements (AnsgV%er%(es or No). No No Yes
A8 Was there significant snagging between vehicle body No No Yes
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Table E-5(b). Roadside Safety Phenomena Importance Ranking Table (Occupant Risk).

. I Known | Analysis le'fen_ence
Evaluation Criteria Relative/ | Agree?
Result | Result Absolute
Detached elements, fragments or other debris from the test
article should not penetrate or show potential for penetrating
D the occupant compartment, or present an undue hazard to Pass Pass Yes
other traffic, pedestrians or personnel in a work zone.
(Answer Yes or No)
The vehicle should remain upright during and after the
F1 |collision although moderate roll, pitching and yawing are Pass Pass Yes
acceptable. (Answer Yes or No)
Maximum roll of the vehicle: 799
F2 |- Relative difference is less than 20 percent or 12.8° | 3.5°% 9 3(? No
F - Absolute difference is less than 5 degrees. )
Maximum pitch of the vehicle is: 589
F3 |- Relative difference is less than 20 percent or 5.76° 2.4° 336° Yes
- Absolute difference is less than 5 degrees. )
3 Maximum yaw of the vehicle is: 44,59,
P F4 |- Relative difference is less than 20 percent or 28.6° | 41.06°* 124 62 No
g - Absolute difference is less than 5 degrees. )
3 Occupant impact velocities:
8 - Relative difference is less than 20 percent or
L1 |- Absolute difference is less than 2 m/s.
e Longitudinal OIV (m/s) 4.52 5.63
e Lateral OIV (m/s) 5.22 6.73
e THIV (m/s) 7.26 | NA**
Occupant accelerations:
L - Relative difference is less than 20 percent or
- Absolute difference is less than 4 g’s.
o
e Longitudinal ORA 16.14 | 1333 | 2% | ves
L2 018
o
e Lateral ORA 8.37 10.15 | 21.2 % Yes
1.78 g
e PHD 16.2g| NA
e ASI NA NA

* The roll, pitch and yaw Euler angles were calculated for the simulation using the same procedure for
full-scale crash tests.
** Not required
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Table E-5(c). Roadside Safety Phenomena Importance Ranking Table (Vehicle Trajectory).

. _— Known | Analysis le'fen_ence
Evaluation Criteria Relative/ | Agree?
Result | Result
Absolute
The exit angle from the test article preferable should be less
M1 |than 60 percent of test impact angle, measured at the time of| 14.1° 8° Yes
vehicle loss of contact with test device.
E Exit angle at loss of contact: 42.8%
3 M2 |- Relative difference is less than 20 percent or 14.1° 8° 6.10% Yes
[E‘ M - Absolute difference is less than 5 degrees. )
= Exit velocity at loss of contact: o
% M3 |- Relative difference is less than 20 percent or ljri/él‘l ?{ijﬁ 0 891 ilﬁ/h Yes
> - Absolute difference is less than 5 degrees. ’
M4 One_ or more vehicle tires failed or de-beaded during the Yes NM
collision event (Answer Yes or No).

* In the simulation, vehicle was still in contact with the barrier at time 500 msec. Moreover, a difference of
6.1° is relatively small.

The Analysis Solution (check one) [_] passes [X] does NOT pass all the criteria in Tables E-5a

through E-5¢ [_]with exceptions as noted [_| without exceptions.
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Appendix C. Valmont and Hapco Light Pole and Base Drawings
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15' SPAN x 66" RISE
SINGLE TRUSS ARM
(SEE "PAGE 22")

ALUMINUM POLE
TOP CAP WITH
(3) SET SCREWS
@120° APART

AN

POLE RATING (PER AASHTO 2009):
WIND SPEED: 90 MPH MAX

EPA (LUMINAIRE): 2.4 SQ. FT. MAX
WEIGHT (LUMINAIRE): 75 LBS MAX

I

6" 0.D.

POLE SHAFT FABRICATED FROM
6063-T4 ALUMINUM TUBE (POLE
ASSEMBLY IS HEAT TREATED TO T6

CONDITION AFTER WELDING)
(TAPER RATE APPROXIMATELY .13" / FT.) 3

FACTORY INSTALLED
VIBRATION DAMPENER
MOUNTED 27'-0" UP
FROM BOTTOM OF BASE

2-8" STRAIGHT

DETAILB

(4) BOLT SLOTS

15" DIA. MAX,
BOLT CIRCLE

NOTE: NUT COVERS
NOT SHOWN

174" THK. ALUMINUM
T-8TOCK GRD. LUG
WITH A 1/2°-13 HOLE
FOR A GROUND
CONNECTOR WELDED
11/2" UP FROM BUTT&

14 1/2" DIA. MIN.
BOLT CIRCLE

VLN

ALUMINUM
POLE SHAFT

(4) CAST ALUMINUM
BOLT-ON NUT COVERS

)

4 3/8" BASE HEIGHT

50'-9" NOMINAL MOUNTING HEIGHT

45'-0" OVERALL POLE HEIGHT

1/4" THK. ALUMINUM T-STOCK GRD.
LUG WITH A 1/2"-13 HOLE FOR A
GROUND CONNECTOR WELDED

OPPOSITE HANDHOLE

ALUMINUM HANDHOLE
(SEE "HANDHOLE DETAIL")

10" O.D. x .312" WALL

CAST ALUMINUM ANCHOR BASE (A356-T8)
(SEE "DETAIL A" & "DETAIL B"}

TRANSFORMER BASE
{SEE "PAGE 32")&

FOOTING, ANCHOR BOLTS
REINFORCING ROD, AND

15'-0" STRAIGHT

SEE "NUT DETAIL"

DETAIL A

HANDHOLE DETAIL

(4) 1/4"-20 x 3M4" LG.
STEEL CORE NYLON SCREWS

BUTT OF POLE
TOBOTTOM
OF ANCHOR BASE

ALUMINUM HANDHOLE WITH A
4"x 8 NOMINAL OPENING, AND
FLUSH FITTING ALUMINUM

DOOR ATTACHED WITH (2)

14"20 X 34° LG. S.8. FLAT A
HEAD SCREWS. WITH TAPPED
5/16"-18 HOLE IN EXTRUSION
FOR A GROUND CONNEGTOR.

A\

(2) 1/4"-20
STAINLESS
STEEL RIVNUTS

PVC CONDUIT {BY OTHERS)

NUT DETAIL
DO NOT SCALE
TITLE: aTY:
S PAY ITEM NUMBER: 903A10, JS830003 1
MODEL NO.: TR ET:
MATERIAL: ALUMINUM ALLOY MWJ
FINISH: 100 GRIT SATIN FINISH [CHRD BY:
PROJECT: TOLLWAY
Valmont Industries, Inc. Structures Division SOLD TO: [FPEREY:
20805 Eaton Ave Farmington, Minnesota 55024-7932  IsHIp TO: a&‘)
Phone: (651) 463-8990 {800) 899-7577 P.O. NO: ATE.
Fax: (651) 463-3349 REP: LIGHTING SOLUTIONS 218105
Ad Jos15-15 wa THicknzss MpsfPWG NG
**CONFIDENTIAL™ A3, [o4-1414 CHeD sCREWINOTESBOLT CIRCLE, ADDED T-STOCK | PTP DRE0IA
The information contained in this drawing'is privileged and confidential, - - - -
and may be prolecied from disclosure. Plesse be aware thal any use of & 01-17-14 | REVISED TAPER LENGTH Py PAGE
dissemination of this drawing may be subjeci o legal restriction or sanction. REV DATE REVISION DESCRIPTION BY 6/32

Figure C-1. Valmont Light Pole
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180" '

|4
ARM MADE FROM 3 1/2" O.D.x 125" WALL ’l
ALUMINUM TUBE (6063-T6 ALLOY) TAPERED -
TO 2 3/8" 0.D. AND FLATTENED TO 4 11/32" J
x 2 3/8" ELLIPTICAL CROSS SECTION 23/8"0.D.
WELD CN
END CAP
36"

66"

SUPPORT MADE FROM 2 3/8" O.D x .140"
WALL ALUMINUM TUBE (6063-T6 ALLOY)
FLATTENED TO 3" x 1 1/2" ELLIPTICAL
CROSS SECTION

& L
T é— (2) ALUMINUM BRACES
. (6061-T6 ALLOY)
L FIELD DRILL (1) 1 5/8" DIA.
A HOLE IN POLE FOR
(E 11/4" .. GROMMET /1\

DRAINAGE HOLES
6" DIA. POLE TOP

(2) 6" x 5" LG. ALUMINUM FRONT
CLAMPS {6063-T6 ALLOY)

(4) 11213 % 3" LG. FULLY /2\
THREADED S8 HEX HEAD BOLTS

(8) 1/2"1.D. x 1 1/4" O.D.
38 FLAT WASHERS

(4) 1/2"1.D. 88 SPLIT
LOCK WASHERS

11/4" 1.D. RUBBER GROMMET&
w& (DRILL 1 5/8" DIA. HOLE IN POLE)

6" DIA. POLE TOP T p s
i’ e ]

%
(2) 6" x 5" LG. ALUMINUM BACK__/}1\\

CLAMPS (6063-T6 ALLOY) (2) /4" ALUMINUM

PLATE GUSSETS
(4} 1/2"-13 S8 HEX NUTS & (6061-T6 ALLOY)
=0 ] N
Se < TYP.
(4) 1/2" 1.D. 8S SPLIT (4) 1/2"-13x 3" LG. FULLYA
LOCK WASHERS SECTION C-C & THREADED S8 HEX HEAD BOLTS
(8)1/2"1.D. x 1 14" O.D.

88 FLAT WASHERS

DO NOT SCALE
TITLE: [oTv:
S TRUSS SGL A FS 15' x 66" x 3.6" 6.0"CL 7
valmont¥ == i
MATERIAL: ALUMINUM ALLOY MW
FINISH: 100 GRIT SATIN POLISH CHKD BY:
- PROJECT: TOLLWAY
Valmont industries, Inc.  Structures Division SOLD TO: AZPREYS
20805 Eaton Ave Farmington, Minnesota 55024-7932 SHIP TO:
Phone: (851) 463-8990 (800) 899-7577 P.0. NO: SATE:
Fax: (651) 463-3349 REP: IGHTING SOLUTIONS 2/10/05
/N [05-21-15] ADDED DRiLLING NOTE Mpg WDGR Nfa i
The information mnoaincgi?n:::.If?aiw'::r;wlcged and eonfidential, & 04_'28'14 HFUED SECTIONB-Ba 0 L i
and may be protected from disclosure. Please be aware that any use or & 02/08/11 {CHG'D PAGE #'S ! sLF [PAGE
dissemination of this drawing may be subjec! 1o legal restriction ar sanction. REV |DATE REVISION DESCRIPTION BY 22132

Figure C-2. Valmont Arm
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IMPORTANT NQTE:

TRANSFORMER BASE AND POLE
TO BE LEVELED AS ONE UNIT, USING
LEVELING SHIMS IF REQUIRED.

15" MAX.

10" DIA. ALUMINUM SHAFT &

LA
@

BOLT CIRCLE \
|/ CAST ALUMINUM ANCHOR BASE A

7 3/4" WIDE CAST ALUMINUM

TRANSFORMER BASE DOOR SECURED

/_WWH (1) 1/4"-20 x 1" LG. S SOCKET
ROUND HEAD MACHINE SCREW

{4) 1"-8 x 4" LG. GALVANIZED
/_ HEAVY HEX HEAD BOLTS

BOLT CIRCLE

(4)11/16" 1.0, x 2 3/4" O.D. x 1/2" THK.
GALVANIZED FLAT WASHERS

1
(4)1"1.D.x21/2" 0.D. Xé\
/_ GALVANIZED FLAT WASHERS 412" MIN. __—| y

512" "
g DANGER
HIGH VOLTAGE D NOT TAMPER

L~ HEAVY HEX NUTS

(4) 1 1/16" 1.D. x 2 3/4" O.D. x 1/2" THK.

4 /_ GALVANIZED FLAT WASHERS 15 114"
A BOLT CIRCLE _\-
| i
J BOLT PROJECTION {
~

1/2"-13 HOLE FOR A

LEVELING SHIMS
{IF REQUIRED)

{4) 1-8 GALVANIZED \

(4) 1"-8 ANCHOR BOLTS

N P )

GROUND CONNECTOR (BY OTHERS) -
14 3/8" BOTTOM BOLT CIRCLE
[ e CAUTION PR DONCTSCALE
BEFORE THE INSTALLATION OF THES BASE IN SERVICE, USER SHOLLD - ki
PROPDSED APPOCATION, LOABING 10 D SUSTAINED AN ISTALATON T-BASE 14.5-15.25 BC BLK DR 10" RD 8 o 2
O e e Ao vaiimon P e My
T APFROAGH OPTIMUM STATIC LOAGS USE TrE LARGEST POSSBLE BOLT i gk#?:l":h{l'ﬁsﬁzg’f [CARD BY:
CIRCLES AND USE STEEL WASHER SIZES SPECIFIED BELOW. > TOLLWAY
FERHNE THEL 18708 TOP RIXT CIRCLEE Valmont Industries, Inc. Structures Division APERET:
FOR 14 12 THRU 6 14" DIA BOTTON BOLT CIRCLES 20805 Eaton Ave Farmington, Minnesota 55024-7932
USE 2 30" DIA X 1 1167 OR 1 S/16° LD X 12 TIC VASHERS TOP AND BOTTOM Phone: (651) 463-8990 (800) 898-7577 ATE,
FOM OFTIIUM PERFORUANCE, MOUMT TRANSFORMER BASE ON & Fax: (651) 463-3348 it IGHTING SOLUTIONS 2/10/05
15 G AR PRZSENT THOROLGHLY FiL VXD Wt A W BL I 1 04-28-14 | CHG'D FINISH/BOLT CIRCLE PTR[PWE NO:
RAUT TORGUE GROUND MOUNTING NUTS T 150 FT, LAS, *CONFIDENTIAL™ & T2-16-13|REV BOLT CIROLES, MODEL 7. NOTES VB DR8014
The information contained in this drawing is privileged and i - - -
BREQ';:\;WJ;\VY Ei':s:;s and may be protected from disclosure. Pieasa be aware thatanyusaor | /oy [05-09-12[CHG'D BASE DETAL JRE [PACE:
‘“PR"N"EW szmé‘;ms dissamination of this drawing may be subject o legal restriction or sanation. REV | DATE REVISION DESCRIPTION BY 32/32

Figure C-3. Valmont Base
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Figure C-4. Valmont CS300 Base
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Figure C-5. Valmont CS370 Base
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Figure C-6. Hapco Light Pole
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Figure C-7. Hapco Arm
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Figure C-8. Hapco Vibration Damper Assembly
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Figure C-9. Hapco Base
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Appendix D. Federal Highway Administration Acceptance Letters
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Figure D-1. LS-17
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Figure D-2. LS-17
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Figure D-3. LS-17
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CASTING

1]

USE 2 3/4 DIA.x1 5/16 1. D x 1/2 TK.WASHERS-FOR 1 1/4'INCHORAGE

WITH INTERNAL CORNER WELD!Ii

} 14.50 / 15,25 DIA.TOP & BOTT
4 — =
rr PT— —
+.030 L‘ \
| i
4.50/15.25 r Ir 1' B 14.50/15.25 4
_DiA.B.C. , | | LT
6.00 CUT-OFF ' I |
12.00 OVERALL |
; ]
n /l ' ]
m | |
o]
J =] il , | 11l7s
5.5 x 7.75 DOOR|OPEN{NG — ] r s
L ! DIA.
><
)
15.31 sa. | L] I/ _114.75 sa.
S =
\ 7 |~ .62
MIG 4043
/S 1N .
2 -2.00 4. 700
9.00- AKRON FOUNDRY CO.

356 T6 ALUMINUM ALLOY PER ASTM B108

, POR FERALUX INC.

5-1-90] Ccs-370

Figure D-4. LS-17

1985 AASHTO REQUIREMENTS /1800 LB PENDULUM TEST
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AKRON FOUNDRY TEST AF-1

ALUMINUM POLE .26WALL/.25 SLEEVE/TWIN ARMS

13'-7 3/4°
TWIN ARMS

32°-10 1/2°

POLE WGT

ARM WGT.
ARM WGT.
50 LB.LUMINAIRE (2) 100 LBS.

. 227 LBS.
43 LBS.
43 LBS.

413 LBS.GROSS

OUNTED ON 356 T8 CAST ALUMINUM ANCHOR BASE 1°BOLTS O

/— 8.00 DIA.ALUMINUM POLE/.25 WALL/.25 TK.1.D.x 12°LONG SLEEVE AT BASE
L

N 12.00 DIA.B.C

FERALUX C8-~300 T-BASE (REF.TB-2 BOTTOM)
MOUNT BASE ON QROUND B.C./12.00 DIA.USING 1"ANCHORAGE

HEIGHT

MOUNTIN

3é’'-10"

1986 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

-

Figure D-5. LS-17

ANROMN FOUNDRY TEST AF-1 ON FERALUX CS-300 T-BASE
PROJECT 08-3110-818

Figure 3. Assembly Drawing, Test AF-1
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AKRON FOUNDRY TEST 2

14'-6°
TWIN ARMS

41°-9"

! POLE WGT. 403 LBS.

ARM WGT. 137 LBS.
ARM WGT. 137 LBS.
650 LB.LUMINAIRE (2) 100 LBS.

777 LBS. GROSS

MOUNTING HEIGHT

9.00 DIA. STEEL POLE / 11 GAUGE (.1196 WALL)
e MOUNT POLE TO BASE / 1"BOLTS ON 12.00 DIA. B.C. 490°-6"

FERALUX C8-300 T-BASE ( REF.TB-2 BOTTOM )
"/TOIII? BASE ON GROUND B.C. / 12.00 DIA.USING 1"ANCHORAGE

1985 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

Figure D-6. LS-17

AKRON FOUWNDAY TEST 2 ON FERALUX CS-300 T-BASE
PROJECT 06-3116-618

Figure 3. Assembly Drawing, Akron Foundry Test 2
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AXRON FOUNDRY TEST 13 STEEL POLE 7/ T

15'-1 1/2°
TWIN ARMS

POLE WGT. 635 LBS.

ARM WGT. 110 LBS.
ARM WGT. 110 LBS.
50 LB. LUMINAIRE (2) 100 LBS. b
Q)
955 LBS. GROSS E
o
z
48'-7" ;
-]
o
=
54'-9"
10.00 DIA. STEEL POLE X 3.21 DIA.TOP/7 GAUGE
. MOUNT POLE TO BASE / 1 1/4 ANCHORAGE ON 16.00 DIA.B.C.
FERALUX C$-370 T-BASE (REF.T8-1 BOTTOM)
MOUNT BASE ON GROUND B.C./ 15.00 DIA.USING 1 1/4 ANCHORAGE
Al
.I

1988 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

AKRON FOUNDRY TESY 13 ON FERALUX C8-370 T-BASE
PROJECT 08-3116-818

Figure 3. Assembly Drawing, Akron Foundry Test 13

Figure D-7. LS-17
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ilﬁbl FOUNDRY TEST 18

ALUMINUM POLE .25 WALL / TWIN ARMS

oo 13" 8" “—-—'
TWIN ARMS

46'-1 1/2°

POLE WGT. 405 LBS.
ARM WGT. 43 LBS.
ARM WGT. 43 LDS.
B0 LB. LUMINAIRE (2) 100 LBS.

501 LBS. GROSS

S MOUNTING HEIGHT

10.00 DIA. ALUMINUM POLE / .28 WALL
MOUNTED ON 356 T8 CASY ALUMINUM ANCHOR BASE # AF-13156-10-2
1 1/4 BOLTS ON 15.00 DIA. B.C.

FERALUX C$-370 T-BASE (REF.TR-1 80TTOM)
MOUNT BAGE ON 18.00 DIA. B.C.USING t 1/4 ANCHORAGE

1988 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

Figure D-8. LS-17

ANRON POUNBAY TEST 15 ON FERALUX CS-370 T-BASE
PROJECT 06-3118-61¢

Figure 3. Assembly Drawing, Akron Foundry Test 15
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AKRON FOUNDRY TEST 17 ALUMINUM POLE .28 WALL / TWIN ARMS

13'-8"
TWIN ARMS '

POLE WGT. 268 LBS.

ARM WaT. 43 LBS.

ARM WOT. 43 LBS.

50 LB. LUMIMNAIRE (2) 100 LBS.

442 LBS. GROSS

ar-1t

MOUNTING HEIGHT

-1"

-~
-
-

8.00 DIA, ALUMINUM POLE / .26 WALL
MOUNTED ON
1° BOLYS ON 12.00 DIA. B.C.

FERALUX C8-300 T-BASE (REF.TB-2 BOTTOM)
MOUNT BASE ON 12.00 DIA. GROUND B.C.USING 1°"ANCHORAGE

1986 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

Figure D-9.

AKRON FOUNBAY TESY 17 ON FERALUX CS-300 T-BASE
PROJECT 00-3110-8518

Figure 3. Assembly Drawing, Akron Foundry Test 17

LS-17
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L R T L T L L R R et Ll

L e N N Ry R e S L R e
H H

‘ B ! Base t Base
Test Test Base ! Test Calc'd Stub Pale | Pole Hominal Mast ! Bottom Bottom Bottom Bottom ! Top Top Top Top
Serles HNumber Number ! Delta ¥V Delta V Height Welght ! Type Luminalre Arm ¢t Bolt Bolt Washer Washer ! Bolt Bolt Washer Washer
@ 20mph @ 60mph  (In.) wW/arm & ! Mounting Length ¢ Circle Diameter Outside Thick- ! Circle Dliameter Outside Thick-
(fps) {fps) Dummy ! Helght {re) !Diameter (in.) Dlameter ness tDlameter (in.) Dilameter ness
{pounds) ! (feet) - v {in.) " (in.) (in.) 4 (in.) (in.) {in.)
'
f

‘
]
1

L T Ty T N RN Y s Ty
H
H

1v AF-1 FERALUX C5-300 3.4 6.4 2.0 413 ALUMINUM 36.83 13.65 ¢ 12 1 2 3/4 w2 ot 12 1 2 3/4 1/2
IV TEST-1 TB-AF-6-9 H A4.7 6.8 2.0 413 LALUMINUM 36.83 13.65 | 12 1 2 3/4 172 L] 12 1 Z 3/% 172
POLE LITE F-1300 H H L ]
IV TEST-2 FERALUX-CS-300 H 5.3 11.1 2.0 777 ! STEEL 49.50 14,50 ¢! 12 1 2 3/a 172 H 12 1 2 3/8 1/2
Iv TEST-10 TB-AF-6-% : 5.0 11.9 2.0 777 ' STEEL 49.50 13.65 ¢ 12 1 2 3/a 172 H 12 1 2 3/a 1/2
POLE LITE F-1300 H H ! H
IV TEST-11 TB-AF-6-% ! 4.9 7.0 2.0 442 ALUMINUM 41.00 13.65 ! 12 1 2 3/4 1/2 1 12 1 2 3/4 1/2
POLE LITE F-1300 H ] ' :
IV TEST-12 TB3-AF-1517-17 I.W.s! 7.9 17.1 2.0 955 ! STEEL 55.42 15.13 @ 15 1.25 2 3/4 1/2 H 15 1.25 2 34 1/2
Iv TEST-13 FERALUX C5-370 H 6.6 16.5 2.0 955 ! STEEL 54.75 15.13 ¢ 15 1.25 2 3/4 1/2 4 15 1.25 2 3/4& 172
IV TEST-14 TB-AF-5-9 H 7.6 lgwd 2.0 955 ! STEEL. 54.75 15.13 ¢ 15 1.25 2 3/4 1/2 E 15 1.25 2 3/4 172
POLE LITE F-1302 H A ! H
IV TEST-15 FERALUX CS-370 L 6.9 10.5 2.0 591 PALUMINUM 50.08 13,65 ¢ 15 1.25 2 3/a 1/2 H 15 1.25 2 3/4 1/2
I¥ TEST-16 TB-AF=5-9 H 5.8 10,1 2.0° 591 {ALUMINUN 50.08 1).65 B 15 1.25 Z 374 1/2 H 15 1.25 2 3/a 172
POLE LITE F-1302 t H : B
IV TEST-17 FERALUX CS5-300 H 4.5 6.9 2.0 442 ALUMINUM 41.08 13.65 ! 12 1 2 34 172 H 12 1 2 3/a /2
'.ll.ll’ll"llll.llIIIIIIIlI.IlllII‘lllllllllllIIIIIIIII.l.ll‘]'llll.l:lllllll'l.l.l.}'l.-I-Illlll:llllllll!lllllllllllDII.IGD...IIllllgl‘ll!l.Il‘lll‘l.l"llﬂlﬂlllll'llllIl
+ 1.¥. signifies Internal weld * Anchor bolt nuts should not be torqued over 150 foot - pounds.
++ All tests run with twin mast arms. s A small shard of aluminum resained between 2 and 3 inches sbove the base plate.

Figure D-10. LS-17
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Figure D-11. LS-18
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Figure D-12. LS-18
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Figure D-13. LS-18
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9 ¢

l’USE 23/40DIA.x 1 1/16 1.D.x 1/2 TK.WASHERS

1

FOR 1*ANCHORAGE TOP & BOTTOM B.C.

e — ——

—

g r"ﬁ .14 NOMINAL L
+ 030
R .
| S \|
1.50/12.5( | |
DIA.B.C. | |
4.75 CUT-OF l |
9.50 OVERALL | |
_ e ,
©
e |
r
| m
5.5 x 9.25 DOOR[OPENING — 1 | "_
ﬁ —
| o
''m
| \_ I ~ .
12.72 sAQ. L ool |, —
L )
(S e 1 B
L e ]
MIG 4043> T — = 62
a -2.00 7.00
9.00 AKRON FOUNDRY CO.
WITH INTERNAL CORNER WELDS FOR o oLE-LITE
356 T6 ALUMINUM ALLOY PER ASTM B108 5-1-90 | F-1300

Figure D-14. LS-18

1985 AASHTO REQUIREMENTS /1800 LB PENDULUM TEST
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TOM CASTING

—_—

USE 2 3/4 DIA.x 1 5/16 1.D.x 1/2 TK.WASHERS FOR 1 1/4'32%_1?5%%;_‘ —
) 1450/ 15.25 ¢ : B.C.
“(“— ’,—r .14 NOMINAL
J ! | 1 to3o0 | |
R AR
4.50/15.25 ' | 14.50/15.25
DIA.B.C. , l | | Mpia.B.c:
6.00 CUT-OFF | |
12.00 OVERALL | l |
| - 20 |
l o
|| o |
I -
I r," 1175
/ .
5.5 x 11.18 DOUR |OPEN ILG—-/ r
! l =
| g™
15.31 SQ. L —lL 1 / _| _114.75 sa.
DL '
— "Jl'_]_ e e o e - 1
MIG 4043 >——— 3 1 [-82
; =-2.00 7.00
9.00 AKRON FOUNDRY CO.
WITH INTERNAL CORNER WELDS FON mciE-tite
356 T6 ALUMINUM ALLOY PER ASTM B108 5-1-90 F-1302

Figure D-15. LS-18

1985 AASHTO REQUIREMENTS /1800 LB PENDULUM TEST

i
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AKRON FOUNDRY TEST 1

13'-7 3/4°
TWIN ARMS

ALUMINUM POLE .25"“_.!.25 SLEEVE/TWIN ARMS

0 1/2°

POLE WGT. 227 LBS.

ARM WGT. 43 LBS.

ARM WGY. 43 LEBS.

50 LB.LUMINAIRE (2) 100 LBS.
413 LBS.GROSS

MOUNTING HEIGHT

8.00 DIA.ALUMINUM POLE/.25 WALL/.26 TK.1.D.x 12°LONG SLEEVE AT BASE
MOUNTED ON 356 76 CAST ALUMINUM ANCHOR BASE 1°BOLTS ON 12.00 DIA.B.C.

36'-10"

. RON FOUNDRY TB-AF6-0 T-BASE (REF.TB-2 BOTTOM)
MOUNT BASE ON GROUND B.C./12.00 DIA. USING 1"ANCHORAGE
OR

POLE-LITE F-1300 T-BASE (REF.TB-2 BOTTOM)
MOUNT ON GROUND B.C./ 12.00 DIA.USING 1° ANCHORAGE i

1986 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

Figure D-16. LS-18

AKRON FOUNDRY TEST 1 ON TER-AF0-0 T-BARE
PROJECT 00-3116-51¢

Figure 3. Assembly Drawing, Akron Foundry Test 1
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. — — A - . — . 4. . J .
14'-6"

41'-9"

|
TWIN ARMS I. .

POLE WGT, 403 LBS.
ARM WGT. 137 LBS.
ARM WGT. 137 LBS.
50 LB.LUMINAIRE (2) 100 LBS.

777 LBS. GROSS

___MOUNTING HEIGHT

© 9.00 DIA. STEEL POLE / 11 GAUGE (. 1196 WALL)
- MOUNT POLE TO BASE / 1"BOLTS ON 12.00 DIA. B.C. 49'-8"

AKRON FOUNDRY TB-AF6-9 T-BASE (REF.TB-2 BOTTOM)
. MOUNT BASE ON GROUND B.C. / 12.00 DIA.USING 1°BOLTS ON 12.00 DIA.B.C.

OR
POLE-LITE F-1300 V-BASE (REF.TB-2 BOTTOM) .
MOUNT BASE ON GROUND B.C. / 12.00 DIA.USING 1°BOLTS ON 12.00 DIA.B.C.

1986 AASHTO REQUIAEMENTS / 1800 LB.PENDULUM TEST

Figure D-17. LS-18

AKRON FOUNDRY TESY 10 ON POLE~-LITE F-1300 T-BASE
PROJECT 06-3118-818

Figure 3. Assembly Drawing, Akron Foundry Test 10
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ON FOUNDRY TEST 11 ALUMINUM POLE .25 WALL / TWIN ABMSE’
13-8° |
TWIN ARMS I

T POLE WGT. 256 LBS.
) ARM WGT. 43 LBS.
ARM WGT. 43 LBS.
50 LB.LUMINAIRE (2) 100 LBS. v
442 1BS. GROSS o
S
Lol
x|
ar-1* z
x
=2
(=]
=
' 8.00 DIA. ALUMINUM POLE / .25 WALL 41'-0"
/uouu‘rzo ON 356 T6 CAST ALUMINUM ANCHOR BASE
1"BOLTS ON 12.00 DIA.B.C.
AKRON FOUNDRY TB-AFG6-9 T-BASE (REF.TB-2 BOTTOM)
MOUNT ON GROUND B.C./ 12.00 DIA.USING .1°* ANCHORAGE
,IHL oR
POLE-LITE F-1300 T-BASE (REF.TB-2 BOTTOM)
0" MOUNT ON GROUND B.C./ 12.00 DIA.USING 1° ANCHORAGE

1986 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

AKRON FOUNDRY TEST 11 ON AKRON FOUNDRY TB-AF6-9 T-BASE
PROJECT 06-3118-618

Figure 3. Assembly Drawing, Akron Foundry Test 11

Figure D-18. LS-18
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ey — . ey g
RHUN FUUNDRY TEST 14

STEEL POLE / TWIN ARMS"
15'-1 1/2°
TWIN ARMS

- POLE WGT. 635 LES.
ARM WGT. 110 LBS.
ARM WGT. 110 LpS.
50 LB. LUMINAIRE (2) 100 LSS, =
o
965 LBS. GROSS E
[~
=
ag'-7° N
=2
=]
=
54'-9"
10.00 DIA. STEEL POLE X 3.21 DIA.TOP/7 GAUGE
b MOUNT POLE TO BASE / 1 1/4 ANCHORAGE ON 18.00 DIA.B.C.
AKROM FOUNDRY TB-AF5-9 T-BASE (REF.T8-1 ROTTOM)
MOUNT BASE OM GROUND B.C./ 15.00 DIA.USING 1 174 ANCHORAGE
OR .
.JL__ POLE - LITE F-1302 T-BASE  (REF.T8-1 BOTTOM)
. MOUNT BASE ON GROUND B.C./ 15.00 DIA.USING 1 174 ANCHORAGE

1088 AASHTO AEQUIREMENTS / 1800 LB.PENDULUM TEST

AKRON FOURDRY TEBT 14 ON TB-AFB5-0 T-BASE
PROJECY 08-3118-816

Figure 3. Assembly Drawing, Akron Foundry Test 14

Figure D-19. LS-18
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AKRON FOUNDRY TEST 19 : ALUMINUM POLE .28 WALL /

40'-1

POLE WOT. 408 LBS.

ARM WQT. 43 LBS.

ARM WaT. 43 LBS.

50 LB. LUMINAIRE (2) 100 LBS.

501 LBS. GROSS

MOUNTING HEIGHT

(< ]
o
-
-
z

10.00 DIA. ALUMINUM POLE / .25 WALL
MOUNTED ON 35¢ T6 CAST ALUMINUM ANCHOR BASE # AF-1316-10-2
1 1/4 BOLYS ON 16.00 DIA. B.C.

AKRON FOUNDRY TR-AF5-9 T-BASE (REF.TB-1 BOTTOM)
MOUNT BASE ON 15.00 DIA. B.C.USING 1 1/4 ANCHORAGE

OR
POLE - LITE F-1302 T-BASE (REF.T8-1 BOTTOM)

MOUNT BASE ON 15.00 DIA. B.C.USING 1 1/4 ANCHORAGE

1008 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

Figure D-20. LS-18

AKRON FOUNDRY TEST 10 ON TB-AFS-0 T-BASE
PROJECT 06-3110-818

Figure 3. Assembly Drawing, Akron Foundry Test 16
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allol.:c.nlln-lllllnplllln-.llunannolnlllnli.nnnnlnlnlnioil|lllllni!lllll\lnbnlllnlunillli-llllanaintnnllnnnnansalnn-n-.ll-l--l-lllnlllplnlIulbolltllnlnnllalnasllllloininlpi

H 1 ! Base ! Base
Test Test Base ! Test Calc'd Stub Pole ! Pole Nomlnal Mast ! Bottom Bottom Bottom Bottom ! Top Top Top Top
Series HNumber Number ! Delte V Delta V Helgnt Weight ! Type Luminalre Arm ! Bolt Bolt Washer Washer ! Bolt Bolt Washer Washer
! ® 20mph @ S0mpn  (in.) W/arm & ! Mounting Lengtn ! Circle Diameter Outside Tnick- ! Circle Olameter OQutside Thick-
! (fps) (fps) Dummy ! Heignht (rt) ‘Diameter (In.) Dlameter ness tDlameter (in.) ODlameter ness
H (pounds) ! (feet) ++ f (in.) » (in.) (in.) ! (in.) {in.} {in.)
ll.llllllllllllll.l.Illllllll.lllllgIlllllll.llllllll'llllllll.llllln‘:lll!lll.lllllllllllllllllllgIllllllllll.lllllllI.Ill.ﬂ.ill'lllil[lllllllllllllhb.l.‘lllilllllllllllll
H H T !
v AF-1 FERALUX C5-300 H 3.4 6.4 2.0 413 LALUNMINUM 36.83 13.65 @ 12 1 2 3/4 1/2 H 1z 13 2 34 /2
I¥ TEST-1 TB-AF-6-9 H 4.7 6.8 2.0 413 LALUMINUM 36.83 13.65 ¢ 1z 1 2 3/a 1/2 H 12 1 2 34 142
POLE LITE F-1300 H H g H
IV TEST-2 FERALUX-CS-300 H 5.3 11.1 2.0 7FT L STEEL 49.50 14.50 ! 12 1 2 3/4 1r2 H 12 1 2 3/4 172
IV TEST-10 TB-AF-6-9 1 5.0 11.0 2.0 777 ¢ STEEL 49.50 13.865 ¢ 12 1 2 3/4 1/2 1 12 1 2 3/4 1/2
POLE LITE F-1300 ' H ' '
IV TEST-11 TB-AF-6-9 H 4.9 7.0 2.0 442 ALUMINUM 41.00 13.65 ¢ 12 1 2 3/4 172 H 1z 1 2 3/4 172
POLE LITE F-1300 H H ! :
1¥  TEST-17 TB3-AF-1517-17 I.W.+! 7.9 17.1 2.0 955 ! STEEL 55.42 15.13 ¢ 15 1.25 2 3/a 1/2 H 15 1.25 2 3/a 1/2
IV TEST-13 FERALUX C£S5-370 H 6.8 16.5 2.0 955 ¢ STEEL 54,75 15.13 ¢ 15 1.25 2 3/4 172 H 15 1.25 2 3/4 irz
1v  TEST-18 TB-AF-5-9 H 7.6 i6.8 2.0 955 ' STEEL 54.75 15.13 4 15 1.25 2 3/4 1s2 L 15 1.25 2 34 1r2
POLE LITE F-1302 : } :
Iv TEST-15 FERALUX CS-370 H 6.9 10.5 2.0 591 {ALUMINUM 50.08 13.65 ¢ 15 1.25 2 3/4 172 H 15 1.25 2 3/4 /2
IV TEST-16 TB-AF-5-9 H 5.8 10.1 2.0 591 LALUMINUM 50.08 13.65 H 15 1.25 2 3/4 1r2 H 15 1.25 2 3/a 1/2
POLE LITE F-1302 L ' ' !
I¥ TEST-17 FERALUX CS5-300 H 4.5 6.9 2.0%n 442 LALUMINUM 41.08 13.65 ! 12 1 2 3/4 1r2 ' 12 1 2 3/4 1/2
ll.llIllIlIIIIII'llllllll.llll.llll;lllllllllll.llllllﬁlllltIllllllIGI:IIIIIIIII!IIDI...' BABERERRRIRAEARRRERRNR llllllil-l.ll.‘lli.llll:.Il.ll‘lllllllllllllIllllllllﬂ.lllll
+ 1.M. signifies Internal Weld * Anchor bolt nuts should not be torqued over 150 foot - pounds.
++ ALl tests run with twin mast srms. ** A small shard of aluminum remained between 2 and 3 Inches above the base plate.

Figure D-21. LS-18
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Figure D-22. LS-19
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Figure D-23. LS-19
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Figure D-24. LS-19
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’a - AF 1617 = 17 LW, : “BUY AMEI-' ! ‘ !_

1.76R
i 1/2 -13 TAP THRU FOR GROUND SCREW

r 174 - 20 TAP THRU FOR GROUND SCREk

I?S\/ P4 17.14 sa. ru
% \.
/l < ‘

MIG 4043 WIRE 5/18 |\
@ WITH APPROX. 5* OF WELD ON EACH OF THE { 4 } INTERNAL CORNERS

}

15.09 S0Q.

+

7

N

“'” 115 NOMINAL

9.75 x 11.75 DOOR

o 17.00 ——

2 3/4 DJA. x 1 6/18 K 1/2 TK. STEEL WASHERS FOR 1 1/4 DIA. ANCHORAGE
4 PLS, EQ, SPACED ON 15.00 DIA, THRU 17.25 DIA; BOTTOM GROUND B.C.

WHEN ADPDITIONAL STATIC LOADING IS REQUIRED ON 15.00 l?l;l.. B.C. APPLICATIONS USE 5/8 E' 23/4x4 14
RECTANGULAR STEEL WASHER UNDER 2 3/4 1 1/18 1.0, x 1/2 TK. WASHERS FOR 1° DIA. GROUND MOUNTING B.C.

2 3/4 DIA. k 1 5/16 I.D. x 1/2 TK. STEEL WASHERS 4 PLS. EQ. SPACED ON 13.00 DIA. THRU 15.12 DIA. B.C.

DOOR SUPPLIED/BLANK OR LOGO IN ALUMINUM OR PLASTIC WITH OR WITHOUT HINQE
ST°D 1/4 —30 8.8.HEX. SCREW OR VANDAL SCREW TO FIT YOUR SPECIFICATIDNS

AI.I. WASHERS T0O ,BE ZINC MECHANICAL !:ORTED m “‘I’H B 805 » 85 CLASS 80
356 T-6 ALIIIIINUII M.I.OY /. O.B. WHEELABRATED FINIBH DIIEHIGAI. AND PHY. CERTS TO BE SUPPLIED WITH EACH SHIPMENT

ADHEBIVE BREAKAWAY | | LABELS YO APPEAN : AKRON FOUNDRY ©O,
ON INSIDE'WALL OPPOSITE POOR OPENING 1985 AASHTO T-BASE

1-25-88]  T83 - AF 1517 - 17 L.
MATERIAL MELTED AND MANUFACTURED IN THE USA. CASTINGS PRODUCED IN THE USA.
SPECIAL CUT-OFF 17.25 DIA.GROUND MOUNT ONLY

Figure D-25. LS-19
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USE 2 3/4 DIA.x 1 5/16 1.D.x 1/2 TK.WAGHER iir:)‘g 1 1/4:4\ H%l}r%%g‘ BOTTOM B.C.
Sl .14 NOMINAL
| ] %.030 ||
|
B , N T
x |
= o ' |
14.50/15.26 g;
= | |
3 o |
' | ol o |
6.00 CUT-OFF @ ~
12.00 OVERALL ' > N |
' 1 ge ¢ ay
z M |
] ]E®
-
J =) l 11.75
L~ = : DJA.
5.5x 11.18 DOOR|OPENING — | i
| n 1
15.31 SQ. - — /‘/ _114.75 sQ.
: |, g
- |-.82
R /
MIG d04a/ TN [2.00- e p—— "
4
- 9.00- AKRON FOUNDRY CO.
WITH INTERNAL CORNER WELDS 9°HIGH T-BASE
356 T6 ALUMINUM ALLOY PER ASTM B108 5-1-90 TB-AF5-9"

1985 AASHTO REQUIREMENTS /1800 LB PENDULUM TEST

Figure D-26. LS-19

"
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rUSE 2 3/4DIA.x 1 1/16 1.D.x 1/2 TK.WASHERS FOR 1"ANCHORAGE TOP & BOTTOM B.C

—_ ==
.14 NOMINAL, oaoL
i o - a
R R
> Ly
X
s |
2
-
=
4.75 CUT-OF | @ g | | |
9.50 OVERALL , | = | !
| ﬁrug a
z 3 | |
| 27 BR
5.5 x 9.25 DOOR{OPEN|NG ——1 | g . ’ 9|:v'|];u5.
l © ’ |
m
m ' |
12.72 sa. | - IL ] _! /l/ _112.25 sQ.
L )
= _l_'l_ e e — — — ’I
MIG 4043} ~ > 4 —-| .62
‘- J'OL-—-————— 7.00
\ 9.00 AKRON FOUNDRY CO.
W|T" "‘TER"AL COHNER WELDS ol',“G“ T_BASE
356 T6 ALUMINUM ALLOY PER ASTM B108 = TB-AF6-9°

1985 AASHTO REQUIREMENTS /1800 LB PENDULUM TEST

Figure D-27. LS-19
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AKRON FOUNDRY VEST 1

. ALUMINUM POLE .26WALL/ .25 SI.EEVEITNM.S

13'-7 3/4° |

TWIN ARMS |

32°-10 1/2°

POLE WGT. 227 L8S.

ARM WGY. 43 LBS.

ARM WGT. 43 LBS.

50 LB.LUMINAIRE (2) 100 LBS.
413 LBS.GROSS

MOUNTING HEIGHT

8.00 DIA.ALUMINUM POLE/.25 WALL/.26 TK.1.D.x 12°LONG SLEEVE AT BASE
MOUNTED ON 356 TS CAST ALUMINUM ANCHOR BASE 1°BOLTS ON 12.00 DIA.B.C.

w
”
'

AON FOUNDRY TB-AF6-9 T-BASE (REF.TB-2 BOTTOM)

MOUNT BASE ON GROUND B.C./12.00 DIA. USING 1"ANCHORAGE
OR

[N

POLE-LITE F-1300 T-BASE (REF.T8-2 BOTTOM)
MOUNT ON GROUND B.C./ 12.00 DIA.USING 1° ANCHORAGE

10°

19856 AASHTO REQUIREMENTS / 1800 LB.PENDULUMN TEST

Figure D-28. LS-19

AXKRON FOUNDRY TEST 1 ON TB-AF0-0 T-BASE
PROJECT 08-3118-518

Figure 3. Assembly Drawing, Akron Foundry Test 1
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14'-6° |

41'-9°

TWIN ARMS '. ‘
./_ -

POLE WGT. 403 LBS.
ARM WGT. 137 LBS.
ARM WGT. 137 LBS.
50 LB.LUMINAIRE (2) 100 L8S.

77T LBS. GROSS

MOUNTING HEIGHT

9.00 DIA. STEEL POLE / 11 GAUGE (.1196 WALL)

e MOUNT POLE TO BASE / 1"BOLTS ON 12.00 DIA. B.C. 40'-6"

AKRON FOUNDRY TB-AF6-9 T-BASE (REF.TB-2 BOTTOM)

MOUNT BASE ON GROUND B.C. / 12.00 DIA.USING 1°BOLTS ON 12.00 DIA.B.C.

OR
POLE-LITE F-1300 T-BASE (REF.TB-2 BOTTOM)

vy

OUNT BASE ON GROUND B.C. / 12.00 DIA.USING 1°BOLTS ON 12.00 DIA.B.C.

1986 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

Figure D-29. LS-19

AKRON FOUNDRY TEST 10 ON POLE-LITE F-1300 T-BASE
PROJECT 00-3118-818

Figure 3. Assembly Drawing, Akron Foundry Test 10
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KRON FOUNDRY TEST 114 ALUMINUM POLE .25 WALL / TWIN ARMS'

= m’i ‘

POLE WGT. 256 LBS.
ARM WGT. 43 LBS.
ARM WGT. 43 LBS.
50 LB.LUMINAIRE (2) 100 LBS.

442 LBS. GROSS

37T -1"

MOUNTING HEIGHT

8.00 DIA. ALUMINUM POLE / .25 WALL 41'-0"
MOUNTED ON 356 T8 CAST ALUMINUM ANCHOR BASE
1°80LTS ON 12.00 DIA.B.C.

AKRON FOUNDRY TB-AF6-9 T-BASE (REF.TB-2 BOTTOM)
MOUNT ON GROUND B.C./ 12.00 DIA.USING .1° ANCHORAGE
OR

n POLE-LITE F-1300 T-BASE (REF.T8-2 BOTTOM)
| MOUNT ON GROUND B.C./ 12.00 DIA.UBING 1* ANCHORAGE

1086 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

AKRON FOUNDRY TEST 11 ON AKRON FOUNDRY TB-AF8-8 T-BASE
PROJECY 08-3116-818

Figure 3. Assembly Drawing, Akron Foundry Test 11

Figure D-30. LS-19
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Figure D-31.

RON FOUNDRY TEST 12 STEEL POLE / TWIN ARMS

156°-1 172"
TWIN ARMS
.
o A e POLE WGT. 635 LBS.
ARM WGT. 110 LBS.
ARM WGY. 110 LBS.
50 LB. LUMINAIRE (2) 100 LDS. ;
(-]
065685 LBS. GROSS :
o)
" z
40°=T" ;
=2
£-]
=
55°'-86"
10.00 DIA. STEEL POLE X 3.21 DIA.TOP/7 OAUGE
N MOUNT POLE TO BASE / 1 1/4 ANCHORAGE ON 15.00 DIA.8.C.
AKRON FOUNDRY TB3-AF 16817-17 I.W.
| MOUNT BASE ON GROUND B.C./ 17 174 DIA.USING 1 1/4 ANCHORAGE
:

17

1986 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

AKRON FOUNDRY TEST 12 ON TB3-AF 181717 LW,
PROJECT 08~3118-518

Figure 3. Assembly Drawing, Akron Foundry Test 12

LS-19
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SRS -— ——y iz . L =

_AKRON FOUNDHY TEST 14 STEEL POLE / TWIN ARass” .
151 1/2°
TWIN ARMS

POLE WGT. 636 LBS.

ARM WGT. 110 LBSB.
ARM WGT. 110 LBS.
50 LB. LUMINAIRE (2) 100 LBS. e
o
956 LBS. GROSS g
(-1
=
48°-7" c
=2
O
=
54'-9"
10.00 DIA. STEEL POLE X 3.21 DIA.TOP/7 GAUGE
; MOUNT POLE TO BASE / 1 1/4 ANCHORAGE ON 15.00 DIA.B.C.
AKRON FOUNDRY TB-AF6-9 T-BASE (REF.TB-1 BOTTOM)
MOUNT BASE ON GROUMND B.C./ 15.00 DIA.USING 1 1/4 ANCHORAGE
OR
POLE - LITE F-1302 T-BASE (REF.T8-1 BOTTOM)
P MOUNT BASE ON GROUND B.C./ 15.00 DIA.USING 1 1/4 ANCHORAGE

1985 AABHTO REQUIREMENTS / 1600 LB.PENDULUM TEST

AKRGN FOUNDRY TEST 14 ON TB-AF6-0 T-BASE
PROJECT 00-3118-818

Figure 3. Assembly Drawing, Akron Foundry Test 14

Figure D-32. LS-19
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) B 2N A8 Mnosm &l M _E EB B B AR

AKRON FOUNDRY TEST 16 ALUMINUM POLE .28 WALL / Rus
13°-8"* : -
TWIN ARMS |
T e POLE WGT. 405 LBS.
ARM WQGT. 43 LBS.
ARM WOT. 43 LBS.
50 LB. LUMINAIRE (2) 100 LBS. =
591 LBS. GROSS .2-
x
o
40'-1 1/2° =
™
=
>
(=]
s
50'-1"
10.00 DIA. ALUMINUM POLE / .26 WALL
MOUNTED ON 356 T8 CAST ALUMINUM ANCHOR BASE # AF-1315-10-2
1 1/4 BOLTS ON 15.00 DIA. B.C.
AKRON FOUNDRY TB-AF5-9 T-BASE (REF.TB~1 BOTTOM)
MOUNT BASE ON 15.00 DIA. B.C.USING 1 1/4 ANCHORAGE
} OR
o POLE - LITE F-1302 T-BASE (REF.TB-1 BOTTOM)
SWOUNT BASE ON 15.00 DIA. B.C.USING 1 1/4 ANCHORAGE

1988 AASHTO REQUIREMENTS / 1800 LB.PENDULUM TEST

AKRON FOUNDRY TEST 16 OM TB-AF§-9 T-BASE
PROJECT 06-3110-6810

Figure 3. Assembly Drawing, Akron Foundry Test 16

Figure D-33. LS-19

L1-19€-€0-d¥.L "ON 1odoy JSUMIN

L10T ‘6T dunf



99¢

L T R R R R el

! H ! Base ! Base
Test Test Base ¢t Test Calc'd Stub Pole ! Pole Nominal Mast ! Bottom Bottom Bottom Bottom ! Top Top Top Top
Serles HNumber Number ! Delta ¥ Delta Vv Helght wWelght ! Type Luminalire Arm !t Bolt Bolt washer Washer ! Bolt Bolt Washer Washer
! ® 20mph @ 60mph  {(in.) MW/arm & ! Mounting Length ! Circle Diameter Outside Thick- ! Circle Diameter Outside Thick-
t (rps) {fps) Dummy ! Heignt {re) t0lameter {(in.) Diameter ness tDiameter {In.) Dlameter ness
t {pounds) ! (feet) -+ t (in.) » (in.) {in.) t (in.) {in.} (in.)
IIIIIIIDUIIIlll-lllll’l-llllll'lll':lllll.'l'llll'll-ll'll'lllll.'.'l':l'l-llllllll.l'lllIn..l]'ll:IIlllllllIIIII"IIDl'.'ll'.'l'llllll:IIIQIIIlDIIIIIIIIIII..IIIIII.IIIIII'
' ' ' 1
v AF-1 FERALUX CS-300 H 3.4 6.4 2.0 413 ALUMINUM 36.83 13.65 ! 12 1 2 3/4 1/2 H 12 1 2 3/4 1/2
1v  TEST-1 TB-AF-6-9 ! 4.7 6.8 2.0 413 LALUMINUM 36,83 13.65 @ 12 1 2 3/4 1/2 ] 12 1 2 3/4 1/2
POLE LITE F=-1300 i i ] H
IV TEST-2 FERALUX-CS-300 1 5.3 11.1 2.0 777 ! STYEEL 49,50 14.50 ! 12 1 2 3/4 172 4 12 1 2 3/4 1/2
Iv TEST-10 TB-AF-6-9 1 5.0 11.0 2.0 777 ¢ STEEL 49.50 L3.65 12 1 2 3/4 1/2 ] 12 1 2 3/4 1/2
POLE LITE F-1300 1 1 ] H
Iv TEST-11 TB-AF-6-9 H 4.9 7.0 2.0 482 ALUMINUM 41.00 13.65 ! 12 1 2 374 1/2 H 12 1 2 3/4 172
POLE LITE F-1300 1 1 ! H
IV TEST-12 TB3-AF-1517-17 I.W.+! 7.9 17.1 2.0 955 ! STEEL 55.42 15.13 ¢ ]5'_?’ 1.25 2 3/4 /2 H 15 1.25 2 3/8 172
IV TEST-13 FERALUX CS-370 1 6.6 16.5 2.0 955 ¢ STEEL 54.75 15.13 ! 15 1.25 2 3/4 1/2 H 15 1.25% 2 3/a 172
IV TEST-14 TB-AF-5-9 H 7.6 16.8 2.0 955 ! STEEL 54,75 15.13 ! 15 1.25 2 374 172 E 15 1.25 2 3/4 1/2
POLE LITE F-1302 H H /] 1}
1v  TEST-15 FERALUX CS-370 ! 6.9 10.5 2.0 591 !ALUMINUM 50.08 13.65 ! 15 1.25 2 3/4 /2 : 15 1.25 2 3/4 1/2
1V TEST-16 TB-AF-5-% H 5.8 10.1 2.0° 591 !ALUMINUM 50.08 13.65 ! 15 1.25 2 3/4 1/2 H 15 1.25 2 3/4 1/2
POLE LITE F-1302 H 1 ! '
1V TEST-17 FERALUX CS-300 ! 4.5 6.9 2.0%» 442 LALUMINUM 41.08 13.65 ! 12 1 2 3/4 /2 ¢ 12 1 2 3/4 1/2
LA L LRl L L T Ny e L S e S LAl LAl e bbbl bl bbbl
+ 1.W. signifies Internal Weld * Anchor bolt nuts should not be torgued over 150 foolt - pounds.
++ ALl tests run with twin mast arms. *»* A small shard of aluminum remained between 2 and 3 inches above the base plate.
—

T A

Figure D-34. LS-19
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Table E-1. Bill of Materials, Test No. ILT-1

Ilt\?;n Description Material Specification Material Cert Reference
al 12'-6" [3810] W-Beam MGS Section 12 gauge [2.7] AASHTO M180 Galv. (ASTM A653) | R#16-0005 H#9411949
a2 12'-6" [3810] W-Beam MGS End Section | 12 gauge [2.7] AASHTO M180 Galv. (ASTM A653) | B8479 R#15-0602 H#9511340
B i . 12 gauge [2.7] AASHTO M180 Galv. (ASTM A653), i
a3 6'-3" [1905] W-Beam MGS Section CERT says AASHTO M180 does not say A653 R#12-0368 H#515691
ad W6x8.5 [W152x12.6] 72" Long [1829] ASTM A992 or ASTM A36 Min. 50 ksi [345 MPa] H#55044251
Steel Post Steel Galv. Per AASHTO M111 (ASTM A123) R#16-635
6x12x14 1/4" [152x305x368] Timber
as Blockout for Stecl Posts SYP Grade No.1 or better n/a
a6 16D Double Head Nail - n/a
bl | BCT Timber Post - MGS Height SYP Grade No. 1 or better (No knots 18" [457] above | pu ¢ 635 Charge#21638
or below ground tension face)
" . ASTM AS500 Grade B Galv. Per AASHTO M11 H#0173175
b2 | 72" [1829] Long Foundation Tube (ASTM A123), A-500 w/o Grade B was used R#15-0157
ASTM A36 Steel Galv. Per AASHTO M111 (ASTM | North Strut: R#090453-8
b3 Ground Strut Assembly A123) - South Strut: A-1011-SS, Yield Strength South Strut:
48,380 psi, Tensile Strength 64,020 psi R#15-0157 H#163375
" " ASTM AS3 Grade B Schedule 40 Galv. Per AASHTO
pa | 238" [60]OD.x 6" [152] Long BCT 1y 111" ASTM A123), ASTM A500 Grade B, not R#15-0626 H#ES6298
Post Sleeve .
Galvanized was used
b5 8"x8"x5/8" [203x203x16] Anchor ASTM A36 Steel Galv. Per AASHTO M111 (ASTM | North: A3 Black Paint H#V911470
Bearing Plate Al123) South: R#09-0453 H#6106196
b6 Anchor Bracket Assembly ASTM A36 Steel Galv. Per AASHTO M111 (ASTM
A123)
Not R#15-0601 White Paint H#10348290
listed BCT Anchor Cable End Threaded Rods AND H£10350220

L1-19€-€0-d¥.L 'ON 1odoy JSUMN
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Table E-2. Bill of Materials, Test No. ILT-1 (Cont’d)

Iﬁén Description Material Specification Material Cert Reference
Grade 5 - Galv. Fitting Per AASHTO M232 (ASTM
. A153), Stud Per AASHTO M232 or M298 (ASTM R#15-0601 H#498219 AND
¢l | BCT Anchor Cable End Swaged Fitting | 1537 'B695) CERT gives a variety of different H#498221
ASTM numenclatures not listed here
3/4" [190] Dia. 6x19, 24 1/2" [622] Long | IPS Galv. Per AASHTO M30 (ASTM A741) Type I | N713-0601 H#S3131485,
c2 . H#53127002, 10342780, 10207730,
IWRC IPS Wire Rope Class A
25807
3 11'5-HT Mechanical Splice - 3/4" [19] As Supplied wa
Dia.
Crosby Heavy Duty HT - 3/4" [19] Dia. .
c4 Cable Thimble Stock No. 1037773 - Galv. - As Supplied n/a
Crosby G2130 or S2130 Bolt Type
Shackle - 1 1/4" [32] Dia. with thin .
c5 head bolt, nut, and cotter pin, Grade A, Stock Nos. 1019597 and 1019604 - As Supplied n/a
Class 3
Chicago Hardware Drop Forged Heavy
c6 Duty Eye Nut - Drilled and Tapped Stock No. 107 - As Supplied n/a
1/2" [38] Dia. - UNC 6 [M36x4]
c7 TLL-50K-PTB Load Cell - n/a
45'[13716] Long Aluminum Pole, Pay .
dl Item No. 903A10, JS830003 6063-T4 Aluminum Alloy Cast#416067
CS-370 Anchor Base, Model No.
d2 10R145153B9T ASTM B108/B108M-12 VO#228196 H#096-16
6063-T6 Aluminum Alloy,
d3 Truss, Model No. ITA1566C60ZA Valmont Order#327087-1-1 Cast#915028
1" [25] Dia. UNC, 4" [102] Long Hex Bolt - ASTM A449 or SAE J429 Grade 5 Galv. Per .
d4 Head Bolt ASTM as supplied
cad Bo A153, Nut - ASTM A563DH Galv. Per ASTM A153
ds 1" [25] Dia. Hardened Flat Washer ASTM A153 Galv. Low Carbon Steel as supplied
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Table E-3. Bill of Materials, Test No. ILT-1 (Cont’d)

Item

No Description Material Specification Material Cert Reference
do 1" [25] Dia. 1/2" [13] Thick Flat Washer Q235 Steel, Galv. Per ASTM A123, Coating Grade 50 | as supplied
a7 1/2" [13] Dia. UNC x 3" [76] Long Bolt - 304 Stainless Steel or ASTM F593, Nut - as supnlicd
Hex Head Bolt and Nut ASTM F594 Stainless Steel upp
d8 1/2" [13] Dia. Flat washer 18-8 Stainless Steel as supplied
d9 1/2" [13] Dia. Split Lock Washer 18-8 Stainless Steel as supplied
d1o 1/4" [6] Dia. x 3/4" [19] Flat Head Screw 18-8 Stainless Steel as supplied
" . " Bolt ASTM A307 Galv., Nut ASTM A563A Galv. Per
fl SG/ﬁarEilrngBlgitlilriicl\?u:‘l [356] Long AASHTO M232 (ASTM A153) for Class C or Per | R#15-0515 H#26859
AASHTO M298 (ASTM B695) for Class 50
5/8"[16] Dia. UNC x 1 1/2" [38] Long Bolt ASTM A307 Galv., Nut ASTM AS63A Galv. Per | g 11 pu1s 0602 H#20337380
21 Guardrail Bolt and Nut AASHTO M232 (ASTM A153) for Class C or Per | \p "R 150602 H#10351040
AASHTO M298 (ASTM B695) for Class 50 )
T ) Bolt ASTM A307 Galv., Nut ASTM A563A Galv. Per | Bolts: R#15-0600 L#69685
3 I7-I/§x gg d%zglgjgﬁjt 2" [191]Long |\ ASHTO M232 (ASTM A153) for Class C or Per | H#2038622 Nuts: 15-0600 LAWA651
AASHTO M298 (ASTM B695) for Class 50 H#12101054
Bolts: R#16-0226 L#206239
5/8" [16] Dia, UNC x 10" [254] Long Bolt ASTM A307 Galv., Nut ASTM AS63A Galv. Per | (9 /o000
| Hex Head Bolt and Nut AASHTO M232 (ASTM ALS3) for Class C orPer ) ¢ per16.0217 P#36713
AASHTO M298 (ASTM B695) for Class 50 C#21'0101523
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Table E-4. Bill of Materials, Test No. ILT-1 (Cont’d)

Item

No Description Material Specification Material Cert Reference
5/8" [16] Dia. x 1 1/2" [38] Lon Bolt ASTM A307Galv., Nut ASTM A563A Galv. Per | Bolts:R#16-0009 L#25203

5 Hex Head Bo.lt and Nut & AASHTO M232 (ASTM A153) for Class C or Per H#10207560 Nuts: R#16-0217

AASHTO M298 (ASTM B695) for Class 50 P#36713 C#210101523
. . , Bolt ASTM A307 Galv., Nut ASTM 563A Galv. Per

f6 gﬁargrgl%‘jitg?fﬁ‘uio [254] Long AASHTO 232 (ASTM A153) for Class C or Per R#15-0627 L#1740530 LH#2029797
AASHTO M298 (ASTM B695) for Class 50
ASTM F844 Galv. Per AASHTO M232 (ASTM A153)

gl 5/8" [16] Dia. Plain Round Washer for Class C or Per AASHTO M298 (ASTM B695) for n/a
Class 50
ASTM F844 Galv. Per AASHTO M232 (ASTM A153)

@2 | 7/8" [22] Dia. Plain Round Washer for Class C or Per AASHTO M298 (ASTM B695) for E##géooo(%%gg 1788740
Class 50

" . " ASTM F1554 Grade 105 or A449 Galv. Per AASHTO

hi ]130{35] Dia., 84" [2134] Long Anchor M232 (ASTM A153) for Class C or Per AASHTO R#17-75 L#36429 H#5802372003
M298 (ASTM B695) for Class 50
ASTM A563DH or A194 Gr. 2H Galv. Per AASHTO | R#17-78 Part#38210

h2 | 1" [25] Dia. UNC Hex Nut M232 (ASTM A153) for Class C or Per AASHTO Control#210110788 L#366055B
M298 (ASTM B695) for Class 50 H#DL15103032

h3 | 1"[25] Dia. Hardened Round Washer ASTM F436 Galv. Per ASTM B695 R#17-78 Parti33176 L#322CAFNOL

H#2MVSS

Steel Galv. Per AASHTO M232 (ASTM A153) for

h4 1" [25] Dia. Split Lock Washer Class C or Per AASHTO M298 (ASTM B695) for R#17-78 Part}i33788

Class 50

Control#120216445 H#DL15103032
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Table E-5. Bill of Materials, Test No. ILT-1 (Cont’d)

Item

No Description Material Specification Material Cert Reference
hs "1/2" [13] Dia. Bent Rebar, unbent 1517"
[38532]
h6 3/4" [19] Dia., 90" [2286] Long Rebar Epoxy-Coated ASTM A615 Gr. 60 R#16-658 H#KN15101296
h7 Light Pole Concrete Foundation Min. f'c = 3,500 psi [24.1 MPa] R#17-76
h8 30" [762] Dia. x 6" [152] Sonotube Sonotube n/a
ho "1/2" [13] Dia., Bent Rebar, unbent 74"
[1880]
i 11 1/8" [283] Dia. x 1" [25] Thick Ballast ASTM A36 n/a
Plate
i2 "1/2" [13] Dia. UNC, 5 1/2" [140] Long Hex
i3 1/2" [13] Dia. Plain Round Washer ASTM F844 n/a
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Table E-6. Bill of Materials, Test No. ILT-2

Item

Description
No. P

Material Specification

Material Cert Reference

al 12'-6" [3810] W-Beam MGS Section

12 gauge [2.7] AASHTO M180 Galv. (ASTM A653)

R#16-0005 H#9411949

a2 12'-6" [3810] W-Beam MGS End Section

12 gauge [2.7] AASHTO M180 Galv. (ASTM A653)

B8479 R#15-0602 H#9511340

a3 6'-3" [1905] W-Beam MGS Section

12 gauge [2.7] AASHTO M180 Galv. (ASTM A653),
CERT says AASHTO M180 does not say A653

R#12-0368 H#515691

ad W6x8.5 [W152x12.6] 72" Long [1829] ASTM A992 or ASTM A36 Min. 50 ksi [345 MPa] H#55044251
Steel Post Steel Galv. Per AASHTO M111 (ASTM A123) R#16-635
6x12x14 1/4" [152x305x368] Timber

a5 Blockout for Steel Posts SYP Grade No.1 or better n/a

a6 16D Double Head Nail - n/a

bl BCT Timber Post - MGS Height

SYP Grade No. 1 or better (No knots 18" [457] above
or below ground tension face)

R#16-635 Charge#21638

" . ASTM AS500 Grade B Galv. Per AASHTO M11 H#0173175

b2 | 72" [1829] Long Foundation Tube (ASTM A123), A-500 w/o Grade B was used R#15-0157
ASTM A36 Steel Galv. Per AASHTO M111 (ASTM North Strut: R#090453-8

b3 Ground Strut Assembly A123) - South Strut: A-1011-SS, Yield Strength South Strut:

48,380 psi, Tensile Strength 64,020 psi

R#15-0157 H#163375

23/8" [60] O.D. x 6" [152] Long BCT

ASTM A53 Grade B Schedule 40 Galv. Per AASHTO

b4 M111 (ASTM A123), ASTM A500 Grade B, not R#15-0626 H#E86298
Post Sleeve .
Galvanized was used
bs 8"x8"x5/8" [203x203x16] Anchor ASTM A36 Steel Galv. Per AASHTO M111 (ASTM North: A3 Black Paint H#¥V911470

Bearing Plate

A123)

South: R#09-0453 H#6106196

b6 Anchor Bracket Assembly

ASTM A36 Steel Galv. Per AASHTO M111 (ASTM
A123)

Not

. BCT Anchor Cable End Threaded Rods
listed

R#15-0601 White Paint H#10348290
AND H#10350220
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Table E-7. Bill of Materials, Test No. ILT-2 (Cont’d)

I;;a;n Description Material Specification Material Cert Reference
Grade 5 - Galv. Fitting Per AASHTO M232 (ASTM
i A153), Stud Per AASHTO M232 or M298 (ASTM R#15-0601 H#498219 AND
cl | BCT Anchor Cable End Swaged Fitting A153 or B695), CERT gives a variety of different | H#498221
ASTM numenclatures not listed here
3/4" [190] Dia. 6x19, 24 1/2" [622] Long | IPS Galv. Per AASHTO M30 (ASTM A741) Type 11 | R713-0601 H#S3131485,
c2 . H#53127002, 10342780, 10207730,
IWRC IPS Wire Rope Class A
25807
c3 115-HT Mechanical Splice - 3/4" [19] Dia. | As Supplied n/a
Crosby Heavy Duty HT - 3/4" [19] Dia. .
c4 Cable Thimble Stock No. 1037773 - Galv. - As Supplied n/a
Crosby G2130 or S2130 Bolt Type Shackle
- 1 1/4" [32] Dia. with thin .
¢S head bolt, nut, and cotter pin, Grade A, Stock Nos. 1019597 and 1019604 - As Supplied n/a
Class 3
Chicago Hardware Drop Forged Heavy
c6 Duty Eye Nut - Drilled and Tapped Stock No. 107 - As Supplied n/a
1/2" [38] Dia. - UNC 6 [M36x4]
c7 TLL-50K-PTB Load Cell - n/a
45'[13716] Long Aluminum Pole, Pay .
dl Item No. 903A10, JS830003 6063-T4 Aluminum Alloy Cast#516133
CS-370 Anchor Base, Model No.
d2 10R145153B9T ASTM B108/B108M-12 VO#228196 H#096-16
d3 | Truss, Model No. ITA1566C60ZA ff)f3'T6 Aluminum Alloy, Valmont Order#327087- | ) (54405
1" [25] Dia. UNC, 4" [102] Long Hex Bolt - ASTM A449 or SAE J429 Grade 5 Galv. Per .
d4 Head Bolt ASTM as supplied
cad Bo A153, Nut - ASTM A563DH Galv. Per ASTM A153
ds 1" [25] Dia. Hardened Flat Washer ASTM A153 Galv. Low Carbon Steel as supplied
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Table E-8. Bill of Materials, Test No. ILT-2 (Cont’d)

Item

No Description Material Specification Material Cert Reference
d6 1" [25] Dia. 1/2" [13] Thick Flat Washer Q235 Steel, Galv. Per ASTM A123, Coating Grade 50 | as supplied
a7 1/2" [13] Dia. UNC x 3" [76] Long Bolt - 304 Stainless Steel or ASTM F593, Nut - a lied
Hex Head Bolt and Nut ASTM F594 Stainless Steel S supple
d8 1/2" [13] Dia. Flat washer 18-8 Stainless Steel as supplied
d9 1/2" [13] Dia. Split Lock Washer 18-8 Stainless Steel as supplied
d1o 1/4" [6] Dia. x 3/4" [19] Flat Head Screw 18-8 Stainless Steel as supplied
" . " Bolt ASTM A307 Galv., Nut ASTM A563A Galv. Per
fl gﬁargrﬂl%gitggdcl\?u:“ [356] Long AASHTO M232 (ASTM A153) for Class C or Per | R#15-0515 H#26859
AASHTO M298 (ASTM B695) for Class 50
5/3"[16] Dia. UNC x 1 1/2" [38] Long Bolt ASTM A307 Galv., Nut ASTM AS63A Galv. Per | o 1. sy s 0602 H#20337380
2| Guardrail Bolt and Nut AASHTO M232 (ASTM A153) for Class € or Per | 1 "pus15.0602 H#103510040
AASHTO M298 (ASTM B695) for Class 50 ’
" " Bolt ASTM A307 Galv., Nut ASTM A563A Galv. Per | Bolts: R#15-0600 L#69685
3 I7-I/§x gg d%zglgjgﬁjt 12" [191] Long 1 \ '\ SHTO M232 (ASTM A153) for Class C or Per | H#2038622 Nuts: 15-0600 LEWAG651
AASHTO M298 (ASTM B695) for Class 50 H#12101054
Bolts: R#16-0226 L#206239
5/8" [16] Dia. UNC x 10" [254] Long Bolt ASTM A307 Galv., Nut ASTM A563A Galv. Per H4DL15102793
| Hex Head Bolt and Nut AASHTO M232 (ASTM ALS3) for Class C or Per 1\ Ry16.0217 PH#36713
AASHTO M298 (ASTM B695) for Class 50 C#2i0101523
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Table E-9. Bill of Materials, Test No. ILT-2 (Cont’d)

Item

No Description Material Specification Material Cert Reference
5/ [16] Dia. x 1 1/2" [38] Lon Bolt ASTM A307Galv., Nut ASTM A563A Galv. Bolts:R#16-0009 L#25203

5 Hex Head Bo.lt and Nut & Per AASHTO M232 (ASTM A153) for Class C or H#10207560 Nuts: R#16-0217

Per AASHTO M298 (ASTM B695) for Class 50 P#36713 C#210101523
. . , Bolt ASTM A307 Galv., Nut ASTM 563A Galv. Per

6 gﬁargrgl%‘jﬁgyfﬁ‘uio [254] Long AASHTO 232 (ASTM A153) for Class C or Per R#15-0627 L#1740530 LH#2029797
AASHTO M298 (ASTM B695) for Class 50
ASTM F844 Galv. Per AASHTO M232 (ASTM

gl 5/8" [16] Dia. Plain Round Washer A153) for Class C or Per AASHTO M298 (ASTM n/a
B695) for Class 50
ASTM F844 Galv. Per AASHTO M232 (ASTM

@ | 7/8" [22] Dia. Plain Round Washer A153) for Class C or Per AASHTO M298 (ASTM | R#12-0037 LFHO1788740

H#82800072 COC
B695) for Class 50
, o ASTM F1554 Grade 105 or A449 Galv. Per

hl ]13055] Dia., 84" [2134] Long Anchor AASHTO M232 (ASTM A153) for Class C or Per | R#17-75 L#36429 H#5802372003
AASHTO M298 (ASTM B695) for Class 50
ASTM AS563DH or A194 Gr. 2H Galv. Per AASHTO | R#17-78 Part#38210

h2 1" [25] Dia. UNC Hex Nut M232 (ASTM A153) for Class C or Per AASHTO | Control#210110788 L#366055B
M298 (ASTM B695) for Class 50 H#DL15103032

h3 | 1" [25] Dia. Hardened Round Washer ASTM F436 Galv. Per ASTM B695 R#17-78 Part#33176 L#322CAFNOI

H#2MV88

Steel Galv. Per AASHTO M232 (ASTM A153) for

h4 | 1" [25] Dia. Split Lock Washer Class C or Per AASHTO M298 (ASTM B695) for | /1778 Parti#33783

Class 50

Control#120216445 H#
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Table E-10. Bill of Materials, Test No. ILT-2 (Cont’d)

ItNeén Description Material Specification Material Cert Reference
hs "1/2" [13] Dia. Bent Rebar, unbent 1517"
[38532]
ho6 3/4" [19] Dia., 90" [2286] Long Rebar Epoxy-Coated ASTM A615 Gr. 60 R#16-658 H#KN15101296
h7 Light Pole Concrete Foundation Min. f'c = 3,500 psi [24.1 MPa] R#17-76
h8 30" [762] Dia. x 6" [152] Sonotube Sonotube n/a
ho "1/2" [13] Dia., Bent Rebar, unbent 74"
[1880]
i 11 1/8" [283] Dia. x 1" [25] Thick Ballast ASTM A36 /a
Plate
0 "1/2" [13] Dia. UNC, 5 1/2" [140] Long
Hex
i3 1/2" [13] Dia. Plain Round Washer ASTM F844 n/a
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Figure E-1. 12-ft 6-in. (3.8-m) Long W-Beam MGS Section, Test Nos. ILT-1 and ILT-2
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Custamar:

8534
8534
8534

HT & code

GREGORY HIGHWAY PRODUCTS, INC.

4100 13th St. SW
Canton, Ohio 44710

Teal Report
UNIERSITY OF NEBRASHA-LINCOLMN Snip Date: TI2015
401 CANFIELD ADMIN BLDG Customer PO 4500274709 OTIOTI2015
P O BOX 280439 Shipped o UNIVERSITY OF NEBRASKA-LINCOLN
LINCOLM, NE B8588-0435 Project: TESTING COIL

GHP Order No.: 183306

Heat # c. Mn. P. 5, =1 Tensile Yield Elong. Quantity Class Type Description

9411249 0.21 075 0.04 0.005 0.04 TETT4 56527 2715 10 A 2 120GA Z5FT WE T2 MGS ANCHOR PANEL
G41194% 0.21 078 0.01 0.008 oo TETT4 56527 27.15 100 LY 2 12GA 12FTEINMFT 12IN' WB T2
9411948 0.21 075 0.01 0.006 oo TETT4 56527 2715 20 A 2 12GA 26FTOIN 3FT1 1I2IN'WB T2
Balls comply wih ASTM A-307 spect and ized in with ASTM A-153, unless olherwise stated.

Muts comply with ASTM A-563 specificalions and are gabvanized in scoordance wilh ASTM A-153, unless otherwise stated.
Al cther gatanized material conforns with ASTM-123 & ASTM-G53

All Galvanizing has occurred in the United States

All steal used in the manufacture is of Domestic Origin, "Made and Malted in the Uniled Statas"

All Steel used meets Title Z3CFR 635,410 - Buy America

All Guardrall and Terminal Sections meets AASHTO M-180, All siruclural steel meets AASHTO M-183 & M270
Al Bolts and Nuts are of Domestic Ongm

All matarial fabri in D of

All controlled axidizedicomosion resistant Guardrail and terminal Becuuna mesat ASTM AS0E, Type 4,

By
Andrew Artar, VP of Sales & Marketing
Gragory Highway Products, Ine.

DAWN R. BATTON
NOTARY PUBLIC

. STATE OF OHIO
omm. Expires

th 03, 2018
Recorded in
Portage County

ulPuulle State of

J‘
""?.t: ov

QF Yl
Sy

Figure E-2. 12-ft 6-in. (3.8-m) Long W-Beam MGS Section, Test Nos. ILT-1 and ILT-2
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Figure E-3. 12-ft 6-in. (3.8-m) Long W-Beam MGS Section, Test Nos. ILT-1 and ILT-2

LT-T9€-€0-dd L "ON Hodoy ISYMN

L10T ‘6T dunf



18¢

Figure E-4. 6-ft 3-in. (1,905-mm) Long W-Beam MGS Section, Test Nos. ILT-1 and ILT-2
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June 29, 2017
MwRSF Report No. TRP-03-361-17

CERTIEIRD MATERIAL TEST REFORT

1 Page 11
E , - | cUSTOMER SR TD CUSTOMER BILLTO GRADE SHAPE/ 3EE DOCUMENT ID: 1,
Ga G ERD Au HIGHWAY SAFETY CORP HIGHWAY SAFEYY CORP AGE 0935 e Mg beam | G XASH13T |oR0na1ST ;
! - 473 W FAIRGROUND 5T .
T MARION,OH 43302-1701 GLASTONBURY,CT 060330318 LENGTH WEIGHT' HEAT { BATCH
US-ML-CARTERSVILLE UsA usa 4200 4495218 55044251102
384 010 GRASSDALE ROAD NE
CARTERSVILLE, GA 30121 SALES ORDER CUSTOMER MATERTAL N SPRECIFICATION / DATE gr REVISION
TISA 2398484/000010 TE-Focooin? ASTM AG.1d
AETM ATOF-13A
CUSTOMER PURCHASE ORDE#R NUMBER, RILL OF LADING DATE ASTM A992:11
000167 POHAEL &S 1323.0008066391 | Lt C5A Gifrl-13 343
CHEMICAL COMPOSITION
5y 3 & o % i
0.14 090 0014 0019 019 028 It} 0.09 0023 0012 0057 0000
B MECHANBC%PRO%E{T[ES o =
g oy 58 M s Bk g
56700 77700 a1 55 8,000 2130
54800 75700 3. 572 1,000 . 2260
COMMENTS /HOTES

Figure E-5. Steel Posts, Test Nos. ILT-1 and ILT-2
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Figure E-6. BCT Timber Posts, Test Nos. ILT-1 and ILT-2
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Figure E-7. Foundation Tubes, Test Nos. ILT-1 and ILT-2
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Figure E-8. Ground Strut Assembly (South Strut), Test Nos. ILT-1 and ILT-2
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MwRSF Report No. TRP-03-361-17

42:: E. O'Connor ¥ AR
|’Jusaumer MIDWEST MACH.& SUPPLY CO, Seles Order: 1003497 Print Dater 6/30/08
| P. 0. BOX 81097 Customer PO: 2030 Project; RESALE
BOL# 43073 Shipped To: NE
Document # 1 Use State: KS
LINCOLN, NE 68501-1097
Trinitv Highwav Products. LLC :
Certificate Of Compliance For Trinify Industries, Inc, ** SLOTTED RAIL TERMINAL **
NCHRP Report 350 Compliant
Pleces Description
4 5/8"X10" GR BOLT A307
) 5/47X18° GR BOLT A307
12 1" ROUND WASHER F844
64 1" HEX NUT A563 WA e
192 WD 60 POST 6X8 CRT : MESDHR
192 . WD BLK 6X8X14 DR ’
4 NAIL 164 SRT
&4 WD 39 POST 5.5%7.5 BAND
i STRUT & YOKE ASSY
128 SLOT GUARD '93 ! ' G.,_ ) ioo -+
2 38X 3XA4PLWASHER rewind ot
\1 L!( :J L = g

Jpon delivery, all materials subject o Trinity Highway Prodncts , LLC Storage Stain Palicy Mo, LG-00L

o 3 m e

FLL STEEL USED WAS MELTED AND MANUFACTURED IN USA AND COMPLIES WITH THE BUY AMERICA ACT

\LL GUARDRAIL MEETS AASHTO M-i80, ALL STRUCTURAL STEEL MEETS ASTM A36

,\LL OTHER GALVANIZED MATERIAL CONFORMS WITH ASTM-123.

310LTS COMPLY WITH ASTM A-307 SPRCIFICATIONS AND ARE QALVANIZED [N ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED,
WUTS COMPLY WITH ASTM A-563 SPECIFICATIONS AND ARE GALVANIZED B¥ ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.

"4" DIA CABLE 6X19 ZINC COATED SWAGED END AISI C-1035 STEEL ANNEALED STUD 1" DIA  ASTM 449 AASHTO M30, Tt BREAKING
gm 4910018 .

§ inte of Ohio, County of Alles. Swom and Subscribed before sie £his 30tk day of June, 2008
1 Trinity Highway Products, LLC
n a‘xty}"ubhc Certified By

¥ emtarinn Bynirae [y e f /

Figure E-9. Ground Strut Assembly (North Strut), Test Nos. ILT-1 and ILT-2
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Figure E-10. 6-in. (152-mm) Long BCT Post Sleeve, Test Nos. ILT-1 and ILT-2
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Figure E-11. Anchor Bearing Plate, Test Nos. ILT-1 and ILT-2
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Certified Analysis o fwﬁ-

Trinity Fighway Prodests , LLC ‘ V
2545 NE, 280 St Crder Nurshez: 1095199
¥t Worth, TX Cusiomer POz 2041 - Asof 42008
Customer: MIDWEST MACH.# SUPPLY CO. BOL Mumber: 24481 .
P. 0. BOX B1097 Document #: 1
Shipped To: NE
LINOGLN, ME 68561-1097 Use State: K5 )

Projestt  KESALE

Qty Part# Description Spes Th FY Hent Codef Hoai Wield

pii T TR ’ IR AGET ELE
-1 TNA 25KILISKI6CAB ANC 36 £153005 44,900 60,000 340 0240 075 0012 0063 0.0 0.020 0000 0040 0.00F &
it 762G 60 TUBE LA 189486 A-500 ASPIAS0 IR0 1,000 253 0050 0670 0013 0.005 G.0MC 0220 0.000 0060 071 4
= ) TR0 mllmw A3 BI0G1SE 45,760 59,900 235 0120 43830 000 G005 04020 U230 U000 Q07 0066 4
4 5070 1RUFFER/AOLLED 7 MAA 00 54,300 71,500 250 160 4700 (011 Q008 (020 0209 0000 0199 0000 4

Upma Aelivesy, all matesials subject to Trinity Highway Products , LLC Stomgs Staie Policy No, LG-002.

ALE STEEL USEN WAS MELTED AND MAMUPACTURED IN USA AND COMPLIES WITH THEBUY AMERICA ACT.

ALL GUARDRATL MEETS AASHTO M-120, AL STRUCTURAL STEEL MEETS ASTM A36

ALL OTHER GALVANIZHD MATERIAL CONFORMS WITH ASTM-123.

BOLTE COMPLY WITH ASTM A-307 SPECTFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153, EJ'MLBSS OTHERWISE STATED.
WUTS COMPLY WITH ASTRI A-563 SPECIFICATIONS AND ARE GALVANIZED 1IN ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.
3" DIA CABLE 6319 ZINC COATED SWAGED ENI» AIST C-1035 STEEL ANNEALED SYUB 1" DJA  ASTM 449 AASHTO M30, TYPE F BREAKING
STRENGTH-43100 L8

Stste of Texes, County of Tarwané. Sworn end subscribed before me this 20th dey of furc, 2005
Trinity Highway rmm Lic

Notary Public: @ Certiied By: Stakinia Omnl.s

‘Cmmﬁssimb'
Figure E-12. Anchor Bearing Plate, Test Nos. ILT-1 and ILT-2
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— :
\ EE&YD%?H%%CE MATERIAL CERTIFICATION ﬂﬁ;‘-‘ﬁ;‘:f‘ﬂg“m

Sold Te: ASSEMBLY SPECIALTY PRODUCTS INC. Order Date B/21/14
14700 BROCKFPARK ROAD Corder HMHo. 35651
CLEVELAND, OHIO 44135 Shipped Date 1/05/15

Invoice No. T70158=-01

FULL THREAD STUDS - PLAIN FINISH
4867 Pcs. 1"-8 X 8-3/4"

PART NO. C=1681

B e MATERIAL DESCRIPTION - = — = = = = = = = = = -
Wweight Size Length Shape Grade Type
7,980 LBS. 0.%0%0 / 0.90%50 168.00 RND 1045 CD
Heat Ho. Order Ho. Rec. Date Code
00245439 12710714 TSW
--------------- SPECIFICATIONS — = = = = = = = = = = = = — =
ASTM R10B-13 SAE J403
———————— CHEMICALS - - - — — — — -
ELEMENTS: C MM P 3 5I MI CR
AMOUNTS 0.4B00 0.8400 0.0110 0.0250 0.2600 0D.0500 0.1000
ELEMENTS: MO Ccu SN v AL M B
AMOUNTS 0.0200 0.1500 0.0070 0.0030 0.0230 0.0060 0.0001
ELEMENTS: TI NBE
AMOUNTS 0.0010 0.0010
STEEL MELTED AND MANUFACTURED IN THE U.S.A.
“\"‘“““”'h'
I NED
= e 4, = \3)
SESN RECY
: . Tl

State of Ohio We certify the foregoing a true and accuratF

County of Cuyahoga repart%’sented bgzr/e'ﬁppliers. ¥
¥ ; . i
S'.w-'c:-r;r:i:z ¢ and subscribed before me jﬁgﬂ“ﬁ é}ﬁfﬁ ’{W?ﬁ?{§$ﬂ—ff

3 ae 20
his ¥.° N/ A yad /

Figure E-13. BCT Anchor Cable, Test Nos. ILT-1 and ILT-2

290



June 29, 2017
MwRSF Report No. TRP-03-361-17

TAUBENSEE STEEL & WIRE COMPANY PAGE 3
600 DIENS DRIVE WHEELING, IL 60030
(B47) 459-5100

MATERIAL ANALYSIS CERTIFICATION

SOLD TO: KEYSTONE THRERDED PROD. (B) CUST P.0. #: BSEE BELOW
TSW ORDER #: 3416130
F.O. BOX 3105% TSW INVOICE #:

INDEPENDENCE OH 44131005%

THE FOLLOWING TEST CONFORMS TO THE REQUIREMENTS OF THE GRADE SPECIFICATION
ORDERED AND LISTED BELOW:

MATERIAL DESCRIPTION:

1000 SERIES (CARBON .29-.55%) COLD DRAW ROUND BARS TO ASTM A108-13 & SAE J403
"STEEL MELTED & MANUFACTURED IN USA"

PART NUMBER # 10450%100-002
P.O.# 00245439

HEAT SIZE GRADE LENGTH WEIGHT AVG TENSILE
103482820 .81 1045 168 7980

10350220 .91 1045 168 B224

HEAT: CHEMICAL ANALYSIS:

10348290 C 0.480 Mn 0.840 P 0.011 5 0.025 8i 0.260
Ni 0.050 Cr 0.100 Mo 0.020 Al 0.023 B 0.0001
0.007 vV 0.003 N 0.006 Nk 0.001 Ti 0.001

0.150 Pk .000/.000
f0350220 C 0.480 Mn 0.860 P 0.014 S 0.027 Si 0.280
0.060 Cr 0.120 Mo 0.020 Al 0.025 B 0,0002
0.007 V 0.002 N 0.005 ©Nb 0.001 Ti 0.002

0.120 Fb .000/.000

MECHANICAL PROPERTIES:
THE FOLLOWING MECHANICAL PROPERTIES SHOULD REPORT TYPICAL TO ASTM Al08-95:
TENSILE, YIELD, ELONGATICN, REDUCTION OF AREA, HARDNESS & HARDEMNARILITY

WE CERTIFY THAT THE INFORMATION SHOWN ABOVE IS TRUE AND EXACT AS
CONTATNED IN THE PERMANENT ELECTRONIC RECORDS OF TAUBENSEE STEEL & WIRE CO.

STATE OF ILLINOIS
COUNTY OF COOK Authorized Electronic Signature
Chuck Hrycko

Quality Technician

Figure E-14. BCT Anchor Cable, Test Nos. ILT-1 and ILT-2
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1A 20, EERTRAET B

v Wi
e ArcelorMittal USA Inc. 294381
N INDIANA HARBOR LONG CARBOM 08 /267201 4

D' 3300 DICKEY ROAD

n [EAST CHICAGO, INDIANA 46312-1644

TEST REPORT T SHIB T

HERCULEES DRAWN STEEL CORP HERCULEE DRAWN STEEL

10221 CAPITAL AVE 38501 AMRHEIN RD

OAK PARK MI 48237 LIVONIA MI, 48151

CME (REG TH) 8Q HOT ROLLED ROUNDE SAE 1035

/BEME-1035 05/25/96 / FINE GRAIN/

FAETM AST6-90b (Reappreved 10132) /RESTRICTED MAX INCIDENTAL ELEMENTS/MRR FOR EPEC

SURF, BND & CLEAN/ASTH A23/

RMND 1.6875 IMN X 23 FT 7 IR T 35 FT

HEAT: @88283 c : 0.35  Mn: 0,69 i o.0L3 8 & .025 8i: 0.24
Cur .24 ¥i: 0.11 crr 0.12 Mor .03 Al: .027
Ch: <.008 ¥ : .003 ¥ i .010 Ti: 001
R.RATIO: 21.9:1 DI VALUE: 1,13

PART NUMBER: 1005437

MATERIAL IS FREE FROM EURFACE MERCURY CONTAMINATION AS OF THE TIME OF
SHIFMENT BASED ON PRESENT METHODS & EQUIFMENT FOR DETECTION OF THIS
KIND OF CONTAMINATICN.

THIS MATERIAL HAS RECEIVED MO WELD REPAIR.

HATERIAL MEETS AUBTENITIC GRAIN BIZE REQUIREMENT OF 5 OR FINER

THIS STEEL IS WARRANTED TO MEET OR EXCEED MACRO/RATING OF * 54 R4 C4®

THIS STEEL IS WARRANTED TO MEET OR EXCEED MICROCLEANLIWESS, RATING OF "g5-05°

PRODUCT WAS ROLLED AT ARCELORMITTAL EABT CHICAGO, INDIAMA, USh
FROM CONTIKUDOUSLY BILLET CAST, ELECTRIC ARC FURMACE STEEL
MELTED AT ARCELORMITTAL EAST CHICAGZO, INDIANA, USA.
Assembly Specialty Products,
Inc.
14700 Brookpark Rd.
Cleveland, OH 44135
RECEIVED
DEC 30 201

Unbess otterwios steled, the mee! described herein wes manufeciured, fapected and tested In accondarce with the requirements of the
conkract 6F pufchase order are casierm Do those requirements. This steel 15 compliant with Eunopess Usion Directlve 2003295/ EC. Mo mercury,
Pindlu of alphs seurce materials were uped in the production of this steel. This steel hat not been welded nor repair welded, Heat anstyies are
feported |0 weighl percest, Heat analyses end Test results marked with an asterih {*) were fepofted by & ArcelorsUttsl USA Inc.. Ifdfana
Harbor Long Carben aperoved thirg pasty The =+ sign st the beginning of any fine indicates an amendment to thet Hine fram & previously lisued
report for the sieme heatiorder. All tests were performed by Arceloriittal LSA Inc., Inddana Harbor Lorg Carben, ke sccordince with the
following, wrkest othersipe spacilisg; Chemigtry per ASTM E41% B E101%; Hardenability per ASTM ATES and SAE J06; Macrosiructure per ASTM
EJ81 & EViBd: Mechenlcsl Properiles per ASTM AP0, EB L E2X; Mardress per ASTM E1G-Type A, E18 B SAE JA1T; Cleanliness per SAE JA35;
Migrastructure/Microclesniiress per ASTH, £), E45, E113, E1DT7, J419, J427 B JIS GOS5S; Rounding per ASTM E29. Terted per most recent
stamdard, unless otherwise noted. MemssremEnt uscertainty was determined and &5 avallable spon request. We hereby certily that the heat
snddor et repity in this repert ste applicable only te the items described hereln, and are coffect ai contalned in O necordi of the Compame
This docurent shall pet b Peproduced exceps in full,

ThE PR LIDER AR TR
PRI LAY O T ]
il rEEATIE UL | el Hiee
Larg Coan, W IO/TE 1MA4N: 00
carifind, Cortleate bp, SI0k 150
4001 00 omriHied, Covtificsie be.
JEITE el BELL BECTRIRS W T B
Bl CEeRal, Beihikal Bad
EFaTRETaALH TRIDRE-Can M lE M
ERLN CARLLE P LR )

I}kfﬁhﬂi_
Dininy Hurpok
Fsnegar - Quality & Tectelcal jenviony

Page 1 ef 1

Ratw. &01010

Figure E-15. BCT Anchor Cable, Test Nos. ILT-1 and ILT-2
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[ _1"“'15"'3'5"&4
: TR TR
+ ArcelorMittal USA Inc. [ 294381
N INDIANA HARBOR LONG CARBON 08/26/2014
5 3300 DICKEY ROAD /28/
® EAST CHICAGO, INDIANA 46312-1644
TECET REPORT T SHIF T

HERCULES DRAWN STEEL CORFP
10221 CAPITAL AVE

HERCULES DEAWN STEEL
38901 AMRHEIN RD

OAK PARK MI 48237 LIVOMIA MI, 48151

CME8 (REG TM) S0 HOT ROLLED ROUNDSE SAE 1035

FEEMS-1035 09/25/%96 / FINE GRAIN/

FABTM AST6-90b (Reapproved 2012)/RESTRICTED MAX INCIDENTAL ELEMENTE/MRR FOR EPEC

SURF, SKD & CLEAN/ASTM AZ9/

RND 1.6875 IN X 23 FT 7 IN O i5 FT

HEAT: 49821% C : 0.35 Mn: 0.66 F o 017 85 : .022 Bi: 0.22
Cu: ,22 Hi: 0.12 Cr: 0.16 Mo: .03 Al: ,DZ§
Ch: <.008 ¥ : .002 K : .008 Ti: .001
R.RATIO: 21,911 DI VALUE: 1.15

PART NUMBER: 1005437

MATERIAL IS FREE FROM SURFACE HERCURY CONTAMINATION AS OF THE TIME OF
BHIFMENT BASED ON PRESENT METHODS & EQUIPMENT FOR DETECTICH OF THIS
EIND OF OCONTAMIKATION,

THIE MATERIAL HAS RECEIVED KO WELD REPAIR.

MATERIAL MEETS AUSTENITIC GRAIN SIEE REQUIREMENT OF 5 OR FINER

THIE BTEEL IS WARRANTED TO MEET OR EXCEED MACRO/RATING OF " 54 R4 C4"

THIS STEEL IS WARRAWNTED TO MEET OR EXCEED MICROCLEANLINEES, RATING OF "85-05%

PRODUCT WAS ROLLED AT ARCELORMITTAL EAST CHICAGD, INDIANA, USA
FROM CONTINUDOUSLY BILLET CAST, ELECTRIC ARC FURNACE STEEL
MELTED AT ARCELORMITTAL EAST CHICAGRD, INDIAWA, USA.

Assembly Specialty Products,

Inc.
14700 Brookpark Rd.
Clavaland, OH 44135

DEC 39 2y

Usbert olbenyise NaTed, the 1oeel deccrined hevedn wan manufaciured, imapecied and tested In aC or with the requlr of the
EBALFBEL &F PurehisE EFoar 3 carform o Thass reuirements. The steel 15 complisan with Europesn Union Directive 1002/95/EC, Mo mercury,
raciyen o alpha joures materials wers used in the production of this steel: This steel kas not been welded ror regalr welded. Heat anshmes are
ragerted I® woight percent, Heat snelyses and test results maried with an asterisk [*) were reported by a Arceborwittal USa Inc., indisna
Harbor Leng Carbon approved third party, The *+* gign a1 the beginning of any |ine incicates an amendment 1o that Line from @ previously ssued
report Por the same hest/order, All tests werg performed by Anceloriittal USA Inc., indisra Harbor Long Carbon, In accardence with the
tgllewing, unless cilprwise speciiied: Chemistny per ASTH E415 & £1019; Mardenability per ASTH AZSS and SAL J408; Metrosbracture per ASTM
F381 B E1180; Mecranical Properites per ASTM AXTO, 2 & E23; Hardness per A5TM E10-Type &, E18 B SAE J417; Clearliness per SAE J401;

| MicrostructuresMicrocieantiness per ASTM EX, B45, £112, E1007, B9, J422 & Ji5 GO55S; Rounding per ASTM EZ¥, Tested per most recent
stemdard, walety othersise rolec. MEasurement uncertainty wal determined snd W avaliabie vpom reguett. we hereby cerilfy thal the heat
il )F 1t PeRultd iR tHIE report are appticable anly to the tems described herein, and ane con'ect 88 contrined in the reconds of the Comaanyg
This deceemany shall not be reprocvced sacept In full.

T mpagerird maley mvee ey e
rrarslnther g prmman o bhh piedoo,
ol AreeerEfial A ine., infaes Hutai
ierg Carban, v SOVTE siiahIoe
enrtied, Carvioats He 4oy, An
TR B ki, CHAPE S Ha
BRI el LA piiredBed b T Tk
&l Thrkal Wstherksl ned'
Ereirawrerlal Tolbeg-Carificxin oo
ANERE, 101 OF el HEDAN

E
Eanager - Qua iy & Terksieal Sandiced

Page 1ol 1

L L IR

Figure E-16. BCT Anchor Cable, Test Nos. ILT-1 and ILT-2
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CERTIFIED MATERIAL TEST REPORT Page If1
CUSTOMER SHIP TO CUSTOMER BILL T GRADE SHAPE/ SIZE
GERDAU 'WIRERCPE WORKS INC WIRERQPE WORKS INC 1assha Win: Red (2027
100 MAYNARD 5T 160 MAYNARD 5T
WILLIAMSPORT PA 17701-5809  WILLIAMSPORT,PA 17701-5509 LENGTH WEIGHT HEATY BATCH
US-ML-BEAUMONT UsSa [1E1Y 12721 LB
100 OLD HIGHWAY 90 WEST = -
SALES ORDER STOMER MATERIAL N* SPECIFICATION ! DATE or REVISION
k, TX 31485000010 s00210
UsA
CUSTOMER FURCHASE ORDER NUMBER BILL OF LADING DATE
3846-K 4753000002940 O8I0
CHEMICAL COMPOSITION 5 5 @ " G \o &
04397 066 0l 0,008 032 o1 0.06 006 0.018 0.008 0.0074
MECHANICAL PROPERTIES.
: Rip v WL Vi
BUE 624 | 25997 [

COMMENTS | MOTES

The above figures are certified chemical and phygical lest records as conlained in the permaneni necords of company, This maserial, including the billets, was melved and manufsciured in
the USA, CMITR comgdies with EM 10204 3,1, .

Ma%—mvm o ks § £l | BOMARD RARSOCH)

QUALITY RBCTOR. CUALITY ASEURANEH ROR.

Figure E-17. %-in. Diameter Wire Rope, Test Nos. ILT-1 and ILT-2
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CERTIFIED MATERIAL TEST REFORT Page 111
CUSTOMER SHIP TO CUSTOMER BILL TO GRADE SHAPE { SIZE
GE RDAU WIREROPE WORKS INC WIREROPE WORKS INC 1055842 Wire Rod § 7032°
100 MAYMARD ST 100 MAYNARD 5T
WILLIAMSPORTPA |7701-5809  WILLIAMSPORT,PA 17701-5809 LENGTH WEIGHT HEAT/ BATCH
US-ML-BEAUMONT usa usa 38,762 LB
100 OLD HIGHWAY %0 WEST
VIDOR TX 7 SALES ORDER CUSTOMER MATERIAL N* SPECIFICATION / DATE or REVISION
- TX 77662 31GRB0A000010 00210
UsA
CUSTOMER FURCHASE ORDER NUMBER. BILL OF LADING DATE
9HTIC ATFI-000000CKT o213
CHEMICAL COMPOSITION
% 3 £ 5 & Iy % % k3 S X
04347 ass Y D01 031 il Pl o adis P PR
SiDer Rk v uTs uTs
% P81 MP
L1t ) rs, 2] L. ]
COMMENTS ! NOTES

The: above figures are certified chemical and physical iest records as contained in the penmanant records of company. This material, incloding the billes, wes melted fed manufocoured s
the USA, CMTR complies with EN 10204 3,1,

Mhactoy mmre (leg

THAD BORIBREAUNX
QUALITY ASSURANCE WOR

Figure E-18. %-in. Diameter Wire Rope, Test Nos. ILT-1 and ILT-2
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CHARTER AL Iemom
] STEEL o

A Divigian ol 1-B-43T-B78T
Charier Manalactiririg Doy, Inc. Fas [282) 368-2570
CHARTER STEEL TEST REPORT
Melted in USA Manufactured in USA
Cust P.O. B4737-
Cuslomer Part #
Chartar Sales Order TO0SA684 |
Heat # 10343780 |
Ship Lot # 1141737 |
Wirerope Works, Inc. Grade 058 R SK CG HRO 7732 |
100 Maynard St Procass HR
Williamsport,PA-17701 Finish Size e
Kind Attn :Roger Gilliland Ship dale O7-HOV-14

1 herelry cerlily that the makesial described hersin has been manufaciuwsd in accordance with the spacifications and siandands Rebed below and thal il salisfes
these mquiremmnis, The reconding of false, mmnmmuﬂmumﬂhmwn.mmmm_

Tast resulls of Hoal Lol @
Lab Codgc 7388
CHEM [+ N P 5 gl Ml CR Mo cu &N v
=W 2 BB o 008 288 o -] o 06 boE 002
AL N B T =]
003 DDED 00 0oz Joo1
Tast results. of Rolling Lot # 1141737
ol Tesls Mtin Value Max Vakhis Mabn Valug
TEMSILE K30 ] 1233 1134 133.8 TEMSILE LAB = j358-02
REDUCTION OF AREA %) 2 61 L 2] Rk LAB = 035842
ROD STE ] 216 an L
ROD OUT OF ROUND finch) 2 Doa Hos B0E
REDUCTION RATIO=803:1
Spacifications: mummmmmmmmmt
Meots customar spacifications with any appllcabls Charter Steal axcaptions for the followdng cuilormer documents:
Customer Decument = B30 Rovision =8 Dabed = {2-ALG04.

Addillons] Comments:  Melbed snd Manufactuned in the United Stetes of Amverica

Figure E-19. %-in. Diameter Wire Rope, Test Nos. ILT-1 and ILT-2
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CHARTE R EMAIL 1658 Cold Springs Road
STE E L Saukville, Wisconsin 53080

(262) 268-2400
A Dikdaomn of CHARTER STEEL TEST REPORT 1-B00-437-8789
Charler Mamufachuing Company, b, Reverse Has Text And Codes
FAX (262) 268-2570
CustP.0, 089582-04
Customer Part # 600276
Wirerope Works, Inc. Charter Sales Order 70034920
100 Maynard St. T Heal# 10207730
Roger Gilliland Ship Lot # 1078510
Williamsport, PA-17701 Grade | 1068 M SK GG HRQ 7132
Kind Attn :Roger Gilliland Process R
Finish Skze T3z
| heraby thal the malerial described henein has been manufaciured in accordance with the specifications and standards Ested
bebow and on the reverse side,and that it satisfies these requinements.
Test Resulls of Heat Lotd 10207730
Lab Code: 7388
CHEM c PN P 5 51 ] (=3 [*] cu SN v
WL W £ JpE Jo08 23 O H0F a1 "] S04 02
AL N T -]
<03 R ] Jobd
CHEM, DEVIATION EXT.-GREEN =
Test Results al Eﬂzlm 1078510
# of Tosts Min Valus Value Benn Value
TENSILE F] 150.9 155.1 151.0 TENSILE LAB = G358-02
REDUCTION OF AREA 2 52 55 &4 RA LAB = B355-02
ROD SIZE 0 217 221 218
ROD OUT OF ROUND 3 L] D04 004
REDUCTION RATIO = §03:1
Specifications: Marufactured per Charber Steel Qualinty Manual Rev B,08-01-08
Meste customer specificalions with any applicable Charter Steel axceplions for the following customer docurmsts
= - Dated = 12- AUG-04
Additional Comments: Mefted and Manufaciured in the United States of America

Figure E-20. %-in. Diameter Wire Rope, Test Nos. ILT-1 and ILT-2
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-

f#197588 : T/8 3 of 5§ Bill Of mg. & m
Page 1 of 1 Certified Mill Test Report y
Date: 05-27-2014 o o Arcelarhfiicd
Sold To + 50002 Ship To : 28995 .
" WIREROPE WORKS, INC. ) WIREROPE WORKS'
Load # + 161425  ICH/Line : 140578/1-
PO # : 083636 Freoduct  : WIRE COIL
Part§ @ 600325
Size : 7/32 Grade : 10754
Ship Mode : RR . " Frt Tecms : PD
Carrier * C8X Transportatio(305) Vehicle : TTJXB2214
Consigned : N Wgt Source: Ceil
Pieces :t 8 Weight : 32,421 Lbs
Hest: 25807 Charge; 692 Pleces: 8 Weight: 32,421 LBS

‘C __Hn P 5 _ 85 _cu WL _Cx _ He Vv _Bn AL B H Hb
T.76 G.71 U.00% T.goy 0.3 Toos G.03 T4 G.01 TLO0 G.00 ©.603 ©.000 W.007 ©.00

<
Low High mgi Reduootion Surfaos
ile Tensils Tansile Of Arma Indax
. 160, 900 2 ]

cOTL B0l 802 BO3  BOA BOS 806 BOT OB
LB 4050 4042 Q0BE 4062 4085 4024 4050 4020

Figure E-21. %-in. Diameter Wire Rope, Test Nos. ILT-1 and ILT-2
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valmontV

Extrusion Department
58027 Charlotte Ave
Elkhart, IN 46517
Ph: (574) 295 6942

Date: April 21, 2016
Customer: FARMINGTON
Customer Part No. 43011010R

No. of lengths. 12
Alloy/Temper: 6063 - T4
Part Desc.

Pole length before tapering: 42 ft — 6 in.
Pole lenath after tanerina: 45 ft

Chemical Composition (Wt %):

Elkhart Internal Order No. 327087

Certificate

Customer Order No.

Cast No.

Extruded Tube 42 ft 6 ins long x 10 ins dia x 0.312 ins wall. (Elkhart Part # ALY 1047)

We hereby certify that the material shipped and covered by this document,
has been inspected in accordance with the extruded tube dimensional
requirements of "Aluminum standards and data 2000, as published by the
Aluminum Association, and with other applicable requirements as stated on
the customer order, and has been found to comply. The material meets the
compositional limits for the alloy as indicated, and has been processed to
comply with T4 temper requirements for the alloy.

94842

416067

Si Fe Cu  Mn Mg Cr Zn Ti Other Elements
Min 0.20 0.45 Each Max Total Max
Max 06 035 010 010 08 0.10  0.10  0.10 0.05 0.15

* Aluminum = Remainder

Aclual cast analysis provided by billet vendor is retained on file,

Mefed and Manuactured in USA

Figure E-22. Aluminum Pole, Test No. ILT-1
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“Material Melted and Manufactured in the United States”
Certified Report of Chemical Analysis & Mechanical Properties

Customer : Date: 5/4/16 Part #:CS-370
Valmont#:228196
Valmont/Structures P.O. #: 95079 Assembly #:
Description: Alloy: 356
ASTM B108/B108M-12 Heat Treat Condition:
HT QTY:75
Job #: Work Order #:73593 T6
[TSYA  Mechanical Properties Chemical Analysis in Percent
PCs Nf]f;‘:;r Te;';:"’ Y;zl" E'i';“g,,% BiN| si | Fe | cu | vn | mg | o | Ni | za | T | st | sn | Pb
75 096-16 39,500 33,500 3 - 6.88 12 028 .006 37 002 002 .010 10 — — —
CAUTION:  OSHA REQUIRED HAZARD COMMUNICATION LABEL

The Aluminum in this casting may contain elements in amounts considered hazardous under section 1910.1200 of the CFR 29.

Inhalation of dust generated in machining and grinding may be hazardous to your health. Inhalation of fumes generated while welding the casting
may be hazardous to your health. This product should not generate any health risk in its unmedified or past-modified form. Refer to the Material

HAZARD
WARNING

Safety Data Sheet for additional information.

We hereby certify to the chemical and mechanical properties herein and to the fact that they were determined in conformance with
Sworn to and subscribed before me this 47 day of

the specifications listed above.

2728 Wingate Ave.

Akron, Oh 44314

USA

330-745-3101 fax: 330-745-7999

Castings Produced in the United States of America

Akron Foundry Company

oy A, g Gkl

May. 2016

Notary Public

“Buy American”

Figure E-23. CS-370 Anchor Base, Test Nos. ILT-1 and ILT-2
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g

SYSTEMS, I

L
: N C .

Certificate# 653171-1

Certificate Of Conformance Date:  23-Dec-2015
PO: 93596
Address: Ship To:
2610 Ross Avenue Valmont Structures
Schaficld W1 54476 20805 Baton Avenue
Phone: (713)-355-5351 )
Fax (715)-355-8812 Farmington MN 55024
Part Number Dic Nbr Description Ship Oty Date Shipped ]
F7003504R 1615 VALMONT 204" [17-07}X3.5X.125 RD TUBE 204" (161. 44.00 23-Dec-2015
6063-T1
Extrusion Info:
Cast Allay Date Extruded
913028 6063 Wednesday, December 23, 2015
915028 6063 Wednesday, December 23, 2015
U13028 6063 Wednesday, December 23, 2015
Alloy Si Fe Cu Mn Mg Cr Zn Ti |Others Each| Total Al
HU63 0.20-0.60 1 .35 0.10 0.10 0.45-0.90 0.10 0.10 0.10 0.05 0.15 Rest
Alloy Si Fe Cu Mn Mg Cr Zn Ti | Others Each| Total Al
6105 (.60 - 1.00 35 0.10 0.15 0.45-0.80 0.10 0.10 0.10 0.05 0.15 Rest

Wi herehy vertily that the material shipped and covered by this doeument, Has been inspected in accordance with the extruded tube dimensional requirements of {Aluminum Standards and
ata 200 3), as published by the Aluminum Association and other applicable requirements as stated on the customer order, and has been found to comply. The material meets the
compositional Timits [or the alloy as indicated, and has been processed 1o comply with the lemper reguirements for the alloy.

We Hereby certily 1o the best of our knowledge and beleif the foregoing dala

Eric Zebro

Authorized Signature

Figure E-24. Truss, Test No. ILT-1
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Figure E-25. %-in. (16-mm) Dia. UNC, 14-in. (356-mm) Long Guardrail Bolt and Nut, Test
Nos. ILT-1 and ILT-2
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Figure E-26. %s-in. (16-mm) Dia. UNC, 1.25-in. (32-mm) Long Guardrail Bolt and Nut, Test
Nos. ILT-1 and ILT-2
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Figure E-27. %-in. (16-mm) Dia. UNC, 1.25-in. (32-mm) Long Guardrail Bolt and Nut, Test
Nos. ILT-1 and ILT-2
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Figure E-28. %-in. (16-mm) Dia. UNC, 10-in. (254-mm) Long Hex Head Bolt and Nut, Test
Nos. ILT-1 and ILT-2
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Figure E-29. %-in. (16-mm) Dia. UNC, 1/%-in. (38-mm) Long Hex Head Bolt and Nut, Test
Nos. ILT-1 and ILT-2
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Figure E-30. %-in. (16-mm) Dia. UNC, 1%s-in. (38-mm) Long Hex Head Bolt and Nut, Test
Nos. ILT-1 and ILT-2
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Figure E-31. 7/8-in. (22-mm) Dia. UNC, 7%.-in. (191-mm) Long Hex Head Bolt and Nut, Test
Nos. ILT-1 and ILT-2
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Figure E-32. 7/8-in. (22-mm) Dia. UNC, 7%.-in. (191-mm) Long Hex Head Bolt and Nut, Test
Nos. ILT-1 and ILT-2
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Figure E-33. %-in. (16-mm) Dia. UNC, 10-in. (254-mm) Long Hex Head Bolt and Nut, Test
Nos. ILT-1 and ILT-2
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Figure E-34. 7-in. (22-mm) Dia. Plain Round Washer, Test Nos. ILT-1 and ILT-2
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Figure E-35. 1-in. (254-mm) Dia. Lock Washer, Test Nos. ILT-1 and ILT-2
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Figure E-36. 1-in. (25-mm) Dia. Anchor Bolt, Test Nos. ILT-1 and ILT-2
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Figure E-37. 1-in. (25-mm) Dia. UNC Hex Head Nut, Test Nos. ILT-1 and ILT-2
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Figure E-38. 1-in. (25-mm) Dia. Plain Round Washer, Test Nos. ILT-1 and ILT-2
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T . o SLERSE WU REQ DELIVERY DATE e |
Concrete Industries CORY-708 1 of 1
gagoﬂgsrggggar Highway SRR (04
Lincoin, NE_68529- JOB COMPLETE STIG
Phone: (402)434-1800 FAX: (402)434-1699 R 7

MIDWEST ROADSIDE SAFETY CLR
MATERIAL TYFE REFERERCE TRAWING T TESCRIFTION
Rebar, Grade 60, Epoxy (2) sets EPOXY rebar IL Tollway MGS -Pole Foundation
Itm | Qty | Size Length Mark Shape Lbs A B C D E F/R G H il K 0 BC
1 16 6 706 HE 160 0

16. 180.

G I I O | B[ ® [ Jeee] [ [ [we] [ | [

16 83,

Total Weight: 263 Lbs
INSPECTOR

WEIGHT SUMMARY

| TOTAL ] [ STRAIGHT ] [_LIGHTBENDING |} HEAVY BENDING _]
[ sze Y [ ens P eeces | s [mews | [Peces | s | [ mews | eeces J| s | | mews | peces || tes
Rebar, Grade 60, Epoxy

4 1 18 83 0 0 0 1 18 a3 0 0 a
6 1 16 180 1 18 180 0 0 0 0 0 0
2 32 263 1 16 180 1 16 83 0 0 0

Total Weight: 283 Lbs

Longest Length: 7-09

e:?c‘fx7

Py #(, Nucop. KMNIZI0IZ

tq4  GERPA/ 57| 48 350
Y

Figure E-39. %-in. (19-mm) Dia. Epoxy-Coated Rebar, Item h6, Test Nos. ILT-1 and ILT-2
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Page: 1
soLp SMCOTEING NUICOR CERTIFIED MILL TEST REPORT
TO: ST PAUL. MN 55119-0000 NUCOR STEEL KANKAKEE, INC. Ship from:

MTR # 0000060928

Nucor Steel Kankakes, Inc. Date: 24-Mar-2015

SIMCOTE, INC
Tor (RN Ore Nucor Way BL. Number: 497501
' 815-937-3131 Load Number: 250081
Material Safety Data Sheets are ilable at www, .com or by your Inside sales rep i NBMG-08 January 1, 2012
LoT# PHYSICAL TESTS CHEMICAL TESTS
DESCRIPTION YIELD | TENSILE} ELONG BEND WT' i c Mn P 5 Si Cu cE
HEAT # P8I P.S.l. % IN 8 DEE. NI Cr Mo N Ch Sn =
PO# == 3612
KMN1510128602 Nucor Steel - Kankakee Inc 66,032 99,845 15.5% oK -3.1% .36 1.10 013 051 .19 .37
KN15101286  19/#6 Rebar 455MPa 688MPa 048 22 A1 068 0080 .00 034

40" A615M GR420 (Gr&0)

ASTM AG15/4615M-14 GR 60[420]
AASHTO M31-07

Melted 03/12/15 Rolled 03/20/15

| herehy certify thet the malerial described hergin has been manufactured in accardence with S

and standars listed above sad fhal il satisfes ose requirEments. ) A
matarial. W 2

jons :
1.) Weld repaic wae net parformed on this ;
2, §s
)

Mefled and Manufac MFBE‘:! the United .?a‘:a_s. P QUALITY M Lu s
Mermury, Racium, Lource maleriss in any form . att
R o w36 1 . o action of s matensl. ASSURANGCE: uyme:

Figure E-40. %-in. (19-mm) Dia. Epoxy-Coated Rebar, Item h6, Test Nos. ILT-1 and ILT-2
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Date: 4010115

1645 Red Rock Road Phone: E351 T35-9660
5t Paul, MN 55118 Fane 651) T35-9664
Heat#: KN15101296 M57147739 Powder Lot# 5296018382 Inspsctor: TF
KMN15101274 “Bend: 180 DEG.
KMN15101276 Tamp: &50 Fahrenheit
M57147738 Type: VALSPAR Cure Time: 40 Seconds
Bar Size |Hest & Higy.| 1 2 3 4 5 8 T 8 3 10/Awg leSlm Heat # Hidy) 1 2 3 4 5 8 7T 8 9 10 A
6,00 [KM15101208 8| 50 4 117 100 106 100 7O 97 83 90| 28 B|108 19.2 97 80 1068 91 &4 104 22 108 100
6| 85 95 B0 100 118 BE 88 95 81 109 94 6|94 114 895 90 24 47 98 98 92 12| 98
3|90 B3 B 98 BE 890 B4 91 82 106| 60 9103 88 85 94 86 87 90 98B 92 o4 92
9 (102 115 9% 104 108 BS 92 B0 ME 93| 88 G116 91 B2 69 104 94 88 91 88 92| 85
6| 93 a5 103 85 101 100 104 106 108 106 [ 101 10| 82 105 85 108 B8 B4 95 96 107 82| a4
5|99 04 97 103 92 95 95 98 06 104 97 5(112 84 85 101 83 87 1.2 100 111 11.0{ 98
8|12 83 79 106 102 1056 &5 98 85 117| 88 6.00 [KN15101296 10 105 &1 98 98 82 92 39 &7 100 88| 84
6| 23 B2 B3 90 89 98 82 89 47 80| 89 9[106 25 101 116 100 BS 82 88 92 97| 98
6.00 [KN15101274 9| 8% B4 83 83 BT 92 91 92 0B ©5| 90 10| 86 92 98 111 87 87 95 &8 108 01| a7
6|95 88 83 02 93 85 90 83 &85 94| 91 11| 90 107 107 0.8 31 106 11.0 103 103 102 103
6|91 a8 &1 a4 84 &8 T4 81 &1 82| &9 14 (106 BB 90 86 94 80 47 101 82 a5 93
9| 9% 104 83 B1 98 99 107 04 B2 101 98 TI&8 96 95 98 111 108 85 B8 9T 92| 95
4! 8% ®0 80 85 78 85 103 885 &1 0| 99 3|90 43 86 98 64 104 120 BB B84 90| 87
6| 97 @6 103 B4 83 &7 91 B3 100 80| 92 6| &4 55 00 103 104 103 102 108 90 94| 96
6|114 83 93 &7 88 @7 89 99 100 11| 98 6,00 [KN151012%6 8|90 92 02 B8 A4 29 103 100 102 105| 96
8|98 85 84 B2 78 81 80 B85 B85 88| &7 6| 80 ap 81 101 102 107 99 114 112 105 {100
£.00 |KN15101276 Tl95 21 B9 90 102 29 106 93 82 95| 94 4103 103 116 11.2 103 100 1.7 101 25 &5 (103
9| o0 94 88 B9 15 92 99 92 @7 17| 87 10 [11.0 107 94 99 100 88 &7 104 108 &7 98
6| B4 32 86 96 100 119 85 102 111 101 849 B (110 88 113 84 95 97 89 9% 119 841) 98
5| 81 98 85 83 &5 90 10.0 B4 10 86| 92 &|B7 BO B5 B3 @B 80 86 35 A5 &3] 85
10| o8 91 91 B3 89 91 85 100 98 93| 82 5103 120 103 BB 83 92 85 89 89 78| 94
G104 108 83 93 86 92 85 117 12 91| 99 9|79 85 82106 101 98 96 85 102 103| 85
B| 8z 94 8% 81 86 100 79 BT 105 84| 90 6.00 [KN15101286 6|95 20 100 BF 88 100 95 895 &9 86| 92
89| 8z 106 118 92 82 83 80 88 118 12| 88 9116 86 97 B8 &6 94 80 &7 96 &3 a3
B.00 |[KM15101274 6| 97 94 104 W2 86 94 BO BE 81 82| 92 &(95101 97 80 92 107 W01 94 98 9¥| a7
5[100 105 118 &6 820 82 BF 90 103 8B| 85 6|88 88 &1 4 TH 45 93 83 01 98| 80
6107 114 117 112 94 989 92 100 107 94 (104 995 91 110 100 97 91 93 103 108 20| a8
B &7 106 1086 94 102 113 97 96 102 822|100 12| 96 98 105 85 100 103 95 20 98 106) a7
9103 97 104 114 114 82 85 101 85 109|104 40| 89 96 100 95 121 83 101 &4 8% 91} 87
6103 100 B2 101 101 97 112 95 115 A&T| 899 6390 85 =1 110 @3 80 93 97 101 &4 85
a5 81 102 94 81 103 1.5 123 898 112|100 GO0 (M5T147738 65|81 97 121 9F 117 06 90 93 92 97|98
6105 120 100 905 &85 105 100 123 83 103 (105 9 (107 102 78 113 103 88 104 90 B B5| 95
6.00 [KMN15101276 5101 9B 114 106 103 100 100 107 989 09103 10 {401 118 102 95 100 84 98 88 05 84 98
5107 108 98 191 121 117 116 1.9 112 98 (110 6100 81 58 98 94 83 113 &5 07 92] a4
9 (104 97 118 98 8% 103 A5 94 82 92| 87 882 91 B7 80101 1§ 98 &7 107 W& a7
6|94 95 B3 94 108 79 94 109 93 98| 95 §0102 121 102 54 104 108 102 98 84 103 103
10| 28 81 B85 66 103 37 89 92 90 14| 95 6| 27 110 94 100 96 98 96 101 11.2 108 101
&[107 90 83 100 86 84 104 05 112 01| 98 5|57 85 88 24 87 04 103 94 104 98| 986
8|15 98 896 106 103 28 110 W06 45 101 (102 6.00 |M5T147738 8100 102 105 &80 82 a5 96 87 B6 118|85
9113 106 84 98 90 86 03 129 122 103 (102 6|57 106 102 88 02 95 B9 47 HBE BB 95
5.00 [KM15101286 6116 117 103 &5 84 124 106 112 113 86 (105 B 81 101 107 100 100 106 87 100 100 1179 901
G| 88 105 89 99 34 105 06 102 98 102|100 6{11.3 91 98 104 54 105 99 105 102 104 {102
911 98 83 BE 100 95 85 98 BY 9E| 9F g0 86 B4 104 114 B8O 105 104 BE 98|98
Tle1 w2 88 95 90 103 89 108 113 110101 12| 82 106 122 91 BE6 94 107 98 92 95| 98
41112 01 94 00 91 48 1068 125 a7 84101 0 |10% 108 85 &7 100 85 $4 102 103 20| 99
8| 91 100 BB 100 104 88 T8 7B 9B 97| 82 5104 94 101 B8 102 86 &8 @7 87 82| 84
B 80 96 80 107 20 88 W4 99 89 95| 95 5.00 |[M5T 147739 B| 22 95 106 107 120 114 112 24 B85 38101
9| 82 116 87 108 396 105 94 39 100 &7 28 6|B& 54 BS 91 108 114 1.3 87 11.0 100100
6.00 |KN15101296 5101 98 00 81 101 &7 0S5 116 108 108 (102 g[112 91 108 92 99 86 B4 78 VO B3| 41
6120 113 105 103 105 91 B9 9F OB 94 ({01 5|83 113 101 95 B9 95 &0 41 96 107|as
9| ar 75 88 1085 105 99 MW7 107 BE 98| S8 B[11.1 108 116 98 80 104 97 &1 95 BD| 8T
6| 88 91 109 892 91 &85 114 118 95 93 [100 6|58 102 98 94 B8 103 A2 BE 103 84|96
6|93 92 93 982 BB 87 79 90 88 12| 91 9|73 84 91 111 @3 95 94 103 107 &3] 94
Bl %0 88 B6 79 W3 90 04 WB 8BS MNT7| 85 4|87 96 108 94 82 83 90 98 120 104 08
5|5 112 89 100 85 110 B85 &1 4y 98| a7 .00 |M57 147738 B[123 113 98 86 82 105 103 BE 81 B2| 98
3| 96 102 108 94 BO 92 9B 101 107 103 99 B| 86 104 87 105 118 985 98 95 100 97100
6,00 [KN15101296 7100 104 85 110 16 110 106 108 107 118 107 9107 102 100 102 108 92 100 105 117 82103
4| 583 97 82 100 109 102 402 405 47 00| 98 12|84 27 B9 B3 97 g2 687 984 91 80)92

* - Indicates Bend Test on this Bar

Figure E-41. %-in. (19-mm) Dia. Epoxy-Coated Rebar, Item h6, Test Nos. ILT-1 and ILT-2
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CERTIFIED MATERIAL TEST REPORT Page 1/]
CUSTOMER SHIF TO CUSTOMER BILL TO GRADE SHAPE/ SIZE *
SIMCOTE INC SIMCOTE INC 60 (420) TMX Rebar /#6 (19MM) 2
1645 RED ROCK. 1645 RED ROCK. ROAD
SAINT PAULMN 55119 SAINT PAULMN 55119-6014 LENGTH WEIGHT HEAT/ BATCH *
US-ML-KNOXVILLE UsA usa 400" 47,586 LB 57147738/03
e LE SEE Y R SALES ORDER CUSTOMER MATERIAL N* SPECIFICATION / DATE or REVISION
A or
KNOXVI TN 37921 1932465000030 ASTM AGLS/ASTSM-14
USA
CUSTOMER PURCHASE ORDER NUMBER BILL OF LADING DATE
3610 1326-0000031957 0172015
L
CHEMICAL COMPOSITION .
& 3 e 5 % CEay706
032 0.55 0.010 0.045 0.19 0.33 0.11 0.12 0.041 8.012 0.002 0.44
LT
MECHANICAL PROPERTIES oL
i a min
81330 561 99410 685 £.000 200.0
MECHANICAL PROPERTIES
Elgng. BendTest
o
12.50 OK.
GEOM'EFR_IC CHARACTERISTICS
" L A
390 0050 0107 0472

COMMENTS / NOTES

This grade meets the requirements for the following grades:

The sbove figures are certified chemical and physical test records as contnined in the permanent records of company. W certify that these data are correct and in compliance with

specified requirements. This material, including the billets, was melted and manufactured in the USA. CMTR complies with EN 10204 3.1.

hastoy

HHASKAR YALAMANCHILI
QUALTTY DIRECTOR

IS4 CHURNETSKL

. £
A Vrtemedt

QUALITY ASSURANCE MGR.

Figure E-42. %-in. (19-mm) Dia. Epoxy-Coated Rebar, Item h6, Test Nos. ILT-1 and ILT-2
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Figure E-43. Pole Concrete Foundation, Test Nos. ILT-1 and ILT-2
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Pole length before tapering: 43 ft— 1 in.
Pole lenath after tanerina: 45 ft

Figure E-44. Aluminum Pole, Test No. ILT-2
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PONum
-
ING SYSTEMS, T NC.
Certificate#t  693004-1
Certificate Of Conformance Date:  15-Jul-2016
PO: P95432
Address: Ship To:
2610 Ross Avenue Valmont Structures
Schofieid W1 34476 20805 Eaton Avenue
Phone: (715)-355-5351
Fax (7135)-355-8812 Farmington MN 55024
Part Number Die Nbr Description Ship Oty Date Shipped |
17003504R 1615 VALMONT 204~ [17-0~}X3.5X.125 RD TUBE 204" 61.00 15-Jul-2016
(1615) 6063-T1

Extrusion Info:

Cast Alloy Date Extruded
34403 6063 Wednesday, July 13, 2016
Alloy Si Fe Cu Mn Mg Cr Zn Ti |Others Each| Total | Al

o063 [ 0.20-0.60 | 35 0.10 0.10 0.45-0.90 0.10 0.10 | 0.10 0.05 0.15 Rest

Alloy Si Fe Cu Mn Mg Cr Zn Ti |Others Each|{ Total Al
6103 0.60-1.00 | .35 0.10 0.15 0.45-0.80 0.10 0.10 0.10 0.05 0.15 Rest

W hereby certily that the material shipped and covered by this document. Has been inspected in accordance with the extruded wbe dimensional requirements of (Aluminum Standards
as published by the Aluminum Association and other applicable requirements as stated on the customer order, and has been found to comply. The material meets the
inits for the alloy as indicated, and has been processed to comply with the emper requirements for the afloy.

s D 201

composilions:

We Tlerehy certify to the best of our knowledge and beleif the foregoing data

Eric Zebro

Authorized Signature

Figure E-45. Truss, Test No. ILT-2
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Appendix F. Vehicle Center of Gravity Determination

323



June 29, 2017

MwRSF Report No. TRP-03-361-17

Test: ILT-1 Vehicle: Dodge Ram 1500 quadcab
Vehicle CG Determination
Weight  Vertical Vertical M

VEHICLE Equipment (Ib.) CG (in.) (Ib-in.)
+ _ _ _ _Unbalasted Truck (Curb) _ | _ 4961] 28.21781] 139988.56)]
+ Hub 19| 15.65625| 297.46875
+ _ _  Brake activation cylinder & frame | 7] 27.25]  190.75]
+ Pneumatic tank (Nitrogen) 27 27.5 742.5
+ GStrobe/Brake Battery | 5 271 135
+ Brake Reciever/Wires 5 52.5 262.5
+ CG Plate including DAS 42 30.25 1270.5
- Battery -47 40 -1880
s ___Oon__ _ _ _-5|_ _ _20|_ _ -100
- Interior -78 34 -2652
s _ _ _Fuel _ _ 164 _ 185|_ _-3034
- Coolant -10 37 -370
- _ _ _ _Washerfud _ _ _ _ _ _ _ _ _ 2| _ 3| _ 4
+ Water Ballast 132 18.5 2442
+ Onboard Battery 14 25.75 360.5

Backseat 76 48 3648
Note: (+) is added equipment to vehicle, (-) is removed equipment from vehicle 141237.78

Estimated Total Weight (Ib.) 4982
Vertical CG Location (in.)] 28.34961

Wheel Base (in.) 139.875
Center of Gravity 2270P MASH Targets Test Inertial Difference
Test Inertial Weight (Ib.) 5000 + 110 5000 0.0
Longitudinal CG (in.) 63 +4 61.01 -1.98653
Lateral CG (in.) NA -0.70061 NA
Vertical CG (in.) 28 or greater 28.35 0.34961
Note: Long. CGis measured from front axle of test vehicle
Note: Lateral CG measured from centerline - positive to vehicle right (passenger) side

CURB WEIGHT (Ib.) TEST INERTIAL WEIGHT (Ib.)

Left Right Left Right

Front 1439] 1390 Front 1429] 1390

Rear 1094| 1038 Rear 1122) 1059

FRONT 2829 Ib. FRONT 2819 Ib.

REAR 2132 Ib. REAR 2181 Ib.

TOTAL 4961 Ib. TOTAL 5000 Ib.

Figure F-1. Vehicle Mass Distribution, Test No. ILT-1
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Test: ILT-2 Vehicle: Hyundai Accent
Vehicle CG Determination
Weight

VEHICLE Equipment (Ib.)
+ Non-ballasted Car (curb) 2434
+ Brake receivers/wires 5
+ Brake Actuator and Frame 7
+ Nitrogen Cylinder 22
+ Strobe/Brake Battery 5
+ Hub 19
+ Data Acquisition Tray 13
+ DTS Rack 0
- Battery -25
- Oil -6
- Interior -54
- Fuel -19
- Coolant -8
- Washer fluid -11

Water Ballast 23

Onboard Battery 12

Misc. 0

Estimated Total Weight (Ib.)| 2417

Roof Height (in.) 57 7/8
Wheel base (in.) 98 3/4
Center of Gravity 1100C MASH Targets Test Inertial Difference
Test Inertial Weight (Ib.) 2420 (+/-)55 2420 0.0
Longitudinal CG (in.) 39 (+/-)4 37.79 -1.21384
Lateral CG (in.) NA 0 NA
Vertical CG (in.) NA 22.73 NA

Note: Long. CG is measured from front axle of test vehicle
Note: Lateral CG measured from centerline - positive to vehicle right (passenger) side
Note: Cells Highlighted in Red do not meet target requirements

CURB WEIGHT (Ib.)

Left Right
Front 775| 750
Rear 453| 456
FRONT 1525 Ib.
REAR 909 Ib.
TOTAL 2434 Ib.

(from scales)

Front
Rear

FRONT
REAR
TOTAL

TEST INERTIAL WEIGHT (Ib.)

Left Right
745| 749
462| 464
1494 Ib.
— 926 b.
2420 Ib.

Figure F-2. Vehicle Mass Distribution, Test No. ILT-2
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Appendix G. Static Soil Tests
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Dynamic Set up Post-Test Photo of Post Static Load Test Post-Test Photo of Post
N T
| e | Winch o 5
\rs e 2 T
83" 55"
WE=16 s 1037 - . @_&4 —
T a 4 72"
. — 36" Diometer __ 4
e ZA.W — e Granular Fill —-—
4 "/ Al e |k
72" - el a
‘ 71«11+ ]+ Dynamic TestInstallation Details Static Test
2 . Installation Details
Soil Gradation for Baseline Fill Soil
100
90
£ 80 N
2 70 \\
60
§ 50 N\
S 40 “
& 30 \
—
20 ¢
10
0
100 10 0.1 0.01
Grain Size, D (mm)
14000 Comparison of Load vs. Deflection
12000 +——- Dynamic Test
(Acc)
10000 +—— o ]
_’_5 e Dy namic Test
> 8000 +—— L — (Lc)
8 ) Y ————— p———— -
S 6000 -———I,— e e = Dynamic Test
\ Required Min.
4000 19 A V \ s Static Test
2000 {457 —
’ i
0
0 5 10 15 20 25 30
Deflection (in.)
DAt .. e 4/4/2012
Test Facility & Site Location..................... Midwest Roadside Safety Facility
In situ soil description (ASTM D2487)......... Well-Graded Gravel (GW)
Fill material description (ASTM D2487)...... Well-Graded Gravel (GW) (see sieve analyses above)
Description of fill placement procedure..... 3 Pass, 8" Lift
Bogie Weight.......coooiiiiiiiie 1844 Ib 836 kg
Impact VeloCity.......ooeviviiiiiiiene 20.1  mph 32.3 km/h

Figure G-1. Soil Strength, Initial Calibration Tests
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Static Load Test Setup

Post-Test Photo of Post

5000 Comparison of Load vs. Deflection
7000 A o Baseline Static
/’ o Test
6000 A
—_ y N\j T Minimum Load
Q0 3 .
= 5000 “I— — (90% Baseline)
§ 4000 — \ g, ——ILT-1-51 - Load
o ' / \ I".,‘A\ Cell 1
| - W
3000 / \ L e ¥ ILT-1-51 - Load
2000 h‘l\‘ Mo Cell 2
/ 1“,\‘!“\',‘_‘;.‘ v
1000 -' o
0
0 5 10 15 20 25 30 35 40 45
Deflection (in.)
SOIL GRADATION
100
90
e
80 ‘\\\
g 70 :}
(=
s 60 \‘\\
g 2 N
Q
o 40 ~
o
30 \
20 e —=r3
10
0
100 10 1 0.1 0.01
Grain Size, D (mm)
-=®--Baseline Soil —%— |LT-1-S1 Soil
(D7 LR 9/22/2016

Test Facility & Site Location..................... Midwest Roadside Safety Facility

In situ soil description (ASTM D2487)......... Well-Graded Gravel (GW)

Fill material description (ASTM D2487)...... Well-Graded Gravel (GW) (see sieve analyses abowe)

Description of fill placement procedure..... 8-inch lifts tamped with a pneumatic compactor

Figure G-2. Static Soil Test, Test No. ILT-1
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Static Load Test Setup Post-Test Photo of Post

Comparison of Load vs. Deflection
8000
7000 Baseline Static
N Test
6000 A
— v\“'m.“ Minimum Load
2 5000 . (90% Baseline)
8 | N Y )
S 4000 — ——ILT-251-Loa
= f / "\ Y Cell 1
3000 Ny ™,
| / o ILT-2-51 - Load
2000 - _ "‘*,.w Cell 2
/ \AA\“\.‘“ Y
1000 4{ i
0 -
0 5 10 15 20 25 30 35 40
Deflection (in.)
SOIL GRADATION
100
90 X
*\
80 \
] 70 X
£ \
e N
S 50 \-‘\
o
5 40 \:*\\
(-9 T~
30 B o T T
20 \I\ B T — =@
10 AR —x
0
100 10 1 0.1 0.01
Grain Size, D (mm)
-=®--Baseline Soil —%— |LT-2-S1 Soil
D7 L 9/27/2016
Test Facility & Site Location..................... Midwest Roadside Safety Facility
In situ soil description (ASTM D2487)......... Well-Graded Gravel (GW)

Fill material description (ASTM D2487)...... Well-Graded Gravel (GW) (see sieve analyses abowe)

Description of fill placement procedure..... 8-inch lifts tamped with a pneumatic compactor

Figure G-3. Static Soil Test, Test No. ILT-2
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Appendix H. Vehicle Deformation Records
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VEHICLE PRE/POST CRUSH
FLOORPAN - SET 1

TEST: ILT-1
VEHICLE: Dodge Ram 1500 quadcab

X Y z X v z AX AY AZ
POINT (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)

1 126470 | 11.377 ] 2614 | 26.437 | 11.447 | 2628 ] -0032 | 0.070 | 0.014 |

2~ 172858 | 14.969 | 0.090 | 28.660 | 15.063 | 0.080 | 0.075 | 0.095 | -0.010
3 130042 ! 20.336 | 0.900 ! 30.022 | 20.381 ! 0982 ! -0.020 ! 0.045 ! 0.082 |

4 1720224 | 23442 1 3235 | 29.141 | 23469 ' 3245 | -0.083 ' 0.027 0.009

5 T 22181 | 11.126 | 0398 [ 22128 | 11.153 | 0.360 | -0.053 " 0.028 [ -0.038

[ 6 _ [ 23319 [ 15241 [ 2710 | 23345 [ 15271 | 2738 | 0026 [ 0031 [ -0.028

7 23703 | 20.806 | 2.390 | 23.683 | 20.789 | -2.368 | -0.020 | -0.017 | 0.022

8 ;23.777 24.295 | -1.957 ;23.638 24.248 : -1.997 | -0.140 : -0.046 | -0.039

| _9 _, 19051 | 11.190 | -1.83%7 | 18.975 | 11218 | -1.923 | 0.076 , 0028 | -0.085

10 | 20.234 | 15211 | -4.541 | 20.191 | 15169 , -4.541 | -0.043 , -0.041 | 0.000

| _11_ | 20458 | 21.078 | 4106 ) 20.351 | 21.119 | 4.112 | 0.106 ; 0.041_ | -0.006

12 | 20.419 | 24.590 | -3.534 | 20.378 | 24.603 | -3.518 | -0.041 , 0.014 | 0.016

13 | 16.223 | 10.920 | -4.833 | 16.221 | 10.840 | -4.809 | -0.003 | -0.081 | 0.024
14 | 17.046 | 15341 | -5.201 | 16.930 | 15.271 | -5.200 | -0.116 | -0.070 | 0.002 |

15 17.230 | 21.303 | -4.469 | 17.034 | 21.137 | -4.461 | -0.195 | -0.166 | 0.008

| . | |
16 | 17.058 24.809 -4.132 | 17.060 24.777 1 -4.110 0.003 | -0.032 0.022
| | |

~ 17 1712100 ) 11.308 | -5.559 | 12.033 ) 11.194 | 5555 | -0.067 | -0.114 | 0.004 |
18 | 12.742 ) 15.637 | -4.902 | 12.704 ) 15.668 | -4.867 | -0.038 | 0.031 0.035
19 ! 13.008 | 21.373 | -4.344 | 13.011 | 21.339 | -4.324 0.004 ' -0.034 0.020
20 ' 13128 ! 25057 | -3.993 ! 13.116 | 24.969 ' -3.987 ! -0.012 ! -0.088 ! 0.006
21 T 6685 ! 11366 | 5464 " 6706 [ 11433 T 5450 [ 0.021 T 0.066 0.014
22 " 7148 T 15842 | 4928 | 7148 | 15830 | 4.920 | 0.000 " -0.011 [ 0.008
_23 _ 7473 [ 21315 [ 4264 | 7508 | 21204 | 4.258 | 0035 | -0.020 | 0.006_
24 _ | 7.580 | 24561 | -3.887 | 7.567 | 24.547 . -3.895 | -0.013 . -0.014 | -0.007

| 25 _ | 0104 | 10801 | -1.281 , 0.154 , 10.823 , 1292 | -0.050 , 0023 | -0.011
_26 _, 0240 | 15305 | 0.742 | -0.259 | 15343 | 0.750 | -0.020 , 0.038 , -0.008
27 | 0135 | 20.735 | -0.088 ;, -0.117 | 20.743 |, -0.095 | 0.017 , 0.008 | -0.008
28 | 0.145 | 24.059 | 0.280 ; -0.161 | 24.109 ;, 0.272 | -0.016 ;| 0.050 | -0.009

\ DASHBOARD /

DDDR~\ .

Figure H-1. Floorpan Deformation Data — Set 1, Test No. ILT-1
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TEST: ILT-1
VEHICLE: Dodge Ram 1500 quadcab

X Y z X Y z AX AY AZ
POINT | (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)

_ 1 | 49314 | 15549 | 1.212 | 49.032 | 15.664 | 1.020 | -0.281 | 0.116 | -0.192 |

2~ 1 51.498 | 18.808 | -1.785 | 51.201 | 18.869 | -2.001 | -0.297 | 0.061 | -0.216

3 | 52,976 | 24.207 | -1.535 | 52.630 | 24.279 | -1.897 | -0.346 | 0.073 | -0.361
~ 4 152169 | 27.411 | _0.201 | 51.859 | 27.575 | -0.005 | -0.310 | 0.164 | -0.205 |

~ 5 145022 | 15044 | -0.864 | 44706 | 15.097 | -1.063 | -0.316 ! 0.053 | -0.199

6 | 46.085 | 18.758 | -4.395 | 45886 | 18.810 | 4.718 ' -0.200 ! 0.052 -0.323

7 1 46588 | 24222 | 4829 ! 46203 ! 24385 | 5084 ' -0.385 ' 0.163 ! -0.255

8 | 46569 | 27.766 | -4.864 | 46.276 | 27.801 | 5135 | -0.293 | 0.035 | -0.270

| 79 T T 41709 " 14880 " 3.084 | 41511 | 14.896 | 3.258 | 0.288 | 0.016 | 0.173

10 | 42.927 | 18.444 | -6.201 | 42.629 | 18579 | -6.467 | -0.298 | 0.136 | -0.266

11 _ [ 43233 | 24488 | -6.541 | 42952 | 24.434 | 6746 _ -0281 | -0.054 _ 0.205

12 | 43237 | 27.940 | -6.411 |, 42.955 | 27.929 | -6.632 . -0.282 . -0.011 | -0.221

13 | 38.940 , 14.121 , -5.830 , 38.675 | 14.261 | -6.083 , -0.265 , 0.140 |, -0.253

14 _ | 39736 | 18494 | -6.774 | 39.390 | 18612 ) -7.015 | -0.346 ;| 0.118 | -0.241

15 | 39.966 | 24.576 , -6.849 | 39.616 | 24.496 | -7.048 | -0.350 , -0.080 | -0.199

16 | 39.888 | 28.012 | -6.946 | 39.632 | 28.076 | -7.167 | -0.256 | 0.064 | -0.222
_ 17 | 34791 | 14547 | -6.591 | 34.452 | 14.532 | -6.733 | -0.339 | -0.015 | -0.142 |
~ 18 | 35463 | 18.961 | -6.493 | 35128 | 18.897 | -6.639 | -0.336 | -0.064 | -0.146 |

19 1 35.884 | 24.611 | -6.639 | 35.558 | 24.667 | -6.846 | -0.326 | 0.056 | -0.208
_ 20 ! 35993 | 28.303 ! -6.769 | 35.639 | 28.321 | -6.977 ! -0.353 | 0.019 | -0.208 _
_21 ! 29497 ! 14738 | -6.415 ! 29.191 | 14.776 | -6.549 | -0.306 ! 0.038 | -0.133 _

22 1 29907 ! 19193 | 6.445 | 29.660 ! 19.289 | -6.600 ! -0.247 ! 0.096 -0.155

23 ! 30355 ! 24711 | 6470 ! 30.032 ! 24676 | 6656 ' -0.323 ' 0.035 ! -0.186

24 T 30308 ! 27076 | 6514 [ 30161 [ 27.997 [ 6716 T -0.237 [ 0.021 -0.203

| T25 " T 20678 T 14744 T 2085 22412 T 14786 | 27188 | 0.265 | 0.042 | 0.102

26 | 22587 | 19.300 | -2.115 | 22.385 | 19.312 | -2.230 | -0.222 | 0.012 | -0.115

| 27 _ [ 22855  24.827 | 2134 | 22494 | 24.827 | -2.283 _ -0.361 _ 0.000 | -0.149

28 | 22.881 | 28.226 | -2.196 | 22.533 | 28.205 | -2.360 ., -0.348 . -0.020 | -0.164

\ DASHBOARD /

DDDR\ .

Figure H-2. Floorpan Deformation Data — Set 2, Test No. ILT-1
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TEST:
VEHICLE: Dodge Ram 1500 quadcab

ILT-1

VEHICLE PRE/POST CRUSH
INTERIOR CRUSH - SET 1

DDDR\

X Y Z X Y' Z AX AY AZ
POINT (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
1 11.868 | -6.138 24.408 11.900 -6.159 24.481 | 0.032 -0.021 | 0.073
_2_ | 14437 1 _0639 | 24.874 | 14.416 | 9518 | 24.935 1 -0.020 ] -0.121 | _0.061 |
UI) 3 14.953 | 22.481 26.684 14.938 22.446 26.800 ! -0.015 -0.036 | 0.116
g 4 8.755 | -4.707 | 13.175 | 8.756 4.692 | 13.203 | 0.001 0.015 ! 0.028
5 10.917 T 11.194 15.405 10.917 11.161 15.469 | 0.001 0.033 | 0.064
[ "6 " 11767 T 23832 16822 | 11728 | 23.807 | 169012 | 0.039 | ©0.026 | 0.090
wg | -1 -} 201 | 28706 | 5563 | 24.987 | 28.605 | 5787_| -0.104 [ -0.101 | 0.224_
92 [ _8& _| 24522 | 20179 | 1.356 | 24.433 | 29.121 | 1476_, 0.089 | 0.058 | 0.120_
o 9 20.477 | 28.502 7.968 20.472 28.220 8.011 |, -0.005 -0.282 |, 0.043
w 10 11.868 | 28.825 22.276 11.686 28.734 22.109 | -0.182 -0.091 | -0.167
% x 11 0.500 |1 28.798 21.846 0.286 28.923 21.791 | -0.214 0.125 |1 -0.055
kO | _ 12 1123211 29171 | 22.444 ) 12528 | 29573 | 22.434 | -0.206 | _0.402 | -0.010 |
28 13_ 1 _7.390 | 31.986 | 6.568 | _7.171 | 31.832 | 6.485 | -0.219 | 0.154 | 0.083 |
% 14 -0.628 | 31.968 6.707 -0.891 32.008 6.766 | -0.264 0.040 ! 0.059
- 15 -13.403 | 30.921 7.181 -13.599 31.295 7312 | -0.19 0.373 | 0.131
1 8.509 ' -8.050 40.435 8.368 -8.084 40.391 | -0.141 0.034 ' -0.044
| _2 _| 8224 _ 1380 | 41284 | 8095 . -1.466 | 41.249  -0.129 | -0.086 | 0.035
| 3 _| 7511 4755 | 41950 | 7.374 | 4723 | 41940 | 0138 | 0032 | -0.009
4 6.291 | 10.870 42.527 6.096 10.779 42.558 |, -0.195 -0.092 , 0.030
5 4.569 ;_ 15.834 42.860 4.377 15.852 42.882 ;_ -0.192 0.018 ;_ 0.022
| _6 _ | 3610 | 8638 | 44545 [ 3805 | 8.761 | 44440 | -0.195 | 0124 | -0.105
Lol. 7 -4.405 | -2.890 45.289 -4.537 -3.066 45.192 | -0.131 -0.176 | -0.097
le) 8 -4.542 | 2.253 45.778 -4.790 2.114 45.716 | -0.248 -0.140 | -0.062
© |” 8. ] 5650 1 7.283 | 46.276 | -5.836 | _7.162 | 46219 | -0.186 | -0.122 | -0.057 |
10 -6.425 | 12.359 46.611 -6.532 12.219 46.554 | -0.107 -0.140 |1 -0.057
11 -11.047 | -9.042 45.271 -11.209 -9.203 45127 |1 -0.162 -0.161 | -0.143
_ 12_ | 122851 4.970 | 45845 | -12.521 | 5,190 | 45.736 | -0.236 | -0.220 | -0.109 |
13 -13.706 | 0.726 46.517 -13.836 0.566 46.412 | -0.129 -0.160 | -0.105
14 -14.010 | 5.849 46.940 -14.076 5.696 46.842 | -0.066 -0.153 | -0.098
15 14.562 | 11.127 | 47.305 | 14.745 | 11.046 | 47.235 | -0.183 | -0.081 | -0.070
\\ DASHBOARD

Figure H-3. Occupant Compartment Deformation Data — Set 1, Test No. ILT-1
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TEST:

ILT-1

VEHICLE PRE/POST CRUSH
INTERIOR CRUSH - SET 2

VEHICLE: Dodge Ram 1500 quadcab

X Y Z X Y z AX AY AZ
POINT | (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
1 35.012 | 0.978 | 25.309 | 34.885 | 1.133 | 25.231 | -0.127 | 0.155 | -0.077
2 37.642 | 16,572 | 23.712 | 37.537 | 16.727 | 23.637 | -0.104 | 0.156 | -0.075
5 ~ 3 1738316 | 20478 ] 23089 | 38205 | 29.789 | 23.817 | -0112 ] 0312 | -0.172 |
g 4 31.701 | 1.035 | 14.050 | 31.558 | 1.192 | 13.944 | -0.142 | “0.157 ! -0.105
5 34.015 | 17.016 | 14.247 | 33.859 | 17.217 | 14.162 | 0.156 | 0.200 ' -0.085
6 34.999 | 29.735 | 14.077 | 34.776 | 29.069 | 13.963 | -0.223 | 0.234 | -0.115
W 7 48.040 | 33.142 | 2.218 | 47.780 | 33.134 | 2.024 | -0.260 | -0.009 . -0.194
D - - -
G L -8 _| 47514 33062 ) 2149 | 47.146 | 33.090 | -2.384 | 0369 | 0028 | -0.235
a 9 43.598 | 33.254 | 4.609 | 43.336 | 33.074 | 4.377 |, -0.261 | -0.180 , -0.232
w 10 | 35295 | 35432 | 18.634 | 34.752 | 35488 | 18.540 | -0.543 | 0.056 | -0.094 |
2 v | =1 | 23961 | 35460 | 18.626 | 23.461 | 35732 ) 18.346 | -0.500 | 0.272 | -0.281 |
e S 12 11.119 | 36.023 ) 19.286 ) 10.645 | 36.584 ) 19.152 | -0.475 ) 0561 | -0.135
29 13 30.509 | 36.651 | 2.847 | 30.061 | 36.578 | 2.652 | -0.448 | -0.074 | -0.194
S _14_ | 22526 | 36.749 | 3.295 | 22.007 | 36.856 ] 3.007 ! -0.519 | 0.108 | -0.288 |
= 15 0678 | 35878 | 4.195 | 9189 | 36.353 | 3.954 | 0489 | 0475 | -0.241
| _1 _| 31834 © 1181 [ 41548 [ 31752 | 1.376 | 41409 = 0082 [ 0195 0139
2 31.636 | 7.865 | 41.552 | 31.660 | 8.038 | 41.342 | 0.024 | 0.173 ' -0.209
3 31.031 | 14.142 | 41.436 | 30.911 | 14.334 | 41.289 | -0.120 | 0.191 . -0.147
| _4 _ | 29725 | 20.127 | 41.353 | 29.680 | 20.363 | 41.147 | -0.045 | 0236 | -0.206
| _5 _ | 28190 | 26249 | 40.992 | 27.986 | 25.417 | 40.859 | -0.204 , 0168 | -0.133
6 19.867 | 1.128_ | 45.851 | 19.773 | 1.355 | 45.765 , -0.094 | 0.227 | -0.086
5 7 19.190 | 6.883 | 45.881 | 19.060 | 6.976 | 45.799 | -0.130 | 0.093 | -0.081
e _ 8_ | 19.074 | 12.013 | 45733 | 18.823 | 12.205 | 45657 | -0.252 | 0.192 | -0.076 |
o 9 17.784 | 17.179 | 45.651 | 17.801 | 17.406 | 45.525 | 0.017 | 0228 | -0.126
10 17.231 | 22.306 | 45.336 | 17.157 | 22.427 | 45209 | -0.074 | 0121 | -0.127
_ 11_ ) 12.328 | _0.939 | 46.758 | 12.099 | 1.031 | 46.695 | -0.229 | 0.091 | -0.063 |
12_ ) 11215 | 5007 | 46.834 | 10.958 | 5189 | 46.792 | -0.257 | 0.182 ! -0.042 |
13 9.823 | 10.791 ) 46.816 | 9687 | 10.861 | 46.759 | -0.136 | 0.070 | -0.057
_14_ ! o714 ! 16.020 | 46.585 | 9.490 ! 16.056 | 46.530 | -0.224 | 0.036 ' -0.055 |
15 9.040 | 21.266 | 46.322 | "8.827 ] 21.359 | 46.251 | -0.213 | "0.003 ! -0.071
\ DASHBOARD /
1
4
DDDR\
6
L/ 11
X
- o
z

Figure H-4. Occupant Compartment Deformation Data — Set 2, Test No. ILT-1
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Date: 9/23/2016 Test Number: ILT-1
Make: Dodge Model:  Ram 1500 quadcab Year: 2009
in. (mm)
Distance from C.G. to reference line - Lrge: 105 (2667)
Total Vehicle Width: _ 76.5 (1943)
Width of contact and induced crush - Field L: 36 (914)
Crush measurement spacing interval (L/5)-1: 7.2 (183)
Distance from center of vehicle to center of Field L - Dg 1 20 1/4 (514)
Width of Contact Damage: 14 1/2 (368)
Distance from center of vehicle to center of contact damage - Dc: 31 (787)
NOTE: Enter "NA" for crush measurement if distance can not be measured (i.e., side of vehicle has been pushed inward)
NOTE: All values must be filled out above before crush measurements are filled out.
Crush Lateral Original Profile Dist. Between Ref.
; . Actual Crush
Measurement Location Measurement Lines
in. (mm) in. (mm) in. (mm) in. (mm) in. (mm)
C, 31/4  (83) 214 (57) 4 (102) -213 -(16) -1/9 -(3)
C; 312 (89) 94/9  (240) 41/3  (110) -1/5 -(5)
Cs 53/4 (146) 16 2/3  (423) 5 (129) 11/3 (34)
Cy 123/8 (314) 236/7 (606) 61/3  (160) 6 5/7 (170)
Cs NA NA 31 (789) 10 (256) NA NA
Cs NA NA 381/4 (972) 201/2 (521) NA NA
Cwax 17 1/2  (445) 29 (737) 85/8 (219) 912 (242)

Figure H-5. Exterior Vehicle Crush (NASS) - Front, Test No. ILT-1

335



June 29, 2017

MwRSF Report No. TRP-03-361-17

Date: 9/23/2016 Test Number: ILT-1
Make: Dodge Model: Ram 1500 quadcab Year: 2009
in. (mm)
Distance from centerline to reference line - Lre: 48 (1219)
Total Vehicle Length: 229.25  (5823)
Width of contact and induced crush - Field L: 229 1/2  (5829)
Crush measurement spacing interval (L/5) - I:  45.9 (1166)
Distance from vehicle c.g. to center of Field L-Dg: 0 0
Width of Contact Damage: 229 1/2  (5829)
Distance from vehicle c.g. to center of contact damage - Dc: 0 0
NOTE: Enter "NA" for crush measurement if distance can not be measured (i.e., front of vehicle has been pushed inward or tire has been removed)
NOTE: All values must be filled out above before crush measurements are filled out.
Crush Longltufmnal Original Profile Dist. BeMeen Actual Crush
Measurement Location Measurement Ref. Lines
in. (mm) (mm) in. (mm) in. (mm) in. (mm)
C, 11 (279) st -(2915) 5417 (141) 4 (102) 1377 (36)
C, NA NA 68 6/7 -(1749) 57/8 (149) NA NA
Cs 8 (203) -(583) 5 (129) -1 -(28)
C, 83/8 (213) (583) 51/8 (130) -3/4 -(19)
Cs 20 (508) 68 6/7 (1749) 5 (127) 11 (279)
Cs NA NA 114 3/4 (2915) 33172 (851) NA NA
Cwax 20172 (521) (1803) 51/8 (130) 11 3/8 (289)

Figure H-6. Exterior Vehicle Crush (NASS) - Side, Test No. ILT-1
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TEST: ILT-2
VEHICLE: Hyundai Accent
X Y z X Y z AX AY AZ
POINT (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
1 26.172 | -21.973 1.094 25.942 | -21.736 0.984 -0.230 0.237 -0.109
2 28.678 | -18.612 -0.822 28.520 [ -18.417 | -0.891 -0.157 0.195 -0.068
3 28.874 | -12.235 | -1.500 28.715 [ -12.061 -1.529 -0.160 0.174 -0.029
4 28.596 -6.670 -1.647 28.452 -6.539 -1.663 -0.144 0.132 -0.016
5 24.691 | -22.750 | -1.541 24.561 | -22.605 | -1.568 -0.130 0.145 -0.027
6 25.634 | -19.204 | -3.009 25.503 [ -19.091 -3.034 -0.131 0.113 -0.025
7 25.160 [ -12.309 | -3.231 24.947 | 12,179 | -3.288 -0.213 0.130 -0.057
8 25.362 -6.804 -3.222 25.173 -6.576 -3.252 -0.190 0.227 -0.030
9 18.593 | -22.562 | -4.828 18.566 | -22.454 | -4.903 -0.027 0.107 -0.075
10 18.645 | -19.222 | -4.965 18.599 | -19.027 | -5.030 -0.046 0.195 -0.065
11 19.569 | -12.040 | -5.023 19.394 | -12.010 | -5.050 -0.175 0.030 -0.026
12 19.715 -6.851 -5.032 19.530 -6.680 -5.049 -0.185 0.171 -0.017
13 14.588 | -22.833 | -5.134 14.408 | -22.757 | -5.193 -0.180 0.075 -0.059
14 14.361 | -18.914 | -4.668 14.360 | -18.856 | -4.750 -0.001 0.058 -0.082
15 14.497 | -11.483 | -4.688 14.309 | -11.397 | -4.588 -0.188 0.086 0.100
16 14.742 -6.902 -5.117 14.585 -6.783 -5.117 -0.157 0.119 -0.001
17 10.647 | -23.164 [ -4.971 10.625 | -23.035 | -5.049 -0.022 0.129 -0.078
18 10.153 | -19.070 [ -4.444 10.085 | -19.106 [ -4.562 -0.069 -0.037 -0.118
19 9.857 -11.330 | -4.278 9.636 -11.176 | -4.310 -0.221 0.153 -0.032
20 10.241 -6.878 -5.000 10.012 -6.810 -5.019 -0.229 0.068 -0.019
21 6.426 -23.253 | -4.473 6.404 -23.129 | -4.524 -0.022 0.123 -0.051
22 6.268 -19.032 | -4.151 6.203 -19.058 | -4.236 -0.064 -0.026 -0.085
23 6.284 -11.307 | -4.084 6.025 -11.248 | -4.096 -0.259 0.060 -0.012
24 6.927 -6.359 -4.499 6.767 -6.302 -4.538 -0.160 0.057 -0.039
25 -0.723 | -22.904 0.193 -0.784 | -22.846 0.191 -0.062 0.058 -0.002
26 -0.981 -18.978 0.099 -1.070 | -18.947 0.095 -0.089 0.031 -0.003
27 -0.775 | -10.773 0.050 -0.919 | -10.718 0.040 -0.145 0.054 -0.010
28 -0.802 -6.564 0.019 -0.898 -6.532 0.009 -0.095 0.032 -0.011
\ DASHBOARD /
2 3 4
D N /4 TN
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Figure H-7. Floorpan Deformation Data — Set 1, Test No. ILT-2
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TEST: ILT-2
VEHICLE: Hyundai Accent
X Y z X Y' z AX AY AZ
POINT (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
1 41.952 | -24.349 4.427 41.829 | -23.980 4.415 -0.123 0.369 -0.012
2 44.532 | -20.976 2.741 44.470 | -20.713 2.898 -0.063 0.263 0.156
3 44.755 | -14.686 2.168 44.739 | -14.287 2.302 -0.016 0.399 0.134
4 44.465 -9.024 2.088 44.465 -8.773 2.191 0.000 0.252 0.103
5 40.718 | -25.158 1.582 40.703 | -24.898 1.693 -0.015 0.260 0.111
6 41.765 | -21.524 0.246 41.779 | -21.268 0.376 0.014 0.256 0.130
7 41.176 [ -14.735 0.034 41.165 | -14.338 0.126 -0.010 0.397 0.092
8 41.374 -9.217 0.172 41.380 -8.772 0.272 0.006 0.445 0.100
9 35.048 | -25.023 | -2.285 35.129 | -24.664 | -2.272 0.081 0.358 0.013
10 35.112 | -21.758 | -2.382 35.207 | -21.347 [ -2.342 0.095 0.411 0.040
11 35.808 | -14.487 [ -2.282 35.836 | -14.194 [ -2.206 0.028 0.293 0.076
12 35.852 -9.243 -2.235 35.919 -8.885 -2.108 0.066 0.358 0.127
13 31.037 | -25.374 [ -2.990 31.088 | -25.007 | -2.981 0.051 0.367 0.009
14 30.788 | -21.528 [ -2.532 30.844 | -21.128 [ -2.497 0.056 0.401 0.034
15 30.730 | -13.925 [ -2.462 30.782 | -13.649 | -2.269 0.052 0.276 0.193
16 30.928 -9.337 -2.812 30.995 -9.065 -2.716 0.067 0.272 0.095
17 27.172 | -25.621 -3.259 27.229 | -25.358 | -3.250 0.057 0.262 0.009
18 26.453 | -21.717 | -2.761 26.501 | -21.353 | -2.732 0.048 0.363 0.028
19 26.217 | -14.045 | -2.463 26.066 | -13.570 | -2.454 -0.151 0.475 0.009
20 26.375 -9.440 -3.161 26.499 -9.175 -3.099 0.124 0.265 0.062
21 22.875 | -25.824 [ -3.175 22.960 | -25.528 [ -3.167 0.085 0.296 0.008
22 22.644 | -21.681 -2.832 22.700 | -21.406 [ -2.842 0.056 0.276 -0.010
23 22.449 | -13.928 [ -2.682 22.407 | -13.621 -2.658 -0.042 0.308 0.024
24 23.005 -8.992 -2.985 23.099 -8.722 -2.960 0.094 0.270 0.025
25 15.251 | -25.667 0.776 15.205 | -25.368 0.789 -0.046 0.299 0.013
26 15.010 | -21.640 0.691 14.999 | -21.366 0.693 -0.011 0.274 0.003
27 15.128 | -13.526 0.739 15.129 | -13.209 0.743 0.002 0.317 0.004
28 14.956 -9.330 0.743 14.950 -9.065 0.750 -0.007 0.264 0.007
\ DASHBUOARD /
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19 20
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Figure H-8. Floorpan Deformation Data — Set 2, Test No. ILT-2
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June 29, 2017

MwRSF Report No. TRP-03-361-17

TEST:

ILT-2

VEHICLE: Hyundai Accent

VEHICLE PRE/POST CRUSH
INTERIOR CRUSH - SET 1

X Y Z X Y' zZ AX AY AZ
POINT (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)

1 15.112 -22.508 22.941 15.007 -22.222 22.741 -0.105 0.287 -0.200
2 11.815 -13.267 26.595 11.728 -12.989 26.548 -0.087 0.278 -0.047
% 3 13.284 1.157 23.621 13.096 1.423 23.616 -0.188 0.266 -0.005
5‘ 4 13.195 -22.365 12.717 13.139 -22.133 12.736 -0.055 0.232 0.019
5 12.328 -12.971 12.566 12.203 -12.699 12.532 -0.125 0.272 -0.034
6 8.934 0.226 12.779 8.721 0.469 12.789 -0.212 0.244 0.011
w d 7 21.643 -26.701 5.671 21.624 -26.434 5.563 -0.019 0.267 -0.108
c% <Z( 8 18.045 -26.725 3.034 18.069 -26.512 2.992 0.024 0.213 -0.042
o 9 21.212 -26.728 0.587 21.283 -26.536 0.461 0.071 0.192 -0.126
w 10 -13.724 | -27.513 25.568 -13.570 [ -27.832 25.629 0.153 -0.320 0.061
c% o« 11 0.810 -27.382 23.464 0.837 -27.445 23.420 0.027 -0.064 -0.044
= O 12 11.521 -27.449 21.912 11.442 -27.219 21.871 -0.079 0.230 -0.041
2 8 13 -11.248 | -27.821 6.326 -11.115 | -28.027 6.456 0.132 -0.206 0.130
% 14 -0.324 -28.251 2.537 -0.359 -28.441 2.657 -0.034 -0.190 0.120
- 15 9.050 -27.872 1.915 8.982 -28.044 1.869 -0.068 -0.172 -0.046
1 2.457 -17.628 39.865 2.410 -17.436 39.936 -0.047 0.192 0.071
2 3.094 -13.104 40.022 3.155 -12.904 40.018 0.061 0.200 -0.004
3 3.440 -9.421 40.133 3.520 -9.286 40.095 0.079 0.135 -0.039
4 3.892 -4.209 40.122 3.794 -4.005 40.148 -0.098 0.204 0.025
5 3.967 0.314 40.105 3.863 0.389 40.116 -0.104 0.075 0.011
6 -4.374 -17.091 42.882 -4.155 -16.980 42.884 0.219 0.111 0.002
Lol- 7 -3.516 -13.173 43.005 -3.398 -13.168 43.007 0.118 0.006 0.001
le) 8 -3.047 -8.878 43.144 -3.029 -8.809 43.163 0.018 0.068 0.020
x 9 -2.826 -3.946 43.242 -2.869 -3.847 43.268 -0.043 0.099 0.027
10 -2.611 -0.311 43.204 -2.729 -0.167 43.247 -0.118 0.144 0.043
1 -10.764 | -16.529 44.338 -10.548 [ -16.591 44.370 0.216 -0.061 0.032
12 -10.514 | -13.217 44.580 -10.434 | -13.137 44.647 0.080 0.080 0.068
13 -10.456 -9.382 44.809 -10.329 -9.401 44.853 0.127 -0.019 0.044
14 -10.137 -4.241 44.934 -10.080 -4.097 44.980 0.057 0.144 0.046
15 -10.459 -0.731 45.027 -10.414 -0.623 45.070 0.045 0.108 0.042
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3
DUDR\ / DOOR
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Y

Figure H-9. Occupant Compartment Deformation Data — Set 1, Test No. ILT-2
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June 29, 2017

MwRSF Report No. TRP-03-361-17

TEST:

ILT-2

VEHICLE: Hyundai Accent

VEHICLE PRE/POST CRUSH
INTERIOR CRUSH - SET 2

X Y 2 X Y z AX AY AZ
POINT | (in) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)

1 28.720 | -25.270 | 24.940 | 28.717 | -24.865 | 24.927 | -0.003 | 0.404 | -0.014
2 25.032 | -16.114 | 28.465 | 24.841 | -15.683 | 28.288 | -0.191 | 0.432 | -0.177
5 3 26.548 | -1.700 | 25.880 | 26.445 | -1.312 | 25.858 | -0.103 | 0.388 | -0.022
g 4 27.816 | -25.080 | 14.727 | 27.818 | 24.719 | 14.727 | 0.001 0.361 0.000
5 26.876 | -15.686 | 14.494 | 26.823 | -15.278 | 14.547 | -0.053 | 0.409 | 0.053
6 23.251 | -2.557 | 14.569 | 23.207 | -2.123 | 14.584 | -0.044 | 0.434 | 0.015
W 7 37.098 | -29.197 | 8.392 | 37.067 | 28.817 | 8.413 | -0.031 | 0.380 | 0.021
ok 8 33.774 | 29.247 | 5.506 | 33.714 | 28.895 | 5.528 | -0.061 | 0.352 | 0.022
a 9 37.186 | -29.100 | 3.461 | 37.163 | 28.767 | 3.429 | -0.023 | 0.333 | -0.032
w 10 -0.040 | -30.739 | 24.690 | 0.012 | -30.762 | 24.725 | 0.052 | -0.023 | 0.035
2 m 11 14.526 | -30.385 | 24.000 | 14.466 | -30.217 | 24.034 | -0.060 | 0.168 | 0.034
e S 12 25274 | -30.277 | 23.441 | 25.324 | 29.890 | 23.475 | 0.050 | 0.387 | 0.034
29 13 4.339 | -30.816 | 5.745 | 4.453 | -30.700 | 5.838 | 0.114 | 0.116 | 0.092
S 14 15.580 | -31.043 | 3.087 | 15.558 | -30.977 | 3.154 | -0.031 | 0.066 | 0.067
= 15 24.922 | -30.528 | 3.396 | 24.909 | -30.502 | 3.358 | -0.012 | 0.026 | -0.038
1 14.242 | -20.789 | 40.655 | 14.319 | -20.513 | 40.657 | 0.077 | 0.275 | 0.003
2 14.996 | -16.231 | 40.852 | 14.972 | 15.941 | 40.879 | -0.024 | 0.291 0.027
3 15190 | -12.512 | 41.064 | 15.314 | 12.185 | 41.036 | 0.124 | 0.327 | -0.028
4 15.482 | -7.453 | 41.169 | 15.546 | -7.026 | 41.166 | 0.064 | 0.426 | -0.003
5 15.478 | 2.885 | 41.211 | 15.546 | 2.540 | 41.195 | 0.068 | 0.345 | -0.016
6 7.400 | 20.359 | 42.924 | 7.309 | -20.042 | 42.962 | -0.090 | 0.317 | 0.038
5 7 8.094 | -16.498 | 43.179 | 8.078 | -16.190 | 43.200 | -0.016 | 0.308 | 0.021
o] 8 8.477 | -12.128 | 43.405 | 8.446 | -11.895 | 43.428 | -0.031 | 0.233 | 0.023
o 9 8.573 | -7.247 | 43571 | 8530 | -6.889 | 43.608 | -0.043 | 0.359 | 0.037
10 8.688 | -3.580 | 43.599 | 8.657 | -3.174 | 43.639 | -0.031 | 0.415 | 0.040
11 0.809 | -19.970 | 43.760 | 0.924 | -19.644 | 43.748 | 0.116 | 0.327 | -0.012
12 0.933 | -16.552 | 44.064 | 0.937 | -16.262 | 44.061 | 0.004 | 0.290 | -0.003
13 0.974 | -12.857 | 44.317 | 0.969 | -12.520 | 44.324 | -0.005 | 0.336 | 0.007
14 1191 | -7.562 | 44.519 | 1.137 | -7.308 | 44.537 | -0.054 | 0.253 | 0.018
15 0.831 | 4112 | 44.608 | 0.757 | -3.758 | 44.631 | -0.074 | 0.354 | 0.023
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Figure H-10. Occupant Compartment Deformation Data — Set 2, Test No. ILT-2
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June 29, 2017

MwRSF Report No. TRP-03-361-17

Date: 9/28/2016 Test Number: ILT-2
Make: Hyundai Model: Accent Year: 2009
in. (mm)
Distance from C.G. to reference line - Lrg: 68 1/2 (1740)
Total Width of Vehicle: 66 (1676)
Width of contact and induced crush - Field L: 66 (1676)
Crush measurement spacing interval (L/5) - 1: 13 1/5 (335)
Distance from center of vehicle to center of Field L-Dg: 0 0
Width of Contact Damage: 33 (838)
Distance from center of vehicle to center of contact damage - Dc: 16 1/2 (419)
NOTE: Enter "NA" for crush measurement if distance can not be measured (i.e., side of vehicle has been pushed inward)
NOTE: All values must be filled out above before crush measurements are filled out.
Crush Lateral Original Profile Dist. Between Ref.
. . Actual Crush
Measurement Location Measurement Lines
in. (mm) in. (mm) in. (mm) in. (mm) in. (mm)
Cy NA NA -33 -(838) 201/4  (514) -4 217 -(109) NA NA
C, 81/2 | (216) -19 4/5 -(503) 47/18 (124) 8 (201)
Cs 51/4 | (133) -6 3/5 -(168) 2317 (62) 71/9 (181)
Cy 51/4 | (133) 63/5 (168) 21/3 (59) 7219 (183)
Cs 51/8 | (130) 194/5 (503) 44/5 (122) 4 3/5 (117)
Cs NA NA 33 (838) 197/8 (505) NA NA
Cmax 97/8 (251) -15 -(381) 34/7 (90) 10 3/5 (269)

Figure H-11. Exterior Vehicle Crush (NASS) - Front, Test No. ILT-2
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June 29, 2017
MwRSF Report No. TRP-03-361-17

Date: 42641 Test Number: ILT-2
Make: Hyundai Model: Accent Year: 2009
in. (mm)
Distance from centerline to reference line - Lrer: 37 3/4 (959)

Total Vehicle Length: 168.25  (4274)

Width of contact and induced crush - Field L:  90.5 (2299)

Crush measurement spacing interval (L/5) - I1:  18.1 (460)

Distance from vehicle c.g. to center of Field L - D : 25.3 (643)

Width of Contact Damage: 595/8  (1514)

Distance from vehicle c.g. to center of contact damage - Dc:  40.5 (1029)

NOTE: Enter "NA" for crush measurement if distance can not be measured (i.e., front of vehicle has been pushed inward or tire has been removed)
NOTE: All values must be filled out above before crush measurements are filled out.

Crush Longitudinal Original Profile Dist. Between
X . Actual Crush
Measurement Location Measurement Ref. Lines

in. (mm) in. (mm) in. (mm) in. (mm) in. (mm)

C; 61/8 (156) -19.95  -(507) 3.25 (83) 1.75 (44) 1.1 (29)
C, 6 (152) -1.85 -(47) 3.25 (83) 1.0 (25)
Cs 6.5 (165) 16.25 (413) 3.25 (83) 1.5 (38)
Cy NA NA 34.35 (872) 3.47 (88) NA NA
Cs 16.25 (413) 52.45 (1332) 3.84 (98) 10.7 (271)
Cs NA NA 70.55 (1792) 31.88 (810) NA NA
Cmax 17 (432) 49 (1245) 4.00 (102) 11.3 (286)

Figure H-12. Exterior Vehicle Crush (NASS) - Side, Test No. ILT-2
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Appendix I. Accelerometer and Rate Transducer Data Analysis Test No. ILT-1
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ILT-1

Longitudinal CFC-180 10-msec Extracted Average Acceleration - SLICE-1
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Figure I-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. ILT-1
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Figure I-2. Longitudinal Change in Velocity (SLICE-1), Test No. ILT-1
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Figure I-3. Longitudinal Change in Displacement (SLICE-1), Test No. ILT-1
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Lateral CFC-180 10-msec Extracted Average Acceleration - SLICE-1
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Figure I-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. ILT-1
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Figure I-5. Lateral Change in Velocity (SLICE-1), Test No. ILT-1
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Lateral Change in Displacement - SLICE-1
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Figure I-6. Lateral Change in Displacement (SLICE-1), Test No. ILT-1
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Figure I-7. Vehicle Angular Displacements (SLICE-1), Test No. ILT-1

Euler Angular Displacements - SLICE-1
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ILT-1

Longitudinal CFC-180 10-msec Extracted Average Acceleration - SLICE-2
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Figure I-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. ILT-1
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Longitudinal Change in Velocity - SLICE-2
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Figure I-10. Longitudinal Change in Velocity (SLICE-2), Test No. ILT-1
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Figure I-11. Longitudinal Change in Displacement (SLICE-2), Test No. ILT-1
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ILT-1

Lateral CFC-180 10-msec Extracted Average Acceleration - SLICE-2
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Figure I-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. ILT-1
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Figure I-13. Lateral Change in Velocity (SLICE-2), Test No. ILT-1
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Lateral Change in Displacement - SLICE-2
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Figure I-14. Lateral Change in Displacement (SLICE-2), Test No. ILT-1
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Euler Angular Displacements - SLICE-2
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Figure I-15. Vehicle Angular Displacements (SLICE-2), Test No. ILT-1
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Figure I-16. Acceleration Severity Index (SLICE-2), Test No. ILT-1
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Appendix J. Accelerometer and Rate Transducer Data Analysis Test No. ILT-2
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Longitudinal CFC-180 10-msec Extracted Average Acceleration - SLICE-1

ILT-2

. f\ /\ AL o A aaan

1) |

e

Acceleration (g's)

. v . N

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time (sec)

‘ ——CFC-180 Extracted 10 msec Average Longitudinal Acceleration (g's)

Figure J-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. ILT-2

0.8

LT-T9€-€0-ddL "ON Hodoy JSYMIN

L10T ‘6T dung



a9¢

Velocity (m/s)

-10

-12

-14

-16

-18

Longitudinal Change in Velocity - SLICE-1

—— CFC-180 Extracted Longitudinal change in velocity (m/s)

ILT-2
\\
\\\\
o
‘_\\\'R’_"\f——
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (sec)

0.8

Figure J-2. Longitudinal Change in Velocity (SLICE-1), Test No. ILT-2
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Longitudinal Change in Displacement - SLICE-1
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Figure J-3. Longitudinal Occupant Displacement (SLICE-1), Test No. ILT-2
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Lateral CFC-180 10-msec Extracted Average Acceleration - SLICE-1
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Figure J-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. ILT-2
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Lateral Change in Velocity - SLICE-1
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Figure J-5. Lateral Change in Velocity (SLICE-1), Test No. ILT-2
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Lateral Change in Displacement - SLICE-1
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Figure J-6. Lateral Change in Displacement (SLICE-1), Test No. ILT-2
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Euler Angular Displacements - SLICE-1
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Figure J-7. Vehicle Angular Displacements (SLICE-1), Test No. ILT-2
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Figure J-8.
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Longitudinal CFC-180 10-msec Extracted Average Acceleration - SLICE-2
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Figure J-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. ILT-2
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Figure J-10. Longitudinal Change in Velocity (SLICE-2), Test No. ILT-2
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Figure J-11. Longitudinal Change in Displacement (SLICE-2), Test No. ILT-2
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Lateral CFC-180 10-msec Extracted Average Acceleration - SLICE-2
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Figure J-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. ILT-2
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Lateral Change in Velocity - SLICE-2
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Figure J-13. Lateral Change in Velocity (SLICE-2), Test No. ILT-2
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Figure J-14. Lateral Occupant Displacement (SLICE-2), Test No. ILT-2

LT-T9€-€0-ddL "ON Hodoy JSYMIN

L10T ‘6T dung



SLE

45
40
35
= 30
[«3)
S
2
2
g 5
(5]
8
2 20
&)
3
3 15
[
<
10
5
0
-5

Euler Angular Displacements - SLICE-2

Test No
/
] Yaw
// /
/ g
Pitch
| \\_,\._/// T I

Roll

0 0.1 0.2 0.3 04 0.5 0.6 0.7

Time (sec)
Euler Yaw y (deg) Euler Pitch 0 (deg) Euler Roll ¢ (deg)

0.8

Figure J-15. Vehicle Angular Displacements (SLICE-2), Test No. ILT-2
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Figure J-16.

Acceleration Severity Index (SLICE-2), Test No. ILT-2
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MIDWEST ROADSIDE SAFETY FACILITY

Load Cell Summary

Test Information:

Test No: ILT-1
Date: 9/23/2016

Additional Notes:

System / Test Article: Luminaire Behind MGS
LC Location / Component: Downstream/North End

Load Cell Information: Results:

Load Cell No.: 143432 Preload: 0 kips
Calibration Factor: 2.1597 mv/V Max. Load: 15.20 kips
Input Voltage (excitation): 10 Volts Time of Max. Load: 0.1495 sec
Gain: 400 Event Duration: 1.5 sec
Full Scale Load: 50 Kips Final Load: 0.08 kips

Sample Rate: 10000 Hz

Cutoff Frequency: 100 Hz
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Figure K-1. Load Cell Data, Downstream Anchorage System, Test No. ILT-1
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MIDWEST ROADSIDE SAFETY FACILITY

Load Cell Summary

Test Information:

Test No: ILT-1
Date: 9/23/2016
System / Test Article: Luminaire Behind MGS
LC Location / Component: Upstream/South Anchor
Additional Notes:

Load Cell Information: Results:

Load Cell No.: 143433 Preload: 0 kips
Calibration Factor: 2.1646 mv/V Max. Load: 25.80 kips
Input Voltage (excitation): 9.99 Volts Time of Max. Load: 0.1587 sec
Gain: 400 Event Duration: 1.5 sec
Full Scale Load: 50 kips Final Load: 1.97 kips

Sample Rate: 10000 Hz

Cutoff Frequency: 100 Hz
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Figure K-2. Load Cell Data, Upstream Anchorage System, Test No. ILT-1
379



June 29, 2017
MwRSF Report No. TRP-03-361-17

MIDWEST ROADSIDE SAFETY FACILITY

Load Cell Summary

Test Information:

Test No: ILT-2
Date: 9/28/2016
System / Test Article: Luminaire Behind MGS
LC Location / Component: Downstream/South End
Additional Notes:

Load Cell Information: Results:

Load Cell No.: 143433 Preload: 0 Kkips
Calibration Factor: 2.1646 mv/V Max. Load: 15.92 kips
Input Voltage (excitation): 9.97 Volts Time of Max. Load: 0.1097 sec
Gain: 400 Event Duration: 0.8 sec
Full Scale Load: 50 Kips Final Load: 0.09 kips

Sample Rate: 10000 Hz

Cutoff Frequency: 100 Hz
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Figure K-3. Load Cell Data, Downstream Anchorage System, Test No. [LT-2
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MIDWEST ROADSIDE SAFETY FACILITY

Load Cell Summary

Test Information:

Test No: ILT-2
Date: 9/28/2016
System / Test Article: Luminaire Behind MGS
LC Location / Component: Upstream/North Anchor
Additional Notes:

Load Cell Information: Results:

Load Cell No.: 143432 Preload: 0 Kkips
Calibration Factor: 2.1597 mv/V Max. Load: 17.15 kips
Input Voltage (excitation): 10.01 Volts Time of Max. Load: 0.1485 sec
Gain: 400 Event Duration: 0.8 sec
Full Scale Load: 50 Kips Final Load: 0.69 kips

Sample Rate: 10000 Hz

Cutoff Frequency: 100 Hz
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Figure K-4. Load Cell Data, Upstream Anchorage System, Test No. ILT-2
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