
Midwest Stale's Regional Pooled Fund Research Program 
Fiscal Year 1998-2000 (Year 9 & /0) 

NDOR Research Project Number SPR-3(017) 

DEVELOPMENT OF A W-BEAM GUARDRAIL 

SYSTEM FOR USE ON A 2:1 SLOPE 

Submitted by 

Karla A. Po li vka, B.S.M.E., E.I.T. 
Research Associate Engineer 

Dean L. Sicking, Ph.D., P.E. 
Associate Professor and MwRSF Director 

James C. Holloway, M.S.C.E .• E.I.T. 
Research Associate Engineer 

Ronald K. Faller, Ph.D., P .E. 
Research Assistant Professor 

John R. Rohde, Ph.D., P.E. 
Associate Professor 

Eric A. Keller, B.S.M .E., E. I.T. 
Research Associate Engineer 

MIDWEST ROADSIDE SAFETY FACILITY 
University of Nebraska-Lincoln 
1901 "yn Street, Building "c" 

Lincoln, Nebraska 68588-0601 
(402) 472-6864 

Submitted to 

MIDWEST STATE'S REGIONAL POOLED FUND PROGRAM 
Nebraska Department of Roads 

1500 Nebraska Highway 2 
Lincoln, Nebraska 68502 

MwRSF Research Report No_ TRP-03-99-00 

October 16, 2000 



Technical Report Documentation Paee 
I . Repon No. 2. l. Rccipicm's Accession No. 

SPR-3fO I7) 
4. Title and Sllbtil1c 5. ItcpOr1 Dalc 

Development ofa W-Beam Guardrai l System for use on a October 16,2000 
2: 1 S lope 6. 

7. Alllhor{$) 11. Performing OrganiUlion ltepor1 No. 

Polivka, K.A., Faller, R.K., Sicking, D.L., Rohde, J.R., TRP-03-99-00 
Ho lloway, J.C., and Keller, E.A. 

9. Performing Organization Name and Address 10. ProjectlTasklWorl.: Unit No. 

Midwest Roadside Safety Facility (MwRSF) 
University of Nebraska-Lincoln 

I I . Contract 0 or Grant (G) No. 
1901 YSI., Bldg.C 
Lincoln, NE 68588-0601 SPR-3(017) 

12. Sponsoring Organization Name and Addre!;S 13_ T ype ur Rcpon Wld Period Cu~ercd 

Midwest States Regional Pooled FWld Program Final Report 1999-2000 
Nebraska Department o f Roads 

14. Sponsoring Age rley Code 
1500 Nebraska Hi ghway 2 
Lincoln, Nebraska 68502 

IS. Sllppl~mcrltary No"", 

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

16. Abstract (Limit: 200 words) 

A W-beam guardrail system was deve loped and crash tested for use on a 2: I foreslope. The guardrail 
design was constructed w ith 2.66-mm ( 12-gauge) thick W-beanl rails totaling 53.34 m in length and 
incorporated a half-post spaci ng section of 17. 15 m. The W -beam rail was supported by fifteen WI52x 13.4 
by 1 ,829-mm long steel posts, spaced 1,905-mm on center, and nineteen W152x 13.4 by 2 ,134-mm long s teel 
posts, spaced 952.5-mm on center. Routed, 150x200x360 wood spacer b lackouts were used to block the rail 
away from each post. 

The research s tudy included bogie tes ting on steel posts placed in s loped fill and one full-scale vehicle 
crash tes t, us ing a 1,I..-ton pickup truck . TIle test, impacting at a speed of 100.7 kmlhr and an angle of28.5 
degrees, was conducted and reported in accordance with the requirements speci_fied in NCHRP Report No. 
350, Recommended Procedures for Ihe SaftlY Performance Evaluation of Highway Features. The safety 
performance of the W-beam barrier system was determined to be acceptable according to Test Level 3 (TL-3) 
of the NCHRP Report No. 350 criteria. 

17. Docun>ent Analy. i.:lDe<cripto'" I R Availahility S.a.""",n. 

Highway Safety, Guardrai l, Roadside Appurtenances, No restrictions. Document available from: 

Longitudinal Barrier, Roadside Crash Test, Compliance National Technical lnfonnati on Services, 

Slopes, Test S pringfield, Vi rginia 22 161 

19. Security CIIISS (th is ",pon) 20. Security ClILSS (this plge) 21. No. urJ>ag.C$ 22. Price 

Unclassified Unclassified 95 



DISCLAIMER ST ATIlMllNT 

The contents of lhis report reflect the views of the authors who are responsible for the facts 

and the accuracy of the data presented herein. The contents do not necessarily re flect the official 

views or policies oflhe State Highway Depanments participating in the Midwest State's Regional 

Pooled Fund Research Program nor the Federal Highway AdminiSlTation. This report does not 

consli tUle a standard, speci fication, or regulation . 

" 



ACKNOWLEDGMENTS 

The authors wish to acknowlcdge severaJ sources that made a contribution to this project: ( I) 

the Midwest States Regional Pooled fund Program funded by the Iowa Department of 

Transportation. Kansas Department of Transportation, Minnesota Department of Transportation, 

Missouri Department of Transportation, Nebraska Department of Roads, Ohio Department of 

Transportation, South Dakota Department of Transportation, and Wisconsin Department of 

Transportation for sponsoring this project; (2) MwRSF personnel fo r constructing the barrier and 

conducting the bogie and crash tests; and (3) the University of Nebraska-Lincoln fo r matching 

support. 

A special thanks is al so given to the following indi viduals who made a contribution to the 

completion of dlis research project. 

Midwest Roadside Safety Facility 
J.D. Reid, Ph.D. , Associate Professor, Mechanical Enginee[ing Department 
R.W. Bielenberg, M.S.M.E., Research Associate Engineer 
K.L. Krenk, B.S.M.A., Shop Manager 
K.H. Addink, B.S.C.E., Research Associate Engineer 
M.L. Hanau, Laboratory Mechanic I 
O.M. McBride, Laboratory Mechanic I 
Undergraduate and Grad uate Assistants 

Iowa Department of Transportation 
David Lillie, P.E., Deputy Director, Engineering Division 
Jay Chiglo, P.E., Methods Engineer 

Kansas Department of Transportation 
Ron Seitz, P.E., Road Design Squad Leader 

Minnesota Department of T ransportation 
Ron Cassellius, Research Program Coordinator 
Andrew Halverson, P.E .• Assistant Design Standards Eugineer 

1.11 



Missouri Department of Transportation 
Vince Imhoff, P.E., Contract Administration Engineer 
Tom Allen, P.E., Research and Development Engineer 

Ne braska Dcparhnenl of Roads 
Leona Kolbet, Research Coordinator 
Ken Sieckmeyer, Transportation Planning Manager 

Ohio Department of Transportation 
Monique Evans, P.E., Roadway Standards Engineer 

South Dakota Department of Transportation 
David Hun, Research Engineer 

Wiscons in llcpartment of Transportation 
Rory Rhinesmith, P.E., Chief Roadway Development Engineer 
Peter Amakobe, Standards Development Engineer 

Federal Hiehway Administration 
Milo Cress. P.E .. Nebraska Division Office 
John Perry. P.E., Nebraska Division Office 
Frank Rich. P.E., Nebraska Division Office 

Dunlap Photography 
James Dunlap. President and Owner 

IV 



TABLE OF CONTENTS 

Page 

TEC HNICAL REPO RT DOCUMENTATION PAGE .......••..•.•.•.•• • •••••.. . .... . I 

DISCLAIMER STATEMENT .. .... . . ......... .. ..... ..... .. ............ . ....... 11 

ACKNOWLEDGMENTS ... . .... ..... ... .. ................. ........ .......... . 111 

TABLE OF CONTENTS ............... . ........ .... ............................ v 
List of Figures ......... . .. . .. .. . .. ....•.•. . . . . • . • ... •••••. , ........... vii 
List o f Tables ......................... . • . • • •• •• •••••• .•. ............... IX 

I rNTRODUCn ON ... ......... . ...... . . . .•. ..••••.•••.•••• •• , , .•••••• .• ••..... 1 
1.1 Problem Statenlent ..... . . . . .... . .•• . •••• ••••••••••••. , ..... . . . . ... .... 1 
1.2 Objecti ve .. ............................• •. . •. .. .... .... . . . . . . .... I 
1.3 Scope . . . . . ................... . . . ..•.•• .•...•• ••.••. . .... . . . . . . . . . .. 2 

2 LITERATURE REVIEW ................ . . ................. . .................. 3 

3 TEST REQUIREMENTS AND EVALUATION CRITERI A .... . ...... . .......... . ... 5 
3. 1 Test Requirements ...... .... .... . . _ ...................... . . . . . ... . ... . 5 
3.2 Evaluation Criteria ........ . ........................................... 5 

4 DEVELOPMENTAL TESTING - BOGLE TESTING OF POSTS ..... . ........... .... . 7 
4.1 Test Matrix. . . . . . . . . . . . . . . . . . . . . . ................................ 7 
4.2 Test Conditions .......... . ..... . . ... . ............... . • . • . ••. .•. •..... 7 

4.2. 1 Bogie Vehicle .... . . . ... . . . . . . . ...•...•.•.................... . 7 
4.2.2 Bogie Tow and Guidance System .............. . . . ... ............. 8 
4.2 .3 Post Installation Procedure . . . .........•........ . .•.•.•.•.•..... . 8 
4.2.4 Dala Acq ui si tion Systems . . ... . . . . . . . ••••••••.• . • .•.•.•...•. .... 8 

4.2.4.1 Accelerometer . .. . ... . . ... . ... . ...................... . 8 
4.2.4.2 High-Speed Photography ........ . ...................... 11 
4.2.4.3 Pressure Tape Switches ......•• . • . . . . .... . . • . ••. . .•.... I I 

4.3 Test Results ................... . ..... . . . . . . . . . . . . . . . ................ II 

5 COMPUTE R SIM ULATION ....... ...... . .... . . ... ... .......... . ......... .... 19 
5. 1 Background ........... . ... .... . ..•• . ••••••••••••................... 19 
5.2 Design Alternat ives .... . ... •.... . .. ... . .... . . . . .......... . . .. ....... 19 
5.3 BARRI ER VII Results ........... . .......... . . . .... . ••. . .. . . . . ... . .... 20 

6 W·BEAM GUARDRAIL ADJACENT TO A SLOPE DESIGN ....................... 24 

v 



7 TEST CONDITIONS ...... . ..... .... . .... . ............... ............ . ...... 31 
7. 1 Test Facility ...... ... .... .. ...... .. . ... ..... . ... . . . . .. . .. ..... ...... 3 1 
7.2 Vehicle Tow and Guidance System . . ...... .. . ... .. ....... . ... . .......... 3 1 
7.3 Test Vehic le ...... . . . . .... . ........ ... ... ...... ......... . . . .... .. . . . 3 1 
7.4 Data Acquisition Systems . ........... . .. . ...... . ...... ..... ....... .... 34 

7 A .1 AccelerOinelers ............ .. .. .. ......... . . ... ... .. .• .. .. . .. 34 
7.4.2 Rate Transducer .............. . ....................... . . .. ... 36 
7.4.3 High-Speed Photography ............ .. . . .. ...... .. ... .• .. ..... 36 
7.4.4 Pressure Tape Switches ........ . .....................•• • ••..... 37 

8 CRASH TEST NO. I ...... . . . . .. .. . ........ . . ..... . . .. ..... . .. ..•..••....... 39 
8. 1 Test MOSW- l ...... .. .... ... .•. .. . . . . .. . ... .. . ... ...... . ... • .. ... . . 39 
8.2 Test Description ....... . .........• . .. .. .. ...... ... . ... . •.•••••••..... 39 
8.3 Barrier Dalnage . . . . . . ..... .. .... .• ............. ... ... . •. • .• •• •• ..... 41 
8.4 Vehicle Datnage . . ... . . . . . . •• . •• . ...... ........... .... ........ • . ..... 42 
8.5 Occupant Risk Values . . ...•••• •• . •. . .. ........... ... .. .. • .•. • . • . ..... 42 
8.6 Discussion .................. ....••..... . . . .... ..• ..••••••••..... 43 

9 SUMMARY AND CONCLUSIONS ..... .. .. • . . ..•.. ....... . .. . •.... • ••••• ... .. 65 

10 RECOM MENDATIONS .. ..............•• • • . .... ..... .. . . . ..• . • . • ...•.. .. . . 67 

II REFERENCES ..... . ...... . . . . . .... ....•• ••• •. .. ... . ... .• • ••••• • •••• • ..... 68 

12 APPENDICES ..... ... ........ . ......... .... . .. . ........ • • • • •••••• • • • . . . .. 70 
APPENDIX A - Force-Defl ection Behavior of Bogie Tests .......•.............. 71 
APPENDIX B - Typical BARRIER VII Input File .... ............ ..••••••. . . . . 78 
Al>PENDIX C - Accelerometer Data Analys is, Test MOSW-I .......•••••••..... 85 
APPENDIX D - Roll. Pitch, and Yaw Data Analysis, Test MOSW-I . .•.. . . ....... 92 

VI 



List of Figu res 
Page 

1. Post Installation Procedure ...................... ••••••.•••• • • • • • • • • • . • . . . . . .... 9 
2. Typical Stee l Post on Slope Break Point ............ ......... . .. ......... . ....... 10 
3. Post Damage and Soil Failure, Bogie Test MSB-I .••• ••• • ••••.................. 13 
4. Post Damage and Soil Failure, Bogie Test MSB-2 ... .••••••••• •. ' •.•• 0 ............ 14 
5. Post Damage and Soil Failure. Bogie Test MSB-3 ... ..•......... .................. 15 
6. Post Damage and Soil Failure, Bogie Test MSB-4 .....•..•• . . ......... . ... . ....... 16 
7. Post Damage and Soil Failure, Bogie Test MSB-5 ...•.••. ....••.. . ... . .. . . ... 17 
8. Post Damage and Soil Failure. Bogie Test MSB-6 ................................. 18 
9. W-beam Guardrail Adjacent to a 2: 1 Foresiope System ............................. 26 
10. W-beam Guardrai l Adjacent to a 2:1 Foreslope ...... ...• . , •.• •• .• •.. • ... . . . . . ... 27 
II . W-beam Guardrail Adjacent to a 2: I Foreslope ... . .....•••••...• •...•.. ... ... ... 28 
12. W-beam Guardrail Adjacent to a 2: I Fores lope ......... . ........................ 29 
13. End Anchorage Systems ........................• • ..•.•..... . . . . . ....... . ... 30 
14. Test Vehicle, Test MOSW-I ...................••••••••.•••.• .......... ..... . 32 
15. Vehicle Dimcnsions, Test MOSW-l ...... . . . . .......•.•....................... 33 
16. Vehicle Target Locations, Test MOSW-I .. . . . . . . ................... . ........... 35 
17. Location of High-Speed Cameras, Test MOSW-l . ................... •. . • •....... 38 
18. Summary of Test Results and Sequential Photographs, Test MOSW-l . ... . . . . . . . ..... 44 
19. Additi onal Sequential Photogmphs. Test MOSW-I ........ . ...................... 45 
20. Additio/1al Sequential Photographs, Tcst MOSW-I ........... ...... .. .. .. ... ..... 46 
21. Documentary Photographs. Test MOSW- I . . . ........ . ......• . . . , .......... . .... 47 
22. Documentary Photographs, Tcst MOSW-l ...... ..... ..... ............. .. ...... . 48 
23. Documentary Photographs, Test MOSW-I . . ............. . . . . ... . ...... ..... . .. . 49 
24. Impact Localion. Tcst MOSW-I ......... . . . . . . , . . • ••••. ••...•. ..•• . •......... 50 
25. Vehicle Final Position, Test MOSW- l .. . . . .... . . . . . ... . ... . . .................. 51 
26. W· beam Guardrail System Damage, Test MOSW-J ........................ . ... . .. 52 
27. W-beam Guardrail System Damage, Test MOSW-\ ... • •• .•.........•. • . . . . . . ..... 53 
28. Post Nos. 15 and 16 Damage. Test MOSW-\ ............ . •.. . ... . .... . . . . . . . . . .. 54 
29. Post Nos. 17 and 18 Damage, Test MOSW-I . . . . . . . . . . . . . . . . . ................... 55 
30. Post Nos. 19 and 20 Damage. Test MOSW-\ ........ . . . ..... ... . . . . .. ...... ..... 56 
31. Post No. 19 Damage, Test MOSW·I .. . .... .•. ••••••••••••.••••• . . . . . ...... 57 
32. Post No. 20 Damage. Test MOSW-I ...... . ............ . ... . . . . . ........ ...... . 58 
33. Post Nos. 2 1 and 22 Damage. Test MOSW-l ............ . ... . ... ................ 59 
34. Post Nos. 23 and 24 Damage, Test MOSW-l ..... .................. .. . . . . . .. .... 60 
35. Post Nos. 25 and 26 Damage. Test MOSW-I .... . . . . . ... . .......... . .. .......... 61 
36. Pemlanent Set Deflections. Test MOSW-l . . ......................... ...... . . 62 
37. Vehicle Damage, Test MOSW-l .. ..... .. . . ........•.•.•••..... . ... ...... ..... 63 
38. Vehicle Front-End Damagc, Test MOSW.l . ........ .. .. . ......... ...... . . . .64 
A-I. Graph of Force-Deflection Behavior, Test 1\1S8-1 ...... . . ............. ...... 72 
A-2. Graph of Force-Deflection Behavior, Test MSB·2 ... .. ..•..•..... . ...... . ....... 73 

VII 



A-3. Graph of Force-Deflection Behavior, Test MSB-3 ....................... . ....... 74 
A-4 . Graph of Force-Deflection Behavior, Test MSB-4 . .. .• . • , . • . • . •.. . . . . ... . ... . ... 75 
A-5. Gr'dph of Force-Deflection Behavior, Test MSB-5 . .... . •.••.• •......... ...... . . . 76 
A-6. Graph of Force-Deflection Behavior, Test MSB-6 ..... .... ......... . ......... . . . 77 
C-l. Graph of Longitudinal Decelerati on, Test MOSW- I ...............•.•....... . . . . . 86 
C-2. Graph of Longitudinal Occupant Impact Ve locity, Test MOSW-l ... . •.• . ••••••. . ... 87 
C-3. Graph of Longitudinal Occupant Displacement, Test MOSW-I ...... . .............. 88 
C-4. Graph of Lateral Deceleration. Test MOSW- l ................... ..... . . . . . . . . . . 89 
C-S. Graph of Lateral Occupant Impact Veloci ty, Test MOSW-I .....••••.•. . ... . .. _ . .. 90 
C-6. Graph of Laleral Occupant Displacement, Test MOSW-\ ......................... 91 
0-1. Graph of Roll Angular Displacements, Test MOSW-J ......... . . . ........ . ....... 93 
0-2. Graph of Pitch Angular Displacements, Test MOSW-I ......••••.• ...... ..•...... 94 
0-3. Graph of Yaw Angular Displacements. Test MOSW-I ............ ... .... . ....... 95 

VI1l 



List of Tables 
Page 

1. NCHRP Report No. 350 Evaluation Criteria for 2000P Pickup Truck Crash Test . . . . . . . 6 
2. Stee l Post Bogie Impact Test Matrix. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . ... . .... 7 
3. Sleel Post Bogie Impact Test Results ..... . . ...... . . . . . . . . . . . . . . . . ... 12 
4. Computer Simulation Results .. .... ... . . _ . . .... ....... . ... .................... 22 
5. Determinat ion of Critical Impact Point ..... . ...... . .. ....... . .... ... . . . . . . . . . ... 23 
6. Summary of Safety Perfommnce Evaluation Results - Slope W-beam Guardrai l System . . . 66 

IX 



I INTRODUCTION 

1.1 Problem Statement 

When the Interstate Highway System was originally constructed across many Midwest states, 

W-beam guardra il s were frequently installed at the slope break point adjacent to steep roadside 

slopes. Tbis ty pe of installation was generally used in restricted right-of-way situations where 

additional space fo r extending the fi ll slope could not be obtained. Continued economic 

deve lopment over the last three decades has not all eviated ri ght-of-way restrictions at these sites. 

When 3R projects are implemented along these roadwuys, the safety perfomlance of these guardrail 

install ations comes into question . 

Some of the standard strong-post W-bcam guardrai ls installed adjacent to steep roadside 

slopes have been shown 10 perform satisfactori ly, but with very large dencctions. These crash 

testing eo-orts were evaluated accordi ng to the guideli nes set fo rth in the National Cooperati ve 

Highway Research Program (NCHRP) Report No. 230, Recommendation Procedures/or fhe Safety 

Performance Evaluation of Highway Appurtenances CD. However, these designs have never been 

tested according to the current guidelines. Therefore, it was necessary to eval uate the capacity of 

standard guardrails insta ll ed adj acent to steep roadside slopes, and if necessary. deve lop a new 

design that could meet the current evaluation criteria presen ted in NC HRP Report No. 350, 

Recommended Procedures for the SafelY Peljormance Evaluation of Highway Features (2) . 

1.2 Objeclive 

The objecti ve ofthis research project was to evaluate the safety perfonnance of standard W· 

beam guardrails installed at the slope break point of Sleep roadside slopes. The guardrai l system was 

to be evaluated according to the Test Level 3 (TL·3) safety perfomlance criteria set forth in the 



NCHRJ> Report No. 350 (1) . If necessary, a new guardrail system would then be designed and tested 

that could meet NCHRP Repon No. 350 criteri a when installed at the break point of a roads ide 

fores/opc as steep as 2: 1, 

1.3 Scope 

The research objective was to be achieved by perfomling several ta<;ks. First, a literature 

review was performed on previously crash tested guardrail systems with posts placed in or adjacent 

to s loped fi ll . Next, six dynamic bogie tests were performed on steel posts placed on the slope break 

point of a 2: 1 foreslope in order to deteml ine the post-soil response of various post and soil ­

embedment geometries. Following thi s phase, computer s imulation modeling was undertaken to 

determine the optimum design for the guardrai l system. After the final design was completed, the 

guardrail system was fabricated and constructed at the Midwest Roadside Safety Facility 's 

(MwRSF' s) outdoor test sile. A full-scale vehicle crash test was then perfomled usi ng a '/ 4-10 11 

pickup truck, weighing approximately 2,000 kg, at a target impact speed and angle of 100.0 km/hr 

and 25 degrees. respectively. Finall y, the test results were analyzed. evaluated, and documented . 

Conclusions and recommendations were then made that pertain to the safety perfonnance of the 

guardrail system adjacent to a 2: I fo reslope. 
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2 LITERATURE REVIEW 

Previous lestingon W-beam guardrai l systems adjacent toa slope was conducted by ENSCO, 

Inc. and wns met with mixed results (J.). The research s tudy consisted of several static and dynami c 

pendulum tests on guardrail posts in soil as well as four full-scale vehicle crash tests on W-beam 

barriers. The crash testing of the W-beam guardrail systems adjacent to a slope was evaluated 

according to the criteria provided in NCHRP Report No. 230 (1). 

The first impact consisted of a full-scale vehicle crash test all a standard G4(1 S) guardrail 

system with the back-side nanges of 2. 13-m long steel posts installed at the breakpoint of a 2: 1 

foreslope. The 2,044-kg passenger-size sedan. used in test no. 1717- 1-88, impacted the rail and 

penclfmcd behind the system due to the failure of the upstream end anchor cable system. 

Following the fai lure ortest no. 1717-1-88, the guardrail systcm was modified by changing 

the upstream end anchor system to an eccentric loader BCT. The modi fled guardrai I system was sli II 

configured with the back-s ide flnnges of2.13-m long steel posts installed at the breakpoint of a 2: I 

foreslope. The 1.973-kg passenger-size sedan, used in test no. 1717-2-88, impacted the rail and 

began to redirect. Subsequently, the end anchor released sli ghtly and aUowed the rail heighllo drop, 

thus causing the vehicle to vault over the rail. The vehicle then rolled onto ils side before coming 

to a rest. 

A retest of tesl no. 1717-2-88 was then perfom1ed due 10 the upstream end anchor fai lure. 

The 1.970-kg passenger-size sedan. uscd in test no. 1717-3-88, impacted the rail and was redirected 

surely. However, it is noted that the vehicle 's speed change was 11.2 m/s which was greater than 

the 6.7 mls allowed by NCHRP Report No. 230. 

The final full-scale vehi cle crash test was pcrfomled on a standard G4( 1 S) guardrail system 

3 



with the back-side flanges o f J .83-m long steel posts installed at the breakpoint o f a 2: I fares lope. 

The I ,978-kg passenger-size sedan, used in test no. 1717-4-88, impacted the rail and was redirected. 

During the tesl, significalJt vehicle penetration into the rail system was observed. A high change in 

vehicle speed was also observed in this test similar to that found in test no. 1717-3-88. Finally, the 

veh icle showed no tendency to faJl down the slope as it remained quite stable with little vehjcle rol l. 

Following the completion of tbe study, ENSCO researchers concluded that a standard G4(1 S) 

guardrai l system with the back-side flanges o f either 1.829-mm or 2J34-mm long steel posts 

installed at the breakpoint o f a 2: 1 slope will redirect a large sedan (NCHRP 230 - test designation 

10). However, it was noted that the dynamic rail deflection [or the 1,829-mm post length was 

approximately 1,2 19 mOl. Therefore, the recommended post length for guardrdils placed on the 

break point of a 2: I slope was 2, 134 mOl. 
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3 TEST REQUIREMENTS AND EVALUATION CRITERIA 

3.1 Test Requirements 

Long itudinal barri~rs, such as W-beam guardrail systems for usc on a 2: I foreslopc, must 

sati sfy the requirements pro vided in NCHRP Report No. 350 to be accepted for use on new 

construction projects or as a replaceme nt fo r existing systems when 3R projects arc implemented 

where designs do not meet current safety standards. According to TL-3 ofNCHRP Report No. 350, 

guardrail systems must be subjected to two fu ll-scale vehicle crash lest!;: ( 1) a 2,OOO-kg pickup lnlck 

impact ing at a speed of 100.0 kmlhr and at an angle of 25 degrees; and (2) an 820-kg small car 

impacti ng at a speed of 100.0 km/hr and at an angle or20 degrees. However, W-beam barriers 

struck by small cars have been shown to meet safety perfonnance standards, wi th little lateral 

dencctions (4 -6), with no significant potential for occupant risk problems arising from vehicle 

pocketi ng or severe wheel snagging on the posts. Therefore, the 820-kg small car crash test was 

deemed unnecessary for this project. 

3.2 Eva luation C riteria 

Evaluat ion criteria for full -scale vehicle crash testi ng are based on three appraisal areas: (I) 

structural adequacy; (2) occupant risk; and (3) vehicle trajectory after coll ision. Criteria for structural 

adequacy are intended to evaluate the abili ty of the barrier to contain. redirect, or al low contro lled 

vehicle penetrati on in a predictable manner. Occupant risk evaluates the degree of hazard to 

occupants in the impacting vehicle. Vehicle trajectory after colli sion is a measure ofthe potential for 

the post-impact trajectory of the vehicle to cause subsequenll11ulti-veh icle accidents. It is also an 

indicator for the potential safety hazard fo r the occupants of thc other vehicles or the occupants of 

the impacting vehicle when subjected \0 secondary co ll isions with other fi xed objects. These three 
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evaluation criteria are defined in Table I. Thc full -scale vehicle crash lest was conducted and 

reported in accordance with the procedures provided in NCHRP Report No. 350. 

Table I. NCHRP Report No. 350 Evaluation Criteria for 2000P Pickup Truck Crash Test (l) 

Structural 
A. Test article should contain and redirect the vehicle; the vehicle should not 

Adequacy 
penetrate. 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 

Occupam zone. Defonnations of, or intrusions into, the occupant compartment that 
Ri sk cou ld cause serious injuries should not be pennitted. 

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

K. After colli sion it is preferable that the vehicle's trajectory not intrude into 
adjacent traffic lancs. 

L. The occupant impact velocity in the longitudinal direction should not 
Vehicle excecd 12 m/secand the occupant ridedown acceleration in the longitudinal 

Trajectory direction should not exceed 20 G's. 

M. The exi t angle from the test article preferably should be less than 60 percent 
of test impact angle, measured at time of vehicle loss of con tact with test 
devise. 
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4 DEVELOPMENTAL TESTING - BOGIE TESTING OF POSTS 

4.1 Tesl Malrix 

Dy namic bogic tes ting wns used to obtain the fo rce-de nectio n bchav io rofvarious stee l pos ts 

placed in so il and on the slope break point of a 2: I forcslope. The steel guardrail posts were 

embedded in soil material conforming to AASHTO M 147-65 Gradation " 8 " specifications(NCHRP 

Rcpon No. 350 Strong Soil}. The steel guardrai l posts were impacted with a 972-kg bogie vehicle 

at the target speeds of24.1 km/hr for the first five tests and 32.2 kmlhr for the lasl test. All six of 

the steel posts were impacted 550 mm above the ground line and perpendicular to the front face of 

the posts. The test matri x for the six bogie lests is shown in Tab le 2. 

Table 2. Steel Post Bogie Impact Test Matri x 

Pos t Type 
Embedment Target 

Test No. 
ASTM Designation 

DCplh Speed 
(mm) (kmlhr) 

MSB-I W 152x \7 .9 by 2.44-01 long 1,702 24 .1 

MSB-2 W 152x 17.9 by 2.44-m long 1,397 24. 1 

MS B-3 W152x 13.4 by2.13-m long 1,403 24. 1 

MSB-4 W1 52x13.4 by 2.13-m long 1.403 24.1 

MSB-5 W1 52x 13.4 by 2.I3-m long 1,403 24 .1 

MSB-6 W1 52x 17.9 by 2.95-m long 2,2 16 32.2 

4.2 Test Conditions 

4.2.1 Bogie Vehicle 

A rigid frame bogie, construcled from Federal Highway Administration (FHWA) 
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specifications (1), was used to impact the steel posts. The bogie was modified with a rigid cylinder 

impacter. 

4.2.2 Bogie Tow and Guidance System 

For each bogie test, a steel corrugated beam guardrail was used to guide the tire of the bogie. 

A pickup truck was used to push the bogie to the required impact velocity , at which point the pickup 

truck released, allowing the bogie to become a free projectile as it came off the guide track. 

4.2.3 Post Installation Procedure 

An area approximately 1727-mm wide and 12 19-mm long with an approxi mate slope of61 0 

mOl over 1219 mm was cut near the concrete apron. The posts were installed with the cenrerline of 

the post at 0.91 m from the edge of the concrete apron. The posts were installed by auguring 6 10-

mm diameter boles at the slope break point The 1.5-m deep holes were filled with so il material in 

IS-mm 10 23-mm lifts and with optimum moisture (7% by dry weight). The material was tamped 

with an airtamperlo a density of approximately 2 1.4 kN/m). The typical post installation is shown 

in Figures I and 2. 

4.2.4 Data Acquisition Systems 

4.2.4.1 Accelerometer 

A (riaxial piezoresistive accelerometer system with a rangeof±200 G's was used to measure 

the acceleration in the longitudinal , lateral, and vertical directions at a sample rate of3,200 Hz .. The 

environmental shock and vibrations sensorlrecorder system, Model EDR-3, was developed by 

instrumented Sensor Technology (ISl)ofOkemos, Michjgan. The EDR-3 was configured with 256 

Kb of RAM memory and a 1. 120 Hz lowpass filter. Computer software. " DynaMax I (OM-I )" and 

" DADiSP" were used to digitize. analyze, and plot the acce lerometer data. 
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Figure 1. Post Installation Procedure 

9 



Figure 2. Typical Steel Post on Slope Break Point 
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4.2.4.2 High-Speed Photography 

For bogie tests MSB-I and MSB-2. a high-speed Red Lake Elcam video camera, with an 

operating speed of500 frames/scc, was placed on the right side of the post and had a field of view 

perpendicular to the post. A SVHS video camera was also placed on the right side of the post and 

had a slightly angled view of the post and impact. 

For bogie tests MS8-3 through MSB-6, a high-speed Red Lake Elcam video camera, with 

an operating speed of500 frames/sec, was placed on the left side ofthe post and had a field of view 

perpendicular to the post. A Canon digital video camera was also placed on !.he left side of the post 

and had a slightly angled view of the post and impact. 

4.2.4.3 Pressure Tape Switches 

Three pressure-activated tape swi tches. spaced at I-m intervals, were used to determine the 

speed of the bogie before impact. Each lape swi tch fired a s trobe light which sent an electronic 

timing signal to the data acquisition system as the right-front tire of the test vehicle passed over it. 

Test bogie speeds were determined from electronic timing mark data recorded on "Test Point" 

software. 

4.3 Test Results 

Six bogie tests were perfomled and are summarized in Table 3. Force-deflection plots for 

each posllest are shown graphically in Appendix A. Post damage and soil failure for each bogie test 

are shown in Figures 3 through 8. For all of the bogie impacts, it is noted that the primary mode of 

failure occurred in the soil rather than with post yielding. 

11 



Table 3. Steel Post Bogie Impact Test Results 

Speed 
Peak Deflection al 

Test No. Load Peak Load Results 
(kmlhr) 

(kN) (mm) 

MSB- I 23.3 11 7.7 67.8 Small soil fa ilure at front of post. post rotation 

MSB-2 25.3 79.3 60.7 Large soil failure at front of post 

MS 8-3 23.2 64.6 63 .5 457·mm radius soil fa ilure at front of post 

MSB-4 23.2 77.5 53.6 381-mm mdius soil fa ilure at front of post 

MS8 -5 2 1.7 4 1.3 72.9 305-mm radius soil fa ilure at front of post 

No soil fa ilure at the front ofthe post. post slightly 
MSB-6 34.1 136.2 96.3 twisted during rotation. post bent 1.4 m from the 

lOp with maximum deflection of 12 1 mm 
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Figure 3. I'ost Damage and Soil Failure. Bogie Test MSB·\ 
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Figure 4. Post Damage and Soil Failure. Bogie Test MSB·2 
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Figure 5. Post Damage and Soil Failure. Bogie Test MSB-3 
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Figure 6. Post Damage and Soil Failure, Bogie Test MSB-4 
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Figure 7. Post Damage and Soil Fai lure. Bogie Test MSB·5 

17 

, 



Figure 8. Post Damage and Soil Failure, Bogie Test MSB-6 
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5 COM I'UTER SIMULATION 

5. 1 Background 

BARRIER VII computer simulati on modeling (2) was incorporated in the development of 

the W-beam guardrail system for use on the slope break point of a 2: 1 foreslope. First, a simulation 

was performed al the impact conditions oran actual crash test in ord er to calibrate selected input 

parameters for structural elements used in the model. The results from Texas Transponation 

Institute (TIl) crash lest no. 405421-1 , conducted on a strong-post, W-beam guardrai l system, were 

used in the validation effort (!Q). Nexl. the data coll ected from the development'a l bogie testi ng was 

used to model various design al ternatives. During tlledeve!opment effort, several simulations were 

conducted model ing a 20aO-kg pickup truck impacting at a speed of I 00.0 km/hr and at an angle of 

25 degrees. The simulations were conducted for each system to analyze the guardrail system and 

predict the dynamic dcncction of the barrier. rinall y. comptllcr simulation was al so used to 

detennine the critical impact point (elP) for the longitudinal barrier system. A typical computer 

simulation input data file is shown in Appendix B. 

5.2 Design Alternatives 

Computer simulation was perfomled on four basic design alternatives. Al l of the al ternatives 

were configured for use on a 2: I fores lope. TIley are as follows: 

( I) a W-beam barrier system with 2,134-mm long posts spaced 1,905 mm on center; 

(2) a W-beam batTier system with 2,438-mm long posts spaced 1,905 mm on center; 

(3) a W-beam barrier system with 2, I 34-mm long posts spaced 952.5 mm on center; and 

(4) a W-beam barrier system with 2,438-mm long posts spaced 952.5 mm on center. 
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5.3 BARRIER VlI Results 

The maximum dynamic deflection for strong-post. W-bcam barrier systems lypically range 

between 889 and 1,016 mm when impacted according to the TL-3 test conditions. For the 

development of the new guardrail system, MwRSF researchers deemed it prudent to maintain a 

maximum barrier deflection no more than that observed for barriers installed on level terrain or 

where a minimum width of 61 0 mm of fill placed behind the posts. This design limitation was 

believed to be necessary in order to reduce the potential for severe wheel snag on the exposed posts 

as the lire dropped down the sloped fill and to decrease the potential for climbing and vaulting over 

the W-beam rail. 

The computer simulati on results for the four design alternatives are shown in Table 4. The 

first two simulations shown in this table were fo r ealibration and evaluati on of the simulation model . 

Forthe fi rst two design alternatives listed in Section 7.2, runs Slope7d and Slope8d. the simulation 

results indicate that excessivedynarnicdefleclions would occur. As mentioned previously, excessive 

deflections could lead to wheel snag and/or vehicle vaulting. For the last two design alternatives 

listed in Section 7.2. the test results indicate that the longer post lengths, used in combination witll 

a half-post spacing, would provide maximum dynamic denections less than those observed for 

strong-post, W-beam guardrail systems tested on level ground. Subsequently, thcdesign alternative 

with 2, I 34-nun long posts spaced 952.5 mm on center was chosen as the system to be evaluated by 

full-scale crash testing. 

Computer simulation with BARRIER VII was also used to evaluate the crr for the full-sca le 

crash test. The CIP is normally selected to maximize the barrier deflcetion and the greatest potential 

for wheel snagging or vehicle pocketing on a spli ce post. Simulations used to se lect the CIP for the 
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guardrail adjacent to a s lope are summarized in Table 5. For the 2, I 34-mm long posts spaced 952.5 

mm on center design alternati ve, an impact at node 83 or 238-lllm downstream of post no. 17 was 

cstimalCd 10 rcprcsent the CI P for futl -scale crash testing. 
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Table 4. Computer Simulation Results 

1m"", 
Ma.ximum Dynamic ." 1m"", Conditions 

Rail lknection* 
No. Nooc Sp«d Angle (mm) 

(kmlhr) (deg) 

SIope5d " 101..5 25.5 99J @ Node70 

Slope6d " 100.0 25.0 889 @ Node 101 

SIope7d " 100.0 25.0 1.0J I @ NodeIOJ 

SIopc8d " 100.0 25.0 1.194 @ Node 1OI 

Slopc6d HI'S 83 100.0 25.0 S66 @ Node97 

SIope7dHI'S " 100.0 25.0 668 @ Node97 

SIope8dHPS 83 100.0 25.0 757@Node99 

I _ Lateral distance measured at the center height of the rail. 

Terrain p"" I',", 
Length Spacing Description Summruy Condition (mm) (mm) 

Le\el 1.829 1.905 Calibration to TIl test no. 405421-1 . 

Level 1.829 1.905 Baseline simulation with 1.829-mm posts and SU\l1danl spacing. 

Sloped 2.438 1.905 Sloped IiI I and 2.4J8-mm posts. 

Sloped 2.134 1.905 Sloped iii] and 2,] 34-mm posts. 

Level 1.829 952.5 LevclliU and 1.829-mm posts with half-post spacing. 

Sloped 2.438 952.5 Sloped till and 2.438-mm posts with holf-poSl spaCing. 

Siop<d 2.134 952.5 Sloped fill and 2,134-mm posts with half-post spacing. 
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Table 5. Determinarion of Crilicallmpacl Point 

Impact 

R" Impact Conditions Maximum Dynamic 
Rai! Deflectionl 

No. Nod, S",od Angle (mm) 
(kmlhr) (deg) 

Slop<8dHPS 8J 100.0 25.0 757 @Nodc99 

S!opeSdHPSb 78 100.0 15.0 747@Node94 

SIope8dHPSc 79 100.0 25.0 752@Node95 

SIope8dHPSd 80 100.0 25.0 726@Node96 

SIope8dHPSe 81 100.0 25.0 737@Node97 

SIope8dHPSf 82 100.0 25.0 747@Node98 

I. Lalera] distance measured at the center heighl of the rail. 

Terrain Post Post 
Length Spacing Description Summary 

Condition (mm) (mm) 

S_ 2,134 952.5 Sloped fill and 2,IJ4-nun posts with half-post spacing. 

Sloped 2,134 952.5 Sloped fill and 2,134-mm POSL~ with half-post spacing. 

Sloped 2.134 952.5 Sloped fill and 2.134-mm posts with half-post spacing. 

Sloped 2.134 952.5 Sloped till and 2, 134-mm posts with half-post spacing. 

Sloped 2. \34 952.5 Sloped fill and 2,134-mm posts with half-post spacing. 

Sloped 2.\34 952.5 Sloped fill and 2, 134-mm posts with half-post spacing. 



6 W-BEAM GUARDRAIL A DJACENT TO A SLOI'E DESIGN 

The test installation consisted o f 53.34 m of standard 2.66-mm thick ( 12-gaugc) W-bcam 

guardrail supported by s teel posts, as shown in Figure 9. Anchorage systems simil ar to tbose used 

on tangent guardrail terminals were utilized on both the upstream and downstream ends of the 

guardrail system. Photographs of the test installation are shown in Figures 10 through 13. 

The entire system was constructed with thirty-eight guardrail posts. Post nos. 3 through 11 

and 3 1 through 36 were galvanized ASTM A36 steel W 152x 13.4 sections measuring 1,829-mm 

long. Post nos. 12 through 30 were also ASTM A36 steel W 152x 13.4 sections but measured 2, 134-

mm long. Post nos. 1,2, 25, and 26 were timber post's measuring 140-mm wide x J90-mm deep x 

1,080-mm long and were placed in steel foundation tubes. The timber posts and founda ti on tubes 

were part of anchor systems designed to replicate the capacity of a tangent guardrai l terminal. 

Post nos. I through 12 and 30 through 38 were spaced 1 ,90S-mm on cen ter. Post nos. 12 and 

30 were spaced 952.5-mm on center, as shown in Figure 9. For post nos. 3 through I t and 3 1 

through 36, the so il embedment depth was 1, 100 mm. For post nos. 12 through 30, the soil 

embedment depth was 1,404 mill. In addition, 150-n11ll wide x 200-mm deep x 360-mm long, routed 

wood spacer blackouts were used to block the rail away from post nos. 3 through 36, as shown in 

Figures 9, II , and 12. 

Seven standard 2.66-mm thick W-beam rai ls, each measurillg 7,620-mm long, were placed 

between poslnos. I and 38, as shown in Figure 9. 11le top mounting height of the W-beam rail was 

706 mm. All lap-spli ce connections between the rail sect ions were configured to reduce vehicle 

snagg ing at the splice during the crash test. 

A 2: I foreslope pit was dug behind post nos. 12 through 30. as shown in Figures I I and 12. 
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The maximum pi t dimensions were 1830-mm wide and 9 15-mm deep. The length of the pit was 

19.05111, spanning from the midspan between post nos. II and 12 to the midspan between post nos. 

30and 3 1. 
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Figure 10. W·beam Guardrail Adjacent to a 2: I Foresiopc 
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Figure 1 \. W-beam Guardrail Adjacent to a 2:1 Fores\ope 
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Figure 12. W-beam Guardrail Adjacent to a 2: I Foreslope 
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Figure 13. End Anchorage Systems 
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7 TEST CO.'WITIONS 

7.1 Test Facility 

The testing facility is IOC3tcd at the Li ncoln Air-Park o n the nonh wcst (NW) end of the 

Lincoln Municipal Airport and is approximately 8.0 km NW of the University of Nebraska-Lincoln . 

7.2 Vehicle Tow and Guidance Sysl'cm 

A reverse cable lOW system with a 1:2 mechanical advantage was used to propel the lest 

vehicle. The di stance traveled and the speed or the tow vehicle were one-half that of the test vehjcl e. 

The test vehicle was released from the tow cable before impact with the guardrail. A digital 

speedometer in the tow vehic le was utilized to increase lhcaccuracy orthe test vehic le impact speed. 

A vehicle gu idance system deve loped by '-linch an was used to steer the lest vehicle. A 

guide-flag, attached to the front -le n wheel and thcguidc cable, was sheared offbcfore impacting the 

guardrail. The 9.5-mm di l1meter g uide cabl e was tensio ned to approxi mate ly 13 .3 kN, and supported 

by hinged stanchjons in the lateral and vertical di recti ons and spaced at 30.48 III initially and at 15.24 

m toward the end of the guidance system. 111C hinged stanchions stood upright whi le holding up the 

guide cable. but as the veh icle was towed down the line, the gu ide-nag struck and knocked each 

stanc hion to the ground . The vehicle guidance system was approxi mately 457.2-m long. 

1.3 Test Vebicle 

For test MOSW- I. a 1994 GMC 2500 l~ _ton pickup lrUck was used as the test vehicle. The 

test inertial and gross static weights were 2,024 kg. The test vehicle is shown in Figure 14, and 

vehi cle dimensions are shown in Figure 15. 

The longitudi nal component ofthecenter of gravity wasdetemlincd using the measured axle 

weights. The location of the fina l center of grav ity is shown in Figure 16. 
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Figure 14. Test Vehicle. Test MOSW- l 
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Square, black and wh ite·checkered targets were placed on the vehicle to aid in the analysi s 

of the higlHpeed film , as shown in Figure 16. One target was placed on the center of gravity on the 

driver's side door, the passenger's side door, and on the roof of the veh icle. The remaining targets 

were located for reference so that they could be viewed from the high·speed cameras for film 

analysis. 

The front whee ls of the test vehicle were al igned for camber, caster, and toc· in values ofzem 

so that the vehicle wou ld track properly along the guide cable. Two 5 [3 nash bulbs were· mounted 

on both the hood and roof of the vehicle to pinpoint the time of impact with the guardrai l on the 

hi gh·specd film . The nash bulbs were fired by a pressure tape switch mounted on the front face of 

the bumper. A remote controlled brake system was install ed in the test vehicle so the vehicle could 

be brought safely to a stop after the test. 

7.4 Data Acquisition Systems 

7.4.1 Accelerometers 

One tria.'Xial piez:oresisti ve accelerometer system with a range of ±200 G's was used to 

measure the acceleration in the long itudinal . latcral. and vertical directions at a sample rate of J 0,000 

I-Iz. The envi ronmental shock and vibration sensor/recorder system, Mode l EOR-4M6, was 

developed by Instrumented Sensor Technology (1ST) of Okemos. Michigan and includes three 

difTerential channels as well as three single-ended channels. The EDR-4 was configured with 6 Mb 

of RAM memory and a 1,500 Hz lowpass filter . Computcr software, "OynaMax J (OM- I)" and 

"OAOiSP" were used to digitize, analyze, and plot the accelerometer data. 

A backup triaxial piezoresistive acceleromctcr system with a range of ±200 G's was also used 

to measure the acceleration in the longitudinal , lateral , and vertical directions at a sample rate of 
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3,200 Hz. The environmental shock and vibration sensor/recorder system, Model EDR-3, was 

developed by instrumented Sensor Technology (lS1) of Okemos. Michigan. The EDR-3 was 

configured with 256 Kb of RAM memory and a 1, 120 Hz 100vpass filter. Computer software, 

"DynaMax I (OM-I )" and "DADiSP" were used to digitize, analyze, and plot the accelerometer data. 

7.4.2 Rate Transducer 

A Humphrey 3-axis rate transducer with a rangeof360 deg/sec in each of the three directions 

(pitch, roll, and yaw) was used to measure the rates of motion of the test vehicle. The rate transducer 

was rigidly attached to the veh icle near lhe center of gravity of the test vehicle. Rate transducer 

signals, excited by a 28 volt DC power source, were received through the three single-ended 

channels located externally on the EDR-4M6 and stored in Ihe internal memory. The raw data 

measurements were then downloaded for analysis and plotted. Computer software, "DynaMax 1 

(OM-I )" and "DADiS?" were used 10 digitize, analyze, and plot the rate transducer data. 

7.4.3 High-Speed Photography 

For test MOSW-\, five high-speed 16-mm Red Lake Locam cameras, with operating speeds 

of approximately 500 frames/sec, were used to film the crash test. One high-speed Red Lake EJcam 

video camera, with an operating speed of 500 frames/sec, was used to film the crash lest. A Locam, 

with a wide-angle l2.5-mm lens, was placed above the test installation to provide a field of view 

pcrpendicular to the ground. A Locam with a 76 rum lens, a SVHS video camera, and a 35-mm still 

camera were placed downstream from the impact point and had a field of view parallel to the barrier. 

A Locam, with a 16 to 64-01m zoom lens, and a SVHS video camera were placed on tile traffic side 

of the barrier and had a field of view perpendicular to the barrier. A Locam and a SVHS video 

camera were placed upstream and behind the barrier. Another Locam and a Canon digital video 
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camera were placed downstream and behind the barrier. A Red Lake EJcam high-speed video 

camera was placed downstream and behind the barrier. A schematic of all eleven camera locations 

for test MOSW- J is sho wn in Figure 17. The film was analyzed using the Vanguard Motion 

Analyzer. Actual camera speed and camera divergence factors were considered In the analysis of 

me high-speed film . 

7.4.4 Pressure Tape Switches 

For test MOSW-I , fi ve pressure-activated tape swi tches, spaced at 2-m intervals, were used 

to determine the speed of the vehicle before impact. Each tape switch fired a strobe light which sent 

an electronic liming signal to the data acquisition system as the left-front tire of the test vehicle 

passed over it. Test vehicle speed was detennined from electronic timing mark data recorded on 

"Test Point" software. Strobe lights and high-speed film analysis are used only as a backup in the 

event that vehicle speed cannot be dctemlined from the e lectronic data. 

37 



E/cam 

'-12.80 

00 2:':,4-~·78 
m 

20.1r m 1 4-.02 m~cam No. 6 

:55 mm Still C<lmera 6., m SVHS No. 
2 

DC Locam No. 1 =M------- ---------,83.52 m------~-.-'!""'P"""'!'..,..........,,..........,..._..p._,_ __ ~:.,...,...... ............. -.-­
' t I ~ I I 7 I 

SVHS No. 3 

57.61 m 

DC l.Dcam No. 5 SVHS No. 1 (panning) 

Figure 17. Location ofHigb-Speed Cameras, Test MOSW- L 



8 CRASH TEST NO. I 

8. 1 TeSi MOSW-I 

The 2,024-kg pickup truck impacted the new W-beam guardrail system at 3. speed of 100.7 

kmfhr and at an angle of28.5 degrees. A summary of the lcst resu lts and the sequential photographs 

are shown in Figure 18. Additional sequential photographs are shown in Figures 19 and 20. 

Documentary photographs of the crash test are shown in Figures 21 through 23. 

8.2 Tes t Desc ription 

Initial impact occurred between post nos. 17 and 18 or 238-mm downstream from the center 

OfPOSl no. 17. as sho\.vn in Figure 24. At 0.031 sec afier impact, the right-front comer of the vehicle 

was a l post no. 18 which was denecting backward. At this same time, the right comer orthe bumper 

and the right-front fender were crushing inward as the hood protruded over the rail. At this same 

lime. the rail was nallcning. At 0.038 sec, post nos. 17 and 18 were deflected significantly 

backward. At 0.047 sec, post no. 19 denected backward quickly. At 0.069 sec, the right-front 

parking light disengaged from the vehicle. At 0.074 sec. the right-front comer of the vehicle was 

at post no. 19. At thi s same time, post no. 20 encoun tered s ignificant denection as the guardrai l in 

front of the vehicle began to push backward and luy down. At 0.100 sec, the wooden block out at 

post no. 19 began to split. At 0. 11 7 sec. the right-front comer o f the veh icle was at post no. 20. At 

0.124 sec. the interaction between the right-front comer of the vehicle and the rail caused the right­

fron t comer to pilch down toward the ground. At thi s same time, the left-rear corner of the vehicle 

began to rise into the air. At 0. 138 sec, the wood blockout at post no. 18 detached from the system. 

At 0.155 sec, the left-front tire became airborne. At 0. 14 1 sec. a large piece of the wooden blackout 

at post no. 19 detached from the system and became airborne. At 0.177 sec, post no. 2 1 deflected 
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backward. At this same time. the right-front fender and right side of the bumper crushed inward as 

the ri ght-front comer of the engine hood and upper edge of the right- front fender became separated. 

At 0.200 sec, the right-front comer of the vehicle was at post no. 21, <lnd post no. 22 began to deflect 

signifi cantly. At thi s same time, the wooden blackout al post no. 20 began to fracture as the vehicle 

began to redirect. At 0.206 sec, the left-rear tire became airborne as the vehicle encountered 

signifi cant counter-clockwise (CCW) roll toward the rail. At 0.247 sec, the right- front corner of the 

vehicle was at post no. 22. At 0.286 sec, the right-front comer of the vehicle was at post no. 23 as 

the vehicle continued to roll CCW into the rail. At 0.271 sec, the right rear of the vehicle cont'acted 

the rail. At 0.3 15 sec, the left-front ti re was a l its highest point in the air, and the right rear of the 

vehicle rose into the air, indicaLing rail contact. At 0.32 1 sec, the truck was parallel with the rail and 

had a velocity of55.72 kmIhr. AI 0.333 sec, the right-front comerofthe vehicle was at post no. 24. 

At 0.395 sec, the right-front corner of the vehicle was at post no. 25 , and the vehicle encountered 

significan t roll toward lhe rail. At 0.412 sec, the rigln-from comer of the vehicle was no longer in 

contact with the rail. At 0.546 sec, the right-rear tire was the only vehicle component still in contact 

with the rail. At thi s same time. lhe right-front tire was the only tire in contact with the ground. At 

0.60S sec after impact, the vehicle ex iled the guardrai l at an angle of 25.S degrees and a speed of 

50.30 kmlhr. At 0.660 sec, the rear-end of the vehicle continued to ascend into the air. At O.S72 sec, 

the rcar of the vehicle rolled away from the rail. At 1.058 sec, vehicle roll ceased, and the vehicl e 

reached its maximum pitch angle. At 1.596 sec, the right-rear tire contacted the ground, and the 

vehicle began to yaw clockwise (CW). Shortly after this time, the rear oftJle vehicle bounced up otT 

the ground . At 2 .289 sec, the renT o f the vehi cle was back on the ground. The vehicl e cmne to res t 

27.84-m downstream from impact and 2. 13-m laterally away from the traffic-side face of the rail, 
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as shown in Figures 18 and 25. 

8.3 Barrier Damage 

Damage to the burrier was m oderate. as shown in Figures 26 through 35. B3lTier damage 

consisted mostly of defomlcd W-beam, contact marks on a guardrail secti on, and defonned 

guardrail posts. The W-bcam damageconsisled of moderate defonnation and fla llening of the lower 

portion of the impacted section between post nos. 17 and 25. Contact marks were found on the 

guardraiJ between post nos. 17 and 25. The W-beam ra il was pu lled ofT of post nos. 18 through 2 1. 

Stee l post nos. 3 through II twi sted in the CW direction when viewed from the traffic-side 

face of the rail. Steel post nos. 12 through 16 also twi sted CW and were slightly rotated backward. 

Steel post nos. 17 and 18 twisted and rolated backward with major soil failure visible at the ground 

level. The fron t flanges on steel post nos. 19 and 20 encountered modcrate plastic defonnations due 

10 the wheel conlaet with the posts. Post yielding damage was also found on post nos. 19 and 20, 

as shovm in Figures 3 1 and 32. Steel post 1105. 19 through 23 twisted CW, rotated, and were bent 

toward the ground. Steel post nos. 24 through 26 rotated backward. No signifi cant post damage 

occurred to post nos. 27 through 36. Both the upstream and downstream anc horage systems were 

sli ghtly moved longitudinally. but lhe posts were not damaged. 

The wooden blackout at post no. 19 sp lit and rotated CCW around 10 the upstream side of 

the post. The biockoul at post no. 20 disengaged from the system. The wooden blockout at post nos. 

21 and 23 rotated CW when viewed from the front face of the post. The wooden blockout at post 

no. 22 split in half, while the blockouts at post nos. 3 through 18 and 25 through 36 remained 

undamaged. 

The pem18ncllt set of the guardrail and POSIS is shown in Figures 28 thro ugh 35. The cable 
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anchor ends encountered s light pennanent set deformations, as shown in Figure 36. The maximum 

lateral pem18nent sci rail and post deflect ions were approx imatcly 587 mm Bllhc ccn terline of post 

no. 22 and 864 nUll al post no . 21, respecti vely. as measured in the field . The maximum lateral 

dynamic rail and post deflections were 821 mm at the centerline of post no. 20 and 821 mm at post 

no. 20, respectively, as determined from the high-speed film analysis. 

8.4 Vehicle Damage 

Exterior vehicle damage was minimaL as shown in Figures 37 and 38. Interior occupant 

compartment deformations were detemlined to be negligible. The right-from quarter panel was 

crushed inward and downward, and the right side of the front bum per was a lso bent back toward the 

engine compartment. The right-front wheel assembly was deformed sl ightly, including contact 

marks and slight deformations on the rim and disengagement of the ti e-rod. The right-front tire was 

a lso deflated. Small contact marks were found on lhc lower-right s ide of the front fender and right-

side door frame . The grill was only broken and defomled around the right-side headlight. No other 

damage to the vehicle was observed. 

8.5 Occupan t Risk Val ues 

The longitudi nal and lateral occupant impact velocities wercdelermined to be 7.09 mlsec and 

4.74 mlsec, respectively. 111e maximum 0.01 O-sec average occupant ridedown decelerations in the 

longitudinal and lateral dirt..'Ctions were 7.80 e ' s and 9.54 g's, respectively. It is noted that the 

occupant impact velocities (OIV's) and occupant ridedown decelerations (ORO's) were within the 

suggested limi ts provided in NCHRP Report No. 350. The results oflhe occupant risk. determined 

from the accelerometer data, arc summari zed in Figure 18. Results are shown graphically in 

Append ix C. Due to lechnical difficulties, the rate transd ucer did not co llect the ro ll, pitch, and yaw 
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data. However, roll. pitch. and yaw data were collected from film analysis and arc shown graph.ically 

in Appendix D. 

8.6 Discussion 

The analysis of the test results fo r test MOSW-J showed that the W-beam guardrail allhe 

break point of a 2: I slope adequately contained and redirected the vehicle wi th controlled lateral 

displacements of lhe guardrail . Detached elements and debris from the test a rti cle did nOI penetrate 

or show potential for penetrating Lhe occupant compartment. Defomlati ons of, or intrusion into, the 

occupant compartment thai could have caused serious occupant injury did not occur. The vehicle 

remained upri ght during and after col li sion. Vehicle roll , pilCh, and yaw angular d isp lacements 

were noted, but they were deemed acceptable and did not adverse ly influence occupant risk safety 

criteri a nor cause roll over. After collision, the vehicle 's trajectory intruded sli ghtly into adjacent 

traffic lanes but was dctemlincd to be acceptable. In addition, the vehicle's exit angle was less than 

60 percent oflhe impact angle. Therefore, test MOSW- I cond ucted on the W-beam guardrail system 

for use a 2: I foreslope was detennined to be acceptable according to the TL-3 crite ria found in the 

NCHRP Report No. 350. 
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'Tij 
• Test Number ....... , . .... . 
• Date ........ . ..... , ..•. , .. . 
• Appurtenance ............... . 

MOSW-I 
4/ 10/00 
W-heam guardrail system for use On 
a 2: I forcslopc 

J.02 m 

• Vehicle Angle ---- ,~-

Impact ......................... 28.5 degrtcs 
Exi t . . . . . . . . . . . . ... 25.8 degrffS 

0.286 sec 

.':102.'1.' _ .... , .. 
2.1)0 ..... ,.;u, ,-­--

• Total Length ................ . 53.34 m • Vehicle Snagging.. . . .. •. ...... Minor wheel snagging on 
• Steel W-beam 

Thickness ............... . 
Top Mounting Height ...... . 

• Steel Posts 
PostNos.3 ·1 1.3 1· 36 . .. . . 
POSt Nos. 12 - 30 ......... . 

• Wood POSts 

2.66 nun 
706mm 

W152xl3.4 by 1.829·mm long 
WI52x\3.4 by 2,134-mm long 

Post Nos. I ·2,37·38 (Ben 140 mm x 190 mm by 1,08Q..mm long 
• Wood Spacer Blocks 

Post Nos. 3 - 36 . . ......... I SO mm x 200 mm by 360-mm long 
• Soil Type ............. . ..... GradingB-AASHTOM 147-65 (1990) 
• Vehicle Model ............... 1994 GMC 2500 2WD 

Curb ...........•.. . .. . .. 2,085 kg 
Test Inertial . . . . . . • . . . . . . .. 2,024 kg 

post nos. 18 through 20 
• Vehicle Pocketing . . . .......... None 
• Vehicle Stability ........ . ..... . ...... Satisfactory 
• Occupant Ridedown Deceleration ( 10 msec avg.) 

Longitudinal .................... 7.80 < 20G's 
Lateral (nol required) ............. 9.54 

• Occupant Impact Velocity 
Longitudinal .................... 7.09 < 12 mls 
Lateral (not required) ............. 4.74 

• Vehicle Damage . . . ........ .......... Minimal 
TADI! ..•.•....•........ . . ... .. I-RFQ.3 
SAEII 

....... . ... .. . . I -RFEE3 
• Vehicle Stopping Distance ., ... . .... . . 27.84 m downstream 

2.13 m traffic-side face 
Gross Static. . . . . . • . . . . . . .. 2.024 kg • Barrier Damage , .. . . , . . .... . . . . Moderate 

• Vehicle Speed • Maximum Rail Deflections 
Im pact ... .. .. ... . ........ 100.7 kmlhr Pennanent Set .. ... . 
Exit .. . . . . . . . . . . . . . . . . . .. 50.30 kmlhr Dynamic ............... . 

Figure 18. Summary of Test Results and Sequential Photographs, Test MOSW- I 

587mm 
821 mm 



0.000 sec 0.000 sec 

0. 124 sec 0. 109 sec 

0.1 sec 

0.268 sec 0.257 sec 

0.546 sec 0.441 sec 

Figure 19. Add itional Sequential Photographs, Test MOSW.I 
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0.069 sec 

0. 187 sec 

Figure 20. Additional Sequential Photographs, Test MOSW.j 
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Figure 2 1. Documentary I)hotographs, Test MOSW·l 
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Figure 22. Documenlary Pholographs, Test MOSW· I 
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Figure 23. Documentary Photographs, Test MOSW- I 
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Figure 24. lmpacl Location. Test MOSW-l 

50 



Figure 25. Vehicle Final Position, Test MOSW.] 
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Figure26. W-beam Guardrail System Damage, Test MOSW-1 



.. 

Figure 27. W-bcam Guardrail System Damage. Test MOS W- I 
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Figure 28. Post Nos. 15 and 16 Damage. Tesl MOSW-I 
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Figure 29. Post Nos. 17 and 18 Damage. Test MOSW·l 
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Figure 30. Post Nos. 19 and 20 Damage, Test MOSW-l 
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Figure 3 1. Post No. 19 Damage, Test MOSW-I 
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Figure 32. Post No. 20 Damage, Test MOSW·I 
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Figure 33. I>osl Nos. 2 1 and 22 Damage, Tesl MOSW-I 
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Figure 34. Post Nos. 23 and 24 Damage. Test MOSW·l 
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Figure 35. Post Nos. 2S and 26 Damage, Test MOSW-I 
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Figure 36. Pennanenl Sct Deflections, Test MOSW~1 
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Figure 37. Vehicle Damage, Test MOSW-1 
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-

Figure 38. Veh icle Front-End Damage. Test MOSW- I 
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9 SUMMARY AND CONCLUSIONS 

A W~bcam guardrail. designed for use on a 2: 1 foreslope, was sllccessfully developed and 

subjected to full-sca le vehicle crash testing. The new g uardrail sys tem wllSconfi g urcd w ith W-bcam 

guardrail and supported by 2, 134-mm long steel posts spaced on 952.S-mm centers. A full-scale 

vehicle crash test was performed with a l/._to n pickUp truck on lhe guardrail system and was 

detemlincd to be acceplable according to the TL-3 safety performance criteria presented in NCHRP 

Report No. 350. A summary o f the safety performance evaluation is provided in Table 6. 
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Table 6. Summary of Safety Perfonnancc Evaluation Results - Slope W-beam Guardra il System 

Eva luation Eva luation Criteria 
Factors 

A. Test article should contain and redirect the vehicle; the 
Structural vehicle should not penetrate, underride. or override the 
Adequacy installat ion although controlled i:ltera l de nect ion of the test 

article is acceptable. 

D. Detached clcments, fragments or other debris from the 
test article should not penetrate or show potentia l for 
penetrating the occupant compartment. or present all 
undue hazard to other traffic. pedestrians. or personnel 

Occupant in a work zone. Defomlations o r. or intrusions into, the 
Risk occupant compartment that could cause serious injuries 

should not be permitted . 

F. The vehicle should remain upright during and after coll ision 
although moderate roll , pitch ing and yawi ng are acceptable. 

K. A fler collis ion it is preferable that the vehic le's trajectory not 
intrude into adjacent traffic lanes. 

L. The occupant impact velocity in the longitudinal direction 

Vehicle 
should not exceed 12 m/sec:: and the occupant ridcdown 

Trajectory 
acceleration in the longitudinal di rection should not exceed 
20G's. 

M. The exit angle from the test article preferably shou ld be less 
than 60 percent of test impact angle, measured at time o f 
vehicle loss of contact with test dev ise. 

S - (Satisfactory) 
M - (Marginal) 
U - (U nsatis faclory) 
NA - Not Avail able 
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10 RECOMMENDATIONS 

A W-beam guardrail system designed for use on a 2: I fo res \ope. as described in this report, 

was develo ped and successfull y crash tested according to the cri teria found in NCHRP Report No. 

350. The res ults of this test indi cate thaI this design is a suitable design for use on Federal-aid 

highways. It is suggested that the research described herein could be further developed using the 

data co llected from testing to modifY fu ture designs. However, any design modifications made to 

the W-beam guardrail system on a fores lope may require verifi cation through the use of full-scale 

vehicle crash testing. 

Final ly, it is recommended that futu re research be dedicated for the further optimization of 

guardrai l designs for usc on roadsides with sloped fil l. It is noted that since test no. MOSW- I was 

successful. it is unc lear as to the magni tude of the factor of safety provided by the design described 

herein. Thus, it may be possible to obtain acceptab le safety perf0 n11anee from a guardrail design 

which incorporates longer posts, a wider post spacing, or combinations thereof. 
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APPENDIX A 

Force-DcfleClion Behavior of Bogie Tests 

Figure A- I. Groph of Force-Deflect ion Behavior, Test MS8-1 

Figure A-2. Graph of Force-Denection Behavior. Test MSB-2 

Figure A-J . Graph afForce-Deflection Behavior, Test MSB-3 

Figure A-4 . Graph afForce-Deflection Behavior, Test MSB-4 

Figure A-S. Graph of Force-Deflection Behavior. Test MSB-S 

Figure A-6. Graph of Force-Deflect ion Behavior, Test MSB-6 
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W14: Force vs. Displacement · Test MSB-1 
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Figure A-1. Graph offorce-Detlection Behavior. Test MSB-1 



W14: Force vs. Displacement- Test MSB-2 
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Figure A-2. Graph of Force-Deflection Behavior, Test MSB-2 
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W14: Force vs. Displacement - Test MSB-3 
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Figure A-3. Graph of Force-Deflection Behavior, Test MSB-3 



W14: Force vs. Displacement- Test MSB-4 
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Figure A-4. Graph of Force-Deflection Behavior. Test MSB-4 



W14: Force vs. Displacement· Test MSB·S 
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Figure A-5. Graph afForce-Deflection Behavior, Test MSB-5 



W14: Force vs. Displacement · Test MSB-6 
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Figure A-6. Graph of Force-Deflection Behavior, Test MSB-6 



APPENDIX B 

Typical BARRJ ER VlIlnpul File 

Note that the example BARRIE R VB input data fi le incl uded in Appendix B corresponds with the 
critical impact po int [or test MOSW·l. 
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Missouri Guardrail Posts on Slopes (Half-Post Spacing) - RUN "Slope80HPS .DAT " 
NODE 83 

173 71 28 1 213 85 2 0 
0 . 0001 0 . 0001 0 . 800 300 0 1.0 1 
1 5 5 5 5 5 1 
1 0 . 0 0 . 0 
3 15 . 00 0 . 0 
5 150 . 00 0 . 0 , 225.00 0 . 0 

12 281.25 0 . 0 
13 290 . 625 0 . 0 
1< 295 . 3125 0 . 0 
15 300 . 00 0 . 0 
16 304. 6875 0 . 0 
17 309 .37 5 0 . 0 
18 318.75 0 . 0 
21 375 . 00 0 . 0 
25 4 50.00 0 . 0 
2' 525 . 00 0 . 0 
32 581. 25 0 . 0 
33 5 9 0 .625 0 . 0 
34 595 . 3125 0.0 
35 600 . 00 0 . 0 
36 604 . 6875 0 . 0 
37 609.375 0 . 0 
30 618 . 75 0 . 0 

" 615 . 00 0 . 0 
52 750 . 00 0 . 0 
60 825 . 00 0 . 0 
66 88l.25 0 . 0 
67 890 . 625 0 . 0 
68 895 . 3125 0 . 0 
69 900.00 0.0 
70 904 . 6875 0 . 0 
71 909.375 0 . 0 
72 918.75 0 . 0 
78 975 . 00 0 . 0 

" 1031 . 25 0 . 0 
85 1040 . 625 0 . 0 
86 1045 . 3125 0 . 0 
87 1050.00 0 . 0 
88 1054 .6875 0 . 0 
89 1059 . 375 0 . 0 
90 1068.75 0 . 0 
96 1125.00 0 . 0 

102 1181. 25 0 . 0 
103 1190 .625 0 . 0 
10' 1195.3125 0 . 0 
105 1200.00 0 . 0 
106 120 4.6875 0 . 0 
107 1209 . 375 0 . 0 
108 1218.75 0 . 0 
11 ' 1275.00 0 . 0 
122 13 50 . 00 0 . 0 
130 1425.00 0 . 0 
136 14 8 1. 25 0 . 0 
137 1490.625 0 . 0 
138 1495.3125 0.0 
139 1500 .00 0 . 0 
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14 0 1504.6875 0 . 0 
141 1509 . 375 0 . 0 
14 2 1518.75 0 . 0 
14 5 1575.00 0 . 0 
14 9 1650.00 0.0 
153 1725.00 0.0 
156 1781. 25 0.0 
157 1790 . 625 o. a 
158 1795 . 3125 0 .0 
159 18 00 . 00 0 .0 
160 1804 . 6875 0 . 0 
161 1809.375 0 . 0 
162 181 8 . 75 0 . 0 
165 1 875 . 00 0 . 0 
169 1950 . 00 0 . 0 
171 2025 . 00 0 . 0 
173 2100 . 00 0.0 

1 3 1 1 0 . 0 
3 5 1 1 O. a 
5 9 3 1 0.0 
9 12 2 1 O. a 

18 21 2 1 0.0 
21 25 3 1 0 . 0 
25 29 3 1 0 .0 
29 32 2 1 0 . 0 
38 .. 5 1 0.0 .. 52 7 1 0 . 0 
52 60 7 1 0.0 
60 66 5 1 O. a 
72 78 5 1 0.0 
78 8 ' , 1 0 . 0 
90 96 5 1 O. a 
96 102 5 1 0 . 0 

108 " ' 5 1 O. a 
114 122 7 1 0 . 0 
122 130 7 1 O. a 
130 136 5 1 O. a 
142 14 5 2 1 0 . 0 
145 149 3 1 O. a 
14 9 153 3 1 0 . 0 
153 156 2 1 0 . 0 
162 165 2 1 0 .0 
165 169 3 1 O. a 
169 171 1 1 0 . 0 
171 173 1 1 0 . 0 

1 173 0 .35 
173 172 171 170 169 1 68 167 166 165 164 
163 162 161 160 159 158 157 156 155 15 ' 
1 53 152 151 150 14 9 14 8 14 7 146 145 144 
14 3 14 2 141 14 0 139 138 137 136 135 13. 
133 132 131 130 129 128 127 126 125 124 
123 122 121 120 119 118 11 7 116 115 114 
11 3 112 111 110 109 1 08 107 10 6 105 104 
103 102 10 1 100 99 98 91 96 95 9. 

93 .2 ., 90 8. 88 87 86 85 84 
83 82 81 80 79 78 77 76 75 74 
73 72 71 70 69 68 67 66 65 64 
63 62 61 60 59 58 57 56 55 54 
53 52 51 50 49 48 47 46 45 .. 
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43 ' 2 41 ' 0 39 38 37 36 35 34 
33 32 31 30 29 28 27 26 25 2' 
23 22 21 20 19 18 11 16 15 14 
13 12 11 10 9 8 7 6 5 , 

3 2 1 
100 2 ' 

1 2 . 29 1-99 37.50 ::10000.0 6 . 92 99 . ~ 6ti . !:I 0 . 10 
12-Gauge \i-Beam 

2 2 . 29 1.99 18 . 75 30000 . 0 6 . 92 99 . 5 68 . 5 0 . 10 
12-Gauge \i -Beam 

3 2 . 29 1. 99 9 . 375 30000.0 6 . 92 99 . 5 68.5 0.10 
12-Gauge \i -Beam , 2 . 29 1. 99 4 . 6875 30000.0 6 . 92 99 . 5 68 . 5 0 . 10 
12-Gauge \i -Beam 

5 2 . 29 1. 99 <1 • 6875 30000 . 0 6 . 92 99 . 5 68 . 5 0 . 10 
lZ-Gauge W-Beam 

6 2 . 29 1. 99 4 . 6875 30000.0 6 . 92 99 . 5 68 . 5 0 . 10 
12-Gauge Ii-Beam 

7 2.29 1.99 4.6875 30000 . 0 6 . 92 99 . 5 68 . 5 0 . 1.0 
12-Gauge W-Beam 

8 2 . 29 1.99 9 . 375 30000 . 0 6 . 92 99 . 5 68 . S 0 . 10 
12- Ga uge W-Beam 

9 2 . 29 1.99 18.75 30000 . 0 6.92 99 . 5 68.5 0.10 
12-Gauge \i -Beam 

10 2 . 29 1. 99 9.375 30000 . 0 6.92 99 . 5 68 . 5 0 . 10 
12-Gauge W-Beam 

11 2 . 29 1.99 4 . 6875 30000 . 0 6 . 92 99 . 5 68 . 5 0 . 10 
12- Ga uge \i -Beam 

12 2.29 1.99 4 . 6875 30000 . 0 6 . 92 99 . 5 68.5 O. LO 
12- Gauge W-Beam 

13 2.29 1. 99 4 . 6875 30000 . 0 6.92 99 . 5 68 . 5 0.10 
12-Gauge W-Beam 

14 2.29 1. 99 4 . 6875 30000 . 0 6 . 92 99 . 5 68 . 5 0.10 
12- Gauge W-Beam 

15 2 . 29 1. 99 9.375 30000 . 0 6 . 92 99 . 5 68 . 5 0.10 
12-Gauge W-Beam 

16 2 . 29 1.99 4 . 6875 30000 . 0 6 . 92 99 . 5 68 . 5 0 . 10 
12-Gauge W- Beam 

17 2.29 1. 99 4 . 6875 30000 . 0 6 . 92 99 . 5 68 . 5 0 . 10 
12-Gauge W-Beam 

18 2 . 29 1. 99 4 . 6875 30000 . 0 6.92 99 . 5 68 . 5 0 . 10 
12-Gauge W- Beam 

19 2 . 29 1. 99 4 . 6875 30000 . 0 6 . 92 99 . 5 68 . 5 0 . 10 
1 2-Gauge W-Beam 

20 2 . 29 1. 99 9 . 375 30000 . 0 6 . 92 99 . 5 68 . 5 0 . 10 
12- Gauge W-Beam 

21 2 . 29 1. 99 4.6875 30000 . 0 6 . 92 99 . 5 68 . 5 0.10 
12-Gauge W-Beam 

22 2 . 29 1. 99 4 .6875 30000 . 0 6 . 92 99 . 5 68 . 5 0 . 10 
12-Gauge W-Beam 

23 2.29 1. 99 4 . 6875 30000 . 0 6 . 92 99 . 5 68 . 5 0 . 10 
12-Gauge W-Beam 

2' 2 . 29 1. 99 4. 6875 30000 . 0 6 . 92 99.5 68 . 5 0 . 10 
12-Gauge W- Beam 

300 15 
1 21 . 65 0 . 00 ,. a , . 0 100 . 0 250.0 250 . 0 0 . 10 

Simulated St r ong Anchor Post 
100.0 100 . 0 10 . 0 10 . 0 

2 21 . 65 0 . 00 3.0 3 . a 100 . 0 100 . 0 150 . 00 0 . 10 
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Second BCT Pos t 
50 . 0 50 . 0 6 . a 6 . 0 

3 21. 65 0.0 2 . 00 2 . 00 5 4. 0 92 . 88 102 . 00 0 . 10 
W6x9 by 7 ' Long 

6.0 15. a 15.0 15 . 0 , 21 . 65 0 . 0 2 . 00 2.00 5 4. 0 92 . 88 102 . 00 0 . 10 
W6:-:9 b y 7 ' Long 

6.0 15 . 0 15 . 0 15 . 0 
5 2 1. 65 0 . 0 2 . 00 2 . 00 5 4. 0 92 . 88 102 . 00 0 . 10 

W6x9 by 7 ' Long 
6 . 0 1 5 . 0 15 . 0 15 . 0 

6 21 .65 0 . 0 2 . 00 2 . 00 5 4. 0 92 . 88 102 . 00 0 . 10 
w6x9 by 7 ' Long 

6 . 0 15 . 0 15 . 0 15 . 0 
7 21. 65 0 . 0 2 . 00 2 . 00 54 . 0 92 . 88 102 . 00 0 . 10 

W6x9 by 7 ' Long 
6 . 0 15 . 0 15.0 15 . 0 

8 21 . 65 0.0 2 . 00 2 . 00 54.0 92.88 102 . 00 0 . 10 
W6x9 by 7 ' Long 

6 . a 15 . 0 15 . 0 15.0 
9 21.65 0 . 0 2 . 00 2 . 00 5 4. 0 92 .8 8 102 . 00 0 . 10 

W6x9 b y 7 ' Long 
6 . 0 15 . 0 15 . 0 15 . 0 

10 21 . 65 0.0 2 . 00 2 . 00 5 4. 0 92 . 88 102 . 00 0 . 10 
w6:-:9 b y 7 ' Long 

6.0 15 . 0 15.0 15 . a 
11 2 1. 65 0 . 0 2 . 00 2 . 00 5 4. 0 92 . 88 102 . 00 0 . 10 

W6x9 by 7 ' Long 
6.0 15 . 0 15 . 0 15 . a 

1 2 21 .65 0 . 0 2.00 2 . 00 5 4. a 92 .8 8 102 . 00 0 . 10 
W6:-:9 by 7 ' Long 

6 . 0 15 . 0 15 . 0 15 . 0 
13 21.65 0.0 2 . 00 2 . 00 54 . 0 92.88 102 . 00 0 . 10 

W6:-:9 by 7 ' Long 
6.0 15 . 0 15.0 15 . 0 

14 21 . 65 0 . 0 2 . 00 2 . 00 5 4. 0 92 .8 8 102 . 00 0.10 
W6:-:9 by 7 ' Long 

6 . 0 15 . 0 15.0 15 . 0 
15 21. 65 0 . 0 2 . 00 2 . 00 54.0 92 . 88 102 . 00 0 .1 0 

1'16:-:9 by 7 ' Long (Half-Post Spa cing) 
6.0 15.0 1 5 . 0 15 . 0 

1 1 2 , 1 101 0 . 0 0.0 0 . 0 
5 5 6 11 1 102 0 . 0 0 . 0 0 . 0 

12 1 2 13 103 0 . 0 0 . 0 0 . 0 
13 13 14 1 0< 0 . 0 0 . 0 0 . 0 
14 14 15 105 0 . 0 0 . 0 0 . 0 
15 15 16 106 0 . 0 0 . 0 0 . 0 
16 16 17 107 0.0 0 . 0 0 . 0 
17 17 18 108 0 . 0 0 . 0 0 . 0 
18 1 8 19 31 1 109 0.0 0 . 0 0 . 0 
32 32 33 110 0 . 0 0 . 0 0 . 0 
33 33 34 111 0 . 0 0 . 0 0 . 0 
34 34 35 112 0 . 0 0 . 0 0 . 0 
35 35 36 113 0 . 0 0 . 0 0 . 0 
3' 3. 37 114 0 . 0 0 . 0 0 . 0 
37 37 38 66 1 115 0 . 0 0 . 0 0 . 0 
67 .7 68 11. 0 . 0 0 . 0 0 . 0 
68 68 69 117 0 . 0 0 . 0 0 . 0 
69 69 7Q 118 0 . 0 0 . 0 0 . 0 
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70 70 71 119 0 . 0 0 . 0 0 . 0 
71 71 72 8 . 1 120 0 . 0 0 . 0 0 . 0 
85 85 8. 121 0 . 0 0 . 0 0 . 0 
8. 8. 87 122 0 . 0 0 . 0 0.0 
87 87 88 123 0 . 0 0 . 0 0 . 0 
88 88 89 12. 0 . 0 0.0 0.0 
89 89 90 102 1 lLO 0 . 0 0 . 0 0 . 0 

103 103 10' 119 0 . 0 0.0 0.0 
10 ' 10. 105 118 0 . 0 0 . 0 0.0 
105 105 10. 117 0 . 0 0 . 0 0 . 0 
10. 10. 107 11. 0 . 0 0.0 0.0 
107 107 108 13. 1 115 0 . 0 0 . 0 0 . 0 
137 137 138 11. 0 . 0 0 . 0 0 . 0 
138 138 139 113 0 . 0 0 . 0 0 . 0 
139 139 14 0 112 0 . 0 0 . 0 0 . 0 
14 0 140 141 111 0 . 0 0 . 0 0 . 0 
141 141 14 2 110 0 . 0 0 . 0 0 . 0 
142 142 143 155 1 109 0 . 0 0 . 0 0 . 0 
I S. IS. 157 108 0 . 0 0 . 0 0 . 0 
157 157 158 107 0 . 0 0 . 0 0 . 0 
158 158 159 10. 0 . 0 0 . 0 0 . 0 
159 159 ,.0 105 0 . 0 0.0 0 . 0 
,.0 ,.0 ,., 10. 0 . 0 0.0 0 . 0 ,., ,., ,.2 103 0 . 0 0 . 0 0 . 0 
,.2 ,.2 ,.3 ,.8 1 102 0 . 0 0 . 0 0 . 0 
,.9 ,.9 170 172 1 101 0 . 0 0.0 0 . 0 
173 1 301 0 . 0 0.0 0.0 0 . 0 0 . 0 
174 3 302 0 . 0 0.0 0.0 0 . 0 0 . 0 
175 5 303 0 . 0 0.0 0.0 0 . 0 0 . 0 
17. 9 303 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
177 15 303 0 . 0 0.0 0 . 0 0 . 0 0 . 0 
178 21 303 0 . 0 0.0 0 . 0 0 . 0 0 . 0 
179 25 303 0 . 0 0.0 0 . 0 0 . 0 0 . 0 
180 29 303 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
181 35 303 0 . 0 0.0 0.0 0 . 0 0 . 0 
182 " 3D. 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
183 52 305 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
18. .0 3D. 0 . 0 0.0 0.0 0 . 0 0 . 0 
185 .9 307 0 . 0 0 . 0 0 . 0 0 . 0 0 .0 
18. 78 308 0 . 0 0.0 0 . 0 0 . 0 0 . 0 
187 87 309 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
18 8 9. 310 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
189 105 31 1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
190 114 312 0 . 0 0 . 0 0.0 0 . 0 0 . 0 
191 122 313 0 . 0 0 . 0 0 . 0 0 . 0 0.0 
192 130 314 0 . 0 0 . 0 0 . 0 0 . 0 0.0 
193 139 303 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
194 145 303 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
195 14 9 303 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
19. 153 303 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
197 159 303 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
198 ,.5 303 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
199 ,.9 303 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
200 171 302 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
20 1 173 301 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
202 . 0 315 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
203 . 8 315 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
20 . 5. 315 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
205 •• 315 0 . 0 0 . 0 0.0 0 . 0 0 . 0 
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206 " 315 0 . 0 0 . 0 0 . 0 0.0 0.0 
207 82 31 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 
208 92 315 0 . 0 0.0 0 . 0 0 . 0 o. a 
209 100 315 0 . 0 0 . 0 0 . 0 0 . 0 O. a 
210 110 315 0 . 0 0.0 0 . 0 0.0 0.0 
211 118 315 0 . 0 0.0 0 . 0 0 . 0 0.0 
212 126 315 0 . 0 0.0 0 . 0 0 . 0 0.0 
213 134 315 0.0 0.0 0 . 0 0.0 0 . 0 

4 400 . 0 40 000 . 0 20 6 4 0 1 
1 0 . 055 0 .12 6 . 00 17 . 0 
2 O. 057 0. 15 7.00 18.0 
3 0 .062 0 .18 10 . 00 12 . 0 
4 0 .110 0.35 12.00 6 . 0 
5 0.35 0.45 6.00 5.0 
6 1. 45 1.50 15 . 00 1.0 
1 100.75 15.875 1 12.0 1 1 0 a 
2 100.75 27 . 875 1 12 . 0 1 1 0 0 
3 100.75 39 . 875 2 12 . 0 1 1 0 0 
4 88.75 39.875 2 12 . 0 1 1 0 0 
5 76.75 39.875 2 12.0 1 1 a a 
6 64.75 39 . 875 2 12.0 1 1 0 0 
7 52.75 39.875 2 12.0 1 1 0 0 
8 40.75 39 . 875 2 12.0 1 1 0 a 
9 28 .7 5 39 . 875 2 12 . 0 1 1 a a 

10 16.75 39.875 2 12 . 0 1 1 0 a 
11 -13.25 39.875 3 12 . 0 1 1 0 a 
12 -33 . 25 39 . 875 3 12 . 0 1 1 0 a 
13 -53 . 25 39 . 875 3 12.0 1 1 a 0 
14 -73 . 25 39 . 875 3 12 . 0 1 1 0 a 
15 -93 . 25 39 . 875 3 12.0 1 1 0 0 
16 - 113 . 2~ 39 . 875 4 12 . 0 1 1 0 0 
17 - 113 . 25 -39 . 875 4 12.0 0 0 0 0 
18 100 . 75 -39 . 875 1 12.0 0 0 0 0 
19 69.25 37.75 5 1.0 1 1 0 0 
20 - 62.75 37 . 75 6 1. 0 1 1 0 0 

1 69 . 25 32.75 0.0 608. 
2 69 . 25 -32.75 0.0 608. 
3 -62.75 32.75 0.0 492. 
4 -62 . 75 -32 . 75 0 . 0 4 92 . 
1 0 . 0 0 . 0 
3 1021.875 0 . 0 25 . 0 62 . 14 0 . 0 0 . 0 1. 0 
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APPENDIXC 

Accelerometer Data Analysis, Test MOSW-I 

Fig ure C- I . Graph o f Longitudinal Deceleration. Test MOSW- l 

Figure C-2. Graph of Longitudinal Occupant Impact Velocity, Test MOSW-I 

Figure C-3. Graph of Longitudinal Occupant Displacement, Test MOSW-J 

Figure C-4. Graph of Lateral Deceleration, Test MOSW-l 

Figure C-5. Graph of Lateral Occupant Impact Velocity, Test MOSW-I 

Figure C-6. Graph of Lateral Occupant Displacement, Test MOSW-I 
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I W17: longitudinal Deceleration - 10-Msec Avg. • CFC 180 Filtered Data· Test MOSW-1 (EDR-4) 
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Figure C-1. Graph of l ongitudinal Deceleration, Test MOSW-1 
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W8 : Longitudinal Occupant Impact Velocity· CFC 180 Filtered Data · Test MOSW·1 (EDR-4) 
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Figure C-2. Graph of Longitudinal Occupant Impact Velocity, Test MOSW-J 
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WS: longitudinal Occupant Displacement· CFC 180 Filtered Data· Test MOSW-1 (EDR-4) 
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Figure C-3. Graph ofLongitudinaJ Occupant Displacement, Test MOSW-1 
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W12: Lateral Deceleration ·10·Msec Avg. · eFC 180 Filtered Data· Test MOSW-' (EDR4) 
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Figure C-4. Graph of Lateral Deceleration, Test MOSW-I 
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W8: Lateral Occupant Impact Velocity. eFC 180 Filtered Data· Test MOSW·1 (EDR-4) 

:i' 

• ------- -----------.- -----~-- --------- ------- - --.- --~ ---------------.-~-- - ----~ - ------ - --------------- -- -
" , 

~ r----- -- --- -- -- -- -0 - --- - -- ~ -- - - - - - - : - - -- -._-- __ A .-- - -, -- -- - -_or -- - --~;- ---- - --- -- -- - -- _A, 

lei - - - - -- -- . '-- -- -- -- ___ -- - - -- .-- - - - - - -- - -- - - - - ____ _ I. ___ .-- - - - -- - - - -- --- .:. - - - - - - - -- ----._ - - --- - - ---~_ - -- - -- .... 

1II -0 ---- - - -;-- --- - - -- - - -- - --- - --"f -- -- --- - -- -__ ,A - - -- ----- -- -- -- - ,------ -- -- -- -----~-- - -- - - - -- - - - - ---~ - - . -- - _A, 

T-- --------.- ----- --- - -.--- ' ------------ ' ' -- -- ;- - -- -- --~ . --.-

• 

. -- -----:--------.-----------------~---.------- ----- ----------------------.--.----- --.---- ---------------~ ." I ... u. ". us OJ' OJ, ••• 
Sec '" ." ." , . .. " .. ~ 

Figure Cos. Graph of Lateral Occupant Impact Velocity, Test MOSW-J 



W9: Lateral Occupant Displacement. eFC 180 Filtered Data · Test MOSW·1 (EDR~) 
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Figure C-6, Graph of Laleral Occupant Displacement. Test MOSW-l 



APPENDIX D 

Roll. Pilch, and Yaw Data Analysis, Test MOSW-I 

Figure 0 - 1. Graph of Roll Angular Displacements, Test MOSW- l 

Figure D-2. Graph of Pitch Angular Displacements. Test MOSW-I 

Figure D-3. Graph of Yaw Angular Displacements. Test MOSW-l 
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Figure D· J. Graph of Roll Angular Displacements. Test MOSW-l 



Missouri Guardrail On Slope 
MOSW-1 , Pitch Angle 
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Figure D-2. Graph of Pilch Angular Displacements, Test MOSW-J 
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Missouri Guardrail On Slope 
MOSW-1 , Yaw Angle 
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Figure D-3 . Graph of Yaw Angular Displacements, Test MOSW-l 




