
Crashworthiness Testing of 
Amtrak’s Traditional Coach Seat

U. S. Department of 
Transportation
Federal Railroad 
Administration

Office of Research
and Development
Washington, D.C. 20590

Safety of High-Speed
Ground Transportation Systems

DOT/FRA/ORD-96/08
DOT-VNTSC-FRA-96-11

Final Report
October 1996

This document is available to the 
public through the National Technical
Information Service, Springfield, VA 22161



NOTICE

NOTICE

This Document is disseminated under the sponsorship
of the Department of Transportation in the interest

of information exchange.  The United States Government 
assumes no liability for its contents or use thereof.

The United States Government does not endorse
products or manufacturers.  Trade or manufacturers'

names appear herein solely because they are considered
essential to the objective of this report.



REPORT DOCUMENTATION PAGE Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions
for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office
of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE
                  October 1996

3. REPORT TYPE & DATES COVERED
Final Report                 September 1996

4. TITLE AND SUBTITLE
Crashworthiness Testing of Amtrak’s traditional Coach Set
Safety of High-Speed Ground Transportation Systems

6. AUTHOR(S)
D. Tyrell, K. Severson

5. FUNDING NUMBERS

RR-693/R-6018

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
U.S. Department of Transportation, Research and Special Programs Administration
John A. Volpe National Transportation Systems Center
Office of Systems Engineering
Kendall Square, Cambridge, MA 02142

8. PERFORMING ORGANIZATION      
    REPORT NUMBER

DOT-VNTSC-FRA-96-11

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)
U.S. Department of Transportation
Federal Railroad Administration
Office of Research and Development
Washington, DC 20590

10. SPONSORING/MONITORING        
      AGENCY REPORT NUMBER

DOT/FRA/ORD-96/08

11. SUPPLEMENTARY NOTES
This research is sponsored by the Federal Railroad Administration, Office of Research and Development, Washington, DC 20590

12a. DISTRIBUTION/AVAILABILITY
This document is available to the public through the National Technical Information Service, Springfield, VA
22161

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)
Tests have been conducted on Amtrak’s traditional passenger seat to evaluate its performance under static and dynamic loading conditions.  Quasi-static tests have been
conducted to establish the load-deflection characteristics of the seat.  Dynamic tests of selected collision conditions have been also conducted with instrumented Hybrid III
dummies to evaluated the collision performance of the seat and to verify the analytic simulation tools.  This report describes the results of the crashworthiness testing of  Amtrak’s
traditional seats.

The quasi-static testing indicates that the seats are sufficiently strong to withstand the occupant loads predicted from the computer simulation.  However, in dynamic tests with
a triangular crash pulse peak higher than 5 g’s, the seat attachments are prone to failure, particularly at the wall mount.  The dynamic test failures were possibly due to the inertial
effects of the seat, which were not present during the static tests.

Injury criteria measured and calculated from the dummies included Head Injury Criteria (HIC), chest deceleration, axial compressive neck load, and femur load.  The injury criteria
for all seven dynamic tests were within the acceptable human tolerance levels as specified in standards by the National Highway Traffic Safety Administration (NHTSA) and the
Federal Aviation Administration (FAA).

The dummy’s head and chest deceleration time histories and injury criteria from the dynamic tests have been compared with the results of simulations corresponding to each
of the seven dynamic tests.  These comparisons demonstrate a reasonable agreement between the analytic predictions and the dynamic test results, given the variability in the
effective stiffness of the seats under different loading conditions

15. NUMBER OF PAGES
84

14. SUBJECT TERMS

Transportation, safety, crashworthiness, human injury criteria, traditional seat, 3rd generation seats, high-

speed passenger train seats, seat collision performance test 16. PRICE CODE

17. SECURITY
CLASSIFICATION OF
REPORT

Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

Unclassified

20. LIMITATION OF ABSTRACT

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. 239-18

298-102



 LLL

Preface

7KH�9ROSH�&HQWHU�LV�GLUHFWLQJ�FUDVKZRUWKLQHVV�WHVWLQJ�RI�$PWUDN·V�WUDGLWLRQDO
VHDWV���UG�*HQHUDWLRQ�VHDWV��DQG�KLJK�VSHHG�SDVVHQJHU�WUDLQ�VHDWV�XQGHU�WKH
+LJK�6SHHG�*URXQG�7UDQVSRUWDWLRQ�6DIHW\�3URJUDP���7KLV�SURJUDP�VXSSRUWV
WKH�)HGHUDO�5DLOURDG�$GPLQLVWUDWLRQ��)5$���DQG�WKH�UHVXOWV�RI�WKH�WHVWLQJ�DUH
XVHG�E\�WKH�)5$�DV�D�EDVLV�IRU�UHFRPPHQGDWLRQV�DQG�UHJXODWLRQV�IRU�KLJK�
VSHHG�SDVVHQJHU�UDLO�VDIHW\���7KHVH�WHVWV�DUH�EHLQJ�FRQGXFWHG�XQGHU�D�WDVN�
RUGHU�FRQWUDFW�EHWZHHQ�WKH�9ROSH�&HQWHU�DQG�0*$�5HVHDUFK�&RUSRUDWLRQ���7KH
WHVWV�DUH�EHLQJ�SHUIRUPHG�DW�0*$·V�DXWRPRWLYH�WHVW�DQG�SURYLQJ�JURXQGV�LQ
%XUOLQJWRQ��:LVFRQVLQ�DQG�DW�WKHLU�WHVW�IDFLOLWLHV�LQ�'HWURLW��0LFKLJDQ���7KH
WHVWLQJ�LV�EHLQJ�FRQGXFWHG�LQ�FRRSHUDWLRQ�ZLWK�$PWUDN��ZKLFK�KDV�SURYLGHG�WKH
VHDWV��DQG�WKH�1DWLRQDO�+LJKZD\�7UDIILF�6DIHW\�$GPLQLVWUDWLRQ��1+76$���ZKLFK
KDV�SURYLGHG�WKH�DQWKURSRPRUSKLF�WHVW�GXPPLHV��$7'V����7KLV�UHSRUW�GHVFULEHV
WKH�ILUVW�VHULHV�RI�WKUHH�5DLO�3DVVHQJHU�6HDW�&ROOLVLRQ�3HUIRUPDQFH�7HVWV���7KLV
VHULHV�RI�WHVWV�ZDV�FRQGXFWHG�DV�VSHFLILHG�LQ�WKH�7HVW�5HTXLUHPHQWV��$SSHQGL[
$��
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����� ,QIOXHQFH�RI�+HDG�1HFN�3RVLWLRQ�RQ�$[LDO�&RPSUHVVLYH�1HFN�/RDG�������������������������������� ��
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����� &RPSDULVRQ�RI�+HDG�,QMXU\�&ULWHULD��+,&� �������������������������������������������������������������������� ��
����� &RPSDULVRQ�RI�&KHVW�'HFHOHUDWLRQ������������������������������������������������������������������������������� ��
����� &RPSDULVRQ�RI�)HPXU�/RDG����������������������������������������������������������������������������������������� ��
����� &RPSDULVRQ�RI�3HDN�&RPSUHVVLYH�$[LDO�1HFN�/RDGV ����������������������������������������������������� ��
����� 7LPH�+LVWRU\�.LQHPDWLF�&RPSDULVRQ�RI�7HVW�DQG�6LPXODWLRQ ���������������������������������������� ��
����� 3UHGLFWHG�DQG�0HDVXUHG�+HDG�'HFHOHUDWLRQ�7LPH�+LVWRULHV��'\QDPLF�7HVW��

&RQGLWLRQV��������������������������������������������������������������������������������������������������������������� ��
����� 3UHGLFWHG�DQG�0HDVXUHG�&KHVW�'HFHOHUDWLRQ�7LPH�+LVWRULHV��'\QDPLF�7HVW�� ����
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$��� '\QDPLF�6HDW�7HVW�&RQILJXUDWLRQ� ������������������������������������������������������������������������������$��
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%��� )ORRU�3HGHVWDO�3KRWRJUDSK�6KRZLQJ�$FFHVV�&XWRXW�IRU�/RFDWLQJ�/RFNLQJ�3LQ�DQG�%RWWRP
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1. Summary

 7HVWV�KDYH�EHHQ�FRQGXFWHG�RQ�$PWUDN·V�WUDGLWLRQDO�SDVVHQJHU�VHDW�WR�HYDOXDWH
LWV�SHUIRUPDQFH�XQGHU�VWDWLF�DQG�G\QDPLF�ORDGLQJ�FRQGLWLRQV��4XDVL�VWDWLF
WHVWV�KDYH�EHHQ�FRQGXFWHG�WR�HVWDEOLVK�WKH�ORDG�GHIOHFWLRQ�FKDUDFWHULVWLFV�RI�WKH
VHDW���'\QDPLF�WHVWV�RI�VHOHFWHG�FROOLVLRQ�FRQGLWLRQV�KDYH�DOVR�EHHQ�FRQGXFWHG
ZLWK�LQVWUXPHQWHG�+\EULG�,,,�GXPPLHV�WR�HYDOXDWH�WKH�FROOLVLRQ�SHUIRUPDQFH�RI
WKH�VHDW�DQG�WR�YHULI\�WKH�DQDO\WLF�VLPXODWLRQ�WRROV���&ROOLVLRQ�SHUIRUPDQFH�LV
HYDOXDWHG�LQ�WHUPV�RI�WKH�VHDW·V�DELOLW\�WR�UHPDLQ�IDVWHQHG�DW�DOO�DWWDFKPHQW
SRLQWV��DQG�WR�OLPLW�WKH�IRUFHV�DQG�GHFHOHUDWLRQV�H[SHULHQFHG�E\�WKH
LQVWUXPHQWHG�GXPP\���7KLV�UHSRUW�GHVFULEHV�WKH�UHVXOWV�RI�WKH�FUDVKZRUWKLQHVV
WHVWLQJ�RI�$PWUDN·V�WUDGLWLRQDO�VHDWV�
 

 7KH�TXDVL�VWDWLF�WHVWLQJ�LQGLFDWHV�WKDW�WKH�VHDWV�DUH�VXIILFLHQWO\�VWURQJ�WR
ZLWKVWDQG�WKH�RFFXSDQW�ORDGV�SUHGLFWHG�IURP�WKH�FRPSXWHU�VLPXODWLRQ�
+RZHYHU��LQ�G\QDPLF�WHVWV�ZLWK�D�WULDQJXODU�FUDVK�SXOVH�SHDN�KLJKHU�WKDQ���J·V�
WKH�VHDW�DWWDFKPHQWV�DUH�SURQH�WR�IDLOXUH��SDUWLFXODUO\�DW�WKH�ZDOO�PRXQW�
7KHUH�ZHUH�DOVR�IDLOXUHV�RI�WKH�VHDW�UHFOLQH�PHFKDQLVP�DQG�RI�NH\�ZHOG
FRPSRQHQWV���7KRXJK�QRW�FRQVLGHUHG�D�IDLOXUH��WKH�VHDWV�DOVR�XQGHUZHQW
YDULRXV�GHJUHHV�RI�SODVWLF�GHIRUPDWLRQ��UHVXOWLQJ�LQ�D�YDU\LQJ�HIIHFWLYH�VHDW
VWLIIQHVV���7KH�YDULDWLRQ�LQ�WKH�VHDW�VWLIIQHVV�LQIOXHQFHV�WKH�GHFHOHUDWLRQ�RI�WKH
GXPP\��ZKLFK�LQIOXHQFHV�WKH�LQMXU\�FULWHULD�
 

 ,QMXU\�FULWHULD�PHDVXUHG�DQG�FDOFXODWHG�IURP�WKH�GXPPLHV�LQFOXGHG�+HDG
,QMXU\�&ULWHULD��+,&���FKHVW�GHFHOHUDWLRQ��D[LDO�FRPSUHVVLYH�QHFN�ORDG��DQG
IHPXU�ORDG���7KH�LQMXU\�FULWHULD�IRU�DOO�VHYHQ�G\QDPLF�WHVWV�ZHUH�ZLWKLQ�WKH
DFFHSWDEOH�KXPDQ�WROHUDQFH�OHYHOV�DV�VSHFLILHG�LQ�VWDQGDUGV�E\�WKH�1DWLRQDO
+LJKZD\�7UDIILF�6DIHW\�$GPLQLVWUDWLRQ��1+76$��DQG�WKH�)HGHUDO�$YLDWLRQ
$GPLQLVWUDWLRQ��)$$��
 

 7KH�GXPP\·V�KHDG�DQG�FKHVW�GHFHOHUDWLRQ�WLPH�KLVWRULHV�DQG�LQMXU\�FULWHULD
IURP�WKH�G\QDPLF�WHVWV�KDYH�EHHQ�FRPSDUHG�ZLWK�WKH�UHVXOWV�RI�VLPXODWLRQV
FRUUHVSRQGLQJ�WR�HDFK�RI�WKH�VHYHQ�G\QDPLF�WHVWV���7KHVH�FRPSDULVRQV
GHPRQVWUDWH�D�UHDVRQDEOH�DJUHHPHQW�EHWZHHQ�WKH�DQDO\WLF�SUHGLFWLRQV�DQG�WKH
G\QDPLF�WHVW�UHVXOWV��JLYHQ�WKH�YDULDELOLW\�LQ�WKH�HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDWV
XQGHU�GLIIHUHQW�ORDGLQJ�FRQGLWLRQV�
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2. Introduction

7KH�9ROSH�&HQWHU�KDV�EHHQ�VXSSRUWLQJ�WKH�)5$�LQ�DQDO\]LQJ�WKH�FUDVK
UHVSRQVHV�RI�KLJK�VSHHG�DQG�FRQYHQWLRQDO�VSHHG�SDVVHQJHU�WUDLQV���7KLV
VXSSRUW�KDV�LQFOXGHG�DQDO\VHV�RI�VWUDWHJLHV�IRU�SURWHFWLQJ�SDVVHQJHUV�LQ�WKH
HYHQW�RI�D�WUDLQ�FROOLVLRQ���7KHVH�DQDO\VHV�KDYH�EHHQ�FRQGXFWHG�XVLQJ
FRPSXWDWLRQDO�WRROV�GHYHORSHG�IRU�WKH�DXWRPRWLYH�LQGXVWU\���7KH�H[SHULPHQWDO
GDWD�REWDLQHG�GXULQJ�WKLV�WHVW�HIIRUW�SURYLGHV�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH
RFFXSDQW�UHVSRQVH�DQG�VHDW�SHUIRUPDQFH�GXULQJ�WKH�VHFRQGDU\�LPSDFW��DQG
YDOLGDWHV�WKH�VLPXODWLRQ�UHVXOWV�RYHU�WKH�UDQJH�RI�YDULDEOH�VHDW�SDUDPHWHUV�WKDW
KDYH�EHHQ�DQDO\]HG�ZLWK�WKH�SUHVHQW�FRPSXWHU�PRGHO�

)LJXUH�����LOOXVWUDWHV�WKH�PRWLRQ�RI�DQ�XQUHVWUDLQHG�RFFXSDQW�GXULQJ�D�WUDLQ
FROOLVLRQ���3ULRU�WR�D�FROOLVLRQ��WKH�RFFXSDQW�DQG�WKH�WUDLQ�DUH�WUDYHOLQJ�DW�WKH
VDPH�VSHHG���2QFH�WKH�FROOLVLRQ�RFFXUV��WKH�WUDLQ�EHJLQV�WR�GHFHOHUDWH��ZKLOH�WKH
RFFXSDQW�FRQWLQXHV�WR�WUDYHO�DW�WKH�VSHHG�SULRU�WR�LPSDFW���7KH�RFFXSDQW�LV�VDLG
WR�EH�LQ�´IUHH�IOLJKW�µ��7KH�RFFXSDQW�LV�GHFHOHUDWHG�UDSLGO\�ZKHQ�KH�RU�VKH
VWULNHV�VRPH�SDUW�RI�WKH�WUDLQ�LQWHULRU��W\SLFDOO\�WKH�IRUZDUG�VHDW�EDFN���7KLV
FROOLVLRQ�ZLWK�VRPH�SDUW�RI�WKH�WUDLQ�LQWHULRU�LV�NQRZQ�DV�WKH�VHFRQGDU\�LPSDFW�

Train
Collision
Occurs

Occupant Free
Flight

Secondary
Impact

Time

)LJXUH�������2FFXSDQW�0RWLRQ�'XULQJ�D�&ROOLVLRQ

7KH�VHFRQGDU\�LPSDFW�FDQ�FDXVH�LQMXULHV�DQG�IDWDOLWLHV���,QMXU\�OHYHO�DQG�IDWDOLW\
DUH�IXQFWLRQV�RI�WKH�VHFRQGDU\�LPSDFW�YHORFLW\��L�H���WKH�YHORFLW\�RI�WKH�RFFXSDQW
UHODWLYH�WR�WKH�YHORFLW\�RI�WKH�WUDLQ���DQG�WKH�HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDW�EDFN�
RU�RWKHU�VHFRQGDU\�LPSDFW�REMHFW�
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7KH�REMHFWLYH�RI�WKH�VWDWLF�DQG�G\QDPLF�WHVWV�LV�WR�PHDVXUH�WKH�FROOLVLRQ
SHUIRUPDQFH�RI�$PWUDN·V�WUDGLWLRQDO�SDVVHQJHU�VHDW���&ROOLVLRQ�SHUIRUPDQFH�RI
WKH�VHDWV�LV�GHILQHG�DV�WKH�DELOLW\�RI�WKH�VHDWV�WR�UHPDLQ�DWWDFKHG�WR�WKH�WHVW
VOHG�DW�DOO�DWWDFKPHQW�SRLQWV��WR�PDLQWDLQ�LWV�VWUXFWXUDO�LQWHJULW\��DQG�WR�NHHS
WKH�IRUFHV�DQG�GHFHOHUDWLRQV�LPSDUWHG�WR�WKH�GXPPLHV�EHORZ�WKH�OLPLWV
DFFHSWHG�E\�1+76$�

6WDWLF�WHVWLQJ�RI�WKH�VHDW�LV�UHTXLUHG�WR�GHYHORS�WKH�IRUFH�GHIOHFWLRQ
FKDUDFWHULVWLFV�RI�WKH�VHDW�WR�EH�XVHG�LQ�WKH�DQDO\WLF�PRGHO��DQG�WR�GHWHUPLQH
WKH�IRUFH�OHYHOV�UHTXLUHG�WR�FDXVH�IDLOXUH�RI�WKH�VHDW�DQG�LWV�DWWDFKPHQW
VWUXFWXUH���'\QDPLF�WHVWLQJ�LV�UHTXLUHG�WR�PHDVXUH�WKH�IRUFH�WLPH�KLVWRULHV
H[SHULHQFHG�E\�WKH�VHDW�GXULQJ�G\QDPLF�ORDGLQJ�FRQGLWLRQV��DQG�WR�PHDVXUH�WKH
IRUFHV�DQG�DFFHOHUDWLRQV�LPSDUWHG�WR�WKH�GXPPLHV�GXULQJ�D�VLPXODWHG�WUDLQ
FROOLVLRQ���7KH�IRUFHV�H[SHULHQFHG�E\�WKH�VHDWV�DUH�QHFHVVDU\�WR�GHWHUPLQH�LI�
DQG�DW�ZKDW�IRUFH��FDWDVWURSKLF�IDLOXUH�RI�WKH�VHDWV�PD\�RFFXU�GXULQJ�D
FROOLVLRQ���7KH�IRUFHV�DQG�DFFHOHUDWLRQV�H[SHULHQFHG�E\�WKH�GXPPLHV�DUH
QHFHVVDU\�WR�GHWHUPLQH�WKH�OLNHOLKRRG�RI�IDWDOLW\�GXH�WR�VHFRQGDU\�LPSDFWV
GXULQJ�D�FROOLVLRQ�
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3. Seat Description

 )LJXUH�����VKRZV�D�SKRWR�RI�$PWUDN·V�WUDGLWLRQDO�VHDW�SDLU�IUDPH��ZLWKRXW�WKH
FXVKLRQV�RU�PRXQWLQJ�KDUGZDUH���7KH�VHDW�SDLU�LV�PDQXIDFWXUHG�E\�&RDFK�DQG
&DU��,QF��RI�&KLFDJR��,OOLQRLV���,W�FDUULHV�WZR�SDVVHQJHUV��DQG�FDQ�URWDWH����R

DERXW�WKH�YHUWLFDO�WR�IDFH�IRUZDUG�RU�EDFNZDUG���2QH�SDVVHQJHU�ULGHV�LQERDUG�
QHDU�WKH�DLVOH��ZKLOH�WKH�RWKHU�SDVVHQJHU�ULGHV�RXWERDUG��QHDU�WKH�ZLQGRZ�RU
ZDOO�RI�WKH�FDU���7KHUH�DUH�WZR�PRXQWV�IRU�WKH�VHDW���,Q�WKH�$PIOHHW�FDUV��RQH
SHGHVWDO�PRXQW�DWWDFKHV�WKH�VHDW�WR�WKH�IORRU�XQGHUQHDWK�WKH�LQERDUG�VHDW��DQG
DQRWKHU�EUDFNHW�PRXQW�DWWDFKHV�WKH�VHDW�IUDPH�WR�WKH�ZDOO���7KH�PRXQWV�DWWDFK
WR�IORRU�DQG�VLGH�ZDOO�WUDFNV��ZKLFK�DOORZ��ORQJLWXGLQDO��SRVLWLRQLQJ�RI�WKH�VHDW
SDLU�LQ�RQH�LQFK�LQFUHPHQWV���,Q�WKH�9LHZOLQHU�FDUV��WKHUH�DUH�WZR�SHGHVWDO
PRXQWV��RQH�XQGHU�HDFK�VHDW��DWWDFKHG�WR�WZR�IORRU�WUDFNV���,Q�WKH�+RUL]RQ
FDUV��WKH�VHDW�SDLU�LV�DWWDFKHG�ZLWK�WZR�IORRU�PRXQWV�DW�IL[HG�ORFDWLRQV�
 

 

 )LJXUH�������3KRWRJUDSK�RI�)UDPH�RI�$PWUDN·V�7UDGLWLRQDO�6HDW�3DLU

 

 (DFK�VHDW�EDFN�FDQ�LQGLYLGXDOO\�UHFOLQH��DQG�DOVR�KDV�DVVRFLDWHG�LQGLYLGXDO
ORZHU�OHJ�VXSSRUWV�IRU�HDFK�SDVVHQJHU���7ZR�IRRWUHVWV�DUH�SURYLGHG�DW�WKH�EDVH
RI�WKH�VHDW�IRU�WKH�SDVVHQJHUV�VHDWHG�EHKLQG��DV�ZHOO�DV�D�VWRZDEOH�WUD\�WDEOH�
7KHVH�VHDWV�KDYH�HYROYHG�VLQFH�WKHLU�ILUVW�XVH��ZLWK�FKDQJHV�LQ�WKH�PHFKDQLVP
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WKDW�DOORZV�UHFOLQH�RI�WKH�VHDW�EDFNV��WKH�PHFKDQLVP�WKDW�DOORZV�WKH�VHDW�SDLU
WR�URWDWH��DQG�WKH�PHFKDQLVP�WKDW�ORFNV�WKH�VHDW�WR�NHHS�LW�IURP�URWDWLQJ
XQLQWHQWLRQDOO\���7KH�RXWZDUG�DSSHDUDQFH�KDV�UHPDLQHG�VXEVWDQWLDOO\
XQFKDQJHG�

 

 )LJXUH�����LV�D�VFKHPDWLF�LOOXVWUDWLRQ�RI�$PWUDN·V�WUDGLWLRQDO�VHDW�SDLU���,W
VKRZV�WKH�ORFDWLRQV�RI�WKH�IORRU�DQG�ZDOO�PRXQWV��WKH�URWDWLRQ�PHFKDQLVP��DQG
WKH�ORFN�WKDW�NHHSV�WKH�VHDW�IURP�URWDWLQJ���7KH�VHDW�LV�URWDWHG�E\�GHSUHVVLQJ
WKH�ORFN�SHGGOH��SXOOLQJ�WKH�VHDW�E\�WKH�RXWERDUG�DUPUHVW�GLUHFWO\�DZD\�IURP
WKH�ZDOO�RQH�WR�WZR�LQFKHV��DQG�SXVKLQJ�WKH�RXWERDUG�VHDW�IRUZDUG�DQG�DURXQG�
UHYHUVLQJ�WKH�GLUHFWLRQ�RI�WKH�VHDW�SDLU���7KH�VHDW�LV�ORFNHG�LQWR�SODFH�E\
SXVKLQJ�VKDUSO\�LQ�WRZDUG�WKH�ZDOO��DOORZLQJ�WKH�ORFN�SHGGOH�WR�VQDS�LQWR�SODFH�
 

 7KH�PRXQWLQJ�RI�WKH�VHDW�WR�WKH�FDU�ERG\�DQG�WKH�URWDWLRQ�DQG�UHFOLQH
PHFKDQLVPV�DUH�GHVFULEHG�LQ�GHWDLO�LQ�$SSHQGL[�%�
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4. Test Setup

4.1  Quasi-Static Test Setup

 4XDVL�VWDWLF�WHVWLQJ�RI�$PWUDN·V�WUDGLWLRQDO�VHDWV�ZDV�SHUIRUPHG�DW�0*$·V�WHVW
IDFLOLW\�LQ�'HWURLW��0LFKLJDQ��2QH�VHDW�SDLU�ZDV�PRXQWHG�WR�WKH�WHVW�IL[WXUH�LQ�D
PDQQHU�ZKLFK�FORVHO\�PLPLFNHG�WKH�PRXQWLQJ�DUUDQJHPHQW�XVHG�LQ�$PWUDN·V
$PIOHHW�FDUV���7KH�VHDWV�ZHUH�PRXQWHG�RQ�WZR�%URZQOLQH�WUDFNV��D�ZDOO�WUDFN
DQG�D�IORRU�WUDFN���7KHVH�WUDFNV�ZHUH�PRXQWHG�WR�VWDLQOHVV�VWHHO�VWUXFWXUDO
PHPEHUV�ZLWK�KDW�VKDSHG�FURVV�VHFWLRQV�ZLWK�D�VWHHO�VWLIIHQLQJ�SODWH�ZHOGHG
XQGHUQHDWK���2Q�WKH�ZDOO�PRXQW��WKHUH�ZDV�DQ�DOXPLQXP�SODWH�EHWZHHQ�WKH
KDW�VHFWLRQ�DQG�WKH�WUDFN��VLPXODWLQJ�WKH�WULP�SODWH�XVHG�LQ�WKH�$PIOHHW�FDUV�
7KH�IODQJHV�RI�WKHVH�KDW�VHFWLRQV�ZHUH�EROWHG�WR�WULD[LDO�ORDG�FHOOV�������LQFKHV
DSDUW�RQ�WKH�IORRU��DQG����LQFKHV�DSDUW�RQ�WKH�ZDOO���7KHVH�GLVWDQFHV�DUH�WKH
VDPH�DV�WKH�FURVV�PHPEHU�VHSDUDWLRQ�LQ�DQ�$PIOHHW�FDU���)LJXUH�����VKRZV�D
SKRWRJUDSK�RI�WKH�TXDVL�VWDWLF�WHVW�IL[WXUH�
 

 

 )LJXUH�������4XDVL�6WDWLF�7HVW�)L[WXUH

 

 

 $�VLQJOH�K\GUDXOLF�UDP�ZLWK�D�FURVVEDU�DQG�WZR�VHPL�F\OLQGULFDO�ORDG�IRUPV�ZDV
XVHG�WR�DSSO\�ORDGV�WR�WKH�FHQWHU�RI�HDFK�VHDW�EDFN�RI�RQH�VHDW�SDLU���+RUL]RQWDO
DQG�YHUWLFDO�GLVSODFHPHQWV�RI�WKH�VHDW�SDLU�ZHUH�PHDVXUHG�XVLQJ�VWULQJ
SRWHQWLRPHWHUV��DV�GHSLFWHG�LQ�)LJXUH�������$�XQLD[LDO�ORDG�FHOO�ZDV�SODFHG
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EHKLQG�HDFK�VHPL�F\OLQGULFDO�ORDG�IRUP�WR�REWDLQ�WKH�DSSOLHG�IRUFH��DQG�D�VWULQJ
SRWHQWLRPHWHU�ZDV�XVHG�WR�REWDLQ�WKH�GLVSODFHPHQW�RI�WKH�UDP���7KH�UDP�ZDV
DGYDQFHG�DW�D�FRQVWDQW�UDWH�RI�WZR�LQFKHV�SHU�PLQXWH�XQWLO�FROODSVH�DQG�IDLOXUH
RI�WKH�VHDW�RU�XQWLO�WKH�K\GUDXOLF�UDP�ZDV�IXOO\�H[WHQGHG�
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 )LJXUH�������6NHWFK�RI�4XDVL�6WDWLF�7HVW�$UUDQJHPHQW

 

 7ZR�TXDVL�VWDWLF�WHVWV�ZHUH�FRQGXFWHG���,Q�WKH�ILUVW�WHVW��WKH�ORDG�ZDV�DSSOLHG
�����LQFKHV�EHORZ�WKH�WRS�RI�WKH�VHDW�EDFN���,Q�WKH�VHFRQG�WHVW��WKH�ORDG�ZDV
DSSOLHG�QHDU�WKH�KLQJH�SRLQW�����LQFKHV�EHORZ�WKH�WRS�RI�WKH�VHDW�EDFN���7KH
WHVWV�DUH�UHIHUUHG�WR�DV�WKH�KLJK�ORDG�WHVW�DQG�WKH�ORZ�ORDG�WHVW��UHVSHFWLYHO\�
FRUUHVSRQGLQJ�WR�WKH�KHLJKW�RI�WKH�ORDG�DSSOLFDWLRQ�
 

 7KUHH�YLGHR�FDPHUDV�ZHUH�XVHG�WR�ILOP�HDFK�WHVW���7KH�FDPHUDV�ZHUH�SRVLWLRQHG
WR�FDSWXUH�D�OHIW�VLGH�YLHZ��D�OHIW�IURQW�DQJOH�YLHZ��DQG�D�ULJKW�UHDU�DQJOH�YLHZ�
3UH��DQG�SRVW�WHVW�SKRWRJUDSKV�ZHUH�DOVR�WDNHQ�
 

4.2 Dynamic Test Setup

 '\QDPLF�WHVWLQJ�RI�$PWUDN·V�WUDGLWLRQDO�VHDWV�ZDV�SHUIRUPHG�DW�0*$·V
DXWRPRWLYH�WHVW�DQG�SURYLQJ�JURXQGV�LQ�%XUOLQJWRQ��:LVFRQVLQ���$�PRFNXS�RI
DQ�$PIOHHW�FDU�LQWHULRU�FRQVLVWLQJ�RI�WZR�VHDW�SDLUV�ZDV�PRXQWHG�RQ�D�WHVW�VOHG�
7KH�VHDW�SDLUV�ZHUH�SRVLWLRQHG����LQFKHV�DSDUW���'XULQJ�HDFK�G\QDPLF�WHVW��RQH
RU�WZR�GXPPLHV�ZHUH�SODFHG�LQ�WKH�UHDU�VHDW�SDLU���7KH�WHVW�VOHG�ZDV
DFFHOHUDWHG�EDFNZDUGV�ZLWK�D�UHSUHVHQWDWLYH�FUDVK�SXOVH��FDXVLQJ�WKH�GXPP\
RU�GXPPLHV�WR�VWULNH�WKH�IRUZDUG�VHDW�SDLU���,Q�DQ�DFWXDO�WUDLQ�FROOLVLRQ��WKLV
LPSDFW�LV�UHIHUUHG�WR�DV�D�VHFRQGDU\�FROOLVLRQ���)LJXUH�����VKRZV�D�SKRWRJUDSK
RI�WKH�G\QDPLF�WHVW�VOHG�
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 )LJXUH�������'\QDPLF�7HVW�6OHG

 

 

 7ZR�DQWKURSRPRUSKLF�WHVW�GXPPLHV��DV�VSHFLILHG�LQ����&)5�����6XESDUW�(�>�@�
ZHUH�SRVLWLRQHG�DFFRUGLQJ�WR�WKH�SURFHGXUHV�RXWOLQHG�LQ����&)5���������>�@�
)RU�7HVW�1R��+�������RQO\�RQH�GXPP\�ZDV�XVHG�DQG�LW�ZDV�ORFDWHG�LQ�WKH
LQERDUG��DLVOH��VHDW�RI�WKH�UHDU�VHDW�SDLU���)RU�HYHU\�RWKHU�WHVW��WZR�GXPPLHV
ZHUH�SRVLWLRQHG�LQ�WKH�UHDU�VHDW�SDLU���7KH�LQVWUXPHQWHG�GXPP\�ZDV�DOZD\V
VHDWHG�LQ�WKH�RXWERDUG��ZLQGRZ��VHDW��H[FHSW�IRU�7HVW�1R��+������
 

 ,QVWUXPHQWDWLRQ�IRU�WKH�G\QDPLF�WHVWV�LQFOXGHG���IRXU�WULD[LDO�ORDG�FHOOV
EHQHDWK�WKH�IURQW�VHDW��IRXU�XQLD[LDO�ORDG�FHOOV�EHQHDWK�WKH�UHDU�VHDW��HLJKW
KRUL]RQWDO�VWULQJ�SRWHQWLRPHWHUV�RQ�WKH�IURQW�VHDW�SDLU��D�VOHG�DFFHOHURPHWHU�
KHDG�;��<��DQG�=�DFFHOHURPHWHUV��FKHVW�;��<��DQG�=�DFFHOHURPHWHUV��QHFN
WUDQVGXFHUV��DQG�OHIW�DQG�ULJKW�IHPXU�ORDG�FHOOV���$�VNHWFK�RI�WKH�G\QDPLF�WHVW
VOHG�LV�VKRZQ�LQ�)LJXUH�����
 

 7KUHH�RII�ERDUG�FDPHUDV�ZHUH�XVHG�WR�SURYLGH�KLJK�VSHHG�ILOP�FRYHUDJH�RI�WKH
WHVWV���&DPHUDV�ZHUH�SRVLWLRQHG�WR�FDSWXUH�OHIW�DQG�ULJKW�VLGH�YLHZV��DQG�D�UHDU
DQJOH�YLHZ���3UH��DQG�SRVW�WHVW�SKRWRJUDSKV�ZHUH�DOVR�WDNHQ�
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5. Test Results and Analyses

5.1  Quasi-Static Test Results

5.1.1 Head-Load Test

 7KH�ORDGV�ZHUH�DSSOLHG�WR�WKH�FHQWHUV�RI�WKH�VWRZHG�WUD\�WDEOHV��VOLJKWO\�EHORZ
WKH�DSSUR[LPDWH�ORFDWLRQV�ZKHUH�WKH�KHDGV�RI�VHDWHG�SDVVHQJHUV�ZRXOG�VWULNH
WKH�VHDWEDFN�LQ�WKH�HYHQW�RI�D�FROOLVLRQ���7KH�GLVSODFHPHQWV�DW�WKH�ORFDWLRQV
LQGLFDWHG�LQ�)LJXUH�����ZHUH�PHDVXUHG���)LJXUH�����VKRZV�D�SORW�RI�WKH�IRUFHV
H[HUWHG�E\�WKH�K\GUDXOLF�UDP�RQ�WKH�OHIW��LQERDUG��DQG�ULJKW��RXWERDUG��VHDWV�DV
D�IXQFWLRQ�RI�WKH�GLVSODFHPHQW�RI�WKH�UDP���$W�WKH�VWDUW�RI�WKH�WHVW��WKH�VHDW
EDFNV�ZHUH�SODFHG�DW�DQ�LQWHUPHGLDWH�UHFOLQH�DQJOH�RI���R��EDFN�IURP�WKH�IXOO
XSULJKW�SRVLWLRQ��ZKLFK�HQJDJHG�WKH�UHFOLQH�PHFKDQLVP�DW�DQ�LQWHUPHGLDWH
VHWWLQJ���:KHQ�WKH�ORDG�ZDV�LQLWLDOO\�DSSOLHG��LW�ZDV�UHVLVWHG�E\�WKH�UHFOLQH
PHFKDQLVP�RI�WKH�VHDW���$W�D�IRUFH�RI�DSSUR[LPDWHO\�����WR�����SRXQGV��WKH
PHFKDQLVP�FRXOG�QR�ORQJHU�KROG�WKH�VHDW�EDFN�LQ�WKH�UHFOLQHG�SRVLWLRQ�DQG�LW
ERWWRPHG�RXW��UHWXUQLQJ�WKH�VHDW�WR�WKH�IXOO�XSULJKW�SRVLWLRQ���:KHQ�WKH�DSSOLHG
IRUFHV�UHDFKHG�DSSUR[LPDWHO\������SRXQGV��WKH�WKUHDGHG�UHFOLQH�URGV�LQ�HDFK
VHDW�EURNH�DW�WKH�WKURXJK�KROHV�ZKHUH�WKH\�ZHUH�PRXQWHG�WR�WKH�VHDW�EDFNV�
7KH�WHVW�ZDV�WDNHQ�WR�D�WRWDO�GLVSODFHPHQW�RI����LQFKHV��DW�ZKLFK�SRLQW�WKH
K\GUDXOLF�UDP�ZDV�IXOO\�H[WHQGHG�
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 )LJXUH�����VKRZV�WKH�VHDW�SDLU�DIWHU�WKH�KHDG�ORDG�TXDVL�VWDWLF�WHVW���'DPDJH�WR
WKH�VHDW�SDLU�DQG�PRXQWLQJ�LQFOXGHG�IDLOXUH�RI�WKH�UHFOLQH�PHFKDQLVP�DQG
VRPH�SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�VHDW�EDFN��DV�ZHOO�DV�WKH�IORRU�WUDFN�DQG
KDW�VHFWLRQ�



��

 

 )LJXUH�������+HDG�/RDG�4XDVL�6WDWLF�7HVW��6HDW�3DLU�3RVW�WHVW�&RQGLWLRQ

 

5.1.2  Knee-Load Test

 7KH�ORDGV�ZHUH�DSSOLHG�QHDU�WKH�KLQJHV�ZKHUH�WKH�VHDW�EDFNV�DWWDFK�WR�WKH�VHDW
ERWWRP��VOLJKWO\�EHORZ�WKH�ORFDWLRQV�ZKHUH�WKH�NQHHV�RI�LQLWLDOO\�VHDWHG
RFFXSDQWV�ZRXOG�VWULNH�WKH�VHDW�EDFNV���)LJXUH�����VKRZV�D�SORW�RI�WKH�IRUFHV
H[HUWHG�E\�WKH�K\GUDXOLF�UDP�RQ�WKH�OHIW��LQERDUG��DQG�ULJKW��RXWERDUG��VHDWV�DV
D�IXQFWLRQ�RI�WKH�GLVSODFHPHQW�RI�WKH�UDP���7KH�UHFOLQH�PHFKDQLVPV�ZHUH�QRW
KHDYLO\�ORDGHG�LQ�WKLV�WHVW��DQG�FRQVHTXHQWO\�QR�IDLOXUHV�RI�WKHVH�PHFKDQLVPV
ZHUH�REVHUYHG���7KH�WHVW�ZDV�WDNHQ�WR�D�WRWDO�GLVSODFHPHQW�RI������LQFKHV��DW
ZKLFK�SRLQW�WKH�KDW�VHFWLRQ�VHSDUDWHG�IURP�LWV�UHDU�ORDG�FHOO�IORRU�PRXQWLQJ�
UHGXFLQJ�WKH�DSSOLHG�IRUFHV�GUDPDWLFDOO\���7KH�IDLOXUH�RFFXUUHG�ZKHQ�WKH
DSSOLHG�ORDGV�WR�WKH�LQERDUG�DQG�RXWERDUG�VHDW�ZHUH������SRXQGV�DQG�����
SRXQGV��UHVSHFWLYHO\�
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 )LJXUH�����VKRZV�WKH�VHDW�SDLU�DIWHU�WKH�ORZ�ORDG�TXDVL�VWDWLF�WHVW���'DPDJH
LQFOXGHV�D�VXEVWDQWLDO�DPRXQW�RI�SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�VHDW
XQGHUIUDPH���7KH�XSSHU�VHDW�SDQ�VHSDUDWHG�IURP�WKH�ORZHU�VHDW�SDQ�DZD\�IURP
WKH�URWDWLRQ�PHFKDQLVP�WKDW�FRQQHFWV�WKH�WZR�SLHFHV�WRJHWKHU�LQ�WKH�FHQWHU�
7KH�IORRU�WUDFN�ZDV�GHIRUPHG�DZD\�IURP�WKH�KDW�VHFWLRQ�XQGHUQHDWK�WKH
SHGHVWDO��DQG�WKH�KDW�VHFWLRQ�VHSDUDWHG�IURP�LWV�ORDG�FHOO�PRXQWLQJ�ZKHQ�WKH
WKURXJK�KROHV�ZHUH�´ULSSHG�µ��7KH�ZDOO�PRXQWHG�EUDFNHW�VHSDUDWHG�IURP�WKH
ZDOO�WUDFN�DQG�VOLG�IRUZDUG�D�IHZ�LQFKHV�
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 )LJXUH�������.QHH�/RDG�4XDVL�6WDWLF�7HVW��6HDW�3DLU�3RVW�WHVW�&RQGLWLRQ

5.2 Dynamic Sled Test Results

6HYHQ�G\QDPLF�VOHG�WHVWV�ZHUH�FRQGXFWHG�EHWZHHQ�6HSWHPEHU�DQG�1RYHPEHU�
������DW�0*$·V�WHVW�IDFLOLW\�LQ�%XUOLQJWRQ��:LVFRQVLQ��WR�HYDOXDWH�WKH
SHUIRUPDQFH�RI�WKH�VHDWV�XQGHU�G\QDPLF�ORDGLQJ�FRQGLWLRQV���7ZR�VHULHV�RI�WHVWV
ZHUH�FRQGXFWHG�WR�HYDOXDWH�LQGHSHQGHQWO\�WKH�HIIHFW�RI�YDU\LQJ�WKH�FUDVK�SXOVH
DQG�WKH�LQLWLDO�SRVLWLRQ�RI�WKH�VHDWV�DQG�GXPPLHV���6HDW�SHUIRUPDQFH�ZDV
HYDOXDWHG�IRU�LWV�DELOLW\�WR�UHPDLQ�IDVWHQHG�WR�WKH�WHVW�VOHG�DW�DOO�DWWDFKPHQW
SRLQWV��WR�PDLQWDLQ�LWV�VWUXFWXUDO�LQWHJULW\��DQG�WR�OLPLW�WKH�IRUFHV�DQG
GHFHOHUDWLRQ�LPSDUWHG�WR�WKH�GXPPLHV�WR�VXUYLYDEOH�OHYHOV�DV�GHILQHG�LQ���
&)5����������>�@�

5.2.1 Crash Pulse Variation

7KH�ILUVW�WKUHH�G\QDPLF�WHVWV�ZHUH�FRQGXFWHG�WR�HYDOXDWH�WKH�LQIOXHQFH�RI�WKH
FUDVK�SXOVH�RQ�WKH�VHDW�SHUIRUPDQFH���7KH�VOHG�ZDV�DFFHOHUDWHG�ZLWK�D



��

WULDQJXODU�FUDVK�SXOVH�RI�DSSUR[LPDWHO\������VHFRQGV�GXUDWLRQ��ZLWK�D�SHDN
DPSOLWXGH�RI��������DQG���J·V��UHVSHFWLYHO\���7KH���J�FUDVK�SXOVH�DSSUR[LPDWHV
WKH�GHFHOHUDWLRQ�RI�WKH�ILUVW�FRDFK�FDU�EHKLQG�WKH�ORFRPRWLYH�LQ�D�WUDLQ�WR�WUDLQ
FROOLVLRQ�ZLWK�D�FORVLQJ�VSHHG�RI����PSK�>�@�

 )LJXUH�����LV�D�JUDSK�RI�WKH�WUDLQ�PRGHO�FUDVK�SXOVH��WKH�VSHFLILHG�WHVW�FUDVK
SXOVH��DQG�WKH�PHDVXUHG�WHVW�FUDVK�SXOVH���$FWXDO�DFFHOHUDWLRQ�RI�WKH�VOHG
YDULHV�VOLJKWO\�IURP�WKH�VSHFLILHG�DFFHOHUDWLRQ��RZLQJ�WR�WKH�DFFXUDF\�RI�FRQWURO
RI�WKH�DFFHOHUDWLRQ�PHFKDQLVP��DV�ZHOO�DV�WKH�PRWLRQV�RI�WKH�FRPSRQHQWV�RQ
WKH�WHVW�VOHG�
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5.2.1.1  Test 1 (H95246)
 7KLV���J�WHVW�ZDV�UXQ�WR�DVVXUH�WKDW�WKH�WHVW�LQVWUXPHQWDWLRQ�ZDV�ZRUNLQJ
SURSHUO\�DQG�WKDW�WKH�GXPP\·V�WHWKHU�DQG�´XPELOLFDO�FRUG�µ�FRQQHFWLQJ�WKH
GXPP\·V�LQVWUXPHQWDWLRQ�WR�WKH�RQ�ERDUG�GDWD�UHFRUGHU��GLG�QRW�LQWHUIHUH�ZLWK
WKH�PRWLRQ�RI�WKH�GXPP\���7KH�IRUZDUG�VHDW�SDLU�UHPDLQHG�HVVHQWLDOO\�LQWDFW�
VXVWDLQLQJ�GDPDJH�RQO\�WR�WKH�UHFOLQH�PHFKDQLVPV���7KH�IRUFHV�DQG
GHFHOHUDWLRQV�H[SHULHQFHG�E\�WKH�GXPP\�UHPDLQHG�ZHOO�ZLWKLQ�VXUYLYDEOH
OLPLWV���+RZHYHU��WKH�+,&�YDOXH�ZDV�ODUJHU�WKDQ�WKH�+,&V�LQ�VRPH�RI�WKH���J
WHVWV��ZKLFK�LV�FRQWUDU\�WR�ZKDW�ZDV�H[SHFWHG���7KLV�UHVXOW�KLJKOLJKWHG�WKH
LPSRUWDQFH�RI�WKH�HIIHFWLYH�VHDW�VWLIIQHVV�
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 :KHQ�WKH�VHDW�GHIRUPV�SODVWLFDOO\��LW�GHFHOHUDWHV�WKH�RFFXSDQW�E\�GLVVLSDWLQJ
HQHUJ\�LQ�WKH�IRUP�RI�SHUPDQHQW�GHIRUPDWLRQ���:KHQ�WKH�VHDW�GHIRUPV
HODVWLFDOO\��LW�GHFHOHUDWHV�WKH�RFFXSDQW�E\�VWRULQJ�HQHUJ\���:KHQ�WKH�PD[LPXP
GHIRUPDWLRQ�LV�DFKLHYHG��WKHQ�WKH�VHDW�UHOHDVHV�WKH�VWRUHG�HQHUJ\��DFFHOHUDWLQJ
WKH�RFFXSDQW�LQ�WKH�RSSRVLWH�GLUHFWLRQ���*LYHQ�WKH�VDPH�FROOLVLRQ�FRQGLWLRQV��DQ
HODVWLF�VHDW�GHIRUPDWLRQ�UHVSRQVH�ZLOO�UHVXOW�LQ�ODUJHU�+,&�YDOXHV�WKDQ�ZLOO�D
SODVWLF�VHDW�GHIRUPDWLRQ�UHVSRQVH�
 

 ,Q�WKH���J�WHVW��WKH�VHFRQGDU\�FROOLVLRQ�ZDV�HODVWLF��L�H���WKHUH�ZDV�YHU\�OLWWOH
SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�IRUZDUG�VHDW�SDLU���7KH�GXPPLHV�UHERXQGHG
EDFN�LQWR�WKH�UHDU�VHDW�SDLU�QHDU�WKH�HQG�RI�WKH�FROOLVLRQ���%HFDXVH�WKH�IRUZDUG
VHDW�GLG�QRW�GHIRUP�VLJQLILFDQWO\�LQ�WKH���J�WHVW��WKH�VHDW�EDFN�DSSHDUHG�WR�KDYH
D�ODUJHU�HIIHFWLYH�VWLIIQHVV���7KH�HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDW�FKDQJHV
VLJQLILFDQWO\�GHSHQGLQJ�XSRQ�WKH�ORDGLQJ�FRQGLWLRQV��ZKLFK�KDV�D�VLJQLILFDQW
LQIOXHQFH�RQ�WKH�LQMXU\�FULWHULD�
 

 7KH�WUD\�WDEOHV�IHOO�DZD\�IURP�WKH�IRUZDUG�VHDW�EDFN�ZKHQ�WKH�NQHHV�VWUXFN�WKH
VHDW���7KH�IURQW�VHDW�EDFN�FXVKLRQV�DOVR�VHSDUDWHG�IURP�WKH�VHDW�EDFNV�ZKHQ
WKH�NQHHV�VWUXFN�WKH�VHDW���7KH�KHDGV�RI�WKH�GXPPLHV�VWUXFN�WKH�WUD\�WDEOHV�
)RU�WKH�QH[W�WZR�WHVWV��WKH�IURQW�VHDW�FXVKLRQV�ZHUH�WDSHG�WR�WKH�VHDW�EDFNV�VR
WKH\�ZRXOG�QRW�LQWHUIHUH�ZLWK�WKH�VWULQJ�SRWHQWLRPHWHUV�DV�WKH\�GLG�LQ�WKLV�WHVW�
)RU�WKH�UHPDLQLQJ�WHVWV��WKH�IURQW�VHDW�FXVKLRQV�ZHUH�UHPRYHG�VLQFH�WKH\�GLG
QRW�LQIOXHQFH�WKH�GXPPLHV·�VHFRQGDU\�LPSDFWV���7KH�IRUFHV�DQG�DFFHOHUDWLRQV
H[SHULHQFHG�E\�WKH�LQVWUXPHQWHG�GXPP\�ZHUH�ZHOO�ZLWKLQ�VXUYLYDEOH�OHYHOV�
6HH�7DEOH���LQ�$SSHQGL[�%�IRU�D�VXPPDU\�RI�WKH�LQMXU\�FULWHULD�PHDVXUHG�LQ�DOO
VHYHQ�G\QDPLF�WHVWV�
 

 7KH�UHDU�VHDW�SDLU�UHPDLQHG�LQWDFW��DQG�ZDV�QRW�VXEMHFW�WR�DQ\�GDPDJH���)LJXUH
����LV�D�SKRWRJUDSK�RI�WKH�SRVW�WHVW�FRQGLWLRQ�RI�WKH�WHVW�VOHG�DQG�GXPPLHV�
 

 



��

 

 )LJXUH�������'\QDPLF�7HVW����+��������3RVW�WHVW�&RQGLWLRQ

 

5.2.1.2  Test 2 (H95247)
 7KH�FUDVK�SXOVH�SHDN�DFFHOHUDWLRQ�IRU�WKH�VHFRQG�WHVW�ZDV����J·V���$OO�RWKHU�WHVW
FRQGLWLRQV�ZHUH�WKH�VDPH�EHWZHHQ�WKH�ILUVW�DQG�VHFRQG�WHVWV���7KH�IRUZDUG�VHDW
SDLU�UHFHLYHG�VXEVWDQWLDO�VWUXFWXUDO�GDPDJH�GXULQJ�WKLV�WHVW���7KH�WUD\�WDEOHV
IHOO�DZD\�IURP�WKH�IRUZDUG�VHDW�EDFNV�ZKHQ�WKH�VHDW�SDLU�ZDV�VWUXFN�E\�WKH
GXPPLHV·�NQHHV���7KH�GXPPLHV·�KHDGV�VWUXFN�WKH�SDUWLDOO\�GHSOR\HG�WUD\�WDEOH�
SXVKLQJ�LW�EDFN�WRZDUGV�LWV�RULJLQDO�SRVLWLRQ���7KH�KHDGV�GLG�QRW�FRQWDFW�WKH
VHDW�EDFN�FXVKLRQV�RI�WKH�IURQW�VHDW�SDLU��HYHQ�WKRXJK�WKH�FXVKLRQV�ZHUH�WDSHG
WR�WKH�IRUZDUG�VHDW�EDFNV���7KH�IRUFHV�DQG�DFFHOHUDWLRQV�PHDVXUHG�E\�WKH
GXPP\�ZHUH�ZHOO�ZLWKLQ�KXPDQ�VXUYLYDEOH�OLPLWV���7KH�IORRU�WUDFN�GLG�SXOO�XS
VOLJKWO\�XQGHU�WKH�IRUZDUG�VHDW�SDLU�PRXQWLQJ�DQG�WKH�OHDGLQJ�HGJH�RI�WKH�IORRU
KDW�VHFWLRQ�FROODSVHG�
 

 ,Q�FRQWUDVW�ZLWK�WKH�ILUVW�WHVW��WKLV�VHFRQGDU\�FROOLVLRQ�ZDV�ODUJHO\�SODVWLF�
7KHUH�ZDV�VXEVWDQWLDO�SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�PHWDO�XQGHUIUDPH�RI�WKH
IRUZDUG�VHDW�SDLU���7KH�GHIRUPDWLRQ�VHUYHG�WR�GHFHOHUDWH�WKH�GXPPLHV�RYHU�D
ORQJHU�GLVWDQFH��HIIHFWLYHO\�EHKDYLQJ�OLNH�D�VRIWHU�VXUIDFH���7KLV�GHIRUPDWLRQ
H[SODLQV�ZK\�WKH�+,&�DQG�QHFN�ORDG�LQMXU\�FULWHULD�IURP�WKH����J�WHVW�DUH�ORZHU
WKDQ�IRU�WKH���J�WHVW��HYHQ�WKRXJK�WKH����J�FUDVK�SXOVH�LV�PRUH�VHYHUH�
 

 7KH�ZDOO�PRXQWLQJ�RI�WKH�IRUZDUG�VHDW�SDLU�VHSDUDWHG�IURP�WKH�WUDFN���7KLV�LV�D
UHFXUULQJ�SUREOHP�LQ�DOPRVW�HYHU\�WHVW���7KH�VLGH�EUDFNHW�LV�VHFXUHG�WR�WKH�ZDOO



��

WUDFN�ZLWK�WZR�WKUHDGHG�IDVWHQHUV����LQFKHV�DSDUW���$�ORFDWLQJ�EXWWRQ�LV
FHQWHUHG�LQ�EHWZHHQ�WKHP��VHH�)LJXUH�%���LQ�$SSHQGL[�%����7KH�EXWWRQ�ORFDWHV
WKH�EUDFNHW�LQ�WKH�WUDFN�VXFK�WKDW�WKH�IDVWHQHUV�DUH�UHVWUDLQHG�E\�WKH�WUDFN�
7KH�ORFDWRU�H[WHQGV�RQO\�DERXW������LQFKHV�EH\RQG�WKH�VXUIDFH�RI�WKH�EUDFNHW�
,W�WDNHV�YHU\�OLWWOH�GHIRUPDWLRQ�RI�WKH�WUDFN�RU�WKH�EUDFNHW�WR�HQDEOH�WKH�ORFDWRU
WR�FOHDU�WKH�WUDFN���2QFH�WKH�ORFDWRU�FOHDUV�WKH�WUDFN��WKH�EUDFNHW�VOLGHV�LQ�WKH
WUDFN��RU�HYHQ�VOLSV�RXW�RI�WKH�WUDFN�HQWLUHO\��VHH�)LJXUH��������2QFH�WKH�VHDW�KDV
VHSDUDWHG�IURP�WKH�ZDOO�PRXQW��WKHQ�WKH�ORQJLWXGLQDO�ORDG�PXVW�EH�VXSSRUWHG
HQWLUHO\�E\�WKH�IORRU�PRXQW���,Q�VRPH�WHVWV��WKLV�FRQFHQWUDWHG�ORDGLQJ�FDXVHG
WKH�IORRU�PRXQW�WR�IDLO�
 

 

Wall-Mount 
Bracket

AA

Section A-A

Wall Track

Small Angle

Locator has 
Cleared Wall 

Track

 )LJXUH�������6FKHPDWLF�RI�:DOO�%UDFNHW�$WWDFKPHQW

 

 7KH�ORFNLQJ��PHFKDQLVP�IRU�WKH�VHDW�URWDWLRQ�IDLOHG�RQ�WKH�UHDU�VHDW�SDLU���7KLV
IDLOXUH�ZDV�DSSDUHQWO\�GXH�WR�D�FROG�ZHOG�RI�WKH�ORFNLQJ�PHFKDQLVP�RQ�WKH
XSSHU�VHDW�SDQ��ZKLFK�HQJDJHV�WKH�ORFN�SHGGOH�PRXQWHG�RQ�WKH�ORZHU�VHDW�SDQ
DQG�SUHYHQWV�WKH�VHDW�IURP�URWDWLQJ���$�SKRWRJUDSK�RI�WKH�XSSHU�VHDW�SDQ�
VKRZLQJ�WKH�IDLOHG�ORFNLQJ�PHFKDQLVP��LV�VKRZQ�LQ�)LJXUH�������%HFDXVH�RI�WKH
ORFNLQJ�PHFKDQLVP�IDLOXUH��WKH�VHDW�URWDWHG�GXULQJ�WKH�WHVW���7KLV�URWDWLRQ
DSSDUHQWO\�GLG�QRW�LQIOXHQFH�WKH�PRWLRQ�RI�WKH�GXPPLHV�GXULQJ�WKH�PRVW�VHYHUH
SRUWLRQ�RI�WKH�VHFRQGDU\�FROOLVLRQ���,W�PD\�KDYH�LQIOXHQFHG�WKH�PRWLRQ�RI�WKH
GXPPLHV�DIWHU�WKH\�UHERXQGHG�IURP�WKH�VHDW�EDFNV�RI�WKH�VHDW�SDLU�DKHDG���7KH
LQVWUXPHQWHG�GXPP\�ZDV�WKURZQ�IURP�WKH�WHVW�VOHG�QHDU�WKH�HQG�RI�WKH�FUDVK
SXOVH�
 



��

 

 7KH�IRUFHV�DQG�DFFHOHUDWLRQV�H[SHULHQFHG�E\�WKH�GXPP\�ZHUH�ZLWKLQ�KXPDQ
VXUYLYDEOH�OLPLWV���)LJXUH�����VKRZV�D�SKRWRJUDSK�RI�WKH�SRVW�WHVW�FRQGLWLRQV
IRU�7HVW���

)LJXUH�������8SSHU�6HDW�3DQ�(GJH��5HDUZDUG�6HDW��3RVW�WHVW�&RQGLWLRQ



��

 

 )LJXUH�������'\QDPLF�7HVW����3RVW�WHVW�&RQGLWLRQ

 

5.2.1.3 Test 3 (H95248)
 7KLV�WHVW�ZDV�UXQ�ZLWK�RQO\�RQH�GXPP\��DQG�DQ���J�SHDN�FUDVK�SXOVH���7KH
GXPP\�ZDV�SODFHG�LQ�WKH�LQERDUG�SRVLWLRQ�LQ�RUGHU�WR�PD[LPL]H�WKH�ORDG�RQ�WKH
VHDW�ORFNLQJ�PHFKDQLVP�WKDW�IDLOHG�LQ�WKH�SUHYLRXV�WHVW���7KH�UHFOLQH
PHFKDQLVP�RI�WKH�IRUZDUG�LQERDUG�VHDW�EDFN�IDLOHG�GXULQJ�WKLV�WHVW�ZKHUH�WKH
DWWDFKPHQW�SRVW�IRU�WKH�UHFOLQH�PHFKDQLVP�ZDV�ZHOGHG�WR�WKH�VHDW�EDFN�
9LVXDO�LQVSHFWLRQ�RI�WKH�ZHOG�LQGLFDWHV�WKDW�OLWWOH��LI�DQ\��PHOWLQJ�RI�WKH�EDVH
PHWDO�RI�WKH�VHDW�WRRN�SODFH�GXULQJ�WKH�ZHOGLQJ���$�SKRWRJUDSK�RI�WKH�UHFOLQH
PHFKDQLVP�LQ�WKH�SRVW�WHVW�FRQGLWLRQ�LV�VKRZQ�LQ�)LJXUH��������7KH�GHWDFKHG
SRVW�FDQ�EH�VHHQ�LQ�WKH�SKRWRJUDSK�
 



��

 

 7KH�VHDW�ORFNLQJ�PHFKDQLVP�UHPDLQHG�LQWDFW�GXULQJ�WKLV�WHVW���7KHUH�ZDV
YLUWXDOO\�QR�SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�IRUZDUG�VHDW�IUDPH���1R�VHDW
PRXQWLQJ�IDLOXUHV�ZHUH�REVHUYHG��DOWKRXJK�WKHUH�ZDV�D�VPDOO�DPRXQW�RI
SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�IORRU�WUDFN�DQG�KDW�VHFWLRQ��7KH�LQERDUG�WUD\
WDEOH�IHOO�DZD\�IURP�WKH�IRUZDUG�VHDW�EDFN�ZKHQ�WKH�VHDW�SDLU�ZDV�VWUXFN�E\�WKH
GXPP\·V�NQHHV���7KH�GXPP\·V�KHDG�VWUXFN�WKH�SDUWLDOO\�GHSOR\HG�WUD\�WDEOH�
SXVKLQJ�LW�EDFN�WRZDUGV�LWV�RULJLQDO�SRVLWLRQ���7KH�KHDG�GLG�QRW�FRQWDFW�WKH�VHDW
EDFN�FXVKLRQ�RI�WKH�IURQW�VHDW��HYHQ�WKRXJK�LW�ZDV�WDSHG�WR�WKH�VHDW�EDFN�
 

 7KH�VHFRQGDU\�FROOLVLRQ�ZDV�DOPRVW�HQWLUHO\�SODVWLF���7KH�VHDW�EDFN�GLG�QRW�VWRUH
HQHUJ\�DQG�UHERXQG�EHFDXVH�WKH�UHFOLQH�PHFKDQLVP�IDLOHG���'XH�WR�WKDW�IDLOXUH�
WKH�HIIHFWLYH�VWLIIQHVV�DW�WKH�WRS�RI�WKH�VHDW�EDFN�ZDV�UHGXFHG�VLJQLILFDQWO\�
UHVXOWLQJ�LQ�D�ORZ�+,&�YDOXH�
 

 7KH�IHPXU�ORDG�LQ�WKLV�WHVW�ZDV�DSSUR[LPDWHO\�����JUHDWHU�WKDQ�WKH�QH[W
JUHDWHVW�IHPXU�ORDG�PHDVXUHG�LQ�DOO�VHYHQ�G\QDPLF�WHVWV���7KH�UHODWLYHO\�ODUJH
ORDG�ZDV�SUREDEO\�GXH�WR�D�FRPELQDWLRQ�RI�WZR�WKLQJV���)LUVW��EHFDXVH�WKHUH
ZDV�RQO\�RQH�GXPP\��WKH�IRUZDUG�VHDW�SDLU�ZDV�RQO\�VXEMHFWHG�WR�����RI�WKH
LQHUWLDO�ORDG�RI�D�WZR�GXPP\�WHVW���7KH�GHFUHDVHG�ORDGLQJ�UHVXOWHG�LQ�PLQLPDO
SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�VHDW�IUDPH���7KH�HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDW

)LJXUH��������5HFOLQH�0HFKDQLVP��)RUZDUG�,QERDUG�6HDW��3RVW�WHVW��
&RQGLWLRQ



��

ZKHUH�WKH�NQHHV�PDGH�FRQWDFW�ZDV�TXLWH�KLJK��UHVXOWLQJ�LQ�ODUJH�ORDGV�EHLQJ
WUDQVIHUUHG�WKURXJK�WKH�IHPXUV�WR�WKH�ORZHU�SDUW�RI�WKH�VHDW�EDFN���7KLV�ORDGLQJ
FRQGLWLRQ�PD\�KDYH�FRQWULEXWHG�WR�WKH�IDLOXUH�RI�WKH�UHFOLQH�PHFKDQLVP���7KH
RWKHU�H[SODQDWLRQ�IRU�WKH�ODUJH�IHPXU�ORDG�FRXOG�EH�WKDW�WKH�LQVWUXPHQWHG
GXPP\�ZDV�VHDWHG�LQ�WKH�LQERDUG�VHDW��UDWKHU�WKDQ�WKH�RXWERDUG�VHDW���7KLV
FRQILJXUDWLRQ�UHVXOWHG�LQ�ORDGLQJ�RI�WKH�IRUZDUG�VHDW�GLUHFWO\�DERYH�WKH�IORRU�
PRXQW�SHGHVWDO�DQG�IDUWKHVW�DZD\�IURP�WKH�ZDOO�PRXQW�EUDFNHW���%HFDXVH�WKH
ZDOO�PRXQW�ZDV�QRW�ORDGHG�GLUHFWO\��LW�UHPDLQHG�IL[HG�DQG�ORFDWHG�LQ�WKH�ZDOO
WUDFN���,I�WKH�VHDW�GRHV�QRW�GHIOHFW�RU�GHIRUP�ZKHQ�ORDGHG��LW�KDV�D�ODUJHU
HIIHFWLYH�VWLIIQHVV��ZKLFK�UHVXOWV�LQ�ODUJHU�IRUFHV�DQG�GHFHOHUDWLRQV�EHLQJ
LPSDUWHG�WR�WKH�GXPP\�
 

 7KH�IRUFHV�DQG�GHFHOHUDWLRQV�H[SHULHQFHG�E\�WKH�GXPP\�UHPDLQHG�ZLWKLQ
KXPDQ�VXUYLYDEOH�OLPLWV���7KH�UHDUZDUG�VHDW�SDLU�UHPDLQHG�LQWDFW�GXULQJ�WKLV
WHVW���)LJXUH������VKRZV�D�SKRWRJUDSK�RI�WKH�SRVW�WHVW�FRQGLWLRQV�IRU�G\QDPLF
WHVW���
 

 

 )LJXUH��������'\QDPLF�7HVW����3RVW�WHVW�&RQGLWLRQ

 

5.2.2 Initial Position Variation

 7KLV�VHULHV�RI�WHVWV�ZDV�FRQGXFWHG�WR�HYDOXDWH�WKH�LQIOXHQFH�RI�WKH�LQWHULRU
FRQILJXUDWLRQ�RQ�WKH�GXPP\�NLQHPDWLFV�DQG�WKH�LQMXU\�FULWHULD���7KH�UHFOLQH
DQJOHV�RI�ERWK�WKH�IURQW�DQG�UHDU�VHDW�SDLUV�ZHUH�YDULHG���)RU�WZR�WHVWV��WKH
GXPPLHV·�OHJV�ZHUH�HOHYDWHG�RQ�WKH�OHJ�UHVWV���$�V\PPHWULF��WULDQJXODU�FUDVK



��

SXOVH�ZLWK�D�SHDN�DPSOLWXGH�RI���J·V�DQG�D�GXUDWLRQ�RI������VHFRQGV�ZDV�XVHG
LQ�HDFK�RI�WKH�UHPDLQLQJ�G\QDPLF�WHVWV�
 

 7KH�FXVKLRQV�ZHUH�UHPRYHG�IURP�WKH�IRUZDUG�VHDW�SDLU�IRU�WKHVH�WHVWV��VR�WKH\
ZRXOG�QRW�LQWHUIHUH�ZLWK�WKH�VWULQJ�SRWHQWLRPHWHUV���,Q�WKH�SUHYLRXV�WHVWV��LW�ZDV
REVHUYHG�WKDW�WKH�FXVKLRQV�FDPH�RII�WKH�VHDW�EDFNV�ZKHQ�WKH�GXPPLHV·�NQHHV
VWUXFN�WKH�VHDW���7KHUHIRUH��UHPRYLQJ�WKH�FXVKLRQV�SULRU�WR�WKH�WHVW�ZLOO�QRW
LQIOXHQFH�WKH�UHDFWLRQV�RI�WKH�GXPPLHV�

5.2.2.1  Test Run 4 (H95308)
 7KH�VHDW�EDFNV�RI�WKH�IRUZDUG�VHDW�SDLU�ZHUH�IXOO\�UHFOLQHG�GXULQJ�WKLV�WHVW���7KH
VHDW�EDFNV�RI�WKH�UHDU�VHDW�SDLU�ZHUH�LQ�WKH�IXOO�XSULJKW�SRVLWLRQ��ZLWK�WKH
GXPPLHV·�IHHW�RQ�WKH�IORRU���7KH�UHFOLQH�PHFKDQLVP�RI�WKH�LQERDUG�VHDW�EDFN
IDLOHG�GXULQJ�WKLV�WHVW�DW�D�WUDQVYHUVH�SLQKROH�WKURXJK�WKH�UHFOLQH�PHFKDQLVP
URG���7KH�ZDOO�PRXQWHG�EUDFNHW�EHFDPH�GHWDFKHG�IURP�WKH�ZDOO���7KH�IORRU
WUDFN�EURNH��ULJKW�XQGHUQHDWK�WKH�UHDU�RI�WKH�IORRU�SHGHVWDO��DOORZLQJ�WKH
SHGHVWDO�WR�EHFRPH�GHWDFKHG�IURP�WKH�IORRU�WUDFN��7KH�VHDW�ZDV�FRPSOHWHO\
VHSDUDWHG�IURP�WKH�WHVW�VOHG���7KH�VHDW�SDLU�ZDV�SUHYHQWHG�IURP�WUDYHOLQJ
IXUWKHU�ZKHQ�LW�VWUXFN�WKH�VWHHO�IUDPH�XVHG�WR�PRXQW�WKH�VWULQJ�SRWHQWLRPHWHUV�
,Q�WKH�SURFHVV��VHYHUDO�SRWHQWLRPHWHUV�ZHUH�GHVWUR\HG�
 

 ,W�FDQ�EH�VHHQ�IURP�WKH�KLJK�VSHHG�ILOP�WKDW�WKH�ZDOO�PRXQW�VHSDUDWHG�IURP�WKH
ZDOO�ILUVW��WKHQ�WKH�IORRU�WUDFN�EURNH���:KHQ�WKH�ZDOO�PRXQW�VHSDUDWHG�IURP�WKH
WUDFN��WKH�VHDW�ZDV�DEOH�WR�URWDWH�DERXW�WKH�IORRU�SHGHVWDO��GHIRUPLQJ�WKH�IORRU
WUDFN�XQWLO�WKH�WUDFN�IUDFWXUHG���+DG�WKH�ZDOO�PRXQW�UHPDLQHG�IL[HG�DQG�ORFDWHG
LQ�WKH�ZDOO�WUDFN��WKH�VHDW�ZRXOG�QRW�KDYH�EHHQ�DEOH�WR�URWDWH��DQG�WKH�IORRU
WUDFN�SUREDEO\�ZRXOG�QRW�KDYH�EHHQ�VWUHVVHG�WR�IDLOXUH�
 

 7KH�WUD\�WDEOHV�RQ�WKH�IURQW�VHDW�EDFNV�GHSOR\HG�ZKHQ�WKH�GXPPLHV·�NQHHV
VWUXFN�WKH�VHDW�EDFN���7KH�GXPPLHV·�FKLQV�VWUXFN�WKH�WUD\�WDEOHV�VHPL�
ORQJLWXGLQDOO\��SXVKLQJ�WKH�WUD\�WDEOHV�EDFN�WRZDUGV�WKHLU�RULJLQDO�SRVLWLRQ�
7KH�IRUFHV�DQG�GHFHOHUDWLRQV�H[SHULHQFHG�E\�WKH�GXPP\�ZHUH�ZLWKLQ�VXUYLYDEOH
OHYHOV���7KH�UHDUZDUG�VHDW�UHPDLQHG�LQWDFW�GXULQJ�WKH�WHVW���)LJXUH������VKRZV�D
SKRWRJUDSK�RI�WKH�SRVW�WHVW�FRQGLWLRQV�IRU�WKLV�WHVW�
 



��

 

 )LJXUH��������'\QDPLF�7HVW����3RVW�WHVW�&RQGLWLRQ

 

5.2.2.2  Test Run 5 (H95310)
 7KH�VHDW�EDFNV�RI�WKH�IRUZDUG�VHDW�SDLU�ZHUH�IXOO\�UHFOLQHG�IRU�WKLV�WHVW���7KH
VHDW�EDFNV�RI�WKH�UHDU�VHDW�SDLU�ZHUH�LQ�WKH�IXOO�XSULJKW�SRVLWLRQ��DQG�WKH
GXPPLHV·�OHJV�ZHUH�HOHYDWHG�RQ�OHJ�UHVWV���$JDLQ��WKH�ZDOO�PRXQWHG�EUDFNHW
VHSDUDWHG�IURP�WKH�ZDOO�WUDFN��HQDEOLQJ�WKH�VHDW�WR�URWDWH�DERXW�WKH�IORRU
SHGHVWDO�
 

 7KHUH�ZDV�SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�IORRU�WUDFN��EXW�WKH�IORRU�SHGHVWDO
UHPDLQHG�DWWDFKHG���7KHUH�ZDV�VRPH�SODVWLF�GHIRUPDWLRQ�RI�WKH�XQGHUIUDPH�RI
WKH�IRUZDUG�VHDW�SDLU���7KH�UHFOLQH�PHFKDQLVP�RI�WKH�IURQW�LQERDUG�VHDW
ERWWRPHG�RXW��UHWXUQLQJ�WKH�VHDW�EDFN�WR�WKH�IXOO�XSULJKW�SRVLWLRQ���7KH�WUD\
WDEOHV�GHSOR\HG�IURP�WKH�IRUZDUG�VHDW�EDFNV�ZKHQ�WKH�VHDW�SDLU�ZDV�VWUXFN�E\
WKH�GXPPLHV·�NQHHV���'XH�WR�WKH�UHFOLQH�DQJOH�RI�WKH�IRUZDUG�VHDWV��WKH
GXPPLHV·�FKLQV�VWUXFN�WKH�WRS�RI�WKH�VHDW�EDFNV�
 

 7KH�IRUFHV�DQG�GHFHOHUDWLRQV�H[SHULHQFHG�E\�WKH�LQVWUXPHQWHG�GXPP\�ZHUH
ZLWKLQ�VXUYLYDEOH�OLPLWV���7KH�UHDUZDUG�VHDW�SDLU�UHPDLQHG�IDVWHQHG�WR�WKH�VOHG
GXULQJ�WKH�WHVW��EXW�WKH�LQERDUG�VHDW�ZDV�UHFOLQHG�VOLJKWO\�LQ�WKH�SRVW�WHVW
SKRWRJUDSKV���)LJXUH������VKRZV�D�SKRWRJUDSK�RI�WKH�SRVW�WHVW�FRQGLWLRQV�IRU
G\QDPLF�WHVW���
 



��

 

 )LJXUH��������'\QDPLF�7HVW����3RVW�WHVW�&RQGLWLRQ

 

5.2.2.3  Test Run 6 (H95311)
 7KH�VHDW�EDFNV�RI�WKH�IRUZDUG�VHDW�SDLU�ZHUH�LQ�WKH�IXOO�XSULJKW�SRVLWLRQ���7KH
VHDW�EDFNV�RI�WKH�UHDUZDUG�VHDWV�ZHUH�IXOO\�UHFOLQHG��DQG�WKH�GXPPLHV�ZHUH
SODFHG�LQ�D�UHFOLQHG�SRVLWLRQ�ZLWK�WKHLU�IHHW�RQ�WKH�IORRU�
 

 7KH�ZDOO�PRXQWHG�EUDFNHW�VHSDUDWHG�IURP�WKH�ZDOO�WUDFN�GXULQJ�WKLV�WHVW�
DOORZLQJ�WKH�VHDW�WR�SLYRW�DERXW�WKH�YHUWLFDO��]��D[LV�DV�ZHOO�DV�WKH�WUDQVYHUVH��\�
D[LV���7KLV�URWDWLRQ�FDXVHG�HQRXJK�ORFDO�GHIRUPDWLRQ�RI�WKH�IORRU�WUDFN�DURXQG
WKH�ORFDWRU�RQ�WKH�IORRU�SHGHVWDO�VR�WKDW�WKH�ORFDWRU�FOHDUHG�WKH�WUDFN��DV�VKRZQ
LQ�)LJXUH��������7KLV�DOORZHG�WKH�SHGHVWDO�WR�VOLGH�LQ�WKH�IORRU�WUDFN�DQG�WKHQ
VHSDUDWH�IURP�WKH�WUDFN�HQWLUHO\���$JDLQ��WKH�IRUZDUG�VHDW�ZDV�SUHYHQWHG�IURP
WUDYHOLQJ�IXUWKHU�ZKHQ�LW�VWUXFN�WKH�VWHHO�PRXQWLQJ�IUDPH�RQ�WKH�WHVW�VOHG�
 



��

 Locator is fixed in floor track

Locator has cleared the floor track

 

 )LJXUH��������6NHWFK�RI�3HGHVWDO�0RXQWHG�LQ�)ORRU�7UDFN��6LGH�9LHZ�

 

 7KH�UHDU�VHDW�SDLU�UHPDLQHG�DWWDFKHG�WR�WKH�VOHG�DW�ERWK�WKH�ZDOO�DQG�IORRU
PRXQWV��EXW�WKH�UHFOLQH�PHFKDQLVP�RI�WKH�UHDU�RXWERDUG�VHDW�DSSDUHQWO\
VOLSSHG��DOORZLQJ�WKH�VHDW�EDFN�WR�UHWXUQ�WR�WKH�IXOO��XSULJKW�SRVLWLRQ�
 

 7KH�IRUFHV�DQG�DFFHOHUDWLRQV�H[SHULHQFHG�E\�WKH�GXPPLHV�ZHUH�ZLWKLQ�KXPDQ
VXUYLYDEOH�OLPLWV����7KH�WUD\�WDEOHV�GHSOR\HG�ZKHQ�WKH�GXPP\·V�NQHHV�VWUXFN
WKH�IRUZDUG�VHDW�EDFNV���7KH�GXPPLHV·�KHDGV�ZHUH�HIIHFWLYHO\�SLQFKHG�EHWZHHQ
WKH�WUD\�WDEOH�DQG�WKH�VHDW�EDFN�ZKHQ�WKHLU�FKHVWV�SXVKHG�WKH�WDEOHV�EDFN
WRZDUGV�WKHLU�RULJLQDO�SRVLWLRQV���$OWKRXJK�WKH�LQMXU\�FULWHULD�ZDV�ZLWKLQ
VXUYLYDEOH�OLPLWV��WKH�LQDELOLW\�RI�WKH�WUD\�WDEOH�ORFNLQJ�PHFKDQLVP�WR�UHVWUDLQ
WKH�WDEOH�GXULQJ�D�FROOLVLRQ�PD\�LQFUHDVH�LQMXULHV�WR�WKH�IDFH�DQG�KHDG���)LJXUH
�����VKRZV�D�SKRWRJUDSK�RI�WKH�SRVW�WHVW�FRQGLWLRQV�IRU�G\QDPLF�WHVW���
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 )LJXUH�������'\QDPLF�7HVW����3RVW�WHVW�&RQGLWLRQ

 

5.2.2.4 Test Run 7 (H95341)
 7KH�IURQW�VHDWV�ZHUH�LQ�WKH�IXOO�XSULJKW�SRVLWLRQ���7KH�VHDW�EDFNV�RI�WKH
UHDUZDUG�VHDWV�ZHUH�IXOO\�UHFOLQHG��DQG�WKH�GXPPLHV�ZHUH�SODFHG�LQ�D�UHFOLQHG
SRVLWLRQ�ZLWK�WKHLU�OHJV�RQ�WKH�OHJ�UHVWV���7KH�GXPPLHV·�IHHW�VWUXFN�WKH�VHDW
EDFN�ILUVW���7KH�GXPPLHV·�KHDGV�VWUXFN�WKH�VHDW�EDFN�EHIRUH�WKH�NQHHV���7KLV
UHVXOWV�LQ�D�KLJKHU�HIIHFWLYH�VHDW�VWLIIQHVV�IRU�WKH�KHDG�FRQWDFW�EHFDXVH�WKH
NQHHV�KDYH�QRW�\HW�GHIRUPHG�WKH�VHDW�SODVWLFDOO\�ZKHQ�WKH�KHDG�VWULNHV���7KLV
DFFRXQWV�IRU�WKH�ODUJH�+,&�YDOXH���$IWHU�WKH�KHDG�VWULNH��WKHUH�ZDV�VXEVWDQWLDO
GHIRUPDWLRQ�RI�WKH�VHDW�IUDPH��SDUWLFXODUO\�XQGHU�WKH�RXWERDUG�VHDW�
 

 7KH�ZDOO�PRXQW�VHSDUDWHG�IURP�WKH�WUDFN�DQG�VOLG�VHYHUDO�LQFKHV��EXW�WKH
SHGHVWDO�UHPDLQHG�IL[HG�DQG�ORFDWHG�LQ�WKH�IORRU�WUDFN���7KH�WUD\�WDEOHV�GLG�QRW
GHSOR\�VLQFH�WKH�KHDG�VWUXFN�WKH�WUD\�WDEOHV�EHIRUH�WKH�NQHHV�VWUXFN�WKH�VHDW
EDFN���7KLV�WHVW�ZDV�WKH�RQO\�WHVW�LQ�ZKLFK�WKH�WUD\�WDEOHV�GLG�QRW�GHSOR\���$
SKRWRJUDSK�RI�WKH�SRVW�WHVW�FRQGLWLRQV�IRU�WKLV�WHVW�LV�VKRZQ�LQ�)LJXUH������
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)LJXUH��������'\QDPLF�7HVW����3RVW�WHVW�&RQGLWLRQ

5.2.3 Seat Performance

7KH�PRVW�VLJQLILFDQW�SHUIRUPDQFH�LVVXH�LV�WKH�IDLOXUH�RI�WKH�ZDOO�PRXQWLQJ
EUDFNHW�WR�UHPDLQ�IDVWHQHG�WR�WKH�ZDOO�WUDFN���7KH�ZDOO�PRXQWLQJ�IDLOHG�RQ�WKH
IRUZDUG�VHDW�SDLU�LQ�ILYH�RI�VHYHQ�WHVWV��DOORZLQJ�WKH�VHDW�WR�URWDWH�DERXW�WKH
SHGHVWDO�PRXQW���,Q�WZR�RI�VHYHQ�WHVWV��WKH�URWDWLRQ�ZDV�VXIILFLHQW�WR�VHSDUDWH
WKH�IORRU�SHGHVWDO�IURP�WKH�IORRU�WUDFN��EUHDNLQJ�WKH�WUDFN�LQ�RQH�FDVH���7KH�IORRU
WUDFN�DSSHDUV�WR�EH�SURQH�WR�IDLOXUH�RQO\�ZKHQ�WKH�ZDOO�PRXQW�IDLOV��DQG�LW�LV
VXEMHFWHG�WR�WKH�HQWLUH�ORDG���,QFUHDVLQJ�WKH�GHSWK�RI�WKH�ORFDWRU�RQ�WKH�ZDOO
EUDFNHW�LV�RQH�SRWHQWLDO�VROXWLRQ�WR�GHFUHDVH�WKH�OLNHOLKRRG�RI�D�IDLOHG�ZDOO
PRXQW��RU�SRVVLEO\�XVLQJ�WZR�ORFDWRUV�QHDU�WKH�WKUHDGHG�IDVWHQHUV�RQ�WKH
EUDFNHW�

$QRWKHU�FRPPRQ�RFFXUUHQFH�GXULQJ�WKH�WHVWLQJ�ZDV�WKH�GHSOR\PHQW�RI�WKH�WUD\
WDEOHV�RQ�WKH�EDFN�RI�WKH�IRUZDUG�VHDW�SDLUV�ZKHQ�WKH�VHDW�ZDV�VWUXFN�E\�WKH
GXPP\·V�NQHHV���7KH�WUD\�WDEOHV�GHSOR\HG�EHIRUH�WKH�GXPP\·V�KHDG�LPSDFWHG
WKH�VHDW�LQ�IRXU�RI�VL[�WHVWV��LQ�RQH�WHVW�WKH�WDEOHV�ZHUH�LQDGYHUWHQWO\�WDSHG�WR
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WKH�VHDW�EDFN����7KH�SUH�LPSDFW�WDEOH�GHSOR\PHQW�PRVW�OLNHO\�ZLOO�QRW�LQFUHDVH
IDWDOLWLHV��KRZHYHU�LW�PD\�ZRUVHQ�WKH�LQMXU\�WR�DQ�RFFXSDQW·V�IDFH�DQG�RU�QHFN�

2WKHU�IDLOXUHV�LQFOXGH�WKH�UHFOLQH�PHFKDQLVP�URG��ZKLFK�IUDFWXUHG�LQ�WZR�RI
VHYHQ�WHVWV��DQG�ZHOG�IDLOXUHV�LQ�WZR�RI�VHYHQ�WHVWV���7KH�IDLOHG�UHFOLQH
PHFKDQLVP�PRVW�OLNHO\�ZLOO�QRW�LQFUHDVH�IDWDOLWLHV��KRZHYHU�WKHUH�LV�FRQFHUQ�IRU
RFFXSDQWV�ZKR�PD\�EH�UHVWUDLQHG�LQ�WKH�IRUZDUG�VHDW�LQ�IXWXUH�VHDW�GHVLJQV���$
IDLOXUH�RI�WKLV�W\SH�PD\�FDXVH�LQMXU\�RU�LPSHGH�WKH�HJUHVV�RI�DQ�RFFXSDQW�EHOWHG
LQ�WKH�IRUZDUG�VHDW�

,Q�WHUPV�RI�RFFXSDQW�LQMXU\�FULWHULD��WKH�IRUFHV�DQG�GHFHOHUDWLRQV�H[SHULHQFHG
E\�WKH�GXPPLHV�ZHUH�ZLWKLQ�WKH�)0966�FULWHULD�LQ�HYHU\�WHVW���7KH�FKHVW
FULWHULD�ZHUH�DOO�EHORZ����J·V��WKH�+,&V�ZHUH�DOO�EHORZ�������DQG�WKH�SHDN�IHPXU
ORDGV�ZHUH�DOO�EHORZ�������SRXQGV���$OWKRXJK�QHFN�ORDG�LVQ·W�VSHFLILHG�LQ
)0966������WKH�PHDVXUHG�FRPSUHVVLYH�D[LDO�QHFN�ORDGV�ZHUH�DOO�EHORZ�WKH
FULWHULD�DV�GHVFULEHG�LQ�6HFWLRQ�����

5.2.4 Influence of Test Variables

,Q�WKH�ILUVW�VHULHV�RI�G\QDPLF�WHVWV��WKH�LQWHULRU�FRQILJXUDWLRQ�ZDV�KHOG�FRQVWDQW
ZKLOH�WKH�FUDVK�SXOVH�ZDV�YDULHG���7KH�UHVXOWV�LQGLFDWH�WKDW�WKH�FUDVK�SXOVH
GRHV�QRW�KDYH�D�VLJQLILFDQW�LQIOXHQFH�RQ�WKH�GXPP\�NLQHPDWLFV��EXW�LW�GRHV
DIIHFW�WKH�GXPP\·V�VHFRQGDU\�LPSDFW�YHORFLW\���)LJXUH������SORWV�WKH�GXPP\·V
YHORFLW\�UHODWLYH�WR�WKH�WHVW�VOHG�YHUVXV�WKH�GXPP\·V�GLVSODFHPHQW�UHODWLYH�WR
WKH�WHVW�VOHG�WR�LOOXVWUDWH�WKH�LQIOXHQFH�RI�WKH�FUDVK�SXOVH�RQ�WKH�VHFRQGDU\
LPSDFW�YHORFLW\�
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7KH�GXPP\·V�KHDG�VWUXFN�WKH�IRUZDUG�VHDW�EDFN�DIWHU�WUDYHOLQJ�DSSUR[LPDWHO\
����IHHW���7KH�JUDSK�VKRZV�WKDW�IRU�FUDVK�SXOVHV�EHWZHHQ���DQG����J·V��WKH
VHFRQGDU\�LPSDFW�YHORFLW\�YDULHV�IURP�DERXW����WR������PSK�

7KH�FDOFXODWHG�+,&�LQFUHDVHV�ZLWK�WKH�VHFRQGDU\�LPSDFW�YHORFLW\���+RZHYHU��WKH
+,&�DOVR�YDULHV�ZLWK�WKH�VWLIIQHVV�RI�WKH�FRQWDFW�VXUIDFH���7KHUHIRUH��WKHUH�LV�QRW
QHFHVVDULO\�D�OLQHDU�LQFUHDVLQJ�UHODWLRQVKLS�EHWZHHQ�+,&�DQG�LPSDFW�YHORFLW\�
7KLV�VHQVLWLYLW\�WR�ERWK�WKH�FUDVK�SXOVH�DQG�WKH�VHDW�VWLIIQHVV�LQVWLJDWHG�WKH
VHQVLWLYLW\�DQDO\VLV�GHVFULEHG�LQ�6HFWLRQ�����

,Q�WKH�VHFRQG�VHULHV�RI�G\QDPLF�WHVWV��WKH�FUDVK�SXOVH�ZDV�KHOG�FRQVWDQW�DW�D
QRPLQDO�SHDN�RI���J·V��ZKLOH�WKH�LQLWLDO�SRVLWLRQ�RI�WKH�GXPPLHV�DQG�VHDW�UHFOLQH
DQJOHV�ZHUH�YDULHG���7KH�VHDW�EDFNV�ZHUH�HLWKHU�LQ�WKH�IXOO\�XSULJKW�RU�IXOO\
UHFOLQHG�SRVLWLRQV��DQG�WKH�GXPPLHV�ZHUH�XSULJKW�RU�UHFOLQHG�DFFRUGLQJO\��DQG
WKH�GXPPLHV·�OHJV�ZHUH�UDLVHG�RQ�WKH�OHJ�UHVWV�IRU�WZR�RI�WKH�IRXU�WHVWV�

7KH�LQLWLDO�SRVLWLRQ�RI�WKH�VHDW�EDFNV�KDG�D�PRGHVW�LQIOXHQFH�RQ�WKH�GXPP\
NLQHPDWLFV��EXW�GLG�QRW�DSSHDU�WR�DIIHFW�WKH�LQMXU\�FULWHULD�VLJQLILFDQWO\���,Q�RQH
WHVW�WKH�LQLWLDO�SRVLWLRQ�RI�WKH�GXPPLHV·�OHJV�GLG�KDYH�DQ�LQIOXHQFH�RQ�WKH
GXPP\�NLQHPDWLFV�DQG�RQ�WKH�LQMXU\�FULWHULD���,Q�7HVW����WKH�GXPPLHV·�IHHW
VWUXFN�WKH�IRUZDUG�VHDW�EDFN�ILUVW��EXW�ZLWK�PLQLPDO�UHODWLYH�YHORFLW\���7KH�KHDG
VWUXFN�WKH�VHDW�EDFN�QH[W��EHIRUH�WKH�VHDW�KDG�EHJDQ�WR�GHIRUP�VLJQLILFDQWO\�
&RQVHTXHQWO\��WKH�HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDW�ZDV�PXFK�KLJKHU�GXULQJ�WKH
KHDG�LPSDFW��FRPSDUHG�ZLWK�WKH�RWKHU�WHVWV�ZKHUH�WKH�NQHHV�VWUXFN�ILUVW��
UHVXOWLQJ�LQ�D�YHU\�UDSLG�GHFHOHUDWLRQ�RI�WKH�KHDG���7KH�+,&�YDOXH�RI����
FDOFXODWHG�GXULQJ�7HVW���ZDV�DERXW�IRXU�WLPHV�WKDW�RI�WKH�QH[W�KLJKHVW�+,&
FDOFXODWHG�LQ�DQ\�RI�WKH�RWKHU�G\QDPLF�WHVWV�
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6. Analysis of Test Data

,Q�WKH�ILUVW�VHULHV�RI�SDVVHQJHU�VHDW�WHVWLQJ��WZR�TXDVL�VWDWLF�WHVWV�DQG�VHYHQ
G\QDPLF�WHVWV�ZHUH�FRQGXFWHG�ZLWK�$PWUDN·V�WUDGLWLRQDO�SDVVHQJHU�VHDW���7KHUH
ZHUH�PDQ\�XQNQRZQV�DERXW�KRZ�WKH�VHDWV�ZRXOG�SHUIRUP�XQGHU�WKH�GLIIHUHQW
ORDGLQJ�FRQGLWLRQV�VLQFH�WKLV�ZDV�WKH�ILUVW�WLPH�WKH�VHDWV�KDYH�EHHQ�WHVWHG�LQ
WKLV�PDQQHU�

2QH�REMHFWLYH�RI�WKLV�VHULHV�RI�WHVWV�ZDV�WR�HVWDEOLVK�D�EDVHOLQH�IRU�VHDW
SHUIRUPDQFH�ZLWK�ZKLFK�WR�FRPSDUH�IXWXUH�VHDW�GHVLJQV���7KHUH�ZDV�D�ODUJH
GHJUHH�RI�YDULDELOLW\�LQ�WKH�VHDW�SHUIRUPDQFH��EDVHG�RQ�WKH�GLIIHUHQW�ORDGLQJ
FRQGLWLRQV��YDULDWLRQ�LQ�WKH�FUDVK�SXOVH��DQG�YDULDWLRQ�LQ�WKH�FRQILJXUDWLRQ�RI
WKH�VHDWV�DQG�GXPPLHV���7KHUH�ZDV�DOVR�VLJQLILFDQW�YDULDELOLW\�LQ�WKH�VWUHQJWK�RI
WKH�VHDW�FRPSRQHQWV��VXFK�DV�WKH�ZDOO�PRXQWLQJ�DQG�WKH�UHFOLQH�PHFKDQLVP�
7KH�RYHUDOO�VHDW�SHUIRUPDQFH�LV�VHQVLWLYH�WR�WKHVH�YDULDEOHV��PDNLQJ�LW�GLIILFXOW
WR�DFFXUDWHO\�VLPXODWH�HYHU\�GLIIHUHQW�WHVW�VFHQDULR�

,Q�WKH�IROORZLQJ�VHFWLRQ��D�SDUDPHWULF�VHQVLWLYLW\�DQDO\VLV�LV�SUHVHQWHG�XVLQJ�WKH
FRPSXWHU�SURJUDP�0$'<02�>�@���0$'<02�LV�D�VLPXODWLRQ�SURJUDP�XVHG�E\
WKH�1+76$�DQG�RWKHU�RUJDQL]DWLRQV�IRU�FUDVK�DQDO\VHV���7KH�SURJUDP�SUHGLFWV
WKH�WLPH�KLVWRULHV�RI�WKH�GHFHOHUDWLRQ��YHORFLW\��GLVSODFHPHQW��DQG�IRUFH
H[SHULHQFHG�E\�DQ�RFFXSDQW�LQ�D�FROOLVLRQ���%DVHG�RQ�WKHVH�PRWLRQV�DQG�IRUFHV�
LQMXU\�FULWHULD�DUH�FDOFXODWHG�

5HVXOWV�RI�WKH�FRPSXWHU�DQDO\VLV�DUH�SUHVHQWHG�LQ�WKH�IROORZLQJ�VHFWLRQ�WR
HYDOXDWH�WKH�VHQVLWLYLW\�RI�WKH�LQMXU\�FULWHULD�WR�WKH�YDULDELOLW\�LQ�WKH�FUDVK�SXOVH
DQG�WKH�VHDW�VWLIIQHVV�

)ROORZLQJ�WKH�VHQVLWLYLW\�DQDO\VLV��WKH�GXPP\·V�KHDG�DQG�FKHVW�GHFHOHUDWLRQ
WLPH�KLVWRULHV�DQG�WKH�KHDG��FKHVW��IHPXU��DQG�QHFN�LQMXU\�FULWHULD�IRU�HDFK
G\QDPLF�WHVW�ZHUH�FRPSDUHG�ZLWK�WKH�FRUUHVSRQGLQJ�VLPXODWLRQ�UHVXOWV���,Q
VRPH�FDVHV��WKH�VLPXODWLRQ�ZDV�TXLWH�DFFXUDWH�DW�SUHGLFWLQJ�WKH�WHVW�UHVXOWV��LQ
RWKHU�FDVHV��WKH�VLPXODWLRQ�ZDV�QRW�DFFXUDWH���7KH�UHVXOWV�FDQ�EH�H[SODLQHG�E\
WKH�VHQVLWLYLW\�RI�WKH�VHDW�SHUIRUPDQFH�WR�VPDOO�YDULDWLRQV�LQ�WHVW�FRQGLWLRQV�
SULQFLSDOO\�WKH�HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDW�

6.1 Parametric Sensitivity Analysis

6.1.1 Crash Pulse

7KH�VLPXODWLRQV�IRU�WKH�FUDVK�SXOVH�VHQVLWLYLW\�DQDO\VLV�ZHUH�SHUIRUPHG�XVLQJ
WKH�VDPH�VHDW�DQG�GXPP\�SRVLWLRQV�XVHG�LQ�WKH�ILUVW�WKUHH�VOHG�WHVWV���7KDW�LV�
WKH�GXPP\�ZDV�VHDWHG�LQ�WKH�UHDUZDUG�VHDW�ZLWK�ERWK�IHHW�RQ�WKH�IORRU��DQG
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ERWK�WKH�IURQW�DQG�UHDU�VHDWV�ZHUH�LQ�WKH�IXOO�XSULJKW�SRVLWLRQ���7KH�GXUDWLRQ�RI
WKH�FUDVK�SXOVH�ZDV�KHOG�FRQVWDQW�DW�����PLOOLVHFRQGV�IRU�HDFK�VLPXODWLRQ�
7KH�FUDVK�SXOVH�SHDN�ZDV�YDULHG�IURP���J·V�WR����J·V��ZLWK�WKH�SHDN�RFFXUULQJ
DW�����PLOOLVHFRQGV�

)LJXUHV�����WKURXJK�����VKRZ�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�YHKLFOH�FUDVK�SXOVH
DQG�WKH�IRXU�LQMXU\�FULWHULD���7KH�VTXDUH�V\PEROV�FRUUHVSRQG�WR�GDWD�FDOFXODWHG
IURP�WKH�FRPSXWHU�VLPXODWLRQ��DQG�WKH�GLDPRQG�V\PEROV�FRUUHVSRQG�WR�GDWD
PHDVXUHG�GXULQJ�WKH�ILUVW�WKUHH�G\QDPLF�VOHG�WHVWV�

)LJXUH�����GHSLFWV�WKH�VHQVLWLYLW\�RI�WKH�+HDG�,QMXU\�&ULWHULD��+,&��WR�WKH
YDULDWLRQ�LQ�FUDVK�SXOVH�VHYHULW\���7KH�+,&�LQFUHDVHV�H[SRQHQWLDOO\�DV�WKH�SHDN
FUDVK�SXOVH�LQFUHDVHV��EDVHG�RQ�WKH�HTXDWLRQ�XVHG�WR�FDOFXODWH�WKH�+,&�
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7KH�+,&�YDOXHV�IURP�WKH�WKUHH�G\QDPLF�WHVWV�DUH�TXLWH�FORVH�WR�WKH�SUHGLFWHG
YDOXHV�ZLWKLQ�WKH�UDQJH�RI���WR����J·V�

7KH�FKHVW�LQMXU\�FULWHULD�LV�FDOFXODWHG�IURP�WKH�UHVXOWDQW�FKHVW�DFFHOHUDWLRQ�
7KH�)0966����������6HFWLRQ�6������VWDWHV�WKDW�WKH�UHVXOWDQW�DFFHOHUDWLRQ�DW
WKH�FHQWHU�RI�JUDYLW\�RI�WKH�XSSHU�WKRUD[�VKDOO�QRW�H[FHHG����J·V��H[FHSW�IRU
LQWHUYDOV�ZKRVH�FXPXODWLYH�GXUDWLRQ�LV�QRW�PRUH�WKDQ���PLOOLVHFRQGV�

7KH�FKHVW�GHFHOHUDWLRQ��VHH�)LJXUH������LV�OHVV�VHQVLWLYH�WKDQ�WKH�KHDG
GHFHOHUDWLRQ�EHFDXVH�WKH�FKHVW�W\SLFDOO\�GRHVQ·W�FRQWDFW�WKH�VHDW���7KH�IRUFHV
ZKLFK�GHFHOHUDWH�WKH�FKHVW�DUH�WUDQVIHUUHG�WKURXJK�WKH�KHDG�DQG�NQHH�FRQWDFWV
ZLWK�WKH�IRUZDUG�VHDW�EDFN���,Q�WKH�VLPXODWLRQV��WKH�FKHVW�LQMXU\�FULWHULD�KDV�D
QHDUO\�OLQHDU�UHODWLRQVKLS�ZLWK�WKH�YDU\LQJ�FUDVK�SXOVH�

7KH�FKHVW�LQMXU\�FULWHULD�FDOFXODWHG�IURP�WKH�WHVW�GDWD�IURP�WKH���DQG���J�WHVWV
DSSUR[LPDWH�WKH�SUHGLFWHG�YDOXHV���7KH�FKHVW�GHFHOHUDWLRQ�IURP����J�WHVW�UHVXOWV
LV�VLJQLILFDQWO\�ORZHU�WKDQ�SUHGLFWHG���7KH�SUREDEOH�FDXVH�RI�WKLV�GLVFUHSDQF\�LV
WKH�PDVVLYH�VWUXFWXUDO�SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�IRUZDUG�VHDW�GXULQJ�WKLV
WHVW��ZKLFK�GUDPDWLFDOO\�ORZHUHG�WKH�HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDW���7KH
GHIRUPDWLRQ�DOORZHG�WKH�GXPP\�WR�EH�GHFHOHUDWHG�RYHU�D�ORQJHU�GLVWDQFH�
UHVXOWLQJ�LQ�ORZHU�SHDN�GHFHOHUDWLRQV�
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7KH�VLPXODWLRQ�UHVXOWV�IRU�WKH�IHPXU�ORDG�DUH�FRPSDUHG�ZLWK�WKH�WHVW�GDWD�LQ
)LJXUH�������7KH�SUHGLFWHG�YDOXHV�DUH�H[WUHPHO\�FORVH�WR�WKH�DFWXDO�WHVW�YDOXHV
IRU�WKH���DQG����J�WHVWV��ZKHQ�WZR�GXPPLHV�ZHUH�XVHG���,Q�WKH���J�WHVW��RQO\
RQH�GXPP\�ZDV�XVHG���7KH�VHDW�VWLIIQHVV�XVHG�LQ�WKH�VLPXODWLRQ�ZDV�FDOFXODWHG
IURP�WKH�TXDVL�VWDWLF�WHVWV��LQ�ZKLFK�HDFK�VHDW�EDFN�ZDV�ORDGHG
VLPXOWDQHRXVO\��UHSUHVHQWLQJ�WKH�HIIHFW�RI�WZR�RFFXSDQWV���:KHQ�RQO\�RQH
GXPP\�LPSDFWHG�WKH�VHDW��WKH�HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDW�ZDV�PXFK�JUHDWHU
WKDQ�HVWLPDWHG���7KH�UHVXOWLQJ�IHPXU�ORDG�ZDV�WKHUHIRUH�PXFK�JUHDWHU�WKDQ
SUHGLFWHG�ZLWK�WKH�VLPXODWLRQ�IRU�WKH���J�WHVW�FRQGLWLRQV�

7KH�D[LDO�FRPSUHVVLYH�QHFN�ORDG�LV�D�PHDVXUH�WR�SUHGLFW�QHFN�LQMXU\�GXH�WR
KHDG�ORDGLQJ���:KHQ�WKH�GXPP\·V�KHDG�VWULNHV�WKH�VHDW��VRPH�RU�DOO�RI�WKH�KHDG
ORDG�LV�WUDQVPLWWHG�WR�WKH�WRUVR�WKURXJK�WKH�QHFN���7KH�PDJQLWXGH�RI�WKH
WUDQVPLWWHG�ORDG�GHSHQGV�XSRQ�WKH�ORFDWLRQ�DQG�GLUHFWLRQ�RI�WKH�ORDG�UHODWLYH�WR
WKH�KHDG��WKH�LQHUWLD�RI�WKH�KHDG��DQG�WKH�FRQILJXUDWLRQ�RI�WKH�FHUYLFDO�VSLQH�

1HFN�ORDG�LV�QRW�XVHG�E\�1+76$�RU�WKH�)$$�DV�DQ�LQMXU\�FULWHULD��KRZHYHU��D
WLPH�GHSHQGHQW�LQMXU\�FULWHULRQ�KDV�EHHQ�SURSRVHG�IRU�HYDOXDWLQJ�D[LDO
FRPSUHVVLYH�QHFN�ORDGV��)LJXUH������>�@���([FHHGLQJ�WKH�FULWHULRQ�LPSOLHV�WKDW
IDWDO�QHFN�LQMXULHV�DUH�OLNHO\���,I�WKH�FULWHULRQ�LV�QRW�H[FHHGHG��LW�LV�LPSOLHG�WKDW
VLJQLILFDQW�LQMXU\�GXH�WR�D[LDO�FRPSUHVVLYH�QHFN�ORDGV�LV�XQOLNHO\��KRZHYHU�
PDMRU�QHFN�LQMXU\�FRXOG�RFFXU�LI�RWKHU�QHFN�ORDGLQJ�PRGHV�DUH�SUHVHQW�

7KH�D[LDO�FRPSUHVVLYH�QHFN�ORDG�LV�SORWWHG�DJDLQVW�WKH�YDU\LQJ�FUDVK�SXOVH�SHDN
LQ�)LJXUH�������7KH�QHFN�ORDG�LQFUHDVHV�QHDUO\�OLQHDUO\�IURP���J·V�WR����J·V���$W
WKDW�SRLQW��WKH�QHFN�ORDG�GHFUHDVHV�DV�WKH�FUDVK�SXOVH�LQFUHDVHV���7KLV�WUHQG
RFFXUV�GXH�WR�WKH�FKDQJH�LQ�QHFN�ORDGLQJ���:KHQ�WKH�IRUFHV�RQ�WKH�KHDG
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LQFUHDVH��WKH�ODWHUDO�VWLIIQHVV�RI�WKH�QHFN�LV�H[FHHGHG��FDXVLQJ�WKH�QHFN�WR�EHQG�
$W�WKLV�SRLQW��WKH�QHFN�PRYHPHQW�LQFUHDVHV��EXW�WKH�D[LDO�FRPSUHVVLYH�QHFN
ORDG�GHFUHDVHV�

$JDLQ��WKH�HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDWV�DFFRXQWV�IRU�WKH�GLIIHUHQFH�EHWZHHQ
WKH�LQMXU\�FULWHULD�SUHGLFWHG�ZLWK�WKH�VLPXODWLRQ�DQG�WKH�WHVW�UHVXOWV���,Q�WKH���J
WHVW��WKHUH�ZDV�PLQLPDO�SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�IRUZDUG�VHDW�SDLU�
UHVXOWLQJ�LQ�DQ�HIIHFWLYH�VHDW�VWLIIQHVV�WKDW�ZDV�JUHDWHU�WKDQ�SUHGLFWHG���,Q�WKH
���J�WHVW��WKHUH�ZDV�VLJQLILFDQW�VWUXFWXUDO�GHIRUPDWLRQ��UHVXOWLQJ�LQ�DQ�HIIHFWLYH
VHDW�VWLIIQHVV�WKDW�ZDV�OHVV�WKDQ�SUHGLFWHG�
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6.1.2 Seat Stiffness

7KH�WHVW�FRQGLWLRQV�IRU�WKH�VHDW�VWLIIQHVV�VHQVLWLYLW\�DQDO\VLV�ZHUH�WKH�VDPH�DV
WKRVH�LQ�WKH��UG�G\QDPLF�WHVW��+���������7KH�GXPP\�ZDV�VHDWHG�LQ�WKH
UHDUZDUG�VHDW�ZLWK�IHHW�RQ�WKH�IORRU��DQG�ERWK�WKH�IURQW�DQG�UHDU�VHDWV�ZHUH�LQ
WKH�IXOO�XSULJKW�SRVLWLRQ���7KH�FUDVK�SXOVH�XVHG�LQ�WKH�VLPXODWLRQ�ZDV�WDNHQ
IURP�WKH�DFWXDO�VOHG�DFFHOHUDWLRQ�GXULQJ�WKH�WHVW�

 )LJXUH�����VKRZV�D�SORW�RI�WKH�IRUFH�GLVSODFHPHQW�FKDUDFWHULVWLFV�GHULYHG�IURP
WKH�PHDVXUHG�GDWD�IRU�WKH�RXWERDUG�VHDW�LQ�WKH�KLJK�ORDG�TXDVL�VWDWLF�WHVW�DQG
WKH�ORZ�ORDG�TXDVL�VWDWLF�WHVW���7KH�PHDVXUHG�GDWD�IURP�)LJXUHV
 ����DQG�����ZHUH�DGMXVWHG�WR�DFFRXQW�IRU�WKH�KHLJKW�GLIIHUHQFH�EHWZHHQ�WKH
KHDG�NQHH�ORDG�DSSOLFDWLRQV�DQG�WKH�K\GUDXOLF�UDP�ORDG�DSSOLFDWLRQV���7KHVH
FKDUDFWHULVWLFV�FRUUHVSRQG�WR�WKH�VHDW�VWLIIQHVV�DW�WKH�ORFDWLRQ�RI�KHDG�LPSDFW
DQG�WKH�ORFDWLRQ�RI�NQHH�LPSDFW���7KH�VWDWLF�WHVW�UHVXOWV�VKRZ�WKDW�WKH�$PWUDN
WUDGLWLRQDO�VHDW�SDLU�KDV�VLJQLILFDQWO\�GLIIHUHQW�IRUFH�GLVSODFHPHQW
FKDUDFWHULVWLFV�DW�WKH�KHDG�DQG�NQHH�FRQWDFW�SRLQWV���7KH�VFKRRO�EXV�VHDW
VWLIIQHVV�VSHFLILFDWLRQ�>�@��ZKLFK�ZDV�XVHG�LQ�WKH�SUHYLRXV�DQDO\VLV�>�@��LV�DOVR
SORWWHG�LQ�)LJXUH�����IRU�FRPSDULVRQ�
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,Q�)LJXUH������WKH�VORSH�RI�D�OLQH�LV�HTXDO�WR�WKH�VWLIIQHVV�RI�WKH�VHDW��.���7KH
VHDW�VWLIIQHVV��.+��DW�WKH�KHDG�FRQWDFW�SRLQW�LV�DSSUR[LPDWHO\�HTXDO�WR������)RU
WKH�VHQVLWLYLW\�DQDO\VLV��.+�ZDV�PXOWLSOLHG�E\�D�´VWLIIQHVV�IDFWRU�µ�UDQJLQJ�IURP
����WR�����7KH�VHDW�VWLIIQHVV�DW�WKH�NQHH�FRQWDFW�SRLQW�ZDV�KHOG�FRQVWDQW�IRU�WKH
DQDO\VLV��EHFDXVH�WKH�YDULDELOLW\�LQ�WKH�HIIHFWLYH�VWLIIQHVV�DW�WKH�NQHH�FRQWDFW
ZDV�OHVV�VLJQLILFDQW���7KH�REMHFWLYH�ZDV�WR�HYDOXDWH�WKH�VHQVLWLYLW\�RI�WKH�LQMXU\
FULWHULD�WR�YDULDWLRQV�LQ�WKH�VHDW�VWLIIQHVV�
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7KH�LQIOXHQFH�RI�WKH�XSSHU�VHDW�VWLIIQHVV�RQ�LQMXU\�FULWHULD�LV�LOOXVWUDWHG�LQ
)LJXUHV�����WKURXJK��������7KHVH�ILJXUHV�JUDSK�WKH�IRXU�LQMXU\�FULWHULD�DV�D
IXQFWLRQ�RI�VHDW�VWLIIQHVV���$Q�XSSHU�VHDW�VWLIIQHVV�IDFWRU�HTXDO�WR�RQH
FRUUHVSRQGV�WR�WKH�XSSHU�VHDW�VWLIIQHVV�XVHG�IRU�WKH�KHDG�FRQWDFW�SRLQW�LQ�WKH
FRPSXWHU�VLPXODWLRQV�RI�WKH�VHYHQ�G\QDPLF�WHVWV�
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2I�WKH�IRXU�LQMXU\�FULWHULD��WKH�+,&�LV�WKH�PRVW�VHQVLWLYH�WR�FKDQJHV�LQ�WKH
XSSHU�VHDW�VWLIIQHVV���7KHVH�UHVXOWV�KLJKOLJKW�WKH�VHQVLWLYLW\�RI�WKH�KHDG
GHFHOHUDWLRQ�WR�FKDQJHV�LQ�WKH�XSSHU�VHDW�VWLIIQHVV��DQG�WKH�VHQVLWLYLW\�RI�WKH
+,&�FDOFXODWLRQ�WR�VPDOO�FKDQJHV�LQ�KHDG�GHFHOHUDWLRQ�

,Q�FRQWUDVW��WKH�IHPXU�ORDG�LV�XQDIIHFWHG�E\�FKDQJHV�LQ�WKH�XSSHU�VHDW�VWLIIQHVV�
7KH�NQHHV�VWULNH�WKH�VHDW�EDFN�ILUVW��QHDU�WKH�ERWWRP�RI�WKH�VHDW�ZKHUH�LW�LV
PRUH�ULJLG���&KDQJHV�WR�WKH�VWLIIQHVV�DW�WKH�WRS�RI�WKH�VHDW�EDFN�GRQ·W�LQIOXHQFH
WKH�IRUFHV�H[SHULHQFHG�E\�WKH�NQHHV�DQG�IHPXUV�

'XULQJ�WKH�VHFRQGDU\�LPSDFW��WKH�GXPP\·V�FKHVW�LV�GHFHOHUDWHG�E\�IRUFHV�WKDW
DUH�WUDQVPLWWHG�WKURXJK�WKH�NQHH�DQG�KHDG�FRQWDFWV�ZLWK�WKH�VHDW�EDFN���7KH
FKHVW�GRHVQ·W�VWULNH�WKH�VHDW�GLUHFWO\���%HFDXVH�WKH�ERWWRP�RI�WKH�VHDW�EDFN�LV
VWLIIHU�WKDQ�WKH�WRS��WKH�NQHH�FRQWDFW�SOD\V�D�SUHGRPLQDQW�UROH�LQ�GHFHOHUDWLQJ
WKH�FKHVW���,QFUHDVLQJ�WKH�VWLIIQHVV�RI�WKH�WRS�RI�WKH�VHDW�EDFN�GRHVQ·W�DIIHFW�WKH
FKHVW�GHFHOHUDWLRQ�XQWLO�WKH�VHDW�VWLIIQHVV�LV�LQFUHDVHG�E\�D�IDFWRU�RI�WKUHH���$W
WKDW�SRLQW��WKH�VWLIIQHVV�DW�WKH�WRS�RI�WKH�VHDW�GRHV�EHJLQ�WR�LQIOXHQFH�WKH
GHFHOHUDWLRQ�RI�WKH�FKHVW�

7KH�D[LDO�FRPSUHVVLYH�QHFN�ORDG�LV�D�IXQFWLRQ�RI�WKH�VWLIIQHVV�RI�WKH�WRS�RI�WKH
VHDW�EDFN���+RZHYHU��FKDQJHV�LQ�WKH�XSSHU�VHDW�VWLIIQHVV�DOVR�DIIHFW�WKH
RULHQWDWLRQ�RI�WKH�KHDG�DQG�QHFN�GXULQJ�WKH�KHDG�LPSDFW��ZKLFK�DIIHFWV�WKH
SRUWLRQ�RI�WKH�ORDG�WKDW�LV�WUDQVPLWWHG�D[LDOO\�WR�WKH�QHFN���$V�WKH�VHDW·V�ULJLGLW\
LQFUHDVHV�DERYH�D�IDFWRU�RI�RQH��WKH�VWLIIHU�VHDW�EDFN�DFWV�WR�NHHS�WKH�QHFN�DQG
KHDG�LQ�D�YHUWLFDO�OLQH���7KH�VRIWHU�VHDW�DOORZV�WKH�KHDG�WR�IDOO�IRUZDUG�
LQFUHDVLQJ�WKH�PDJQLWXGH�RI�WKH�D[LDO�FRPSRQHQW�RI�WKH�IRUFH�RQ�WKH�QHFN��VHH
)LJXUH���������%HFDXVH�RI�WKH�LQIOXHQFH�RI�WKH
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RULHQWDWLRQ�RI�WKH�KHDG�DQG�QHFN��WKHUH�LV�QRW�D�OLQHDU�UHODWLRQVKLS�EHWZHHQ�VHDW
VWLIIQHVV�DQG�D[LDO�FRPSUHVVLYH�QHFN�ORDG�

6.2 Comparison of Test and Simulation Results

6.2.1 Injury Criteria

7KH�IROORZLQJ�VHFWLRQ�ZLOO�FRPSDUH�WKH�LQMXU\�FULWHULD�PHDVXUHG�GXULQJ�WKH
VHYHQ�G\QDPLF�WHVWV�ZLWK�WKH�VLPXODWLRQ�UHVXOWV�

)LJXUHV������WKURXJK������JUDSKLFDOO\�UHSUHVHQW�WKH�KHDG�LQMXU\�FULWHULD��FKHVW
LQMXU\�FULWHULD��SHDN�D[LDO�FRPSUHVVLYH�QHFN�ORDG��DQG�IHPXU�ORDG��FRPSDULQJ
LQMXU\�FULWHULD�PHDVXUHG�IURP�WHVW�LQVWUXPHQWDWLRQ�ZLWK�LQMXU\�FULWHULD
FDOFXODWHG�IURP�WKH�VLPXODWLRQ�IRU�HDFK�RI�WKH�VHYHQ�WHVW�VFHQDULRV�

)LJXUH��������&RPSDULVRQ�RI�+HDG�,QMXU\�&ULWHULD��+,&�

7KH�+,&�YDOXHV�SUHGLFWHG�LQ�WKH�VLPXODWLRQV�ZHUH�KLJKHU�WKDQ�WKH�DFWXDO�WHVW
PHDVXUHPHQWV�LQ�DOO�WHVWV�H[FHSW���DQG�����7KLV�WUHQG�LV�GXH�WR�WKH�YDULDELOLW\
LQ�WKH�HIIHFWLYH�VHDW�VWLIIQHVV�XQGHU�G\QDPLF�ORDGLQJ�FRQGLWLRQV�

7KH�KHDG�DFFHOHUDWLRQ�LV�D�IXQFWLRQ�RI�WKH�HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDW���7KH
HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDW�LV�GHSHQGHQW�XSRQ�WKH�ORDGLQJ�FRQGLWLRQV��QDPHO\�
TXDVL�VWDWLF�RU�G\QDPLF���7KH�VHDW�VWLIIQHVV�XVHG�LQ�WKH�VLPXODWLRQ�ZDV
HVWLPDWHG�EDVHG�RQ�WKH�UHVXOWV�RI�WKH�TXDVL�VWDWLF�WHVWV��ZKHUH�WKH�DSSOLHG�IRUFH
DQG�VHDW�GHIOHFWLRQ�FRXOG�EH�PHDVXUHG�DFFXUDWHO\���7KH�HIIHFWLYH�VWLIIQHVV�RI�WKH
VHDWV�XQGHU�WKH�G\QDPLF�ORDGLQJ�FRQGLWLRQ�LV�W\SLFDOO\�ORZHU�WKDQ�WKH�VHDW
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VWLIIQHVV�XQGHU�WKH�TXDVL�VWDWLF�ORDGLQJ�FRQGLWLRQ���7KHUHIRUH��WKH�GXPP\·V
KHDG�LV�GHFHOHUDWHG�PRUH�JHQWO\�WKDQ�SUHGLFWHG��UHVXOWLQJ�LQ�+,&�YDOXHV�ORZHU
WKDQ�SUHGLFWHG�

7KH�FKHVW�GHFHOHUDWLRQ�SUHGLFWHG�IURP�WKH�VLPXODWLRQV�DUH�DOVR�JUHDWHU�WKDQ
WKRVH�PHDVXUHG�LQ�WKH�WHVWV���7KH�RYHUHVWLPDWHG�SUHGLFWHG�YDOXHV�DUH�DOVR�GXH
WR�WKH�YDULDELOLW\�LQ�WKH�HIIHFWLYH�VHDW�VWLIIQHVV���7KH�FKHVW�GHFHOHUDWLRQ�LV
VRPHZKDW�OHVV�VHQVLWLYH�WR�WKH�HIIHFWLYH�VHDW�VWLIIQHVV�EHFDXVH�WKH�FKHVW
JHQHUDOO\�GRHVQ·W�FRQWDFW�WKH�VHDW�GLUHFWO\���7KH�H[HUWHG�IRUFHV��ZKLFK�VHUYH�WR
GHFHOHUDWH�WKH�FKHVW��DUH�WUDQVIHUUHG�WKURXJK�WKH�KHDG�DQG�NQHH�FRQWDFWV�

%RWK�WKH�+,&�DQG�FKHVW�LQMXU\�FULWHULD�IURP�WKH�WHVWV�DQG�VLPXODWLRQV�DUH�ZHOO
EHORZ�WKH�LQMXU\�FULWHULD�OHYHOV�DFFHSWHG�E\�WKH�1DWLRQDO�+LJKZD\
7UDQVSRUWDWLRQ�6DIHW\�$GPLQLVWUDWLRQ��1+76$��DQG�WKH�)HGHUDO�$YLDWLRQ
$GPLQLVWUDWLRQ��)$$��RI������DQG����J·V��UHVSHFWLYHO\�
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5HTXLUHPHQWV�IRU�PD[LPXP�IHPXU�ORDGV�DUH�DOVR�VSHFLILHG�E\�1+76$�DQG�)$$�
7KH�IRUFH�WUDQVPLWWHG�D[LDOO\�WKURXJK�WKH�XSSHU�OHJV�VKDOO�QRW�H[FHHG������
SRXQGV���7KLV�LQMXU\�FULWHULD�ZDV�DOVR�PHW�LQ�HYHU\�FDVH��IRU�ERWK�WKH�PHDVXUHG
DQG�VLPXODWHG�GDWD���7KH�PHDVXUHG�IHPXU�ORDG�LQ�7HVW���ZDV�QHDU�WKH�OLPLW�DW
������SRXQGV���7KH�ORDG�LQ�WKLV�WHVW�ZDV�DERXW�����ODUJHU�WKDQ�WKH�QH[W�ODUJHVW
ORDG�PHDVXUHG�LQ�DQ\�RI�WKH�WHVWV���7KH�FDXVH�LV�PRVW�OLNHO\�EHFDXVH�RQO\�RQH
GXPP\�ZDV�XVHG�LQ�WKLV�WHVW���7KH�HIIHFWLYH�VWLIIQHVV�DW�WKH�NQHH�FRQWDFW�SRLQW
ZDV�ODUJHU�EHFDXVH�WKH�VHDW�ZDV�RQO\�VXEMHFWHG�WR�KDOI�RI�WKH�LQHUWLDO�ORDG�DQG
WKHUHIRUH�GLG�QRW�XQGHUJR�WKH�VDPH�GHJUHH�RI�SHUPDQHQW�GHIRUPDWLRQ�
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7KH�DELOLW\�RI�WKH�FRPSXWHU�VLPXODWLRQ�WR�SUHGLFW�WKH�PHDVXUHG�D[LDO�QHFN�ORDGV
IURP�WKH�WHVWV�LV�DOVR�VHQVLWLYH�WR�WKH�HIIHFWLYH�VHDW�VWLIIQHVV���,Q�DGGLWLRQ��WKH
PDQQHU�LQ�ZKLFK�WKH�GXPP\�VWULNHV�WKH�IRUZDUG�VHDW�DOVR�LQIOXHQFHV�WKH�D[LDO
QHFN�ORDG���)RU�LQVWDQFH��LI�WKH�LPSDFW�IRUFH�LV�D�ODWHUDO�ORDG�WR�WKH�KHDG��WKH
D[LDO�FRPSUHVVLYH�QHFN�ORDG�LV�OHVV�WKDQ�ZKHQ�WKH�LPSDFW�IRUFH�LV�DSSOLHG�WR�WKH
KHDG�FROOLQHDU�ZLWK�WKH�VSLQH���,Q�WKH�ODWWHU�FDVH��WKH�LQHUWLDO�ORDG�RI�WKH
GXPP\·V�ERG\�PDVV�GULYHV�WKH�GXPP\·V�KHDG�LQWR�WKH�VHDW��FUHDWLQJ�ODUJH�D[LDO
FRPSUHVVLYH�IRUFHV�RQ�WKH�QHFN�

7KH�D[LDO�FRPSUHVVLYH�QHFN�ORDG�FULWHULRQ�LV�QRW�H[FHHGHG�LQ�DQ\�RI�WKH�G\QDPLF
WHVWV�SHUIRUPHG�ZLWK�WKH�WUDGLWLRQDO�SDVVHQJHU�VHDW�

6.2.2 Kinematics

)LJXUH������SUHVHQWV�D�VHULHV�RI�SKRWRJUDSKV�IURP�7HVW����+�������GHSLFWLQJ
WKH�FKDQJH�LQ�GXPP\�SRVLWLRQ�RYHU�WLPH���2YHUODLG�RQ�WKH�SKRWRV�DUH
´VQDSVKRWVµ�IURP�WKH�VLPXODWLRQ�NLQHPDWLF�RXWSXW�IRU�WKH�VDPH�WHVW�FRQGLWLRQV�
7KH�GXPP\�LV�UHSUHVHQWHG�E\�WKH�ZLUH�PHVK�

7KH�ILUVW�IUDPH�VKRZV�WKDW�WKH�LQLWLDO�SRVLWLRQ�RI�WKH�GXPP\�LQ�WKH�WHVW�DQG�WKH
VLPXODWLRQ�DUH�LQ�DJUHHPHQW��,Q�WKH�VHFRQG�IUDPH��WKH�GXPP\·V�NQHHV�KDYH
PDGH�FRQWDFW�ZLWK�WKH�IURQW�VHDW��EXW�OLWWOH�GHIRUPDWLRQ�RI�WKH�VHDW�KDV
RFFXUUHG�\HW���,Q�WKH�WKLUG�IUDPH��WKH�VHDW�EHJLQV�WR�GHIRUP���8S�WR�WKLV�SRLQW�
WKH�GXPP\�NLQHPDWLFV�IURP�WKH�VLPXODWLRQ�VWLOO�FRUUHVSRQG�TXLWH�ZHOO�ZLWK�WKH
NLQHPDWLFV�RI�WKH�DFWXDO�WHVW�GXPP\���,Q�WKH�ODVW�IUDPH��WKH�WZR�EHJLQ�WR�GLIIHU�
,Q�WKLV�SDUWLFXODU�WHVW��WKH�SHDN�VOHG�DFFHOHUDWLRQ�ZDV����J·V���7KH�VHYHULW\�RI
WKH�FUDVK�SXOVH�UHVXOWHG�LQ�UHODWLYHO\�ODUJH�IRUFHV�EHWZHHQ�WKH�GXPP\�DQG�WKH
IRUZDUG�VHDW�SDLU��FDXVLQJ�VLJQLILFDQW�GHIRUPDWLRQ�RI�WKH�VHDW���$V�GLVFXVVHG
SUHYLRXVO\��WKH�SHUPDQHQW�GHIRUPDWLRQ�RI�WKH�VHDW�UHVXOWHG�LQ�D�GHFUHDVH�LQ�WKH
HIIHFWLYH�VWLIIQHVV�RI�WKH�VHDW���7KH�VHDW�LQ�WKH�WHVW�GHIRUPV�PRUH�WKDQ�ZRXOG�EH
H[SHFWHG�IURP�WKH�TXDVL�VWDWLF�WHVW�UHVXOWV���7KH�FKDQJH�LQ�HIIHFWLYH�VHDW
VWLIIQHVV�H[SODLQV�ZK\��LQ�WKH�IRXUWK�IUDPH��WKH�GXPP\�LQ�WKH�WHVW�SKRWRJUDSK
WUDYHOV�IXUWKHU�WKDQ�WKH�GXPP\�LQ�WKH�VLPXODWLRQ�
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 )LJXUH��������7LPH�+LVWRU\�.LQHPDWLF�&RPSDULVRQ�RI�7HVW�DQG�6LPXODWLRQ

 

6.2.3 Comparison of Acceleration Time Histories

 )LJXUH������VKRZV�D�SORW�RI�WKH�SUHGLFWHG�DQG�PHDVXUHG�KHDG�GHFHOHUDWLRQ�WLPH
KLVWRULHV�IRU�G\QDPLF�VOHG�WHVW����DQG�)LJXUH������VKRZV�WKH�FRUUHVSRQGLQJ
FKHVW�GHFHOHUDWLRQ�WLPH�KLVWRULHV���7KH�UHVSHFWLYH�SUHGLFWHG�DQG�PHDVXUHG�KHDG
DQG�FKHVW�GHFHOHUDWLRQ�FKDUDFWHULVWLFV�FRUUHVSRQG�TXLWH�FORVHO\���7KH�SULQFLSDO
GLIIHUHQFHV�EHWZHHQ�WKH�PHDVXUHG�DQG�SUHGLFWHG�KHDG�GHFHOHUDWLRQ
FKDUDFWHULVWLFV�FDQ�EH�DFFRXQWHG�IRU�E\�WKH�WUD\�WDEOH��ZKLFK�LV�QRW�LQFOXGHG�LQ
WKH�PRGHO���'XULQJ�WKH�WHVW��WKH�WUD\�WDEOH�SRSV�RXW�IURP�LWV�FDWFK�DQG�VWDUWV�WR
GHSOR\��DW�ZKLFK�SRLQW�WKH�IURQW�HGJH�RI�WKH�WDEOH�LV�VWUXFN�E\�WKH�GXPP\·V
KHDG���7KLV�FDXVHV�WKH�LQLWLDO�VSLNH�LQ�WKH�PHDVXUHG�KHDG�GHFHOHUDWLRQ�WLPH
KLVWRU\���7KH�WUD\�WDEOH�LV�WKHQ�SUHVVHG�EDFN�WRZDUGV�LWV�LQLWLDO�SRVLWLRQ�
VWULNLQJ�WKH�VHDW�EDFN���2QFH�WKH�VHDW�EDFN�LV�HQJDJHG�LQ�WKH�LPSDFW��DQRWKHU�
ODUJHU�VSLNH�RFFXUV�LQ�WKH�KHDG�GHFHOHUDWLRQ�
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 7KH�FKHVW�GHFHOHUDWLRQ�IURP�WKH�VLPXODWLRQ�DJUHHV�YHU\�ZHOO�ZLWK�WKH�PHDVXUHG
WHVW�UHVXOWV��LQ�ERWK�WKH�WLPLQJ�DQG�PDJQLWXGH�RI�WKH�SXOVH���7KLV�DJUHHPHQW�LV
SUREDEO\�GXH��LQ�SDUW��WR�WKH�IDFW�WKDW�WKH�GXPP\·V�FKHVW�GRHV�QRW�VWULNH�WKH
VHDW�GLUHFWO\���5DWKHU��WKH�FKHVW�LV�GHFHOHUDWHG�ZKHQ�WKH�GXPP\·V�NQHHV�DQG
KHDG�VWULNH�WKH�VHDW��DYHUDJLQJ�RXW�WKH�IRUFHV�IURP�WKH�WZR�FRQWDFWV�
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 6LPLODU�SORWV�FRPSDULQJ�PHDVXUHG�DQG�SUHGLFWHG�GHFHOHUDWLRQ�WLPH�KLVWRULHV�IRU
DOO�VHYHQ�G\QDPLF�WHVWV�DUH�LQ�$SSHQGL[�'�

7. Conclusions and Recommendations

7KH�REMHFWLYHV�RI�WKH�VWDWLF�DQG�G\QDPLF�WHVWLQJ�ZHUH�WR�HYDOXDWH�WKH
SHUIRUPDQFH�RI�$PWUDN·V�WUDGLWLRQDO�SDVVHQJHU�VHDW�LQ�WHUPV�RI�ERWK�WKH�VHDW
DQG�GXPP\�UHVSRQVH��DQG�WR�YDOLGDWH�WKH�FRPSXWHU�VLPXODWLRQ�PRGHO�

7KH�TXDVL�VWDWLF�WHVWLQJ�LQGLFDWHV�WKDW�WKH�VHDWV�DUH�VXIILFLHQWO\�VWURQJ�WR
ZLWKVWDQG�WKH�RFFXSDQW�ORDGV�WKDW�ZRXOG�EH�H[SHFWHG�IURP�DQ���J�FUDVK�SXOVH�
+RZHYHU��XQGHU�G\QDPLF�ORDGLQJ�FRQGLWLRQV��WKH�VHDWV�DUH�SURQH�WR�IDLOXUH�DW
WKH�DWWDFKPHQW�SRLQWV���7KH�PRVW�FULWLFDO�IDLOXUH�REVHUYHG�ZDV�DW�WKH�ZDOO
PRXQW�ZKHUH�WKH�VLGH�EUDFNHW�IDVWHQV�WKH�VHDW�IUDPH�WR�WKH�ZDOO�WUDFN���,Q�HYHU\
WHVW��H[FHSW���DQG����WKH�VLGH�EUDFNHW�IDLOHG�WR�UHPDLQ�IL[HG�LQ�WKH�ZDOO�WUDFN�
DOORZLQJ�WKH�VHDW�WR�SLYRW�DERXW�WKH�IORRU�SHGHVWDO���,Q�WZR�WHVWV��WKH�SLYRWLQJ�RI
WKH�VHDW�FDXVHG�HQRXJK�GHIRUPDWLRQ�RI�WKH�IORRU�WUDFN��EUHDNLQJ�WKH�WUDFN�LQ
RQH�FDVH��WR�DOORZ�WKH�IORRU�SHGHVWDO�WR�VHSDUDWH�IURP�WKH�WUDFN���,Q�WKRVH�WHVWV�
WKH�VHDW�ZDV�HQWLUHO\�GHWDFKHG�IURP�WKH�WHVW�VOHG���,Q�D�FROOLVLRQ��D�ORRVH�VHDW�
ZHLJKLQJ�RYHU�����SRXQGV��FRXOG�EH�D�VHULRXV�KD]DUG�WR�SDVVHQJHUV�

,PSURYLQJ�WKH�GHVLJQ�RI�WKH�ZDOO�PRXQWLQJ�FRXOG�SUREDEO\�SUHYHQW�WKH�VHDW
IURP�VHSDUDWLQJ�IURP�WKH�IORRU�PRXQWLQJ�WUDFN���,I�WKH�VHDW�VWD\V�IDVWHQHG�DW�WKH
ZDOO�PRXQW��WKH�IORRU�PRXQW�VKRXOG�EH�DEOH�WR�VXVWDLQ�WKH�ORDG�SURSHUO\�

 7KH�VLGH�EUDFNHW�LV�VHFXUHG�WR�WKH�ZDOO�WUDFN�ZLWK�WZR�WKUHDGHG�IDVWHQHUV���
LQFKHV�DSDUW�ZLWK�D�ORFDWLQJ�EXWWRQ�FHQWHUHG�LQ�EHWZHHQ�WKHP���7KH�EXWWRQ
ORFDWHV�WKH�EUDFNHW�LQ�WKH�WUDFN�VXFK�WKDW�WKH�IDVWHQHUV�DUH�UHVWUDLQHG�E\�WKH
WUDFN��DV�VKRZQ�SUHYLRXVO\�LQ�)LJXUH�������7KH�ORFDWRU�H[WHQGV�RQO\�DERXW�����
LQFKHV�DERYH�WKH�VXUIDFH�RI�WKH�EUDFNHW���,W�WDNHV�YHU\�OLWWOH�GHIRUPDWLRQ�RI�WKH
WUDFN�RU�WKH�EUDFNHW�WR�HQDEOH�WKH�ORFDWRU�WR�FOHDU�WKH�WUDFN���2QFH�WKH�ORFDWRU
FOHDUV�WKH�WUDFN��WKH�EUDFNHW�VOLGHV�UHODWLYHO\�HDVLO\�LQ�WKH�WUDFN��RU�LW�FDQ�HYHQ
VOLS�RXW�RI�WKH�WUDFN�HQWLUHO\�
 

,QFUHDVLQJ�WKH�KHLJKW�RI�WKH�ORFDWRU��VR�WKDW�LW�FDQQRW�FOHDU�WKH�WUDFN�ZLWK
PLQLPDO�GHIRUPDWLRQ��PLJKW�SUHYHQW�WKH�ORFDWLQJ�EXWWRQ�IURP�FOHDULQJ�WKH
WUDFN���7R�SUHYHQW�WKH�ORFDWLQJ�EXWWRQ�IURP�FOHDULQJ�WKH�WUDFN��D�SRWHQWLDO
VROXWLRQ�PLJKW�EH�WR�LQFUHDVH�WKH�KHLJKW�RI�WKH�ORFDWRU��VXFK�WKDW�LW�FRXOGQ·W
FOHDU�WKH�WUDFN�ZLWK�PLQLPDO�GHIRUPDWLRQ���$QRWKHU�VROXWLRQ�PLJKW�EH�WR�XVH
WZR�ORFDWLQJ�SOXJV�LQVWHDG�RI�RQH��DQG�SRVLWLRQ�WKHP�QHDU�WKH�WKUHDGHG
IDVWHQHUV�RQ�WKH�VLGH�EUDFNHW���%\�SODFLQJ�RQH�ORFDWRU�QHDU�HDFK�IDVWHQHU��D
VLJQLILFDQW�DPRXQW�RI�ORFDO�GHIRUPDWLRQ�ZRXOG�EH�UHTXLUHG�EHWZHHQ�WKH�ORFDWRU
DQG�WKH�IDVWHQHU�LQ�RUGHU�IRU�WKH�ORFDWRU�WR�FOHDU�WKH�WUDFN�
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,Q�DOO�VHYHQ�G\QDPLF�WHVWV��WKH�LQMXU\�FULWHULD�FDOFXODWHG�IURP�WKH�GXPPLHV
ZHUH�ZLWKLQ�WKH�FULWHULD�DFFHSWHG�LQ�)0966�����IRU�KHDG�DQG�FKHVW�LQMXU\�DQG
IHPXU�ORDG���7KH�D[LDO�FRPSUHVVLYH�QHFN�ORDGV�ZHUH�DOO�ZLWKLQ�WKH�FULWHULD
SURSRVHG�WR�HYDOXDWH�D[LDO�FRPSUHVVLYH�QHFN�ORDG��DOWKRXJK�WKHUH�LV�QRW�D
VSHFLILFDWLRQ�IRU�PD[LPXP�QHFN�ORDG�LQ�WKH�1+76$�VDIHW\�VWDQGDUGV�

7KH�WHVW�UHVXOWV�LQGLFDWH�WKDW�ZKHQ�WKH�VHDWV�UHPDLQ�DWWDFKHG�DW�WKH
PRXQWLQJV��WKH�GXPPLHV�DUH�UHDVRQDEO\�SURWHFWHG�IURP�IDWDO�LQMXULHV�
0LQLPL]LQJ�IDWDOLWLHV�KDV�EHHQ�WKH�IRFXV�RI�WKH�UHFHQW�VWXGLHV�RQ�WKH
FUDVKZRUWKLQHVV�RI�WUDLQ�LQWHULRUV���,QMXULHV�WKDW�DUH�QRW�OLIH�WKUHDWHQLQJ�ZHUH
QRW�WKH�IRFXV�RI�WKLV�LQLWLDO�VWXG\���$�WRSLF�IRU�IXWXUH�ZRUN�ZRXOG�EH�WR�IRFXV�RQ
ZD\V�WR�PLQLPL]H�LQMXULHV�

$QRWKHU�REMHFWLYH�RI�WKH�WHVWV�ZDV�WR�YHULI\�WKH�UHVXOWV�RI�WKH�FRPSXWHU
VLPXODWLRQ�RI�WKH�RFFXSDQW·V�VHFRQGDU\�FROOLVLRQ���7KH�IRXU�LQMXU\�FULWHULD�ZHUH
FRPSDUHG��DV�ZHOO�DV�WKH�KHDG�DQG�FKHVW�GHFHOHUDWLRQ�WLPH�KLVWRULHV��DQG�WKH
GXPP\�NLQHPDWLFV�

7KH�LQMXU\�FULWHULD�IURP�WKH�WHVWV�DQG�VLPXODWLRQV�DUH�LQ�UHDVRQDEOH�DJUHHPHQW
ZLWK�HDFK�RWKHU��JLYHQ�WKH�REVHUYHG�YDULDELOLW\�LQ�WKH�HIIHFWLYH�VHDW�VWLIIQHVV
GXULQJ�WKH�G\QDPLF�WHVWV���'XH�WR�WKH�YDULDWLRQV�LQ�VHDW�VWLIIQHVV��LW�ZDV�QRW
SRVVLEOH�WR�SUHGLFW�WKH�HIIHFWLYH�VHDW�VWLIIQHVV�LQ�HYHU\�WHVW�WR�EH�XVHG�LQ�WKH
VLPXODWLRQ���(YDOXDWLQJ�WKH�UHVXOWV�LQ�FRPELQDWLRQ�ZLWK�WKH�UHVXOWV�IURP�WKH
VHDW�VWLIIQHVV�VHQVLWLYLW\�DQDO\VLV��LW�FDQ�EH�VHHQ�WKDW�WKH�LQMXU\�FULWHULD
FDOFXODWHG�ZLWK�WKH�VLPXODWLRQ�DUH�DFFXUDWH�ZLWKLQ�WKH�UDQJH�RI�VHDW�VWLIIQHVV
YDULDELOLW\�

7KH�KHDG�DQG�FKHVW�GHFHOHUDWLRQ�WLPH�KLVWRULHV�IURP�WKH�DQDO\VLV�DUH�LQ�JHQHUDO
DJUHHPHQW�ZLWK�WKH�WHVW�GDWD��VHH�$SSHQGL[�'�IRU�FRPSDULVRQV�IURP�HDFK�WHVW��
'LIIHUHQFHV�DUH�JHQHUDOO\�GXH�WR�WKH�WUD\�WDEOH�GHSOR\LQJ�GXULQJ�WKH�WHVWV�DQG
WKH�YDULDELOLW\�LQ�WKH�VHDW�VWLIIQHVV�

7KH�GXPP\�NLQHPDWLFV�SUHGLFWHG�E\�WKH�DQDO\VLV�DUH�LQ�JRRG�DJUHHPHQW�ZLWK
WKH�NLQHPDWLFV�REVHUYHG�GXULQJ�WKH�WHVWV���7KH�GLIIHUHQFHV�EHWZHHQ�WKH�WHVW�DQG
VLPXODWLRQ�RFFXU�GXULQJ�WKH�VHFRQGDU\�LPSDFW�ZKHQ�WKH�WHVW�GXPP\�FRQWLQXHV
WR�WUDYHO�D�ORQJHU�GLVWDQFH��GXH�WR�WKH�SHUPDQHQW�VHDW�GHIRUPDWLRQ���7KLV�DOVR�LV
D�UHVXOW�RI�WKH�VHDWV�EHKDYLQJ�OHVV�ULJLGO\�WKDQ�SUHGLFWHG�LQ�WKH�VWDWLF�WHVWLQJ�
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Appendix A. Test Descriptions and Requirements

A.1  Test Descriptions

 

 4XDVL�VWDWLF�DQG�G\QDPLF�VOHG�WHVWLQJ�RI�$PWUDN·V�WUDGLWLRQDO�VHDWV�WRRN�SODFH
GXULQJ�WKH�SHULRG�IURP�$XJXVW����WKURXJK�1RYHPEHU������������7DEOH�$���OLVWV
WKH�GDWH�RI�WKH�WHVWLQJ��WKH�WHVW�WLWOH��DQG�D�EULHI�GHVFULSWLRQ�RI�WKH�WHVW�
 

 7DEOH�$�����7HVW�'HVFULSWLRQV�

 'DWH  7HVW�7LWOH  7HVW�'HVFULSWLRQ
 $XJXVW���������  +HDG�/RDG�6WDWLF

7HVW
 4XDVL�VWDWLF�WHVW��ORDG�DSSOLHG�DW
WRS�RI�VWRZHG�WUD\�WDEOH

 $XJXVW���������  .QHH�/RDG�6WDWLF
7HVW

 4XDVL�VWDWLF�WHVW��ORDG�DSSOLHG
QHDU�VHDW�SDQ�KHLJKW

 6HSWHPEHU��������  6OHG�7HVW�5XQ��  ��J�FUDVK�SXOVH�SHDN
DFFHOHUDWLRQ��WZR�GXPPLHV��IURQW
DQG�UHDU�VHDWV�XSULJKW��OHJ�UHVWV
VWRZHG

 6HSWHPEHU��������  6OHG�7HVW�5XQ��  ���J�FUDVK�SXOVH�SHDN
DFFHOHUDWLRQ��WZR�GXPPLHV��IURQW
DQG�UHDU�VHDWV�XSULJKW��OHJ�UHVWV
VWRZHG

 6HSWHPEHU��������  6OHG�7HVW�5XQ��  ��J�FUDVK�SXOVH�SHDN
DFFHOHUDWLRQ��RQH�GXPP\��IURQW
DQG�UHDU�VHDWV�XSULJKW��OHJ�UHVWV
VWRZHG

 2FWREHU���������  6OHG�7HVW�5XQ��  ��J�FUDVK�SXOVH�SHDN
DFFHOHUDWLRQ��WZR�GXPPLHV��IURQW
VHDWV�UHFOLQHG��UHDU�VHDWV�XSULJKW�
OHJ�UHVWV�VWRZHG

 1RYHPEHU���������  6OHG�7HVW�5XQ��  ��J�FUDVK�SXOVH�SHDN
DFFHOHUDWLRQ��WZR�GXPPLHV��IURQW
VHDWV�XSULJKW��UHDU�VHDWV�UHFOLQHG�
OHJ�UHVWV�GHSOR\HG

 2FWREHU���������  6OHG�7HVW�5XQ��  ��J�FUDVK�SXOVH�SHDN
DFFHOHUDWLRQ��WZR�GXPPLHV��IURQW
VHDWV�UHFOLQHG��UHDU�VHDWV�XSULJKW�
OHJ�UHVWV�GHSOR\HG

 2FWREHU���������  6OHG�7HVW�5XQ��  ��J�FUDVK�SXOVH�SHDN
DFFHOHUDWLRQ��WZR�GXPPLHV��IURQW
VHDWV�XSULJKW��UHDU�VHDWV�UHFOLQHG�
OHJ�UHVWV�VWRZHG
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A.2  Test Requirements

A.2.1  Background

'XULQJ�D�FROOLVLRQ��XQUHVWUDLQHG�WUDLQ�RFFXSDQWV�KDYH�JHQHUDOO\�EHHQ�SUHGLFWHG
WR�H[SHULHQFH�D�ZLGHU�UDQJH�RI�PRWLRQ�ODVWLQJ�RYHU�D�JUHDWHU�GXUDWLRQ�WKDQ
UHVWUDLQHG�DXWRPRELOH�RFFXSDQWV���7KH�VLPXODWLRQ�PRGHOV�XVHG�WR�PDNH�WKHVH
SUHGLFWLRQV�KDYH�EHHQ�GHYHORSHG�IRU�SUHGLFWLQJ�UHVWUDLQHG�RFFXSDQW�UHVSRQVH
GXULQJ�DXWRPRWLYH�FROOLVLRQV��DQG�WKH�ORQJHU�GXUDWLRQ�DQG�JUHDWHU�PRWLRQV�DUH
D�VLJQLILFDQW�H[WHQVLRQ�RI�WKHLU�DXWRPRWLYH�XVH���,Q�RUGHU�WR�DVVXUH�WKDW�WKH
RFFXSDQW�PRGHOV�GHYHORSHG�IRU�DXWRPRWLYH�FROOLVLRQV�FDQ�EH�DSSURSULDWHO\�XVHG
WR�SUHGLFW�RFFXSDQW�UHVSRQVH�LQ�WUDLQ�FROOLVLRQV��WHVWLQJ�RI�UDLO�SDVVHQJHU�VHDWV
LV�UHTXLUHG�

A.2.2  Test Objectives

7KH�REMHFWLYH�RI�WKHVH�WHVWV�LV�WR�PHDVXUH�WKH�FROOLVLRQ�SHUIRUPDQFH�RI�WKUHH
$PWUDN�SDVVHQJHU�VHDW�GHVLJQV���WUDGLWLRQDO�VHDWV���UG�JHQHUDWLRQ�VHDWV��DQG
KLJK�VSHHG�VHDWV��SURSRVHG�IRU�WKH�1RUWKHDVW�&RUULGRU��+LJK�6SHHG�7UDLQVHWV��LQ
RUGHU�WR�SURYLGH�PHDVXUHG�GDWD�IRU�FRPSDULVRQ�WR�DQDO\WLF�PRGHO�SUHGLFWLRQV�
&ROOLVLRQ�SHUIRUPDQFH�RI�WKH�VHDWV�LV�GHILQHG�DV�WKH�DELOLW\�RI�WKH�VHDWV�WR�NHHS
WKH�IRUFH�DQG�GHFHOHUDWLRQV�LPSDUWHG�WR�WKH�RFFXSDQWV�ZLWKLQ�VDIH�OLPLWV�DQG�WR
ZLWKVWDQG�WKH�WUDLQ�FROOLVLRQ�VXEVWDQWLDOO\�LQWDFW�

A.2.3  Approach

&ROOLVLRQ�SHUIRUPDQFH�RI�SDVVHQJHU�VHDWV�LV�PHDVXUHG�E\�VWDWLF�DQG�G\QDPLF
WHVWLQJ���6WDWLF�WHVWLQJ�LV�UHTXLUHG�WR�GHYHORS�WKH�IRUFH�GHIOHFWLRQ�FKDUDFWHULVWLFV
RI�WKH�VHDWV�DQG�WR�GHWHUPLQH�WKH�IRUFH�OHYHOV�UHTXLUHG�WR�FDXVH�IDLOXUH�RI�WKH
VHDWV�DQG�LWV�DWWDFKPHQW�VWUXFWXUH���'\QDPLF�WHVWLQJ�LV�UHTXLUHG�WR�PHDVXUH
WKH�IRUFH�WLPH�KLVWRULHV�H[SHULHQFHG�E\�WKH�VHDWV�LQ�D�FROOLVLRQ�DQG�WR�PHDVXUH
VLPXODWHG�RFFXSDQW��GXPP\��PRWLRQV�DQG�IRUFHV�GXULQJ�D�FROOLVLRQ���7KH�IRUFHV
H[SHULHQFHG�E\�WKH�VHDWV�DUH�QHFHVVDU\�WR�GHWHUPLQH�LI�FDWDVWURSKLF�IDLOXUH�RI
WKH�VHDWV�PD\�RFFXU�GXULQJ�D�FROOLVLRQ��DQG�WKH�IRUFHV�DQG�PRWLRQV�H[SHULHQFHG
E\�WKH�RFFXSDQWV�DUH�QHFHVVDU\�WR�GHWHUPLQH�WKH�OLNHOLKRRG�RI�LQMXU\�DQG
IDWDOLW\�GXH�WR�VHFRQGDU\�LPSDFWV�GXULQJ�D�FROOLVLRQ�

A.2.4  Interior Seat Configurations

7KUHH�VHDW�W\SHV�ZLOO�EH�WHVWHG��WUDGLWLRQDO�LQWHU�FLW\�FRDFK�VHDWV���UG�JHQHUDWLRQ
VHDWV��DQG�WKH�KLJK�VSHHG�VHDWV�SURSRVHG�IRU�XVH�RQ�WKH�1RUWKHDVW�&RUULGRU
+LJK�6SHHG�WUDLQVHWV���7KH�JHQHUDO�FRQILJXUDWLRQ�WR�EH�G\QDPLFDOO\�WHVWHG�LV�WZR
VHDW�SDLUV�LQ�D�URZ�ZLWK�WZR�GXPPLHV�LQ�WKH�UHDU�VHDWV��DV�VKRZQ�LQ�)LJXUH�$�
����(DFK�VHDW�W\SH�ZLOO�EH�WHVWHG�LQ�WKLV�FRQILJXUDWLRQ���$IWHU�WKH�WUDGLWLRQDO
VHDWV�KDYH�EHHQ�WHVWHG��WKH�WHVW�UHTXLUHPHQWV�DQG�LPSOHPHQWDWLRQ�SODQ�ZLOO�EH
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UHYLVHG�DV�QHFHVVDU\��WKHQ�WKH��UG�JHQHUDWLRQ�DQG�KLJK�VSHHG�VHDWV�ZLOO�EH
WHVWHG�

)LJXUH�$�����'\QDPLF�6HDW�7HVW�&RQILJXUDWLRQ�

A.2.5  Crash Pulse Time Histories

(DFK�RI�WKH�VHDW�W\SHV�VKDOO�EH�WHVWHG�G\QDPLFDOO\�ZLWK�D�WULDQJXODU�FUDVK�
SXOVH�ZLWK�D�GXUDWLRQ�RI������VHFRQGV��VNHWFKHG�LQ�)LJXUH�$�����7KH�VHDWV�VKDOO
EH�ILUVW�WHVWHG�ZLWK�D�FUDVK�SXOVH�DPSOLWXGH�RI����*
V����7KH�VHDWV�ZLOO�WKHQ�EH
WHVWHG�DJDLQ�ZLWK�D�FUDVK�SXOVH�DPSOLWXGH�GHWHUPLQHG�IURP�WKH�UHVXOWV�RI�WKH
VWDWLF�WHVWLQJ��ZKLFK�LQGLFDWH�WKH�PD[LPXP�IRUFH�WKH�VHDWV�FDQ�H[SHULHQFH
ZLWKRXW�IDLOXUH��WKH�UHVXOWV�RI�WKH���*�FUDVK�SXOVH�WHVW��DQG�WKH�DQDO\VLV
SUHGLFWLRQV�RI�WKH�PD[LPXP�IRUFH�WKH�VHDWV�ZLOO�H[SHULHQFH�IRU�D�UDQJH�RI�FUDVK
SXOVHV�>�@���7KH�DPSOLWXGH�RI�WKH�FUDVK�SXOVH�VKDOO�EH�HVWLPDWHG�WR�EH�VXIILFLHQW
WR�UHDFK�����RI�WKH�IDLOXUH�ORDG�RI�WKH�VHDWV�GXULQJ�WKH�G\QDPLF�WHVW���,I�DW�OHDVW
����RI�WKH�IDLOXUH�ORDG�LV�QRW�UHDFKHG�GXULQJ�WKH�G\QDPLF�WHVW�UXQ�DQG�WKH
DPSOLWXGH�RI�WKH�FUDVK�SXOVH�LV�OHVV�WKDQ���*
V��WKHQ�WKH�DPSOLWXGH�ZLOO�EH
HVWLPDWHG�DJDLQ�EDVHG�RQ�WKH�WHVW�UHVXOWV��DQG�DQRWKHU�WHVW�UXQ�ZLOO�EH�PDGH�

'LUHFWLRQ�RI�7UDYHO
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)LJXUH�$�����&UDVK�3XOVH�:DYHIRUP�

7DEOH�$����OLVWV�WKH�VHFRQGDU\�LPSDFW�YHORFLWLHV�DVVRFLDWHG�ZLWK�WKH�SHDN
GHFHOHUDWLRQ�RI�WKH�WULDQJXODU�FUDVK�SXOVH�VKRZQ�LQ�)LJXUH�$�����)RU�HDFK�SHDN
GHFHOHUDWLRQ��WKH�WDEOH�DOVR�OLVWV�WKH�DSSUR[LPDWH�PD[LPXP�QHW�ORQJLWXGLQDO
IRUFH�DFWLQJ�EHWZHHQ�WKH�QRPLQDO�PDOH�RFFXSDQW�DQG�WKH�WUDGLWLRQDO�VHDWV�

7DEOH�$�����6HFRQGDU\�,PSDFW�9HORFLW\�DQG�0D[LPXP�1HW
6HDW�2FFXSDQW�)RUFH�

3HDN�'HFHOHUDWLRQ 6HFRQGDU\�,PSDFW
9HORFLW\

$SSUR[LPDWH�0D[LPXP
1HW�6HDW�2FFXSDQW�)RUFH

� �����PSK �����OEV
� �����PSK �����OEV
� �����PSK �����OEV
� �����PSK �����OEV
� �����PSK �����OEV
�� �����PSK �����OEV
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A.2.6  Instrumentation Requirements

A.2.6.1  Static Tests

6WULQJ�SRWV��DOVR�FDOOHG�OLQHDU�YROWDJH�GLVSODFHPHQW�WUDQVGXFHUV��/9'7
V��VKDOO
EH�XVHG�WR�PHDVXUH�VHDW�ERWWRP�DQG�VHDWEDFN�GHIOHFWLRQV���$�ORDG�FHOO�VKDOO�EH
XVHG�WR�PHDVXUH�WKH�IRUFH�RQ�WKH�ORDG�DSSOLFDWLRQ�EDU�

A.2.6.2  Dynamic Tests

/RDG�FHOOV�VKDOO�EH�XVH�WR�PHDVXUH�WKH�ORQJLWXGLQDO��ODWHUDO�DQG�YHUWLFDO�ORDGV
LPSDUWHG�E\�WKH�VHDWV�WR�WKH�IORRU�SDQHO���7ZR�KLJK�VSHHG�PRYLH�FDPHUDV�VKDOO
UHFRUG�WKH�PRWLRQV�RI�WKH�VHDWV�DQG�GXPPLHV�GXULQJ�HDFK�RI�WKH�WHVW�UXQV���7KH
WHVW�VOHG�VKDOO�EH�LQVWUXPHQWHG�WR�PHDVXUH�VOHG�GHFHOHUDWLRQ�ZLWK�WLPH�
,QVWUXPHQWDWLRQ�VKDOO�EH�VXLWDEOH�IRU�FDOFXODWLQJ�VOHG�YHORFLW\�DQG�GLVSODFHPHQW
ZLWK�WLPH���2QH�DQWKURSRPRUSKLF�GXPP\�RI�D�QRPLQDO����WK�SHUFHQWLOH��PDOH
DV�GHVFULEHG�LQ�6$(�-����>�@�DQG�$6�����>�@��IXOO\�LQVWUXPHQWHG�WR�PHDVXUH
DSSOLHG�ORDGV�DQG�KHDG�DQG�FKHVW�PRWLRQV���,QVWUXPHQWDWLRQ�VKDOO�LQFOXGH�ORDG
FHOOV�WR�PHDVXUH�WKH�IRUFHV�H[SHULHQFHG�E\�WKH�KHDG��QHFN��FKHVW�DQG�IHPXU�
DQG�PRPHQWV�H[SHULHQFHG�E\�WKH�QHFN���$�VHFRQG�DQWKURSRPRUSKLF�GXPP\�RI
D�QRPLQDO����WK�SHUFHQWLOH��PDOH�ZLWKRXW�LQVWUXPHQWDWLRQ�VKDOO�EH�XVHG�WR
SURYLGH�ORDG�DSSOLFDWLRQ�WR�WKH�VHDW�GXULQJ�WHVWLQJ���7ZR�RFFXSDQW�PDVV
HTXLYDOHQWV��REMHFWV�RI�DUELWUDU\�VKDSH�ZLWK�WKH�VDPH�PDVV�DV�WKH���WK
SHUFHQWLOH�PDOH��VKDOO�EH�XVHG�LQ�WHVWLQJ�WKH�KLJK�VSHHG�VHDWV�

A.2.7  Test Preparation

7KH�VHDWV�VKDOO�EH�IL[HG�WR�WKH�WHVW�IL[WXUHV�XVLQJ�KDUGZDUH�W\SLFDO�RI�WKH
KDUGZDUH�XVHG�LQ�VHUYLFH���7KH�VHDW�SLWFK�IRU�WKH�WUDGLWLRQDO�DQG��UG�JHQHUDWLRQ
VHDWV�VKDOO�EH����LQFKHV��DQG�WKH�VHDW�SLWFK�RI�WKH�KLJK�VSHHG�VHDWV�LV���
LQFKHV�

A.2.8  Seat Characterizations (Static Tests)

7KH�IRUFH�GHIOHFWLRQ�FKDUDFWHULVWLFV�RI�HDFK�RI�WKH�WKUHH�VHDW�W\SHV��DV�VSHFLILHG
LQ�6HFWLRQ����VKDOO�EH�PHDVXUHG�XVLQJ�K\GUDXOLF�ORDGLQJ�HTXLSPHQW���7KH�VHDWV
VKDOO�EH�WHVWHG�WR�JURVV�IDLOXUH��VLJQLILFDQW�SHUPDQHQW�GHIRUPDWLRQ�RU
FRPSRQHQW�IDLOXUH����+RUL]RQWDO�VWULQJ�SRWV�VKDOO�EH�XVHG�WR�PHDVXUH�WKH
GHIOHFWLRQ�DW�WKH�WRS��FHQWHU��DQG�ERWWRP�RI�WKH�VHDWEDFN�DQG�WKH�IURQW�RI�WKH
VHDWSDQ���9HUWLFDO�VWULQJSRWV�VKDOO�EH�XVHG�WR�PHDVXUH�WKH�GLVSODFHPHQW�RI�WKH
IURQW�DQG�WKH�UHDU�RI�WKH�VHDWSDQ���7KH�IRUFH�GHIOHFWLRQ�FKDUDFWHULVWLF�RI�HDFK
W\SH�RI�VHDW�VKDOO�EH�PHDVXUHG�WZLFH���RQFH�ZLWK�ORDG�DSSOLFDWLRQ�EDU�LQ�WKH
VDPH�HOHYDWLRQ�DV�WKH�VHDW�UHIHUHQFH�SRLQW�DQG�DJDLQ�ZLWK�ORDG�DSSOLFDWLRQ�EDU
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DW�D�HOHYDWLRQ���LQFKHV�EHORZ�WKH�WRS�RI�WKH�VHDWEDFN���)LJXUH�$����VKRZV�D
VNHWFK�RI�WKH�VWDWLF�WHVW�DUUDQJHPHQW�

Loading Fixture 
and Load Cell

String 
Pot

String 
Pot

String 
Pot

String 
Pot

String 
Pot

Load 
Cells

Seat reference 
point height

4 inches below 
top of seatback

)LJXUH�$�����6WDWLF�7HVW�$UUDQJHPHQW�

A.2.9  Dynamic Tests

7KH�SHUIRUPDQFH�RI�WKH�VHDWV�VKDOO�EH�PHDVXUHG�G\QDPLFDOO\�E\�VOHG�WHVWLQJ
HDFK�RI�WKH�VHDWV���7KH�ORDGV�LPSDUWHG�WR�WKH�IORRU�VHFWLRQ�WR�ZKLFK�WKH�VHDWV
DUH�DWWDFKHG�DQG�RFFXSDQW��WHVW�GXPP\��PRWLRQV�VKDOO�EH�PHDVXUHG�GXULQJ
WKHVH�WHVWV���)LJXUH�$����VKRZV�D�VNHWFK�RI�WKH�G\QDPLF�WHVW�VOHG�DUUDQJHPHQW�

7KUHH�VHULHV�RI�WHVWV�ZLOO�EH�UXQ��RQH�IRU�HDFK�VHDW�W\SH���6HYHQ�WHVW�UXQV�ZLOO�EH
PDGH�RQ�WKH�WUDGLWLRQDO�VHDWV��WKUHH�RQ�WKH��UG�JHQHUDWLRQ�VHDWV��DQG�VL[�RQ�WKH
KLJK�VSHHG�VHDWV�IRU�D�JUDQG�WRWDO�RI�VL[WHHQ�WHVW�UXQV���2QH�LQVWUXPHQWHG
GXPP\�DQG�RQH�QRQ�LQVWUXPHQWHG�GXPP\�ZLOO�EH�XVHG�LQ�WHVWLQJ�WKH
WUDGLWLRQDO�DQG��UG�JHQHUDWLRQ�VHDWV���2QH�LQVWUXPHQWHG�GXPP\��RQH�QRQ�
LQVWUXPHQWHG�GXPP\��DQG�WZR�RFFXSDQW�PDVV�HTXLYDOHQWV�ZLOO�EH�XVHG�LQ
WHVWLQJ�WKH�KLJK�VSHHG�VHDWV���7KH�KLJK�VSHHG�VHDWV�ZLOO�EH�WHVWHG�WR�PHDVXUH
WKH�LQIOXHQFH�RI�VHDW�EHOWV�RQ�RFFXSDQW�UHVSRQVH�DQG�RQ�WKH�ORDG�LPSDUWHG�WR
WKH�VHDWV�

,Q�RUGHU�WR�DYRLG�SUHPDWXUH�IDLOXUH�RI�D�VHDW�SDLU�GXULQJ�D�WHVW�UXQ��DQ\�VHDW
SDLU�ZKLFK�LV�SRWHQWLDOO\�GDPDJHG�GXULQJ�D�WHVW�UXQ�VKDOO�QRW�EH�XVHG�LQ
VXEVHTXHQW�WHVW�UXQV���)RU�WKH�XQUHVWUDLQHG�WHVW�UXQV��HDFK�IRUZDUG�VHDW�SDLU
ZLOO�EH�UHSODFHG�DIWHU�HDFK�WHVW�UXQ��DQG�IRU�WKH�UHVWUDLQHG�WHVW�UXQV��HDFK�UHDU
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VHDW�SDLU�ZLOO�EH�UHSODFHG�DIWHU�HDFK�WHVW���$OO�VHDW�SDLUV�XVHG�LQ�D�WHVW�UXQ�ZLOO
EH�YLVXDOO\�LQVSHFWHG�DIWHU�HDFK�UXQ�IRU�DQ\�GDPDJH���$Q\�VHDW�SDLU�ZLWK
SHUPDQHQW�GHIRUPDWLRQ�RU�DQ\�GDPDJH�WKDW�PD\�LQIOXHQFH�LWV�UHVSRQVH�LQ
WHVWLQJ�ZLOO�EH�UHSODFHG�EHIRUH�DQ\�IXUWKHU�WHVWLQJ�

Initial Velocity

Sled Deceleration 
Mechanism

Guideway

)LJXUH�$�����'\QDPLF�7HVW�$UUDQJHPHQW�

7DEOH�$����OLVWV�WKH�WHVW�UXQV�IRU�WKH�WUDGLWLRQDO�VHDWV���7KH�WUDGLWLRQDO�VHDWV�ZLOO
EH�WHVWHG�SDUDPHWULFDOO\�WR�PHDVXUH�WKH�LQIOXHQFH�RI�VHDW�UHFOLQH�RQ�WKH
LQVWUXPHQWHG�GXPP\�UHVSRQVH�DQG�WKH�ORDGV�LPSDUWHG�WR�WKH�VHDW���7KH
LQIOXHQFH�RI�WKH�WUD\�WDEOH�ZLOO�DOVR�EH�PHDVXUHG���7DEOH�$����OLVWV�WKH�G\QDPLF
WHVW�UXQV�IRU�WKH��UG�JHQHUDWLRQ�VHDWV��DQG�7DEOH�$����OLVWV�WKH�G\QDPLF�WHVW
UXQV�IRU�WKH�KLJK�VSHHG�VHDWV�
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7DEOH�$�����7UDGLWLRQDO�6HDW�7HVW�5XQV�

7HVW�5XQ�1XPEHU )URQW�6HDW�3DLU
&RQILJXUDWLRQ

5HDU�6HDW�3DLU
&RQILJXUDWLRQ

&UDVK�3XOVH
$PSOLWXGH

� 8SULJKW��7UD\
7DEOH�6WRZHG

8SULJKW ��*
V

� 8SULJKW��7UD\
7DEOH�6WRZHG

8SULJKW 7%'

� 8SULJKW��7UD\
7DEOH�)XOO\
'HSOR\HG

8SULJKW 7%'

� )XOO\�5HFOLQHG�
7UD\�7DEOH�6WRZHG

8SULJKW 7%'

� 8SULJKW��7UD\
7DEOH�6WRZHG

5HFOLQHG 7%'

� 8SULJKW��7UD\
7DEOH�)XOO\
'HSOR\HG

5HFOLQHG 7%'

� )XOO\�5HFOLQHG�
7UD\�7DEOH�6WRZHG

5HFOLQHG 7%'

7DEOH�$������UG�*HQHUDWLRQ�6HDW�7HVW�5XQV�

7HVW�5XQ�1XPEHU )URQW�6HDW�3DLU
&RQILJXUDWLRQ

5HDU�6HDW�3DLU
&RQILJXUDWLRQ

&UDVK�3XOVH
$PSOLWXGH

� 8SULJKW��7UD\
7DEOH�6WRZHG

8SULJKW ��*
V

� 8SULJKW��7UD\
7DEOH�6WRZHG

8SULJKW 7%'

� 8SULJKW��7UD\
7DEOH�)XOO\
'HSOR\HG

8SULJKW 7%'
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7DEOH�$�����+LJK�6SHHG�6HDW�7HVW�5XQV�

7HVW
5XQ

1XPEHU

)URQW�6HDW�3DLU
&RQILJXUDWLRQ

5HDU�6HDW�3DLU
&RQILJXUDWLRQ

&UDVK
3XOVH

$PSOLWXGH
� 8SULJKW��7UD\

7DEOH�6WRZHG
1R�'XPPLHV 8SULJKW 2QH

,QVWUXPHQWHG
'XPP\�DQG
2QH�1RQ�
LQVWUXPHQWHG
'XPP\

��*
V

� 8SULJKW��7UD\
7DEOH�6WRZHG

1R�'XPPLHV 8SULJKW 2QH
,QVWUXPHQWHG
'XPP\�DQG
2QH�1RQ�
LQVWUXPHQWHG
'XPP\

7%'

� 8SULJKW��7UD\
7DEOH�)XOO\
'HSOR\HG

1R�'XPPLHV 8SULJKW 2QH
,QVWUXPHQWHG
'XPP\�DQG
2QH�1RQ�
LQVWUXPHQWHG
'XPP\

7%'

� 8SULJKW��7UD\
7DEOH�6WRZHG

7ZR�RFFXSDQW
PDVV
HTXLYDOHQWV

8SULJKW 2QH
,QVWUXPHQWHG
'XPP\�DQG
2QH�1RQ�
LQVWUXPHQWHG
'XPP\��%RWK
%HOWHG

7%'

� 8SULJKW��7UD\
7DEOH�6WRZHG

7ZR�RFFXSDQW
PDVV
HTXLYDOHQWV

8SULJKW 2QH
,QVWUXPHQWHG
'XPP\�DQG
2QH�1RQ�
LQVWUXPHQWHG
'XPP\�

7%'

� 8SULJKW��7UD\
7DEOH
6WRZHG�
5RWDWHG����

2QH
,QVWUXPHQWHG
'XPP\�DQG
2QH�1RQ�
LQVWUXPHQWHG
'XPP\�

1�$ 1�$ 7%'

�'XPPLHV XQUHVWUDLQHG
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$�������7HVW�'RFXPHQWDWLRQ

6WDWLF�7HVW

5HFRUGHG�GDWD�
/RDG�DQG�GHIOHFWLRQ�GDWD��UHFRUGHG�VLPXOWDQHRXVO\�
/RDG�UHTXLUHG�WR�FDXVH�VHDW�IDLOXUH�

3ORWV�RI�
$SSOLHG�ORDG�YV��VHDWEDFN�WRS�KRUL]RQWDO�GHIOHFWLRQ
$SSOLHG�ORDG�YV��VHDWEDFN�ORZHU�KRUL]RQWDO�GHIOHFWLRQ
$SSOLHG�ORDG�YV��VHDWEDFN�SLWFK�DQJOH�GHIOHFWLRQ
$SSOLHG�ORDG�YV��VHDWERWWRP�SLWFK�DQJOH�GHIOHFWLRQ

3KRWRPHWULF�GDWD�
$QQRWDWHG�VWLOO�SKRWRJUDSKV�RI�VHDW�SULRU�WR�WHVWLQJ�DQG�DIWHU�WHVWLQJ�

'\QDPLF�7HVWV

5HFRUGHG�GDWD�
)ORRU��VHDW��DQG�UHVWUDLQLQJ�EHOW�IRUFHV��ILOWHUHG�DW�����+]��UHFRUGHG�DW�����+]
,QVWUXPHQWHG�GXPP\�IRUFHV��GLVSODFHPHQWV��YHORFLWLHV��DQG�DFFHOHUDWLRQV
DFFRUGLQJ�WR�6$(�-����

3ORWV�RI�
6OHG�'HFHOHUDWLRQ�YV��WLPH
6OHG�YHORFLW\�YV��WLPH

)ORRU�SDQHO�ORQJLWXGLQDO�ORDG�YV��WLPH
)ORRU�SDQHO�SLWFK�PRPHQW�YV��WLPH
5HVWUDLQLQJ�EHOW�ORDGV�YV��WLPH

+HDG�GHFHOHUDWLRQ�YV��WLPH
&KHVW�GHFHOHUDWLRQ�YV��WLPH
1HFN�/RDG�YV��WLPH
)HPXU�/RDG�YV��WLPH
1HFN�0RPHQW�YV��WLPH

3KRWRPHWULF�'DWD�
+LJK�VSHHG�YLGHR�ZLWK�WLPH�PDUNLQJV��IURP�WZR�YLHZV�RI�WKH�WHVW��VLGH�YLHZ�DQG
REOLTXH�IURQWDO�YLHZ�

GDWD�IRUPDWV
��FRPSXWHU�ILOHV
��SORWV
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��SKRWRPHWULF�GDWD

A.2.11  Test Implementation

7KH�WHVW�LPSOHPHQWDWLRQ�SODQ�VKDOO�EH�MRLQWO\�GHYHORSHG�E\�$PWUDN�DQG�WKH
9ROSH�&HQWHU��DQG�LV�VXEMHFW�WR�UHYLHZ�DQG�DSSURYDO�E\�WKH�)5$�

5()(5(1&(6

>�@��'��7\UHOO��.��6HYHUVRQ��%��0DUTXLV��$QDO\VLV�RI�2FFXSDQW�3URWHFWLRQ
6WUDWHJLHV�LQ�7UDLQ�&ROOLVLRQV��'27�)5$�25'�'UDIW�5HSRUW��0DUFK������

>�@�,QVWUXPHQWDWLRQ�IRU�,PSDFW�7HVW��6$(�-�����2FWREHU������

>�@��3HUIRUPDQFH�6WDQGDUGV�IRU�6HDWV�LQ�&LYLO�5RWRUFUDIW�DQG�7UDQVSRUW
$LUSODQHV���6$(�$6������0DUFK������
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Appendix B - Detailed Seat Description

B.1  Floor and Wall Track Mounting

7KH�WUDFN�XVHG�WR�PRXQW�WKH�VHDWV�WR�WKH�IORRU�DQG�ZDOO�VXSSRUWV�GXULQJ�WKH
WHVWV�LV�WKH�VDPH�WUDFN�XVHG�LQ�WKH�$PIOHHW�FDUV���7KH�WUDFN�LV�EROWHG�WR
VWDLQOHVV�VWHHO�KDW�VKDSHG�FKDQQHOV��VHH�)LJXUHV�%���DQG�%����ZLWK�WKUHDGHG
IDVWHQHUV�DW�HLJKW�LQFK�LQWHUYDOV���6WDLQOHVV�VWHHO�SODWHV�ZHUH�ZHOGHG�WR�WKH
FKDQQHO�SLHFHV�DV�GHSLFWHG�LQ�WKH�ILJXUHV���7KH�FKDQQHOV�ZHUH�PDQXIDFWXUHG�E\
WKH�FRQWUDFWRU��EDVHG�RQ�GUDZLQJV�SURYLGHG�E\�$PWUDN�

Floor Track

Floor Mounting
Hat-Shaped 
Channel

Stainless Steel Plate
Threaded Fastener

)LJXUH�%�����6NHWFK�RI�)ORRU�7UDFN�0RXQWHG�RQ�+DW�6KDSHG�&KDQQHO

Wall Mounting
Hat-Shaped
Channel 

Wall Track

Stainless Steel Plate

Threaded Fastener

Aluminum Plate

)LJXUH�%�����6NHWFK�RI�:DOO�7UDFN�0RXQWHG�RQ�+DW�6KDSHG�&KDQQHO
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B.2  Floor and Wall Mounting Pedestals

 7KH�IORRU�SHGHVWDO�LV�D�VKRUW��KROORZ�FROXPQ�PDGH�IURP�ZHOGHG�VWHHO�SODWH���7KH
ZDOOV�RI�WKH�FROXPQ�DUH�D�VLQJOH�SLHFH�RI�VKHHW�VWHHO��EHQW�DURXQG��ZLWK�D�ZHOGHG
VHDP�RQ�RQH�VLGH���7KH�HQGV�RI�WKH�FROXPQ�DUH�VWHHO�SODWH�VNLS�ZHOGHG�WR�WKH
ZDOOV�RI�WKH�FROXPQ���7KH�ERWWRP�RI�WKH�FROXPQ�KDV�WZR�IHHW��ORFDWHG�IURQW�DQG
EDFN��DQG�D�ORFDWLQJ�ORFNLQJ�SLQ�ORFDWHG�LQ�WKH�FHQWHU���7KHVH�IHHW�ILW�LQWR�WKH
IORRU�WUDFN��DQG�WKH�ORFDWLQJ�ORFNLQJ�SLQ�ORFDWHV�WKH�SHGHVWDO�DSSURSULDWHO\�LQ
WKH�WUDFN���7KH�ORFDWLQJ�ORFNLQJ�SLQ�LV�WKUHDGHG�LQWR�WKH�SHGHVWDO�DQG�FDQ�EH
WLJKWHQHG�GRZQ�LQWR�WKH�WUDFN��ORFNLQJ�WKH�SHGHVWDO�WR�D�ORFDWLRQ�LQ�WKH�WUDFN�
7KHUH�LV�D�VTXDUH�FXW�RXW�RQ�RQH�VLGH�RI�WKH�SHGHVWDO�VR�WKDW�WKH�ORFNLQJ�SLQ
FDQ�EH�UHDFKHG�ZLWK�D�ZUHQFK���7KHUH�LV�D�MDP�QXW�QHDU�WKH�WRS�RI�WKH�ORFNLQJ
SLQ��ZKLFK�LV�WLJKWHQHG�DIWHU�WKH�SLQ�KDV�EHHQ�WLJKWHQHG�DJDLQVW�WKH�WUDFN���7KH
WRS�SODWH�RI�WKH�IORRU�SHGHVWDO�KDV�WZR�KROHV��ORFDWHG�DW�WKH�IURQW�DQG�WKH�EDFN�
,QVLGH�WKH�WRS�SODWH�DUH�WZR�����LQFK�ILQH�WKUHDG�QXWV��DOLJQHG�ZLWK�WKH�KROHV�
WDFN�ZHOGHG�LQ�SODFH���7KH�WRS�RI�WKH�SODWH�LV�EROWHG�WR�WKH�ERWWRP�VHDW�SDQ
XVLQJ�WZR�����[��ô�LQFK�JUDGH���EROWV���6$(�IODW�DQG�ORFN�ZDVKHUV�DUH�SODFHG
XQGHU�WKH�KHDG�RI�HDFK�EROW���7KH�IORRU�SHGHVWDO�LV�LOOXVWUDWHG�VFKHPDWLFDOO\�LQ
)LJXUH�%���DQG�D�SHUVSHFWLYH�YLHZ�SKRWRJUDSK�RI�D�IORRU�SHGHVWDO��VKRZLQJ�WKH
ERWWRP�SODWH�RI�WKH�SHGHVWDO�DQG�WKH�FXW�RXW�IRU�DFFHVV�WR�WKH�ORFDWLQJ�ORFNLQJ
SLQ��LV�VKRZQ�LQ�)LJXUH�%���
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 7KH�ZDOO�EUDFNHW�FRQVLVWV�RI�D������LQFK�WKLFN�SODWH�FXUYHG�WR�JR�IURP
XQGHUQHDWK�WKH�ORZHU�VHDW�SDQ�WR�WKH�ZDOO�WUDFN���7KH�SODWH�LV�UHLQIRUFHG�ZLWK�D
�����LQFK�WKLFN�SODWH�RQ�WKH�RXWVLGH��IURP�XQGHUQHDWK�WKH�VHDW�SDQ�WR
DSSUR[LPDWHO\�����RI�WKH�ZD\�WR�WKH�ZDOO�EUDFNHW�IHHW���7KH�EUDFNHW�LV�EROWHG
WKURXJK�WZR�VORWWHG�KROHV�LQ�WKH�XQGHUVLGH�RI�WKH�ORZHU�VHDW�SDQ�XVLQJ�WZR����
[��ô�LQFK�JUDGH���EROWV���6$(�IODW�ZDVKHUV�DUH�SODFHG�XQGHU�WKH�KHDG�DQG�QXW
RI�HDFK�EROW���$Q�6$(�ORFN�ZDVKHU�LV�PRXQWHG�EHWZHHQ�WKH�QXW�DQG�WKH�IODW
ZDVKHU���7KHVH�PRXQWLQJ�KROHV�DUH�UHLQIRUFHG�ZLWK�D������[����LQFK�VWULS�RI
�����LQFK�WKLFN�VWHHO�ZHOGHG�WR�WKH�ZDOO�EUDFNHW���7KH�EUDFNHW�LV�IDVWHQHG�WR�WKH
ZDOO�WUDFN�XVLQJ�WZR�IHHW�DQG�D�ORFDWLQJ�EXWWRQ���7KH�IHHW�DUH�WKUHDGHG�LQWR�WKH
ZDOO�EUDFNHW�DQG�FDQ�EH�WLJKWHQHG�XVLQJ�DQ�DOOHQ�ZUHQFK���7KH�ORFDWLQJ�SLQ�LV
IL[HG���7KH�EUDFNHW�LV�PRXQWHG�WR�WKH�ZDOO�E\�ORRVHQLQJ�WKH�IHHW��ORFDWLQJ�WKH
EXWWRQ�LQ�WKH�WUDFN��DQG�WKHQ�WLJKWHQLQJ�WKH�IHHW��SXOOLQJ�WKH�EUDFNHW�XS�WLJKWO\
DJDLQVW�WKH�WUDFN���7KH�ZDOO�EUDFNHW�LV�LOOXVWUDWHG�VFKHPDWLFDOO\�LQ�)LJXUH�%���
$�SKRWRJUDSK�RI�WZR�ZDOO�EUDFNHWV��VKRZLQJ�WKH�KROHV�IRU�PRXQWLQJ�WR�WKH�ORZHU
VHDW�SDQ��WKH�ORFDWLQJ�EXWWRQ��DQG�WKH�IHHW�IRU�WKH�WUDFN�LV�VKRZQ�LQ�)LJXUH�%���
 

)LJXUH�%�����)ORRU�3HGHVWDO�3KRWRJUDSK�6KRZLQJ�$FFHVV�&XWRXW�IRU
/RFDWLQJ�/RFNLQJ�3LQ�DQG�%RWWRP�3ODWH
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B.3  Seat Rotation Mechanism

 7KH�VHDW�URWDWLRQ�PHFKDQLVP�LV�D�IRXU�EDU�OLQNDJH�ZKLFK�FRQQHFWV�WKH�XSSHU
DQG�ORZHU�VHDW�SDQV�DQG�DOORZV�WKHP�WR�URWDWH�LQ�D�KRUL]RQWDO�SODQH��\DZ�����R

UHODWLYH�WR�HDFK�RWKHU���7KLV�OLQNDJH�LV�VNHWFKHG�LQ�)LJXUH�%�����7KH�VKRUWHVW
OLQNDJH�LV�IL[HG�WR�WKH�XSSHU�VHDW��ZKLOH�WKH�JURXQG�IRU�WKH�OLQNDJH�LV�WKH�ORZHU
VHDW�SDQ���7ZR�OLQNDJH�DUPV��D�IURQW�DQG�D�UHDU��FRQQHFW�WKH�XSSHU�DQG�ORZHU
VHDW�SDQV�WRJHWKHU���)LJXUH�%���LV�D�SKRWRJUDSK�RI�$PWUDN·V�WUDGLWLRQDO�VHDW�
VKRZLQJ�WKH�ORZHU�VHDW�SDQ�SDUWLDOO\�URWDWHG�
 

 

)LJXUH�%�����:DOO�%UDFNHW�3KRWRJUDSK��6KRZLQJ�+ROHV�IRU�0RXQWLQJ�WR�WKH
/RZHU�6HDW�3DQ��7UDFN�/RFDWLQJ�3LQ��)HHW�IRU�7UDFN
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Shape traced 
by center-bolt

Note: ground is lower seat pan and the 
center link is fixed to the upper seat pan

 

 )LJXUH�%�����6FKHPDWLF�RI�6HDW�5RWDWLRQ�0HFKDQLVP

 

 
 

 )LJXUH�%�����/RZHU�6HDW�3DQ��3DUWLDOO\�5RWDWHG
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B.3.1.  Locking Mechanism

 7KH�ORFNLQJ�PHFKDQLVP�FDQ�EH�VHHQ�RQ�WKH�ULJKW�VLGH�RI�WKH�ORZHU�VHDW�SDQ�LQ
)LJXUH�%�����7KH�PHFKDQLVP�FRQVLVWV�RI�D�SDGGOH�KLQJHG�RQ�WKH�LQERDUG�VLGH�RI
WKH�ORZHU�VHDW�SDQ���7KH�SDGGOH�DUP�KDV�D�VORW�FXW�LQWR�LW�ZKLFK�HQJDJHV�WKH
HGJH�RI�WKH�XSSHU�VHDW�SDQ���7KHUH�LV�D�VWRS�ZHOGHG�RQWR�WKH�XSSHU�VHDW�SDQ
ZKLFK�KHOSV�WR�NHHS�WKH�VHDW�IURP�URWDWLQJ�ZKHQ�WKH�ORFNLQJ�PHFKDQLVP�LV
HQJDJHG���$�FRLO�VSULQJ��DFWLQJ�WRUVLRQDOO\�DERXW�WKH�KLQJH��SXVKHV�WKH�SDGGOH
XSZDUG��DQG�DXWRPDWLFDOO\�HQJDJHV�WKH�SDGGOH�DUP�ZLWK�WKH�HGJH�RI�WKH�XSSHU
VHDW�SDQ�ZKHQ�WKH\�DOLJQ���$�VNHWFK�RI�WKH�ORFNLQJ�PHFKDQLVP�LV�VKRZQ�LQ
)LJXUH�%���DQG�D�SKRWRJUDSK�RI�WKH�ORFNLQJ�PHFKDQLVP�LQ�WKH�HQJDJHG�SRVLWLRQ
LV�VKRZQ�LQ�)LJXUH�%����
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B.4  Recline Mechanism

 7KH�VHDW�UHFOLQH�PHFKDQLVP�DOORZV�WKH�VHDW�EDFN�WR�UHFOLQH�WKURXJK
DSSUR[LPDWHO\���R�RI�URWDWLRQ���7KH�VHDW�EDFN�LV�UHOHDVHG�E\�SXVKLQJ�D�EXWWRQ
ORFDWHG�DW�WKH�IURQW�RI�WKH�DUPUHVW���:LWKRXW�DQ\�IRUFH�RQ�WKH�VHDWEDFN��LW�ZLOO
EH�SXOOHG�LQWR�WKH�XSULJKW�SRVLWLRQ�E\�WKH�FRXQWHUEDODQFH�VSULQJ���2QFH
UHOHDVHG��WKH�VHDWEDFN�FDQ�EH�SXVKHG�LQWR�DQ\�UHFOLQH�SRVLWLRQ��EHWZHHQ�D
QRPLQDO���R�DQG���R��PHDVXUHG�IURP�WKH�YHUWLFDO��DQG�ZLOO�UHPDLQ�LQ�WKDW
SRVLWLRQ�RQFH�WKH�EXWWRQ�LV�UHOHDVHG���5HOHDVLQJ�WKH�EXWWRQ�UHVXOWV�LQ�D�SDZO
HQJDJLQJ�D�WKUHDGHG�URG�ZKLFK�LV�DWWDFKHG�WR�WKH�VHDWEDFN��DV�VKRZQ�LQ�D

)LJXUH�%������/RFNLQJ�0HFKDQLVP�3KRWRJUDSK��0HFKDQLVP�LQ�WKH
/RFNHG�3RVLWLRQ
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VNHWFK�LQ�)LJXUH�%�����FRQVHTXHQWO\�ORFNLQJ�WKH�UHFOLQH�DQJOH�RI�WKH�VHDW���$
SKRWRJUDSK�RI�WKH�UHFOLQH�PHFKDQLVP�LV�VKRZQ�LQ�)LJXUH�%����
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 Appendix C - Test Data

7DEOH�&�����7HVW�&RQILJXUDWLRQV�IRU��VW�'\QDPLF�7HVW�6HULHV

7HVW�1XPEHU +����� +����� +�����
7HVW�'DWH ������ ������ ������

&UDVK�3XOVH�3HDN ��J·V ���J·V ��J·V
)URQW�6HDWEDFN�3RVLWLRQ )XOO�8S )XOO�8S )XOO�8S
5HDU�6HDWEDFN�3RVLWLRQ )XOO�8S )XOO�8S )XOO�8S
5HDU�/HJ�UHVW�3RVLWLRQ 'RZQ 'RZQ 'RZQ
,QVWUXPHQWHG�'XPP\ 2XWERDUG 2XWERDUG ,QERDUG
8QLQVWUXPHQWHG�'XPP\ ,QERDUG ,QERDUG 1RQH

7DEOH�&�����7HVW�&RQILJXUDWLRQV�IRU��QG�'\QDPLF�7HVW�6HULHV

7DEOH�&�����,QMXU\�&ULWHULD�IRU�$OO�'\QDPLF�7HVWV

7HVW
1XPEHU

+HDG�,QMXU\
&ULWHULD
�+,&�

&KHVW
'HFHOHUDWLRQ��J·V

3HDN�$[LDO
&RPSUHVVLYH

1HFN�/RDG��OEV�
3HDN�)HPXU
/RDG��OEV�

+����� ����� ���� ��� ����
+����� ����� ���� ��� ����
+����� ����� ���� ��� ����
+����� ����� ���� ��� ����
+����� ����� ���� ��� ����
+����� ���� ���� ��� ����
+����� ����� ��� ��� ���

7HVW�1XPEHU +����� +����� +����� +�����
7HVW�'DWH �������� �������� �������� ��������

&UDVK�3XOVH�3HDN ��J·V ��J·V ��J·V ��J·V
)URQW�6HDWEDFN�3RVLWLRQ )XOO�5HFOLQH )XOO�5HFOLQH )XOO�8S )XOO�8S
5HDU�6HDWEDFN�3RVLWLRQ )XOO�8S )XOO�8S )XOO�5HFOLQH )XOO�5HFOLQH
5HDU�/HJ�UHVW�3RVLWLRQ 'RZQ 8S 'RZQ 8S
,QVWUXPHQWHG�'XPP\ 2XWERDUG 2XWERDUG 2XWERDUG 2XWERDUG
8QLQVWUXPHQWHG�'XPP\ ,QERDUG ,QERDUG ,QERDUG ,QERDUG



 &��

7DEOH�&�����3HDN�/RDG�&HOO�)RUFHV�IRU��VW�'\QDPLF�7HVW�6HULHV��)RUFHV
LQ�OEV�

7HVW�1XPEHU +����� +����� +�����
; ������� ������ ������

)URQW�6HDW�,QERDUG�)URQW�)RUFH < ������ ������ ������
= ������� ������� �������
; ����� ������ �����

)URQW�6HDW�2XWERDUG�)URQW�)RUFH < ������ ������ ������
= ������ ������ ������
; 
 ������ ������

)URQW�6HDW�,QERDUG�5HDU�)RUFH < ����� ������ �����
= ������ ������ ������
; ������ ������ ������

)URQW�6HDW�2XWERDUG�5HDU�)RUFH < ����� ����� �����
= ����� ����� �����

5HDU�6HDW�,QERDUG�)URQW�)RUFH = ������� �������

 �������
5HDU�6HDW�2XWERDUG�)URQW�)RUFH < ����� ����� �����
5HDU�6HDW�,QERDUG�5HDU�)RUFH = ������ ������ ������


5HDU�6HDW�2XWERDUG�5HDU�)RUFH < ������ ������ ������


��1R�YDOLG�GDWD�FROOHFWHG


�/RDG�FHOO�UHDFKHG�PD[LPXP�FDSDFLW\
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7DEOH�&�����3HDN�/RDG�&HOO�)RUFHV�IRU��QG�'\QDPLF�7HVW�6HULHV
�)RUFHV�LQ�OEV�

7HVW�1XPEHU +����� +����� +����� +�����
; ������ ������ ������ ������

)URQW�6HDW�,QERDUG�)URQW�)RUFH < ����� ������ ����� ������
= ������� ������� ������� �������
; ����� ������ ������ ������

)URQW�6HDW�2XWERDUG�)URQW�)RUFH < ������ ������ ������
= ������ ������ ������ ������
; ������ ������ ������ ������

)URQW�6HDW�,QERDUG�5HDU�)RUFH < ������ ������� ������ ������
= ������ ������ ������ ������
; ������ ������ ������ ������

)URQW�6HDW�2XWERDUG�5HDU�)RUFH < ����� ����� ����� �����
= ����� ������ ����� �����

5HDU�6HDW�,QERDUG�)URQW�)RUFH = ������� ������� ������� �������
5HDU�6HDW�2XWERDUG�)URQW�)RUFH < ����� ����� ����� �����
5HDU�6HDW�,QERDUG�5HDU�)RUFH = ������ ������ ������ ������
5HDU�6HDW�2XWERDUG�5HDU�)RUFH < ������ ������ ������ ������
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Appendix D - Comparison of Test and Simulation Data

Test 1 (H95246)
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Test 2 (H95247)
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Test 3 (H95248)
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Test 4 (H95308)
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Test 5 (H95310)
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Test 6 (H95311)
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Test 7 (H95341)

Head Acceleration
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