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1. INTRODUCTION
7KHUH�KDV�EHHQ�UHFHQW�LQWHUHVW�LQ�KLJK�VSHHG�SDVVHQJHU�UDLO��ZLWK�VSHHGV�LQ
H[FHVV�RI����P�V������PSK����7KH�SRWHQWLDO�IRU�FROOLVLRQV�DW�LQFUHDVHG�VSHHGV
DQG�FROOLVLRQV�LQYROYLQJ�SDVVHQJHU�YHKLFOHV�DQG�YHKLFOHV�ZLWK�VXEVWDQWLDOO\
GLIIHUHQW�VWUXFWXUHV�KDV�UHQHZHG�FRQFHUQV�DERXW�WKH�SDVVHQJHU�UDLO�YHKLFOH
FUDVKZRUWKLQHVV���6WXGLHV�KDYH�EHHQ�FRQGXFWHG�WR�HYDOXDWH�WKH�HIIHFWLYHQHVV�RI
DOWHUQDWLYH�VWUDWHJLHV�IRU�SURYLGLQJ�FUDVKZRUWKLQHVV�RI�WKH�YHKLFOH�VWUXFWXUHV
DQG�LQWHULRUV�DW�LQFUHDVHG�FROOLVLRQ�VSHHGV���7KLV�SDSHU�GHVFULEHV�FRPSDULVRQV
RI�VWUDWHJLHV�IRU�VWUXFWXUDO�FUDVKZRUWKLQHVV�RI�SDVVHQJHU�YHKLFOHV�DQG�GHVFULEHV
FRPSDULVRQV�RI�VWUDWHJLHV�IRU�LQWHULRU�FUDVKZRUWKLQHVV�IRU�SURWHFWLRQ�RI
RFFXSDQWV�RI�WKH�WUDLQ�GXULQJ�FROOLVLRQV�

1.1 Background
7UDLQV�PD\�FROOLGH�ZLWK�REMHFWV�ZKLFK�DUH�UHODWLYHO\�VPDOO��VXFK�DV�DQ��DQLPDO
RQ�WKH�WUDFNV��WR�KLJKZD\�YHKLFOHV��WR�PDLQWHQDQFH�RI�ZD\�HTXLSPHQW��WR
DQRWKHU�WUDLQ���0RVW�RI�WKHVH�FROOLVLRQV�FDQ�RQO\�RFFXU�LQ�WKH�QRUPDO�UXQQLQJ
GLUHFWLRQ�RI�WKH�WUDLQ��KRZHYHU��LPSDFWV�LQWR�WKH�VLGH�RI�WKH�WUDLQ�FDQ�RFFXU�DW
JUDGH�FURVVLQJV���'HUDLOPHQW�FDQ�OHDG�WR�WKH�WUDLQ�UROOLQJ�RYHU��LQGXFLQJ�KLJK
ORDGV�LQWR�WKH�VLGH�RI�WKH�FDUV�DQG�URRI���/RQJLWXGLQDO�FROOLVLRQV�FDQ�RFFXU�DW
DQ\�VSHHG�XS�WR�WKH�RSHUDWLQJ�VSHHG�RI�WKH�WUDLQ���+LJKZD\�YHKLFOH�FROOLVLRQV
LQWR�WKH�VLGH�RI�WKH�WUDLQ�FDQ�RFFXU�IRU�ORZHU�VSHHGV�

,Q�DGGLWLRQ�WR�WKH�SULPDU\�FROOLVLRQ�EHWZHHQ�WKH�WUDLQ�DQG�WKH�LPSDFWHG�REMHFW�
WKHUH�LV�DOVR�D�VHFRQGDU\�FROOLVLRQ�EHWZHHQ�WKH�RFFXSDQWV�DQG�WKH�LQWHULRU�
&DXVHV�RI�IDWDOLW\�DVVRFLDWHG�ZLWK�WKH�SULPDU\�FROOLVLRQ�LQFOXGH�FUXVKLQJ�RI�WKH
RFFXSDQW�FRPSDUWPHQW��LQ�ZKLFK�WKH�RFFXSDQWV�WKHPVHOYHV�DUH�FUXVKHG��ORFDO
SHQHWUDWLRQ�LQWR�WKH�RFFXSDQW�FRPSDUWPHQW��ZKHUH�DQ�REMHFW�LQWUXGHV�LQWR�WKH
RFFXSDQW�FRPSDUWPHQW�DQG�GLUHFWO\�VWULNHV�DQ�RFFXSDQW��DQG�RFFXSDQW�HMHFWLRQ
IURP�WKH�RFFXSDQW�FRPSDUWPHQW��ZKHUH�DQ�RFFXSDQW�LV�WKURZQ�IURP�WKH�WUDLQ
DQG�VWULNHV�VRPH�HOHPHQW�RI�WKH�ZD\VLGH���&DXVHV�RI�IDWDOLW\�DVVRFLDWHG�ZLWK
VHFRQGDU\�FROOLVLRQV�LQFOXGH�H[FHVVLYH�GHFHOHUDWLRQ�RI�WKH�KHDG�RU�FKHVW�RI�WKH
RFFXSDQW�DQG�H[FHVVLYH�IRUFHV�LPSDUWHG�WR�WKH�ERG\��VXFK�DV�D[LDO�QHFN�ORDGV�

,Q�GHVLJQLQJ�IRU�FUDVKZRUWKLQHVV�WKH�ILUVW�REMHFWLYH�LV�WR�SUHVHUYH�D�PLQLPXP
RFFXSDQW�YROXPH�IRU�WKH�RFFXSDQWV�WR�ULGH�RXW�WKH�FROOLVLRQ��3UHVHUYLQJ�WKH
RFFXSDQW�YROXPH�LV�DFFRPSOLVKHG�ZLWK�VWUHQJWK�RI�WKH�VWUXFWXUH��L�H���LI�WKH
RFFXSDQW�FRPSDUWPHQW�LV�VXIILFLHQWO\�VWURQJ��WKHQ�WKHUH�ZLOO�EH�VXIILFLHQW�VSDFH
IRU�WKH�RFFXSDQWV�WR�ULGH�RXW�WKH�FROOLVLRQ���7KH�VHFRQG�REMHFWLYH�LV�WR�OLPLW�WKH
IRUFHV�DQG�GHFHOHUDWLRQV�LPSDUWHG�WR�WKH�RFFXSDQWV�WR�DFFHSWDEOH�OHYHOV�RI
KXPDQ�WROHUDQFH��/LPLWLQJ�WKH�GHFHOHUDWLRQV�DQG�IRUFHV�LV�DFFRPSOLVKHG
WKURXJK�D�FRPELQDWLRQ�RI�VWUXFWXUDO�FUDVKZRUWKLQHVV�PHDVXUHV��DOORZLQJ
SRUWLRQV�RI�WKH�YHKLFOH�WR�FUXVK�LQ�D�SUH�GHWHUPLQHG�PDQQHU�WKHUHE\�OLPLWLQJ
WKH�GHFHOHUDWLRQV�RI�WKH�YHKLFOH��DQG�LQWHULRU�FUDVKZRUWKLQHVV�PHDVXUHV�
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LQFOXGLQJ�WKH�XVH�RI�RFFXSDQW�UHVWUDLQWV��VXFK�DV�VHDWEHOWV�DQG�VKRXOGHU
KDUQHVVHV��DQG�WKH�DSSOLFDWLRQ�RI�VWUDWHJLHV�VXFK�DV�FRPSDUWPHQWDOL]DWLRQ�

7R�HYDOXDWH�WKH�SHUIRUPDQFH�RI�D�WUDLQ�LQ�D�SDUWLFXODU�FROOLVLRQ��WKH�FROOLVLRQ
PHFKDQLFV�RI�WKH�WUDLQ�PXVW�WR�EH�HVWLPDWHG�RU�GHWHUPLQHG��WKH�OLNHOLKRRG�RI
FDU�WR�FDU�RYHU�ULGH�DQG�ODWHUDO�EXFNOLQJ�RI�WKH�WUDLQ�QHHGV�WR�EH�NQRZQ��DQG
WKH�IRUFHV�DFWLQJ�EHWZHHQ�FDUV�DQG�WKH�FUXVKLQJ�EHKDYLRU�RI�WKH�FDUV�PXVW�EH
GHYHORSHG���2QFH�WKH�EHKDYLRU�RI�WKH�WUDLQ�KDV�EHHQ�GHWHUPLQHG��WKH�LQWHULRU
SHUIRUPDQFH�FDQ�EH�HYDOXDWHG����$�GHWDLOHG�UHYLHZ�RI�WUDQVSRUWDWLRQ
FUDVKZRUWKLQHVV�SUDFWLFH�DQG�UHVHDUFK��DQG�LWV�DSSOLFDELOLW\�WR�SDVVHQJHU�UDLO
WUDQVSRUWDWLRQ��LV�SUHVHQWHG�LQ�UHIHUHQFH�>�@��

2. STRUCTURAL CRASHWORTHINESS
&RQYHQWLRQDO�SUDFWLFH�KDV�UHVXOWHG�LQ�FDUV�RI�XQLIRUP�ORQJLWXGLQDO�VWUHQJWK�
7KH�FUDVK�HQHUJ\�PDQDJHPHQW�DSSURDFK�UHVXOWV�LQ�YDU\LQJ�ORQJLWXGLQDO
VWUHQJWK�WKURXJKRXW�WKH�WUDLQ��ZLWK�KLJK�VWUHQJWK�LQ�WKH�RFFXSLHG�DUHDV�DQG
ORZHU�VWUHQJWK�LQ�WKH�XQRFFXSLHG�DUHDV���7KLV�DSSURDFK�DWWHPSWV�WR�GLVWULEXWH
WKH�VWUXFWXUDO�FUXVKLQJ�WKURXJKRXW�WKH�WUDLQ�WR�WKH�XQRFFXSLHG�DUHDV�LQ�RUGHU
WR�SUHVHUYH�WKH�RFFXSDQW�YROXPHV�DQG�WR�OLPLW�WKH�GHFHOHUDWLRQV�RI�WKH�FDUV�
7KLV�LQLWLDO�DQDO\VLV�FRPSDUHV�WKH�VWUXFWXUDO�FUDVKZRUWKLQHVV�RI�SDVVHQJHU
YHKLFOHV�GHVLJQHG�WR�FRQYHQWLRQDO�SUDFWLFH�DQG�SDVVHQJHU�YHKLFOHV�GHVLJQHG�WR
DOORZ�WKH�HQGV�RI�WKH�FDUV�WR�FUXVK���7KLV�VWUDWHJ\�KDV�UHFHLYHG�PXFK�DWWHQWLRQ
LQ�UHFHQW�\HDUV�LQ�-DSDQ�>�@��)UDQFH�>�@��DQG�(QJODQG�>�������@�

2.1 Analysis Approach
7KH�FROOLVLRQ�VFHQDULR�XVHG�WR�PDNH�WKH�FRPSDULVRQ�EHWZHHQ�WKH�WZR�VWUXFWXUDO
FUDVKZRUWKLQHVV�VWUDWHJLHV�LV�D�KHDG�RQ�FROOLVLRQ�RI�WZR�LGHQWLFDO�WUDLQV��RQH
PRYLQJ�DW�VSHHG�DQG�WKH�RWKHU�VWDQGLQJ���,Q�RUGHU�WR�GR�WKH�DQDO\VLV�DQG
SURYLGH�D�EDVLV�IRU�FRPSDULVRQ��LW�LV�DVVXPHG�WKDW�WKH�FROOLVLRQ�PHFKDQLFV�RI
WKH�WUDLQ�DOORZ�WKH�WUDLQV�WR�VWD\�LQ�OLQH�DQG�UHPDLQ�XSULJKW�

7KH�PRGHO�XVHG�LQ�WKH�DQDO\VLV�FRQVLVWV�RI�OXPSHG�PDVVHV�FRQQHFWHG�E\�QRQ�
OLQHDU�IRUFH�FUXVK�FKDUDFWHULVWLFV��7KH�FRPSDULVRQ�EHWZHHQ�WKH�WZR�VWUDWHJLHV
LV�DFFRPSOLVKHG�E\�GHYHORSLQJ�WKH�QRQ�OLQHDU�IRUFH�FUXVK�FKDUDFWHULVWLFV�IRU
WKH�FDUV�DQG�DSSO\LQJ�WKH�PRGHO�WR�GHWHUPLQH�WKH�RFFXSDQW�YROXPH�ORVW�DQG�WKH
VHFRQGDU\�LPSDFW�YHORFLWLHV�IRU�D�UDQJH�RI�FROOLVLRQ�VSHHGV���7KH�WUDLQ�PRGHOHG
IRU�WKH�VWUXFWXUDO�FUDVKZRUWKLQHVV�DQDO\VLV�LV�PDGH�XS�RI�D�SRZHU�FDU��VL[
FRDFK�FDUV��DQG�DQRWKHU�SRZHU�FDU��ZLWK�WKH�SRZHU�FDUV�HDFK�ZHLJKLQJ�����N1
�����NLSV��DQG�WKH�FRDFKHV�����N1������NLSV��
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2.2 Conventional Design
)LJXUH����VKRZV�WKH�FDU�WR�FDU�IRUFH�FUXVK�FKDUDFWHULVWLF�XVHG�IRU�WKH
FRQYHQWLRQDO�GHVLJQ�WUDLQ���7KLV�FKDUDFWHULVWLF�LV�EDVHG�XSRQ�WKH�IRUFH�FUXVK
FKDUDFWHULVWLF�GHYHORSHG�IRU�WKH�6LOYHUOLQHU�FDU�>�@��PRGLILHG�WR�DOORZ�IRU�D�VKHDU�
EDFN�FRXSOHU�GHVLJQ�DQG�D�PRUH�JUDGXDO�FUXVKLQJ�RI�WKH�HQG�VWUXFWXUH��7KH
PD[LPXP�VWUHQJWK�GHYHORSHG�LV�WKH�IRUFH�UHTXLUHG�WR�FDXVH�JURVV�\LHOGLQJ�RI
WKH�VWUXFWXUH�
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2.3 Crash Energy Management Design
7KH�FUDVK�HQHUJ\�PDQDJHPHQW�GHVLJQ�IRUFH�FUXVK�FKDUDFWHULVWLFV�ZHUH
GHYHORSHG�E\�GHWHUPLQLQJ�WKH�GHFHOHUDWLRQV�IRU�HDFK�RI�WKH�FDUV�UHTXLUHG�WR
SURGXFH�DFFHSWDEOH�FRQGLWLRQV�IRU�WKH�RFFXSDQWV��DQG�WKHQ�GHWHUPLQLQJ�WKH
IRUFHV�UHTXLUHG�EHWZHHQ�FDUV�WR�SURGXFH�WKRVH�GHFHOHUDWLRQV���7KHVH�IRUFHV�DQG
GHFHOHUDWLRQV�ZHUH�DGMXVWHG�ZLWKLQ�FRQVWUDLQWV�IRU�WKH�IRUFHV�DQG�WKH�FUXVK
GLVWDQFHV�RI�WKH�FDU�VWUXFWXUHV���7KH�IRUFHV�ZHUH�FRQVWUDLQHG�WR�EH�EHWZHHQ����
01������PLOOLRQ�OEV���SUHVXPLQJ�WKDW�JUHDWHU�VWUHQJWK�ZRXOG�LQFXU�H[FHVVLYH
YHKLFOH�ZHLJKW��DQG�����01������WKRXVDQG�OEV���SUHVXPLQJ�WKDW�OHVV�VWUHQJWK
ZRXOG�LPSDLU�WKH�YHKLFOH·V�DELOLW\�WR�VXSSRUW�VHUYLFH�ORDGV���&RQVWUDLQWV�SODFHG
RQ�FUXVK�GLVWDQFHV�LQFOXGH�����P����IHHW��RI�DYDLODEOH�FUXVK�GLVWDQFH�DKHDG�RI
WKH�RSHUDWRU
V�FDE�LQ�WKH�IURQW�RI�HDFK�SRZHU�FDU�������P����ô�IHHW��RI�DYDLODEOH
FUXVK�GLVWDQFH�DW�WKH�UHDU�RI�WKH�SRZHU�FDU��DQG�����P���ô�IHHW��RI�DYDLODEOH
FUXVK�GLVWDQFH�DW�HDFK�HQG�RI�DOO�WKH�FRDFK�FDUV���$GGLWLRQDO�FRQVWUDLQWV
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LQFOXGH�V\PPHWU\��L�H��WKH�WUDLQ�KDV�WR�EH�DEOH�WR�ZLWKVWDQG�FROOLVLRQV�LQ�ERWK
GLUHFWLRQV��DQG�D�PLQLPXP�QXPEHU�RI�FUXVK�FKDUDFWHULVWLFV�VXFK�WKDW�RQO\�RQH
FRDFK�FDU�VWUXFWXUDO�GHVLJQ�DQG�RQH�SRZHU�FDU�VWUXFWXUDO�GHVLJQ�DUH�UHTXLUHG�
)LJXUH����VKRZV�WKH�IRUFH�FUXVK�FKDUDFWHULVWLF�EHWZHHQ�WKH�VWDQGLQJ�DQG
PRYLQJ�SRZHU�FDUV��EHWZHHQ�WKH�SRZHU�FDU�DQG�ILUVW�FRDFK��DQG�EHWZHHQ�WKH
UHPDLQLQJ�FRDFKHV�
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2.4 Analysis Results and Comparison
7KH�VFHQDULR�FRQVLGHUHG�LV�D�PRYLQJ�WUDLQ�FROOLGLQJ�ZLWK�D�VWDQGLQJ�WUDLQ���%RWK
GHVLJQV�ZHUH�DQDO\]HG�IRU�WKHLU�SHUIRUPDQFH�LQ�WKLV�VFHQDULR�IRU�D�UDQJH�RI
FORVLQJ�VSHHGV���7KH�EDVLV�IRU�FRPSDULVRQ�LV�WKH�ORVV�RI�RFFXSDQW�YROXPH�DQG
WKH�GHFHOHUDWLRQ�LPSDUWHG�WR�WKH�RFFXSDQWV�GXULQJ�WKH�VHFRQGDU\�LPSDFW
EHWZHHQ�WKH�RFFXSDQW�DQG�WKH�VHDW�EDFN�DKHDG�RI�KLP�

2.4.1 Occupant Volume

)LJXUH��D��LOOXVWUDWHV�WKH�RFFXSDQW�YROXPH�ORVW�LQ�HDFK�RI�WKH�FDUV�IRU�WKH
FRQYHQWLRQDO�GHVLJQ�WUDLQ�IRU�IRXU�FORVLQJ�VSHHGV�UDQJLQJ�IURP����P�V�����PSK�
WR����P�V������PSK����0RVW�RI�WKH�RFFXSDQW�YROXPH�ORVW�LV�LQ�WKH�ILUVW�FRDFK
FDU���7KH�ILJXUH�VKRZV�WKDW�WKH�FUXVKLQJ�RI�WKH�WUDLQ�VWDUWV�DW�WKH�IURQW�DQG
SURFHHGV�WRZDUG�WKH�UHDU�RI�WKH�WUDLQ���)LJXUH��E��LOOXVWUDWHV�WKH�RFFXSDQW
YROXPH�ORVW�LQ�HDFK�RI�WKH�FDUV�IRU�WKH�FRQVWUDLQHG�FUDVK�HQHUJ\�PDQDJHPHQW
GHVLJQ�WUDLQ�IRU�IRXU�FORVLQJ�VSHHGV�UDQJLQJ�IURP����P�V�����PSK��WR����P�V
�����PSK����7KH�ILJXUH�VKRZV�WKDW�WKLV�GHVLJQ�DSSURDFK�LV�VXFFHVVIXO�LQ
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GLVWULEXWLQJ�WKH�FUXVK�WKURXJKRXW�WKH�WUDLQ��7KH�ILJXUHV�VKRZ�WKDW�IRU�FORVLQJ
VSHHGV�XS�WR�DERXW����P�V�����PSK���WKH�FRQYHQWLRQDO�GHVLJQ�SUHVHUYHV�DOO�RI
WKH�SDVVHQJHU�YROXPH��ZKLOH�WKH�FRQVWUDLQHG�FUDVK�HQHUJ\�PDQDJHPHQW�GHVLJQ
SUHVHUYHV�PRVW�RI�WKH�SDVVHQJHU�YROXPHV�XS�WR����P�V������PSK����7KH
DGGLWLRQDO�RFFXSDQW�YROXPH�ORVW�IRU�FORVLQJ�VSHHGV�DERYH����P�V�����PSK��LV
PXFK�JUHDWHU�IRU�WKH�FRQYHQWLRQDO�GHVLJQ�WKDQ�WKH�FRQVWUDLQHG�FUDVK�HQHUJ\
PDQDJHPHQW�GHVLJQ�

*2.7 m*17.1 m

(9’)(13’)

*2.7 m

V=63 m/s
(140 mph)

V=49 m/s
(110 mph)

V=31 m/s
(70 mph)

V=16 m/s 
(35 mph)

* Occupant Volume Lost
*1.2 m

(9’)

*2.7 m*3.96 m

(9’)(56’)(4’)

)LJXUH��D���2FFXSDQW�9ROXPH�/RVV�IRU�D�5DQJH�RI�&ORVLQJ�6SHHGV��&RQYHQWLRQDO
'HVLJQ�

*2.7 m*1.8 m

*2.7 m

(43’)* Occupant Volume Lost

(2’)

*0.61 m

(4’)

*0.30 m

V=63 m/s
(140 mph)

V=49 m/s
(110 mph)

V=31 m/s
(70 mph)

V=16 m/s 
(35 mph)

*0.61 m

(6’) (9’)(2’)

(9’)

*13.1 m*1.2 m

(1’)

)LJXUH��E���2FFXSDQW�9ROXPH�/RVV�IRU�D�5DQJH�RI�&ORVLQJ�6SHHGV��&RQVWUDLQHG
&UDVK�(QHUJ\�'HVLJQ�
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2.4.2 Occupant Deceleration

:KHQ�VXIILFLHQW�YROXPH�LV�SUHVHUYHG�IRU�WKH�RFFXSDQW�WR�ULGH�RXW�WKH�FROOLVLRQ�
WKH�RFFXSDQW�FDQ�VWLOO�EH�LQMXUHG�E\�H[FHVVLYH�GHFHOHUDWLRQ�RU�IRUFHV���7KHVH
IRUFHV�DQG�GHFHOHUDWLRQV�SULQFLSDOO\�FRPH�DERXW��IRU�DQ�XQUHVWUDLQHG�RFFXSDQW�
ZKHQ�WKH�RFFXSDQW�VWULNHV�WKH�LQWHULRU���+RZ�KDUG�WKH�RFFXSDQW�VWULNHV�WKH
LQWHULRU�GHSHQGV�XSRQ�WKH�GHFHOHUDWLRQ�RI�WKH�WUDLQ�LWVHOI�GXULQJ�WKH�FROOLVLRQ
DQG�WKH�
IULHQGOLQHVV
�RI�WKH�LQWHULRU���,Q�RUGHU�WR�SURYLGH�D�EDVLV�IRU�FRPSDULVRQ
EHWZHHQ�WKH�GHFHOHUDWLRQV�JHQHUDWHG�E\�WKH�FRQYHQWLRQDO�GHVLJQ�DQG�E\�WKH
FRQVWUDLQHG�FUDVK�HQHUJ\�PDQDJHPHQW�GHVLJQ��D�VLPSOLILHG�PRGHO�RI�DQ
RFFXSDQW�LV�XVHG�WR�FDOFXODWH�WKH�GHFHOHUDWLRQV�RI�WKH�RFFXSDQW·V�KHDG��DQG
WKHVH�GHFHOHUDWLRQV�DUH�WKHQ�FRPSDUHG�ZLWK�DFFHSWHG�LQMXU\�FULWHULD�

7KH�RFFXSDQW�PRGHO�LV�EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�RFFXSDQW�JRHV�LQWR
IUHH�IOLJKW�DW�WKH�VWDUW�RI�WKH�FROOLVLRQ�DQG�VXEVHTXHQWO\�VWULNHV�WKH�LQWHULRU�
7KH�RFFXSDQW�LV�DVVXPHG�WR�VWULNH�WKH�VHDW�EDFN�DKHDG�RI�KLP��ZKLFK�KDV�VRPH
DPRXQW�RI�SDGGLQJ�DQG�IOH[LELOLW\���*LYHQ�WKH�VHDW�EDFN�IRUFH�GHIOHFWLRQ
FKDUDFWHULVWLF�DQG�WKH�QRPLQDO�PDVV�RI�WKH�KHDG��WKH�GHFHOHUDWLRQ�RI�WKH�KHDG
FDQ�EH�FDOFXODWHG�IURP�WKH�YHORFLW\�ZLWK�ZKLFK�WKH�KHDG�LPSDFWV�WKH�VHDW�EDFN�
7KH�KHDG�GHFHOHUDWLRQ�FDQ�WKHQ�EH�HYDOXDWHG�EDVHG�XSRQ�JHQHUDOO\�DFFHSWHG
LQMXU\�FULWHULD���7KH�GHFHOHUDWLRQ�WLPH�KLVWRU\�RI�WKH�KHDG�FDQ�EH�XVHG�WR
FDOFXODWH�WKH�+HDG�,QMXU\�&ULWHULD��+,&�>�@��DQ�LQMXU\�FULWHULD�ZLGHO\�DSSOLHG�LQ
WKH�DXWRPRWLYH�DQG�DLUFUDIW�LQGXVWULHV�WR�HYDOXDWH�WHVW�DQG�DQDO\VLV�GDWD���7KH
VHDW�EDFN�IRUFH�GHIOHFWLRQ�FKDUDFWHULVWLF�XVHG�LQ�WKH�DQDO\VLV�LV�WKH�VRIWHVW
FKDUDFWHULVWLF�GHVFULEHG�LQ�WKH�1DWLRQDO�+LJKZD\�7UDIILF�6DIHW\�$GPLQLVWUDWLRQ
�1+76$��VWDQGDUG���&)5����������6FKRRO�%XV�6HDWLQJ�DQG�&UDVK�3URWHFWLRQ
>�@�

)LJXUH����VKRZV�SORWV�RI�RFFXSDQW�YHORFLW\�UHODWLYH�WR�WKH�YHKLFOH�DV�D�IXQFWLRQ
RI�GLVSODFHPHQW�UHODWLYH�WR�WKH�YHKLFOH�IRU�ERWK�WKH�FRQVWUDLQHG�FUDVK�HQHUJ\
PDQDJHPHQW�GHVLJQ�DQG�FRQYHQWLRQDO�GHVLJQ�DW����P�V������PSK����7KH
GLVWDQFH�IURP�WKH�RFFXSDQW·V�QRVH�WR�WKH�VHDW�EDFN�DKHDG�RI�KLP�LV�DVVXPHG�WR
EH������P���ô�IHHW�����WKH�VHDW�SLWFK��ORQJLWXGLQDO�GLVWDQFH�EHWZHHQ�WZR�VHDWV
RQH�URZ�DSDUW��LV�DVVXPHG�WR�EH�����P�����LQFKHV���WKH�RFFXSDQW·V�KHDG�LV
DVVXPHG�WR�EH�������P����LQFKHV��GHHS��DQG�WKH�SDGGLQJ�RQ�WKH�VHDW�LV
DVVXPHG�WR�EH������P����LQFKHV��WKLFN�
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Coaches

)LJXUH�����2FFXSDQW�5HODWLYH�'LVSODFHPHQW�YV��2FFXSDQW�5HODWLYH�9HORFLW\�

7DEOH����OLVWV�WKH�UDQJH�RI�+,&�YDOXHV�H[SHFWHG�RQ�WKH�PRYLQJ�WUDLQ�IRU�VHYHUDO
FROOLVLRQ�VSHHGV��IRU�ERWK�WKH�FUDVK�HQHUJ\�PDQDJHPHQW�DQG�FRQYHQWLRQDO
GHVLJQ�WUDLQV���7KH�FUDVK�HQHUJ\�PDQDJHPHQW�GHVLJQ�UHVXOWV�LQ�VXEVWDQWLDOO\
ORZHU�+,&�YDOXHV���7KLV�LV�D�UHVXOW�RI�WKH�ORZHU�VHFRQGDU\�FROOLVLRQ�YHORFLWLHV�IRU
PRVW�RI�WKH�FDUV�LQ�WKH�FRQVLVW�

7DEOH�����+,&�9DOXHV��&RQYHQWLRQDO�DQG�&UDVK�(QHUJ\�0DQDJHPHQW�'HVLJQV

3ULPDU\�&ROOLVLRQ
6SHHG��P�V��

+,&
&RDFKHV

� � � � � �
&RQYHQWLRQDO �� ������� ������� ������� ������� ������� �������

'HVLJQ �� ������� ������� ������� ������� ������� �������
�� ������� ������� ������� ������� ������� �������
�� ������� ������� ������� ������� ������� �������

&UDVK �� ������� ����� ����� ����� ������ ������
(QHUJ\ �� ������� ����� ����� ����� ������ ������

0DQDJHPHQW �� ������� ����� ����� ����� ������ ������
'HVLJQ �� ������� ����� ����� ����� ������ ������

���P�V� �����PL�K

2.5 Structural Crashworthiness Analysis Conclusions
)RU�WUDLQ�WR�WUDLQ�FROOLVLRQV�DW�FORVLQJ�VSHHGV�DERYH���P�V�����PSK���WKH
FRQVWUDLQHG�FUDVK�HQHUJ\�PDQDJHPHQW�GHVLJQ�LV�PRUH�HIIHFWLYH�WKDQ�WKH
FRQYHQWLRQDO�DSSURDFK�LQ�SUHVHUYLQJ�RFFXSDQW�YROXPH���)RU�FORVLQJ�VSHHGV
EHORZ���P�V�����PSK���ERWK�VWUDWHJLHV�DUH�HTXDOO\�HIIHFWLYH�LQ�SUHVHUYLQJ
RFFXSDQW�YROXPH���7KH�FRQVWUDLQHG�FUDVK�HQHUJ\�PDQDJHPHQW�GHVLJQ�GRHV
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UHVXOW�LQ�JHQWOHU�VHFRQGDU\�LPSDFWV�WKDQ�WKH�FRQYHQWLRQDO�GHVLJQ��IRU�WUDLQ�WR
WUDLQ�FROOLVLRQV�DW�DOO�VSHHGV�DQDO\]HG�

3. INTERIOR CRASHWORTHINESS
7KH�REMHFWLYH�RI�WKH�LQWHULRU�DQDO\VLV�ZDV�WR�HYDOXDWH�WKH�LQIOXHQFH�RI�LQWHULRU
FRQILJXUDWLRQ��VHDW�EHOWV��DQG�VHDW�EHOWV�ZLWK�VKRXOGHU�KDUQHVVHV�RQ�IDWDOLW\
UHVXOWLQJ�IURP�RFFXSDQW�PRWLRQV�GXULQJ�D�FROOLVLRQ���7KUHH�GLIIHUHQW�LQWHULRU
FRQILJXUDWLRQV�ZHUH�DQDO\]HG��IRUZDUG�IDFLQJ�FRQVHFXWLYH�URZV�RI�VHDWV��IDFLQJ
URZV�RI�VHDWV��DQG�IDFLQJ�URZV�RI�VHDWV�ZLWK�D�WDEOH���%RWK�WKH�IRUZDUG�IDFLQJ
FRQVHFXWLYH�URZV�RI�VHDWV�DQG�IDFLQJ�URZV�RI�VHDWV�LQWHULRUV�ZHUH�HYDOXDWHG�ZLWK
WKH�RFFXSDQW�XQUHVWUDLQHG��UHVWUDLQHG�ZLWK�D�VHDW�EHOW�DORQH��DQG�UHVWUDLQHG
ZLWK�D�VHDW�EHOW�DQG�VKRXOGHU�KDUQHVV�

$V�SDUW�RI�WKLV�DQDO\VLV��WKH�HIIHFWLYHQHVV�RI��FRPSDUWPHQWDOL]DWLRQ��DV�D�PHDQV
RI�RFFXSDQW�SURWHFWLRQ�ZDV�HYDOXDWHG���&RPSDUWPHQWDOL]DWLRQ�LV�D�VWUDWHJ\�IRU
SURYLGLQJ�D��IULHQGO\��LQWHULRU�IRU�WKH�RFFXSDQWV�WR�VXUYLYH�WKH�VHFRQGDU\
FROOLVLRQ���%\�SURYLGLQJ�D�VXIILFLHQW�DPRXQW�RI�FXVKLRQ�DQG�IOH[LELOLW\�LQ�WKH
VXUIDFH�RI�LPSDFW��H�J��WKH�VHDW�EDFN���WKH�LPSDFW�IRUFH�H[SHULHQFHG�E\�WKH
RFFXSDQW�FDQ�EH�UHGXFHG�WR�D�VXUYLYDEOH�OHYHO���1+76$�FRQFOXGHG�WKDW�WKLV
VWUDWHJ\�MXVWLILHV�WKH�DEVHQFH�RI�VHDW�EHOWV�LQ�VFKRRO�EXVHV�>��@�

3.1 Collision Conditions
7KH�WUDLQ�PRGHOHG�IRU�WKH�LQWHULRU�FUDVKZRUWKLQHVV�DQDO\VLV�LV�PDGH�XS�RI�D
SRZHU�FDU��ILYH�FRDFK�FDUV��DQG�FDE�FDU���7KLV�WUDLQ�PRGHO�ZDV�H[HUFLVHG�IRU�D
UDQJH�RI�FROOLVLRQ�FRQGLWLRQV�DQG�WKH�UHVXOWV�ZKLFK�GHVFULEH�WKH�GHFHOHUDWLRQV�RI
WKH�FDUV�LQ�WKH�WUDLQ�GXULQJ�WKH�FROOLVLRQ�ZHUH�XVHG�LQ�HYDOXDWLQJ�WUDLQ�LQWHULRU
SHUIRUPDQFH���7KH�WKUHH�GLIIHUHQW�LQWHULRU�FRQILJXUDWLRQV�ZHUH�HYDOXDWHG�IRU
WKHLU�SHUIRUPDQFH�ZLWK�UHVSHFW�WR�VHFRQGDU\�LPSDFWV��XVLQJ�VL[�GLIIHUHQW�FUDVK
SXOVHV���7KHVH�FROOLVLRQ�FRQGLWLRQV�DUH�OLVWHG�LQ�7DEOH���

7DEOH�����7UDLQ�&ROOLVLRQ�&RQGLWLRQV�IRU�,QWHULRU�$QDO\VLV

&RQVWUDLQHG�&UDVK�(QHUJ\
0DQDJHPHQW�'HVLJQ

&RQYHQWLRQDO�86�'HVLJQ

)LUVW�&RDFK
3RZHU�&DU�WR�3RZHU�&DU�&ROOLVLRQ

���P�V�,PSDFW�6SHHG

)LUVW�&RDFK
3RZHU�&DU�WR�3RZHU�&DU�&ROOLVLRQ

���P�V�,PSDFW�6SHHG
&DE�&DU��/DVW�&DU�

3RZHU�&DU�WR�3RZHU�&DU�&ROOLVLRQ
���P�V�,PSDFW�6SHHG

&DE�&DU��/DVW�&DU�
3RZHU�&DU�WR�3RZHU�&DU�&ROOLVLRQ

���P�V�,PSDFW�6SHHG
&DE�&DU��/HDGLQJ�&DU�

&DE�&DU�WR�3RZHU�&DU�&ROOLVLRQ
���P�V�,PSDFW�6SHHG

&DE�&DU��/HDGLQJ�&DU�
&DE�&DU�WR�3RZHU�&DU�&ROOLVLRQ

���P�V�,PSDFW�6SHHG
���P�V� �����PL�K
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3.2 Analysis Approach
7KH�DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�0$'<02��D�FRPSXWHU�VLPXODWLRQ�SURJUDP
GHYHORSHG�IRU�HYDOXDWLQJ�WKH�SHUIRUPDQFH�RI�DXWRPRELOH�LQWHULRUV�GXULQJ�IURQWDO
DXWRPRELOH�FROOLVLRQV�>��@���7KH�FRPSXWHU�SURJUDP�SURGXFHV�D�GHWDLOHG
UHSUHVHQWDWLRQ�RI�KXPDQ�ERG\�NLQHPDWLFV�DQG�G\QDPLFV���3URJUDP�RXWSXWV
LQFOXGH�D�QXPEHU�RI�FULWHULD�IRU�HYDOXDWLQJ�RFFXSDQW�IDWDOLW\���)RU�WKLV
HYDOXDWLRQ��WKH�+,&��FKHVW�GHFHOHUDWLRQ��DQG�D[LDO�QHFN�ORDG�ZHUH�XVHG�WR
HYDOXDWH�WKH�SHUIRUPDQFH�RI�WKH�LQWHULRU�

&RPSXWHU�VLPXODWLRQV��ZHUH�PDGH�RI�HDFK�RI�WKH�LQWHULRU�FRQILJXUDWLRQV�IRU
HDFK�RI�WKH�FUDVK�SXOVHV���$�WRWDO�RI����FRPSXWHU�VLPXODWLRQV�ZHUH�PDGH���7KH
RFFXSDQW�PRGHOHG�IRU�HDFK�RI�WKHVH�VLPXODWLRQV�ZDV�WKH���WK�SHUFHQWLOH�PDOH
�7KH�86�PDOH�ZKRVH�SK\VLFDO�IHDWXUHV�DUH�WKH�PHGLDQ��H�J��KDOI�WKH�PDOH
SRSXODWLRQ�LV�WDOOHU�DQG�KDOI�LV�VKRUWHU��KDOI�LV�KHDYLHU�DQG�KDOI�LV�OLJKWHU��HWF���

7KH�DQDO\VHV�UHVXOWV�GHVFULEHG�LQ�WKLV�SDSHU�DUH�IRU�WKH�QRPLQDO�PDOH��DQG�PD\
EH�GLIIHUHQW�IRU�RFFXSDQWV�RI�D�GLIIHUHQW�VL]H�RU�DJH���7KH�LQLWLDO�SRVLWLRQ�RI�WKH
RFFXSDQW�PD\�DOVR�KDYH�DQ�LQIOXHQFH�RQ�WKHVH�UHVXOWV��DV�ZHOO�DV�WKH�FRQVFLRXV
UHVSRQVH�RI�WKH�RFFXSDQW�WR�WKH�FROOLVLRQ���7KH�PRGHO�LPSOHPHQWHG�LQ�0$'<02
LV�EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�RFFXSDQW�LV�SDVVLYH�GXULQJ�WKH�FROOLVLRQ�
�,W�VKRXOG�DOVR�EH�QRWHG�WKDW�WKH�SULQFLSDO�FDXVH�RI�IDWDOLW\�LV�H[SHFWHG�WR�EH
ORVV�RI�RFFXSDQW�YROXPH��ZKLFK�PD\�DFFRXQW�IRU�DSSUR[LPDWHO\�����RI�WKH
IDWDOLWLHV�GXULQJ�D�FROOLVLRQ�>��@��

3.2.1 Injury Criteria

7KH�+,&�LV�D�IXQFWLRQ�RI�WKH�UHODWLYH�DFFHOHUDWLRQ�RI�WKH�KHDG�GXULQJ�LPSDFW���,W
FDQ�EH�XVHG�WR�SUHGLFW�WKH�SUREDELOLW\�RI�IDWDOLW\�UHVXOWLQJ�IURP�KHDG�LQMXU\�>��@�
$V�UHTXLUHG�LQ�VWDQGDUG���&)5��������E\�1+76$��WKH�+,&�YDOXH�VKDOO�QRW
H[FHHG������IRU�D�YHKLFOH�LPSDFWLQJ�D�IL[HG�FROOLVLRQ�EDUULHU�DW����P�V����
03+����7KLV�FRUUHVSRQGV�WR�D�SUHGLFWHG�IDWDOLW\�UDWH�RI�DSSUR[LPDWHO\�����IRU
WKH���WK�SHUFHQWLOH�PDOH�

,Q�DGGLWLRQ�WR�+,&��FKHVW�GHFHOHUDWLRQ�DQG�QHFN�ORDG�ZHUH�DOVR�HYDOXDWHG�DV
SDUW�RI�WKH�LQWHULRU�FUDVKZRUWKLQHVV�DQDO\VLV���&KHVW�GHFHOHUDWLRQ�LV�DOVR�XVHG
E\�1+76$�DQG�WKH�)$$�WR�HYDOXDWH�FUDVKZRUWKLQHVV�SHUIRUPDQFH��ZLWK�WKH
FRPPRQO\�DFFHSWHG�PD[LPXP�YDOXH�RI�����P�V������*
V����7KLV�GHFHOHUDWLRQ
FRUUHVSRQGV�DSSUR[LPDWHO\�WR�D�����IDWDOLW\�UDWH�IRU�WKH���WK�SHUFHQWLOH�PDOH�
7KH�FRPSUHVVLYH�DQG�WHQVLOH�QHFN�ORDG�OLPLWV�XVHG�LQ�WKH�DQDO\VLV�ZHUH
SURSRVHG�DV�UHJXODWLRQV�E\�1+76$��EXW�ZHUH�QRW�LPSOHPHQWHG�>��@�
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3.3 Results

3.3.1 Seated Rows

)LJXUH����VKRZV�WKH�FRPSXWHU�VLPXODWHG�RFFXSDQW�PRWLRQV�IRU�WKH
XQUHVWUDLQHG��EHOWHG��DQG�EHOWHG�DQG�KDUQHVVHG�RFFXSDQW�LQ�WKH�LQWHULRU�ZLWK
IRUZDUG�IDFLQJ�FRQVHFXWLYH�URZV�RI�VHDWV����,Q�WKH�LQWHUHVW�RI�UHGXFLQJ�WKH
FRPSXWDWLRQV�UHTXLUHG�WR�JHQHUDWH�WKH�JUDSKLFDO�RXWSXW��WKHVH�UHVXOWV�DUH
JHQHUDWHG�IURP�MXVW�WKH�KXPDQ�ERG\�NLQHPDWLFV�DQG�GR�QRW�VKRZ�WKH
GHIRUPDWLRQV�RI�WKH�ERG\�FRPSRQHQWV��VXFK�DV�WKH�KHDG��QHFN��FKHVW��HWF��RU
WKH�GHIRUPDWLRQV�RI�WKH�VHDW���$V�D�FRQVHTXHQFH��WKH�VHDW�EDFN�DSSHDUV�WR
LQWUXGH�LQWR�WKH�RFFXSDQW
V�KHDG�LQ�WKH�ILJXUH�IRU�WKH�XQUHVWUDLQHG�RFFXSDQW�
,Q�WKH�VLPXODWLRQ�LWVHOI�WKLV�LQWUXVLRQ�LV�QRW�DOORZHG�WR�RFFXU��LW�LV�DQ�DUWLIDFW�RI
WKH�VLPSOLILHG�JUDSKLFDO�RXWSXW��

Unrestrained

Seat Belt

Seat Belt and Shoulder Harness

)LJXUH�����2FFXSDQW�0RWLRQ��6HDWHG�5RZV�,QWHULRU�
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7KH�DQDO\VLV�UHVXOWV�VKRZ�WKDW�WKH�PRWLRQV�RI�WKH�RFFXSDQW�GXULQJ�D�FROOLVLRQ
DUH�LQVHQVLWLYH�WR�WKH�FUDVK�SXOVH���7KHVH�PRWLRQV�GHSHQG�SULQFLSDOO\�RQ�WKH
LQWHULRU�FRQILJXUDWLRQ�DQG�WKH�RFFXSDQW�UHVWUDLQW�RU�ODFN�RI�UHVWUDLQW���7KH
LQVWDQWDQHRXV�YHORFLW\�RI�WKH�RFFXSDQW�DW�DQ\�JLYHQ�WLPH�GXULQJ�KLV�RU�KHU
PRWLRQ�LV�VHQVLWLYH�WR�WKH�FUDVK�SXOVH��7KH�PRGH�RI�LQMXU\�GHSHQGV�XSRQ�WKH
LQWHULRU�DQG�WKH�W\SH�RI�RFFXSDQW�UHVWUDLQW��EXW�ZKHWKHU�RU�QRW�WKH�IRUFHV�RU
GHFHOHUDWLRQV�LPSDUWHG�WR�WKH�RFFXSDQW�DUH�VXIILFLHQW�WR�FDXVH�LQMXU\�GHSHQGV
XSRQ�WKH�FUDVK�SXOVH�DQG�WKH�IRUFH�GHIOHFWLRQ�FKDUDFWHULVWLF�RI�WKH�LPSDFWHG
VXUIDFH�

7DEOH����OLVWV�WKH�YDOXHV�IRU�WKH�VHOHFWHG�LQMXU\�FULWHULD�DQG�WKH�DVVRFLDWHG
SUREDELOLWLHV�RI�IDWDO�LQMXU\�IRU�XQUHVWUDLQHG��EHOWHG��DQG�EHOWHG�DQG�VKRXOGHU
KDUQHVVHG�RFFXSDQWV�LQ�WKH�URZ�VHDW�LQWHULRU���7KH�WDEOH�VKRZV�WKDW�WKH�PRVW
VHYHUH�FUDVK�SXOVH�IRU�WKLV�LQWHULRU�LV�IRU�WKH�FDE�FDU�ZKHQ�LW�LV�OHDGLQJ�GXULQJ
WKH�FROOLVLRQ���7KH�WDEOH�DOVR�VKRZV�WKDW�WKH�QRPLQDO�RFFXSDQW�LV�H[SHFWHG�WR
VXUYLYH�WKH�GHFHOHUDWLRQ�LQ�DOO�WKH�FROOLVLRQ�VFHQDULRV�HYDOXDWHG�LI�KH�LV
UHVWUDLQHG�ZLWK�VHDW�DQG�VKRXOGHU�EHOWV�

7DEOH�����,QMXU\�&ULWHULD�DQG�)DWDOLW\�5DWHV�)RU�6HFRQGDU\�&ROOLVLRQV
6HDWHG��5RZV

Crash Pulse
HIC Chest Accel.

(m/s2)*
Neck Load

(N) **

Belted Harness Unbelte
d

Belted Harness Unbelte
d

Belted Harness Unbelte
d

Conventional
Design

1st Coach
63 m/s Power
Car to Power Car

45
(0%)

21
(0%)

167
(0%)

117
(0%)

88
(0%)

235
(2%)

-1290
(0%)

310
(0%)

-1720
(0%)

Cab Car
63 m/s Power
Car to Power Car

18
(0%)

13
(0%)

196
(0%)

107
(0%)

98.1
(0%)

353
(4%)

627
(0%)

310
(0%)

-2350
(0%)

Cab Car
31 m/s Cab Car
to Power Car

74
(0%)

42
(0%)

662
(4%)

186
(0%)

167
(0%)

520
(16%)

-2540
(0%)

761
(0%)

-1710
(0%)

Crash Energy
1st Coach
63 m/s Power
Car to Power Car

75
(0%)

15
(0%)

221
(0%)

196
(0%)

98.1
(0%)

373
(4%)

-2380
(0%)

310
(0%)

-2380
(0%)

Management
Design

Cab Car
63 m/s Power
Car to Power Car

0
(0%)

0
(0%)

13
(0%)

20
(0%)

20
(0%)

69
(0%)

76
(0%)

-71
(0%)

-1020
(0%)

Cab Car
31 m/s Cab Car
to Power Car

170
(0%)

22
(0%)

587
(2%)

265
(2%)

127
(0%)

481
(13%)

3050
(0%)

380
(0%)

-1490
(0%)

��1 m/s2 = 0.10 G’s
�1 N = 0.22 lbf

3.3.2 Facing Seats

)LJXUH����VKRZV�WKH�FRPSXWHU�VLPXODWHG�PRWLRQV�IRU�DQ�RFFXSDQW�WKDW�LV
XQUHVWUDLQHG��EHOWHG��DQG�EHOWHG�ZLWK�D�VKRXOGHU�KDUQHVV�LQ�WKH�LQWHULRU�ZLWK
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IDFLQJ�URZV�RI�VHDWV���)RU�WKLV�DQDO\VLV��RQO\�WKH�IRUZDUG�VHDW�LV�RFFXSLHG���7KH
RFFXSDQW�WUDYHOV�D�VXEVWDQWLDO�GLVWDQFH�EHIRUH�LPSDFWLQJ�WKH�VHDW�EDFN�RI�WKH
IDFLQJ�VHDW���7KLV�GLVWDQFH�DOORZV�WKH�RFFXSDQW�WR�EXLOG�XS�VSHHG�UHODWLYH�WR�WKH
LQWHULRU��UHVXOWLQJ�LQ�D�VHYHUH�LPSDFW�

Unrestrained

Seat Belt

Seat Belt and Shoulder Harness

)LJXUH�����2FFXSDQW�0RWLRQ��)DFLQJ�6HDWV�,QWHULRU�

7DEOH����OLVWV�WKH�YDOXHV�IRU�WKH�VHOHFWHG�LQMXU\�FULWHULD�DQG�WKH�DVVRFLDWHG
SUREDELOLWLHV�RI�IDWDO�LQMXU\�IRU�RFFXSDQWV�WKDW�DUH�XQUHVWUDLQHG��EHOWHG�DQG
EHOWHG�ZLWK�D�VKRXOGHU�KDUQHVV�LQ�WKH�IDFLQJ�VHDWV�LQWHULRU���7KLV�LQWHULRU�ZDV
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WKH�ZRUVW�SHUIRUPLQJ�LQWHULRU�HYDOXDWHG���7KHUH�LV�FHUWDLQ�IDWDOLW\�LQ�WKLV�LQWHULRU
FRQILJXUDWLRQ�IRU�DOO�FUDVK�SXOVHV�FRQVLGHUHG�IRU�DQ�XQUHVWUDLQHG���WK
SHUFHQWLOH�PDOH�RFFXSDQW�IDFLQJ�IRUZDUG�ZLWK�WKH�DVVXPHG�LQLWLDO�SRVLWLRQ�
�7KH�RXWFRPH�RI�WKH�VHFRQGDU\�FROOLVLRQ�LV�OLNHO\�WR�EH�LQIOXHQFHG�E\�WKH
RFFXSDQW·V�VL]H�DQG�LQLWLDO�SRVLWLRQ��DV�ZHOO�DV�WKH�RFFXSDQW·V�UHVSRQVH�WR�WKH
FROOLVLRQ���7KHVH�UHVXOWV�DUH�QRW�VXIILFLHQW�WR�MXVWLI\�WKH�FRQFOXVLRQ�WKDW�DOO
SDVVHQJHUV�ZLWK�VXIILFLHQW�RFFXSDQW�YROXPH�WR�VXUYLYH�DUH�NLOOHG�E\�WKH
VHFRQGDU\�FROOLVLRQ����7KH�PRVW�VHYHUH�FUDVK�SXOVH�IRU�WKLV�LQWHULRU�LV�IRU�WKH�FDE
FDU�ZKHQ�LW�LV�OHDGLQJ�GXULQJ�WKH�FROOLVLRQ��VLPLODU�WR�WKH�LQWHULRU�ZLWK�URZV�RI
VHDWV�DOO�IDFLQJ�WKH�VDPH�GLUHFWLRQ���)RU�WKLV�FUDVK�SXOVH��WKHUH�LV�D�VXEVWDQWLDO
SUREDELOLW\�RI�IDWDOLW\�HYHQ�IRU�RFFXSDQWV�ZLWK�ODS�EHOWV�DORQH���7KH�WDEOH�DOVR
VKRZV�WKDW�WKH�QRPLQDO�RFFXSDQW�LV�H[SHFWHG�WR�VXUYLYH�WKH�GHFHOHUDWLRQ�IRU�DOO
WKH�FUDVK�SXOVHV�XVHG�LQ�WKH�HYDOXDWLRQ�LI�WKH�RFFXSDQW�LV�UHVWUDLQHG�ZLWK�D�ODS
EHOW�FRPELQHG�ZLWK�D�VKRXOGHU�EHOW�

7DEOH�����,QMXU\�&ULWHULD�DQG�)DWDOLW\�5DWHV�)RU�6HFRQGDU\�&ROOLVLRQV
)DFLQJ�6HDWV

Crash Pulse
HIC Chest Accel.

(m/s2) *
Neck Load

(N) **

Belted Harness Unbelte
d

Belted Harness Unbelte
d

Belted Harness Unbelte
d

Conventional
Design

1st Coach
63 m/s Power Car
to Power Car

34
(0%)

21
(0%)

490
(3%)

108
(0%)

88
(0%)

245
(1%)

782
(0%)

310
(0%)

-6140
(100%)

Cab Car
63 m/s Power Car
to Power Car

18
(0%)

13
(0%)

1019
(18%)

98.1
(0%)

98.1
(0%)

324
(3%)

605
(0%)

310
(0%)

-11410
(100%)

Cab Car
31 m/s Cab Car to
Power Car

1668
(75%)

42
(0%)

3263
(100%)

255
(2%)

167
(0%)

432
(8%)

-2860
(0%)

761
(0%)

-5262
(100%)

Crash Energy
1st Coach
63 m/s Power Car
to Power Car

���
����

��
����

4044
(100%)

���
����

����
����

���
�����

�����
����

���
����

-23280
(100%)

Management
Design

Cab Car
63 m/s Power Car
to Power Car

�
����

�
����

���
����

��
����

��
����

���
����

��
����

���
����

-9043
(100%)

Cab Car
31 m/s Cab Car to
Power Car

����
�����

��
����

����
�����

���
����

���
����

���
����

����
����

���
����

-5974
(100%)

��1 m/s2 = 0.10 G’s
�1 N = 0.22 lbf

3.3.3 Seats and Table

)LJXUH����VKRZV�WKH�RFFXSDQW�PRWLRQV�IRU�WKH�XQUHVWUDLQHG�IRUZDUG�IDFLQJ
RFFXSDQW���7KH�WDEOH�LWVHOI�DFWV�D�UHVWUDLQW��ZLWK�D�UHODWLYHO\�VKRUW�GLVWDQFH
EHWZHHQ�WKH�RFFXSDQW�DQG�WDEOH��ZKLFK�GRHV�QRW�DOORZ�WKH�RFFXSDQW�WR�EXLOG�XS
PXFK�VSHHG�EHIRUH�LPSDFWLQJ�WKH�WDEOH���2QH�FRQFHUQ�LV�KRZ�WKH�IRUFHV�EHWZHHQ
WKDW�WDEOH�DQG�WKH�RFFXSDQW�DUH�GLVWULEXWHG���7KHUH�LV�WKH�SRWHQWLDO�RI�VHYHUH



14        Tyrell, Severson-Green, Marquis

LQWHUQDO�DEGRPLQDO�LQMXULHV�LI�WKH�IRUFHV�DUH�WRR�FRQFHQWUDWHG��L�H���LI�WKH�WDEOH
HGJH�DFWV�DV�D�NQLIH�HGJH�

)LJXUH�����2FFXSDQW�0RWLRQ��6HDWV�DQG�7DEOH

7DEOH����OLVWV�WKH�YDOXHV�IRU�WKH�VHOHFWHG�LQMXU\�FULWHULD�DQG�WKH�DVVRFLDWHG
SUREDELOLWLHV�RI�IDWDOLW\�IRU�WKH�IRUZDUG�IDFLQJ�RFFXSDQW�LQ�WKH�LQWHULRU�ZLWK�VHDWV
DQG�WDEOH���7KH�SUREDELOLW\�RI�IDWDOLW\�IURP�GHFHOHUDWLRQ�LV�OHVV�WKDQ�����IRU�DOO
WKH�FUDVK�SXOVHV�FRQVLGHUHG�H[FHSW�WKH�FUDVK�SXOVH�IRU�WKH�FRQYHQWLRQDO�GHVLJQ
WUDLQ�ZLWK�WKH�FDE�FDU�OHDGLQJ��ZKHUH�WKH�OLNHOLKRRG�RI�IDWDOLW\�LV�QHDU�FHUWDLQ�

7DEOH�����,QMXU\�&ULWHULD�DQG�)DWDOLW\�5DWHV�)RU�6HFRQGDU\�&ROOLVLRQV
6HDWV�DQG�7DEOH

Crash Pulse
HIC Chest Acc.

(m/s2) *
Neck Load

(N) **

1st Coach
63 m/s head to head

311
(0%)

412
(7%)

2680
(0%)

Conventional Design Cab Car
63 m/s head to head

186
(0%)

324
(3%)

2030
(0%)

Cab Car
31 m/s tail to head

702
(7%)

500
(14%)

3500
(100%)

1st Coach
63 m/s head to head

110
(0%)

235
(1%)

1280
(0%)

Crash Energy
Management Design

Cab Car
63 m/s head to head

16
(0%)

157
(0%)

725
(0%)

Cab Car
31 m/s tail to head

415
(2%)

392
(5%)

2670
(0%)

��1 m/s2 = 0.10 G’s
�1 N = 0.22 lbf
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3.4 Interior Crashworthiness Analysis Conclusions
7KH�DQDO\VLV�UHVXOWV�VKRZ�WKDW�VHDWEHOWV�DQG�VHDWEHOWV�ZLWK�VKRXOGHU�KDUQHVVHV
DUH�DQ�HIIHFWLYH�PHDQV�RI�SURYLGLQJ�RFFXSDQW�SURWHFWLRQ�IRU�D�ZLGH�UDQJH�RI
FROOLVLRQ�FRQGLWLRQV���6HDWEHOWV�ZLWK�VKRXOGHU�KDUQHVVHV�SURYLGH�VXIILFLHQW
RFFXSDQW�SURWHFWLRQ�WR�DVVXUH�QHDU�FHUWDLQ�VXUYLYDO�IRU�DOO�WKH�FROOLVLRQ
FRQGLWLRQV�DQDO\]HG���7KH�DQDO\VLV�UHVXOWV�VXJJHVW�WKDW��XQGHU�VRPH�FRQGLWLRQV�
RFFXSDQWV�PD\�SRWHQWLDOO\�VXIIHU�JUHDWHU�LQMXU\�ZLWK�ODS�EHOWV�WKDQ�ZLWKRXW��DV
D�UHVXOW�RI�WKH�RFFXSDQW
V�KHDG�LPSDFWLQJ�WKH�WRS�RI�WKH�VHDW�EDFN�DKHDG�RI
KLP���7KHVH�FRQGLWLRQV�LQFOXGH�VHDWV�LQ�URZV�WKDW�DUH�PRUH�FORVHO\�VSDFHG�WKDQ
FRQVLGHUHG�LQ�WKH�DQDO\VLV���7KH�DQDO\VLV�UHVXOWV�DOVR�VKRZ�WKDW
FRPSDUWPHQWDOL]DWLRQ�FDQ�EH�DQ�HIIHFWLYH�PHDQV�RI�SURYLGLQJ�RFFXSDQW
SURWHFWLRQ�IRU�D�OLPLWHG�UDQJH�RI�FROOLVLRQ�FRQGLWLRQV���7KLV�VWUDWHJ\�SURYLGHV�D
OHYHO�RI�SURWHFWLRQ�DW�OHDVW�DV�JUHDW�DV�UHTXLUHG�IRU�DXWRPRELOHV�DQG�IRU�DLUFUDIW
IRU�DOO�WKH�FRQGLWLRQV�DQDO\]HG�H[FHSW�ZKHQ�WKH�FDE�FDU�LV�OHDGLQJ�GXULQJ�WKH
FROOLVLRQ�DQG�IRU�WKH�IDFLQJ�VHDWV�

4. CONCLUSIONS
)RU�WKH�FRQGLWLRQV�FRQVLGHUHG��ERWK�WKH�FUDVK�HQHUJ\�PDQDJHPHQW�GHVLJQ�DQG
WKH�FRQYHQWLRQDO�GHVLJQ�SUHVHUYH�VXIILFLHQW�YROXPH�IRU�WKH�RFFXSDQWV�WR�VXUYLYH
LQ�WUDLQ�WR�WUDLQ�FROOLVLRQV�EHORZ����P�V�����PSK���)RU�FROOLVLRQV�DERYH����P�V
����PSK���WKH�FUDVK�HQHUJ\�PDQDJHPHQW�DSSURDFK�LV�VLJQLILFDQWO\�PRUH
HIIHFWLYH�WKDQ�WKH�FRQYHQWLRQDO�DSSURDFK�LQ�SUHVHUYLQJ�RFFXSDQW�YROXPH��)RU
WKH�IXOO�UDQJH�RI�FROOLVLRQ�VSHHGV��WKH�FUDVK�HQHUJ\�PDQDJHPHQW�GHVLJQ
SURYLGHV�D�VLJQLILFDQWO\�JHQWOHU�LQLWLDO�GHFHOHUDWLRQ�WKDQ�WKH�FRQYHQWLRQDO
GHVLJQ�

)RU�D�VXIILFLHQWO\�JHQWOH�LQLWLDO�WUDLQ�GHFHOHUDWLRQ��FRPSDUWPHQWDOL]DWLRQ
SURYLGHV�VXIILFLHQW�RFFXSDQW�SURWHFWLRQ�WR�NHHS�DFFHSWHG�LQMXU\�FULWHULD�EHORZ
WKH�WKUHVKROG�YDOXHV�XVHG�E\�WKH�DXWRPRWLYH�DQG�DLUFUDIW�LQGXVWULHV�LQ
HYDOXDWLQJ�LQWHULRU�FUDVKZRUWKLQHVV�SHUIRUPDQFH���6HDWEHOWV�DQG�VKRXOGHU
UHVWUDLQWV�UHGXFH�WKH�OLNHOLKRRG�RI�IDWDOLW\�GXH�WR�VHFRQGDU\�FROOLVLRQ�WR�QHDU�
FHUWDLQ�VXUYLYDO�IRU�DOO�WKH�RFFXSDQWV�QRW�NLOOHG�GXH�WR�ORVV�RI�RFFXSDQW�YROXPH
IRU�DOO�FROOLVLRQV�FRQVLGHUHG�

7KH�FUDVK�HQHUJ\�PDQDJHPHQW�GHVLJQ�SUHVHQWHG�LQ�WKLV�SDSHU�ZDV�GHVLJQHG
DJDLQVW�D�SDUWLFXODU�FROOLVLRQ�VFHQDULR�DQG�VKRXOG�QRW�EH�FRQVLGHUHG�D�XQLYHUVDO
RU�JOREDO�RSWLPXP���7KH�RSWLPXP�IRUFH�FUXVK�FKDUDFWHULVWLFV�ZLOO�GHSHQG�XSRQ
WKH�GHWDLOV�RI�WKH�FROOLVLRQV�ZKLFK�PXVW�EH�VXUYLYHG���,I�D�UDQJH�RI�FROOLVLRQV
PXVW�EH�VXUYLYHG��L�H���FROOLVLRQV�ZLWK�IUHLJKW�WUDLQV��ZLWK�PDLQWHQDQFH�RI�ZD\
HTXLSPHQW��ZLWK�KLJKZD\�YHKLFOHV��HWF���D�QXPEHU�RI�IRUFH�FUXVK�FKDUDFWHULVWLFV
VKRXOG�EH�HYDOXDWHG�DJDLQVW�WKLV�UDQJH�RI�FROOLVLRQV�LQ�RUGHU�WR�GHWHUPLQH�WKH
RSWLPXP�IRU�D�SDUWLFXODU�DSSOLFDWLRQ�
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