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1DWLRQDO 7UDQVSRUWDWLRQ 6DIHW\ %RDUG

$%675$&7

7KH SXUSRVH RI WKLV SDSHU LV WR SUHVHQW D VLPXODWLRQ RI

D ODUJH LQWHUFLW\�EXV GXULQJ D PRXQWDLQRXV GHVFHQW�

7KLV SDSHU GLVFXVVHV WKH 6,021 VLPXODWLRQ RI D UXQ�

RII�WKH�URDG LQWHUFLW\ EXV DFFLGHQW LQ &DQRQ &LW\�

&RORUDGR�  7KH DFFLGHQW KLJKOLJKWV VRPH RI WKH XQLTXH

IHDWXUHV LQ 6,021 WKDW DOORZ WKH VLPXODWLRQ RI

FRPPHUFLDO YHKLFOHV WKDW GHVFHQG PRXQWDLQV� 7KH

VLPXODWLRQ ZDV PDWFKHG WR LQIRUPDWLRQ IURP DQ (QJLQH

'DWD 5HFRUGHU� DQG ZKHQ FRPELQHG WKH\ DUH D

SRZHUIXO WRRO�

,1752'8&7,21

7KH SXUSRVH RI WKLV SDSHU LV WR SUHVHQW D VLPXODWLRQ RI

D ODUJH� FRPPHUFLDO LQWHUFLW\�EXV GXULQJ D PRXQWDLQRXV

GHVFHQW XVLQJ WKH 6,021 SK\VLFV SURJUDP FRQWDLQHG

LQ WKH +XPDQ 9HKLFOH (QYLURQPHQW �+9(� V\VWHP��

7KLV SDSHU GLVFXVVHV WKH VLPXODWLRQ RI D UXQ�RII�WKH�

URDG LQWHUFLW\ EXV DFFLGHQW LQ &DQRQ &LW\� &RORUDGR�

7KH DFFLGHQW LQYROYHG D FRPPHUFLDO YHKLFOH EUDNLQJ RQ

D ORQJ� PRXQWDLQRXV GHVFHQW� 7KH VLPXODWLRQ UHTXLUHG

6,021 WR HVWLPDWH WKH DHURG\QDPLF IRUFHV RQ WKH

YHKLFOH� WR VLPXODWH WKH IRUFHV GXH WR EUDNLQJ RQ D

VOLSSHU\ VXUIDFH GXULQJ FRUQHULQJ DQG WR VLPXODWH WKH

ORVV RI ODWHUDO FRQWURO� 7KH &DQRQ &LW\ LQWHUFLW\ EXV

ZDV EXLOW LQ ����� UHIOHFWLQJ FXUUHQW FRPPHUFLDO YHKLFOH

WHFKQRORJLHV LQFOXGLQJ D ''(& ,9 HQJLQH UHFRUGHU�

$%6� DQG D WUDQVPLVVLRQ UHWDUGHU�

6,021 KDV VHYHUDO XQLTXH IHDWXUHV WKDW ZHUH QHHGHG

WR UHILQH VLPXODWLRQV� 7KH DHURG\QDPLF GUDJ ZDV XVHG

WR VORZ WKHVH YHKLFOHV DV WKH\ GHVFHQGHG WKH PRXQWDLQ

DQG WR FDOLEUDWH WKH GUDJ LQ DQG RXW RI JHDU� ,Q WKH

&DQRQ &LW\ VLPXODWLRQ WKH UREXVW WLUH DQG VXVSHQVLRQ

PRGHOV ZHUH QHHGHG GXULQJ WKH WZR ORVV�RI�FRQWURO

HYHQWV DQG DOVR ZKHQ EUDNHV DQG WKH UHWDUGHU ZHUH

DSSOLHG� ² HVSHFLDOO\ GXULQJ FRUQHULQJ� 

7KH &DQRQ &LW\ EXV KDG VRPH RI WKH PRUH

VRSKLVWLFDWHG HTXLSPHQW DYDLODEOH� ,W KDG D ''(& ,9

HQJLQH UHFRUGHU WKDW SURYLGHG RQH VHFRQG VQDSVKRWV RI

WKH VSHHG RI WKH EXV� WKH WKURWWOH VHWWLQJ� HQJLQH USP�

HQJLQH ORDG DQG WKH VWDWXV RI WKH EUDNH�UHWDUGHU� 7KH

EXV KDG D WUDQVPLVVLRQ UHWDUGHU WKDW KDG VL[ VHWWLQJV�

$W WKH KLJKHVW VHWWLQJ WKH UHWDUGHU ZDV DEOH WR VORZ WKH

EXV DW ��� *·V� 8QIRUWXDQWHO\ WKH HQJLQH UHFRUGHU GLG

QRW GLIIHUHQWLDWH EHWZHHQ WKH EUDNHV RU WKH UHWDUGHU

EHLQJ RQ� 7KH EXV DOVR KDG $%6 EUDNHVL� 7KH $%6

WXUQHG WKH UHWDUGHU RII DXWRPDWLFDOO\ DIWHU D ��� VOLS

ZDV GHWHFWHG� 7KH EXV DOVR UHFRUGHG HOHFWURQLF IDXOWV�

EXW XQIRUWXQDWHO\ WKH\ ZHUH QRW WLPH VWDPSHG�

7+( $&&,'(17

2Q 'HFHPEHU ��� ����� DW DERXW ���� S�P� �067�� D

���� 6HWUD PRWRUFRDFK FDUU\LQJ �� RFFXSDQWV �D ��

\HDU�ROG GULYHU� �� KLJK VFKRRO�DJHG VWXGHQWV DQG �

DGXOW FKDSHURQHV� ZDV WUDYHOLQJ HDVWERXQG RQ 8�6� ��

DERXW � PLOHV ZHVW RI &DQRQ &LW\� &RORUDGR�

:LWQHVVHV UHSRUWHG WKDW WKH ZLQG ZDV EORZLQJ� LW ZDV

VQRZLQJ LQWHUPLWWHQWO\� WKH WHPSHUDWXUH ZDV EHORZ

IUHH]LQJ DQG WKH URDGZD\ ZDV VOLSSHU\�LL $IWHU WUDYHOLQJ

DERXW WR PLOH GRZQ WKH ��PLOH JUDGH� SDVVHQJHUV

i Unfortunately this was simulated before HVE and SIMON 
had ABS capabilities. 
ii  See the NTSB weather study for more details.  The study 
indicated that most likely the surface temperature was minus 
6 to 8 degrees Celsius (17.6 to 21.2 degrees F), with broken 
to overcast clouds, with occasional very light to light snow, 
with northwest winds at 5 to 8 knots (6 to 9 mph).  The 
Colorado DOT was reporting icy spots, slush, and snow on 
US 50 in the vicinity of Canon City at the time of the 
accident. 
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UHODWHG WKDW WKH EXV �ILVKWDLOHG�� KRZHYHU� WKH GULYHU

ZDV DEOH WR VWUDLJKWHQ LW RXW� 7KH PRWRUFRDFK

FRQWLQXHG GRZQ WKH KLOO� ZKLFK KDG VHYHUDO FXUYHV DQG

JUDGHV UDQJLQJ IURP �� WR DERXW ��� $ERXW ����

PLOHVLLL DIWHU WKH EXV EHJDQ WR �ILVKWDLO�� WKH GULYHU ORVW

FRPSOHWH FRQWURO RI WKH YHKLFOH� 7KH YHKLFOH VNLGGHG

FORFNZLVH ��� GHJUHHV DQG ZHQW EDFNZDUGV RII WKH

QRUWK VLGH RI WKH URDGZD\� 7KH YHKLFOH WKHQ UROOHG DW

OHDVW RQH DQG D KDOI WXUQV DV LW ZHQW GRZQ D ���IRRW�

KLJK HPEDQNPHQWLY� DQG FDPH WR UHVW RQ LWV URRI� �6HH

)LJXUH ��� 7KH GULYHU DQG � VWXGHQWV ZHUH HMHFWHG DQG

IDWDOO\ LQMXUHG� 7KH UHPDLQLQJ �� RFFXSDQWV VXVWDLQHG

LQMXULHV UDQJLQJ IURP PLQRU WR FULWLFDO�

)LJXUH �� )LQDO UHVW SRVLWLRQ RI WKH EXV�

7KLV VHJPHQW RI WKH SDSHU ZLOO GLVFXVV WKH LQLWLDO ORVV RI

FRQWURO RI WKH EXV MXVW DIWHU 0LOHSRVW �03� ���� WKH ILQDO

ORVV RI FRQWURO DQG URWDWLRQ QHDU 03 ��� DQG WKH

EHJLQQLQJ RI WKH RYHUWXUQ VHTXHQFH ZKLFK ZHUH

VLPXODWHG ZLWK 6,021� 7KH VLPXODWLRQ VWDUWV DW DERXW

PLOHSRVW ���� 7KH VLPXODWLRQ ZDV PDWFKHG DV FORVH DV

SRVVLEOH WR WKH LQIRUPDWLRQ REWDLQHG IURP WKH ''(& ,9

HQJLQH UHFRUGHU�

7KH GDWD IURP WKH VLPXODWLRQ ZDV FRPSDUHG WR VSHHG�

WKURWWOH� DQG EUDNLQJ GDWD IURP WKH EXV·V HQJLQH

UHFRUGHU LQ RUGHU WR YDOLGDWH WKH VLPXODWLRQ� 7KH

SULPDU\ JRDOV RI WKLV SRUWLRQ RI WKH VWXG\ ZHUH� �� 7R

DSSUR[LPDWH WKH PRWLRQ DQG UHODWLYH SRVLWLRQ RI WKH EXV

DV LW WUDYHOHG GRZQ WKH KLOO IURP WKH UHFRUGHU

LQIRUPDWLRQ DQG �� 7R GHWHUPLQH LI WKH UHWDUGHU RQ WKH

EXV·V WUDQVPLVVLRQ FRXOG KDYH FRQWULEXWHG WR WKH ORVV

RI FRQWURO� 6LQFH WKH GDWD UHFRUGHU RQ WKH DFFLGHQW EXV

iii  Based on simulation and matching speed/distance to start 
location.  This distance is from beginning of the bus’s lateral 
slide to the post for MP 273. 
iv Computed from last upper tiremark to front of final rest 
position from mapping by NTSB. 

GLG QRW GLIIHUHQWLDWH EHWZHHQ DSSOLFDWLRQ RI WKH EUDNHV

RU WKH UHWDUGHU� WKH GHWHUPLQDWLRQ DV WR ZKHWKHU RU QRW

WKH UHWDUGHU ZDV RQ� ZDV EDVHG RQ WKH ORQJLWXGLQDO

GHFHOHUDWLRQ UDWH RI WKH EXV DQG WKH VWDELOLW\ RI WKH EXV

DV LW QHJRWLDWHG WKH URDGZD\�

''(& ,9

7KH ''(& ,9 HQJLQH UHFRUGHU SURYLGHG �� VHFRQGV RI

GDWD EHIRUH DQG �� VHFRQGV DIWHU WKH WULJJHULQJ RI WKH

KDUG EUDNH HYHQW� ZKLFK RFFXUUHG GXULQJ WKH URWDWLRQ RI

WKH EXV� 7KH LQIRUPDWLRQ LQFOXGHG ��VHFRQG VQDSVKRWV

RI WKH VSHHG RI WKH YHKLFOH� WKH HQJLQH·V USP� WKH

HQJLQH ORDG� WKH WKURWWOH VHWWLQJ DQG LI WKH EUDNH RU

UHWDUGHU ZDV DSSOLHG� DOWKRXJK LW ZDV QRW VSHFLILF DV WR

ZKLFK RQH� 7KH ''(& ,9 RQO\ UHFRUGHG WLPH DW ��

VHFRQG LQWHUYDOV DQG VSHHG WR WKH QHDUHVW ��� PSK�

7LPH +LVWRU\

7KURXJKRXW WKLV VHFWLRQ RI WKH SDSHU� VHYHUDO WLPH

KLVWRULHV ZLOO EH UHIHUUHG WR LQFOXGLQJ WKH WLPH DV

LQGLFDWHG LQ WKH ''(& ,9� WKH WRWDO VLPXODWLRQ WLPH� DQG

WKH WLPH IRU WKH VLPXODWLRQ VHJPHQW� ´7'µ ZLOO LQGLFDWH

WKH ''(& ,9 WLPH� 7KH ''(& ,9 VWDUWHG �� VHFRQGV

EHIRUH D KDUG EUDNH DQG HQGHG �� VHFRQGV ODWHU� )LYH

VHFRQGV ZHUH DGGHG WR WKH VLPXODWLRQ WR VWDELOL]H WKH

+9( VXVSHQVLRQ WKDW ERXQFHG LQLWLDOO\ DV WKH

VXVSHQVLRQ ZDV ORDGHG� 7' WLPH ZLOO EH V\QFKURQL]HG

ZLWK WRWDO VLPXODWLRQ WLPH �76� DQG ZLOO LQFOXGH

LQFUHPHQWV RI GHFLPDO VHFRQGV� 7RWDO VLPXODWLRQ WLPH

�76� ZDV IURP WKH VWDUW RI WKH VLPXODWLRQ� ILYH VHFRQGV

EHIRUH WKH ''(& ,9 VWDUWHG WR UHFRUG� XQWLO WKH EXV

FDPH WR UHVW� (DFK RI WKH ��VHJPHQWV VLPXODWHG

VWDUWHG DW WLPH �� 6HJPHQW WLPH ZLOO EH LQGLFDWHG DV

´7VHJ
µ
�

9HKLFOH

7KH +9( GHIDXOW WUDFWRU� D ���� )UHLJKWOLQHU )/' ���

WUDFWRU� ZDV DOVR XVHG WR EXLOG DQG PRGLI\ WKH EXV�

7KH EXV ZDV SRZHUHG E\ D 'HWURLW 'LHVHO� 6HULHV ���

����KRUVHSRZHU GLHVHO HQJLQH� 7KH EXV KDG DQ $OOLVRQ

PRGHO :7�%���5� ��VSHHG DXWRPDWLF WUDQVPLVVLRQ

WKDW ZDV HTXLSSHG ZLWK D ��SRVLWLRQ UHWDUGHU� 7KH

VLPXODWLRQ SURJUDP FDQ FXUUHQWO\ PRGHO RQO\ VWDQGDUG

WUDQVPLVVLRQV� ,QIRUPDWLRQ RQ WKH WUDQVPLVVLRQ ZDV

IRXQG RQ WKH $OOLVRQ 7UDQVPLVVLRQ ZHE SDJH�� 7KH

DXWRPDWLF WUDQVPLVVLRQ UDWLRV ZHUH HQWHUHG DV LI WKH\

ZHUH IRU D VWDQGDUG WUDQVPLVVLRQ� 7KH XS DQG GRZQ

VKLIWV FRXOG EH GHWHUPLQHG IURP WKH ''(& ,9 GDWD

XVLQJ WKH HQJLQH VSHHG DQG WKH YHKLFOH VSHHG� 7KH

EXV¶V LQLWLDO ZHLJKW RI ������ SRXQGV ZDV XVHG� 7KH

EUDNHV IRU WKH EXV ZHUH PRGLILHG IRU HDFK EUDNH·V

FKDPEHU VL]H� VODFN DUP OHQJWK� GUXP GLDPHWHU DQG

ZLGWK� OLQLQJ WKLFNQHVV DQG PHDVXUHG VWURNH EDVHG RQ

ILHOG PHDVXUHPHQWV� 7KH EUDNHV ZHUH LQ JRRG

FRQGLWLRQ� 7KH EUDNH DSSOLFDWLRQ DQG UHOHDVH WLPHV
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ZHUH PHDVXUHG DQG WKH SRVW�VWURNH WLPHV ZHUH DGGHG

LQWR WKH EUDNH FKDUDFWHULVWLFV� %DVHG RQ EUDNH WLPLQJ

JUDSKV WKDW ZHUH REWDLQHG GXULQJ EUDNH WHVWLQJ RQ WKH

DFFLGHQW EXV�� D ����� VHFRQG ODJ WLPH ZDV XVHG LQ WKH

EXV PRGHO EHIRUH WKH EUDNHV VWDUWHG WR DSSO\� 7KH ODJ

WLPH ZDV VXEWUDFWHG IURP WKH DSSO\ WLPH LQ 7DEOH � DQG

XVHG DV WKH ULVH WLPH LQ WKH FRPSXWHU PRGHO�

 
 
7DEOH �� %UDNH WLPLQJ WHVWV 

6LPXODWLRQ

7KH ,QLWLDO /RVV RI &RQWURO �7'  ����� WR ²�����

7KH ILUVW VHJPHQW GHYHORSHG ZDV IURP � VHFRQGV

EHIRUH WKH ''(& ,9 KDUG EUDNH UHFRUGHG GDWD VWDUWHG

XQWLO �� VHFRQGV DIWHU WKH ''(& ,9 VWDUWHG WR UHFRUG RU

IURP 7'  ����� WR ������ 7KH VLPXODWLRQ ZDV VWDUWHG

��VHFRQGV EHIRUH WKH ''(& ,9 UHFRUGLQJ WR VWDELOL]H

WKH +9( EXV VXVSHQVLRQ DV WKH VXVSHQVLRQ ZDV

LQLWLDOO\ ORDGHG� 7KLV VHJPHQW ZDV WHUPLQDWHG DIWHU ��

�76� VHFRQGV EHFDXVH DW WKDW WLPH LW DSSHDUHG WKH EXV

WUDQVPLVVLRQ ZDV SODFHG LQWR QHXWUDO DQG WKH EXV·V

UROOLQJ UHVLVWDQFH ZDV GHFUHDVHG� 7KHUH ZDV QR

SK\VLFDO HYLGHQFH WR LQLWLDOO\ ORFDWH WKH EXV DORQJ WKH

URDGZD\� 7KH ORFDWLRQ RI WKH EXV DW WKH VWDUW RI WKH

''(& ,9 UHFRUGHG GDWD ZDV LQLWLDOO\ FDOFXODWHG

DVVXPLQJ WKDW WKH EXV OHIW WKH URDG QHDU PLOHSRVW ���

ZKHQ 7' ����� GXH WR WKH � PSK GHFUHDVH LQ VSHHG

ZLWK QR EUDNHV EHLQJ DSSOLHG IURP 7' ������ 7KHQ WKH

DYHUDJH GLVWDQFH SHU VHFRQG ZDV FDOFXODWHG DQG

VXPPHG IURP 7 ���� WR ���� DQG IRXQG WR EH D WRWDO

GLVWDQFH RI ����� IHHW� 7R DFFRXQW IRU WKH DGGLWLRQDO �

VHFRQGV IRU WKH EXV VXVSHQVLRQ WR EHFRPH VWDEOH DW ��

PSK� DQ DGGLWLRQDO ��� IHHW ZDV DGGHG IRU D WRWDO

GLVWDQFH RI DERXW ����� IHHW
v
IURP PLOHSRVW ���� 7KXV

WKH EXV ZDV SODFHG DGMDFHQW WR PLOHSRVW ���
vi
WR EHJLQ

WKH VLPXODWLRQ�

v Some sideslip appears to have occurred and the bus would 
have traveled at a higher speed and therefore a further 
distance. 
vi This initial assumption appears to be correct within about a 
half a second based on the rotation of the bus at TD=-0:04 

$ QXPEHU RI VFHQDULRV ZHUH H[DPLQHG IRU WKLV VHJPHQW

XVLQJ WKH LQLWLDO VXUIDFH IULFWLRQ PXOWLSOLHU IURP WKH

$670 VNLG WHVWYLL ������ WR ������ IRU WKH URDG VXUIDFH

JRLQJ DURXQG WKH ILUVW FXUYH DIWHU PLOHSRVW ���� $W

WKHVH IULFWLRQ OHYHOV WKH EXV FRXOG PDQLSXODWH WKH FXUYH

ZLWK RXW ORVV RI FRQWURO E\ EUDNLQJ RU ZLWK WKH UHWDUGHU

FRPLQJ RQ DW �� PSK� 6LPXODWLRQV ZHUH UXQ WR

GHWHUPLQH WKH ORZHVW IULFWLRQ PXOWLSOLHU WKDW FRXOG EH

XVHG DQG VWLOO DOORZ WKH EXV WR GHFHOHUDWH DV LQGLFDWHG

RQ WKH ''(& ,9 DQG QHJRWLDWH WKH FXUYH ZKHUH WKH EXV

LQLWLDOO\ ORVW FRQWURO� DJDLQ EDVHG RQ WKH ''(& ,9 GDWD�

7KH VXUIDFH IULFWLRQ PXOWLSOLHU YDOXH ZDV YDULHG

EHWZHHQ ����� ����� DQG ����� :LWK D VXUIDFH IULFWLQ

PXOWLSOLHU YDOXH RI ���� DQG ����� WKH EXV FRXOG QRW

QHJRWLDWH WKH FXUYH� $W ���� WKH EXV GLG VLGH�VOLS DQG

\DZ LQ WKH DUHD ZKHUH WKH ''(& ,9 LQGLFDWHG VLGHVOLS�

KRZHYHU WKH FXUYH FRXOG EH QHJRWLDWHG� 7KXV WKH

YDOXH RI ���� ZDV FKRVHQ IRU WKH PLQLPXP VXUIDFH

IULFWLRQ PXOWLSOLHU LQ WKH DUHD MXVW EHIRUH DQG WKURXJK WKH

ILUVW OHIW FXUYH DIWHU PLOHSRVW ���� 8VLQJ WKH 0LFKHOLQ

;=$ WLUH YDOXHVYLLL PXOWLSOLHG E\ WKH $670 VNLG

QXPEHUV� WKH UHVXOWLQJ IULFWLRQ OHYHOV XVHG LQ WKH

VLPXODWLRQ IRU WKH EXV·V ILUVW ORVV RI FRQWURO DW WKH

EHJLQQLQJ RI WKH GDWD �7' ����� WR ²����� �FRPELQHG

ORQJLWXGLQDO DQG ODWHUDO� UDQJHG EHWZHHQ ���� *·V ZKHQ

WKH UHWDUGHU ZDV LQLWLDOO\ DSSOLHG WR D PD[LPXP RI ����

*·V ZKHQ PRVW RI WKH IRUFHV ZHUH ODWHUDO� 7KHVH

YDOXHV DUH ZHOO ZLWKLQ IULFWLRQ UDQJHV RQ VQRZ RU LFH IRU

WHVWV ZLWK FRPPHUFLDO YHKLFOH WLUHV��

,Q SUHOLPLQDU\ VLPXODWLRQV WKH EUDNHV ZHUH PRGHOHG DV

DQ DQWL�ORFN EUDNLQJ V\VWHP E\ F\FOLQJ WKHP WZLFH SHU

VHFRQG IURP �� WR �� SHUFHQW RI WKH YDOXH ZKHQ WKH WLUH

EHJDQ WR VOLGH�
ix�[ ,Q WKHVH UXQV WKH EXV ZDV DEOH WR

QHJRWLDWH WKH LQLWLDO OHIW FXUYH �VHH )LJXUH �� ZLWKRXW

ORVLQJ FRQWURO VR EUDNLQJ ZDV QRW XVHG DQG D UHWDUGHU

ZDV DSSOLHG� ,Q ODWHU DSSOLFDWLRQV RI WKH EUDNHV RQ WKH

GRZQKLOO DIWHU WKH ILUVW ��VHFRQG�ORQJ DSSOLFDWLRQ� WKH

EUDNHV ZHUH W\SLFDOO\ DSSOLHG IRU OHVV WKDQ D VHFRQG

DQG SUHVVXUHV ZHUH YHU\ ORZ WR PDWFK VXEVHTXHQW

''(& ,9 GDWD�

where the speed recorded was 3.0 mph, most likely as the 
bus became perpendicular to the direction of travel. 
vii  Colorado Department of Transportation conducted ASTM 
skid tests at 40, 50 and 60 mph. 
viii  From the HVE default tire values which are based on 
testing conducted at Calspan Laboratories using the TIRF 
machine. 
ix Gerhard Wieder, Bosch responded in an email to Larry 
Jackson, October 17, 2001 that the system worked at 2-3 Hz 
and utilized 85 to 95% of the peak friction 
x HVE was modified to allow ABS after this simulation was 
completed. 
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,Q WKH LQLWLDO VLPXODWLRQV�
xi
WKH EXV WHQGHG WR JDLQ WRR

PXFK VSHHG DV LW GHVFHQGHG WKH PRXQWDLQ URDG� 7R

UHGXFH WKH DFFHOHUDWLRQ RQ WKH GHVFHQW� WKH

DHURG\QDPLF GUDJ PRGXOH LQ 6,021 ZDV XVHG WR VORZ

WKH GHVFHQW RI WKH EXV DQG SURYLGH DHURG\QDPLF DQG

PHFKDQLFDO GUDJ� 7KH HIIHFWLYHQHVV RI WKH UHWDUGHU

ZDV HYDOXDWHG LQ YDULRXV SRVLWLRQV E\ WKH 176% LQ

DFWXDO WHVWLQJ� UHVXOWLQJ LQ PHDVXUHPHQWV RI WKH

DHURG\QDPLF DQG PHFKDQLFDO GUDJ RQ WKH EXV ZKHQ LQ

JHDU ZLWK QR UHWDUGHU DW ���� WR ���� *·V�� 7KH VXUIDFH

DUHD RI WKH IURQW DQG VLGH RI WKH EXV ZHUH FDOFXODWHG

DQG WKHQ UHGXFHG E\ ��� EDVHG RQ 

)LJXUH � ² 6LPXODWLRQV DVVHPEOHG WR SRUWUD\ WKH

PRXQWDLQ GHVFHQW

xi EDVDS was used initially – this program simulates a 
vehicle towing up to three trailers and is based on the 
University of Michigan’s Transportation Research Institute’s 
Phase 4 program, but because the bus gained too much speed 
on the mountain descent, it was not used. 

DQ ('& UHFRPPHQGDWLRQ LQ D WUDLQLQJ VHVVLRQ� 7KH

GHIDXOW YDOXH IRU WKH IURQW DHURG\QDPLF GUDJ FRHIILFLHQW

RI WKH WUXFN ZDV XVHG ������� ,QLWLDOO\ D VLGH YDOXH RI

���� ZDV XVHG� EXW WKLV ZDV DGMXVWHG VOLJKWO\ LQ

GLIIHUHQW SRUWLRQV RI WKH VLPXODWLRQ WR KHOS PDWFK WKH

VSHHGV IURP WKH ''(& ,9� )RU WKH LQLWLDO ORVV RI

FRQWURO� DQ DHURG\QDPLF GUDJ FRHIILFLHQW RI ���� ZDV

DVVXPHG RYHU WKH SURMHFWHG VXUIDFH DUHD RI ��������

VTXDUH LQFKHV �WKH DUHD RI WKH OHIW VLGH RI WKH EXV WLPHV

��� ���� UHGXFWLRQ��� WR DFFRXQW IRU WKH OLJKW FURVV ZLQG

DQG WR VORZ WKH EXV� 

$W 7' ²����� WKH EUDNH RU UHWDUGHU ZDV DSSOLHG

DFFRUGLQJ WR WKH ''(& ,9� $W WKLV WLPH LW DSSHDUHG WKDW

WKH WKURWWOH ZDV MXVW VWDUWLQJ WR LQFUHDVH IURP � WR

������ 1RUPDOO\ LI WKH WKURWWOH LV DSSOLHG WKH UHWDUGHU

ZRXOG GLVHQJDJH� ,Q WKH VLPXODWLRQ LQLWLDOO\� WKH

UHWDUGHU ZDV XVHG WR FRQWURO VSHHG DQG KDYH WKH EXV

WUDYHOLQJ DW ���� PSK DW 7' ²����� 7KH WKURWWOH ZDV

DGGHG DV LQGLFDWHG LQ WKH ''(& ,9 KDUG EUDNH UHSRUW

IRU 7' ����� WR 7' ������ %DVHG RQ WKH HQJLQH VSHHG

DQG USP GDWD� FDOFXODWLRQV LQGLFDWHG WKDW WKH EXV ZDV

LQ �WK JHDU IURP 7' ����� WR ������ LQ �WK JHDU IURP 7' �

���� WR ²���� DQG LQ �WK JHDU IURP 7' ²���� WR ²�����

*HDUVKLIWV ZHUH VLPXODWHG DFFRUGLQJO\� 

)URP 7' ����� WR ����� WKH ''(& ,9 UHSRUW LQGLFDWHG

WKDW WKH EUDNH RU WKH UHWDUGHU ZDV DSSOLHG� %DVHG RQ

WKH VLPXODWLRQV WKH EHVW ILW RFFXUUHG ZKHQ WKH UHWDUGHU

ZDV DSSOLHG WKURXJK WKH GULYH ZKHHOV DW DERXW ���

SRXQGV RI IRUFH DW WKH ZKHHO� 7KLV UHVXOWHG LQ WRWDO

ORQJLWXGLQDO GHFHOHUDWLRQV RI ����� WR ����� *·V ZKHQ

WKHUH ZDV QRW D KLJK ODWHUDO IRUFH �ODWHUDO IRUFHV SHDNHG

DW ���� *·V LQ WKH FXUYH DQG D SHDN ORQJLWXGLQDO IRUFH RI

����� *·V ZDV REWDLQHG� ,Q WKLV DUHD� WKH VORSH RI WKH

URDGZD\ ZDV GRZQKLOO DW ����� ZKLFK ZRXOG KDYH

UHVXOWHG LQ DQ DFFHOHUDWLRQ WR WKH EXV RI DERXW �����

*·V� 7KXV WKH GLIIHUHQFH LQ DFFHOHUDWLRQ GXH WR WKH

FRQWULEXWLRQ IURP WKH GRZQKLOO ������ *·V�� DQG WKH

FRQWULEXWLRQ IURP WKH UHWDUGHU ������ WR ²���� *·V� ZDV

���� WR ���� *·V� 7KLV LQGLFDWHG WKDW WKH UHWDUGHU ZDV

LQ D KLJK VHWWLQJ ² HLWKHU �WK� �WK� RU �WK SRVLWLRQ EDVHG RQ

WKH WHVWLQJ FRQGXFWHG WR PHDVXUH WKH UHWDUGHU DV

LQGLFDWHG LQ 7DEOH �� $IWHU WKH DFFLGHQW WKH UHWDUGHU

OHYHU� WKDW PD\ KDYH EHHQ GLVUXSWHG LQ WKH DFFLGHQW�

ZDV IRXQG LQ �WK SRVLWLRQ�

7DEOH �� � 5HWDUGHU GHFHOHUDWLRQ LQ SRVLWLRQ �� �� DQG ��

5HWDUGHU 3RVLWLRQ $FFHOHUDWLRQ �*�

� ���������

� ���������

� ���������

7DEOH � VKRZV D FRPSDULVRQ RI WKH ''(& ,9 VSHHGV

UHODWLYH WR WKH VLPXODWLRQ VSHHGV� )RU UHIHUHQFH WKH

YHKLFOH DFWLRQV DV LQGLFDWHG LQ WKH ''(& ,9� 'XULQJ

WKH WLPH IURP 7' ����� WR ������ WKH VLPXODWLRQ DQG
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''(& ,9 GR QRW PDWFK� 7KLV LV WKH WLPH GXULQJ ZKLFK D

VLGHVOLS RFFXUUHG EHFDXVH WKH UHFRUGHG VSHHGV DUH QRW

UHDOLVWLF� 7KHUHIRUH� LW ZDV FRQFOXGHG WKDW WKH ''(& ,9

ZDV QRW UHFRUGLQJ WKH WUXH YHKLFOH VSHHG[LL� %DVHG RQ

WKH SUHGLFWHG VSHHGV IURP WKH VLPXODWLRQ� LW DSSHDUV

WKDW EHWZHHQ 7' ����� WR ������ D VLGHVOLS ZDV

FRQVLVWHQW ZLWK D UHWDUGHU DSSOLFDWLRQ� $W 7' ����� WKH

GLIIHUHQFH EHWZHHQ WKH VLPXODWHG VSHHG DQG WKH ''(&

,9 VSHHG LV ��� PSK� %DVHG RQ LQIRUPDWLRQ IURP D

%RVFK RIILFLDO ZKR LQGLFDWHG WKDW DW � WR � PSK� VOLS

ZRXOG LQLWLDWH DQ $%6 HYHQW� LW FDQ EH VHHQ WKDW DQ

$%6 HYHQW OLNHO\ WXUQHG RII WKH UHWDUGHU EHWZHHQ 7' �

���� WR ����� DV VKRZQ ZLWK WKH WHUPLQDWLRQ RI EUDNHV�

7DEOH �� $ FRPSDULVRQ RI WKH ''(& ,9 GDWD YHUVXV WKH

VLPXODWHG GDWD�

7'

�VHF�

''(&

,9

6SHHG

�PSK�

6LPXODWLRQ

6SHHG

�PSK�

9HKLFOH $FWLRQV

����� ���� ����� %UDNH�5HWDUGHU�7KURWWOH

����� ���� ����� 7KURWWOH

����� ���� ����� 7KURWWOH�8SVKLIW

����� ���� ����� 7KURWWOH

����� ���� �����

����� ���� ����� %UDNH DQG�RU 5HWDUGHU

����� ���� ����� %UDNH DQG�RU 5HWDUGHU

����� ���� ����� %UDNH DQG�RU

5HWDUGHU�'RZQVKLIW

����� ���� ����� %UDNH DQG�RU 5HWDUGHU

����� ���� ����� %UDNH DQG�RU 5HWDUGHU

����� ���� ����� %UDNH DQG�RU 5HWDUGHU

����� ���� ����� %UDNH DQG�RU 5HWDUGHU

����� ���� ����� %UDNH DQG�RU 5HWDUGHU

����� ���� �����

����� ���� �����

����� ���� �����

����� ���� �����

����� ���� ����� 'RZQVKLIW WR 1HXWUDO

7KH UHWDUGHU DSSOLHG EUDNLQJ WKURXJK WKH GULYH ZKHHOV

RU WKH VHFRQG D[OH RI WKH EXV� )RU DQ\ JLYHQ

WLUH�VXUIDFH LQWHUIDFH WKHUH ZDV RQO\ D FHUWDLQ YDOXH RI

IULFWLRQ DYDLODEOH� ,I DOO WKH IULFWLRQ ZDV GHPDQGHG

ODWHUDOO\ WR JR DURXQG D FXUYH� WKHUH ZDV QRW DQ\

DYDLODEOH IRU VORZLQJ LQ WKH FXUYH� 6LPLODUO\ LI DOO WKH

IULFWLRQ ZDV UHTXLUHG WR GHFHOHUDWH� WKHUH ZRXOG EH QR

DGGLWLQDO IULFWLRQ DYDLODEOH IRU ODWHUDO IRUFHV WR QHJRWLDWH

D FXUYH� 1HJDWLQJ WKH HIIHFWV RI WLUH GHVLJQ �IRU VRPH

WLUHV WKHUH LV OHVV ODWHUDO IULFWLRQ WKDQ ORQJLWXGLQDO

IULFWLRQ GXH WR WKH GHVLJQ RI WKH VLGHZDOOV�� WKH

UHODWLRQVKLS IRU WLUH IULFWLRQ LV DV IROORZV�� 

xii  In this part of the simulation the speed shown is the 
resultant speed of the vehicle and not the longitudinal speed.  
The speed shown by the DDEC IV appears to be the 
longitudinal speed. 

)ULFWLRQWRWDO  � )ULFWLRQORQJLWXGLQDO
��)ULFWLRQODWHUDO

�����  

2Q VOLSSHU\ VXUIDFHV� ZKHQ WKH UHWDUGHU LV DSSOLHG� WKH

ZKHHOV WU\ WR VORZ ZKLOH VSLQQLQJ LQ WKH ORQJLWXGLQDO

GLUHFWLRQ� 7KLV UHGXFHVV VRPH RI WKH DYDLODEOH IULFWLRQ

IURP WKHVH WLUHV� ,I WKH YHKLFOH LV QHJRWLDWLQJ D FXUYH�

WKH WLUHV VOLGH ODWHUDOO\ LI WKH FRPELQHG ORQJLWXGLQDO DQG

ODWHUDO IRUFHV H[FHHG WKH WRWDO DYDLODEOH IULFWLRQ� 6LQFH

WKH HIIHFWLYH YHKLFOH GHFHOHUDWLRQ ZDV ����� WR �����

*·V� DQG RQO\ WKH VHFRQG D[OH ZDV VORZLQJ WKH EXV� WKH

WLUHV DW WKH VHFRQG D[OH ZHUH SXOOLQJ D KLJKHU *�OHYHO DW

WKH WLUH URDG LQWHUIDFH LQYHUVHO\ SURSRUWLRQDO WR WKH

ZHLJKW RQ WKH D[OH WR WKH HQWLUH EXV� 7KXV WKH WLUHV RQ

WKH VHFRQG D[OH ZHUH SXOOLQJ ���� WR ���� *·V

ORQJLWXGLQDOO\� $V FDQ EH REVHUYHG LQ WKLV SRUWLRQ RI WKH

VLPXODWLRQ� WKH YHKLFOH ZDV QHJRWLDWLQJ D OHIW FXUYH DQG

WKH WLUHV VOLSSHG WR WKH ULJKW RU RXWVLGH RI WKH FXUYH�

7KLV URWDWHG WKH EXV FRXQWHUFORFNZLVH� DV YLHZHG IURP

DERYH�

)LJXUH � VKRZV WKH ORFDWLRQ RI WKH EXV ZKHQ WKH WLUHV

VWDUWHG WR VOLS� 7KH LQLWLDO VOLSV RFFXUUHG DW 7' ������

VHFRQGV IRU WKH ULJKW �� D[OH� ������ VHFRQGV IRU WKH

OHIW � � D[OH DQG ������ IRU WKH OHIW �� D[OH� 7KLV LV ����

VHFRQGV DIWHU WKH PD[LPXP VWHHULQJ LQSXW RI ����

GHJUHHV DV WKH EXV JRHV DURXQG WKH FRUQHU WR WKH OHIW�

7KH GHVLJQ VSHHG RI WKH OHIW FXUYH ZDV �� PSK DQG WKH

DGYLVRU\ VSHHG SODWH SRVWHG RQ WKH UHYHUVH FXUYH VLJQ

EHIRUH WKH FXUYH ZDV �� PSK� 7KH VSHHG OLPLW IRU WKH

URDG ZDV �� PSK� 7KH ''(& ,9 LQGLFDWHG WKH EXV ZDV

WUDYHOLQJ DW �� WR �� PSK MXVW SULRU WR WKH FXUYH� 7KH

EXV·V VSHHG ZDV EHORZ WKH VSHHG OLPLW� EXW DERYH WKH

GHVLJQ VSHHG DQG WKH DGYLVRU\ ZDUQLQJ VSHHG IRU WKH

FXUYH� 7KH ODWHUDO DFFHOHUDWLRQ GHYHORSHG E\ WKH EXV

ZDV DERXW ���� * DQG WKH ORQJLWXGLQDO DFFHOHUDWLRQ RQ

WKH UHWDUGHU D[OH ZDV ���� WR ���� * IRU D WRWDO

DFFHOHUDWLRQ RI ���� WR ���� *� ZKLFK DSSURDFKHV WKH

PD[LPXP DYDLODEOH IULFWLRQ WKDW FRXOG EH H[SHFWHG RQ D

VQRZ\� VOLSSHU\ VXUIDFH�   

)LJXUH �� $ YLHZ RI WKH VLPXODWLRQ VKRZLQJ ZKHQ WKH

EXV WLUHV EHJDQ WR VOLS�
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,Q WKLV ILUVW ORVV�RI�FRQWURO� VHYHUDO IDFWRUV FRPELQHG WR

UHVXOW LQ WKH LQLWLDO ORVV RI FRQWURO WKDW UHVXOWHG LQ WKH

EXV WXUQLQJ DQG \DZLQJ SHUKDSV DV PXFK DV ���

GHJUHHV� 7KH ILUVW RI WKHVH IDFWRUV ZDV WKH UHGXFHG

VXUIDFH IULFWLRQ GXH WR WKH VSHHG RI WKH EXV RQ D URDG

ZLWK VQRZ DQG VOLSSHU\ FRQGLWLRQV� 7KH VHFRQG IDFWRU

ZDV WKH DSSOLFDWLRQ RI WKH UHWDUGHU WR VORZ WKH EXV RQ

WKH GRZQJUDGH LQ D KLJK UDQJH ��WK� �WK RU �WK SRVLWLRQ�

WKDW GHPDQGHG ORQJLWXGLQDO IULFWLRQ DQG UHGXFHG WKH

DYDLODEOH ODWHUDO IULFWLRQ� 7KH WKLUG IDFWRU ZDV WKH

������IRRW UDGLXV FXUYH KDG D GHVLJQ VSHHG RI �� PSK�

DQ DGYLVRU\ VSHHG RI �� PSK DQG ZDV EHLQJ WUDYHUVHG

E\ WKH EXV DW �� WR �� PSK�

:KHQ WKH DYDLODEOH IULFWLRQ ZDV H[FHHGHG� WKH EXV

VWDUWHG WR \DZ �VHH )LJXUH ��� )LUVW� WKH ULJKW �� ZKHHO

VOLSSHG DV D UHVXOW RI WKH VSHHG� WKH FXUYH� DQG WKH

UHWDUGHU� 1H[W� WKH OHIW �� ZKHHO VOLSSHG� 7KHQ� WKH

IURQW OHIW �� ZKHHO VOLSSHG DQG WKHQ WKH UHVW RI WKH

ZKHHOV VWDUWHG WR VOLS� (YHQWXDOO\ WKH UHWDUGHU ZDV

SUHVXPDEO\ WXUQHG RII E\ WKH DFWLYDWLRQ RI DQ $%6

HYHQW IRU IRXU VHFRQGV� EXW EHIRUH LW UHDFWLYDWHG� WKH

YHKLFOH WUDQVPLVVLRQ ZHQW LQWR QHXWUDO� GLVDEOLQJ WKH

UHWDUGHU FRPSOHWHO\� EDVHG RQ WKH ''(& ,9 UHSRUW�

&RQWLQXLQJ GRZQ WKH KLOO �7' ²���� WR ²�����

7KH QH[W �� VHFRQGV RI WKH ''(& ,9 GDWD ZHUH

VLPXODWHG LQ WZR 6,021 UXQV DV LQGLFDWHG LQ )LJXUH ��

,Q WKHVH VLPXODWLRQV WKH EXV GHVFHQGHG WKH PRXQWDLQ

DQG URXQGHG D ULJKW FXUYH SULRU WR HQWHULQJ WKH OHIW

FXUYH QHDU PLOHSRVW ��� ZKHUH WKH EXV ZHQW RII WKH

URDG� ,Q WKLV VHFWLRQ WKH EXV ZDV LQ QHXWUDO DQG

FRQWLQXHG WR JDLQ VSHHG DW WKH UDWH RI DERXW ��� PSK

SHU VHFRQG IURP �� PSK WR ���� PSK� DFFRUGLQJ WR WKH

''(& ,9� ,Q WKH FXUYHV WKH VLPXODWLRQV LQGLFDWHG WKDW

WKH EXV ZDV H[SHULHQFLQJ ODWHUDO IRUFHV RI ���� WR ����

*·V� 7KH ''(& ,9 GDWD GLG QRW LQGLFDWH DQ\ VLJQLILFDQW

ORVV RI FRQWURO� EXW WKH EXV ZDV RQ WKH WKUHVKROG IRU WKH

UHGXFHG IULFWLRQ FRQGLWLRQV GXH WR WKH ZHDWKHU� DV

PDQ\ RI WKH SUHOLPLQDU\ VLPXODWLRQV ZHUH XQVXFFHVVIXO�

,Q WKLV VHJPHQW WKH EUDNHV ZHUH DSSOLHG IRXU WLPHV

DFFRUGLQJ WR WKH ''(& ,9� HDFK WLPH IRU DERXW D

VHFRQG DQG DW ORZ EUDNH SHGDO SUHVVXUHV EDVHG RQ WKH

VLPXODWLRQV� 7KH EUDNH DSSOLFDWLRQV KDG OLWWOH RU QR

VLJQLILFDQW HIIHFW RQ VORZLQJ WKH EXV� ,Q D IHZ ORFDWLRQV

WKH EXV QHHGHG DGGLWLRQDO EUDNLQJ LQ WKH VLPXODWLRQV WR

PDWFK WKH ''(& ,9 VSHHGV� 7KHVH DSSOLFDWLRQV ZHUH

VKRUW LQ GXUDWLRQ DQG FRXOG KDYH EHHQ DSSOLHG EHWZHHQ

WKH ''(& ,9·V RQH VHFRQG VDPSOLQJ� 7KHVH VHFWLRQV

WLHG WKH LQLWLDO ORVV RI FRQWURO DQG WKH ILQDO ORVV RI FRQWURO

DQG KHOSHG WR FRQILUP WKH LQLWLDO SRVLWLRQ RI WKH EXV DW

WKH VWDUW RI SDUW ��

)LQDO /RVV RI &RQWURO DQG 6SLQRXW �7' ²���� WR ��������

7KLV SRUWLRQ RI WKH VLPXODWLRQ H[DPLQHG KRZ WKH EXV

VSXQ RXW RI FRQWURO DQG WKH EHJLQQLQJ UROORYHU RI WKH

EXV� ,Q WKLV VHJPHQW� WKH EXV VWUXFN WKH PLOHSRVW

PDUNHU DQG VHYHUDO GHOLQHDWRUV DQG WKH PDUNV RQ WKH

EXV ZHUH XVHG WR GHWHUPLQH WKH EXV·V SRVLWLRQ RQ WKH

URDGZD\� 7KH ULJKW VLGH RI WKH EXV ZHQW RII WKH URDG WR

WKH ULJKW �VRXWK VLGH� RQ D OHIW FXUYH� \DZHG FRXQWHU�

FORFNZLVH� VWUXFN PLOHSRVW PDUNHU �03� ��� DQG WKH

DGMDFHQW GHOLQHDWRU QHDU WKH EXV·V ULJKW UHDU ZKHHOV�

UHWXUQHG WR WKH URDG DQG WKH IURQW RI WKH EXV FURVVHG

WKH FHQWHUOLQH �VHH )LJXUH � DW WLPH 7' ������� DQG ²

������� 7KH EXV WKHQ URWDWHG FORFNZLVH DERXW ����

GHJUHHV DQG DV LW VSXQ� WKH OHIW UHDU FRUQHU RI WKH EXV�

QHDU WKH EXPSHU� VWUXFN DQRWKHU GHOLQHDWRU RQ WKH

RSSRVLWH VLGH RI WKH URDG �QRUWK VLGH ² )LJXUH � 7' �

���� ² QRWH WKH YLHZSRLQW FKDQJHG DQG LV ORRNLQJ WKH

RSSRVLWH GLUHFWLRQ IRU WKH ODVW � IUDPHV LQ WKH ILJXUH��

$V WKH EXV VWUDLJKWHQHG DQG WUDYHOHG EDFNZDUGV RQ WKH

QRUWK VKRXOGHU LW PD\ KDYH EHQW DQRWKHU GHOLQHDWRU

VOLJKWO\ WR WKH QRUWK ZLWK WKH ULJKW VLGH RI WKH EXV�

IRUZDUG RI WKH IURQW WLUH� 7KH EXV WKHQ VWUXFN DQRWKHU

GHOLQHDWRU ZLWK WKH UHDU EXPSHU MXVW WR WKH OHIW RI WKH

FHQWHU RI WKH EXPSHU �)LJXUH � � 7' �������� QRWH WKH

EXV LV PRYLQJ EDFNZDUGV LQ WKH ODVW WZR IUDPHV RI WKH

ILJXUH�� 7KH EXV WKHQ URWDWHG DERXW �� GHJUHHV

FORFNZLVH DQG UROOHG FORFNZLVH ���� GHJUHHV EHIRUH WKH

VLPXODWLRQ ZDV VWRSSHG� EHFDXVH WKH EXV GLG QRW

FRPSOHWHO\ UROORYHU� EXW LQVWHDG VOLG VLGHZD\V� 7KH EXV

GLG QRW UROORYHU GXH WR WKH ORZ IULFWLRQ YDOXH LQLWLDOO\

XVHG RQ WKH VORSH DQG WKH UHODWLYHO\ VPRRWK VXUIDFH GLG

QRW DFW DV D WULSSLQJ PHFKDQLVP� DV ZDV LQGLFDWHG E\

WKH IXUURZV DQG VWUXFN EXULHG URFNV RQ�VFHQH�

:KHQ WKLV VHJPHQW RI WKH VLPXODWLRQ VWDUWHG� WKH EXV

ZDV DERXW ���� PLOHV SDVW 0LOHSRVW ���� ,Q WKLV DUHD�

WKH URDGZD\ LV VWUDLJKW DQG LW KDV D ����� GRZQJUDGH�

7KH ''(& ,9 UHSRUW LQGLFDWHG WKDW EUDNHV ZHUH DSSOLHG

IRU WKUHH VHFRQGV EHWZHHQ 7' ����� WR ²���� �VHH

7DEOH ��� 7KH VLPXODWLRQ UHTXLUHG D ���� SRXQG EUDNH

SHGDO DSSOLFDWLRQ IROORZHG E\ YHU\ OLJKW DSSOLFDWLRQV RI

EUDNHV IRU WKH QH[W WZR VHFRQGV WR PDLQWDLQ WKH ''(&

,9 VSHHGV�  

$W 7' ����� WR ²���� WKH ''(& ,9 GDWD DSSHDUHG WR EH

LQDFFXUDWH IRU RQH RU PRUH VHFRQGV� LQ WKDW WKH EXV

DFFHOHUDWHG WRR PXFK �� PSK ZLWK EUDNHV RQ� DW 7' �

���� WR ²������ ,Q WKH LQLWLDO VLPXODWLRQ VHJPHQW� WKH

EXV ORVW VSHHG DFFRUGLQJ WR WKH ''(& ,9 ZKHQ WKH EXV

VOLSSHG DQG \DZHG� ZKLFK ZRXOG LQGLFDWH WKDW SHUKDSV

WKH GDWD DW 7' ����� WR ²���� FRXOG EH ORZ GXH WR

\DZLQJ� ,I 7' ����� WR ²���� ZHUH ORZ� EUDNLQJ ZRXOG

KDYH WR EH UHGXFHG SULRU WR WKLV WLPH DQG 7' ����� WR ²

���� FRXOG EH PDWFKHG PRUH FORVHO\ ZLWK D VOLJKW

GHFUHDVH WR WKH EXV·V DHURG\QDPLF GUDJ�
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$W 7' ����� WR ²���� VHFRQGV� WKH EXV ZDV \DZLQJ RII

WKH VLGH RI WKH URDG DQG WKH ''(& ,9 VSHHGV ZHUH

LQFRUUHFW EHFDXVH WKH VSHHG ZDV EHLQJ PHDVXUHG

DORQJ WKH ORQJLWXGLQDO D[LV RI WKH EXV ZKLFK FKDQJHG

GLUHFWLRQ DV WKH EXV \DZHG �VHH 7DEOH ��� 7KXV RQO\ D

SDUW RI WKH EXV·V VSHHG ZDV PHDVXUHG ZKHQ LW ZDV

\DZLQJ� :KHQ WKH EXV EHJDQ D URWDWLRQ� ''(& ,9

VSHHGV FKDQJHG TXLFNO\ GXULQJ WKH URWDWLRQ DQG LW

DSSHDUHG DV WKRXJK WKH ORQJLWXGLQDO YHORFLW\ ZDV YHU\

FORVH WR WKH UHSRUWHG ''(& ,9 VSHHGV� 7KLV UHVXOWHG

EHFDXVH LQ WKH ''(& ,9 GDWD� D VSHHG VHQVRU RQ WKH

WUDQVPLVVLRQ·V RXWSXW VKDIW PRQLWRUHG WKH YHKLFOH·V

VSHHG DQG WKH ZKHHOV ZHUH WXUQLQJ WKH VKDIW LQ WKH

ORQJLWXGLQDO GLUHFWLRQ RQO\� $W 7' ����� VHFRQGV� WKH

EXV ZDV DOPRVW SHUSHQGLFXODU WR WKH GLUHFWLRQ RI WUDYHO

DQG WKH IRUZDUG VSHHG RI WKH WLUHV ZDV DOVR � PSK

�UHSRUWHG LQ WKH ''(& ,9 DV ��� PSK�� 7KH ''(& ,9

GRHV QRW GLIIHUHQWLDWH EHWZHHQ IRUZDUG DQG EDFNZDUG

YHORFLW\� $IWHU WKH EXV VWDUWHG WR WUDYHO UHDUZDUG� LW

WUDYHOHG DW D VSHHG RI �� WR �� PSK� 7KH EXV WKHQ

VWUXFN WKH GHOLQHDWRU ZLWK WKH UHDU EXPSHU DQG EHJDQ

WR URWDWH FORFNZLVH GRZQ WKH KLOO� 7KH VSHHG RI WKH

YHKLFOH LV QRW UHSRUWHG DFFXUDWHO\ LQ ''(& ,9 GDWD DV

WKH EXV \DZV RQ WKH KLOO� �7' ����� WR �������

 
)LJXUH � � 7KH EXV SRVLWLRQV DQG LPSDFWV ZLWK

GHOLQHDWRUV DQG PLOHSRVWV IURP WKH VLPXODWLRQ� 1RWH WKH

ODVW WKUHH IUDPHV DUH VKRZQ IURP WKH RSSRVLWH GLUHFWLRQ

DV WKH EXV URWDWHG DURXQG DQG FRQWLQXHG EDFNZDUGV�

7DEOH �� $ FRPSDULVRQ RI WKH ''(& ,9 GDWD YHUVXV

WKH VLPXODWHG GDWD� FRQWLQXHG� �8�YHO LV SRVLWLYH���

WRZDUG WKH IURQW DQG Y�YHO LV SRVLWLYH��� WRZDUG WKH

ULJKW�
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�VHF�
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,9

6SHHG

�PSK�
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7KH VSHHG OLPLW LQ WKLV VHJPHQW� DV RQ WKH UHVW RI WKH

GRZQJUDGH� ZDV �� PSK� %HIRUH WKH EXV ZHQW RII WKH

URDG WR WKH ULJKW WKHUH ZDV D ZLQGLQJ URDG VLJQ ZLWK DQ

DGYLVRU\ VSHHG SODWH RI �� PSK� 7KH GHVLJQ VSHHG RQ

WKH KLJKZD\ SODQV ZDV �� PSK� $V WKH EXV ZHQW LQWR

WKH FXUYH LW ZDV WUDYHOLQJ DERXW �� PSK EDVHG RQ WKH

''(& ,9 UHSRUW� 7KH VLPXODWLRQ LQGLFDWHG WKDW WKH EXV

FRXOG KDYH QHJRWLDWHG WKH FXUYH LI LW KDG VWHHUHG PRUH�

SULRU WR JRLQJ RQ WKH VKRXOGHU DQG VWD\HG LQ WKH ODQH� LI

WKH ���� * IULFWLRQ VXUIDFH ZDV DYDLODEOH� DQG LI WKH

EUDNHV ZHUH QRW DSSOLHG� DV LQGLFDWHG LQ WKH ''(& ,9

UHSRUW� 7KH EXV ZDV RQ WKH WKUHVKROG RI H[FHHGLQJ WKH

FDOFXODWHG VDIH VSHHG LQ WKH FXUYH RI ���� PSK DV LW

QHJRWLDWHG WKH FXUYH DW ���� PSK� DFFRUGLQJ WR WKH

''(& ,9� RQ WKH VKRXOGHU LI WKH IULFWLRQ ZDV ���� *·V�

:KHQ WKH EXV UDQ RII WKH HGJH RI WKH SDYHPHQW� WKH
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FKDQJH LQ VORSH[LLL DQG WKH ORZHULQJ RI WKH IULFWLRQ ZRXOG

KDYH UHVXOWHG LQ WKH EXV VOLGLQJ RXW DQG \DZLQJ LQ WKH

FXUYH DV LW GLG LQ WKH VLPXODWLRQ� DQG DV REVHUYHG LQ WKH

SK\VLFDO HYLGHQFH ZKHQ WKH PLOHSRVW VLJQ VWUXFN RQO\

WKH UHDU SRUWLRQ RI WKH EXV QHDU WKH UHDU ZKHHOV�

,Q WKLV VHJPHQW RI WKH VLPXODWLRQ IRXU IDFWRUV FRPELQHG

WR UHVXOW LQ WKH ILQDO ORVV RI FRQWURO� 7KH ILUVW IDFWRU ZDV

WKH UHGXFHG VXUIDFH IULFWLRQ GXH WR WKH URDG VXUIDFH

FRQGLWLRQV DQG WKH KLJK VSHHG RI WKH EXV� 7KH VHFRQG

IDFWRU ZDV WKH EXV DSSHDUHG WR QRW KDYH EHHQ IXOO\

FRUQHULQJ HDUO\ LQ WKH FXUYH DV LW OHIW WKH URDG RQWR WKH

VKRXOGHU� 7KH WKLUG IDFWRU ZDV WKH EXV ZHQW RQWR WKH

VKRXOGHU DQG WKHQ RII WKH VKRXOGHU RQWR WKH VQRZ DQG

JUDVV� $V WKH EXV UDQ RII WKH URDG� WKH VXSHU�HOHYDWLRQ

GHFUHDVHG ZKLFK ZRXOG KDYH UHGXFHG WKH FULWLFDO

VSHHG LQ WKH FXUYH IRU WKH EXV� :KHQ WKH WLUHV ZHUH RII

WKH SDYHPHQW WKH EXV EHJDQ WR \DZ DV WKH FULWLFDO

VSHHG IRU WKH FXUYH� WKH VXSHU�HOHYDWLRQ DQG WKH

DYDLODEOH IULFWLRQ ZHUH H[FHHGHG� 7KHQ WKH UHDU RI WKH

\DZLQJ EXV VWUXFN PLOHSRVW ��� DQG WKH QH[W

GHOLQHDWRU� 7KH IRXUWK IDFWRU ZDV WKH EXV KDG WR EH

VWHHUHG KDUG OHIW WR JHW WKH EXV EDFN RQWR WKH URDGZD\

DIWHU KLWWLQJ WKH PLOHSRVW PDUNHU� DQG WKHQ TXLFNO\

VWHHUHG KDUG ULJKW WR DYRLG JRLQJ RII WKH RWKHU VLGH RI

WKH URDG� 7KH FRUUHFWLYH ULJKW VWHHU KDG WR EH RI VKRUW

GXUDWLRQ� RQFH WKH EXV ZDV VWUDLJKWHQLQJ RXW RU LW ZRXOG

KDYH FRQWLQXHG WR URWDWH� DFFRUGLQJ WR WKH VLPXODWLRQ� 

$IWHU WKH EXV KDG URWDWHG PRUH WKDQ ��� GHJUHHV DQG

ZDV KHDGHG EDFNZDUGV DORQJ WKH QRUWK HGJH RI WKH

HPEDQNPHQW� WKH EXV KDG D OLWWOH PRUH VWHHULQJ DGGHG

WR WU\ WR UHWXUQ WKH EXV WR WKH URDGZD\ ZKLOH WUDYHOLQJ

EDFNZDUGV GRZQ WKH HGJH RI WKH URDG� :LWK WKH ULJKW

ZKHHOV LQ WKH VQRZ� WKH EXV VOLSSHG IXUWKHU GRZQ WKH

HPEDQNPHQW DQG UROOHG RYHU� 'XULQJ WKHVH PDQHXYHUV

WKH ''(& ,9 LQGLFDWHG WKDW EUDNHV ZHUH QRW DFWLYDWHG�

7KH ,QLWLDO 5ROO �7'  ������� � ��������

2QO\ D RQH VHFRQG VHJPHQW ZDV VLPXODWHG DV WKH EXV

UROOHG IURP �����GHJUHHV[LY WR �����GHJUHHV �MXVW EHIRUH

LPSDFW ZLWK WKH JURXQG�� ,Q RUGHU IRU WKH EXV WR UROO DQG

ILUVW LPSDFW WKH JURXQG LQ WKH DUHD ZKHUH IURQW

ZLQGVKLHOG JODVV DQG SLHFHV IURP WKH ULJKW VLGH PLUURU

ZHUH IRXQG� WKH VXUIDFH IULFWLRQ PXOWLSOLHU ZDV

LQFUHDVHG WR ����� 7KLV LQFUHDVH FDXVHG D WULS DV WKH

EXV WLUHV VOLG VLGHZD\V LQ WKH GLUW DV HYLGHQFHG E\ WKH

UHDU WLUH IXUURZV RQ�VFHQH� ,Q DGGLWLRQ WKH WLUHV PD\

KDYH EHHQ VQDJJHG RQ VRPH RI WKH ODUJH URFNV WKDW

xiii  One tire was on the shoulder and one was on the assumed 
grassy/snowy area near milepost 273, so the effects would 
have been theoretically between the two calculations for on 
the shoulder and on the dirt slope, but the tire on the dirt 
slope would have started to slip and governed the safe speed. 
xiv Due to the slope of the embankment, the roll started at 
22.7 degrees. 

ZHUH REVHUYHG HPEHGGHG LQ WKH HPEDQNPHQW DQG WKH

GLUW DQG JUDVV WKDW ZDV LQ WKH WLUH ULPV� 

7KH 6,021 VLPXODWLRQV DOVR LQGLFDWHG PLQRU SUREOHPV

ZLWK WKH VXSHU�HOHYDWLRQ� WKH UROO RI WKH YHKLFOH� DQG WKH

YHUWLFDO ERXQFH MXVW EHIRUH WKH KRUL]RQWDO FXUYH DV D

UHVXOW RI D FKDQJH LQ YHUWLFDO DOLJQPHQW� ,Q WKH LQWHUHVW

RI EUHYLW\� WKHVH DUHDV ZHUH QRW GLVFXVVHG LQ WKLV

SUHVHQWDWLRQ�

&21&/86,216 

7KH &DQRQ &LW\ DFFLGHQW KLJKOLJKWV VRPH RI WKH XQLTXH

IHDWXUHV LQ 6,021 WKDW DOORZ WKH VLPXODWLRQ RI

FRPPHUFLDO YHKLFOHV WKDW GHVFHQG PRXQWDLQV�

$HURG\QDPLFV PD\ KDYH WR EH DGMXVWHG WR DFFRXQW IRU

PHFKDQLFDO DQG DHURG\QDPLF GUDJ� 3HUKDSV WKH PRVW

LPSRUWDQW DVSHFW KLJKOLJKWHG ZDV WKH VWUHQJWK RI

FRPELQLQJ WKH HQJLQH GDWD UHFRUGHU GDWD ZLWK D

VLPXODWLRQ WR KLJKOLJKW IDFWRUV DQG HOLPLQDWH IDFWRUV WKDW

PD\ KDYH FRQWULEXWHG WR D VLGH�VOLS RU D ORVV�RI�FRQWURO�

,Q WKH VLPXODWLRQ� LW ZDV SRVVLEOH WR VKRZ WKH YHKLFOH·V

UHODWLYH SRVLWLRQ WR WKH HQYLURQPHQW ZKHQ FULWLFDO

DFWLRQV ZHUH RFFXUULQJ� 7KH VLPXODWLRQ GHPRQVWUDWHG

WKDW WKH WUDQVPLVVLRQ·V GRZQVKLIW ZDV QRW LQYROYHG LQ

WKH LQLWLDO ORVV�RI�FRQWURO� 7KH VLPXODWLRQ VKRZHG WKDW

WKH EXV ORVW FRQWURO LQLWLDOO\ DV VWHHULQJ ZDV EHLQJ

LQFUHDVHG DV LW HQWHUHG D FXUYH IURP D VSLUDO FXUYH DW

�� PSK ZLWK WKH UHWDUGHU LQ D KLJK VHWWLQJ� 7KH

VLPXODWLRQ VKRZHG WKDW WKH EXV·V VHFRQG ORVV RI FRQWURO

RFFXUUHG ZKHQ WKH EXV GULIWHG RII WKH VKRXOGHU WR WKH

ULJKW DQG KLW WKH PLOHSRVW PDUNHU� 7KH EXV QHHGHG D

ODUJH VWHHULQJ LQSXW WR UHFRYHU IURP EHLQJ RQ WKH

VKRXOGHU� DQG D VLPLODU FRUUHFWLYH VWHHULQJ WR NHHS WKH

EXV IURP JRLQJ RII WKH RWKHU VLGH �OHIW� RI WKH URDG� ,Q

WKH FRUUHFWLYH VWHHULQJ WKH EXV ZDV RYHUVWHHUHG� DQG

EHJDQ WR URWDWH ����GHJUHHV FORFNZLVH� $V WKH EXV

URWDWHG� 6,021 UHSOLFDWHG WKH VSHHGV VKRZQ E\ WKH

''(& ,9 DQG LQGLFDWHG WKDW WKH EXV ZDV ZLWKLQ �� WR

�� IHHW RI ZKHUH LW VKRXOG KDYH EHHQ ZKHQ LW ZDV

SHUSHQGLFXODU WR WKH URDG�
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