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'RZQKLOO�&RPPHUFLDO�9HKLFOH�6LPXODWLRQV�²�3DUW�$��

�7UDFWRU�6HPL�WUDLOHU�%UDNH�)DGH��

/DZUHQFH�-DFNVRQ��3(��06�
1DWLRQDO 7UDQVSRUWDWLRQ 6DIHW\ %RDUG

.ULVWLQ�3RODQG��3K'�
1DWLRQDO 7UDQVSRUWDWLRQ 6DIHW\ %RDUG

$%675$&7

7KH SXUSRVH RI WKLV SDSHU LV GLVFXVV WKH 6,021�

VLPXODWLRQ RI D EUDNH IDGH IRU D WUDFWRU�VHPL�WUDLOHU LQ

0RXQWDLQEXUJ� $UNDQVDV� 7KLV DFFLGHQW KLJKOLJKWV

VRPH RI WKH XQLTXH IHDWXUHV LQ 6,021 WKDW DOORZ WKH

VLPXODWLRQ RI FRPPHUFLDO YHKLFOHV WKDW GHVFHQG

PRXQWDLQV� 7KH UHODWLRQVKLS EHWZHHQ EUDNH OLQLQJ

WHPSHUDWXUHV DQG IULFWLRQ ZDV DOVR PRGHOHG LQ RUGHU

WR PRUH DFFXUDWHO\ VLPXODWH WKH EUDNH IDGH�

,1752'8&7,21

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

D ODUJH� FRPPHUFLDO YHKLFOH 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 EUDNH IDGH

IRU D IXOO\ ORDGHG WUDFWRU�VHPL�WUDLOHU LQ 0RXQWDLQEXUJ�

$UNDQVDV DV LW QHJRWLDWHG D ORQJ� PRXQWDLQRXV

GHVFHQW� 7KH VLPXODWLRQ UHTXLUHG 6,021 WR DSSO\

DHURG\QDPLF IRUFHV RQ WKH YHKLFOH DQG WR VLPXODWH WKH

IRUFHV GXH WR EUDNLQJ� 7KH 0RXQWDLQEXUJ

WUDFWRU�VHPL�WUDLOHU ZDV EXLOW LQ ���� UHIOHFWLQJ ROGHU

FRPPHUFLDO YHKLFOH WHFKQRORJLHV WKDW DUH VWLOO RQ WKH

URDG� 7KH EUDNHV ZHUH QRW DGMXVWHG SURSHUO\ DV

GLVFRYHUHG WKURXJK SRVW�DFFLGHQW LQVSHFWLRQ�

6,021 KDV VHYHUDO XQLTXH IHDWXUHV WKDW ZHUH QHHGHG

WR UHILQH WKH VLPXODWLRQ� 7KH DHURG\QDPLF GUDJ ZDV

XVHG WR VORZ WKH YHKLFOH DV LW GHVFHQGHG WKH PRXQWDLQ

DQG WR FDOLEUDWH WKH GUDJ LQ JHDU� %UDNH 'HVLJQHU

ZDV QHHGHG WR DFFRXQW IRU WKH KRW EUDNH OLQLQJV DQG WR

VLPXODWH EUDNH IDGH�

/LWHUDWXUH 5HYLHZ

+HDY\ WUXFNV DQG EXVHV XWLOL]H DLU EUDNHV� 0RVW RI

WKHVH DUH GUXP W\SH XQLWV� $LU HQWHUV WKH FKDPEHU

ZKHQ WKH EUDNHV DUH DSSOLHG� WKH SXVK URG PRYHV RXW

WXUQLQJ WKH VODFN DGMXVWHU ZKLFK URWDWHV WKH �6� FDP

DQG IRUFHV WKH VKRHV LQWR WKH GUXP� �6HH )LJXUH ��� 

%UDNHV RSHUDWH E\ FRQYHUWLQJ NLQHWLF HQHUJ\ �PRWLRQ�

LQWR WKHUPDO HQHUJ\ RU KHDW� $ IXOO VWRS IURP �� PSK

FDQ UDLVH EUDNH GUXP WHPSHUDWXUHV WR ��� GHJUHHV )�

7KLV LV DERXW WKH OLPLW IRU VDIH RSHUDWLRQ� ,I WKH EUDNHV

DUHQ
W IXQFWLRQLQJ SURSHUO\� RU WKH ORDG LV QRW

GLVWULEXWHG SURSHUO\� WKHQ VRPH GUXPV PLJKW UHDFK

��� � ���� GHJUHHV )
i�� 7KH GUXP ZLOO LQFUHDVH LQ

GLDPHWHU DERXW �����LQFK SHU ����GHJUHH WHPSHUDWXUH

ULVH� VR WKDW HYHQ DW ����GHJUHHV WKH GUXPV ZLOO EH

����� LQFKHV ODUJHU WKDQ DW �� GHJUHHV� 7KH LQFUHDVHG

GUXP GLDPHWHU ZLOO LQFUHDVH WKH SXVKURG VWURNH

UHTXLUHG WR DSSO\ EUDNHV E\ DERXW ���� LQFKHV�  

$V WKH GUXP KHDWV XS LW H[SDQGV DQG PRYHV DZD\

IURP WKH VKRHV� :LWK DQ DLU EUDNH V\VWHP� WKH VWURNH

RI WKH SXVKURG DQG WKXV WKH GLVWDQFH WKDW WKH VKRHV

FDQ EH PRYHG RXW LQWR WKH GUXP LV OLPLWHG� ,I WKH

EUDNHV DUH LPSURSHUO\ DGMXVWHG� ZKHQ WKH\ JHW KRW LW LV

SRVVLEOH WR UXQ RXW RI VWURNH EHIRUH WKH VKRHV PDNH

JRRG FRQWDFW ZLWK WKH GUXPV�� 

i The Safety Board’s Metallurgy investigation of a bus accident 
near Palm Springs, CA on July 31, 1991 found abnormal 
microstructure, indicating exposure to temperatures over 13000 F 
followed by rapid cooling. 
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)LJXUH �� 7UXFN DLU EUDNH� 

:KHQ EUDNH OLQLQJV JHW KRW� WKH IULFWLRQ SURYLGHG E\

WKH OLQLQJV GHFUHDVHV� 7KH OLQLQJV QR ORQJHU RIIHU WKH

VDPH UHVLVWDQFH WR WKH URWDWLRQ RI WKH GUXPV� )LJXUH �

VKRZV D JUDSK RI GUXP WHPSHUDWXUH DQG WKH GHFUHDVH

LQ FRHIILFLHQW RI IULFWLRQ DV WHPSHUDWXUHV H[FHHG ����)�

 

 
)LJXUH �� 'UXP 7HPSHUDWXUH YHUVXV &RHIILFLHQW RI

IULFWLRQ��

 
$ UHSRUW E\ )DQFKHU� HW DO�� WHVWHG WZR WUXFNV� D

VWUDLJKW WUXFN DQG D IXOO\ ORDGHG WUDFWRU�VHPL�WUDLOHU RQ

D ����PLOH GRZQJUDGH ZLWK JUDGHV RI ��� WR � SHUFHQW

DW ORZ VSHHGV ��� PSK IRU WKH WUDFWRU�VHPL�WUDLOHU WR ��

PSK IRU WKH VWUDLJKW WUXFN�� 7KH VWXG\ ZDV FRQGXFWHG

WR GHWHUPLQH ZKDW LQIRUPDWLRQ VKRXOG EH LQFOXGHG LQ

WKH &RPPHUFLDO 'ULYHU·V /LFHQVH RQ EUDNLQJ D WUXFN

ZKLOH GHVFHQGLQJ PRXQWDLQ URDGV� 7KH VWXG\

GHWHUPLQHG WKDW LW ZDV EHWWHU WR DSSO\ PRUH SUHVVXUH

�DERXW �� SRXQGV� IRU � VHFRQGV DQG WKHQ UHOHDVH IRU

DERXW � VHFRQGV �FDOOHG D VQXE� WKDQ WR DSSO\ EUDNHV

DW D ORZ OHYHO RI SUHVVXUH ��� SRXQGV� DQG KROG WKHP

RQ ZKLOH GHVFHQGLQJ WKH PRXQWDLQ� 7KH VQXEELQJ

UHVXOWHG LQ VOLJKWO\ ORZHU EUDNH WHPSHUDWXUHV� 7KH

KRWWHVW EUDNHV ZHUH FRROHU LI WKH VQXEELQJ VWUDWHJ\

ZDV XVHG� EXW WKH GLIIHUHQFH ZDV QRW ODUJH� 7KH VWXG\

IRXQG WKDW UHDU EUDNH GUXPV FRROHG DW D UDWH RI

����)�VHFRQG ZKHQ WKH EUDNH WHPSHUDWXUH ZDV DERXW

����) DERYH DPELHQW WHPSHUDWXUH� RU DW KLJKHU

WHPSHUDWXUHV� �� PLQXWHV WR FRRO IURP ��� WR ����)

ZKHQ WKH YHKLFOH LV WUDYHOLQJ �� PSK �6HH )LJXUH ���

6RPH RI WKH WHVW UXQV ZHUH DERUWHG ZKHQ WKH

WHPSHUDWXUH RI WKH KRWWHVW EUDNH GUXPV UHDFKHG

�����)� 7KH WHVW PHDVXUHG WKH GUXP WHPSHUDWXUHV LQ

WZR ORFDWLRQV DQG WKH OLQLQJ WHPSHUDWXUHV LQ RQH

ORFDWLRQ� 7KH DYHUDJH RI WKH WZR GUXP WHPSHUDWXUHV

ZDV DERXW ����) KRWWHU WKDQ WKH UHDGLQJ IURP WKH

OLQLQJ WKHUPRFRXSOH� ,Q )LJXUH �D RI WKH )DQFKHU

UHSRUW� WKH OLQLQJ WHPSHUDWXUH ZDV ��� GHJUHHV )

ORZHU WKDQ RQH RI WKH GUXP WKHUPRFRXSOHV� 7KH VWXG\

LQGLFDWHG WKDW DW VSHHGV DERYH �� PSK WKH UROOLQJ

UHVLVWDQFH� HQJLQH GUDJ� DQG DHURG\QDPLF GUDJ ZDV �

WR �� IRU WKHVH WZR WUXFNV� 7KH WUDFWRU�VHPL�WUDLOHU

KDG D ����� * GHFHOHUDWLRQ LQ JHDU DQG D ���� *

GHFHOHUDWLRQ LQ QHXWUDO
ii
� $ERXW �� VQXEV RU D VQXE

HYHU\ ���� VHFRQGV ZDV QHHGHG IRU WKH VWUDLJKW WUXFN

WR PDLQWDLQ VSHHG DW SOXV RU PLQXV � PSK
iii
� :KHQ D

OLPLWLQJ YDOYH ZDV XVHG� ODUJH GLIIHUHQFHV LQ EUDNH

WHPSHUDWXUHV ZHUH REVHUYHG� EHFDXVH WKH IURQW

EUDNHV GR DOPRVW QR ZRUN ZKHQ WKH OLPLWLQJ YDOYH LV

HPSOR\HG DQG ORZ EUDNH SUHVVXUHV DUH XVHG� 7KH

VWXG\ DOVR QRWHG WKDW YHU\ KLJK EUDNH WHPSHUDWXUHV

UHVXOWHG LI VRPH EUDNHV ZHUH QRW GRLQJ PXFK ZRUN� 

 
)LJXUH �� 7UXFN %UDNH &RROLQJ ZLWK GLVWDQFH IRU 6�FDP

GUXPV DW �� DQG �� PSK� �$W �� PSK LW ZRXOG WDNH WKH

WUXFN DERXW �� PLOHV RU �� PLQXWHV WR FRRO IURP ����)

WR ����)���

7KH *UDGH 6HYHULW\ 5DWLQJ 6\VWHP� �*656� FRPSXWHU

SURJUDP ZDV GHYHORSHG WR UHGXFH WKH SUREDELOLW\ RI

ODUJH WUXFN UXQDZD\ DFFLGHQWV RQ VHYHUH GRZQJUDGHV�

,W ZDV GHVLJQHG WR GHWHUPLQH WKH PD[LPXP VDIH

GRZQJUDGH VSHHGV IRU GLIIHUHQW ZHLJKW FDWHJRULHV RI

ii  Radliniski indicated that parasitic drag on an 80,000 
pound rig at 55 mph would be about 205 horsepower, 
which is about 0.0175 G.7 
iii  Similar data on the semi-trailer was not included in the 
report. 
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ILYH D[OH WUXFNV QRW HTXLSSHG ZLWK UHWDUGHUV� 6DIH

GRZQJUDGH VSHHGV ZHUH GHWHUPLQHG E\ D

PDWKHPDWLFDO PRGHO EDVHG RQ JURVV WUXFN ZHLJKW DQG

SK\VLFDO IHDWXUHV RI WKH GRZQJUDGH WR SUHGLFW EUDNH

WHPSHUDWXUH� 7KH PRGHO GHWHUPLQHG EUDNH GUXP

WHPSHUDWXUHV JHQHUDWHG E\ PDLQWDLQLQJ D FRQVWDQW

VSHHG RQ WKH GRZQJUDGH SOXV WKH WHPSHUDWXUH

JHQHUDWHG E\ SHUIRUPLQJ DQ HPHUJHQF\ VWRS� 7KH

ORVV RI WUXFN EUDNH V\VWHP HIILFLHQF\ �EUDNH IDGH�

VWDUWHG DW WHPSHUDWXUHV LQ H[FHVV RI ����) DQG

FRQWLQXHG ZLWK LQFUHDVLQJ HIILFLHQF\ ORVV OHDGLQJ WR

EUDNH IDLOXUH DW WHPSHUDWXUHV LQ H[FHVV RI ����)� )LYH

D[OH WUXFNV� ZLWKRXW UHWDUGHUV� WKDW GHVFHQGHG WKH

GRZQJUDGH DW WKH UHFRPPHQGHG VDIH VSHHG ZHUH

DEOH WR VDIHO\ SHUIRUP DQ HPHUJHQF\ VWRS LI DOO EUDNHV

ZHUH ZLWKLQ DGMXVWPHQW�

9(+,&/( '<1$0,& 6,08/$7,21 �

02817$,1%85*� $5.$16$6

2Q 0D\ ��� ����� DERXW ���� S�P�� D VRXWKERXQG

*D\OH 6WXDUW 7UXFNLQJ� ,QF� WUXFN WUDFWRU VHPL�WUDLOHU

H[LWHG ,���� DW 6+���� QHDU 0RXQWDLQEXUJ� $UNDQVDV�

7KH GULYHU ZDV XQDEOH WR VWRS DW WKH VWRS VLJQ DW WKH

ERWWRP RI WKH UDPS GXH WR WKH WUXFN·V ORVV RI EUDNLQJ

FDSDELOLW\� 7KH �������SRXQG FRPELQDWLRQ XQLW ZDV

WUDYHOLQJ DSSUR[LPDWHO\ �� PSK ZKHQ LW UDQ WKH VWRS

VLJQ DQG FROOLGHG ZLWK WKH ULJKW VLGH RI D ZHVWERXQG

���SDVVHQJHU ���� %OXH %LUG &RUSRUDWLRQ VFKRRO EXV

RSHUDWHG E\ 0RXQWDLQEXUJ� $UNDQVDV� 3XEOLF 6FKRROV�

7KH VFKRROEXV URWDWHG ��� GHJUHHV DQG FDPH WR UHVW

RQ LWV ULJKW VLGH RQ WKH HDVWERXQG VKRXOGHU RI 6+�����

7KH FRPELQDWLRQ YHKLFOH FRQWLQXHG DFURVV 6+����

DQG FDPH WR UHVW RQ LWV OHIW VLGH� �6HH )LJXUH ���

7KUHH VFKRROEXV SDVVHQJHUV VHDWHG DFURVV IURP WKH

LPSDFW DUHD ZHUH IDWDOO\ LQMXUHG� RQH ZDV HMHFWHG�

7KUHH RI WKH UHPDLQLQJ SDVVHQJHUV UHFHLYHG VHULRXV

LQMXULHV DQG WKUHH SDVVHQJHUV KDG PLQRU LQMXULHV� 7KH

GULYHU RI WKH VFKRROEXV VXVWDLQHG VHULRXV LQMXULHV DQG

WKH WUXFN GULYHU KDG PLQRU LQMXULHV�

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

WKH IDU ULJKW DQG WKH WUXFN EHKLQG WKH VWRS VLJQ��

7KH YHKLFOH G\QDPLFV VLPXODWLRQ ZDV EDVHG RQ WKH

YHKLFOH LQVSHFWLRQ�� SK\VLFDO HYLGHQFH DW WKH VFHQH

DQG WKH PDSSLQJ RI WKH VFHQH�� SHUIRUPHG E\ WKH

6DIHW\ %RDUG� 7KH VLPXODWLRQV ZHUH SHUIRUPHG XVLQJ

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

GHYHORSHG E\ (QJLQHHULQJ '\QDPLFV &RUSRUDWLRQ���

9HKLFOH

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

WUDFWRU� ZDV XVHG WR EXLOG DQG PRGLI\ WKH WUDFWRU� 7KH

WUDFWRU ZDV SRZHUHG E\ D &DWHUSLOODU 0RGHO ����%

'LHVHO HQJLQH� 7KH +9( GHIDXOW WUDFWRU ZDV PRGLILHG

WR LQFOXGH D ��VSHHG WUDQVPLVVLRQ� DQG D ������

GLIIHUHQWLDO� 7KH WUDFWRU ¶V LQLWLDO ZHLJKW RI ������

SRXQGV ZDV XVHG� 7KH EUDNHV IRU WKH WUDFWRU DQG WKH

VHPL�WUDLOHU 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 WUDFWRU ZDV DOVR PRGHOHG ZLWK D

SURSRUWLRQLQJ YDOYH RI WKH WUDFRU·V IURQW EUDNHV� 

7KH VHPL�WUDLOHU ZDV EXLOW XVLQJ D +9( JHQHULF ���

IRRW�ORQJ� �����*UHDW 'DQH )ODWEHG VHPL�WUDLOHU WKDW

ZDV PRGLILHG� DQG WKH SURSHU ORDG ZDV DGGHG�

%UDNH 7HPSHUDWXUHV

7KH *656 SURJUDP ZDV XVHG E\ WKH 6DIHW\ %RDUG��

WR GHWHUPLQH WKH WHPSHUDWXUH RI WKH WUXFN·V EUDNH

GUXPV RQ WKH GHVFHQW IURP WKH WXQQHO� 0RGLILFDWLRQV

ZHUH PDGH WR VLPXODWH WKH WUXFN·V RXW RI DGMXVWPHQW

EUDNHV� 7KH �����PLOHV RI PRXQWDLQ URDGV ZHUH

EURNHQ LQWR ����IRRW VHJPHQWV DQG IRU HDFK VHJPHQW

WKH HIILFLHQF\ RI WKH EUDNHV KDG WR EH FDOFXODWHG XVLQJ

WKH +HXVVHU HTXDWLRQV��� 7KXV WKH *656 ZDV UXQ

DERXW ��� WLPHV ZLWK D FDOFXODWLRQ RI HIILFLHQF\ IRU

HDFK VLPXODWLRQ� )URP WKH WXQQHO WR WKH DFFLGHQW VLWH�

WKH DYHUDJH WUXFN VSHHG ZDV �� PSK�LY 2Q WKH ILUVW

GHVFHQW WKH EUDNH GUXP WHPSHUDWXUHV LQFUHDVHG IURP

����) WR ����) DFFRUGLQJ WR WKH *656 SURJUDP� 7KH

EUDNH GUXPV WKHQ FRROHG WR ����) RQ DQ DVFHQW� 2Q

WKH VHFRQG GRZQJUDGH WKH GUXP WHPSHUDWXUHV IXUWKHU

LQFUHDVHG WR ����) EHIRUH FRROLQJ WR ����) RQ WKH

QH[W DVFHQW� 2Q WKH WKLUG GHVFQW� WKH EUDNH GUXP

WHPSHUDWXUHV ZHUH SUHGLFWHG WR LQFUHDVH WR ����)

EHIRUH FRROLQJ WR ����) RQ WKH ��� PLOH DVFHQW DW WKH

WRS RI D VPDOO KLOO� DERXW ����� IHHW EHIRUH WKH WRS RI

WKH H[LW UDPS EHIRUH WKH DFFLGHQW ORFDWLRQ� $FFRUGLQJ

WR WKH *656 SURJUDP� IURP WKH WRS RI WKH KLOO WR WKH

WRS RI WKH UDPS� WKH EUDNH GUXPV KHDWHG WR ����)�

EDVHG RQ D �� PSK VSHHG�

%UDNH /LQLQJ 6\VWHP

7KH GHIDXOW +9( EUDNH OLQLQJ YDOXHV� DV VKRZQ LQ

)LJXUH �� ZHUH PRGLILHG WR UHIOHFW WKH KLJK

WHPSHUDWXUHV SUHGLFWHG LQ WKH *656 SURJUDP DQG WKH

DVVRFLDWHG OLQLQJ IULFWLRQ YDOXHV�

iv Based on a picture of the truck in the tunnel with a time 
indicating that the truck traveled 12 miles in the 12 minutes 
prior to the crash. 
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)LJXUH �� 'HIDXOW +9( EUDNH OLQLQJ YDOXHV�

$ OLWHUDWXUH VHDUFK IRXQG GUXP EUDNH WHPSHUDWXUH

GDWD IRU VHYHUDO ���� WUXFN EUDNH OLQLQJV XVHG LQ

GLIIHUHQW W\SHV RI WUXFNLQJ DV LQGLFDWHG LQ (UURU�

5HIHUHQFH VRXUFH QRW IRXQG�� 7KLV LQGLFDWHG WKDW

IULFWLRQ EHWZHHQ WKH GUXP DQG OLQLQJ VWDUWHG WR

GHFUHDVH ZKHQ WKH GUXP WHPSHUDWXUH ZDV DERYH

����)��� 

6HYHUDO LQTXLULHV ZHUH PDGH WR EUDNH OLQLQJ

PDQXIDFWXUHUV UHTXHVWLQJ WDEOHV IRU WUXFN OLQLQJ

WHPSHUDWXUHV DQG IULFWLRQ� 2QH FRPSDQ\ UHVSRQGHG

ZLWK LQIRUPDWLRQ RQ KHDY\�GXW\ WUXFN�VHPL�WUDLOHU EUDNH

OLQLQJ IULFWLRQ YHUVXV WHPSHUDWXUH GDWD� 7KH FRPSDQ\

RIILFLDO LQGLFDWHG WKDW WKH GDWD VKRXOG EH FRQVLGHUHG DV

W\SLFDO RI SRSXODU QRQ�DVEHVWRV EUDNH OLQLQJV XVHG RQ

WRGD\
V YHKLFOHV� ERWK DV RULJLQDO HTXLSPHQW DQG IRU

UH�OLQHV� 7KLV GDWD HQGHG DW ����)� EXW WKH WUHQG IRU

OLQLQJ IULFWLRQ IDOO�RII ZLWK LQFUHDVHG WHPSHUDWXUH ZDV

REVHUYDEOH� �6HH )LJXUH ���

)LJXUH �� $ W\SLFDO� SRSXODU QRQ�DVEHVWRV EUDNH

OLQLQJV XVHG RQ WRGD\
V KHDY\ GXW\ YHKLFOHV�

7KH EUDNH FRPSDQ\ UHSUHVHQWDWLYH ZDV DVNHG LI LW

ZRXOG EH IDLU WR PRGHO WKH � SRLQW IRU IULFWLRQ OLQLQJ DW

������) RU ����) ORZHU WKDQ ZKDW GUXP WHPSHUDWXUHV

DUH NQRZQ WR UHDFK� DQG KH UHVSRQGHG WKDW LW VHHPHG

UHDVRQDEOH� 7KXV D SRLQW ZDV DGGHG WR WKH

FRPSDQ\·V GDWD IRU ���� IULFWLRQ DW ������)� +9(

DXWRPDWLFDOO\ H[WHQGV D FXUYH WKURXJK WKH SRLQWV�

ZKLFK UHVXOWHG LQ QHJDWLYH YDOXHV� 7KH GDWD SRLQW ZDV

UHGXFHG WR ������) DQG WKHQ ����) DQG LW FRQWLQXHG WR

KDYH QHJDWLYH YDOXHV �6HH )LJXUH ��� $QRWKHU YDOXH

DURXQG �����) ZDV QRW XVHG EHFDXVH WKHUH ZHUH

LQVXIILFLHQW SRLQWV WKDW FRXOG EH XVHG WR GHFULEH WKH

SRLQWV SURYLGHG E\ WKH EUDNH PDQXIDFWXUHU DQG WKH

HQG SRLQW� DQG DQ DGGLWLRQDO SRLQW WHQGHG WR QRW GURS

WKH FXUYH TXLFNO\ LQ WKH ����) UDQJH�

)LJXUH �� +9( GDWD ZLWK IULFWLRQ  ����� # ������)�

)LQDOO\� DW ����) WKH YDOXHV ZHUH DOO SRVLWLYH� 7KH

IULFWLRQ OLQLQJ WHPSHUDWXUH FXUYH XVHG IRU WKH WUXFN

EUDNH PRGHOLQJ LQ WKH VLPXODWLRQV LV VKRZQ LQ )LJXUH

�� 7KLV FXUYH LV VXEVWDQWLDWHG E\ WKH PDQXIDFWXUHU

GDWD� LQLWLDOO\� DQG E\ WKH *656 UHSRUW IRU WKH ILQDO

SRUWLRQ WKDW LQGLFDWHG ´7KH ORVV RI WUXFN EUDNH V\VWHP

HIILFLHQF\ �EUDNH IDGH� VWDUWV DW WHPSHUDWXUHV LQ

H[FHVV RI ����) DQG FRQWLQXHV ZLWK LQFUHDVLQJ

HIILFLHQF\ ORVV WR EUDNH IDLOXUH DW WHPSHUDWXUHV LQ

H[FHVV RI ����)��µ

)LJXUH �� +9( GDWD ZLWK IULFWLRQ  ����� # ����)�

6LPXODWLRQ

7KH DFFLGHQW ZDV VLPXODWHG LQ VHYHUDO SDUWV� ,QLWLDOO\

WKH DFFLGHQW ZDV VLPXODWHG WR GHWHUPLQH WKH VSHHG RI

WKH WUXFN DW LPSDFW XVLQJ ('60$&�� 7KHQ WKH WUXFN·V

DVFHQW DQG GHVFHQW DSSURDFKLQJ WKH DFFLGHQW VLWH

ZHUH VLPXODWHG ORRNLQJ DW WKH EUDNH WHPSHUDWXUH DQG

YHKLFOH VWRSSLQJ SHUIRUPDQFH� $GMXVWPHQWV WR WKH

LPSDFW ORFDWLRQ ZHUH PDGH EDVHG XSRQ WKH VLPXODWHG

EUDNH WHPSHUDWXUHV DQG VWRSSLQJ SHUIRUPDQFH� 7KH

EHVW PDWFK RI WKH SK\VLFDO HYLGHQFH RFFXUUHG ZKHQ

WKH VSHHG RI WKH EXV ZDV �� PSK DQG WKH WUXFN ZDV

�� PSK DW LPSDFW�

$OWKRXJK QRW GLVFXVVHG LQ WKLV SDSHU� 6,021 ZDV

XVHG WR VLPXODWH WKH WUXFN DQG EXV DIWHU WKH LPSDFW

VHSDUDWLRQ DV WKH YHKLFOHV LQLWLDOO\ UROOHG��� 6,021

ZDV DOVR LPSOHPHQWHG WR VLPXODWH WKH WUXFN FOLPELQJ

WKH KLOO EHIRUH WKH UDPS� GHVFHQGLQJ WKH KLOO� DQG

GHVFHQGLQJ WKH UDPS WR WKH LPSDFW ORFDWLRQ� 6,021

ZDV QHFHVVDU\ IRU WKLV SRUWLRQ RI WKH VLPXODWLRQ WR XVH

EUDNH GHVLJQHU�

,QLWLDOO\ WKH WUXFN ZDV PRGHOHG DW WKH WRS RI WKH UDPS

DW �� WR �� PSK� DV LQGLFDWHG E\ KLV DYHUDJH VSHHG

IURP WKH WXQQHO� 7R EH DEOH WR VORZ WKH WUXFN RQ WKH

UDPS WR �� PSK DW LPSDFW� WKH WHPSHUDWXUH RI WKH
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WUXFN·V EUDNH GUXPV KDG WR EH DURXQG ����) WR ����)

DW WKH WRS RI WKH UDPS DQG WKH GULYHU KDG WR KDYH

DSSOLHG �� WR �� SRXQGV RI DLU SUHVVXUH WR WKH EUDNHV

GXULQJ WKH GHVFHQW� 7KH *656 FDOFXODWLRQV LQGLFDWHG

WKDW WKH WUXFN EUDNHV ZHUH SUREDEO\ DERXW ����) DW WKH

WRS RI WKH UDPS� ,Q WKH WUXFN GULYHU·V VWDWHPHQW� KH

VDLG WKDW KH ZDV WUDYHOLQJ DERXW �� WR �� PSK ZKHQ

KH H[LWHG WKH KLJKZD\ RQWR WKH UDPS� 7KXV� LW LV QRW

OLNHO\ WKDW WKH WUXFN ZDV JRLQJ �� WR �� PSK ZKHQ LW

H[LWHG WKH KLJKZD\ RQWR WKH UDPS� +RZHYHU WR DVVHVV

WKH WUXFN VSHHG IXUWKHU� YDOLGDWLRQ RI WKH *656

WHPSHUDWXUHV ZDV PDGH E\ FKHFNLQJ WZR DVSHFWV RI

WKH *656 WKURXJK WKH XVH RI +9( ² WKH WHPSHUDWXUHV

RQ WKH WZR JUDGHV EHIRUH WKH UDPS� DQG D VXUURJDWH RI

EUDNH KHDW XS RQ D JUDGH WR WKH SUHYLRXV JUDGHV�

7R YDOLGDWH WKH *656 UHVXOWV D FRPSDULVRQ ZDV PDGH

RI WKH FRROLQJ RI WKH EUDNHV LQ +9( RQ WKH XSJUDGH

DQG GRZQJUDGH EHIRUH WKH UDPS ZLWK WKH *656 GDWD

IRU WKH VDPH XSJUDGH DQG GRZQJUDGH� 7KH VHFRQG

FRPSDULVRQ ZDV WR ORRN DW WKH LQFUHDVH RI WKH

WHPSHUDWXUH RI WKH EUDNHV DIWHU VHYHUDO DSSOLFDWLRQV

RQ WKH JUDGH DGMDFHQW WR WKH UDPS LQ +9( DQG

H[WUDSRODWH WKH UHVXOWV EDFN WR WKH SUHYLRXV

GRZQJUDGHV WR VHH LI LW ZDV OLNHO\ WKDW WKH EUDNHV

ZRXOG KDYH EHHQ KHDWHG WR ����) RU PRUH DV

SUHGLFWHG E\ WKH *656 FDOFXODWLRQV� 7KHVH WZR

DSSURDFKHV VHHPHG WR YDOLGDWH WKH *656 UHVXOWV�

7KHQ ILQDO WUXFN VLPXODWLRQ UXQV ZHUH FRQGXFWHG XS

WKH JUDGH XVLQJ WKH *656 VWDUWLQJ WHPSHUDWXUH RI

����)� 7KH HQG WHPSHUDWXUHV IURP WKH XSKLOO

VLPXODWLRQ ZHUH LQSXW DV WKH VWDUWLQJ WHPSHUDWXUHV IRU

WKH GRZQJUDGH� 7KH HQG WHPSHUDWXUHV IURP WKH

GRZQJUDGH ZHUH LQSXW DV WKH VWDUWLQJ SRLQW IRU

WHPSHUDWXUHV RQ WKH UDPS� 7KH HQG SRLQW IRU WKH

UDPS VLPXODWLRQ ZDV WR PDWFK WKH VSHHG RI WKH WUXFN

ZLWK WKH LPSDFW VSHHG RI �� PSK EDVHG RQ

('60$&�� 7KH GHWDLOV IROORZ�

7R DVVHVV WKH WUXFNV VSHHG� D VLPSOH ����IRRW�ZLGH

DQG ������IRRW�ORQJ ���� XSJUDGH ZDV EXLOW� 6LPLODUO\

D ������IRRW�ORQJ ���� GRZQJUDGH ZDV EXLOW WR

VLPXODWH WKH GRZQJUDGH DGMDFHQW WR WKH UDPS� 7KH

����IRRW ZLGWK ZDV QHHGHG EHFDXVH WKH WUXFN WHQGHG

WR PRYH ODWHUDOO\ ZKHQ WKH EUDNHV ZHUH DSSOLHG GXH WR

WKH EUDNHV EHLQJ XQEDODQFHG DQG UHGXFHG WKH

UHTXLUHG VWHHULQJ LQSXWV ZKLFK ZHUH QRW LQSXW IRU WKH

EUDNH WHPSHUDWXUHV� 

7KH ILUVW WUXFN VLPXODWLRQV ZHUH SHUIRUPHG WR FDOLEUDWH

WKH WUXFN·V DHURG\QDPLF� PHFKDQLFDO DQG WLUH GUDJ

IRUFHV� 5DGOLQVNL
v
SURYLGHG LQIRUPDWLRQ WR WKH 6DIHW\

%RDUG WKDW FRXOG EH XVHG WR FDOFXODWH GUDJ IRUFHV RI

v The drag was 205 HP for an 80,000 rig going 55 mph.7 

DERXW ����� *·V
vi
IRU D WUDFWRU VHPL�WUDLOHU WUDYHOLQJ DW

�� PSK� %DVHG RQ WKLV LQIRUPDWLRQ DQG WKH

VLPXODWLRQV� WKH GUDJ FRHIILFLHQW ZDV UHGXFHG IURP WKH

GHIDXOW YDOXH RI ���� WR ���� DQG WKH WUXFN·V VXUIDFH

DUHD ZDV UHGXFHG IURP ������ VTXDUH LQFKHV WR �����

VTXDUH LQFKHV�
vii  

$W WKH VWDUW RI WKH VLPXODWLRQ� WKH WUXFN·V LQLWLDO OLQLQJ

WHPSHUDWXUH� EUDNH GUXP WHPSHUDWXUH DQG WKH EUDNH

DGMXVWPHQW ZHUH HQWHUHG� 7KH EUDNH DGMXVWPHQWV

ZHUH EDVHG RQ ZKDW ZDV PHDVXUHG RQ�VFHQH�YLLL 7KH

WHPSHUDWXUHV ZHUH EDVHG RQ WKH *656 FDOFXODWLRQV

WKDW LQGLFDWHG WKDW WKH EUDNH WHPSHUDWXUH ZRXOG KDYH

EHHQ DERXW ����) DW WKH ERWWRP RI WKH XSJUDGH� ����)

DW WKH WRS RI WKH XSJUDGH� DQG ����) DW WKH WRS RI WKH

UDPS� ,QLWLDOO\ WKHVH WHPSHUDWXUHV ZHUH HQWHUHG DV

WKH EUDNH GUXP WHPSHUDWXUH DW WKH EHJLQQLQJ RI WKH

VLPXODWLRQV� $IWHU UXQQLQJ QXPHURXV VLPXODWLRQV LW

DSSHDUHG WKDW WKH GUXPV ZHUH ����) WR ����) KRWWHU

WKDQ WKH OLQLQJV� DQG WKH OLQLQJ WHPSHUDWXUHV ZHUH

UHGXFHG
ix
�

,W ZDV QRWHG WKDW WKH WHPSHUDWXUHV RI WKH EUDNHV

GHFUHDVHG DV WKH WUXFN ZHQW XS WKH ������IRRW�ORQJ

XSJUDGH� 7KH DPRXQW RI WKH WHPSHUDWXUH GHFUHDVH

YDULHG� GHSHQGLQJ RQ WKH WLPH WKH WUXFN ZDV FOLPELQJ

WKH XSJUDGH DQG WKH VSHHG RI WKH YHKLFOH� 7KH *656

FDOFXODWLRQV LQGLFDWHG DQ DYHUDJH GHFUHDVH RI DERXW

���) LI WKH WUXFN ZDV WUDYHOLQJ DW �� PSK� 7KH +9(

V\VWHP LQGLFDWHG D GHFUHDVH LQ WHPSHUDWXUH IRU HDFK

ZRUNLQJ EUDNH RI EHWZHHQ ���) WR ���) DV WKH WUXFN·V

VSHHG GHFUHDVHG IURP �� WR �� PSK DV LW FOLPEHG WKH

KLOO LQ �� VHFRQGV� )DQFKHU·V UHVHDUFK� LQGLFDWHG WKDW

UHDU EUDNHV RQ D WUXFN FRROHG DERXW ����) GHJUHHV SHU

VHFRQG ZKHQ WKH EUDNH WHPSHUDWXUH LV ����) DERYH

DPELHQW WHPSHUDWXUH� 7KLV ZRXOG OHDG WR DQ HVWLPDWH

WKDW WKH WUXFN·V EUDNHV FRROHG DERXW ���) RQ WKH

XSJUDGH DV WKH WUXFN GHFHOHUDWHG� $OO WKH GDWD

LQGLFDWHV WKDW WKH WUXFNV EUDNHV ZRXOG QRW KDYH FRROHG

VXEVWDQWLDOO\ RQ WKH XSJUDGHV RI ����� ���� DQG ����

PLOHV EHWZHHQ WKH � PLOHV RI GRZQJUDGHV� $W PRVW

WKH EUDNHV PD\ KDYH FRROHG RQ WKH RWKHU WZR

XSJUDGHV D WRWDO RI DERXW �� WR ��� GHJUHHV DW ��

PSK� ZLWKRXW EUDNHV EHLQJ DSSOLHG RQ WKH XSJUDGH� 

vi For comparison, an 80,000-pound tractor semi-trailer had 
a 0.014 g coast down in gear and 0.010 g in neutral at low 
speed.6 
vii  The default vehicle was a conventional Freightliner with 
a sleeper and an aerodynamic deflector on top of the tractor 
with a height of 150.9-inches.  The accident tractor was a 
Kenworth conventional cab with a sleeper birth that was 
shorter and had no aerodynamic deflector (based on 
mapping, the height of the damaged tractor was about 106-
inches). 
viii  Most of the brakes were out of adjustment or not 
functioning properly due to broken components. 
ix This agrees with the data from which showed 1000F to 
1600F differences between the linings and the drums.6 
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7KH VSHHGV XVHG RQ WKH XSJUDGH ��� PSK WR �� PSK�

ZHUH XVHG IRU WKH ILQDO UXQ� ,W EHFDPH DSSDUHQW WKDW

ZLWK WKH KLJK VWDUWLQJ EUDNH WHPSHUDWXUHV DW WKH

ERWWRP RI WKH XSJUDGH� WKH GULYHU QHHGHG WR VORZ WKH

YHKLFOH RQ WKH XSJUDGH XVLQJ JUDYLW\� ZLWKRXW DSSO\LQJ

WKH EUDNHV DQG KHDWLQJ WKHP KLJKHU LQ RUGHU WR EH

JRLQJ D VSHHG RI DERXW �� PSK DW LPSDFW� 

2Q WKH ������IRRW�GRZQJUDGH WKDW ZDV EXLOW IRU

VLPXODWLQJ WKH WUXFN·V EUDNHV� DQG GHWHUPLQLQJ

WHPSHUDWXUHV� EUDNHV ZHUH DSSOLHG� KHOG� DQG

VQXEEHG� 7KH VQXE F\FOH XVHG ZDV RQH VHFRQG IRU

WKH EUDNHV WR DSSO\ IURP � WR �� SRXQGV� WKUHH

VHFRQGV DW �� SRXQGV� DQG WKHQ RQH VHFRQG IRU WKH

EUDNHV WR UHOHDVH EDFN GRZQ WR � SRXQGV� 7KH EUDNHV

ZHUH KHOG RII DW � SRXQGV IRU � VHFRQGV DQG WKH F\FOH

ZDV UHSHDWHG HYHU\ �� VHFRQGV� 7KH EUDNH

DSSOLFDWLRQ SUHVVXUH RI �� SRXQGV ZDV XVHG EHFDXVH

WKH WUXFN·V EUDNHV ZHUH LQ SRRU DGMXVWPHQW DQG ��

SRXQGV KDG OLWWOH RU QR HIIHFW RQ WUXFN VSHHG� 7KLV LV

VLPLODU WR ZKDW ZDV UHFRPPHQGHG E\ )DXQFKHU·V

UHVHDUFK �H[FHSW KH XVHG �� SRXQGV RQ DERXW D �

VHFRQG F\FOH�� :H DVVXPHG VQXEELQJ ZDV XVHG

EHFDXVH LW LV WKH UHFRPPHQGHG SUDFWLFH IRU &'/
x

GULYHUV DQG LW SURYLGHG WKH EHVW�FDVH VFHQDULR

EHFDXVH LW GLG QRW LQFUHDVH WHPSHUDWXUHV DV PXFK DV

VWHDG\ EUDNH DSSOLFDWLRQ IRU DQ H[WHQGHG WLPH�

7R ORRN DW KRZ WKH WHPSHUDWXUH RI WKH EUDNHV ZRXOG

LQFUHDVH ZLWK D VHULHV RI EUDNH VQXEV� WKH EUDNHV

ZHUH VQXEEHG RQ D ������IRRW�ORQJ ����� GRZQJUDGH

ZLWK WKH WUXFN VWDUWLQJ IURP �� PSK DQG VORZLQJ WR ��

PSK� $IWHU

MXVW � VQXEV WKH ZRUNLQJ EUDNH GUXPV DQG OLQLQJV RQ

WKH VHPL�WUDLOHU LQFUHDVHG IURP ����) DQG ����)
xi

UHVSHFWLYHO\ DW WKH VWDUW WR ����) WR ����) IRU WKH

GUXPV DQG ����) WR ����) IRU WKH OLQLQJV�

2Q WKLV VWUHWFK RI WKH URDGZD\� EUDNLQJ ZDV QHFHVVDU\

IRU WKH WUXFN WR PDLQWDLQ D FRQWUROODEOH VSHHG� 6LQFH

WKH UROOLQJ UHVLVWDQFH RI WUDFWRU VHPL�WUDLOHUV LV DERXW

����� *·V WR ����� *·V� DOO VORSHV JUHDWHU WKDQ ���� WR

���� ZRXOG DFFHOHUDWH WKH WUXFN XQOHVV WKH EUDNHV

ZHUH XVHG� 7KH ILUVW GRZQJUDGH ZDV ���� IRU ����

PLOHV� ,I WKH WUXFN ZDV LQLWLDOO\ WUDYHOLQJ DW �� PSK�

ZKLFK ZDV WKH DYHUDJH VSHHG IURP WKH WXQQHO WR WKH

DFFLGHQW VLWH� WKH WUXFN·V VSHHG ZRXOG KDYH LQFUHDVHG

WR �� PSK DW WKH HQG RI WKLV JUDGH LI EUDNHV ZHUH QRW

XVHG� ,Q WKLV VHJPHQW RI URDG WKHUH ZHUH QXPHURXV

FXUYHV� PRVW ZLWK GHVLJQ VSHHGV RI DERXW �� PSK�

x Commercial Driver License 
xi Typically truck brake temperatures are around 1500F for 
properly adjusted brakes in normal operation.  Because this 
was a mountainous area with numerous curves a slightly 
elevated starting temperature of 2000F was used for the 
drums.  Research shows that linings are usually 1000F less. 

7KHUHIRUH� EUDNLQJ ZRXOG KDYH EHHQ QHFHVVDU\ WR

PDLQWDLQ FRQWUROODELOLW\� 6LPLODUO\ IRU WKH VHFRQG

GRZQJUDGH WKH WUXFN VSHHG WKHRUHWLFDOO\ ZRXOG KDYH

LQFUHDVHG WR �� PSK ZLWKRXW EUDNLQJ� ZKLFK LV DJDLQ

QRW FRQVLGHUHG IHDVLEOH IRU WKLV URDGZD\ GHVLJQ� 2Q

WKH WKLUG GRZQJUDGH WKH WUXFN·V VSHHG ZRXOG KDYH

DFFHOHUDWHG YHU\ VOLJKWO\ DV WKH UROOLQJ UHVLVWDQFH DQG

JUDGH ZHUH DOPRVW HTXDO WR HDFK RWKHU DQG WKHUHIRUH

VSHHG ZDV PRUH VWDEOH� 7KHQ RQ WKH GRZQJUDGH

EHIRUH WKH UDPS� EUDNLQJ ZRXOG DJDLQ KDYH EHHQ

QHFHVVDU\ WR FRXQWHUDFW WKH WUXFN·V WHQGHQF\ WR

LQFUHDVH WR �� PSK� LI EUDNLQJ ZHUH QRW DSSOLHG�

)URP WKLV VLPSOLVWLF DSSURDFK� LW FDQ EH GHWHUPLQHG

WKDW WKH WUXFN EUDNHV ZRXOG HDVLO\ EH LQ WKH ����) WR

����) UDQJH� 7KHUH ZDV RQO\ DERXW ��� PLOHV ZKHUH

WKH WUXFN ZDV DVFHQGLQJ D KLOO RU RQ D GRZQJUDGH WKDW

ZDV QRW VWHHS HQRXJK WR DFFHOHUDWH WKH WUXFN� $W WKH

�� PSK VSHHG IURP WKH WXQQHO WR WKH DFFLGHQW VLWH� WKH

WUXFN·V EUDNHV ZRXOG KDYH EHHQ DEOH WR FRRO IRU DERXW

��� PLQXWHV RU RQO\ DERXW ���)�����)� 7KLV DSSURDFK

DOVR FRQILUPV WKH *656 DQG LQGLFDWHV WKDW WKH WUXFN

EUDNHV WKDW ZHUH ZRUNLQJ ZHUH IXQFWLRQLQJ DW D

WHPSHUDWXUH RI ����) RU PRUH SULRU WR WKH XSJUDGH�

5HVXOWV

7KH UHVXOWV RI WKH VLPXODWLRQ LQGLFDWH WKDW WKH

PD[LPXP WHPSHUDWXUHV RI WKH WUXFN EUDNHV ZHUH

UHDFKHG DW WKH ERWWRP RI WKH VHFRQG GRZQJUDGH� $W

WKH ERWWRP RI WKH WKLUG GRZQJUDGH� DERXW ��PLOH SULRU

WR WKH UDPS� VLJQV ZHUH SUHVHQW WKDW LQGLFDWHG WKH H[LW

DQG WKH WUXFN VHUYLFH IDFLOLW\� 7KH VLPXODWLRQ VKRZHG

WKDW WKH WUXFN ZDV OLNHO\ JRLQJ DERXW �� PSK �SOXV RU

PLQXV � PSK� DW WKH ERWWRP RI WKLV JUDGH DQG WKH

WKURWWOH ZDV QRW DSSOLHG� DOORZLQJ WKH WUXFN WR FRDVW XS

WKH KLOO� UHGXFLQJ LWV VSHHG WR DERXW �� PSK DW WKH WRS

RI WKH KLOO� �7KH WUXFN FRXOG KDYH EHHQ DV VORZ DV ��

PSK DW WKH WRS RI WKH KLOO� EXW RQO\ � RU � PSK IDVWHU

WKDQ �� PSK��
xii

$V WKH VLPXODWHG WUXFN ZDV GHVFHQGLQJ WKH JUDGH SULRU

WR WKH UDPS� WKH EUDNHV ZHUH OLNHO\ VQXEEHG DERXW �

WLPHV� WKH WHPSHUDWXUH RI WKH VHPL�WUDLOHU·V ZRUNLQJ

EUDNH GUXPV LQFUHDVHG WR DERXW ����) DQG WKH OLQLQJ

WHPSHUDWXUHV LQFUHDVHG WR DERXW ����)� 7KH ILUVW

VHYHQ EUDNH DSSOLFDWLRQV VORZHG WKH WUXFN� EXW OHVV

HIIHFWLYHO\ ZLWK HDFK DSSOLFDWLRQ RI WKH EUDNHV� $IWHU

WKH VHYHQWK EUDNH DSSOLFDWLRQ WKH WUXFN DFFHOHUDWHG

PRUH ZLWK HDFK DGGLWLRQDO EUDNH DSSOLFDWLRQ� LQGLFDWLQJ

WKDW WKH EUDNHV ZHUH IDGLQJ� ,Q WKH VLPXODWLRQ� ZKHQ

WKH OLQLQJV ZHUH DERYH ����)� WKH IULFWLRQ EHWZHHQ WKH

GUXPV DQG WKH OLQLQJV ZDV SURJUDPPHG WR EH ORZHU

xii  The driver stated he had slowed to 20 to 25 mph at the 
top of the ramp, but the simulation indicates it had to be at 
the top of the hill because the truck was not able to slow 
from 60 mph to 25 mph on the downgrade with the brakes 
in the condition in which they were found. 
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WKDQ ����� VR WKH LQFUHDVH LQ EUDNH GUXP WHPSHUDWXUHV

ZDV YHU\ JUDGXDO� EXW LW GLG LQFUHDVH� (YHQ ZKHQ WKH

EUDNHV ZHUH QRW DSSOLHG� WKH OLQLQJ WHPSHUDWXUHV ZHUH

LQFUHDVLQJ� LQGLFDWLQJ DW WKHVH KLJK RSHUDWLQJ

WHPSHUDWXUHV WKDW WKHUH ZDV D WKHUPRG\QDPLF

H[FKDQJH RI KHDW RFFXUULQJ EHWZHHQ WKH KRWWHU EUDNH

GUXPV DQG WKH FRROHU OLQLQJV� $W WKH WRS RI WKH UDPS�

WKH VHPL�WUDLOHU·V ZRUNLQJ EUDNH GUXPV ZRXOG KDYH

EHHQ DW DERXW ����) WR ����)� ZKLFK DJUHHV FORVHO\ WR

WKDW FDOFXODWHG E\ WKH *656 �����)�� 'XULQJ WKH

VLPXODWLRQ QR WLUHPDUNV ZHUH REVHUYHG SULRU WR LPSDFW�

LQGLFDWLQJ WKDW DW WKHVH KLJK WHPSHUDWXUHV WKH EUDNHV

GLG QRW ORFN�

7KH GRZQJUDGH GHVFHQW ZDV PRGHOHG ZLWK VWDUWLQJ

VSHHGV RI �� WR ���� PSK� :LWK D VWDUWLQJ VSHHG RI

���� PSK DW WKH WRS RI WKH JUDGH� WKH WUXFN QHHGHG WR

EH SODFHG LQ �WK JHDU WR VWDUW WKH VLPXODWLRQ DQG WKH

WUXFN JDLQHG PRUH VSHHG WKDQ LI LW ZDV LQ D ORZHU JHDU�

$V D FRPSDULVRQ WKH WUXFN JDLQHG ���� PSK RQ WKH

GRZQJUDGH VWDUWLQJ LQ �WK JHDU DV FRPSDUHG WR ��� WR

��� PSK LI WKH WUXFN VWDUWHG LQ �WK JHDU� 7KLV KLJKOLJKWV

WKDW WKH XVH RI SURSHU JHDUV FDQ PDNH D VLJQLILFDQW

GLIIHUHQFH LQ WKH WUXFNV SHUIRUPDQFH RQ WKH JUDGHV�

6LQFH WKH WUXFN ZDV QRW HTXLSSHG ZLWK DQ HQJLQH

UHFRUGHU� LW FDQQRW EH GHWHUPLQHG SUHFLVHO\ KRZ WKH

WUXFN ZDV GULYHQ DQG WKH VSHHG UDQJHV XVHG� 

2Q WKH UDPS WKH EUDNHV ZHUH VQXEEHG LQ WKH

VLPXODWLRQ IRU � VHFRQGV DW �� SVL� DQG WKHQ �

VHFRQGV ODWHU WKH EUDNHV ZHUH DSSOLHG DW �� SVL DQG

KHOG RQ DW �� SVL XQWLO WKH WUXFN HQWHUHG WKH

LQWHUVHFWLRQ�[LLL 'XH WR WKH VWHHSQHVV RI WKH GRZQJUDGH

RQ SRUWLRQV RI WKH UDPS �W\SLFDOO\ � WR �� ZLWK RQH

VORSH RI ����� IRU ��� IHHW�� DQG WKH WHPSHUDWXUH RI

WKH EUDNHV REWDLQHG SULRU WR UHDFKLQJ WKH UDPS� WKH

EUDNHV FRXOG QRW SURYLGH QRWLFHDEOH UHWDUGLQJ IRUFHV�

HYHQ ZKHQ DSSOLHG IXOO\� DQG WKH WUXFN DFFHOHUDWHG LQ

WKH VLPXODWLRQ IURP ���� WR ���� PSK RQ WKH UDPS�

7KH WUXFN DFWXDOO\ DFFHOHUDWHG WR ���� PSK MXVW EHIRUH

WKH LQWHUVHFWLRQ� EXW LW VORZHG WR ���� DSSURDFKLQJ WKH

LQWHUVHFWLRQ GXH WR WKH FKDQJH LQ JUDGHV� WKH JUDGH

UHGXFHG WR ����� DQG WKHQ WR ���� FORVHU WR WKH

LQWHUVHFWLRQ ZKHUH WKH DHURG\QDPLF DQG PHFKDQLFDO

GUDJ VORZHG WKH WUXFN� 

0RVW OLNHO\ WKH WUXFN ZDV WUDYHOLQJ �� WR �� PSK DW WKH

ERWWRP RI WKH GRZQ VORSH� DQG LW GHFHOHUDWHG WR �� WR

�� PSK DW WKH WRS RI WKH JUDGH� ZKLFK ZDV ORZ HQRXJK

WR EH LQ �WK JHDU� 7KHQ WKH WUXFN DFFHOHUDWHG WR �� WR

�� PSK DW WKH WRS RI WKH UDPS� VORZHG HQRXJK WR EH LQ

�WK JHDU IRU D SRUWLRQ RI WKH GHVFHQW RQ WKH UDPS� 7KH

WUXFN VWUXFN WKH EXV DW DERXW �� PSK �VHH )LJXUH ���

ZKLFK ZRXOG KDYH UHTXLUHG WKH WUXFN WR EH LQ �WK JHDU

xiii  The driver’s statement indicated that he “stood on the 
brakes …, he noticed that the air gauge was indicating 90 
pounds… and he pulled the hand brake for the trailer 
brake.” 

RU KLJKHU� 7KH GULYHU VDLG WKDW KH DWWHPSWHG WR

GRZQVKLIW RQ WKH UDPS IURP �WK JHDU WR VORZ WKH WUXFN�

+RZHYHU� GXH WR WKH VSHHGV DW ZKLFK KH ZDV WUDYHOLQJ

LW ZDV QRW SRVVLEOH WR GRZQVKLIW� DQG LQ KLV SDQLF WKH

GULYHU OLNHO\ VKLIWHG LQWR �WK JHDU� 3RVW�DFFLGHQW

LQVSHFWLRQ IRXQG WKH YHKLFOH LQ �WK JHDU�

)LJXUH � � 6,021 VLPXODWLRQ DIWHU VHSDUDWLRQ
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7KH VLPXODWLRQ RI WKH 0RXQWDLQEXUJ DFFLGHQW

KLJKOLJKWHG 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� %UDNH GHVLJQHU DQG WKH DELOLW\ WR PRGLI\ WKH

EUDNH OLQLQJ IULFWLRQ�WHPSHUDWXUH FXUYH DVVLVWHG LQ

VLPXODWLQJ EUDNH IDGH� 6LPXODWLRQ RI D VWHHS XSJUDGH

RU GRZQJUDGH FDQ EH TXLFNO\ VHWXS E\ XVLQJ D ZLGH

IODW VXUIDFH WKDW LV HOHYDWHG WR WKH FRUUHFW VORSH IRU WKH

KLJKZD\ JUDGH� 6HYHUDO RI WKHVH UDPS VHJPHQWV FDQ

EH VWXGLHG VHTXHQWLDOO\ DV GLIIHUHQW FDVHV� ZLWK WKH

WHPSHUDWXUHV RI WKH GUXPV DQG OLQLQJV DW WKH HQG RI

RQH VHJPHQW XVHG DV LQSXWV LQWR WKH QH[W VHJPHQW�

2Q ORQJHU GRZQJUDGHV WKH XVH RI WKH *656 SURJUDP

ZLWK 6,021 FDQ KHOS WR KLJKOLJKW LQLWLDO EUDNH

WHPSHUDWXUHV WR VWDUW WKH 6,021 VLPXODWLRQ�

5HVHDUFK LV QHHGHG WR IXOO\ GHILQH WKH OLQLQJ

WHPSHUDWXUH YHUVXV IULFWLRQ UHODWLRQVKLS DW

WHPSHUDWXUHV LQ H[FHVV RI ����)�
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