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Abstract. Rail is subject to repeated load cycles and wear. These load cycles can induce fa-
tigue and rail failure. As rail failure is less predictable, wear is the desirable failure mode 
and factors influencing rail failure are carefully managed by railroads. In North America, 
static wheel loads are limited to a nominal maximum of 159 KN; however, wheel treads can 
develop rolling contact fatigue resulting in so-called high impact wheels (HIW) that, before 
removal, can introduce high impact loads on the rail in excess of 700 KN. 
Transportation Technology Center Inc. (TTCI) was tasked by the Association of American 
Railroads (AAR) to determine the effect of HIW on rail failure and ascertain whether more 
stringent removal criteria should be applied. 
TTCI conducted extended high frequency strain measurements at a WILD site and related the 
measured strains to the dynamic impact loads by the WILD site. These measurements sup-
ported analytical models developed to simulate defect growth and rail failure. 
Results of the analysis suggest that HIW have a minimal effect on rail failure because of: 

•

High attenuation of the bending wave under impact due to the high damping in the
track.

•

The low probability of repeated HIW cycles on specific elements within the rail.
This paper describes the measurement and analysis process as well as the development of the 
models and the interpretation of resulting data and conclusions drawn. 
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+aUU\ 7RXUna\ and 6HPLK .aOa\ 

1 INTRODUCTION 
5aLO LV VXEMHFW WR IaWLJXH and ZHaU� )aWLJXH IaLOXUH LV XnSUHdLFWaEOH VR ZHaU LV WKH dHVLUHd 

UaLO UHSOaFHPHnW PRdH� )aFWRUV LnIOXHnFLnJ UaLO OLIH aUH FaUHIXOO\ PanaJHd E\ 1RUWK $PHULFan 
UaLOURadV LnFOXdLnJ WKH ORadV WR ZKLFK WKH UaLO LV VXEMHFWHd� 1RPLnaO VWaWLF a[OH ORadV aUH OLP�
LWHd WR ��W ����N1 ZKHHO ORad�� KRZHYHU KLJK LPSaFW ZKHHOV �+,:� Fan RFFXU, UHVXOWLnJ JHn�
HUaOO\ IURP UROOLnJ FRnWaFW IaWLJXH RI WKH ZKHHO WUHad� +,: aUH dLIILFXOW WR SUHdLFW and aUH 
dHWHFWHd aW ZKHHO ORad LPSaFW dHWHFWRUV �:,/'� and JHnHUaOO\ UHPRYHd IURP VHUYLFH aW a 
+,: ORad ���N1� 2XWOLHUV, Pa\, KRZHYHU, UHPaLn Ln VHUYLFH IRU a OLPLWHd WLPH� 

7KH SRVVLEOH UROH RI +,: Ln UaLO IUaFWXUH WRJHWKHU ZLWK WKH ���N1 OLPLW and SRWHnWLaO UH�
VWULFWLRnV Rn RXWOLHUV LV EHLnJ TXHVWLRnHd E\ WKH UaLOURadV� 7KLV SaSHU UHSRUWV Rn an LnYHVWLJa�
WLRn LnWR WKH HIIHFW RI +,: Rn IUaFWXUH IURP WUanVYHUVH dHIHFWV �7'� and, E\ LPSOLFaWLRn, 
IUaFWXUH IURP dHIHFWV Ln WKH UXnnLnJ VXUIaFH RI WKH UaLO� ,nYHVWLJaWLRnV FRnWLnXH LnWR WKH HIIHFW 
RI +,: Rn IUaFWXUH IURP XndHU�KHad and EaVH dHIHFWV�  

2 RAIL STRESSES 
5aLO LV VXEMHFW WR WKUHH PaLn VWUHVV UHJLPHV WKaW Fan EH RI VLPLOaU PaJnLWXdH� 

• 9HUWLFaO and OaWHUaO VWUHVVHV aVVRFLaWHd ZLWK ZKHHO ORadV and WKH EHndLnJ RI WKH UaLO aV
a FRnWLnXRXV EHaP Rn UHVLOLHnW VXSSRUWV�

• 7KHUPaO VWUHVVHV� &RnWLnXRXVO\ ZHOdHd UaLO LV OaLd aW a VR�FaOOHd nHXWUaO WHPSHUaWXUH
aVVRFLaWHd ZLWK FOLPaWLF FRndLWLRnV and a FRPSURPLVH PadH EHWZHHn FRPSUHVVLYH
VWUHVVHV XndHU KLJK aPELHnW WHPSHUaWXUHV WKaW FRXOd UHVXOW Ln WUaFN EXFNOLnJ and ORZ
aPELHnW WHPSHUaWXUHV UHVXOWLnJ Ln WHnVLOH VWUHVVHV and WKH SRWHnWLaO IRU UaLO EUHaNV�

• 5HVLdXaO FRPSUHVVLYH and WHnVLOH VWUHVVHV dXH WR UaLO VWUaLJKWHnLnJ aIWHU KHaW WUHaWPHnW
dXULnJ PanXIaFWXUH and UHVLdXaO FRPSUHVVLYH VWUHVVHV dXH WR ZKHHO � UaLO UROOLnJ FRn�
WaFW�

2.1 Stresses due to wheel loads 
7KH UaLO IRUPV a FRnWLnXRXV EHaP Rn UHVLOLHnW IRXndaWLRnV� :KHHO ORadV UHVXOW Ln EHndLnJ 

dLUHFWO\ XndHU WKH ZKHHO and VR�FaOOHd UHYHUVH EHndLnJ ERWK Ln adYanFH RI, and EHKLnd WKH 
ZKHHO �)LJXUH ��� 

)LJXUH �� 'LUHFW ORadLnJ and LndLUHFW ORadLnJ �UHYHUVH EHndLnJ� RI WKH UaLO UHVXOWLnJ IURP a VLnJOH ZKHHO ORad Rn a 
UaLO VXSSRUWHd E\ an HOaVWLF IRXndaWLRn� 

7KH UaLO LV VXEMHFWHd, W\SLFaOO\, WR � nRPLnaO UHYHUVH EHndLnJ F\FOHV aV HaFK FRXSOHd SaLUV 
RI ZKHHOV Ln W\SLFaO UaLOZa\ ERJLHV SaVV a SRLnW Rn WKH UaLO� )LJXUH � VKRZV a W\SLFaO UHVXOWLnJ 
EHndLnJ PRPHnWV Ln WKH UaLO dXH WR nRPLnaO ZKHHO ORadV� 
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)LJXUH �� 7\SLFaO EHndLnJ PRPHnW dLVWULEXWLRn SURdXFHd E\ IRXU ZKHHOV aFURVV WKH HndV RI WZR FRXSOHd ZaJRnV� 

0RPHnWV dXH WR dLUHFW ORadLnJ aUH a IXnFWLRn RI WKH ZKHHO ORad� WKaW LV� 

0'1 § I �:'1� «««�«««««««««««««««««���««« ��� 

0RPHnWV dXH WR UHYHUVH EHndLnJ aUH� 
• 05& �UHYHUVH EHndLnJ EHWZHHn ERJLHV Ln a ZaJRn�
• 057, �UHYHUVH EHndLnJ EHWZHHn ZKHHOV Ln a ERJLH�
• 059 �UHYHUVH EHndLnJ EHWZHHn FRXSOHd ZaJRnV�
7KHVH PRPHnWV aUH a IXnFWLRn RI ERWK WKH PaJnLWXdH and SUR[LPLW\ RI adMaFHnW ZKHHO 

ORadV� 7KH Pa[LPXP UHYHUVH EHndLnJ PRPHnW UHVXOWLnJ Ln WHnVLRn Ln WKH UaLO KHad �WKH dULYHU 
RI WUanVYHUVH dHIHFWV Ln WKH KHad� RFFXUV W\SLFaOO\ EHWZHHn FaUV �)LJXUH ��� 

$V HaFK FRXSOHd WUXFN SaLU SaVVHV a SRLnW Ln WKH UaLO, aOWHUnaWLnJ VWUHVV F\FOHV aUH JHnHUaWHd, 
UanJLnJ IURP WHnVLRn WKURXJK FRPSUHVVLRn� 7KHVH F\FOHV aUH aVVRFLaWHd ZLWK UaLO IaWLJXH �and 
FUaFN JURZWK LI WKHUH LV a dHIHFW��  

7KH REMHFWLYH RI WKLV LnYHVWLJaWLRn ZaV WR dHWHUPLnH WKH UROH RI LnWHUPLWWHnW +,: Rn UaLO 
VWUHVVHV and ZKHWKHU, SRVVLEO\ Ln FRPELnaWLRn ZLWK WKHUPaO and UHVLdXaO VWUHVVHV ���� and ��� 
EHORZ�, +,: Fan OHad WR SUHPaWXUH UaLO IUaFWXUH� 

2.2 Thermal Stresses 
5aLO LV OaLd aW a nHXWUaO WHPSHUaWXUH �517� dHWHUPLnHd E\ WKH FOLPaWH RI WKH UHJLRn RI WKH 
WUaFN� 7HPSHUaWXUH dLIIHUHnFHV EHWZHHn WKH 517 and aPELHnW JHnHUaWH UaLO WKHUPaO VWUHVVHV, 
ıW, aUH aVVXPHd WR EH XnLIRUPO\ dLVWULEXWHd WKURXJK WKH UaLO VHFWLRn and aSSUR[LPaWHO\ HTXaO 
WR� 

σt = Eα ΔT ………..……………………………………………………………..….….. (2) 
ZKHUH� 

Δ7   WHPSHUaWXUH dLIIHUHnFH� aPELHnW and 517� 
(   <RXnJ¶V 0RdXOXV IRU VWHHO� 
α   &RHIILFLHnW RI WKHUPaO H[SanVLRn IRU VWHHO� 
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2.3 Residual Stresses 
5HVLdXaO VWUHVVHV Fan UHVXOW IURP ERWK LnLWLaO PanXIaFWXUH �UROOHU VWUaLJKWHnLnJ� and Ln�VHUYLFH 
FROd UROOLnJ dXH WR UHSHaWHd ZKHHO ORadV� 5ROOHU VWUaLJKWHnLnJ LndXFHV WHnVLRn Ln WKH UaLO KHad 
and EaVH �)LJXUH �� >�@� 5HSHaWHd ZKHHO ORadV Fan LndXFH UHVLdXaO FRPSUHVVLRn Ln WKH UXnnLnJ 
VXUIaFH RI WKH UaLO �)LJXUH �� >�@� 7KLV OHaYHV, JHnHUaOO\, a UHJLRn RI WHnVLOH UHVLdXaO VWUHVV Ln 
WKH FHnWUH RI WKH UaLO KHad� 

)LJXUH �� 0HaVXUHd UHVLdXaO VWUHVVHV Ln WKH UaLO VHFWLRn dXH WR UROOHU VWUaLJKWHnLnJ� 

)LJXUH �� $[LaO UHVLdXaO VWUHVVHV Ln WKH UaLO KHad dXH WR UROOHU VWUaLJKWHnLnJ 	 VHUYLFH ZKHHO ORadV� 

3 STRESSES AT A POINT IN THE RAIL 
3.1 Fatigue 
,n UaLO aVVXPHd WR KaYH nR PHaVXUaEOH PaFUR�dHIHFWV, UaLO IaWLJXH LV dHWHUPLnHd E\ WKH PaJnL�
WXdH RI WKH VWUHVV aPSOLWXdH, 6a, ZKHUH� 

6a   �6Pa[ ± 6PLn� � � ««���«««««««««««««««««««��«««««�  ��� 
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)LJXUH � dHILnHV 6Pa[ and 6PLn� and LPSOLHV WKaW UaLO IaWLJXH LV dULYHn PaLnO\ E\ aOWHUnaWLnJ 
VWUHVVHV UHVXOWLnJ IURP ZKHHO ORadV and nRW E\ VWaWLF WKHUPaO 	 UHVLdXaO VWUHVVHV� 

)LJXUH �� 9aULaEOH VWUHVV aPSOLWXdH, 6a dXH WR ZKHHO ORadV LV WKH dULYHU RI IaWLJXH Ln a UaLO ZLWK nR PHaVXUaEOH 
dHIHFWV� 

3.2 Crack growth and fracture from a defect 

:KHn a dHIHFW LV SUHVHnW Ln a UaLO, FUaFN JURZWK and XOWLPaWH IUaFWXUH LV dULYHn E\ WKH VWUHVV aW 
WKH FUaFN WLS and FORVH YLFLnLW\� 7KHVH WUHVVHV aUH dULYHn E\ WKH FRPELnaWLRn RI EHndLnJ aV 
ZHOO aV WKHUPaO and UHVLdXaO VWUHVVHV, )LJXUH �� 

)LJXUH �� $ FRPELnaWLRn RI VWUHVVHV dXH WR ZKHHO ORadV, and WKHUPaO and UHVLdXaO VWUHVVHV LV WKH dULYHU RI FUaFN 
JURZWK and IUaFWXUH Ln a UaLO ZLWK a SUH�H[LVWLnJ dHIHFW 

)UaFWXUH Pa\ RFFXU ZKHn WKH VWUHVV LnWHnVLW\ IUaFWXUH �.�� H[FHHdV WKH FULWLFaO VWUHVV LnWHn�
VLW\ IaFWRU, RU IUaFWXUH WRXJKnHVV, .,&� 7KLV LV H[SUHVVHd aV� 

>ıW � ıU � ıZ@ �ʌ a� ò J � .,& � � ��«««««««««««««««««««��««� ��� 

(TXaWLRn � LV TXRWHd Ln dLIIHUHnW IRUPV Ln IUaFWXUH PHFKanLFV OLWHUaWXUH �.Xna ����� ZKHUH� 
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.,&   &ULWLFaO VWUHVV LnWHnVLW\ IaFWRU, RU IUaFWXUH WRXJKnHVV RI WKH UaLO PaWHULaO 
ıW      7KHUPaO VWUHVV 
ıU      5HVLdXaO VWUHVV 
ıZ     6WUHVV IURP ZKHHO ORadV 
a        'HIHFW � FUaFN VL]H 
J        )aFWRU dHVFULELnJ WKH FUaFN JHRPHWU\ 

7KH EaVLV IRU HTXaWLRn � Pa\ aOVR EH XVHd WR H[SUHVV FUaFN JURZWK UaWH� 
(TXaWLRn � VXJJHVWV WKaW FUaFN JURZWK and IUaFWXUH RFFXUV aW a ORFaWLRn ZKHUH >ıW � ıU � ıZ@ 

aUH Pa[LPL]Hd Ln FRPELnaWLRn ZLWK J and dHIHFW VL]H, a� 

4 SERVICE TESTS 

:KHHO ORadV and aVVRFLaWHd UaLO VWUHVVHV ZHUH PHaVXUHd aW a W\SLFaO :,/' VLWH Rn �� NP�K ��� 
PSK� WUaFN ZLWK ���� NJ�P ����5'� UaLO Rn FRnFUHWH VOHHSHUV and 3andURO IaVWHnHUV� $ :,/' 
VLWH FRPSULVHV WKUHH LnVWUXPHnWHd FULE JURXSV Rn HaFK UaLO� 6WUaLn JaJHV ZHUH SOaFHd EHWZHHn 
WZR LnVWUXPHnWHd FULE JURXSV aV )LJXUH � LndLFaWHV� *aJHV ZHUH SOaFHd WR PHaVXUH ORnJLWXdL�
naO VWUaLnV� 6WUaLnV aW WKH XndHU�KHad ORFaWLRnV �JaJH and ILHOd VLdH� ZHUH PRnLWRUHd LndLYLdX�
aOO\ �)LJXUH ��� 6WUaLn JaJHV Rn WKH UaLO EaVH ZHUH FRnnHFWHd Rn a FRPPRn FLUFXLW, SURdXFLnJ 
an aYHUaJHd VWUaLn VLJnaO� 

)LJXUH �� *aJHV SOaFHd EHWZHHn WZR LnVWUXPHnWHd JURXSV 

)LJXUH �� 6WUaLn JaJH ORFaWLRnV RYHU a FULE 

6WUaLnV ZHUH PHaVXUHd aW an aFTXLVLWLRn UaWH RI ��. +] and ILOWHUHd aW a IUHTXHnF\ RI � 
.+]� 7KH :,/' VLWH YHndRU WKHn SURYLdHd d\naPLF ZKHHO ORad daWa and WKH FULE ORFaWLRnV 
aVVRFLaWHd ZLWK HaFK ZKHHO ORad� 77&, WKHn LdHnWLILHd WKH ORadV �VWaWLF and d\naPLF� EHaULnJ 
Rn WKH 77&, LnVWUXPHnWHd FULEV� :KHHO ORadV, :, and FRUUHVSRndLnJ dLUHFW and LndLUHFW ORad�
LnJ VWUaLnV ZHUH WKHn PHUJHd WR SURdXFH VWUaLn SURILOHV SHU ZKHHO ORad� 
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7HVWV ZHUH FRndXFWHd Ln� 
− Summer ZKHn WKH WUaFN PRdXOXV ZaV UHOaWLYHO\ VRIW ��±�� 03a�� 0RUH WKan ��,��� ZKHHO�

VHW SaVVHV ZHUH PRnLWRUHd� KRZHYHU, a OLPLWHd nXPEHU RI +,: ZHUH PHaVXUHd aV +,: aUH 
PRUH SUHYaOHnW Ln ZLnWHU� 

− Winter ZKHn WKH WUaFN PRdXOXV ZaV aW OHaVW � WLPHV KaUdHU �HVWLPaWHd IURP YHU\ aSSUR[L�
PaWH dHIOHFWLRn PHaVXUHPHnWV WR EH ! �� 03a�� 7KH EaOOaVW and IRUPaWLRn ZaV REVHUYHd WR 
EH IUR]Hn ZLWK PLnLPaO UaLO YHUWLFaO dHIOHFWLRn� 0RUH WKan ��,��� ZKHHOVHW SaVVHV ZHUH 
PRnLWRUHd Ln an aWWHPSW WR FaSWXUH aV Pan\ and an LnFUHaVHd nXPEHU RI +,: ZHUH PHaV�
XUHd� 

)LJXUH � VKRZV WKH PHaVXUHd ZKHHO ORad VSHFWUa� 
0HaVXUHd ZKHHO ORad dLVWULEXWLRnV ZHUH EL�PRdaO, UHIOHFWLnJ HPSW\ and ORadHd ZaJRnV, 

W\SLFaO IRU 1RUWK $PHULFan :,/' VLWHV� 7KH daWa aOVR UHIOHFWHd WKH LnFUHaVHd LnFLdHnFH RI 
+,: Ln ZLnWHU �W\SLFaOO\ ! ���N1�� 

0HaVXUHd VWUHVVHV nHYHU H[FHHdHd aSSUR[LPaWHO\ �� 03a� )LJXUH �� VKRZV an H[aPSOH RI 
WKH VXPPHU and ZLnWHU VWUHVV VSHFWUXP PHaVXUHd Rn WKH WRS RI WKH EaVH RI WKH UaLO� 

)LJXUH �� 6XPPHU and ZLnWHU ZKHHO ORad VSHFWUa aW :,/' VLWH 

)LJXUH ��� ([aPSOH RI UaLO VWUHVVHV XndHU WKH ORad VSHFWUXP LndLFaWHd Ln )LJXUH � 
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,W ZaV FRnFOXdHd WKaW WKH IUHTXHnF\ and PaJnLWXdH RI WKH VWUHVVHV dXH WR +,: ZLOO nRW UH�
dXFH WKH IaWLJXH OLIH RI WKH UaLO EH\Rnd WKaW aWWULEXWHd WR nRPLnaO ZKHHO ORadV� 

)XUWKHU REVHUYaWLRnV IURP WKH VHUYLFH daWa VXJJHVW WKaW WKH UaLO VWUHVVHV XndHU LndLUHFW ORad 
�UHYHUVH EHndLnJ� UHaFK a SOaWHaX EH\Rnd a ZKHHO ORad RI aSSUR[LPaWHO\ ���N1 �)LJXUH ����  

)LJXUH ��� 0HaVXUHd VWUHVVHV XndHU LndLUHFW ORadLnJ UHaFK a Pa[LPXP aW a ORad RI aSSUR[LPaWHO\ ���N1 

6WUHVVHV dR nRW LnFUHaVH aV SUHdLFWHd E\ WKH WKHRU\ RI a FRnWLnXRXV EHaP Rn HOaVWLF IRXnda�
WLRn RU WKH aVVXPHd EL�OLnHaU VWLIInHVV and K\dUaXOLF daPSLnJ PRdHO Ln WKH WUaFN PRdHO XVHd 
Ln WKH ILnLWH HOHPHnW anaO\VLV �)($� RI UaLO VWUHVVHV �VHH daWa SRLnWV aVVRFLaWHd ZLWK )($ JORE�
aO and VXE�PRdHO Ln )LJXUH ���� 

([aPLnaWLRn RI WKH VWUHVV�WLPH KLVWRULHV VXJJHVWV WKaW WKH URRW FaXVH IRU WKLV ³SOaWHaXLnJ HI�
IHFW´ LV WKH aWWHnXaWLRn RI WKH EHndLnJ VWUHVVHV� 

)LJXUH �� VKRZV WKH UaLO VWUHVVHV XndHU WKH LPSaFWLnJ ZKHHO aW WKH WLPH RI LPSaFW� 7KH Ln�
IOXHnFH LI WKH LPSaFWLnJ ZKHHO LV HYLdHnW Ln UHOaWLRn WR WKH VWUHVV SHaNV aWWULEXWaEOH WR WKH 
³nRPLnaO´ ZKHHO ORadV�  

)LJXUH ��� 5aLO VWUHVVHV aW SRLnW and WLPH RI LPSaFW RI a +,: 

)LJXUH �� VKRZV WKH UaLO VWUHVVHV aW a SRLnW aSSUR[LPaWHO\ ��� P aZa\ IURP WKH SRLnW RI 
LPSaFW� 
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)LJXUH ��� 5aLO VWUHVVHV aW WLPH RI LPSaFW VKRZn Ln )LJXUH ��, EXW aSSUR[LPaWHO\ ��� P aZa\ IURP WKH SRLnW RI 
LPSaFW 

7ZR HIIHFWV aUH aSSaUHnW IURP )LJXUHV �� and ��� 
− 7KH EHndLnJ Ln WKH UaLO dXH WR WKH LPSaFW ORad LV aOPRVW FRPSOHWHO\ aWWHnXaWHd� 
− 7KH OLWWOH EHndLnJ WKaW LV HYLdHnW Ln WKH UaLO dRHV nRW FRLnFLdH ZLWK a SHaN EHndLnJ dXH WR a 

nRPLnaO ZKHHO ORad� 7KLV LV dXH WR WKH dLIIHUHnFH Ln VSHHd RI WKH SURSaJaWHd EHndLnJ ZaYH 
dXH WR WKH LPSaFW ORad and WKH VSHHd RI WKH ZKHHOV RI WKH WUaLn SURdXFLnJ WKH nRPLnaO 
ZKHHO ORadV� 
7KH VLJnLILFanW FRnFOXVLRn WR EH dUaZn IURP WKHVH PHaVXUHPHnWV LV WKaW WKH UaLO aW WKH WHVW 

VLWH ³VHHV´ a +,: ORad Ln UHYHUVH EHndLnJ YHU\ PXFK aV LW ³VHHV´ a nRPLnaO ZKHHO ORad� &Rn�
VHTXHnWO\, WUanVYHUVH dHIHFWV Ln WKH UaLO KHad WKaW aUH VXEMHFW WR WHnVLOH VWUHVVHV XndHU UHYHUVH 
EHndLnJ VKRXOd nRW H[SHULHnFH KLJKHU JURZWK UaWHV RU IUaFWXUH WKan WKaW dXH WR nRPLnaO ZKHHO 
ORadV� 

7KLV ILndLnJ Pa\ EH JHnHUaOO\ WUXH IRU UaLO Rn FRnFUHWH WLHV Ln 1RUWK $PHULFa� +RZHYHU, LW 
nHHdV WR EH YHULILHd IRU WKH Pan\ dLIIHUHnW WUaFN W\SHV Ln 1RUWK $PHULFa and VXJJHVWV WKH nHHd 
IRU WKH dHYHORSPHnW RI a PRUH FRPSOH[ WUaFN PRdHO WR VLPXOaWH +,: ORadV� 7KLV PRdHO SURE�
aEO\ nHHdV WR VLPXOaWH aW OHaVW VXE�WLH and UaLO Sad VWLIInHVV and daPSLnJ� 

5 FRACTURE MECHANICS ANALYSES 

1RWZLWKVWandLnJ WKH ILndLnJV Rn WKH OLPLWaWLRnV RI WKH WUaFN PRdHO XVHd, WZR IUaFWXUH PH�
FKanLFV anaO\VHV ZHUH FRndXFWHd XVLnJ� 
− $ UaLO�VSHFLILF IUaFWXUH PHFKanLFV SURJUaP FaOOHd RailGrow� �5HIHUHnFH 6HFWLRn �, 

$FNnRZOHdJHPHnWV�� 
− $ )LnLWH (OHPHnW $naO\VLV RI a SHnn\�VKaSHd FUaFN VLPXOaWLnJ a WUanVYHUVH dHIHFW Ln WKH 

UaLO KHad� 

5.1 RailGrow Analysis 
RailGrow LV a IUaFWXUH PHFKanLFV SURJUaP WKaW Fan VLPXOaWH WKH JURZWK UaWH RI, aPRnJVW 

RWKHUV, a WUanVYHUVH dHIHFW Ln a UaLO VXEMHFW WR EHndLnJ VWUHVVHV IURP ZKHHO VHUYLFH ORad VSHFWUa, 
WKHUPaO VWUHVV VSHFWUa and aVVXPHd UHVLdXaO VWUHVV dLVWULEXWLRnV Ln WKH UaLO KHad� 7UaFN PRdX�
OXV, UaLO VHFWLRnaO SURSHUWLHV, and UaLO PaWHULaO aUH LnSXW WRJHWKHU ZLWK IUaFWXUH PHFKanLFV SURS�
HUWLHV, dHIHFW VL]H, VKaSH, and SRVLWLRn� &UaFN JURZWK LV SUHdLFWHd WR IaLOXUH XndHU ZKHHO and 
WKHUPaO RYHUORad FRndLWLRnV� 7KH UaLO LV aVVXPHd WR EH a FRnWLnXRXV EHaP Rn HOaVWLF IRXnda�
WLRn, ZKLFK ZaV IRXnd WR EH RYHU�SUHdLFWLYH RI WKH HIIHFW RI +,: ORadV aV dLVFXVVHd Ln 6HFWLRn 
�� 
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8VLnJ RailGrow, a WUanVYHUVH dHIHFW ZaV ³JURZn´ Ln WKH UaLO KHad XndHU a VSHFLILF ORad UH�
JLPH� $W HYHU\ ������ PP RI FUaFN JURZWK, WKH UaLO ZaV VXEMHFWHd WR a VLnJOH +,: and a 
WKHUPaO RYHUORad� &ULWLFaO FUaFN VL]HV XndHU WKH ILnaO IUaFWXUH ORad aSSOLHd Ln WKH OaERUaWRU\ 
ZHUH FRPSaUHd ZLWK a nXPEHU RI SXEOLVKHd OaERUaWRU\ WHVW UHVXOWV, ,JZHPH]LH HW aO� ���� �H[�
aPSOH� )LJXUH ���� 

)LJXUH ��� RailGrow VLPXOaWHd FUaFN JURZWK WR IaLOXUH ³FaOLEUaWHd´ aJaLnVW OaERUaWRU\ a WHVW RI IUaFWXUH RI a UaLO 
ZLWK SUH�H[LVWLnJ WUanVYHUVH dHIHFW XndHU WKHUPaO and LPSaFW ORadV 

7KH RailGrow PRdHO ZaV WKHn XVHd WR JURZ WUanVYHUVH dHIHFW FUaFNV WR FULWLFaO VL]HV XndHU 
dLIIHUHnW WKHUPaO and +,: RYHUORad FRndLWLRnV� )LJXUH �� VKRZV WKH UHVXOWV RI WKLV anaO\VLV� 
7KH UHOaWLRnVKLS EHWZHHn FULWLFaO FUaFN VL]H RI a WUanVYHUVH dHIHFW and WKH OHYHO RI SUHYaLOLnJ 
+,: LV ³IOaW´ and LV PRUH a IXnFWLRn RI WKH WHPSHUaWXUH RI WKH UaLO EHORZ WKH nHXWUaO Oa\LnJ 
WHPSHUaWXUH� 

)LJXUH ��� &ULWLFaO FUaFN VL]H YHUVXV RYHUORad FRndLWLRnV SUHdLFWHd XVLnJ 5aLO*URZ 

5.2 Finite Element Analysis 
7ZR EaVLF ILnLWH HOHPHnW PRdHOV RI WKH UaLO ZHUH EXLOW� 
− $ VR�FaOOHd ³JOREaO PRdHO´ UHSUHVHnWLnJ an aSSUR[LPaWHO\ �� P ORnJ VHFWLRn RI UaLO VXEMHFW 

WR IRXU SRLnW ORadV UHSUHVHnWLnJ WKH ZKHHO ORadLnJ WKaW )LJXUH � dHSLFWV� RnH ZKHHO VLPXOaW�
LnJ WKH +,: ORad, WKH RWKHU WKUHH SRLnW ORadV VLPXOaWLnJ nRPLnaO ZKHHO ORadV� 
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− $ VKRUWHU VXE�PRdHO dLUHFWO\ XndHU WKH LPSaFWLnJ ZKHHO and LnFOXdLnJ a VHFWLRn RI UaLO Xn�
dHU UHYHUVH EHndLnJ� 7KLV PRdHO XVHd ERXndaU\ FRndLWLRnV dHYHORSHd IURP WKH JOREaO 
PRdHO ZLWK a VHJPHnW RI ZKHHO EHLnJ XVHd WR aSSO\ WKH +,: ORad� 
7KH ILnLWH HOHPHnW PRdHO RI WKH UaLO ZaV VXSSRUWHd aW a W\SLFaO WLH VSaFLnJ XVLnJ a PRdHO 

WKaW )LJXUH �� VKRZV� 

)LJXUH ��� 7UaFN 0RdHO 

7KH VWLIInHVV XndHU HaFK WLH ZaV PRdHOOHd XVLnJ a EL�OLnHaU VSULnJ � daPSHU V\VWHP Ln FRP�
SUHVVLRn ZLWK dLIIHUHnW SURSHUWLHV XndHU XSOLIW FRndLWLRnV� 

$ SHnn\�VKaSHd FUaFN VLPXOaWLnJ a WUanVYHUVH dHIHFW ZaV LnWURdXFHd Ln WKH VXE�PRdHO 
�)LJXUH ��� and FUaFN WLS VWUHVVHV and ., YaOXHV �FUaFN WLS HnHUJ\ Ln WKH a[LaO WHnVLRn PRdH� 
ZHUH dHWHUPLnHd IRU LnFUHaVLnJ +,: ORadV and UaLO� WHPSHUaWXUHV ZHUH EHORZ WKH UaLO nHXWUaO 
WHPSHUaWXUH� 

$V ZLWK WKH RailGrow anaO\VLV, WKH SURSHnVLW\ IRU IaLOXUH LV ³IOaW´ ZLWK +,: ORad and PRUH 
a IXnFWLRn RI WKH WHPSHUaWXUH EHORZ WKH UaLO nHXWUaO WHPSHUaWXUH �)LJXUH ���� 

)LJXUH ��� ([aPSOH RI PHVK and RXWSXW IURP WKH anaO\VLV RI a SHnn\�VKaSHd FUaFN Ln WKH UaLO KHad 

&RnVHTXHnWO\, IUaFWXUH PHFKanLFV anaO\VHV VKRZ nR UHOaWLRnVKLS EHWZHHn +,: and WKH 
IUaFWXUH RI UaLO IURP W\SLFaO WUanVYHUVH dHIHFWV Ln WKH UaLO KHad� WKLV, HYHn JLYHn WKaW WKH IUaF�
WXUH PHFKanLFV PRdHOV RYHU� SUHdLFW WKH VWUHVVHV Ln WKH UaLO KHad XndHU UHYHUVH EHndLnJ� 

CONCLUSIONS 
77&, KaV FRndXFWHd H[WHnVLYH WHVWV and anaO\VHV WR dHWHUPLnH WKH HIIHFW RI +,: ORadV Rn UaLO 
IaLOXUH IURP WUanVYHUVH dHIHFWV Ln WKH KHad RI WKH UaLO� 

0HaVXUHd VWUHVV Pa[LPa aVVRFLaWHd ZLWK +,: ORadV Ln UHYHnXH VHUYLFH ZHUH IRXnd WR EH 
WRR ORZ and LnIUHTXHnW WR UHdXFH UaLO IaWLJXH OLIH and WKaW an\ IUaFWXUH PXVW EH LnLWLaWHd IURP 
SUH�H[LVWLnJ dHIHFWV, IRU H[aPSOH, WUanVYHUVH dHIHFWV�  

)UaFWXUH IURP WUanVYHUVH dHIHFWV Ln WKH UaLO KHad Fan RnO\ EH aFWLYaWHd E\ WKH UHYHUVH EHnd�
LnJ PRdH Ln WKH UaLO� 7KLV PRdH RFFXUV ERWK Ln adYanFH and EHKLnd WKH ZKHHO� 
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)LJXUH ��� 3ORW RI WKH HnHUJ\ aW WKH WLS RI a SHnn\�VKaSHd FUaFN Ln WKH UaLO KHad YHUVXV +,: ORad and WHPSHUaWXUH 
EHORZ WKH UaLO nHXWUaO Oa\LnJ WHPSHUaWXUH 

7HVWV VKRZ WKaW Rn WUaFN FRnVWUXFWHd RI FRnFUHWH VOHHSHUV Rn UaLO SadV and VHFXUHd ZLWK UaLO 
FOLSV, WKH UHYHUVH EHndLnJ PRdH LV aWWHnXaWHd XndHU d\naPLF ZKHHO ORadV KLJKHU WKan ��N1� ,n 
RWKHU ZRUdV, WKH UaLO ³VHHV´ a +,: ORad aV an\ RWKHU VHUYLFH ORadHd ZKHHO ORad RI XS WR ��N1� 

7ZR IUaFWXUH PHFKanLFV PRdHOV RU aSSURaFKHV KaYH EHHn dHYHORSHd� 7KHVH PRdHOV KaYH 
EHHn VKRZn nRW WR VLPXOaWH WKH aWWHnXaWLRn PHaVXUHd Ln WHVW and, FRnVHTXHnWO\, ZLOO RYHU�
SUHdLFW WKH HIIHFW RI +,: ORadV� %RWK PRdHOV VKRZ nR HIIHFW RI +,: Rn UaLO IaLOXUH IURP 
WUanVYHUVH dHIHFWV Ln WKH UaLO KHad� 

&RnVHTXHnWO\, 77&, KaV IRXnd nR HYLdHnFH RI an HIIHFW RI +,: Rn UaLO IaLOXUH IURP +,:� 
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